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Zero-index Photonic Crystals for Visible and Near Infrared Applications

CROSS REFERENCE TO RELATED APPLICATION(S)
This application claims the benefit of U.S. Provisional Application No. 62/713,690,

5 filed August 2, 2018, which is incorporated by reference as if disclosed herein in its entirety,

GOVERNMENT LICENSE RIGHTS
This invention was made with government support under NSF grant number 1127731,
awarded by the National Science Foundation. The government has certain rights in the

10 invention.

FIELD
The present disclosure relates to photonic crystals, in particular to, zero-index

photonic crystals for visible and near infrared applications.

BACKGROUND
A photomic crystal 1s a periodic optical nanostructure that can affect the motion of
photons similar to the way that 1onic lattices can affect electrons in sohids. A photonic crystal
may be configured to have target refractive index (R1}. As is known, the refractive index may
20 be complex with the imaginary part {extinction coefficient) related to loss. Inn one nonlimiting
example, controlling the refractive index may be useful i LED (hight emitting diode)
applications where enhancing light-extraction efficiency and enabling emission pattern
control are of interest. The emission pattern control of phosphors is of wterest for LED
technologies, because the activators doped in phosphors are dipole-type emitters which emit
25 hght isotropically. Ifthere exists an optical structure with an RI equal or close o zero i the
rcal part, light from these activators will be concentrated near-normal according to the Snell’s
law, thas both the external and intemal quantum efficiency will be inereased. The real part of

RI (n} may be engineered to reach zero by a plurality of approaches. In one nonlimiting
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example, metallic resonant materials may be configured to realize zero or negative ». The
mmaginary RI of metals, i.¢., the extinction coetficient (k), may be relatively large at optical
frequencies and mav become even larger as wavelength decreases. Thus, metal-based

zero-index structures may be too lossy for applications at visible or near-infrared frequencies.

SUMMARY

In some embodiments, a two dimensional (2D) photonic crystal (PhC) structure
meludes a substrate and a periodic grating structure formed on the substrate. The periodic
grating structure includes a plurality of gratings having a grating period, a. Each pair of

10 adjacent gratings is separated by air. Each grating has a grating width, d, and includes a
plurality of alternating lavers of a first material and a second material. The first matenial
corresponds to a high index material. The second material corresponds to a low mdex
material. A ratio of a first refractive index of the first material to a second refractive index of
the second material is greater than or equal to two. Each first matenal layer has a first

15 thickness, t1. Each second matenial laver has a second thickness, t2. The 2D PhC structure
has a structure refractive index at or near zero for a range of frequencies.

In some embodiments of the 2D Ph{ structure, the first material 15 TiO2 (ttanium
dioxide) and the second matenial 1s 5102 (silicon dioxide)}. In some embodiments of the 2D
PhC structure, the periodic grating structure is configured to recetve TE (transverse

20 electrick-polarized light. In some embodiments of the 2D PhC structure, the plurality of layers
arc formed using oblique angle deposition.

In some embodunents of the 2D PhC structure, the first matenial 1s Ti02 (tanuum
dioxide), the second material is S102 {silicon dioxide), a first deposition angle during
formation of the layers of Ti02 is at or near 30° and a second deposition angle during

25 formation of the layers of 81072 is at or near 89°,

in some embodiments of the 2D Ph structure, the periodic grating structure includes

five first matertal layers and four second maternial layers.
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in some embodiments of the 2D PhC structure, the grating period 1s 600 nanometers
{nra}, the grating width is 270 nm, the first material is dense 1102, the second material is
porous $i102, the first refractive index is 2. 45, the sccond refractive index 1.05, the first
thickness 15 270 nm and the second thickoess 15 330 nm.

5 In some embodiments of the 2D PhC structure, the substrate comprises silicon. In
some embodiments of the 2D PhC structure, the range of frequencies corresponds to at least
one of visible and/or near-infrared wavelengths. In some embodiments of the 2D PhC
structure, the 2D PhC structure 1s C4v symmetnc.

In some embodiments, there is provided a method for forming a two dimensional (213}

10 photonic crystal (PhC) structure. The method includes depositing, by oblique angle
deposition, a plurality of alternating layers of a first material and a second matenal onto a
substrate to form a layered structure. The first material corresponds fo a high index material.
The second material corresponds to a low index material. A ratio of a first refractive index of
the first material to a second refractive index of the second material 1s greater than or equal to

15 two. Each first matenial tayer has a first thickness, t1. Each second material layer has a
second thickness, t2.

The method further includes patterning, by photolithography, a plurality of photoresist
strips onto a top layer of the plurality of altemating layvers. Fach of the plurality of photoresist
strips includes a photoresist soft mask. The method further mcludes depositing | by

20 clectron-beam evaporation, a sohid material with thickness tmask onto the photoresist strips.
The sohid material corresponds to a hard etch mask. The method further mcludes selectively
removing, by sonication, the photoresist sott mask, removing anisotropically, by dry eiching,
a plurality of portions of the layered structure; and stripping the hard etch mask to yield the
20 PhC structure. The 2D Ph( structure has a structure refractive index at or near zevo fora

25 range of frequencies.

in some embodiments of the method, the first matenial is Ti0O2 (itanium dioxide) and
the second material is 5102 (silicon dioxade). In some embodiments of the method, the first

material is TiO2 (tanivm dioxide}, the second matenal 1s $102 (silicon dioxade}, a first
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deposition angle during deposition of the lavers of Ti02 1s at or near 30° and a second
deposition angle during deposition of the layers of $102 is at or near 89°,

In some embodiments of the method, the 2D PhC structure is configured to receive
TE (transverse electric)-polarized light. In some embodiments of the method, the range of

5 frequencics comresponds to at least ong of visibie and/or near-infrared wavelengths. In some
embodiments of the method, the 2D PhC structure 1s Cdv symmaetric.

In some embodiments of the method, the 2D PhC stracture includes a periodie grating
structure formed on the substrate. The penodic grating structure mcludes a plurahity of
gratings having a grating period, a. Each pair of adjacent gratings is scparated by air. Each

16 grating has a grating width, 4, and mcludes a plurality of altemating lavers of the first
material and the second matenal.

in some embodiments of the method, the grating period 15 600 nanometers (nm), the
grating width is 270 nm, the first material is dease Ti02, the second matenial 1s porous 5102,
the first refractive index 1s 2 45, the second refractive index 1.03, the first thickness is 270 nm

15 and the second thickness 1s 330 nm.

In some embodiments of the method, the dry etching s performed according to a
recipe. In some embodiments of the method, the recipe comprises a parameter selected from
the group comprising [CP (nductively coupled plasma}, RIE (reactive ion etching). pressure,
He (helium) cooling, temperature, flow rate of CHF3 (Fluoroform) and flow rate of O2

20 (Oxygen).

BRIEF DESCRIPTION OF THE DRAWINGS
The drawings show embodiments of the disclosed subject matter for the parpose of
tHustrating features and advantages of the disclosed subject matter. However, it should be
25 understood that the present application 1s not himited to the precise arrangements and
mstrumentalitics shown in the drawings, whercin:
Figure 1.1 llustrates a diffusion-limited OAD (oblique angle deposition) and a

diffusion-unhnuted OAD:
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Figure 1.2 1s a plot illustrating measured and fitted OAD film porosity as a function of
deposttion angle for Ti0, OAD films;
Figure 1.3 is a plot illustrating measured and fitted OAD filin porosity as a function of
deposition angle for 510; {silicon dioxide) OAD films;
3 Figurc 1.4 is a sketch dlustrating propagation of light with wavelength of A from an
environment with R of #g through a 4-layer AR coating coated on a substrate with Rl of ng;
Figure 1.5 illustrates three types of PhCs (photonic crystals);
Figure 1.6 is a schematic diagram illustrating a top view of a 2D sguare-lattice PhC
that includes a plurality of pillars surrounded by a base matenal;
10 Figure 1.7 illustrates a schematic diagram of a 6-atom s, molecule;
Figure 1.8 is a sketch illustrating a solid state dewetting process that may occur via a
diffusion of surface atoms;
Figure 1.9 1s a sketch dlustrating a morphology evolution of a ¢vhindrical structure
during dewetting;
i3 Figure 1.10 illustrates one example electron beam evaporation system contigured to
perform obligue angle deposition, as described herein;
Figure 2.1 18 a plot of effective refractive indices, n, and ), (at 642 nm) as a function
of deposition angle « and material { Ti(, and 510,) along x-axis and y-axis;
Figurc 2.2 is a plot of normalized hirefringence as a function of deposition angle e at
20 647 nm;
Figure 2.3 1s a plot of the dispersion relation of extinction coefficients b and &, versus
wavelength 1o nanometers (om) for Ti(3, films deposited at deposition angles from 75° to
85°;
Figure 2.4 15 a sketch illustrating structural models for a single nanorod and a
25 nanospiral;
Figure 2.5 is a schematic view illustrating a shadowing length, s, of a shadow region;

Figure 2.6 illustrates an arrangement of nanostructures and a film plane;
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Figure 2.7 illustrates an FDTD (finite difference time domain) simulation setup,
consistent with the present disclosure;

Figure 2.8 ilustrates a cross-sectional SEM (scanning electron microscopy} image
and a top-down SEM image;

3 Figurce 2.9 illustrates a specular transmission spectrum of coated and uncoated
YAG Ce CPP;

Figure 2.10 illustrates the results of BSDF measurement from a 633 nm red laser for
meidence angles of 5°, 10° and 15°, with and without AR coating;

Figure 2.11 1s a plot iHlustrating the specular transmission spectra stmulated by FDTD

16 and TMM;

Figure 2.12 1s a plot illustrating a comparison between a measured specular
transmission spectrum and a simulated specular transmission spectrinn, under unpolarized
mcident light;

Figure 2.13 15 a plot iHlustrating FDTD-simulated scattering spectra for the entire

15 coating (nanospiral film) and for the Ti(; layers alone;

Figure 3.1 is a plot illustrating simulated far-field angular distributions of emissions
from a dipole embedded in a vacuum and embedded in a 2.67 mm thick zero index Ph(;

Figure 3.2 1s 1llustrates a zero~index Ph(, consistent with several embodiments of the
present disclosure;

20 Figure 3.3 is a plot dllustrating an FDTD-simulated TE band structure for the Ph{C of
Figure 3.2;

Figure 3 4 illustrates an endview of the PhC of Figure 3.2 and corresponding
FOTD-simulated field patierns of eigenmodes near the triple-band-degeneracy frequency 973
nm;

25 Figure 3.5 15 a plot llustrating an effective refractive index for the PhC of Figure 3.2
mn the wavelength region of 900-990 nm;

Figure 3.6 1s a plot illustrating an FI'TD-simulated angle-dependent transmission

spectrum of Ph structure, configured with the structural parameters of Table 3.1;
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Figure 3.7 illustrates a flowchart of a fabrication procedure of a PhC, consistent with
several embodiments of the present disclosure;
Figure 3 8{a) i an SEM image showing a cross-sectional view of 30° Ti(h, OAD film
deposited on 89° 8103, OAD film;
5 Figure 3.3(b} is a top-down SEM image illustrating the absence of cracking;
Figure 3.9 illustrates one example DBR stracture and a cross-sectional SEM image of
the obtained BBR-51;
Figure 3.10 13 a SEM image of an ITO hard mask-patterned DBR-51 aficr etching for
6800 scconds with Recipe 1;
10 Figure 3.11 1s a SEM wmage of an ITO hard mask-patterned DBR-Si after ctching for
4000 seconds with Recipe 2;
Figure 4.1 tllustrates top-down SEM views of as-deposited samples and anncaled
samples;
Figure 4.2 are sketches llustrating the simolation domain for a system that includes
15 penodic Ti02 nanorod cluster supported gold aggregates and continuous planar
Ti02-supported gold aggregates;
Figure 4.3 sllustrates the temporal evolution of the morphology of solid-state,
cuboid-shaped gold aggregates when 5 > S, for a TiO) nanorod cluster substrate;
Figure 4.4 illustrates the temporal evolution of the morphology of solid-state,
20 cuboid-shaped gold aggregates when s > 5, for a planar 110, substrate;
Figure 4.5 15 a plot dlustrating fragmentation fime tras a function of the mitial length
of gold aggregates for planar substrate and for nanorod cluster substrate;
Figure 4.6 are sketches 416 illustrating temporal migration of the Ti0,-gold-air
contact line on Ti(, nanored cluster in the plane of X = 0 and X =2 .92; and on continuous
25 planar Ti0, inthe plane of X =0 and X =2.93;
Figure 4.7 is a plot of temporal evolution of the contact angle on continuous, planar
Ti(3; in the plane of X = 0 and X = 2.93 and on Ti0: nanorod cluster in the plane of X =0

and X =2.92;
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Figure 4.8 are sketches (plots) illustrating temporal migration of Ti0;-gold-air contact
line on continuous, planar Ti0, and TiO; nanorod cluster;

Figure 4.9 are sketches illustrating a sequence of events leading to the coalescence
and merging between T10; nanorod cluster-supported and continucus, planar TiQ;-supported

gold aggregates with the initial dimension of # = 1 and W = 1 and aggregate length,

W

I =14
Figure 4.10 are sketches iustrating a sequence of events leading to the coalescence
and merging between Ti0, nanorod cluster-supported and continuous, planar Ti0,-supported
cold aggregates with the initial dimension of H = 1 and W = 1 and aggrecate length,
10 L=6and
Figure 4.11 1s a plot illustrating a minimum spacing to prohibit coalescence, s, as a
function of the mitial length of NP aggregates for the planar substrate and the nanorod cluster

substrate.

15 DETAILED DESCRIPTION
The interaction between light and matter is not only dependent on the chemical

composition of the matter, but also on the size and topology. Nanotechnology supports the
development of modern optics by enabling structuring matter at an atomic scale with
engincering techmiques. Obligue angle deposition {OAD), a fabrication technigue used in

20 physical vapor deposition systems, may be utilized for the fabrication of nanostructured thin
films. OAD allows the realization of arbitrary film porosity, and thus a continuous spectrum
of refractive mdex. The ability to control refractive index 1s usetul in LED (light emitting
diode) applications where enhancing light-extraction efficiency and enabling emission pattern
control are of interest. Additionally and/or alternatively, nanocolumnar thin films fabricated

25 by OAD may be utilized mn the studv of mterfacial phenomena. Surface topology ot these
nanocolumnar thin films affects wetting or dewetting mechanisms of the supported materials.

By supporting noble-metal nanoislands onto the nanocolumns, noble-metal nanoparticle
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arravs may be produced on the nanocolummas by letting the nanocolumn tips mediate the
dewetting process.

This disclosure includes five main sections: (1) introduction, (2) fabrication and
simulation of nancspiral-structured graded-index anti-reflection coatings for enhanced light

5 extraction of white LEDs, (3} zero-index photonic crystals for visible and near-infrared
applications, (4) solid-state dewetting of gold aggregates/islands on Ti0; (titaniam dioxide}
nanorod structures grown by oblique angle deposition and (5} summary and future work. The
first section (Introduction) includes background technical information configured to aid
understanding of subsequent sections. The second and third sections disclose using OAD

10 method to fabricate sculptured thin films with engineered refractive indices, and applving the
product films to address some challenges in the LED applications. The fourth section
discloses how the surface topology of OAD films could possibly mediate solid-state
dewetting.

In the second section, a zig-zag nanospiral-structured graded-index anti-reflection

I35 coating was fabricated on the top swrface of a YAG: Ce ( Cenum {Ce) doped Yitrnium
aluminum gamet (Y AG)) ceramic phosphor plate {CPP) in the effort of enhancing s
transmission 1n the normal direction. The anti-reflection coating enhances the
normal-direction transmussion of Y A{s:Ce CPP over the visible-light region of the spectrum.
At 764 nm, the transmission is enhanced by 7.82%, compared to the potential maximum

20 enhancement of 8.53%. For 633-nm light incident at 3°, the reported coating is measured to
mduce a scattering loss of no greater than 1.27%.

In the third section, a lossless, zero-index photonic crvstal structure configured to
enable the emission-pattern control near 920 nm is disclosed. The feasibility of fabricating
the designed structure with GAD method 1s described including a description of a prototype.

25 In the fourth section, fabrication of a compostie film made of a stable, gold
nanoparticle arrav with weli-controlled scparation and size on the top a nanocolunwmar Ti0,
OAD film 15 disclosed. The fabrication of the nanoparticle array 1s based on governing the

solid-state dewetting of as-deposited gold aggregates on the T1(0; nanorods with
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Rayleigh-instability. The topology of Ti(3; nanorod fips may mduce contact line pinming and
mcrease the contact angle along the vapor flux direction to the supported gold aggresates,
and dewetiing dvnamics will therefore act differently on Ti(; nanorod tips than on a
featureless, planar TiQ, Contact line pinning and contact angle increase may inhibit the

5 coalescence between dewetting geometrics and facilitate the instability growth on the
supported materials, which makes nanocolumnar OAD films as desired templated substrates

to govern Ravleigh-instability and produce monodisperse NPs.

1 Introduction
10 In this section, concepts that support the vnderstanding of the theorigs, fabrication

methods, analysis and resulis presented in this disclosure are introduced.

1.1 Obligue angle deposition
Oblique angle deposition (QOAD) 1s a fabrication technique used in physical vapor

15 depositions (PVD) to engineer thin films that include spatially-distributed nanocolumnar
structures. OAD may be conducted in PVD sysiems (e.g., electron-beam evaporation, thermal
evaporation and sputtering) by tilting the substrate to make the mcident vapor fhux arrive at
an oblique angle. The phenomenon enabling OAD, the shadowing effect, 1s triggered m this
way 1o create voids between initial fibm nuclet which later grow into separated, nanocolummar

20 structures. The growth of separated nanccolumns with OAD is conditional, because
shadowing etfect competes with diffusion of ad-atoms during deposition. The growth of
nanocolwmnar tfilms may be successful when the deposited atoms have limited mobility.
Unhimited surface diffusion of ad-atoms on the substrate mayv result in a complete loss of
surface area ag the film attempts to reduce its free encray.

25 Figure 1.1 illustrates a ditfusion-limited OAD 100 and a diffusion-unlimited OAD
110. Substrates 108 are mounted at a tilted angle o which is defined as the angle between the
substrate’s normal 109 and the direction of the vapor flux. When diffusion of ad-atoms is

fimited 100, shadowing effect 1s most clearly rendered. At an imtial film growth stage 102,

10
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meoming particles land on the substrate 108 and nucleate to form islands with different
heights. As the deposition proceeds 104, taller islands receive more of the particle flux and
obstruct the view of lower neighboring areas 106, therefore gradually transforming the
islands into columns with little deposition in the space between columns. In comparison,

5 when ditfusion of ad-atoms is unlimited 110, ad-atoms are able to migrate 112 over a long
distance on the substrate, so they will be quickly captured by existing nuclei 114, The nuclel
may then broaden laterally and may eventually merge 116,

Thus, the films obtained from the two processes may be n different morphologies.
The diffusion-limited OAD produces porous, columuar films, while diffusion-unlimited OAD

16 produces films comprising oblate aggregates, or sometimes dense films by letting aggregates
coalesce.

