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Abstract

Photonic & Epitaxial Design of Bio-inspired, Structured Surfaces

for Optoelectronic Materials and Devices

by

Pavel Shapturenka

In recent decades, technological developments in optics, optoelectronics, and wetting
phenomena have benefited from the principles behind some of nature’s periodically
structured and multifunctional surfaces. Particularly inspiring are the wavelength
selectivity of vivid butterfly and bird wings, the light-coupling efficiency of the moth’s
eye, and the self-cleaning properties of the lotus leaf. Bridging the technological gaps in
structure, function, and design of such functional surfaces requires a simple,
geometrically tunable, and high-resolution patterning method to probe the emergent
phenomena that arise when materials are heterogeneously arranged at these critical
nanoscale dimensions. One compromise between bottom-up scalability and top-down
pattern precision comes in the form of close-packed colloidal monolayers, which can be
coupled with plasma-based pattern transfer to form highly correlated micron and sub-

micron patterns in a variety of substrate materials.

This dissertation work focuses on extending this paradigm to hole-array and pillar
structures in high-refractive index dielectrics and optoelectronic semiconductors,
namely visible-wavelength optical TiO2 nanostructures, micron-scale InGaN-based

visible light emitters, and hierarchically structured GaN/Si surfaces for tunable wetting.
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These were interrogated through a combination of microscopic and spectroscopic
experimental methods (SEM, X-ray diffraction, photo/cathodo/electroluminescence,
reflectometry, contact angle goniometry) to quantify and elucidate the mechanistic
nature of various physical phenomena, which were corroborated and further illuminated
by computational work (transfer-matrix and finite-difference time domain [FDTD]

methods).

First, we computationally investigate the optical response of the micro-periodic,
honeycombed glass exoskeleton of the centric diatom microalgae species in its natural
aqueous environment. By drying the structure and replacing the top silica slab layer with
TiO2 (increasing refractive index contrast), a dramatic increase in electromagnetic field
confinement was observed, yielding intense, wavelength-selective reflection at normal
incidence owing to strong modal coupling between thin-film and hole-induced
interference. The effect of structure geometry (i.e., hole spacing & layer thickness) on
optical response was explored and a dimensionless design space was isolated, allowing
wavelength-independent design of highly reflective and transmissive surfaces at visible
wavelengths. Furthermore, translational pore disorder inherent to the diatom structure
transformed this intense, broadband behavior into wavelength-selective,
omnidirectional scattering. As a proof of concept, partially suspended TiO2 hole arrays
(pitch = 404, 507, and 690 nm) were fabricated with silica colloid deposition, metal
masking, and sacrificial Si layer removal. The resulting angle-independent colors
spanned the visible spectrum and were in excellent modal agreement with FDTD

computations. These optical elements were integrated as hybrid color filters and
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reflectors in a compact, color-responsive, and quickly recoverable interference-based

(Fabry-Pérot microcavity) refractive index sensor.

Micron- and nanoscale structuring was also implemented for mitigating
problematic defects introduced through lattice mismatch and device processing in long-
wavelength Ill-nitride LED materials. To reduce lattice mismatch between the GaN
substrate and InGaN quantum wells (QW), elastic relaxation was encouraged in lattice-
expanded crystal growth templates (“buffers”) for subsequent light-emitting layer
deposition by etching free boundaries into the material. Accordingly, a Ino.0sGao.9aN
buffer layer grown with metalorganic chemical vapor deposition (MOCVD) on free-
standing (1122) GaN substrates was patterned with colloidal lithography, forming
micro- and nanopillars with aspect ratios of 1:4 and 1:2 (height:diameter), respectively.
These patterned buffers showed extensive biaxial relaxation as verified by X-ray
diffraction and cathodoluminescence measurements. A suite of microscopic and
spectroscopic (SEM, photo/cathodoluminescence) methods were then used to probe the
emission quality from subsequently grown QW layers; a longer-wavelength emission
profile with orders-of-magnitude defect reduction was observed on patterned buffer

structures relative to planar layers.

To circumvent non-radiative sidewall defects formed through ion bombardment
and implantation during processing of micron-scale LEDs for display and augmented-
reality applications, selective-area MOCVD growth of GaN and InGaN layers was
conducted on the commercially tractable (0001) c-plane and scientifically interesting

(1122) semipolar orientations. A versatile set of processes was developed for producing
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colloid-defined SiO2 and SisN4 growth masks with tunable geometry and fill fraction.
After conducting GaN and multi-QW growth out of growth masks with 200 and 2000 nm
apertures, the resulting structures were characterized with spatially mapped
cathodoluminescence, and emerging crystal facets were assigned based on emission

wavelength, facet morphology, and substrate orientation.

Finally, drawing inspiration from the waxy, textured surface of the lotus leaf, the
dynamic range of wetting states afforded through simple, two-step patterning of GaN and
Si surfaces was explored. A critical wetting transition from the impregnated Wenzel state
to the hydrophobic Cassie-Baxter state was observed at a 1-um feature spacing of Si
pillars; further sample etching at this transition yielded a unique hydrophobic, all-
adhering rose-petal wetting state at an aspect ratio of 4:1, and superhydrophobic lotus-
leaf behavior at 10:1 (height:diameter) aspect ratio. Modification of the two plasma
etching steps in the patterning process achieved superhydrophobic surfaces with a
maximum contact angle of 157°, in line with the limitations set by the Cassie-Baxter
model for wetting of chemically heterogeneous surfaces. Finally, Si pillars were patterned
with dual (6 um and then 310 nm) length scales, transforming a nominally Wenzel-
wetting hydrophilic surface into a hydrophobic surface robust to atmospheric aging.
Similar reversion to higher contact angles were observed when introducing dual length

scales in GaN surfaces.
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Introduction

Leveraging nature’s nano-engineering for novel materials
and functionalities

We are at an exciting scientific and technological inflection point in human
history; we are learning more than ever before about our place in the universe, the
environment around us, and the ways in which we can improve the quality and
sustainability of life. The recent, rapid development of electronic materials such as silicon
(Si) and gallium nitride (GaN) has supported multiple efforts in these venues, with Si-
based integrated circuits advancing electronics, Si photovoltaics providing alternative
energy sources, and GaN-based light-emitting diodes efficiently illuminating the world.
However, challenges exist in achieving the theoretically predicted wall-plug efficiencies
for the latter optoelectronic devices, as material and optical losses prevent the full
utilization and generation of usable photons. More specifically, III-nitride materials suffer
from defects generated by nontrivial crystallographic strain and device processing, and
itis equally nontrivial to couple light into and out of such optically dense materials owing
to significant reflections from planar interfaces, light-absorbing device layers, and losses

from accumulated surface dust/debris.