Thus, nanostructured noble metal films may more challenging to produce than oxides
as noble metals generally have high sarface diffusivities even at room temperature while
oxides have low diffusivities even at elevated temperatures. Malti-layer oxide OAD films

I5  have been reported. By emploving dynamic control of substrate motion, vertical nanorods,
slanted nanorods, zig-zag nanospirals, helical nanospirals and other forms of OAD
nanocolamms may be made from oxides and assembled in a bottom-up manner in a single ran
of GAD.

OAD of noble metals are relatively more challenging and relics on control of the

20 deposition conditions to suppress surface diffusion. To prevent the as-deposited columns
from deforming, post-deposition treatments should be applied to suppress dewetting. For
these reasons, OAD films with complex structures are generally made by oxides rather than
noble metals. Multi-layer stacks of metal and oxide/metal OAD films are relatively less
common. For example, due to the high surface diffusion, a noble metal {gold} deposits may

25 tend to form large aggregates on the substrate (silicon wafer) during OAD. The substrate
temperature 15 roughlv at room terperature as wafer cooling system maintains the chamber

temperature around 18°C.

I
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1.2 Models describing the film porosity of OAD films

When OAD is used to deposit films under the condition of limited surface diffusion,
models derived based on the ballistic shadowing effect may be applied to predict film
porosity with deposition material and deposition angle a. Since the shadowing effect is
mcreasingly strong with increasing deposition angle, the OAD film porosity increases with
mncreasingly slanted deposition angles. Different mathematical models may quantitatively
describe this trend. Tait’s model in Eg. (1.1} was dertved based on a geometrical model.
OAD film density p is established as a function of deposition angle «, without incorporating
any material-dependent or diffusion-dependent fiting parameters. Another model proposed
by Poxson is given in Eq. {1.2). It was derived based on ballistic shadowing effect. In
Poxson’s model, surface diffusion and properties of deposition materials are reflecied as

fitting parameter ¢.

Zecos« )
P =Po i+cos o’ (1.1
acosa
P craxcose (1.2)

where a = deposition angle, o = OAD film density, po = density of film deposited at 0° and ¢
= fitting parameter, £ = OAD film porosity.

Though Poxson’s model has made improvement to Tait’s model by taking into
account the deposition material properties, both Poxson’s and Tait's model assume the film
deposited at 0° is dense. However, based on an cllipsometry measurement on Ti(); OAD
films deposited at 0°, 1t was found that T10; film deposited at 0° contains 16.05% of porosity.
The porous nature of QA D films depostted at 0° is also supported by results from the
hiterature. A model by Riley is configured to account for the porosity mside the 0° QAD film.
Riley modified Poxson’s model by adding another fitting parameter 4 1o the numerator which

gives:

PCT/US2019/044628
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P =A+acosa (1‘3)

ctocosa’

The parameter 4 represents the porosity of film deposited at 0° (a = 0). Eq. (1.3) may be
utilized to fit the OAD filin porosity as a function of deposition material and deposition angle
a.

Figure 1.2 15 a plot 120 illustrating measured 122 and fitted 124 OAD film porosity as
a function of deposition angle for Ti0,; OAD films. Figure 1.3 is a plot 121 dlustrating
measured 123 and fitted 125 OAD film porosity as a function of deposition angle for 510,
{silicon dioxide} OAD films. In one nonhimiting example, fitting data to Eq. 1.3 with least
mean-square-error and constraining 4 2 0 and ¢ 2 O vields 4 = 0.27% and ¢ = 16.219 for S10,

OAD films.

1.3 OAD film porosity and effective medium approximation

Porosity and the refractive index of OAD films may be related by an effective
medium approximation {EMA), among which Bruggeman EMA 1s the most popular. OAD
films are considered to satisty the condition of EMA by containing inchusions much smaller
than the operational wavelength so that substantial scattering is absent inside the film. Thus,
the film may behave effectively as a contimunim that possesses an averaged refractive index
termed the effective refractive index.

Biaxial Bruggeman EMA is a more general form of isotropic Bruggeman EMA with
an account of the directional dependence of effective refractive index in the algorithm. The
biaxial anisctropy is addressed in biaxial Bruggeman EMA by incloding a set of screening
factors. The screening factors descnibe the divectional dependent ability of an optical medium
to screen the applied ficld. For mixture medium, it depends on the shape as well as the
alignment of the inclusions i the medium. If the inclusions are ellipsoids described by
semi-axis /, m and n, screening factor of an individual ellipsoidal particle may be related to iis

shape through the expression:

13
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i 14
where D, is the depolarization factor along semi-axis j with ) /%= 1. D;is inversely
proportional to L/} 1, where L; s the length of semi-axis /. So, if L>L,>L,, x of the particle

1s maximum along semi-axis 7 and minimoum along semi-axis /. The particle’s directional

(v

dependent screening property may enter the mediam only if the particles are aligned, so that
the relative dimension may not be averaged out. In the case of OAD films where columnar
imclusions are elongated ellipsoid-like and are collectively oriented towards the vapor flux
direction, it may be deduced that the shape and collimation of inclusions will affect the
screening behavior of the entire film. For a porous film with porosity /. biaxial Bruggeman

16 EMA calculates the film’s effective refractive mndex along direction 7, sy, by

2 2 2 2
1, "M . NI .
f;—%z"i-(i—j)%zo, i=x,¥.2,
i, +Alnq/7’i f, +K:‘”e17,i (15)

where 1, and #; are the refractive index of air and base matenial, respectively; k; 18 the
screening factor of the film along direction 7; and x, v and z are orthogonal coordmate axes
along which the clectric ficld vector of the incident light will be aligned. In a special case,

15 where the film 1s composed by randomly distributed spherical inchusions, x; will be equal to 2
along three divections, then the biaxial Bruggeman EMA will reduce to 1sotropic Bruggeman

EMA.

1.4 Fresnel reflection and graded-index anti-reflection coatings
141 Fresnel reflection and anti-reflection coatings

20 When Hght is traveling from a first optical mediwm with a first refractive mdex {(RE) of
7y to a second optical medium with a second RI of n, reflection will happen at the interface
where the Ris mismatch. Such reflection caused by RI mismatch is termed as Fresnel
reflection. For light incident on the mterface at a normal angle {(with respect to the interface),

the reflection power £ may be determined by the Fresnel equation:
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£ 2

R= (ﬁ:l’u) , (16)

\71y 1
It may thus be understood that the reflection power will merease as index mismatch
HICTCases.

An anti-reflection (AR} coating is a kind of optical strocture which may be introduced
to the surtace of an optical medium to reduce the surface reflection. AR coatings may be
made into different forms. Depending on the number of layers, there may be single-layer or
multi-laver AR coatings. Depending oo the density of the coating, there may be dense and
porous/patterncd AR coatings. The AR coatings may be classified into two categories based,
at Jeast in part, on their respective working principles. For example, a first subset of AR
coatings may be configured to reduce index mismatch at the mterface. In another example, a
second subset of AR coatings may be configured to bend and trap light by sarface patterns on
a size scale comparable to the operational wavelength. This disclosure mcludes the first
subset of AR coatings.

Figure 1.4 is a sketch 130 illustrating propagation of light with wavelength of & from
an environment with R of »y through a 4-layer AR coating 132 coated on a substrate 134
with RI of n,. A total amplitude reflection coefficient at each interface between adjacent
layers 1 and j, Ry, is a vector which 1s given by:

Ry = |Ryjlexp(—2(8; + §;)), (1.7)

= TL' i

where [R;| = is the amplitude of R;;, §; = 2nn;cosf;d;/4 is the phase thickness

ntn;
of layeri, 6; is refraction angle, and o, is the physical thickness of layer 1.
The total amphitude reflection coefficient of the entire assembly is given by:
R =Rgy + Rys + Ryy + Ryy + Ry
= |Rgs| + [Ryp] exp(=28,) + [Ryslexp(—2(8, + 8,)) + - (1.8)
By carcfully sclecting the thickness and RI of cach constituent layer, an efficient multi-layer
AR coating may be achicved configured to minimize K over a plurality of wavelengths and

mcident angles.
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142 Graded-index anti-reflection coatings

Graded-index anti-reflection coatings are multi-layer AR coatings which work by
reducing the index mismatch. They are generally effective in reducing Fresnel reflection over
a broad range of wavelengths and incident angles compared to the conventional single-tndex
AR coatings. Graded-index AR coatings generallv have an RI profile that varics continuously
from the substrate index to the ambient medium index. Graded-index AR coatings are
configured to reduce the Fresnel reflection by gradually reducing the index mismatch and
mducing destructive and constructive interference in the reflected and transnutied beams,
respectively. Usually, the ambient medium is air with a R close to 1, but no naturally
existing solid 1s available in the region of 1 - 1.38 {MgF,) to match the air’s RE This gap may
restrict the performance of graded-mdex AR coatings, but recently the barrier has been
overcome by nanostructure fabrication technologies. Various fabrication technigues exist that
may produce ultra-low index materials with a Rl close to 1 {e.g.. a sol-gel method, oblique
angle deposition method and etching). These ultra-low index materials are generally porous,

m which pores are mixed into bulk materials to lower their Ris,

1.5 Photonic crystals
1.5.1 Pheotonic crystals and 2D photonic crystals

Photonic crystals (Ph{Cs) are optical struchures that are periodically structured to
mamic the ionie lattices of solids. PhCs may affect the propagation of photons simnlar to the
effect of 1onic lattices on electrons. Figure 1.5 illustrates three types 131, 133, 135 of Ph{s.
The types are related to periodicity. A first type of PhC 131 is periodic in one dimension
{107} having alternating slices of two materials 131a, 131b. A sccond type of PRC 133 15
periodic 1 two dimensions (2D7) having alternating columus of two matenals 133a, 133b.
A third tvpe 135 is periodic in three dimensions (3D7) having altemating cubes of two
materials 135a, 135b. PhCs are generally designed to form a photonic band gap. As is known,
a photonic bandgap corresponds to a wavelength region where the propagation of hight is

forbidden along certain directions within the PhC.
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2D PhCs, e.g., PhC 133, generally contain two base matenals, each with a different
RI. To achieve the photonic band gap, a rule-of-thumb is that an index contrast between the
Rlis of the two base materials should be no smaller than 2, 1.¢., should be greater than or equal
to 2. Example topologies of 2D Ph(Cs include, but are not imited to, pertodic high-index
5 pillars swrounded by low-index material and low-mdex pitiars “dnlled” into high-index
materials.
Figure 1.6 15 a schematic diagram illustrating a top view 140 of a 2D square-lattice
Ph( that includes a plurality of pillars, ¢.g., pillar 142, surrounded by a base material 144,
The 2D squarc-lattice PhC 140 includes structural parameters a;, ay, 1y, 7y, and d, where:
10 i, a,; and a; are lattice constants along two periodic directions and which
represent the spacing between neighboring pillars;
it. n and p; are the Ris of high-index base material {c.g., pillar 142) and
low-index base material {¢. g, base matenal 144), respectively; and
il d is a length dimension of a pillar. In one nonlimiting example, the length
15 corresponds to side length of a cuboid pillar. In another nonlimuting example, the length
corresponds to a diameter of a cylindrical pillar.
152 4 symmetry
Figure 1.7 illustrates a schematic diagram 150 of a 6-atom Cyy molecule. The term Cyy
15 generally used 1n molecule topology where 1t is defined to classify molecules with certain
20 topological symmetry. Molecules with Cy symmetey possess (1) a symmetry axis, .g., axis
152, around which a 90° rotation resuits in a molecule indistinguishable from the original
molecule. Molecules with Cyy svrometry further possess (2) a symmetry plane, e.g., plane
156, parallel with the symmetry axis 152. Exampies of €4y molecules include XeF, (xenon
tetrafluoride} and IFs (iodine pentatlucride). Removing a first atom 154 located along the axis
25 of symmetry 152 will vield a S-atom Cy, molecule. Comparing the planar projection of Cyy
maolecules to a “plus sign” might be more intuitive to deseribe the characteristics of these

molecules.
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153 Cye-symmetric 2B Ph(s

PhC pillars may be mapped to atoms in the molecules and material between
neighboring pillars may be mapped to molecular bonds. Cy-symmetric 2D PhCs may then be
defined as PhCs whose lattice constants are equal along x~ and v-axis {¢; = 7). The
cross-section of pillars may be generally square or generally circular in shape. Materials
between neighboring pillars may have equal Rl along x- and v-axis. As used herein,
“generally” when applied to a shape or dimension means that shape or dimension to within a

tolerance.

1.6  Nolid-state dewetting and Rayleigh instability

Total free energy of a system is the sum of its surface free energy and bulk free
energy. Surface energy (i.¢., interfacial energy) i1s contributed by surface atoms. Surface
atoms experience atomic forces from half space, so they are imbalanced and act as a reservoir
of potential energy. Surface energy is proportional to surface area, thus, reducing surface area
may reduce system total free energy. An as-deposited structure may become agglomerated
over timg and may ¢ventually spheroidize. The process of agglomeration and spheroidizing is
termed dewetting and it is driven by the minimization of system total free energy. Bewetting
may occur whether the film is in a liquid or solid state. It happens spontancously via surface
diffusion and/or bulk diffusion of atoms. At terperatures well below the melting point of the
material, solid-state dewetting happens through the diffusion of surface atoms. According to
Gibbs-Thomson relation, chemical potential of surface atoms is proportional 1o the local
surface curvature as:

Ap = Kyil, (1.7}
where Au = local excess chemical potential, K = local surface curvature, v = surface energy
{assumed 1sotropic) and £ = atomic volume. The gradient of chemical potential (i.¢., surface
tocal curvature) drives the diffusion of surface atoms, a process that may eventually
transform the film nto a single sphere.

Figure 1.8 is a sketch 160 ustrating a solid state dewetting process that may occur

via a diffusion of surface atoms. Sketch 160 mcludes a first sketeh 162, corresponding to
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prior to dewetting, and a second sketch 164 corresponding to post-dewetting. Sketches 162,
164 include a substrate 161 and respective films 1633, 163b. The first sketch 162 further
mchides a plurality of surface atoms 165 of a lower local curvature (and relatively lower i)
and a plurality of surtace atoms 167 of a higher local curvature {and a relatively higher ).

5 The solid state dewetting process may occur via diffusion of surface atoms 1635 and 167.
Surface diffusion may be mitiated by atoms 167 located at a position of higher local
curvature {and thus higher chemical potential). As the high-potential atoms 167 diffuse
towards low-potential atoms 163, the film deforms 163b.

A capillary phenomenon called Ravieigh instability may develop on the surface
16 before a sphere may form. Ravieigh instability arises from infinitesimal perturbations which
may exist i a range of sinusoidal eigenmodes. A growing Rayleigh instability has at least
one growing cigemmode and one fastest-growing eigenmode, while a decaving Ravicigh
mstability has no growing eigenmode. if Rayleigh instability grows, perturbation of the
fastest-growing eigenmode will amplify and fragment the dewetting film inte a chain of
15 spherical particles spaced with its charactenistic wavelength before the spheroidization
completes. Otherwise, all mfinitesimal perturbations decay and the film becomes a single
spherical particle.
The growth or decay of the instability depends on the imtial geometry of the structure.
Selected geometries may support growing instability cigenmodes. For example, for
20 free-standing cvlinders, cylinders whose axial length/diameter ratio is greater than 7.2
support growing instability eigenmodes. Suppressing the dewetting and Rayleigh mstability
18 helpful in many situations, but properly manipulating the charactenistics of the mstability
may also turn the unwanted effects into useful fabrication technigues. Specifically, the
Rayleigh mstability is favorable for the fabrication of ordered NP arrays, because the
25 fragmentation process helps to distribute the total mass equally in space with a charactenstic
spatial frequency.
Figure 1.9 15 a sketch 170 dllustrating a morphology evolution of a cylindrical

structure during dewetting. Sketch 170 includes a first sketch 172, corresponding to Rayvleigh
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unstable geometry {(i.¢., growing Rayvleigh instability) and a second sketch 174,
corresponding to Rayleigh stable geometry (i.c., decaving Ravicigh mstability). The Rayleigh
pastable geometry 172 includes a cvlindrical structure 171 with width (i.c., diameter) 2R and
tength, L1, and thas an initial length/radius ratic of L1/R. The Rayleigh stable geometry 174
5 ncludes a cvlindrical structure 173 with width (1.¢., diameter) 2R and length, 1.2, and thus an
initial length/radius ratio of L2/R. Both geometries 172, 174 may be perturbed 175, fn the
unstable geometry 172, the perturbation grows 176 resulting i a chain 177 of evlimder
fragments (i.c.. spherical particles) with a maximum separation of Amax, corresponding to a
fastest growing wavelength. In the stable geometry 174, the perturbation decays 178 and the

10 ¢vhnder spherotdizes 179 resulting in a single, relatively large spherical particle.

1.7  Setup of electron-beam evaporation system
Figure 1.10 iHustrates one example ¢lectron beam evaporation system 180 configured

to perform obligue angle deposition, as described herein. In one nonlimiting example, the

15 electron beam evaporation sysiem 180 may correspond to a Temescal electron-beam
cvaporation systern {avatlable from FerroTec® Corporation, Temescal Pivision, Livermore,
CA, USA). However, this disclosure is not hmited in this regard. System 180 mcludes a
platform 182 and a substrate mount 184 coupled to the platform 182 via an azimuthal rotation
motor 186, A surface 185 of the substrate mount is gencrally paraliel to a surface of the

20 platform. The azimuthal rotation motor 186 is configured to rotate the substrate mount 184
with respect to the platform 182, while mamtaining the generally parallel orientation of the
substrate mount 184 and the platform 182, System 180 further includes a tilt stepper motor
188 configured {o rotate the platform 182, substrate mount 184 and azimuthal rotation motor
186 assembly to adjust a deposition angle, o

25 The substrate mount 184 1s configured to receive a substrate 194, The substrate 194
may then be mounted on the substrate mount surface 185 with a substrate surface 195 parallel
to the sabstrate mount surface 185, A substrate normal 196 may then be defined as a direction

perpendicular to the substrate surface 195,
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System 180 includes an electron beam source 190 and an evaporation source 192. The
clectron beam source 190 1s configured to produce an clectron beam and to provide the
clectron beant to the evaporation source 192, The evaporation source 192 is configured to
provide a vapor flux 198 to the sabstrate 194. The vapor flux 198 may be oriented at the

5  deposition angle, o, with respect to the normal to the substrate, i ., with respect to the
substrate normal 196.

The system 180 may be configared to operate at an vltra-high vacuum at low to
medium 107 Torr. System 180 may include or may be included in a chamber 181 Cooling
water pipes may be wired around the chamber’s hearth to maintain the chamber temperature

16 approximately at 18°C. Evaporation source 192 is contained in a crucible liner that sits inside
a pocket located at the bottom of the chamber 181, Substrates, ¢.g., substrate 194, are
mounted at the top the chamber 181 with their surface 195 facing downwards. A high-energy
slectron beam (“e-beam”) is generated by a filament, 1.¢ ., electron beam source 190, located
beneath the chamber’s bottom. The electron beam is steered by a magnetic figld to bombard

15 the evaporation source 192 inside the crucible. The temperature of the evaporation source 192
mcreases with ¢-beam power. Once the e-becam power reaches a certain point, the source 192
will start to melt and generate the vapor flux 198 that travels towards the top of the chamber.
As the vapor flux 198 reaches the substrate 194, a filim 1s developed on the substrate 194 (le.,
on the substrate surface 195).