Solutions to the above challenges can be inspired by naturally occurring
structured interfaces, which bestow a staggering variety of competitive advantages to
living organisms. For instance, the micron-scale protuberances on the surface of the
moth’s eye improve in-coupling of light and remove glint that alerts potential prey [1,2].
The near-wavelength periodic structures within some beetle, butterfly, and bird wings
afford diverse coloration for camouflaging, warning, and mate attraction; this translates
well to the development of wavelength-selective optics and pigment-free, fade-resistant
color [1,3-5]. Finally, the lotus plant rids its leaves of sunlight-robbing dust and debris
by rolling water around its repellent, hierarchically structured surface, and can inform

the chemical and geometric design space for anti-fouling coatings on land and sea [6,7].

Figure 1.1 shows these organisms and the corresponding phenomena they leverage.

Anti-reflection Vivid coloration Self-cleaning

FIG. 1.1. Optical and scanning electron microscope images of various naturally occurring surfaces
on moth eyes, beetle /butterfly wings, and lotus leaves, along with a schematic representation of
the microscopic phenomena enabling their impressive functionality. Reprinted and adapted with
permission. © 2006 & 2018, IOP Publishing Ltd.



The functional surfaces developed by living organisms tend to possess short-
range correlated order. To emulate this important characteristic and harness relevant
pattern length scales, we employ Langmuir-Blodgett dip-coating, which forms close-
packed nanosphere monolayers on a wide variety of planar and curved material surfaces
[8]. Coupled with plasma-based pattern transfer with the particles acting as etch masks,
this affords rapid, area-scalable, and locally correlated patterns at micron and sub-
micron length scales. By combining the governing principles behind nature’s work with
an ever-expanding base of accessible materials and patterns, we can explore a richer bed
of physical phenomena and engineer surfaces with improved or novel functionality
relative to natural counterparts. The work presented herein explores several

manifestations of this paradigm, namely:

e Leveraging colloid-based, large-area nanopatterning towards developing:

o Compact, bio-inspired optical elements for engineering light-matter
interactions, enabling wavelength-selective reflection and propagation
control in the visible-wavelength regime (350-750 nm)

o Methods for strain relaxation, defect mitigation, and light extraction to
afford efficiency improvements in long-wavelength (>500 nm) and
micron-scale Ill-nitride light-emitters grown via metalorganic chemical
vapor deposition (MOCVD)

o Tunable semiconductor surface wetting via single- and multi-scale

patterning

These objectives were achieved by:



e Probing and understanding relevant optical, compositional, and morphological
trends affecting structure and surface behavior using a suite of characterization
tools, including reflectometry, X-ray diffraction (XRD), cathodo-/electro-
/photoluminescence, electron microscopy, and contact angle goniometry

e Modeling, generalizing, and designing optical/electronic behavior through theory
and computation based on transfer-matrix (TMM), finite-difference time-domain

(FDTD), and electronic band-structure/carrier transport simulation methods.

In addressing these goals, this dissertation will first discuss the fundamental
underpinnings of optical and surface interactions in planar and structured materials,
generally review the opportunities and current challenges of the Ill-nitride material
system, and describe the ubiquitous Langmuir-Blodgett dip-coating methodology
(Chapter 2). Next, a joint computational and experimental platform is presented to
simulate, design, and fabricate diffusely colored TiO2 nanomembranes inspired by the
microperiodic exoskeleton of the centric marine diatom (Chapter 3). Leveraging this
platform, a TiO2 diatom nanostructure is integrated into a compact, interference-based
refractive index sensor as a partial mirror and diffuse filter, which shows color-changing,
cyclable, and sensitive performance which is on par with standard refractometers
(Chapter 4). Chapter 5 elaborates on the nuance of managing strain in the Ill-nitride
system, and colloidal patterning is employed to create fully relaxed, (1122) semipolar
InGaN buffer templates for subsequent light-emitter deposition. The deposited emitting
layers showed reduced defect density and red-shifted emission relative to a planar

reference, demonstrating great promise for efficient long-wavelength device



development. To circumvent emission-robbing point defects introduced through
standard device processing, Chapter 6 explores the synthesis and characterization of
micron and submicron light-emitters created with colloid-defined selective-area MOCVD
growth. Chapter 7 explores a wealth of wetting behaviors by tuning simple plasma
processing parameters and achieving hydrophobic hierarchical surfaces by transferring
colloidal patterns into Si and GaN substrates. Finally, Chapter 8 describes future
directions for this work, including the extension of diatom-inspired hole array structures
to UV wavelengths, expanding the relaxed InGaN buffer design space toward longer
wavelengths and larger mesas, and engineering Ill-nitride diatom nanostructures for

improved light-extraction and material performance.
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Background

2.1 Overview

As detailed above, the phenomena leveraged by nature and artificial technologies
arise from the arrangement of microscopic, multi-component materials in a particular
geometry, and the effect rendered by these assemblies can often exceed the performance
of each individual component. Below, we cursorily review the fundamental physics
governing this emergent behavior. First, we introduce the interactions of light with
planar interfaces (Fresnel reflection) and periodic structures (gratings and
metasurfaces), as well as material property approximations (effective-medium theory)
and computational tools (e.g., transfer-matrix and finite-difference time-domain
simulations) that appropriately capture experimentally occurring resonances. CIE/XYZ
color mapping is introduced as a method to accurately capture perceived colors from
spectral data. Further, we introduce the IlI-nitride material system, and briefly review
the basics and challenges of realizing efficient InGaN-based light emitters across the
entire visible spectrum. Finally, the interfacial science governing the adhesion of fluids to
planar and patterned solid surfaces is introduced, and extended to the principles and

procedures for Langmuir-Blodgett colloidal dip-coating.



2.2 Optical physics of light and computational tools for
probing its interactions with planar and structured materials

2.2.1 Light as electromagnetic radiation

In classical physics, electromagnetic radiation (EMR) is described as a
synchronized oscillation of electric (E) and magnetic (B) fields, which is represented in
Fig. 2.1(a). EMR is generally created by accelerating charges but can also arise from the
chemical and physical mechanisms by which charges carry and transduce energy within
materials. The oscillation frequency (and energy) of radiation relates inversely to its
characteristic wavelength. The time-varying azimuthal orientation of the electric field
vector with respect to the propagation axis vector (v) is referred to as the polarization,
and can either oscillate in a single plane (linear polarization) or exhibit some form of
precession around the axis (elliptical polarization), depending on its interaction the
surroundings. Electromagnetic radiation that is detectable by the human eye is what we
usually refer to as “light”; this is only a small portion of the entire EMR frequency range,
which spans over 16 orders of magnitude (Fig. 2.1(b)).

The propagation of electromagnetic waves through any media is described by
Maxwell’s equations, a coupled set of partial differential equations that were first
reported by James Clerk Maxwell in 1861. The integral form of Maxwell’s equations is as

follows:
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where Q is the net charge contained by the system under consideration, g, is the free-
space permittivity, u, is the free-space permeability, I is the electric current within the

medium, and ®,/®,, are the electric/magnetic field fluxes, respectively.
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FIG. 2.1. (a) Schematic of linearly polarized electromagnetic radiation (EMR) of wavelength 4
propagating in the z-direction [1]. (b) The EMR spectrum, with order-of-magnitude wavelength
scale references, atmospheric interaction, and corresponding EMR frequencies [2].