20 To achieve an OAD, the substrate 194 15 mounted at an oblique angle with respect to
the evaporation source 192, The deposition angle, «, may be detined as the angle between the
substrate’s normal 196 to the substrate surface 193 and the direction of the vapor flux 1938,
The two in-situ stepper motors 186, 188 are built into the system 180 to dynamically control
the sebstrate mount’s horizontal tilt angle o and azimuthal rotation angle daring deposition.

25 In onc nonlimiting example, the motors 186, 188 may be configured to shut down at a

processing temperature greater than 155°C.
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2. Fabrication and simulation of nanospiral-structured graded-index
anti-reflection coatings for enhanced light extraction of white LEDs
A graded-index anti-reflection coating comprising six layers of Ti(; and Si0;,,
zigzag, nanospirals were fabricated on a top surface of a YAG: Ce ceramic phosphor plates by
5 QAD using an ¢c-beam system 10 an cffort 1o enhance its transmission in the normal direction.
The RI dispersion relation of the constituent lavers wag investigated using ¢llipsometry so
that a transfer matrix method could be used to simulate the system. 3D finite-difference
time~domaim (FO'TD) simulations were carried out to investigate the morphology dependence
of the optical properties of the obtained coating. To reduce computation expense and better
10 understand the morphology-property relation, a simnilation model was developed in
conformance with film growth mechanism and was used for finite-difference time-domain
modeling,.
21 Introduction
In phosphor-converted white LEDs, the YAG:Ce phosphor works as the conversion
15 clement using photolununescence. It provides broadband vellow emission by absorbing part
of the blue light incident on the chip and converting it nto vellow for transmission. YAG:Ce
ceramic phosphor plates (CPPs), as a new type of commercial phosphor, have been gaming
mnterest due to their advantages in high-luminance and high-power applications. With
mimimized interior index contrast and high thermal conductivity, Y AG:Ce CPPs may address
20 some of the problems encountered in conventional powder-based phosphors, including, for
example, scattering loss and heat accumulation. New challenges also arise as YAG:Ce CPPs
mtroduce an nterface between themselves and the ambient medium. Due to the index
mismatch at the Y AG: Ce/air mterface, part of the emission arriving at the mterface may be
reflected mto the LED package by Fresnel reflection. The reflection loss degrades the
25 extraction efficiency of the LED and hinders the application of Y AG:Ce CPPs. Thus, the
imtroduction of optical structurcs that are capable of climinating the Fresnel reflection and
enhancing the forward transmission of Y AG:Ce may be bencficial for the application of

YAG:Ce CPPs. A multi-layer graded-index AR coating on the surface of YAG:Ce CPP,
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consistent with the present disclosure, may be configured to address the problem of Fresnel
reflection.

2.1.1  Selection of fabrication method, base materials, index profile and coating
struciure

As descnbed herein, ¢.g., in Section 1.4 .2, graded-index anti-reflection coatings may
be relatively more cffective in reducing Fresnel reflection over a broad range of wavelengths
and incident angles compared to the conventional single~-index AR coatings. Compared to
other fabrication techniques, GAD has the following advantages that make 1t more attractive
for engineering grade-index AR coatings: 1) the porosity of GAD films 1s tunable by tuning
deposition angle, 1. ¢ the Rl of the film is tunable by deposition angle; 2} the capability of
producing high porosity enables OAD to produce films with RI lower than the natural hmit of
1.38; 3} Rl of OAD films may be predicted based on deposition angle and matenal with the
models mtroduced in Section 1.4.2, making it an engineering-friendly method; 4) OAD films
are composed of colummar structures that are on the nanometer scale in width, so scattering
loss should be low in these films; 3) OAD 1s relatively simple and low-cost, and allows for
large-arca fabrication using a wide range of materials. Excellent anti-reflective performance
of BAD-grown graded-mdex AR coatings has been reported. An QAD technigue
mplemented in an electron-beam evaporation system may be used to engmeer a multi-layer
graded-index AR coating.

510, and TiO; (at 550 am, ngor = 1.46, o =~ 2.534 for amorphous phases,
respectivelyv) show hittle absorption and relatively low chromatic dispersion in the visible
light region, and are applicable in electron-beam sysiem where the OAD technique is
implemented. These propertics make them appropriate base materials in the QOAD process for
engineering optical coatings with an arbitrary refractive index between YAG:Ce and air as
long as the processing temperatures stay below 600 °C to avoid a titania phase transition from
rutile 1o anatase.

¢ anti-reflection performance of the AR coating mayv be theoretically determined

based on the mdex profile of the coating, which gives the value of the refracuive index at a

2
(]



WO 2020/028642 PCT/US2019/044628

given position. For multi-laver AR coatings, a plurality of algorithms (e.g., inear algorithm,

quintic algonthm and Gaussian algorithin) may be capable of effectively reducing the

reflection over a broad spectrum. In the present disclosure, a Gaussian index profile was

sclected as it predicts relatively better anti-reflection performance for light incident at normal
5 direction. The cquation of Gaussian index profile is given as’

= Ayaace + (Mair = Dyagee 8XP(—6.25(t = 1)), (3.1)

where nyye.c. = refractive index of YAG:Ce, n,, = refractive index of air, # = refractive mndex

at posttion 7 of the AR coating and 7 = normalized thickness.

In order to build a Gaussian index profile, a series of OAD films with RI between

10 YAG:Ce (nyagoee ™ 1.82) and aur {0y, ~ 1} may be engincered based on an appropriate choice
of base materials and deposifion angles.

The AR coating may be structured as zigzag nanospirals by changing the growth
dircction of slanted nanoreds via a dynamic control of the substraie onentation during the
deposition. For example, the deposition angle may be altered symmetrically with respect to

15 the substrate normal over a set period of ime. Thus, the growing slanted nanorods may
change their growth direction peniodically and produce a zigzag nanospiral structure.
Compared to a single-direction slanted nanorod structure, a zigzag nanospiral structure is
relatively more damage-resistant. The zigzag nanospiral structure may then offset an
undesired “wedging” effect in film thickoess that may be encountered i nanorod-structured

20 OAD films as the direction of the wedges 1s frequently altered.

212 Establish the relation between refractive index of OAD films and deposition
angle/material

To construct a Gaussian profile, or any other index profile, with CAD filmsin a
continuous, bottom-up deposition, the preparation work prior to the deposition inclades

25 constructing a refractive index database. The refractive index database 1s configured to
provide a relation between the refractive index of OAD fulms and the deposttion angle and

matenal. A constituent OAD laver may be selected during deposition based, at least in part
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on the relation between the refractive index of OAD films and the deposition angle and
material.
This relation may be established by making Ti(, and 510, OAD depositions
at angles ranging from 0° to 897 to get dummy samples, and measuring the film porosity and
5 effective refractive index with ellipsometer. The deposition condition of these dummy
samples were kept as close o that of the YAG:Ce CPP coating as possible.

In the ellipsometry study on constituent OAD films, the films were treated generally
as biaxial matenals and their porosity and RI dispersion relation were modeled usmg biaxaal
Bruggeman EMA introduced in cquation {1.5). Here, the base material is Ti0; or 8i0; and

10 the coordinate axes x, v and z were defined in the same way as will be shown in Figure 2.6 s0
that the index definition will be consistent with the electric-field vectors of normal-incident
light. X-axis is aligned with the direction of the vapor flux, which 1s also the nanorod tilt
direction, and y-axis is perpendicular to x-axis m the film plane and z-axis is normal to the
film plane.

15 Figure 2.1 1s a plot 200 of effective refractive indices, n1c and #,, {at 642 nm) as a
function of deposition angle e and material { Ti(; and 5i10;) along x-axis and y-axis. in
particular, a first curve 201 corresponds to Ti(d; ., a second curve 202 corresponds to Ti(,
ny, a third curve 203 corresponds to $10; n, and a fourth curve 204 corresponds to 510y n,. 71,
1s omitted as light incident along normal direction does not expericnee 7. Over a wavelength

20 range of 410 nm to about 760 nm, ny and n, for Ti(h, OAD films generally decrease shightly
as the wavelength increases and decrease relatively more significantly as the deposition angle
mereases {(e.g., approximately 2.2 to 1.4 for angles 07 to 89° at a wavelength of
approximately 550 nm}. Over the wavelength range of 410 am to about 760 nm, n, and n, for
510, OAD films remain approximately constant and decrease as deposition angle mercases

25 {eg., approximately 1.47 1o 1.13 for angles 0° to 89°). Measured film porosity was iHlustrated
m Figure 1.2 and Figurc 1.3 as a function of deposttion angle.

Figure 2.1 (i.e., plot 200} shows, for both Ti(h, and 510, OAD films, effective Rls

decreasing with mereasing deposition angle as film porosity 18 increasing. Figure 2.1 (ie.,

[
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plot 200) shows both Ti0; and $10; OAD films may exhibit biaxial amisotropy, as evidenced
by unequal to #, and »,. The inequality relation between », and », is directly related to the
morphology of the AR coating. Individual slanted nanorods show directional dependent
ability of screening the electric field because the dimension of nanorods is directional
5 dependent; and the anisotropy of slanted nanorods components enters the AR coating due to
the collective alignment of components.
Figure 2.2 1s a plot 206 of normalized birefrimgence as a function of deposition angle

o at 642 nm for Ti0; OAD films and $10, OAD films. To quantify the degree of biaxial

g,y

anisotropy, the normalized m-plane birefringence for the films may be defined as
X

10 Ti0, OAD films whose effective Rl is above nvag.ce = 1.82 are omitted. Figure 2.2 (1.2, plot
206} mecludes normalized birefringence for TiQ, OAD films 207 and normalized
bucfongence for 510, OAD films 208, As illustrated by Figure 2.2 (1.¢., plot 206}, the
birefringence of T10, OAD films is stronger than the birefringence of 5, OAD films.
Higher birefringence of Ti(, OAD films is related to the relatively high diclectric constant of

15 Ti(, Higher diclectric constant indicates a stronger matter-field mteraction, so Ti(, CAD
films are more sensitive to the polarization state of the applied ficld. The takcawayv message
from here 15 that, for a given refractive mdex, lower anisotropy could be achieved by using
denser OAD films made from low-index materials.

Figure 2.3 1s a plot 210 of the dispersion relation of extinction coefficients k, and &,

20 versus wavelength in nanometers (nm} for Ti0, films deposited at deposition angles from 757
to 85°. The extinction coefficients were studied in the ¢llipsometry measurement, as
described herein. T30, films deposited from 757 to 85° may be used to build an AR coating
with Gaussian mndex profile on YAG:Ce CPPs. £, and &, represent the extimction coefficient

experienced by the normal-incident light polarized along x- and y-direction, respectively. As

o
[

the bandgap of 5103, is sufficiently far from the visible light region (around 9.3 eV or 133 nm)
30 as not to cause discernable absorption, $i0; films were not included in the study.
Figure 2.3 (i.¢, plot 210) includes six curves 211, 212, 213, 214, 215, 216 of

extinction coefficients, &, or &, versus wavelength for Ti(h, films for three deposition angles
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(75°, 80° and 85°). Curves 211 and 212 correspond to k. and £, respectively, at deposition
angle 75°. Curves 213 and 214 correspond to £, and &,. respectively, at deposition angle 80°
Curves 215 and 216 correspond to £, and k. respectively, at deposition angle 85°.

Figure 2.3 (1.2, plot 210) tHustrates that Ti(y; films absorb weakly in the vigsible Hght
region, and the absorption is stronger at shorter wavelengths. In previous studies, an indirect
bandgap of 3.5 eV (354 nm} was determined for Ti0, films deposited under the same
condition. As an mdirect-bandgap material, Ti(d; absorbs photons with energy below the
bandgap in a continuous manner until the photons” energy becomes sufficiently low.
Therefore, it may be seen 1 Figure 2.3 (i.¢., plot 210} that absorption remains discernible at
shorter visible wavelengths and becomes increasingly negligible at longer wavelengths. Filmg
deposited at higher deposition angles absorb less than films deposited at lower angles due to
the presence of less absorbing matter. In sunmary, AR coatings composed of TiQ; and 510
OAD films will exhibit slightly different index profiles under different polarization states of
the light as well as slight optical absorption, both of which will be mainly contributed by

Ti0, layers.

2.2  Experimental methods
221 Deposition conditions

AYAGCe CPP (1 cm x 1 cm x 260 um, provided by O5RAM® SYLVANIA,
Wikmington, MA, US} was used as the substrate. An electron-beam evaporation system
{Temescal) was used 1o fabricate the AR coating on the YAG:Ce CPP by OAD. The
schematic of the deposition system was shown 1 Figure 110, as describe herein. A stepper
motor was used to dynamically control the substrate mount’s horizontal tilt angle during
deposition. The motor was designed to shut down at the processing temperature higher than
155°C. 99.9% pure Ti0, (CERAC) and 99.999% pure 510, (International Advanced
Materials) were used as the deposition sources. Prior to deposition, the substrates were
sequentially sonicated 1n baths of acetone, ethanc! and deionized water for ten minutes,
followed by a deiomized water nnse and nitrogen blow-dryv. A piece of silicon wafer was used
to prepare “witness” samples for scanning electron microscope (SEM) imaging. The substrate

27
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was first fixed onto the silicon wafer piece, and then mounted to the svstem. The system
pressure reached 107 Torr before deposition and was kept stable around 22107 Torr and 107
Torr during the deposition of Ti(; and $i0;, respectively. The chamber temperature was kept
approximately at room temperatore during deposition by cooling water, and the substrate
temperature was not actively monitored. During the deposition, no motor malfimetion was
observed, sc that the substrate temperature was ensured to be far below the titania phase
transition temperature. The deposition rate was fixed at 1 A/sec and 2 A/sec for the
deposition of Ti(; and 510, respectively. The deposttion rate and deposited thickness were
monitored by an in-site quartz crystal microbalance. The source material, deposition angle

and thicknegss of cach layer were controlled according to the recipe listed in Table 2.1

Table 2.1: Materials and deposition angles used for engineering the AR coating,

Constituent layer Material Deposition angle Targeted tﬁickness
{degree} {nm}
YAG:Ce 2.60E5

1 Ti0; 75 34

2 Ti0; <75 34

3 Ti0; 30 24

4 Ti0; -30 24

5 Ti0: 85 44

6 Ti0; -85 44

7 S0 70 64

& S0 ~70 64

9 Si10, 30 64
10 Si0, -80 64
it S0 39 128

Axr

2.2.2 Characterization and optical measurementis

The RI dispersion relations for each constituent layer were established by separately
fabricating the mdividual layers beforchand on silicon substrates under the same deposition
conditions. Eilipsometry was emploved to measure the RI of cach separate laver using a
variablc-angle spectroscopic ellipsometer (VASE, J.A. Woollam Co, Inc.). The morphology
of the obtamed AR coating was characterized by field-emission SEM (SUPRA, Carl Zeiss

28
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AGH of the "witness" samples after platinum sputtering. The total transnussion spectra of both
coated and uncoated Y AG:Ce CPPs were measured using a Perkin Elmer Lambda 900
spectrometer equipped with a Labsphere PELA-1000 integrating sphere at normal incident
angle with an unpolarized source in the wavelength range of 400-800 nm. To determine the
scattering ioss, bi~directional scattering distribution (BSDF) measurements were performed
on the coated and uncoated YAG: Ce UPPs with a customized setup. Horizontally polarized
laser at wavelength of 633 nm was incident on the uncoated side of the CPP, and light signal
was collected by rotating detector arm about the sample over a range of =175% The
measurement was repeated by holding the sample at different angles and letting beam
mncident at 5°, 15°, and 25° off normal.
23 Optical modeling

Graded-index AR coatings may be studicd by the transfer matrix method (TMM},
Treating multi-lavered AR coatings as a multi-layvered stack of 1D homogeneous films, TMM
provides g start for designing and fitting the index profiles of AR coatings. Geometrical
simplifications made by TMM rely on experimental results on real films for RI dispersion
relations of all the constituent lavers. Neglecting the morphological information {c.g., interior
mdex contrast and interface roughness) also hmits TMM to specular transmittance and
reflectance calculations. In comparison, the finite-difference time-domaim (FD'TD) method
may directly generate nearlv complete results based on the film’s morphological information
without having to conduct characierization experiments on cach constituent laver a priort. In
this sense, FOTD may be utilized as a tool for studving the morphology-dependent properties
of the AR coating, something which 1s not possible by TMM.
231 Finite-difference time-domain modeling
Structural model jor FDTD modeling

Figure 2.4 is a sketch 220 ilustrating structural models for a single nanorod 221 and a
nanospiral 222, It may be appreciated that the nanospiral 222 may be modcled as a two arm
assembly of two nanorods 221a, 221b. A finished AR coating 1s a two-material nanospiral

structure assembled by slanted nanorods, as described herein. The structural model of the AR

o]
\\r



10

20

WO 2020/028642 PCT/US2019/044628

coating was built by first defining individual nanospiral components. TiG, and 510,
nanospirals, ¢.g., nanospiral 222, were modeled as two~-arm asserablies of slanted nanorods,
¢.g., nanorods 221a, 221b. The nanorods 221, 221a, 221b are represented by parallelepipeds
with a generally square andersurface 223. Though the actual nanospirals possess more
rounded profiles at their sides and tips, minute features like edges and corners in the modeled
structure are too small {o interact with the incident light effectively and may cause substantial
discrepancy in modeling results.

Several parameters were defined to describe the dimension of nanospiral 222
components: 1) ¢, a side length of the bottom surface; 2) 4, a height of the nanorod, ¢.g.,
nanorcds 221, 221a, 221b, of cach layer; and 33 8, an obligue angle. The magnitudes of these
parameters may be obtained by analvzing a number of SEM images with image processing
software {(Imagel) and taking an average over multiple measurcments.

An in-plane distribution of nanospirals within each layer mav then be defined. In
some situations, the actual in-plane distribution data may be restored with image tracing tools
50 that the modeled structure is most consistent with the actual structure. However, suc
approach lacks generality and may be too computationally expensive. One example sctup
may be configured to balance the geometrical consistency with the actual structure and
computation expense.