If the medium is not an electrical conductor (no mobile charges), I = 0, and Eq.
2.4 gives rise to the wave equation in free space, which is given by:

0%E
VZE = goﬂo F (25)

The plane-wave solution to Eq. 2.5 is of the form Eye!® V=% where w is frequency, K is

the wavevector, and v is the direction of propagation as introduced in Fig. 2.1(a). It

follows that the propagation velocity of an electromagnetic wave in free space is

which is defined as the speed of light in vacuum (c = 3x108 m/s). Accordingly, in a non-
conducting medium, light propagates with a velocity (vm) whose square is inversely
proportional to the product of the permittivity and permeability, € and u. For the sake of
equal parts convenience and convention, these values are normalized by the vacuum

values, yielding their relative counterparts, ¢, and p,.. Accordingly:

(2.6)

where n is known as the refractive index of the material; it is notable that n is strongly
wavelength-dependent. For a material that contains moving charges or nonzero dipole
moments, the current term from Eq. 2.4 is re-introduced, and the resulting refractive
index must be complex to reconcile the resulting plane-wave solution to Maxwell’s
equations. Accordingly, the wavelength-dependent complex refractive index, 7i(4), is

given by:

o
2 = puye, + f:Lwi - i) = n(d) + ik(1) (2.7)
0
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where o is the electrical conductivity, and k is the complex refractive index, which is also
known as the extinction coefficient. k is a lumped term for all mechanisms by which light
is absorbed inside a particular medium. As we will see, the wavelength-dependent n and
Kk is the only material data necessary to accurately capture reflection, transmission, and
absorption in a wide variety of materials. Further, y, = 1 and k = 0 are generally
reasonable approximations for dielectrics at visible wavelengths, which comprise most

of the materials discussed herein.

2.2.2 Analyzing Fresnel reflection at planar interfaces, thin-film
interference, and multi-layered coatings

[tis not trivial to solve for the interactions of light with an abrupt, planar interface
between two media with refractive indices n1 and n2. For simplicity, we take the case of
normal-incidence, linearly polarized light. Ensuring continuity of parallel E/B-field
components and conservation of both fields at the interface (“i” = incident, “r’ >
reflected, “t” = transmitted), as well as representing the electric fields as plane-wave

solutions once again, we can represent the field balance across the boundary as:

ﬁl(E E)—ﬁZE (2.8)
251 ' " Uz ‘ .

Since reflected light intensity is the square of the electric field amplitude (|Er|?), the

reflectance (R) and transmittance (T) is given by the normal-incidence Fresnel equations:

2 2
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R=|r|*= (2.9)

My + 7,
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(2.10)

I+ 7,
where r and t are the complex Fresnel coefficients.

Figure 2.2 below shows the more general version of the above case, with light
incident at an arbitrary angle Oirelative to the surface normal, with the peaks of the plane
wave highlighted normal to the propagation vector. The group velocity decreases in the
higher-index material, which causes the wavefronts to compress slightly within medium
2. The off-normal Fresnel treatment becomes polarization-sensitive as the electric and
magnetic field components are oriented differently relative to the interface; thus, the
polarization states are dubbed transverse-electric (TE) or transverse-magnetic (TM).
The resulting surface-parallel components to be conserved vary accordingly, and the

equations are as follows:

2

7, cos B; — 7, cos O
Rrg = |72t (2.11)
74 cos 6; + 7, cos O,
i, cos 8, — i, cos ;|
Roy = |-— o ——— (2.12)
7, cos 8, + i, cos 6;
fi, cos 0 2 cos ; 2
= rfz cos 6, _ y coi ; (2.13)
7, cos O; |7, cos O; + i, cos B,
fi, cos 6 211, cos 6; 2
= 722 cos 6, _ q cosi ; (2.14)
74 cos 6; Ifi; cos 8; + 71, cos B;
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FIG. 2.2. Schematic representation of a plane wave of linearly polarized light incident on a planar
interface with angle 6; between two media with refractive indices of n: and n,. The Huygens-
Fresnel principle is also depicted, which assumes that each point along the interface emits its
own spherical wavelet upon illumination, and the superposition of all wavelets form the refracted
beam. Periodic wavefronts are highlighted with lines perpendicular to the propagation vector
(adapted from [3]).

Introducing an additional interface a small (near-wavelength) distance away from
the original interface (i.e., deposition of a thin dielectric layer on a surface) complicates
the electromagnetic behavior slightly, as the resulting phase shifts from consecutive
reflection and transmission effects at the two interfaces will cause the propagating waves
to interfere. This phenomenon is referred to as “thin-film interference”, and is
schematically represented in Fig. 2.3(a), with three media present (labeled n1, n2, and n3)
and with medium 2 having the highest index. A common example of this system is the
vivid color profile on soap bubble surfaces, where surfactants stabilize an extremely thin
layer of water “suspended” in the surrounding air. Similar behavior emerges with oil

deposited on a water surface.

13



When considering a beam of light incident on a series of thin-film layers, the
problem becomes even more complicated, as waves propagating in opposite directions
can have different path lengths and phase shifts, resulting in complicated wave
interference. We can track the reflection and transmission events of the original beam at
each interface, accounting for the accumulated phase shifts and intensities. By adding
consecutive transmission and reflection events within the three-medium structure in Fig.
2.3(a), we can calculate the total transmission and reflection amplitude at each
wavelength. This approach is formalized with the transfer matrix method (TMM), which
involves two types of matrices: a propagation matrix (Ti) within layer i, and a transfer
matrix (Tij) between layers i and j in the multi-layer stack. The transfer matrix initializes

the Fresnel coefficients described earlier as follows:

T. = 1711 Tij
i=r b (215)

J

The propagation matrix Ti describes the forward- and backward-propagating waves (Er

& Eg in Fig. 2.3(b)) within each film:

_ eiai 0
Tl-—[O e—isi] (2.16)

where the phase difference (§;) between interfering waves inside a layer of thickness di

. d; . .
is §; = %ni cos 6;. The full transfer matrix calculation is then a product of all transfer

matrices for N+1 interfaces and N layers within the structure:

N
TN = HT(i—l)iTi (217)
i=1
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Provided one has tabulated data for the material’s optical dispersion, transmission and

reflection amplitudes at each desired wavelength can be calculated with the above

formalism.
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FIG. 2.3. (a) The “soap-bubble” case of thin-film interference, where light is incident on a higher-
index surface, with another lower-index medium underneath. (b) Schematic representation of
the electric fields (F = forward, B = backward) propagating in both directions inside a multi-
layer structure, forming a conceptual basis for the transfer-matrix method (TMM).

Multi-layer dielectric stacks are present in both natural and technological settings.
For example, the wings of certain beetles contain a laminar arrangement of distinct
tissues, which contribute to the iridescent behavior they exhibit. In strikingly similar
fashion, our ever-improving ability to deposit and modify chemically distinct dielectric
and semiconductor layers has allowed us to realize high, wavelength-selective reflection,
owing to a periodic bilayer structure called a distributed Bragg reflector (DBR). Both are

shown for reference in Fig. 2.4 below, along with a standard DBR reflectance spectrum.
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FIG. 2.4. Optical and cross-sectional scanning electron microscope images of the Japanese jewel
beetle and selectively porosified IlI-nitride material comprising a distributed Bragg reflector
(DBR), with both surfaces leveraging constructive thin-film interference to afford intense,
wavelength-selective reflection. A reflectance spectrum of a typical DBR is shown at right.
Adapted and reprinted with permission. ©2011, American Physical Society and © 2015,
American Chemical Society.

2.2.3 Interactions of light with structured surfaces

In the previous section, we discussed how out-of-plane interference between thin
layers of varying media gives rise to various optical phenomena, which can be easily
calculated with TMM. Nature also contains many structures with in-plane variation in
media; the characteristic size of this variation relative to the wavelength of incident light
determines the governing interaction regime and the optical phenomena that occur (Fig.
2.5). For example, if the wavelength of incident light (A) is much greater than the
characteristic structural length scale (d), the structured portion of the surface can be
approximated as a homogeneous material layer. If d is of the same order as A, then the
nature of the structuring determines the optical behavior and can be generally
categorized as scattering (continuous, incoherent distribution of incident intensity) or

diffraction (coherent, discrete partitioning of light into various interference orders). In
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recent years, the rapid development and investigation of optical metasurfaces has
allowed a greater set of coherent scattering behavior to emerge, such as beam deflection,
focusing, and holography. Finally, if A is much shorter than d, the optical behavior within
the structure reverts to standard Fresnel reflection, and is commonly referred to as
geometric ray optics to generalize the multiple reflections rendered from nonplanar

geometries. Below, we elaborate on the effective-medium and scattering regimes.
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FIG. 2.5. Regimes of light-matter interactions in structured surfaces with characteristic feature
spacing d, and incident wavelength A.

Effective-medium theory (EMT) was developed to capture the propagation of
electromagnetic waves in heterogeneous (e.g., porous or periodic) media. Generally,
EMT is valid if no plane-wave diffraction is supported, given the wavelength (A) and
period (d) considered. The diffraction condition for transmitted propagating grating
orders (m) of a plane wave with incident angle 0i from index n1 onto a grating comprised

of index nz2 is given by:
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mA
n, sin @; + n, sin 6,, = ra (2.18)

If no orders are real besides the zeroth order (transmission and reflection), EMT is valid,

and an effective index approximation neff can be expanded with respect to (d/A):

2 4

d d
nesy = n® 4 7@ (I) @ (I) 4o (2.19)

Higher-order terms, while useful for more complex geometries, can be neglected for a
reasonable approximation of planar layers that are sufficiently thin relative to the
incident wavelength. If this is the case, a versatile effective-medium approximation
developed by Bruggeman can be used, which implicitly treats a mixture of k materials

with volume fractions fi:

=

nZ —nZ
D S = 0 (2:20)
n; + 2nges

i=1
If, however, Eq. 2.18 yields one or more non-zeroth propagating grating orders, we must
tread lightly in using EMAs, especially if the volume fraction of periodic inclusions is non-
negligible. In this case, an alternative formalism (e.g. Bloch-wave, coupled mode theory)
is needed to properly capture the electrodynamics of the structure [4,5] . One recurring
thematic in this work is the emergence of Fano resonances, which arise from a coupling
of slowly varying thin-film interference modes and localized waveguided modes induced

by air inclusions. These can be modeled by coupled oscillators driven by the incident
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light, with the phase difference between the two individual resonances determining the

degree of symmetry in the resonance lineshape [4,6].

2.2.4 Finite-difference time-domain optical simulations

While certain geometries have analytical solutions to Maxwell’s equations
(including multilayer planar interfaces, spheres, and infinite cylindrical rods [7]), most
complex geometries require a rigorous numerical solution. Drawing inspiration from
fluid dynamics, a discrete finite-difference approach for electromagnetism was
formulated by Kane S. Yee in 1966 and is called the finite-difference time-domain (FDTD)
method. Briefly, the method involves discretizing (also known as “meshing”) the
geometry of interest, and spatially staggering the coordinates of the electric and magnetic
field components to be calculated (forming a unit cell known as the “Yee cell”). As the
name suggests, the calculation proceeds sequentially in the time domain, solving the
electric and magnetic field vector equations in a leapfrog manner as the system evolves
to a steady state or relaxes all transient processes (depicted in Fig. 2.6). Time-domain
methods are advantageous for their natural handling of non-linear materials and the

ability to simultaneously treat a wide range of frequencies.

q q q q
BY BY BY BY
q 9 space [mA_ 1] - [121] - [m j_ 1] - [m j_ 2] X
m > time I+1/z - - - 12 - -
Ed E;1+1/2 E;IH/Z EJ

[m-3/2] [m-1/2] [m+1/2] [m+3/2]

FIG. 2.6. Schematic representation of the 1D finite-difference time-domain method, simplified to
light propagating in the x-direction. Electric (E) and magnetic (B) field values are computed on a
discrete, spatially (indexed by “q”) and temporally (indexed by “m”) staggered grid, and each half-
step in time is solved sequentially based on the field value in the previous time and space point.
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Despite its power and accuracy in predicting optical behavior in virtually any
geometry, the computational cost for FDTD scales poorly with simulation volume relative
to the wavelengths of interest. As a result, simulating structures that exhibit mesoscale
order or hierarchical structuring can prove too computationally expensive. Hybrid,
multi-level approaches can be taken to circumvent this, e.g., combining FDTD-generated
empirical scattering functions and implementing them as boundary conditions in Monte-

Carlo ray-tracing simulations.

2.2.5 Color perception by mapping to the CIE 1931 color space

Color is a construct of human perception and relies on the sensitivity of three
different types of “cone” receptor cells in the human retina. These are known as S (short),
M (medium), and L (long) cones, named for the cursory range of visible wavelengths that
are sensed by their photopsin proteins (Fig. 2.7(a)). Since three distinct receptors can be
used for color perception, the full locus of possible perceived colors is a three-
dimensional space. However, this can be distilled into two main “axes”: apparent
brightness (luminance) and color quality (chromaticity), where chromaticity is further
subdivided into hue (distinguishable color) and saturation (depth). Conversion of
spectral data to an accurate perceived color is achieved by the tristimulus values, which
are a new set of functions (color-matching functions) responsible for a subset of the
“axes” described above. One common color-matching variant is represented by
{X(1),Y(14),Z(A)} and is shown in Fig. 2.7(b) below. Y represents luminance and nearly

fully captures information about M-cone response, while X and Z split most of the duties

20



in defining chromaticity. Given this definition, we can further reduce the variable space

by defining x, y, and z as follows:

X Y Z

_ __r __ L i, 221
““x3v+z2 Y T x+v+z ‘Tx+v+z Ty (2.21)

This allows most of the chromaticity information to be displayed in two dimensions and
comprises the commonly known CIE 1931 chromaticity diagram (Fig. 2.7(c)). Ifthe white
point on the CIE color space below is treated as a polar coordinate origin, the angular

coordinate relates to hue, and the radial coordinate roughly represents saturation.
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FiG. 2.7. (a) Normalized spectral sensitivity of the three types of cone photoreceptors (Small,
Medium, Long wavelegnths) in the human retina. (b) Color-matching functions used in the CIE
1931 RGB color space, which are referenced to wavelengths that are more evenly spaced across
the entire visible spectrum. Negative 7 values are introduced to account for this adjusted spacing
and the significant overlap of the M and L cone cell sensitivities. (c¢) The CIE 1931 chromaticity
diagram; if the white point is treated as the origin of a polar coordinate system, the angular
coordinate corresponds to hue, and the radial component corresponds to purity/saturation.