Figure 2.5 is a schematic view 224 illustrating a shadowing length, s, of a shadow
region 225, A taller surface object 226 with a height, h, may cast a shadow in the shadow
region 225 on a substrate 227 along a direction 228 of vapor flux. The shadow in the shadow
region 225 may then terminate growth of shorter surface objects, ¢.g., surface objects 2292,
2290, falling in the shadow region 225,

As indicated by the characterization results, the in-plang distribution of nanospirals
appears random. However, it has been reporied that OAD films are actually quasi-penodic:
the distnbution of mter-nanostructure spacing converges to a limit once the film thickoess
reaches a critical value. The nature of the quasi-periodicity may be explained by the

development of the “shadowing length”, s, during film growth. Shadowing length is referred
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to as the lateral length of the region 225 shadowed by taller surface objects, ¢.g., surface
object 226, along the direction 228 of the incoming vapor thux. The shadowing length may
fluctuate during the nitial stage of film growth, and approach a constant as the film growth
proceeds, giving the resultant film a uniform inter-nanostructure spacing along the direction
5 228 of vapor flux. The concept of the shadowing length was validated in models where it was
psed to predict the film porosity. It was demonstrated that the magmitude of the shadowing
length is determined by the deposition angle, ¢, and material. Along the direction
perpendicular to the vapor flux, however, the shadowing length is not applicable, as the
shadowing growth is not strong enough to define nter-nanostructure spacing by deposition

10 conditions. Instead, a “bundling” phenomenon was discovered for the arrangement of
nanostruciures in many studies for vanious OAD tiims: nanostruciures grow in a connected
and nusaligned manoer, forming a chain-like association.

Figure 2.6 illustrates an arrangement 230 of nanostructures, e.g., nanostructures 23 1a,
231h,... and a film plane 232. Arrangement 230 corrgsponds to an in-plane arrangement of

I3 nanostructures within each constituent layer. Using rectangular coordinates, an x~-axis and
v-axis lic m the fila plane 232 and the z-axis is normal to the film plane 232, The shadowing
length concept may be adapted to define the in-plane arrangement of nanospirals. The vapor
flux 233 is incident obliguely in the xz-plane 232, giving rise to shadowing growth n this
plane 232, Shadowing growth may dominate the nanostructure growth in this plane 232,

20 while leaving the nanostructure growth subject to bundling association in yvz-plane. Following
the spatially anisotropic shadowing growth mechanism, it was defined that nanospirals were
spaced by an equal distance, d, along the x-axis, corresponding to a weli~defined shadowing
length. Nanospirals were connected along the v-axis with a random alignment. « was defined
a function of deposition angle, «, and material, which may be extracted from the measured

25 film porosity and nanospiral width. In the last step, all the monolayers were stacked along the
z~direction to accomplish the structural model for the multi-layered graded-index AR coating.
In summary, the geometrical parameters input for building the structaral model for the

obtained AR coating are listed in Table 2.2.
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Table 2.2: Geometrical parameters used for building the structural mode} for the

reported AR coating.
. Nanostr-
, . . Nanostructure
Deposition  Nanostructure  Nanostructure ) ucture
Layer . . : ) il angle 6 L
condition height # (nmy  width o (am) , spacing d
{degree)
{nm)
YAG:Ce
1 75" Ti0; 52 16.000 35 13
2 -757 10 48 16.000 -53 13
3 80° Ti0; 33 16.000 56 18
4 -80° Ti0; 32 16.000 -53 18
3 85° Ti0, 57 16.000 33 25
6 -857 Ti0; 42 16.000 -52 25
7 70" Si0s 66 14.424 57 5
8 -70° S10, 67 14.424 -56 5
9 80" Si0, 59 14.424 54 16
10 -80° 810, 62 14.424 55 16
11 89° 81, 129 14.424 49 34
Air

FDTH simalation setup

Figure 2.7 liustrates an FOTD simulation setup 235, consistent with the present
disclosure. 3D FO'TD modeling was carried out using FDTD simulator (available from
Lomerical Solations, Inc., Vancouver, BC, Canada). A polarized plane-wave source 236 in
the wavelength range of 400-800 nm was incident on the coated side 237 of the YAG:Ce CPP
238 at a normal incident angle and propagated towards the —z-direction. Both x-polarized and
y-polarized sources were employed i the simlation. Transmission and reflection were
monitored by field monitors 239, 240 placed inside the YAG:Ce CPP 238 and above the AR
coating 237, respectively. Periodic boundary conditions were imposed along x- and
y-dirgctions and perfectly-matched-layer (PML) boundary conditions 241a, 241b were
applied along z-direction. By treating Y AG:Ce CPP ag semi-infinite in the simulation,
reflection at its bottom surface 18 neglected. This may be corrected by subtracting the

bottom-~-surface reflectance from the as-obtained transoutiance.
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232 Transfer matrix method modeling

TMM (Transtor Matrix Method) was used to model the specular transmission
spectrum of the reported coating. The structural mode! adopted in TMM modeling is a
multi-layered stack of 1D slabs. Each slab represents the homogenized form of a
nanostructured layer. The thickness of cach constituent slab is the only required geometric
parameter, whose value is taken from Table 2.2, Rls and extinction coefficients mput for each
slab are based on data from ellipsometry measurements. TMM modehing was carried out

using Scout (available from WTheiss Hardware and Software, Aachen, Germany).

24  Resulis and Discussion
241 Morphology of the zig-zag nanospiral-structured AR coating

Figure 2.8 illustrates a cross-sectional SEM image 243 and a top-down SEM 1mage
244, SEM images 243, 244 demonstrate that a well-defined two-material
nanospiral-structured coating was successfully developed. No delanunation was observed
between TiQ, and 510, layers m the mulii-material AR coating. It has been reported that the
lateral width of nanostructures composing OAD films will broaden as the film becomes
thicker. Column broadening may increase scattering loss and change the areal density of the
nanostructures, so it is unwanied for optical applications. However, no obvious column
broadening along the growth direction may be observed from the SEM images 243, 244 kt is
believed that the fine division of layer thickness helped to suppress the broadening effect.
The cross-sectional SEM image shows that the nanospirals were grown in a connected
manner from the bottom layer to the top layver. Studics bave revealed that the surface of OAD
films is in a rough morphology. The extruding tips of existing nanospirals might bave played
the role of sced pattems that imit the growth of upcoming nanospirals on top of them.

Figurc 2.9 tllustrates a specular transmission spectrum 243 of coated 246 and
pacoated 247 YAG:Ce CPP. The strong absorption of the blue excitation source due to the
4£-5d band transition of C¢’" ions is clearly seen around 460 nm. At longer wavelengths, the
bare Y AG:Ce 1a transparent, showing a relatively high transmittance of around 80.5%. Based
on the refractive index of undoped Y AG, a maximum value of theoretical transmission for
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YAG in air 1s predicted to around 82.94%, and therefore an ideal AR coating could enhance
the transmission by 8.53% at cach interface. Some scattering induced by the interior structure
of the YAG:Ce 1s likely to have contributed to the rest of the 2.44% optical loss. By
fabricating nanospiral-structored AR coatings on the top serface of YAG:Ce CPP {o reduce
5 the index contrast and induce constructive interference in transnutied beams, the transmission
of YAG: {e CPP is scen to be enhanced over broad visible hight spectrum and reaches 88 32%
at 764 nm.
Figure 2.10 illustrates the results of BSDF measurement from a 633 nm ved laser for
ncidence angles of 5°, 107 and 13°, with {solid hines) and without {dotted lines) AR coating.
10 Reflections from frontside and backside of the sample were captured. Results indicate that,
by coating the Y AG:Ce CPP with the AR coating, as described herem, the specular reflection
is greatly reduced compared to Y AG:Ce CPP without AR coating. However, measurement of
the specular forward transnussion is limited by the low resolution of the setup which is only
1°. Therefore the enhancement in the specular transmission is not quite discernable in the
15 graph.
Table 2.3 summarizes the reflection results in Figure 2.10 and gives the predicted
Fresnel reflection value for parallelly-polarized, 633-nm light source incident on uncoated
YAG:Ce CPP. Resuits here indicate that the AR coating may essentially reduce all the
theoretical reflection caused by Fresnel reflection, which demonstrates that the anti-reflection
20 properties are of high quality. One may notice that BSDF signal appears deviated from the
specular divection a bit. This deviation from the theoretical Fresnel prediction may be related
to the fact that scattering of the AR coating and scattering of YAG:Ce CPP were both

collected.
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Table 2.3: Reflection as function of incidence angle of light source,

Angle of Measured Reflection - Theoretical

incidence reflectivity -~ no coated region one-surface

{degree) coating reflectivity
5 0.1532 0.07263 0.0853
15 0.14013 0.0579 0.0795
15 0.09873 0.0554 0.0679

242 Optical modeling

Figure 2.11 18 a plot 255 ilastrating the specular transmission spectra simulated by
FDTD and TMM. A first curve 236 corresponds to nanostructured model results for FDTD,
x-polarized. A second curve 257 corresponds to nanostructured model results for FDTD,
y-polarized. A third curve 258 corresponds to slab moded resulis for TMM, x-polarized. A
fourth curve 259 corresponds to slab model results for TMM, v-polarized.

The strong absorption by e’ band transition in the wavelength range of 400-550 nm
was excluded in the simulations to better render the properties of the AR coating,
Transmittance under x-polarized and y-polarized incident light were calculated. Taking the
anisotropic index profile as 1oput, TMM shows the AR coating exhibits
polarization-dependent anti-reflective performance, which could be mostly attributed to the
highly birefringent Ti0; lavers as was discussed in the previous section. The deviation
between the polarized tranamittance is higher at wavelengths shorter than approxamately 600
nm due to stronger ficld-matter interaction, and gradually reduces as the wavelength
increases. On the other hand, the results of FDTD modeling show, taking the morphology
formation of the model as mput, that FDTD 1s also able to capture the
polarization-dependent anti-reflective performance. It may be scen that the FDTD-simulated
spectra match the TMM-simulated spectra well across the visible light region, except for the
part below 550 nm under the x-polarized incident light. The discrepancy below 550 nm is
likely to have been caused by the assumptions made in the FDTD model for features along
the x-axis, as the effects of assumptions will be amplified when field-matter mteraction is

relatively strong at shorter wavelengths. Assumptions made in the structural model, including
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uniform inter-nanostructure spacing along x-axis and uniform nanostructure width as well as
alignment of nanostructures along x-axis, could all lead to the modeling discrepancy.

Figure 2.12 1s a plot 260 iHustrating a comparison between a measured specular
transmission spectrum 261 and a simulated specular transmission spectrum 262, under

5 unpolarized incident light. The polarized specular transmission spectra, simulated by FDTD,
are averaged and compared with the measured specular transmission spectrum in the
wavelength range of 550-800 nm. Transmittance below 550 nm 1s omitted due to the strong
absorption. It may be seen that the spectrum simulated by FDTD agrees reasonably well with
the measured spectrum. The discrepancy between the stmulated and measured transmittances

10 may be attributed to the geometrical simplification in the stractural model. In the experiment,
the assembly of constituent lavers was done by a contimuous bottom-up approach without any
post-process treatment on the surface of the deposited lavers. It s expected that the
morphology, and thereby the RI of the upconung laver, will be affected by the layer
deposited underneath it to some degree, but the effect due to surface topology, is neglected in
15 the FDTD model as it 15 difficult to collect this information during the experiment.

Figurc 2.13 is a plot 265 dlustrating FDTD-sinwlated scatiening spectra for the cutire
coating (nanospiral film} 266 and for the TiQ, layers alone 267, To investigate the scattering
toss induced by the AR coating itself, the scattering spectrum was simulated using the
structural mode! in FDTD and the resulis were plotied. To separate the relative contribution

20 by the two different base materials, the scattering spectra of Ti(3; lavers were separately
calculated and plotted for comparison. it 1s found that the scattering loss mduced by the AR
coating itself is negligible: scattering loss is less than 0.4% above 550 nm. Low scatiering
loss will help maintain a good collimation for the ncident hight propagating inside the AR
coating, and thus constructive mterference between transmitted beams may be achieved

25 efficiently. The simulated scattering mtensity is lower than 1% and it decreases as
wavelength increases, indicating a Rayleigh-tvpe scaticring. By comparing the scattering
mtensity induced by the entire coating 266 with the Ti(; lavers 267, it was found that the

major source of the scattering loss 18 the Ti(), layers. This may be explained by the fact that
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high-index Ti0) nanospirals possess a higher dielectric constant to interact with mncident

clectric ficld effectively, and thus most of the incident light will be scattered by Ti0; layers.

2.5  Conclusion

In this section 2, a zigzag nanospiral-structured graded-index AR coating was
fabricated by QAD on the YAG: Ce CPP by e-beam evaporation. The AR coating enhances
the normal-direction transmission of YAG:Ce UPP across a broad spectral range, and the
maximum improvement reaches 7.82% at 764 nm, which closely approximates the potential
maximuom predicted by the Fresnel equation of 8.53%. BSDF measurement over muliiple
angles also contfirms the AR coating is close to ideal. A geometrical model was developed for
the obtained AR coating, and applied the model m an FD'TD simulation to study the
maorphology dependence of the coating’s optical properties including the
polarization-dependent anti-reflective performance and scattering loss. The model was
developed based on the shadowing growth mechanism. The simulated polarized transmission
spectrim demonstrated that the model captures the polarization-dependent anti-reflective
performance of the coating, according with the results obtained from ellipsometry. The
simulated scattering spectrum also shows the coating induces weak scattering loss, which
agrees with the BSDF measurement at 633 nm. Ti0; layers m the coating contribute most to
the polanzation-dependent optical response and scattering. The low scattering loss renders
the reported coating one of high quality. It is believed that the imtroduction of OAD-grown
nanostructured AR coatings may be useful in mutigating reflection losses in devices that rely
on Y AG:Ce or simiar CPPs. Study on the underlying effect of the coating also allows for
designing light converters with enhanced extraction in broad spectral and angular propagation
ranges.
3. Zero-index photonic erystals for visible and near-infrared
applications
3.1 Motivation

In this section 3, the application of OAD in the fabrication of near-lossless, zero-mdex

photonic crystals (PhCs} 15 demonstrated. The emission patiemn control of phosphors 1s of
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mterest for LED technologies, because the activators doped in phosphors are dipole-type
emitters which emit light isotropically. It there exists an optical structure with an R at or
near zero in the real part. light from these activators will be concentrated near-normal
according to the Snell’s law, thus both the external and internal quantum efficiency will be
3 increased. As used herein, near of  “at or ncar” means to within a tolerance of
Figure 3.1 is a plot 300 illustrating simulated far-field angular distributions of
emissions from a dipole embedded 1n a vacuum 302 and embedded in a 2.67 mm thick zero
mdex PhC 304, Figure 3.1 (1.¢, plot 300) illustrates a comparison between the far-ficld
angular distabution of 920-nm light emitted by a dipole embedded in the vacuum 302 and in
10 azero-index Ph(C 304, as will be described in more detail below. The dipole is polarized with
its electnic field aligned with the PhC’s millar axis, and the PhC exhibits a zero RI exclusively
near 920 nm. The spectruin 1s simulated by FDTD Solutions (Lumernical, Inc.}. Emission
from the dipole embedded in the vacuum 302 is isotropic, which is shown as a uniform power
distribution across far-field detecting angles. In comparison, emission from the dipole
15 embedded in the zero-index PhC 304 is concentrated to a narrow angular spread between -30°
and 30°, mdicating that the control of emission pattern of spontancous emitters is achicved. it
is contemplated that zero-index PhCs, consistent with the present disclosure, may be applied
to other situations where dipole-type spontancous emitters are involved, mcluding, but not
himited to, quantum dots and fuminescent matenals. Additionally or alternatively, zero-index
20 Ph{Cs may be utilized, for example, for conirolling emission pattern of lasers, realization of
lossless negative index in the visible and near-infrared trequencics, superlenses, particle
cloaking, cte.
3.2 [Entroduction to zero-index photonic crystals
The real part of RI () may be enginecred to reach zero by a plurality of approaches.
25 In onc nonlimiting example, metallic resonant materials may be configured to realize zero or
negative 7. The imaginary RI of metals, 1.¢., the extinction coefficient {4), may be relatively
large at optical frequencies and may become cven larger as wavelength decreases. Thas,

metal-based zero-index structures may be too lossy for applications at visible or near-intrared
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frequencies. A zero n may be realized by an all-dielectric 2D PhC structure of Cyy symmetry,
By properdy selecting structural parameters and base matenials of an all-diclectric 2D PhC
structure of Cyy symmetry, a conical (Birac) dispersion i the photonic band structure of the
Ph{ may be achieved at some frequency op under TE {transverse electric)-polarized hght

5 which induces zero # at wp. For TE-polanzed hight, the clectric ficld of the operational light
is configured to be polarizing along the Ph{ pillar’s axis.

An all-dielectric 2D PhC structure of Cy symmetry may be configured to realize a
zero 1, according to the following three characteristics:

i Triple band degeneracy 1s formed at the I point at some trequency op

16 (Dhrac-point frequency) in the photonic band structure of the PhC. The photonic band
structure may then contain two linear bands forming a comical dispersion analogous to the
Dirac cone in the electronic band structure of graphene, and a third flat band crossing the
Dirac-like cone.

i The triply degenerate state at the I point is derived from monopole and dipole

15 excitations. In other words, the zero n is calculated by effective medium theones (EMTs) as
the effective Ri of the PhC at wp and EMTs arc applicable when monopole and dipole
exeitations contribute to the cigenmodes at the T point. Otherwise, for example, if the
eigenmodes near wp contain multipole excitations such as quadrupole excitations, the PhC
may not be mapped to an effective medium with zero # even though its photonic band

20 structure may exhibit a triply degenerate state.

1, if conditions 1 and 11 are satisfied, EMT-based index-calculating algorithms
may then be applicd to the PhC to venify the realization of zevo effective n near ap. Inone
nonlimiting example, a scatiering parameter {S-parameter) technigue may be used to retrieve
the cffective n.

25 The above three characteristics may be achieved through selection of suitable base
materials and adjusting the structural parameters of the PhC. The zero-n frequency, wp, may

then depend on the parameters selected.
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33 Designing zero-index 2D PhCs for applications at visible and
near-infrared wavelengths

The photonic band structure relies on a relatively high index contrast. Ri affects the
zero-n frequency wp. A challenge in realizing a zero-index PhC for utilization in applications

3 atvisible and near-infrared wavelengths (400 - 1100 nm) primarnly lies in the unavailability
of transparent/low-absorption materials in nature that maintain both high index contrast and
fow absorption loss. Stmulation studies indicate that an mdex contrast no smallerthan 2 (e |
index contrast greater than or equal to 2) and a number of repetition of pillars no smaller than
7 (i.c., anumber of repetition of pillars greater than or cqual to 7) mav achieve the zero-index

10 photonic band structure. For example, for a total span of the pillars of 2500 nm, the base
materials mayv possess an absorption coefficicnt no larger than 0.0001 nm™ (e, an
absorption cocfficient less than or equal to 0.0001 nm™) to ensure that less than 20% of the
hight propagating within the PhC gets absorbed.

Considering dispersion relations of »# and absorption coefficient for some common,

15 naturally-occurring dielectric matenials (e.g.. Sy, diamond, amorphous Ti(,, ALGs, INGaAs,
S100, Gal, SiaNg, PMMA), the spread of n is relatively narrow for these non~/low-~absorption
natarally-occurring diclectric materials. For example, if alow-n 810; (n = 1.46 at 700 nm) 18
selected as the low-index base material, there does not appear to be a low-absorption matenal
available to provide an n higher than 2 92 In the wavelength region of 400 - 1100 nm, the

20 highest o (~2.45) may be provided by rutile Ti(,. Other dielecirics, ¢.g. silicon, may provide
a higher n, but have a relatively high absorption coefficient, 1.¢., may be relatively lossy.