2.3 Fundamentals and challenges of achieving efficient
GaN/InGaN-based light-emitting devices

2.3.1 The GaN LED revolution

The Ill-nitride alloy family (namely, Al-, Ga-, and In-nitride) has shown

exceptional promise for solid-state lighting technologies given its high carrier mobility
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and thermal conductivity, as well as tunable band-gap across the entire visible range (i.e.,
red-shifting with increasing indium content, as seen in Fig. 2.8). The advent of efficient
nitride-based solid-state lighting came in the 1990s, when Shuji Nakamura and
collaborators developed the 2-flow reactor geometry and a straightforward thermal
anneal to eliminate magnesium-hydrogen complexation during MOCVD growth, which
prevented high hole concentrations and mobilities in Mg-doped, p-type GaN. Thereafter,
the use of [lI-nitride InGaN/GaN heterostructures and down-converting yellow-emitting
phosphors in place of incandescent/fluorescent lighting brought a dramatic increase in
power conversion efficiency (from <5% to >40%). Now, it is poised to transform emissive

pixel display technologies in the same manner [8].
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FIG. 2.8. Parameter space of lattice constants and band-gap energies (corresponding to emission
wavelength) for the IlI-nitride alloy family.
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2.3.2 llI-nitride metalorganic chemical vapor deposition (MOCVD)

In the past several decades, IlI-nitride optoelectronic devices have been viably
produced through metalorganic chemical vapor deposition (MOCVD). MOCVD forms
highly crystalline semiconductor thin films by reacting metalorganic precursors with
various anion-delivering gases such as ammonia, phosphine, arsine, and ozone [9,10].
Reactants are delivered to the growth surface by laminar flow and through a diffusion
boundary layer. The optimal temperature range for IlI-nitride growth is between 500 and
1200°C, high enough to ensure maximum MO precursor utilization and low enough to
prevent premature adatom desorption. This provides excellent control over growth rate
and stoichiometry, which translates to effective control over device structures (Fig. 2.9),
where nanometer deviations in layer thicknesses can drastically affect performance
[11,12].

The standard metalorganic precursors used for MOCVD growth of GaN and InGaN
are trimethylgallium (TMGa), triethyl gallium (TEGa), and trimethylindium (TMIn), with
cracked ammonia delivering the nitrogen. The dominant reaction mechanism is
sequential homolytic cleavage, where each methyl group leaves one after another as the
metalorganic adsorbs to the growth surface. The corresponding reactions for GaN and
InGaN, respectively, are as follows:

Ga(CHs)3 + NH; 2 GaN + 3CH, (2.22)

In(CHs); + NH3 2 InN + 3CH, (2.23)
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FIG. 2.9. (a) Temperature-dependent MOCVD growth rate regimes, with undesirable growth-
limiting extremes highlighted in red. (b) Typical IlI-nitride p-i-n LED device structure that can be
achieved with MOCVD. (c) Transmission electron microscopy (TEM) image of a thin InGaN active
region layer, surrounded by GaN. The layered fringes are projections of individual crystal planes
(adapted from [11,12] with permission). © 2005, IOP Publishing Ltd.

Due to its low cracking efficiency (4-5% even above 600°C), a high molar flow of
ammonia is always present in the chamber. By Le Chatelier’s principle, this pushes the
equilibrium to the right of Eq. 1 and prevents decomposition of already-grown GaN. By
the same principle, low-pressure MOCVD can push the reaction equilibrium further to
the right, and it has been successfully performed [13]; however, atmospheric pressures
growth is often chosen for safety and lowered maintenance costs. Nitrogen and
hydrogen, the carrier gases of choice Metal-organic (MO) precursors are carried by
nitrogen and hydrogen, which are bubbled through the liquid MO sources at carefully
regulated temperatures, delivering them to the reactor chamber through heated lines

(below 100°C to minimize pre-reactions).
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Film quality and uniformity are target deliverables, and the type of reactor one
uses can drastically affect both. A schematic of one such reactor chamber is shown in Fig.
2.10. The earliest MOCVD reactors were horizontal chambers with a stationary
susceptor; this led to uniformity issues along the direction of precursor flow, as it proved
difficult to equalize the diffusive flux of precursor downstream and down through a
boundary layer that varies with position. In later years, tilted and rotating susceptors, as
well as vertical reactor configurations, helped with uniformity to varying degrees. The
two-flow reactor setup, which improved growth uniformity by flattening the boundary
layer with a vertical sub-flow gas column, was developed by Nakamura et al. in the 1990’s
and yielded a significant improvement in quality of MOCVD-grown GaN. Popular
industrial designs mostly fall between showerhead reactors and planetary reactors,

which involve rotation of both individual susceptors and the entire assembly.

Cooling water
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FIG. 2.10. Schematic of an MOCVD reactor with a close-coupled showerhead configuration.
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For a close-coupled showerhead reactor with ceiling height Hc¢, gas kinematic

viscosity v, and inlet velocity vin, the boundary layer thickness, 8, can be approximated

by:

VH (2.24)

It is assumed that the thermal and chemical boundary layers for the different species,

although different due to density and viscosity variations, are of the same order.

2.3.3 Relative merits and challenges of MOCVD growth on various
crystal planes

The highest-quality epitaxial GaN/InGaN films are achieved through homoepitaxy
on free-standing gallium nitride substrates, cut from larger boules that are grown by
seed-initiated hydride vapor-phase epitaxy [14]. However, this technique is costly and
produces relatively small-area substrates (~1 cm?). In order to allay free-standing
substrate cost, growth on alternative substrates, such as sapphire and silicon, has been
and continues to be intensively studied [15-18]. Sapphire, especially patterned sapphire,
has shown most promise for commercially interesting (0001)-plane InGaN devices,
reducing threading dislocation density (TDD) to 108/sq. cm [19]. Although still relatively
high, this TDD is sufficiently suppressed for efficient optoelectronic operation in the GaN
system due to its low minority carrier diffusion length. Equivalent defect densities in
GaAs, for example, are catastrophic; a functioning GaAs-based device would require at

least a hundredfold defect reduction.
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Despite their nontrivial cost, less defective (TDD ~ 106 cm2) free-standing
substrates offer a wide variety of crystallographic planes, which is useful for
investigations into crystal growth and optoelectronic phenomena that strongly depend
on facet orientation. These are prepared by slicing c-plane oriented GaN boules grown by
hydride vapor phase epitaxy (HVPE) at different angles, followed by chemical-
mechanical polishing. If we consider the wurtzite hexagonal crystal structure of GaN, it is
possible to classify all crystal faces into three categories (i.e., polar, semipolar, and
nonpolar) by their inclination angle from the principal c axis. As shown in Fig. 2.11, the
polar c-plane is 90 degrees to the corresponding c-axis, 0 degrees is nonpolar, and any

faces between 0 and 180 (excluding 90) are considered semipolar.

(0001) c-plane (1120) a-plane (1010) m-plane (1123) s1-plane (1122) s2-plane (1121) s3-plane
(a) ' ' (b) ' (c) ' ' f)
0001}, | ' i ‘
{3 7l ! :
v [d210 : I
| -t - A% [ - - - | - -4
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(12013 >77g) [1100] (1210] [1100)/
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@

FIG. 2.11. (a-i) Various crystallographic planes of the GaN hexagonal lattice that are indexed by
the hexagonal Miller-Bravais indices and their corresponding letter-plane names. (j) The GaN
wurtzite structure for reference (Ga in gray, N in yellow). Reprinted with permission from [22].
© 2011, AIP Publishing.
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2.3.4 Optoelectronic implications of polarization fields in the
ternary InGaN alloy system

GaN is pyroelectricc meaning that it exhibits a nonzero natural electric
polarization. This is caused by the polarity of the IlI-nitrogen bond, as well as a lack of
inversion symmetry in the wurtzite lattice. On crystal orientations where the growth
surface contains more gallium than nitrogen atoms (or vice versa), the polarity results in
positive (or negative) surface charges. These charges build up a spontaneous electric
field (Psp) parallel to the polar c-axis[20] (Figure 2.12(a)). As the growth direction moves
away in inclination angle from the c-axis, this field is diminished, and is completely
removed in the case of the non-polar a- and m-planes, where Psp is then perpendicular to

the growth direction [17].
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FiG. 2.12. (a) c-plane-oriented GaN lattice, highlighting the ion-formed sheet charges and
resulting spontaneous polarization field, Psp. Right: the piezoelectric polarization field Pp; as a
function of inclination angle, as well as several key planes and their locations along the curve
(adapted from [21,22] with permission). Semipolar planes have a diminished piezoelectric field
relative to the c-plane. © 2005 & 2011, AIP Publishing.
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We must now consider a full LED device, which contains InGaN layers surrounded
by the spontaneously polarized GaN. The main determinant of emission wavelength in an
LED is the band energy of the quantum well, which is tuned by the layer’s indium molar
fraction. Since the InN bond is longer than that of GaN, the lattice constant of the ternary
InGaN alloy is correspondingly higher. This leads to in-plane compressive stress in the
InGaN layer as it seeks to accommodate the lattice mismatch (Fig. 2.13). This in-plane
compressive stress is countered by an out-of-plane tensile strain, which induces an out-
of-plane piezoelectric polarization, Ppz, in addition to the spontaneous polarization field

of the GaN lattice (Fig. 2.12(b)).

InGaN InGaN on GaN

Coherently-strained epitaxy

GaN

FIG. 2.13. Schematic showing the lattice mismatch of InGaN epitaxially grown on GaN, and the
resulting out-of-plane tensile strain that increases the normal lattice plane spacing (the c lattice
constant).

The combined effect of Psp and Ppz plays out differently depending on the
heterostructure’s growth direction - that is, the crystal plane on which the structure is
grown. Since charge carriers within the semiconductor (i.e., electrons and holes) are
oppositely charged, they move in opposite directions in an electric field, and they become
energetically and spatially separated in the vicinity of the quantum well. This effect,

called the quantum-confined Stark effect (QCSE) [23-26], reduces the probability of a
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radiative transition, and therefore the quantum efficiency in the context of a light-
emitting diode (Fig. 2.14). In the GaN/InGaN system, the effect of piezoelectric
polarization is generally more significant than spontaneous polarization. Therefore, the
more polar the orientation, the more catastrophic the decline in wavefunction overlap

with increasing indium content [21], and the more drastic the decline in IQE.

2.3.5 State-of-the-art in long-wavelength IlI-nitride devices

In a world where crystal morphology is devoid of defects, we would certainly use
nonpolar orientations to maintain high wavefunction overlap out to arbitrarily long
wavelengths (high In%), given our discussion of polarization fields in the previous
section. However, not all planes are created equal; while coherently strained
heteroepitaxy breaks down at some In% threshold regardless of orientation, certain
facets are more tolerant to breakdown, owing to a combination of thermodynamic and
kinetic factors. Unfortunately, nonpolar growth planes are prone to stacking faults at
rather tame indium contents, dramatically limiting their usefulness in long-wavelength

applications.
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FIG. 2.14. The piezoelectric field-induced quantum-confined Stark effect results in a reduction of
carrier wavefunction overlap and a redshift in band-gap energy.

It has been shown computationally and experimentally that semipolar planes
appear to incorporate more indium than other facets, in addition to a reduced
piezoelectric field and correspondingly lower QCSE. Computational studies of readily
available substrate orientations conducted by Wernicke et al. found the longest emission
wavelengths (loosely tied here to In incorporation efficiency) to be on the (1122) and
(1011) semipolar growth surfaces, as well as the polar c-plane [27] (Fig. 2.15). Northrup
also found that the range of optimal growth conditions for indium incorporation is wider
for (1122) than for (1010) due to lower transition energies associated with semipolar
binding sites [28]. In ammonia-rich molecular beam epitaxial growth studies, Browne et
al. found the highest indium incorporation and lowest surface roughness at constant

growth conditions to be on the (2021) plane [29].

31



34}t ' ' ' ' ' - _
S st Jas 3 |3
S . % L i -
L 321 * s k87 1 & |3
£ ! ad ELr o . .- e ] a L8
= ot T Py 140008 |5
£ sor o o gilteg & 1 = I
g [ * ,4;/ // "/a/‘//, “ -425 2 g-
E 28f ~"+ & V- -7 . | .. 2 |
c 7 A ’ - i ./ - - (0001) i 450 ® 3
o * L™ - A (1072) | a 0
8 26 B /o/ » - - 0/ > e - (11?2) ‘ 475 5..' g
r— L 6 =il _ e ® (1011)_2 — =t
§ sal o -7 e * (2021) ;500 g L

’ * (1010) 1525 < ""'

660 680 700 720 740 760 780 800
MQW growth temperature (°C)

FiG. 2.15. Emission wavelengths of InGaN quantum wells grown on various crystal facets [20],
indicating the variation in indium uptake with the growth surface. Adapted from [27],© 2012,
IOP Publishing Ltd.