In an embodiment, air may be utilized as the low-index base material. The index
contrast may then be achieved with Ti(. In other words, replacing Ti(; with some other
lossy high-index materials may be avoided. Air may be configured to separate the pillars by

25 the designed lattice constant along the lateral direction (x-direction in Figure 1.6}. Air may
not be configured to connect the high-index pillars to form the Cy-symmetric configuration
from the bottom-up (y-direction in Figure 1.6}. As described herein, QAD may prodoce

relatively low-index films whose n 1s lower than the natural limit of 1.38 1f the deposition is
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made at highly glancing angles. The obtained porous films may provide an air-like # close to
1, as well as a columnar structure which may provide sufficient mechanical strength to
connect high-index pillars from bottom-up. In an embodiment, these n = 1 OAD films may be
combined with air as the low-index base maternial in the PhC to connect high-index pillars
5 along two orthogonal directions.

Figure 3.2 is iliustrates a zero-index PhC 310, consistent with several embodiments of
the present disclosure. For ease of description, Figure 3.2 includes x, v and z axes defining an
%, ¥, z coordinate svstem. The zero-index PhC 310 1s configured to realize zero # m
visible/near-mfrared wavelengths. The zero~-index PhC 310 mcludes a substraie 312 and a

16 plorality of grating wnits 314a, 314b, 314¢,. .., 314m positioned on a surface 313 of the
substrate 312 and separated by air. The surface of the substrate 313 may be generally planar
and parallel to an vz plane. Each pair of adjacent grating units, ¢.g., grating units 314b and
314c, may be spaced by a grating period, a, in the v direction. Each grating unit, e.g. grating
umit 314a, has grating width, d, in the v direction. Each grating unit, e.g. grating unit 3144,

15 mcludes a plurality of altemating lavers of lavers of a first matenial 316a,..., 316p and lavers
of a second material 318a,..., 318q, stacked in the x direction. A first layer of the first
material 316a has a layer thickness, 11, and a first laver of the second material 318a hasa
layer thickness, t2, measured in the x direction. In one nonlimiting example, the first material
may include a dense Ti0, and the second material may include porous 5i0;.

20 Unlike the generic 2D Phis where pillars stand vertically on the substrate, the PhC
310 1s rotated by 90° and posed on the substrate 312. It may be appreciated that zero-index
Ph{C 310 has a similar form as a 1D grating in configuration, except that each of the grating
unit contains several altemating lavers rather than a single material along the x-direction.
Rotation s due to the fact that zero # is applicable to TE-polarized hight. By rotating the PhC

25 by 90° compared to generic 213 Ph(Cs, the transmitied light mav be detected from the top of
the Ph(C 310 rather than the edge. The structural parameters of the PhC 310 may be defined

according to a grating structure as: « s the grating period along y-axis; £ and 7 is mdividual
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layer thickness of dense Ti(, and porous 851G, OAD film, respectively; o is the grating width
along v-axis.
Stractural parameters of the zero-index 2D PhC 310 may be deiermined by optical

modeling with FEBTD Solotions (Lumerical, Inc.}. Results are listed 1n Table 3.1

5 Table 3.1, Structural parameters of the proposed zero-index Ph{,
Structural parameter Value
Grating period, 600 nm
Grating width, d 270 nm
High-index base material (Material 1) Dense nitile 110,
Low-index base matenal (Material 2) 510, OAD film
Refractive index of Material / 2.45
Refractive index of Material 2 1.05
Individual layer thickness of Material 1, 1; 270 nm
Individual layer thickness of Material 2, 1 330 om
Total layer number of Marerial | 4
Total layer number of Muaterial 2 3

3.4 Verification of zers-index realization via optical modeling
In this section, optical modeling results of the zero-index Ph{ 310 configured with
parameters listed in Table 3.1, are deseribed. The zero mmdex will be vertfied using the three
characteristics, as described herein in section 3.2, The zero index may be further verified
10 using a total internal reflection (TIR} phenomenon.
34.1 Characteristic 1: triple band degeneracy
Figure 3.3 15 a plot 320 illustrating an FDTD-simulated TE band structure for the PhC
319 of Figure 3.2 Figure 3.3 (i.¢., plot 320} illustrates the calculated photonic band structure
of the 2D PhC under TE-polarized light {electric field of the light is polarizing along z-axis in
15 Figure 1.6). In the plot 320, the x-axis represents the wave vector, £; and the y-axis represents
the normalized wavelength, /., where a is the lattice constant equal to 600 nm. It may be
appreciated that two assumptions were made in the calculation: 1) the Ph{ is infinite in span
along x-, y- and z-axis and 2} the high-index Ti(; pillars are surrounded by a uniform
diclectric environment with n = 1.05. As the actual PhC 1s finite along three divections, its
20 photonic band structure may deviate somewhat and the zero~-index frequency may shift. The
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result obtamed from the infimite PhC shows a triple band degeneracy 322 1s formed at 973
nm. The triple band degeneracy 322 includes two linear bands fornming a Dirac-fike cone and
a third flat band intersecting the cone. In conclusion, the first characteristic s achieved.
34.2 Characteristic 2: triply degenerate state derived from monopole and dipole

5 excitations

Figure 3 4 ilustrates an endview 326 of PhC 310 of Figure 3.2 and corresponding

FO'TD-simulated field patterns of eigenmodes near the tnple-band-degencracy frequency 973
nm. Figenmode expansion analysis was performed on the finite PhC 310 m the vicimity of
degeneracy frequency 973 nm. The endview 326 mchudes layer refractive indexes ny and ny,

10 corresponding to dense Ti03; and 510, OAD film, respectively, and n; corresponding to air.
The simulated field patterns include a first ficld pattern 328a, at frequency 973 nmand a
second field pattern 328b, at frequency 925 nm. The outlines of the Ph(C 310 are depicted by
black lines in the electnc field maps 328a, 328b. I may be appreciated that the field pattems
328a, 328k illustrate characteristic monopole and dipole exeitation modes inside the Ti0,

15 pallar at 973 nm and at up to 925 um. The ficld patterns 328a, 328b do not appear to exhibit
higher-order multipole excitation mode. Thus, the second characteristic is achicved and
EMT-based algorithms are applicable to calculate the effective RI of the Ph(.

343 Characteristic 3: confirm an effective index equal to zero near 973 nm using
S-parameter technigue

20 Figure 3.5 is a plot 330 illustrating an effective refractive index 332 for the PhC 310
of Figure 3.2 1n the wavelength region of 900-990 nm. The S-parameter technique was used
to retrieve cffective refractive index 332, Plot 330 illustrates a quasi-linear cffective index
dispersion relation from 960 nm to ~976 um, except in the vicinity of 920 nm where the
effective mdex becomes constant. It may be appreciated that the actual zero-index frequency

25 blue-shifts from the calculated value of 973 nm to approximately 915-926 nm, which may be
desirable. The deviation is expected because the structure used in photonic band structure
simuiations is infinite in span. Thus, the 2D PhC 310 configured with parameters listed in

Table 3.1 has been demonstrated to have realized zero Rl near ~915 nm.
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344 Angle-dependent transmission spectrum simulations
The verification of the realization of zero Rl for the PhC, consistent with the present
disclosure, may be performed based on the TIR {(total nternal reflection) phenomenon, since
the PhC may be the optically thin medium with respect to the vacoum (» = 1) at its zero-index
5 frequency. The TIR approach may be considered relatively more explicit and congise

compared to the three characteristic approach, as described herein. An angle-dependent
transmission spectrum is simutfated for a tightly-focused Gaussian beam traveling from the
vacuum to the PhC to verify the realization of zero R PhC. H the Ph( possesses an n < 1,
then, according to Snell’s law, the transmitted power will decrease with increasing mcident

16 angle until TIR happens at critical incident angle, .. The smaller the critical angle is, the
closer to zero the n will be. The »n of the PhC may then be calculated by substituting §, into
snci’s law,

Figure 3.6 1s a plot 334 illustrating an FDTD-simulated angle-dependent transmission

spectrum of PhC structure 310, configured with the structural parameters of Table 3.1. In the

15 simulation, mcident angles from 07 to 80°, in ten degree increments, 336a, 336b, 336¢,,
336d, ..., 336m and wavelengths from 850 nm to 1000 nm were studied and the waist size of
the Gaussian beam is taken as 2.5 pm. It 1s contemplated that the oscillation of the spectrum
around 975 nm at incident angles of 0 (336a), 10° (336b) and 207 (336¢) may be due to the
stnulation divergence at these freguencies, mdicating a limitation of the simulation

20 algorithm. The data points were collected by sweeping the frequency, thus, it 13 belioved that
the results away from the oscillations are vahid. In the wavelength region near 925 nm, the
power transmitted from the Ph(C 310 decreases with mncreasing ncident angle, and the
transmitted power becomes zero before the incident angle reaches 20°. It may be assumed
that 0, is no greater than 20° m this wavelength region. Substituting 20° into Snell’s law

25 vields an estimated n of ~0.34. Thus, simulating the angle-dependent transmission spectrum
for the zero~-index PhC 310 viclds results simular to the characteristic approach, as described
herein. Thus, a PhC, consistent with the present disclosure,  configured with parameters

Table 3.1 may realize zero # at frequencies very close to the visible frequencies.
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3.5 Experimental methods
351 Overview of fabrication procedure
Fabrication of the a Ph{C, consistent with the present disclosure, e.g., PhC 310 of
Figure 3.2, may be generalized as a two-step process that includes first depositing a
5 multi-layered film and then etching the multi-layered film to structure into the periodic PhC
stouchure.
Figure 3.7 illustrates a flowchart 340 of a fabrication procedure of a PhC, ¢ g, PhC
310, consistent with several embodiments of the present disclosure.
Step 341 includes depositing a distributed Bragg reflector {(DBR) structure 3413 onto
160 a substrate 341b. The DBR structure includes a plurality of alternating layers of high-index
Ti0s, c.g., T laver 341c, and low-mdex 81(h, e.g., 510 layer 341d. In one nonlimiting
example, the substrate 341b may correspond to a silicon wafer. Thicknesses of the Ti(; and
8510, layers 341¢, 341d are #; and 45, respectively. For example, the deposition may be
performed by electron-beam (e-beam). In another example, the deposition may be performed
15 by sputtering.
Step 342 mcludes utilizing lithographic methods to pattern the DBR structure with
periodic photoresist stripes {strips) 342a, 342b, ... 342m. Each photoresist stripe, e.g.,
photoresist stripe 347b, has width W, and the periodic photoresist stripes have periodicity 5.
It may be appreciated that if the ctching depth is large, the sclectivity of photoresist over Ti0,
20 and 510; may be too low for the photorgsist to survive from etchant attack before the etching
is complete. Thus, in an embodiment, photoresist strips may be used as a “soft mask”™ for
patiom transfer. A solid material with stronger resistance to plasma and reactive ions may
then be used as a “hard” ctch mask during dry etching.
Step 343 mcludes depositing a solid material 343a, 343b, ... 343m with thickness £,
25 onto the photoresist strips 342a, 342b,...,342m.
Step 344 includes applying a lift-off process to sclectively remove the photoresist soft
mask so that only hard mask 343a, 343b, .., 343m with thickness £, Win width and S in

periodicity remans.
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Step 345 meludes applving dry etching to remove mass anisotropicaily and structure
the DBR into a PhC structure 346.

Step 347 includes stripping hard mask off from the Ph{ structure yielding the final
produoct 310.

Thus, a Ph{, consistent with the present disclosure, e g, PhC 310 of Figure 3 2, may
be fabricated as a two-step process that includes first depositing 3 multi-lavered film and then
gtching the mult-layered film to structure into the periodic PhC structure.

it 1s contemplated that the two-step fabrication process, as described herein, may be
implemented to fabricate a 3D PhC structure. In this case, eiching mayv be performed in two

directions.

332 Depositien of Ti(3/Si0, distributed Bragg reflector structures

Turning now to Figure 3.7 and Step 341, deposttion conditions of constituent Ti(,
layers in the DBR 341a were deternuned based, at least in part, on the elimination of
stress-induced cracking in the DBR.

The DBR 341ais configured to include alterating layers of high-index, dense Ti0,
{n ~ 2 45} and low-index, porous 510, {(n = 1.05). With flesubility of alternating deposition
sources and deposition angles, the ¢-beam evaporation system with stepper motors mstalied,
as described herein, is a suitable system for conducting the deposition of DBR. By mapping
the effective Ris of OAD films to deposition conditions, it may first seem reasonable that
5103, should be deposited at the highest angle 89° and Ti0: should be deposited at the lowest
angle 07 to achieve the desired Rls by OAD. However, o prelinunary studies where 0° Ti0,
OAD film (~270-nm} was deposited on 89° 810, OAD flm (~330-nm) to make a two-layered
DBR structure on silicon substrate, cracking of 0° Ti0: OAD film was immediately observed
in the sample just taken out of the chamber with fissures of approximately 100 nm m width.
The cracking of 0° T10, OAD film s likely to have been caused by the tensile stress
developed during deposition. The cracking problem may be solved by changing the shape or

orientation of ° Ti(; columns to circumvent inder-column coalescence while still
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maintaining the Rl of 0° Ti0O, OAD film. By checking the dependence of porosity of Ti0:
OAD films on the deposition angle, 1t was found that the porosity of Ti(3, OAD fums almost
remains constant in the region of 0°-30°, thus indicating that effective Ris of Ti0, OAD films
arc approximately constant in this region. The shape and onentation of Ti0; columns change
dramatically when the deposition angle changes from 0° to 307,

Figure 3.8(a) is an SEM image 350 showing a cross-sectional view of 30° Til, OAD
film deposited on 89° 510, CGAD film. Ti(}; columns become parallel tetrahedron and column
broadening is reduced compared to 0° Ti(); OAD film deposited on 89° $10, OAD film. No
cracking was observed for this sample after deposition. Figure 3.8(b} is a top-down SEM
image 352 thustrating the absence of cracking. Thus, changing the deposition angle of T,
OAD film from 0° to 30° may eliminate the tensile stress-mduced cracking when silicon is
used as substrate. Thus, the DBR structure may be assembled by alternating layers of 30°
Ti(y, OAD films and 89° 8510, OAD films on silicon substrate by deposition, consistent with
the present disclosure.

The deposition of the DBR structure 341a was conducted in e-beam evaporation
system {available from Temescal) using an OAD technique, as described herein. 99.9% pure
T1(3; {available from CERAC) and 99.999% pure S10; (available from Intemational
Advanced Materials) were used as deposition sources. Two substrates were propared and
loaded. A first substrate was piece of silicon wafer and a sccond substrate was a picce of
sodalime microscope glass slide {available from YWR International). Substrates were loaded
mto the chamber adjacent 1o one another. The obtained samples may be identifies as
“DBR-S1” and “DBR-glass”, respectively, according to their substrates. The system pressure
reached low-107 Torr before deposition and was kept stable around 2x 107 Torr and 1x107
Torr during the deposition of Ti(d; and Si(,, respectively. No specific temperature control
was applied to the substrates. The deposition rate was controlled constantly at 1.1 A/sec and
4.5 A/sec for the deposition of Ti0; and Si0; respectively. The deposition rate and deposited

thickness were monitored by an in-situ guartz crystal microbalance. The source material,
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deposition angle and thickness of cach layer were controlled according 1o the recipe listed m

Table 3.2.

Table 3.2: Materials and deposition angles used for engineering the prototype of
zerg-index Ph{,

Constituent Material Dep@;tmn Targeted thickness {om)
layer angle (degree)

Silicon

water
1 TiG» 30 270
2 810, 84 330
3 TiG» 30 270
4 810, 84 330
5 TiG» 30 270
& 810, 84 330
7 TiG» 30 270

Aar

Figure 3.9 tilustrates one example DBR structure 354 and 3 cross-sectional SEM
1mage 356 of the obtained DBR-51. The example DBR stracture 354 corresponds to PBR
structure 341a of Figure 3.7, Imaging was taken at zx-plane to show the tilted feature of 10,
and $10; nanocolumns. The sample contains four layers of 30° Ti0; OAD films. One of the

10 lavers of 30° Ti0O, OAD film, ¢.g., layer 356b corresponding to laver 354b, was in contact
with silicon substrate 356a corresponding to siticon substrate 354a. It may be seen that the
30° T10; OAD film 356b deposited on silicon wafer 3563 has a different morphology than
the other three layers, ¢.g., lavers 356¢, d, . In particular, the 30° Ti0; OAD film 356b
deposited on silicon wafer shows no discemnable columnar features and appears to be dense.

15 This may be explamed by the effect of substrate’s sarface roughness on the deposited film.
The surface of §9° 8510, OAD films may be considered as a discontinuous film composed of
hillock-like nanoislands, which are actually the protruding tips of 89° 8i(3; nanorods. In
contrast, the surface of the silicon wafer 1s relatively continoous and smooth. When Ti0,
ad-atoms arrive at the surface of 89° 8103, OAD films, those hillock-like nanoislands may

20 serve as nucleation sites where Ti(0); ad-atoms nucleate. As a result, Ti0; nucleus may later
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grow 1nto nanocolumns that are widely separated by the distance between tips of 89° 510,
nanorods. In the case where Ti(, ad-atoms are nucleating on the silicon wafer, since no
forced nucleation site 1s present, Ti), ad-atoms are free to diffuse and form nucleus that are
relatively close. The columnar feature may be less discernable as Ti(; colamms are

5 compactly grown.

{Cracking may be present at bottom side of the sample DBR-S1, where it is closer to
the evaporation source than the top side. Fissures at the bottom side of the sample DBR-51
are visible, while the top side appears to be clear. No fissure was observed in the sample
DBR-glass over the entire surface arca. To confirm the absence of cracking,

16 high-magnification optical microscope was used to examine the top-down view of sample
DBR-glass and DBR-silicon. No fissure was observed in the sample DBR-glass.

The results suggest that a difference in thermal expansion cocfficient between

the substrate and the deposited T10./5:10; may play a role in inducing stress/cracking in the
DBR structure. The thermal expansion coefficients of Ti0;, 5i10),, glass and silicon are

15 100K, 065107 K7 8.6x10° K and 2.56x10° K, respectively. The difference in
thermal expansion coefficient between Ti(, and glass may be smaller compared to the
difference 1 thermal expansion coefficient between Ti(d; and silicon, such that the
deformations of T10); layers and glass should be much more spontancous. This indicates that
when 110, lavers and substrates are expanding their vohumes by absorbing heat from the

20 evaporation source during deposition, stress generated inside the sample DBR-Si may be
larger compared to that generated nside the sample DBR-glass. Once the stress inside the
sample DBR-S$1 reaches a certain magnitude, it may be large cnough to induce cracking in the
Ti3, layers.
353 Definition of ITO hard mask by hEft-off process

25 Turning now to Figure 3.7 and Steps 342 through 344, two choices of hard-mask
material were studied. A first material included metals {(nickel (N1)) and a second matenal

included diclectrics (Indnm Tin Oxade (IT0Y). A micro-masking effect, that could reduce the
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eiching rate, was encountered i dry etching when nickel was used as hard mask. The
micro-masking effect was not encountered in dry etching when ITO was used as hard mask.

Soft mask made by photoresist may be completely consumed before the etching is
complete due to the large total thickness of DBR-§&1 > 2 pm). Hard mask made by sclid
matcrials may replace or combine with soft mask to mitigate this effect. A solid material was
used to make a single-layered hard mask based on a ft-off process, where patterns made by
photoresist were used for pattem transfer. The PhC 310 structure is configared to have a
grating width a of 600 nm and a grating period ¢ of 270 nm (Table 3.1). It may be
appreciated that large-scale fabrication of a structure with features on nanometer scale may
be challenging to achicve with some experimental sctups. In one nonlimiting example, a
prototype may be fabricated corresponding to PhC 310, whose grating width and grating
period are on micrometer scale. The fabrication recipes may then be optimized, the
optimization configured to support fabrcation of the Ph{C 314, on a nanometer scale. Thus,
the photomask may be configured to produce photoresist strips 342a, 342b,..., 342m with
periodicity S of 200 um and width & of § um.

Photoresist soft mask was first patterned on the DBR-S1 by photolithography
{corresponding to step 342) prior to the deposition of hard mask {corresponding to step 343},
Photoresist {Shipiey 1813) was first spin-coated on the DBR-51, followed by UV exposure
with mask aligner (Karl Suss MJIB3) and development. The obtained photoresist strips were
200 um in periodicity, 5 wm in width and 1.7 wm in thickness.

The hard mask material was then deposited onto the photoresist sirips (corresponding
to step 343}, Ni and ITO were both investigated. ~130-nm N1 was deposited by e-beam
evaporation { Temescal) and ~218-nm 1TO was deposited by DC sputtering {AJA
International). Finally, samples were sonicated in bath of photoresist stripper solution for 16
to 20 seconds to lift off the photoresist.

Commonly, drv etching of Ti0, and 810, 15 done in fluorinated environment.
Additives like Ar and (1 may be added into the fluorinated plasma to adjust the etching

profile or modify the etching rate. The dry etching of BDBR-8: was conducted 10 an
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mductively coupled plasma — reactive ton etching (ICP-RIE) system because of its capability
of gencrating high density of radicals and ions to increase the ctching rate. The patterned
DBR-Si samples were etched mn ICP-RIE (Trion} with the recipe listed in Table 3.3. DBR-S1
samples patterned with Nt hard mask and I'T0 hard mask were etched for 2000 seconds and
6800 scconds, respectively. A carrier wafer made from anodized aluminum was used fo carry
the samples. Anodized aluminum is non-conductive and highly resistant to flucrine-based
plasma. Using an anodized alhuminum carrier wafer may help to increase the bias and thus the
etching amsotropy, and eliminate contaminations due the damage of carner wafer,

Table 3.3: Etching recipes used in ICP-RIE for etching DBR-5i samples patterned with
Ni and 1TO hard mask,

Paramcter Value
ICP (W) 350
RIE (W) 35
Pressure {mTorr) 13
He cooling (Torr) 5
Temperature (FC) 0
Flow rate of CHF3 (scom) 160
Flow rate of O (sceny) 10

The Ni hard mask was badly damaged after 2000 seconds of ctching, and only about 1
wm of Ti(3,/510, was etched. Craters that penetrated o the TiG,/810, surface were evident on
the N1 hard mask. Ni particles covered most of the Ti0x/51G, surface. This is may be due to
the highly-biased Ni being sputtered by plasma during ctching, and the sputtered Ni
redeposited onto the nearby Ti0,/510, surface. Such phenomenon is called micro-masking
gffect, where micro-masks refer to the numerous particles generated by sputtering the hard
mask. The micro-masking effect 1s undesirable for the drv etching process, as 1t reduces the
ctching rate and the micro-masks cannot be removed casily from the sample. Tn contrast, for
the sample patterned by I'TO mask, though 1TO appears to be dimpled, no crater was found to
have penetrated to the Ti0,/$103; swrface and no micro-masking effect was observed. The 7th

layer of the DBR-51 was exposed and a total thickness of ~2 wm was ctched. Results
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demonstrated that [TO 1s resistant to the sputtering by fluorine-based plasma in ICP-RIE
system, and it effectively eliminates an undesired micro-masking effect. Thus, in the
following, I'TO was selected to make hard mask on DBR stracture.
354 Dry etching of TiG/Si0, disiributed Bragg reflector (DBR) structures

Turning now to Figure 3.7 and Step 345, a challenge in realizing the PhC structure by
fabrication primarily lics in the generation of stractural damage in Step 345. Damage to the
proposed structure originates from the adoption of highlyv-porous 89° 510, OAD layers i the
structure. The large surface arca of 897 510, OAD layers means more arcas may be
accessible by the reactive plasma etchant. The etchant may cause a series of structural
damage to porous matenials including pore-wall thinning, pore collapse and undercut sidewall
profile. If the plasma damage s not managed, the over-thinned nanorods may collapse and
the whole structure may fail.

Dy etching of BBR-Si was conducted in ICP-RIE system using [TO as hard mask.
Two ctching recipes were studied, identified herein as Recipe 1 and Recipe 2. Table 3.4 lists
the parameters for Recipe 1 and Recipe 2. Recipe 1 was the recipe used in testing the hard
mask material, as described herein. Recipe | may provide a good eiching profile without any
sidewall damage or nanorod collapse. Recipe 2 1s based on Recipe 1. The RIE power s
mereased from 55 W Recipe | to 75 W in Recipe 2 to mcerease the bias and ion energy so

that a more anisotropic sidewall profile and less nanorod damage may be obtained.
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Table 3.4; Parameters of Recipe 1 and Recipe 2.

Value
Paramcter
Recipe 1 Recipe 2

ICP (W) 350 350

RIE (W) 35 75
Pressure {mTorr} 15 15

He cooling {Torr) 5 5
Temperature (°C) iy 0
Flow rate of CHF; (sccm) 100 100
Flow rate of O; (scom) 10 10

Figure 3.10 1s a 5EM image 360 of an ITO hard mask-patterned DBR-S1 after etching
for 6800 seconds with Recipe 1. Figure 3.10 (1.¢., SEM image 360} includes a first image
360a and a second image 360 at a closer scale than the first image 360a. A Ph{ structure
rotated by 90°, 1.c., a grating stracture with grating width of 5 um and grating period of 200
um is obtained. No structure collapse is observed. SEM images 360a, 360b show that Ti0,
layers exhibit a smooth sidewall profile, and the nanorods in Si0; lavers are intact from the
gtching damage as slanted 5:0; nanorods at the edge may be clearly seen. Though all the 7
constituent layers have been exposed after 6800 seconds of etching, some Ti0; residues may
be observed on the stlicon surface. It is contemplated that increasing the ctching time may
help to completely remove the residues, but since no stopping layer was deposited between
the DBR structure and the sibcon sabstrate, over-etching may damage the silicon substrate.

Figure 3.11 1s a SEM 1mage 362 of an 1TO hard mask-patterned DBR-S1 after etching
for 4000 seconds with Recipe 2. Figure 3.11 {i.c., SEM image 362) includes a first image
362a and a second image 362b at a closer scale than the first image 362a. Characteristics of
the obtained Ph{ structure is similar to the ITO hard mask-patterned DBR-S1 afier etching for
6800 scconds with Recipe | tllustrated 1o Figure 3.10 (i.e., SEM tmage 360), but the etching
rate is improved by 41.18%. Thus, Recipe 2 may be used m the future work to structure the

DEBR nto a PhC configured with the parameters histed in Table 3.1
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3.6 Conclusion

In this section 3, a lossless, zero-index Ph{C structure for apphications near 920 nm has
been described. Feasibility of fabricating the designed steucture was thustrated as indicated
by the prototype, as described herein. A lossless zero-index structure at visible and
near-intrared frequencies may contain engineered porous films with an index closc to 1 as the
low-index base material in the structure. For example, an OAD technigue may be configured
to engineer such low-index porous film with 510, The presence of highly porous Si0; layers
in the structure challenged the fabrication process, as porous 5103, lavers could be casily
damaged during dry ctching if the ctching recipe is not properly adjusted. The challenge was
addressed with an ICP-RIE etching recipe optimized for producing smooth sidewall profile
and protecting the porous 510, lavers. The realization of zero-index at 920 nm with the
proposed material and fabrication method provides a possibility for developing lossiess,

zero-index optical structures for visible-light applications.

4, Solid-state dewetting of gold aggregates/islands on Ti(); nanorod
structures grown by obligue angle deposition

In this section 4, OAD fabrication of a two-layer film stack mcluding a
nanometer-sized array of gold NPs with controlled separation and size atop a slanted TiGs
nanorcd film is described. The fabrication was realized by using OAD to grow the Ti(,
nanorod substrate and supported gold aggregates as primary structures, followed by rapid
thermal annealing (RTA) at high temperatures o accelerate the dewetting and the growth of
the Ravleigh mstability to fragment the gold aggregates and produce NP arrays. Varying
levels of imitial spacing between gold aggregates (inter-aggregate spacing} in the OAD were
considered by controthing the deposition angle. To illusirate how nifial the inter-aggregate
spacing decides the dewetting outcome and to reveal the possible connection between the
nanorod tip topology and dewetting dynamics, phase-ficld modeling was used to demonstrate
and compare the dyvnamics of solid-state gold aggregates dewetting on Ti0) nanorod tips

versus T10; planes.
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4.1 Imtroduction and motivation

As discussed in Section 1.1, nanostructured noble metal films may be challenging to
produce dug to the high surface diffusion. Strict control of the deposition conditions may be
imposed to suppress surface diffusion, and post-deposition treatments which suppress

5 dewectting and sustain the columnar morphology may also be miplemented. For these reasons,

few OAD films with sophisticated nanostructures have been produced by noble metals
compared to oxides. Reports of multi-layer stacks of metal and oxide/metal OAD films are
even more himited.

Thus, there is motivation to drive the growth of stable, noble metal OAD

10 nanostructures, and combing them with dielectrics m multi-layer stacks. Multi-fayer stacks
may exhibit unigue propertics compared to individual layers. For example, silver nanoparticle
arravs may exhibit relatively stronger absorption when they are deposited 1 the vieinity of a
continuous silver layer and 110, OAD films show a higher photocatalvtic activity when they
are deposited onto W5, Noble metal nanoparticles {NP) may enhance the local clectric field

15 mitensity at their resonant frequencey and oxide nanocolumnar QAD films are known for ther
high photocatalvtic activity. OAD growth of a stabic noble metal NP array with
well-controlled separation and size on the oxide nanocolummar OAD films may produce
structures with enhanced photocatalvtic activity and enhanced, absorptive and reflective,
opiical propertics.

20 As shown 1 Section 1.1, due to the high surface diffusion, the noble metal deposits
tend to form large aggregates on the substrate during OAD and those aggregates deform and
grow, so it is contemplated that a properly mediated process for the controlled dewetting of
the as-deposited aggregates may be emploved to produce a thermodynamically stable NP
array on the oxide nanocolumns. It is known that Ravleigh instability may fragment the

25 structure info a cham of spherical particles spaced with the charactenstic wavelength of the
fastest growing perturbation, thus it is contemplated that the dewetting process may be guided
by Ravleigh instability. It is known that substrates that support the dewetting materials may

strongly affect the dynamics of dewetting. Failing to dominate the dewetting via a Rayleigh

i
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nstability mechanism may result in relatively large, irregularty-shaped islands instead of
perindically distributed spherical NPs. The tips of the oxide nanocolumns may provide a
mechanism for controlled dewetting as they are generally of nanometers in width and
guasi-periodic in space. Understanding how these charactenistics affect dewetting may

support the successtul fabrication of noble metal NP arrays on OAD nanocolumns.

42 Experimental methods

All films were made in an electron-beam evaporation system ( FTemescal) using the
OAD technique, as described herein. The chamber was cooled by water to maintain a
constant temperature. The evaporation sources of Ti(, and gold were located at the bottom of
the chamber, about 30 cm below the substrate. All the films were deposited on silicon (100}
wafers. When OAD is conducted at large deposition angles (the angle between the substrate
normal and the incident vapor flux higher than ~807), the shadowing effect creates the largest
separation between the deposited nanostructures. Films were deposited at 80°, 857, 877 and
89°. First, the bottorn layer consisting of 180-1um thick, slanted Ti0, nanorods was deposited
and then the evaporation source was switched to deposit 20-nm thick gold aggregates onto
the tips of the Ti0; nanorods. The deposition rate was maintained at ~0.8 nm/s for both the
Ti0, and gold depositions. The chamber pressure was in the low 107 Torr range for Ti0,
deposition and low 107 Torr range for gold deposition. No special temperature control was
applied to the 51 wafer. After the deposition, parts of the samples were cut from the wafer and
mmediately transferred to the rapid thermal annealer (AG Associates, Heatpulse 610) for
thermal treatment at 600°C for 3 minutes under nitrogen. Then, the as-deposited and anncaled

samples were imaged using a scanning clectron microscope {Carl Zeiss, Supra).

43 Morphology of the as-deposited and annealed samples
Figure 4.1 illustrates top-down SEM views 400 of as-deposited 400a, 400c, 400¢ and
400g, and anncaled 400b, 4004, 400f and 400h, samples. The deposition angle for the

samples in images 400a and 400b, images 400c¢ and 400d, mmages 400e and 400f, images
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400g and 400h, are 807, 85°, 87% and 897, respectively. The arrows denote tilt direction of
Ti(d; nanorods, 1.¢., vapor flux direction. All scale bars represent 100 no
Gold regions at the top layer, are brighter 1n color. For the as-deposited samples,
spatially-distributed, slanted Ti0; nanorods were formed on the Si water, and
5 irregularty-shaped gold aggregates are prosent on the tips of the nanorods. The slanted TiOs
nanorods are tilted towards the direction of the incident fhix and the flux direction is denocted
by the arrows in the figures. The shadowing effect led to stractored TiO; nanorods as
expected, but due to the anisotropic behavior of the shadowing effect, the spacing between
the TiO; nanorods is significantly higher along the rod tilt direction than perpendicular to it
10 For example, as-deposited, Ti0; nanorods may grow in the form of clusters. A plurality of
T1(3; nanorods may coalesce perpendicular to the rod ult direction and form an elongated
nanorod chain. This growth phenomenon may be referred to as the bundling effect in studies
for OAD growth of different diclectrics and metals. An analysis of nanorod clusters has
shown that the average diameter of TiQ, nanorod is about 15 nmm, and the nanorod cluster
I35 wmay span hundreds of nanometers m the direction perpendicular to the rod tilt direction.
Along the tilt direction of the Ti(, nanorods, the spacing between nanorods, 1.2, nanorod
clusters, increased as the deposition angle was increased from 80° (image 400a) to 89°
(image 400g) due to the ncreasingly strong shadowing effect. The shadowing effect was
much less effective for gold. For exarnple, in image 400a, image 400c, image 400¢ and image
20 400g, the gold may exhibit the morphologies associated with diffusion-vnlimited CAD. In
other words, the gold ad-atoms formed 1rregulartyv-shaped aggregates that covered the
clongated top-surface of cach Ti0; nanorod cluster. By continuing the gold depositions at the
same obligue angles, the as-deposited gold aggregates may become separated with spacings
nearly equal to those between the Ti(h; nanorod clusters underneath.
25 Afier the RTA treatment, a morphology change occurs. The elongated gold
aggregates in the 85° (image 400d), 87° (image 400f) and 89° (image 400h) samples
disappear after the RTA treatment. Instead, chains of separated gold NPs are formed on the

top-surface of Ti1( nanorod clusters. These nanoparticles are predominantly spherical with
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some scattered ellipsoidal nanoparticles. Globallv, a quasi-peniodic gold NP arrav is forme
1 these three samples. In comparison, in the annealed 80° sample (image 400b),
irregularly-shaped gold islands up fo hundreds of nanometers in diameter are formed,
spanning numeroas Ti(}, nanorod clusters. Neither local, nor global formation of a gold NP

array was observed i the 80° sample.

4.4 Phase-field modeling

The expenimental resulis show that gold nanoparticle formation is related to the tutial
spacing between large gold aggregates, such that large gaps between aggregates favor the
production of gold NP arrays and small gaps seem to have caused the formation of the large
gold 1slands. A characteristic of Ti0; nanorod clusters that may also affect the dewetimg
process is the extent of their top-surface. To clanfy the spacing issue, the phase-field method
was used to model and compare the dynamics of solid-state gold aggregates evolving on Ti0;
nanorod clusters and on continuous Ti0, planes. Large and small initial gaps were imposed
between aggregates. Within the framework of the phase-ficld model, the dewetting dynamics
of gold was studied 1o terms of the morphological evolution of a mixture of gold and air
driven by the mintmiization of the mixture’s total free ensrgy.
44.1 Geometrical model of gold aggregates deposited on Ti(3; substrates

SEM images, like those of Figure 4.1 show the as-deposited gold aggregates coat the
top-surface of Ti(h; nanorod clusters. These aggregates appear to meander across the surface
but their largest dimension hies along a line perpendicular to the rod tilt direction. fn the
model, these features were generalized and the Ti(); nanorod clusters were treated as a
1D-periodic structure i their tip region. The geometry includes semi-infinite, tabular Tid,
cuboids periodically separated by air along the rod tilt direction. Exaggerating the dimension
of the Ti0» nanorod clusters perpendicular to the tilt direction and neglecting their separation
along this direction do not affect the simulation results, as will be shown in Section 4.5.1. The
geometrical structure may be simplified. Accordingly, the gold aggregates may be simplified

as fintte cuboids resting on the top-surface of the Ti0; cuboids. In the control study where
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continuous, planar T103, serves as the supporting substrate, only the supporting substrate was
replaced and the configuration of the gold cuboids was kept constant.

Figure 4.2 are sketches 402a, 402b illustrating the simulation domain for a system that
includes periodic Ti02 nanorod cluster supported gold aggregates 402a and continuous

5 planar Ti02-supported gold aggregates 402b. Svmmetric BCs 404a, 404b, 404c, 404d are
denoted at boundary planes of application. The simulation object is a gold aggregate
supported by Ti0s. The w-as and y-axis define the plane formed by the Ti0; supporting
laver. The v-axis represents the tilt direction of the Ti0; nanorods and the direction of
periodicity, and x-axis represents the direction along which the Ti0; cuboids are stretching

16 effectively to infinity. The simulation was performed on a unit cell of the periodic structure,
which is a guarter segment of a single TiOz-supported gold aggregate. As shown in Figure
4.2, four boundary planes with symmetric boundary conditions (BCs) imposed, define the
simulation domain along x- and v-direction; and along z-direction, the surface of the tip of
T1(3; cuboid (or the surface of the Ti(}; plane) bounds the domain from the bottom and a

15 hypothetical plane bounds the domain from the top to represent the senu-infinite domain of
air above the system.