Of the crystal facets considered in the above computational studies, all of the
nonpolar and several semipolar planes have experimentally been shown to suffer
morphological breakdown through catastrophic defects such as stacking faults and misfit
dislocations with indium contents above 15-20% [30,31]. The (1122), (2021), and
(0001) planes have shown most promise in long-wavelength device operation, and over
the last half-decade, the latter two have led to demonstrations of green, yellow, and red-
emitting diodes [27-29]. However, at external quantum efficiencies of 30, 20, and <2%,
respectively, with no evident theoretical limit to internal efficiency (and with light
extraction efficiencies in the 40-60% range), the current state of material quality and

strain-related issues warrants further investigation and improvement.
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2.4 Surface wetting models for uniform and structured solid
surfaces

Solid-liquid interactions provide a wealth of information on the adhesive and
cohesive forces present in the system. For instance, water beading up on the surface of a
lotus leaf tells us that the surface energy of the system is high, and that any additional
contact between the water and leaf surface would be unfavorable, owing both to the high
cohesion of water and the lack of adhesion between water and the surface. Put another
way: the water would rather interact with the surrounding air than the surface
underneath. Starting with the simple case of a droplet of liquid L in a surrounding
atmosphere of gas G, incident on a smooth, planar, chemically homogeneous surface

comprised of solid S, the solid-gas surface tension (ys;) is given by the Young equation:

2.25
Ys¢ = VsL + Y1 €OS O ( )

where y; and y;; are the solid-liquid and liquid-gas surface tension, respectively, and B¢
is the angle formed by the solid surface and a tangent plane to the droplet surface at the
three-phase contact line. Figure 2.16 depicts this system below. ©¢ is known as the Young
angle or contact angle and is often experimentally measured to probe the surface energy
of various materials. The Young equation is obtained by considering an equilibrium force

balance that ensures the net force along each interface is zero.
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FIG. 2.16. Schematic of a water droplet forming an interfacial contact angle of 8¢ with a planar,
perfectly smooth, and chemically homogeneous solid surface in a gas environment.

If solid surface topography is introduced, the Young equation above breaks down,
as the apparent contact angle could be affected by the inclination angle of the microscopic
surface on which three-phase contact line rests, and the droplet is exposed to a greater
solid surface area per additional unit of spreading distance. If the surface topography is
shallow and its features are much smaller than the droplet size, the surface area
enhancement can be represented by a ratio r (true area normalized by apparent area),
and the resulting relationship between apparent contact angle 6" and the inherent
contact angle B¢ is given by the Wenzel model:

cos 8" =rcosf. (2.26)

While the Wenzel model accounts for surface area enhancements, it does not account for
chemical heterogeneity or topography with high aspect ratios. This can be achieved with
the Cassie-Baxter wetting model, which accounts for the interactions of the liquid with
each of the chemically distinct media on the surface (contact angles i), weighted by their
respective area fraction, f::

cos 0" = f, cos B, + f, cos O, (2.27)
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In the case of the two media being solid and air (cos(m) = -1), the model simplifies to:

cos@" = ficosf, — f, = fycos0; — (1 —f;) = f1(cos6; +1) — 1 (2.28)

The Cassie-Baxter model is the simplest relation that successfully describes
superhydrophobic behavior (6* > 150°) as an interplay of chemical and topographic
factors. For instance, it can effectively capture how the waxy and sparsely structured
surface of the lotus leaf provides an efficient highway for dirt-scavenging dew and

raindrops.

2.5 Langmuir-Blodgett deposition

Having reviewed some of the basics of macroscopic wetting physics, we are well
poised to describe the Langmuir-Blodgett (LB) dip-coating approach to forming colloidal
monolayers on substrates. The LB method was developed by Irving Langmuir and
Katharine B. Blodgett while at General Electricin 1926-27, where it was found that highly
uniform monolayers of organic molecules could be transferred onto glass substrates by
immersing them in a water subphase, depositing and closely packing molecules at the
air-water interface, and withdrawing the substrates. LB dip-coating has since been used
for depositing a variety of chemical moieties and particles for electronic, optical, and
biological applications. Herein, LB-coating is adapted for producing highly close-packed
monolayers of silica spheres (diameters 0.31-4 pm) to be used as pattern-defining
plasma etch masks for nanoscale light emitters, selective-area MOCVD growth masks, and
wavelength-selective, diffusely colored nanomembranes. Details of LB deposition are

shown below in Fig. 2.17.

35



(a) Delrin barrier

TCotono

™~ Substrate

CHs
. Water subphase H30—$i—/\0
Hydrophobic Teflon enclosure CHa O/Si
QY\'5/7
(b) ® eo0e0 0 o 5
R Gaseous e O
£ 000 COO 0000
% Liquid-expanded (LE)
g OO0 OOO0OCO CO
3 Liquid-condensed (LC)
§ gaseous
3 s 70 s 110 Collapsed

Molecular Area (A 2)

FIG. 2.17. (a) Conceptual schematic of Langmuir-Blodgett deposition, where a close-packed array
of allyltrimethylsilane-functionalized SiO; spheres are transferred to a substrate of interest. (b)
Typical LB isotherm, showing the various of colloid packing behavior present at the air-water
interface, mediated by with increasing surface pressure with reduced system area as defined by
barrier-induced compression.

Silica colloids (Bangs Laboratories) were functionalized with allyltrimethylsilane
(ATMS) in acidic ethanol (pH ~ 5.5, acetic acid, 10% H20, and ~15 mM ATMS), giving
their surface a hydrophobic character. These were dried under low vacuum (70°C, 12 h)
and dispersed in a 1:3 ethanol/chloroform solution prior to deposition. Chloroform is
volatile and has low surface tension, making it an optimal solvent for delivering colloidal
particles to the air-water interface. Ethanol is added to help with colloidal dispersion
while maintaining improved colloidal droplet adhesion to the water subphase. Once the
chloroform evaporates, the hydrophobic surface of the silica colloids prevents

sedimentation and dispersion into the subphase, pinning the particles at the interface.
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LB deposition proceeded in a KSV Nima Langmuir trough (Biolin Scientific), which
was comprised of a Teflon (polytetrafluoroethylene) enclosure to reduce edge
deposition, Delrin (polyoxymethylene) barriers to ensure low-friction glide along the
trough surface, a dipping mechanism, and a surface pressure sensor fitted with a
platinum Wilhelmy plate. The sensor detects small changes in surface pressure (I1) by
tracking deflections of a laser beam off a cantilever on which the Wilhelmy plate is
suspended; by defining the dimensions and contact angle of water on the plate, one can
estimate the changes in II at the interface. After submerging the substrate of interest,
colloids are pipetted dropwise onto the de-ionized water subphase and given time to
distribute on the surface. A pressure-area (I1-A) isotherm (Fig. 2.17(b)) is then recorded
to track the phase behavior of colloids at the interface as they evolve from a gas-like to
fully close packed state with slow, continuous barrier compression. The final approach
to close packing is signaled by an acceleration in Il increase followed by a sudden plateau,
indicating the start of film collapse and buckling. The midpoint of the sharply sloped
linear increase regime is chosen as a Il regulation target during deposition.