The width of the Ti(}; cuboid along the x-axis was set to be the nanorod diameter, d,
which was measured from SEM images. The dimensions of the gold cuboid along the x-, v~
and z-axes are described by the aggregate's length £, width #, and bheight A, where H is the

20 gold film thickness. Though the sharp comers of initial state of the gold is a bit vaphyvsical, it
may be shown that within 1 dimensionless time step, the square corners associated with
cuboidal gold may transform into rounded cuboids due to the wetting BC imposed at the Tiln
supporting substrates. The separation between the gold cuboids along y-axis is defined by the
spacing, s, whose magnitude moreases as one changes from the 807 deposited substrate to the

25 89 substrate. Different shaped gold aggregates were created by varving the length 7.

447 BModel formulation
The phase-field model treats the interface as a “diffase” entity such that it has a finite

thickness and so s more appropriately, an “interfacial region”. The order parameter, ¢, 15

L
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defined to distinguish between the air and the gold where ¢ = 1 denotes pure air, ¢ = -1
denotes pure gold and -1 < g <1 represents the air-gold mterface. The motion of the air-gold
mterface then describes the morphological evolution of the gold aggregates. System
components are mixed in the interfacial region and generate free encrgy. Free energy

5 generated by the nuxing between gold and air, gold and 110, and air and TiO, 1s stored in
the nterfacial region. The Ginzburg-Landau functional was used to describe the free energy

of the nuxture per unit volume, F(p), in this region:

& (4.1)

Flg) == figy+=&' Vo]
£ 2

)
where 4 is the mixing cnergy denstty {J/m), ¢ 1s the capillary width {m} indicative of the
10 nterfacial thickness, /i) represents the bulk energy of the gold and the air, and the second

term n Eg. (4.1) represents the interface energy. A double~well potential form was used for
Ho):
f=Llp -
47 . (4.2)
The form of f{g) indicates that ¢ lies between -1 and 1, the svstem will tend to separate into
15 regions of pure -1 (gold) and H{air) about the mterfacial region,

The term 2&” has the unit of energy per unit volume and its magnitude
mdicates the volumetric thermal energy at a certain temperature n the interfacial region. If
the thermal energy due to the air molecules is neglected. then 17 is equal to the molar
thermal energy of gold, R7, divided by its molar volume, V.. The mixing energy density, 4,

20 and the capillary width, & are also related to the gold surface encrgy, o (F/m’), by:

N
o = - . —
3oe (4.3)

By solving Egs. (2) and (3), the magnitude of e may be determined to be:
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3 oV,
242 RT

Taking the first variation of F7g) with respect to ¢ gives the chemical potential, g, of
the system.

E@D A i e2vg)

p{) = 5
op £ . (4.5)

Assuming that the diffusion of ¢ is driven by the gradient of the chemical potential, V7
1, the Cahn-Hilliard equation may be arrived at and which deseribes the minimization of the
total frec encrgy of the system:
20,y | IOyl 1] =0
ot | &l o 7 4.6)
where yip) is the mobility parameter. fu the absence of a bulk flow, the flux of ¢ has no
convection coniribution. For clarity, the mobility, M(g), is introduced and defined as Mip) =
yig) /e’ and Eq. (4.6) may be rewritten as
L1 v-Ltlo) ¥lot -2 g]=0 @)
Mfp) has the unit of area per time so 1t is a diffusion coefficient in nature, and its
magnitude will be a measure of the how quickly gold surface atoms may diffuse at a certain
temperature, as well as the phase separation velocity m the phase-field modeling point of
view. M{p) may be chosen from various formulations, but an inappropriate choice of AMfp)
may change the driving force for the motion of the mterface. In this study, the annealing
temperature was well below the melting point of gold, so gold aggregates may remain in the
solid-state and the morphology evolution and the interface motion may occur via the surface
diffusion of gold atoms, with no contribution from the bulk diffusion of gold or air. With
these considerations, a biquadratic mobility was chosen to eliminate any contribution from
bulk diffusion:
Mlp)=D,lp* -1, (4.8)
Here Dy 15 the surface diffusion coefficient of gold at the system temperature. The

physical meaning of Afp) is apparent: M{p) vanishes in the bulk gold (¢ = -1} and 1n the air
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{p = 1) and 1s finite within the interfacial region (-1 <¢ < 1}. The magnitude of D depends on
the material and the temperature, and the magnitude of Iy may be calculated using an
Arrhenius representation.

The governing eqguation was supplemented by two sets of BCs. To ensure that the
total mass is conserved in the computational domain and that the contact angle of gold on
Ti3, obeyvs Young’s equation, a zero-flux BC and a wetting BC were imposed at all

non-symmetric boundary planes:

n-Yu=0, {(4.9)
An-Vo+ f,{ey=0, {4.10)

Here 7 is the unit normal vector at the boundary planes pointing inwards the computation
domain and £,{¢) is the wall energy function. £, (@) determines the phase equilibrium at the
boundary planes and may affect the dynamic evolution of contact lines and may lead to
undesired wall-layer formation. Here, a linear-form for £,(») was selected since the goid-Ti0;

contact angle is very close to #/2 radians.
1 lg)=-op. (4.11)

 is a constant related to the contact angle at the boundary planes defined by Young’s
equation.

A characteristic length scale for this surface diffusion process was defined using the
thickness of the gold film, /. This choice leads to a characteristic diffusion time scale of
H’/D,. With this choice, the following dimensionless variables and operators were defined:

7 Y ~ M)
F= V=1V, t=— M{g)= 7(49’/,
- L’ D,

4

where 7 1s the position vector and £, s the characieristic length scale. The dimensional
parameters of the gold aggregate, initial nter-aggregate spacing, and width of Ti(; nanorod

clusters were also made dimensionless via:
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7R L LA L
3 ] . 3 L
Eyq. (4.7) then becomes:
A J [ £\ |
7 - / v P& = |
LD G0 (1-¢f Tl -l & T2 =0. (4.12)
ot | Lo

It 15 readily seen that in the transformed equation, a dimensionless parameter e/ic
emerges. Thigs ts the Cahn number, €, and measures the relative magnitude of the mterfacial
thickness over the characteristic length scale of the svstem. As the magnitude of ¢ 1s known
bv Eg. (4.4}, the variation in the magnitude of C, may reflect the actual dimension of gold
aggregates. Substituting O, into Eq. (4.12) and dropping all the tildes gives final
dimensionless goverming equation:

i

S)%"Kﬁ"‘ ¥ { (-9 F ¥lg* -1, V0= 0. (4.13)
T y - / ;

443 Simulation parameters

Values of the parameters used in the simulation are given in Table 4.1: Phase-field
modeling parameters. The simalations were performed using finite element methods with a
time-dependent, adaptive mesh refinement applied to closelv track and resolve the interface
motion and composition. Due to the slower dewetting rate of gold aggregates on continuous,
planar Ti(}; compared to that on nanorod clusters, the total computation time was set to be
650 and 500 dimensionless steps for the planar TiO, substrates and nanorod cluster

substrates, respectively.
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Table 4.1: Phase-field modeling parameters

Pavameter Value
Physical parameters and constants
Vo, molar volume of gold 1.000%107° m°mol™
£, gas constant 8.314 JK 'mol™
4, surface energy of gold 1.280 Jm™
B, surface self-diffusion coefficient of gold at 873K 4.26%10 m
8, gold-Ti(,; contact angle 1.791 rad
Experiment parameters and derived values
7, absolute annealing temperature 373K
s, capiliary width 1.875 nm
476", volumetric thermal energy 7.258%10° Jm”
C,, Cabn number {&/H) 0.094
H, gold aggregate height (gold film thickness) 20 pm
W, gold aggregate width 20 nm
i, gold aggregate length 40 — 280 nm
d, Ti(, nanorod diameter 15 nm

45 Modeling results and discussion
In this sub-section 4.5, the results of the dewetting simulations are presented. The
simuiation was started with a large value of the mitial mier-aggregate spacing along Y-axis, s,
5 and then gradually reduced s until stmulation results indicate aggregate coalescence. There
exists a eritical value of 5 above which cach gold aggregate will dewet independently to form
spaced NPs, and below which the aggregates will coalesce and merge along V-axis during
dewetting. This critical value of 5 was defined as sy, where the subscript indicates a
minimom initial spacing is required to prevent the coalescence.
10 451 Dewetiing under the initial condition of § > sy
Figure 4.3 and Figure 4.4 illustrate the temporal evolution of the morphology of
solid-state, cuboid-shaped gold aggregates when s > 8y, for a Ti0, nanorod cluster substrate
410 and for planar Ti(; substrate 412, respectively. The temporal evolution of the
morphology of solid-state, cuboid-shaped gold aggregates for a i, nanorod
15 cluster-supported gold aggresate 410 have as initial dimensions # = 1 and W = 1. Figure
4 3 includes temporal evolution at lengths L = 14 410a, L = 9.64 410band L = 6 410c,

The tip region of Ti0; nanorod clusters and gold particle surface have been profiled by grey
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{relatively lighter) and gold (relatively darker) colors, respectively. Mirroning the results
about YZ-planc at X = ¢ and about XZ-plane at ¥ = 0 may provide a full picture of the
dewstting scenario. The temporal evolution of the morphology of a gold aggregate supported
on continuous planar TiO; 412 have as inttial dimensions H=1and W = 1.

Figure 4.4 includes temporal evolution at lengths [ = 6 412a, L = 9.86 412b and
I = 14 412¢. The TiD; plane and gold NP surface have been profiled by grey {relatively
lighter} and gold {relatively darker) colors, respectively. Mirroring the results about YZ-plane
at X = 0 and about XZ-plane at Y = 0 may provide a full picture of the dewetting scenario.
Results at representative stages are shown. The profile of the gold particles is generated by a
contour surface at ¢ 0= 0.

First, by comparing the results in Figure 4.3 and Figure 4 4, it can be seen when each
goid aggregate undergoes dewetting independently to form isolated NPs, the pathway by
which the gold rearranges on the surface and the outcome of that rearrangement shows a
dependence on the initial geometry regardless of substrate. There exists a critical value of L
such that the gold aggregate will only be fragmented into a cham of spherical NPs by the
instability if L is no smaller than this value (temporal morphology evolutions 410a, 410b,
412a and 412b), otherwise the aggregate spheroidizes and a single spherical NP forms at the
center of the substrate at X = 0 (temporal morphology evolutions 410c¢ and 412¢). The
magnitude of this critical L value is 9.64 for nanorod cluster substrate and 9.86 for planar
substrate.

The source of perturbations or instability, and the imtial-length criterion for the onset
of fragmentation are both the result of the “end effect” in finite-length structures, which is not
encountered in infinite-length structures. For all structures shown m Figure 4.3 and Figure
4.4, it may be observed that immediately after the dewetting starts, all the cuboid-shaped gold

. . e e, ~ T - . P
aggregates imposed with an initial contact angle of = radians begin to evolve towards the

equilibrium contact angle § and become cvhinder-shaped at 1 = 1. Subsequently, as the
surface atoms at the ends of the cylindrical gold aggregate are of higher chenucal potential

compared to those at the center at X= 0, the surface atoms may migrate from the ends
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towards the center, making the gold aggregate bulge at its ends and retract towards X =40,
End bulging gives rise to axisymmetric perturbations along X-axis, making the conter of the
aggregates shorten m radius and form a necking region that connects the bulging ends. The
simultaneous length retraction may eliminate the possibility for perturbations of certain
5 wavclengths to exist. For finite-length, cyhinder-shaped structurcs imposed by axisymmetric

perturbations, perturbation modes of wavelength no smaller than 2nl/k. (£ = length scale of
the cvlinder and . = cut-off wave number} may grow, so a mminnin length equal to this
critical value may be sustamed along X-axis until the growing perturbation modes amplity
enough to reduce the radius of the necking region to zero and fragment the aggregate at X =

10 0. Geometries shorter than the critical I value may initially retract too fast to meet this
condition, so the bulgmg ends rejoin each other eventually and only one single NP forms at X
= 0 {temporal morphology evolutions 410c and 412¢); whereas longer geometrics are able to
sustain the required length long enough and vield two spherical NPs from the bulging ends
{temporal morphology evolutions 410a, 410b, 4123 and 412b). The fragmented geometrics

I35 wmay be termed as Rayleigh-unstable, and other geometrics as Rayleigh-stable.

The simulated dewetting pathways and outcomes in Figure 4.3 explain the
experimental observations i images 400d, 4001 and 400h, in which a large value of 5 was
experimentally imposed by conducting the depositions at angles higher than 80°. It was
observed in the SEM images that the spaced spherical NPs composing the chains span the

20 top-surface of individual nanorod clusters. Due to the distributed sizes of the as-depostied
gold aggregates, these spherical NPs are hikely to be produced from the dewetting of
as-deposited gold aggregates free from inter-aggresate coalescence, either via the Ravieigh
mstability-controlled fragmentation process or the spheroidization process, depending on the
mitial geometry.

25 Results in Figure 4.3 and Figure 4.4 indicate that the topology of the tip of nanorod
clusters affects the dewetting dynamics by reducing the critical I value, and beyond that,

gv evolutions 410a, 410b, 412a and 412b also show that the tip accelerates

&

temporal morpholo

the rate at which the instability grows in Rayleigh-unstable aggregates. When gold aggregates
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are dewetting on T10; nanorod clusters, imstability growth that leads to the fragmentation of
the gold progresses much more rapidly.

Figure 4.5 is a plot 414 illustrating fragmentation time tras a function of the initial
length of gold aggregates for planar substrate 414a and for namorod claster substrate 414b.
The time of fragmentation event, 7x may be extracted from all the Rayleigh-unstable gold
aggregates. Plot 414 shows for all the Rayleigh-unstable gold aggregates, the dvnamics of the
mstability are accelerated on the Ti0; nanorod cluster substrate, and the acceleration is
12.09%, 15.59% and 20.70% as L varies from 14 to 10.

These results suggest the tip of Ti0; nanorod cluster destabilizes the supported
gold aggregate. When a nanorod cluster is used as the substrate, the destabilizing effect
exerted by the tip reduces the geometrical threshold for fragmentation onset and accelerates
the fragmentation dynamics. To investigate the tip effect in detail, the temporal evolution of
the TiQ:-gold-air contact line along Y-axis for the Rayleigh-unstable gold aggregate with L
= 14 on different substrates was analyzed and compared.

Figure 4.6 arc sketches 416 illustrating temporal migration of the Ti0;-gold-air
contact line on Ti0; nanorod cluster in the planc of X =0 416a and X =2 92 416b; and on
continuous planar Ti(; in the plane of X =0 416¢ and X = 2.93 416d. The mtial aggregate
length [ = 14 Contact lines in 416b at T = 348 and 349 (fragment) and in 416d at T =396
and 397 (fragment) overlap. Contact lines are measured in the planes where the growing
perturbation and the resultant spherical NPs are centered. Dynamic contact angles, &, are
also measured from Figure 4.6 and the resulis are plotted in Figure 4.7

Figure 4.7 is a plot 418 of temporal evolution of the contact angle on continuous,
planar Ti(; in the plane of X = 0 418a and X = 2.93 418b and on Ti0, nanorod cluster in the
planc ot X =0 418c and X = 2.92 418d. Contact angles are plotied trom 7= 1.

Sketches 416¢ and 416d depict the temporal migration of contact line on a featureless
planar Ti(}; substrate. The contact line migrates towards +Y-direction at X = 2.93 and
=Y -direction at X = ( as dewetting proceeds. Dvnamic contact angle Gy at X =293 and X =0

agrees reasonably well with the equilibrium contact angle § over time, except that Gy at X =0
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drops below # near fragmentation time {(see Figure 4.7, plot 418). In contrast, skeiches 416a
and 416b show a different scenario: when the migrating contact line reach the edge of the
chuster tip, 1 is pinned on the edge, generating a 6, larger than & {sce Figure 4.7, plot 418).
The increased contact angle s due to the topology of the tip region of Ti0; nanorod clusters.

For the modeled tip in this work, s extent is finite along Y-axis and the cdge angle is 3;-;

radians. According to Gibbs criterion, the edge of the top-surface along X-axis may nhibit
the spreading of the gold aggregates along Y-axis by contact line pinning. The contact Hne
may remain pinned for all contact angles between 7 and 0+ > Though the actual nanorod

tips are unlikely o be sharp at edges, curved edges obey Gibbs criterion as well. In related
studies, the effect of increased contact angles on the Rayleigh instability development was
studied for mfinite-length, cvlindrical lipad. It was demonstrated by linear stability analysis
that the growth rate of the instability mav be accelerated if the contact angle 1s mcreased. For
comparison, the temporal evolution of the contact line in the plane of Y = 0 15 plotied and
dynamics in the necking region at X = 0 is focused on in Figure 4.8

Figure 4.8 are sketches {plots} 420 illastrating temporal migration of Ti(,-gold-air
contact line on continuous, planar Ti0» 420a and Ti(d, nanorod cluster 420b. The temporal
migration plots are shown at the planc of Y = 0. The initial aggregate length is cgual to 14,
By comparing the spead of radial retraction at X = 0 in the plang of Y = 0 between temporal
mugration plot 420a and temporal migration plot 420b, the growth rate of the mstability at X
= 0 may be found to be accelerated in temporal migration plot 420b. In summary, the
topology of the Ti(; nanorod tips may affect the dewetting dynamics. The topology may
merease the contact angle of supported material by contact line pinning, which facilitates the
growth of Rayleigh instability.

452 Dewetting pader the initial condition of 5 = 5,

Figure 4.9 are sketches 422 ilustrating a sequence of events leading to the
coalescence and merging between Ti0; nanorod chister-supported 4222 and continuous,
planar Ti0,-supported 422b gold aggregates with the initial dimensionof H = land W =1
and aggregate length, L = 14. 5, is 0.900 in sketch 422a and 0.125 in sketch 422b.
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Mirroring results about YZ-plane at X = 0 and about XZ-plane at Y = 0 are configured to
provide a full picture of cach dewetting scenario.

Figure 4.10 are sketches 424 illustrating a sequence of events leading o the
coalescence and merging between Ti10; nanorod chister-supported 424a and continuous,
planar TiQ,-supported 424b gold aggregates with the initial dimensionof H =land W =1
and aggregate length, L = 6. 5,,, is 0.860 in sketch 442a and 1.050 in sketch 424b. Mirroring
results about YZ-plane at X = 0 and about XZ-plane at Y = 0 are configured to provide a full
picture of each dewetting scenario.

When the initial spacing between gold aggrogates, s, 1s reduced 10 Sy, the dewetting
dynamics change significantly. Coalescence and merging between gold aggregates take place
during dewetting and overnides the results from either a growing or decaving Rayleigh
mstability. This is shown, in Figure 4.9 {sketch 422) and Figure 4.10 (sketch 424}, bv the
sequense of events leading to the coalescence and merging between neighboring gold
ageregates for different substrates and for both stable and unstable gold aggregates. Two
stages may be identified in these coalescing cases: independent dewetting and
coalescence/merging. The first stage is depicted 1n Figure 4.9 (sketch 422} by the events at t
=0 - 479 (nanorod cluster substrate) and © = 0 - 554 (planar substrate), and in Figure 4.10
{sketch 424} by the events at t = 0 ~ 194 (nanorod cluster substrate) and 1 =0 ~ 203 {planar
substraic). In the first stage, cach gold aggregate may evolve independently: the gold
aggregates may either fragment (Figure 4.9 (sketch 422}) or rearrange to 3 spheroid (Figure
410 {(sketch 424)) depending on their imtial length. At the end of the first stage, the gold
aggregates have accomplished inttial contact angle equilibrium and intermediate Rayleigh
mstability development, and are in the process of becoming spheroids as they reach their final
gquiltbriom structures. While the gold particles are evolving towards the final equilibriom
structure, they will spread along Y-axis. The first stage of the process ends when spreading
particles come into contact with their neighbors along Y-axis The second stage begins with

coalescence between neighboring particles, then guickly progresses to merging, and finally to
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the evolution towards an equilibrium morphology, which is demonstrated to be an infinite
cvlindneal structure.

By comparing the dewetting pathways and outcomes simulated under 5 = 55, with the
experimental observation m Figure 4.1, 400b, where the smallest initial spacing along the

5 wvapor flux direction (Y -axis) was created for gold aggregates by conducting the deposition at
80°. it is contemplated that the coalescence along Y -axis is one of the main mechanisms that
results in the formation of the large, irregulariyv-shaped gold islands after RTA treatment in
Figure 4.1, 400b, 1n which it is shown that gold islands span hundreds of nanometers and
cover numerous 110, nanorod clusters. Simulation results in Figure 4.9 and Figure 4.10 show

160 in all the coalescing cases, the final, equibibrivum structures are infinite, truncated gold
cvlinders that span the entire top-surface of both substrates. Though the simplifications that
were applied for Ti0; nanorod clusters and gold aggregates in mode! development may have
caused some deviation between the actual and the simulated dewetted structures, the
simulated structures have captored the major characteristics of the large, rregular-shaped

15 islands in Figure 4.1, 400b.

Having shown there is a minimum Spacing, S.., that determines the dewetting
pathways and outcomes, 1t was shown that the connection between §,,;, and the constraining
effect exerted by the nanorod’s tip. s, was extracted for gold aggregates with different
mitial lengths and substrate types. and the results plotted in Figure 4.11. Figure 411 15 a plot

20 426 dlustrating a minimum spacing to prohibit coalescence, 5., as a function of the nitial
length of NP aggregates for the planar substrate 426a and the nanorod cluster substrate 426b.
First, it may be seen that for both substrates, the dependence of 5., 0n L is similar. Three
regions were identified in the plot: 5., first increases with increasing [ until it reaches a
focal maxinum at . = 8: 5, decreases with increasing L until it reaches a local mininum

25 at L = 10; s, resumes its positive dependence on L. This trend could be explained by using
the eritical initial length to divide the curve into two regions. When L is smaller than the
critical I value, Rayleigh instability decays and a single particle is formed at some point. As

larger particles correspond to a larger s to evolve independently, the s, may merease with
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increasing volume (length). When I reaches the critical L value, fragmentation takes place
and divides the total volume into halves, which is characterized by a dip in the plot near the
critical I value As L keeps increasing, ., will again increase with increasing volume
(length).

3 Then, by comparing the magnitude of 5., between different substrates, it may be
found that given a certain initial length L, gold aggregates supported by Ti(y; nanorod
chusters may require a shorter initial spacing to prevent coalescence than its counterpart
supported by planar Ti0s. 8,4, 15 reduced by about 20% for all simulated geometries. The
pinning effect discussed in the previous section may be used to explain the reduction 10 844,

10 Gold particles produced in the first stage are also subject to the constraining effect exerted by
the tip of nanorod cluster, so their spreading along Y-axis is inhibited and smaller s, 1S
needed to prevent the coalescence. From the above results, it may be concluded that the
pinning effect exerted by the Ti0, nanorod tips prevents the inter-paiticie coalescenace to a
certain exient, and is therefore beneficial to the fabrication of ordered NP arrays.

15 46 Conclusion

In sumumary, in this section 4, the OAD fabrication of a two-layer film stack for
potential optical and sensing applications was realized. The film includes nanometer-sized
gold NP arrays with controlled separation and size at the top and slanted Ti(); nanorods at the
bottom. The fabrication is based on controlled, Rayvieigh-instability~induced, solid-state

20 dewetting of as-deposited gold aggregates. It was demonstrated both experimentally and
numerically that the initial spacing between as-deposited gold aggregates along the vapor flux
direction determunes the fabrication outcome, such that NP arrays may be produced if the
initial spacing between as-deposited gold aggregates is higher than a critical spacing,
otherwise inter-aggregate coalescence and merging set in, producing large, irregularly-shaped

25 goldislands.

The numerical analysis focused on the effect of nanoroed tip topology on the dewetting
dynamics of supported materials, and the effect was evaluated by comparing the resolts with

the dewettimg dynamics on featureless, planar Ti0;. It was shown that Ti0) nanorod tips may
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exert two effects on the supporied gold aggregaies along the vapor flux direction: contact hine
pinning and an increase n the contact angle, both of which are beneficial to the fabrcation of
NP arrays based on controlled, Rayvieigh-instability-induced, solid-state dewetting. The
former circamvents the undesired coalescence by inhibiting the spreading of the dewetting
gold aggregates, which is manifested by a reduction in the critical spacing by about 20%
compared to planar T10,. The latter effect reduces the geometrical threshold for mstability
onset and accelerates the instability dynamics, though it plays a better role when the

mter-aggregate coalescence 1s not present.

5. Summary and future work

Structuning films at nanometer scale with an obligue angle deposition {(OAD)
technique to produce thin films with engincered propertics have been deseribed berein. Three
studies were presented herein, In section 2, the OAD technigue was used to produce optical
films with arbitrary refractive index by controlling the deposition conditions, and assembling
single-laver QAD filios into a multi-layer stack. The fabrication, characterization and
modeling of a zigzag nanospiral-structured, graded-mdex anti-reflection (AR} coating
fabricated by QAD technigue were studied. The optical properties of the AR coating may be
enginecred by sculpting 1ts morphology with OAD. The AR coating enhances the
normal-direction transmission of a Y AG:Ce ceranic phosphor plate (CPP) over the
visible-light region of the spectrum. At 764 nm, the transmission s enhanced by 7.82%,
corapared to the potential maximum enhancement ot 8.53%. For 633-nm hght meident at 5°,
the reported coating was measured to induce a scattering loss of no greater than 1.27%. A
modeling method was considered that uses the morphology information as input to model the
optical properties of the nanostructured AR coatings. A finite-difference time-domain
(FDTD) method was used to carry out the simulation of the reported coating. The FDTD
model was shown to be able to capture the polarization-dependent anti-reflective
performance of the coating without using the measured effective refractive mdices as
opposed to the transfer matrix method (TMM). The transmission spectrum simulated by

FIYTD is in good agrecment with the measured spectrurn and the TMM result. The FDTD
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model 1s applicd to predict scattering loss induced by the coating itself which could not be
achicved by TMM.
In section 3, the vltra-low index films fabricated by OAD method was applied in the
design of a photonie crystal {Ph{} structure to realize lossless zero index at visible and
5 near-infrared wavelengths. A lossless, zero-index Ph{ structure was designed by optical

modeling to realize zero index at 920 nm. Realizing a lossless zero-index structure at visible
and near-infrared frequencics relied on using enginecred porous films with an index close to
1 as the low-mndex base material in the structure. Such low-index films were fabricated by
OAD at ughly slanted angles with 810, Structural damage to porous S10, layers by dry

16 etching is the major challenge for the fabrication process. The challenge was addressed with
an ICP-RIE etching recipe optimized for producing smooth sidewall profile and protecting
the porous 810 layers. The realization of zero-index at 920 nm with the proposed material
and fabrication method provides new possibility for developing lossless. zero-index optical
structures for visible-hight apphications.

i3 In section 4, the surface topology of nanocolumnar OAD films was considered.
Manocolumnar Ti(); films were considered as special substrates with surface topographical
features. Whether and how dynamics may be affected if thermally stable nanocolumnar films
{c.g. T10,) were used to support thermally unstable matenials {¢.g. gold) undergoing wetting
or dewetting was analvzed. If any effoct exists, it was attempted to find the suitable OAD

20 conditions, particularly deposition angles, to apply such effect to practical uses. The
fabrication was done by first applving OAD method m clectron-beam evaporation system to
fabricate a two-laver primary structure which is gold aggregates atop of Ti(, nanorods; then
by applying rapid thermal anocaling to aceelerate the solid-state dewetting of as-deposited
gold and see if arrays of spherical gold nanoparticles with controlled size and spacing could

25 form atop Ti0O; substrate as a result of Rayvieigh instability development.

Given g 20-nm deposition of gold, the deposition angles were mvestigated that allow

Rayleigh mstability to govem the solid-state dewetting of gold. It was found that, among the
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deposition angles tested, 807, 85°, 87° and 89°, gold array may form if deposition angle is
greater than 80°, otherwise irregulariy-shaped large gold islands are resuited.

A phase-ficld modeling technique was used to study the dynamics of
solid-state-dewetting of gold aggregates on Ti(, nanorods versus on planar Ti(,. It was

5 found that the initial inter-aggregate spacing decides the dewetting results and there exists a

value of the initial inter-aggregate spacing below which the dewetting aggregates coalesce
and suppress the Ravleigh instability, and this spacing threshold is increased when Ti(h
nanorods are supporiing the gold. Detailed analvsis of the modeling results reveals Ti(h,
nanorod tips affect the dewetting by inducing contact line pinning and increasing contact

16 angle along the vapor flux direction. Countact line pinning helps to circumvent the coalescence
and mcreasing contact angle would increase the growth rate of the instability and also reduce
the geometrical threshold for instability onset.

Results of section 4 may be extended to a more general ¢lags of template-mediated
dewetting, where substrates with periodic surface heterogeneities mediate the dewetting by

15 mmposing additional periodic constraints or perturbations besides the characteristic
wavelength of the instabilitv. Results demonstrated that OAD bhas potential for fabricating
such template substrates, as a variety of structured films with controllable and well-defined
column width, periodicity and lattice arrangement have been produced by OAD when
combined with pre-deposition seeding.

20 Turning again to section 3, the structural parameters in Table 3.1 may be adjusted to
tune the zero-index band and evaluaie the flexibility and robustness of the proposed PhC
structure. Preliminary studies have been done and have viclded interesting results. To
implement the idea, two PhC structures have been considered by adjusting the stractural
parameters histed in Table 3.1 and again simulating the angle-dependent transmission

25 spectrum for the adjusted structures to determine whether they may realize zero index m
other wavelength regions. Among the structural parameters that were listed m Table 3.1, 7,
t2, and d were investigated. The details of adjusted stractures are listed i Table 5.1, Strocture

1 and Structure 2 show TIR phenomena at certain wavelengths. The results indicate that such

74



10

WO 2020/028642 PCT/US2019/044628

zero-index PhC structure based on the proposed fabrication workflow in section 3 is robust to
some degree of structural parameter adjustment during fabrication and adjusting the structural
parameters may realize zero index at multiple freguency regions. Specifically, the result
obtained from Structure 2 shows the zero-index wavelength region further blue-shifts to ~900
nim, thus providing a pathway to take a concept consistent with the present disclosure and
fabricate a zero-index Ph{ in the visible light region.

Table 3.1: Structural parameters of the adjusted Ph structures,

Structural parameter Value
Stracture 1 Stractare 2
Grating period, ¢ 600 nm 600 nm
Grating width, 4 300 nm 270 nm
Individual laver thickness of Material 1, ¢, 300 am 270 nm
Individual laver thickness of Material 2, ¢, 300 nm 270 nm

Generally, this disclosure includes five main sections: (1) introduction, (2) fabrication
and simulation of nancspiral-structured graded-index anti-reflection coatings for enhanced
light extraction of white LEDs, (3) zero-index photonic crystals for visible and near-infrared
applications, (4) solid-state dewetting of gold aggregates/islands on Ti0, (titantum dioxide)
nanorod structures grown by oblique angle deposition and (3) summary and future work. The
first section {Introduction) included background technical mformation configured to aid
understanding of subseguent sections. The second and third sections disciosed using OAD
method to fabricate sculptured thin films with engineered refractive indices, and applving the
prodact films to address some challenges in the LED applications. The fourth section
disclosed how the surface topology of GAD films could possibly mediate solid-state
dewetting.

In the second section, a zig-zag nanospiral-structured graded-index anti-reflection
coating was fabricated on the top surface of a YAG:Ce { Certum (Ce) doped Yttrium
aluminum gamet (Y AG)) ceramic phosphor plate {CPP) in the effort of enhancing its
transmission in the normal direction. The anti-reflection coating enhances the
normal-direction transmission of YAG: Ce CPP over the visible-light region of the spectram.

At 764 nm, the transmission 1s enhanced by 7.82%, compared to the potential maximum
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enhancement of 8.53%. For 633-nm light incident at 3%, the reported coating is measured to
mduce a scattering loss of no greater than 1.27%.
In the third section, a lossless, zero-index photonic crystal structure configured to
enable the emission-pattern control near 920 nm is disclosed. The feasibility of fabricating
5 the designed structure with OAD method is described including a descrnption of a prototype.
In the fourth section, fabrication of a composite film made of a stable, gold
nanoparticle array with well-controlled separation and size on the top a nanocolumnar Ti(y
OAD film 15 disclosed. The fabrication of the nanoparticle array is based on governing the
solid-state dewetting of as-deposited gold aggregates on the Ti0; nanorods with
16 Rayleigh-instability. The topology of Ti(; nanorod tips may induce contact line pinning and
merease the contact angle along the vapor flux direction to the supported gold aggregates,
and dewetting dvnamics will therefore act differently on Ti(» nanorod tips than on a
featureless, planar Ti(y, Contact line pinning and contact angle increase may mhibit the
coalescence between dewetting geometries and facilitate the instability growth on the
15  supported matenals, which makes nanocolumnar OAD films as desired templated substrates
to govern Ravleigh-instability and produce monodisperse NPs.

In the fifth section, a summary and future work were discussed.
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CLAIMS

What is claimed is:
1. A two dimensional (2D} photonic crystal (PhC) stnucture comprising:

a substrate; and

a periodic grating struchure formed on the substrate, the periodic grating structure
comprising a plurality of gratings having a grating period, a, cach pair of adjacent gratings
separated by air, each grating having a grating width, d, and comprising a plurality of
alternating lavers of a first material and a second material, the first matenal corresponding to a
high index material, the second matenial corresponding to a low index matenial, a ratio of a first
refractive index of the first matenal to a second refractive index of the second maternial greater
than or equal to two, cach first material layer having a first thickness, t1, cach second material
layer having a second thickness, 12, wherein the 2D PhC structure has a strectare refractive

mdex at or near zero for a range of frequencies.

2. The 2D Ph{ structure of claim 1, wherein the first matenal 1s Ti0, (titaniim dioxide)

and the second maternial 1s 513, {silicon dioxide).

~

3. The 2D Ph{ structure of claim 1, wherein the periodic grating structure is configured to

receive TE (transverse electrnicy-polarized light.

4, The 2D Ph{ structure of claim 1, wherein the plurality of layers are formed using

oblique angle deposition.

5. The 2D Ph{ structure of claim 4, wherein the first matenal 18 Ti0, (titanimim dioxide),
the second material 13 S10; (sthieon dioade), a first deposition angle during formation of the
layers of Ti(h, 15 at or near 30 and a second deposition angle during formation of the layers of

S100 18 at or near 89°.

6. The 2D PhC structure according to any one of claims 1 1o 4, wherein the periodic

grating structure comprises five first material lavers and four second material lavers.
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7. ¢ 2D PhC structure according to any one of claims 1 to 4, wherein the grating period
1s 600 nanometers (nm}, the grating width 1s 270 nm, the first matenial 1s dense Ti0,, the
second material is porous 510y, the first refractive index is 2.43, the second refractive mdex

1.05, the first thickness 15 270 nm and the second thickness 13 330 nm.

8. The 28 PhC stracture according to any one of ciaims 1 to 4, wherein the substrate

comprises silicon.

9. The 28 PhC stracture according to any one of claims 1 to 4, wherein the range of

frequencies corresponds to at least one of visible and/or near-infrared wavelengths.

10. The 28 PhC stracture according to any one of claims 1 to 4, wherein the 2D Ph{

structure is Cgy svmmetric,

11 A method for forming a two dimensional (2D) photonie crystal (PhC) structure, the
method comprising:

depositing, by oblique angle deposition, a plurality of altemnating lavers of a first
material and a second material onto a substrate to form a layered structare, the first material
corrgsponding to a high mdex material, the second matenial corresponding to a low mdex
material, a ratio of a first refractive index of the first matenal to a second refractive mdex of the
second material greater than or equal 0 two, each first material layer having a first thickness,
t1, each second material laver having a second thickness, 2;

patierning, by photolithography, a plurality of photoresist strips onto a top laver of the
plurality of alternating lavers, each of the plurality of photoresist strips comprising a
photoresist soft magk;

depositing |, by electron-beam evaporation, a solid material with thickness tpq onto the
photoresist strips, the solid matenal corresponding to a hard etch mask;

selectively removing, by sonication, the photoresist soft mask;

removing anisotropically, by dry etching, a phuality of portions of the layered

stracture; and
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stripping the hard etch mask to yield the 2D Ph{ structure, wheren the 2D PhC

structure has a structure refractive index at or near zero for a range of frequencics.

12. The method of claim 11, wheren the first matenal s Ti0s (titanium dioxide} and the

second material is 810 (silicon dioxide).

13 The method of claim 11, wheremn the first material 1s Ti0) (titavium dioxide), the
second matenal is 510, (silicon dioxide}, a first deposition angle during deposition of the layers
of Ti(3; is at or near 30° and a second deposition angle during deposition of the layers of 8105 18

at or near 89°.

14, The method of claim 11, wherein the 2D PhC structure is configured to receive TE

{transverse electric)-polarnized light.

15, The method according to any one of claims 11 to 14, wherein the range of freguencies

corresponds to at least one of visible and/or near-infrared wavelengths.

16.  The method according to any one of claims 11 to 14, wherein the 2D Ph( stractore 15

Cyy symmetric,

17.  The method according to any one of claims 11 to 14, wherein the 2D Ph{ structare
comprises a periodic grating structure formed on the substrate, the periodic grating structure
comprising a plurality of gratings having a grating period, a, cach pair of adjacent gratings
separated by air, cach grating having a grating width, d, and comprising a plurality of

alternating layers of the first material and the second material.

18. The method of claim 17, wherein the grating period is 600 nanometers {nm), the grating
width is 270 nm, the first matenal 1s dense Ti(y, the second material is porous $10,, the first
refractive index 1s 2.45, the second refractive mdex 1.05, the first thickness 15 270 nm and the

second thickness 15 330 nm.
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19, The method according to any one of claims 11 to 14, wherein the dry etching is

performed according to a recipe.

20, The method of claim 19, whercin the recipe comprises a parameter selected from the
group comprising ICP (inductively coupled plasma), RIE (reactive ion ciching), pressure, He

(heltum) cooling, temperature, flow rate of CHF; (Fluoroform) and flow rate of Oy (Oxygen).
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