Pressure regulation during substrate withdrawal, afforded by adjusting barrier
positions, ensures a consistent surface-thermodynamic state and a 1-to-1 monolayer
transfer. However, given that the deposition behavior and quality is mediated by the
moving three-phase contact line as the substrate is withdrawn, the surface should ideally
be as hydrophilic as possible. Alternatively, wetting contrasts may be employed to direct
colloid deposition exclusively to selected areas. Once withdrawal is complete and the
sample dries, a quasi-ordered hexagonal colloid monolayer remains on the sample

surface through attractive van der Waals forces and may be processed further.
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Optical physics of diatom-inspired
dielectric nanostructures

(Adapted from the JVST A article: Shapturenka, P., Birkholz, F., Zakaria, N. I., DenBaars, S. P., and
Gordon, M. ]. “Quasiordered,, subwavelength TiO hole arrays with tunable, omnidirectional color
response.” JVST A, 38(5), 2020.)

3.1 Introduction

As discussed in the previous section, composite materials with near-wavelength
spatial variations in dielectric constant give rise to interesting and useful optical
behaviors in nature. These micro- and nanoscopic morphologies manifest in
interference-based phenomena such as diffraction and etaloning, as well as focusing and
graded-index (GRIN) waveguiding, at visible and infrared wavelengths. In natural
environments, this yields useful evolutionary advantages such as vivid coloration
(beetles, birds, butterflies), camouflaging (chameleons, squid), and sensitive night vision
(moths) [1-3].

In addition to the creatures mentioned above, nature has also proliferated
organisms that possess remarkably ordered microstructures but lack the remarkable
optical properties one might expect. One such family is the centric marine diatoms, which

boast honeycombed, micro-periodic siliceous frustules as their exoskeleton, often
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referred to as the “glass menagerie” given their diversity (Fig 3.1). It has been posited
that this biosilica cage affords the marine diatom UV-scattering and visible-wavelength
focusing abilities that reduce harmful irradiation and improve photosynthetic efficiency,
respectively [4-6]. Moreover, owing to their high surface area and hierarchical structure,
diatom frustules have garnered decades-long academic interest as potential components
in molecular sieves, chemical sensors, and heterogeneous catalysts[7-9]. Scale-up of
these types of surfaces is desirable for commercial feasibility, and this has been
attempted in the form of acid-promoted wafer bonding and fluidic assembly [10-12].
Despite sparse reports of bright coloration and a potential photonic bandgap when the
diatom is coated or comprised of higher refractive index materials [13,14], there has yet
to be a systematic study of structural color emergence in diatom-based nano- and

microstructures.

FiG 3.1. Three hundred diatom species, sourced from a variety of places on Earth, mounted by
hand on a display board, showing the mind-boggling variety of different morphologies of
phytoplankton in Earth’s aqueous environments. Reprinted with permission from [15]. © 2008,
Elsevier Ltd.
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Herein, we consider a simplified structural model for the diatom frustule, assign
the resulting optical contributions to the various components of the frustule, and extend
the material design space beyond biosilica to high-index, low-absorption materials such
as TiO2. We first find a set of high-intensity Fano modes supported by a perfectly ordered
thin-film silica nanomembrane in air, which was attributed to coupling between the
lattice-supported guided modes and internal Fabry-Pérot etaloning sustained by the top
and bottom membrane interfaces. This coupling was found to intensify in TiO2 structures,
with near-100% reflectance in place of nearly full transmission in the analogous silica
case. The emergent modal behavior was re-cast in terms of a dimensionless optical path
length and a wavelength-normalized lattice period, allowing us to extend the behavior to
all wavelengths where the dielectric material is reasonably lossless. Moreover, higher-
index nanomembranes are found to support broadband reflection and transmission
properties, in line with recent investigations in optoelectronics and photonics literature,
where analogous structures are known as high-contrast gratings [16-18]. This
broadband behavior stems from the coupling of adjacent, opposite-polarity Fano
resonances and was found to be hindered by the thin silica framework supporting the
top nanomembrane layer by introducing a lower index contrast relative to an idealized
floating film.

The biochemical processes by which the diatom’s intricate structures are created
remain at the whim of thermal, mechanical, and hydrodynamic forces, which makes them
prone to various types of morphological disorder. Accordingly, we explored the effects of
hole diameter polydispersity and translational hole displacement on the optical behavior

of the supported TiO2 structures. Translational disorder is found to decouple the Fano
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resonance pair, resulting in a dramatic decay in normal-incident transmission and
reflection. A corresponding increase in angle-independent diffuse scattering is observed
at the same Fano mode wavelengths, paving the way to rational modal design of non-
iridescent structural color.

Having explored the relevant optical design space, we target a set of wavelengths
spanning the visible spectrum and develop a fabrication platform to realize TiO2 hole
arrays designed to operate at three visible wavelengths. Optical characterization showed
a consistent, angle-independent color response and Fourier transforms of plan-view SEM
micrographs indicated local, isotropic correlated order in the resulting hole arrays.
Moreover, the modal locations at which backscattering was strongest were in excellent
agreement with computationally predicted diffuse resonances. Finally, we show the
importance of using absorbing materials (like silicon) to suppress higher-order Fano

modes present in the TiO2 slabs for improved color saturation.

3.2 Re-thinking the humble diatom’s geometry

3.2.1 Computationally elucidating diatom frustule optical response

In this section, we investigate the structure-derived optical behaviors of several
centric diatom exoskeletons (frustules), namely those of Thalassiosira eccentrica and
Coscinodiscus sp. Scanning electron micrographs of these structures are shown in Figure
3.2(a) below. Briefly, frustules are comprised of an array of semi-permeable pores
(areolae) embedded in two continuous biosilica films. The top valve surface contains

microscopic openings (foramina, diameters of roughly 1 pm) arranged in an ordered
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hexagonal array that also determine the spacing of the underlying wall support. The
lower valve layers (cribra) within each areola contain an ensemble of fine, nanometer-
sized pores arranged in a similar hexagonal arrangement as the much larger foramina
above them (cribellum, <100 nm pore spacing).

To clearly identify fundamental optical resonances and pragmatically assign any
interactions with visible light, we start with several idealized simplifications to the
natural morphology of the T. eccentrica frustule. First, we assume the areolar
arrangement is perfectly ordered with a characteristic period, p, and foramina are
modeled as air cylinders of radius r; with height ¢t. Second, given that the cribellum
feature periodicity (<100 nm) is significantly smaller than visible wavelengths (350-750
nm) and localized to a small fraction of the layer, we assume that a thin, solid biosilica
slab. The interior supporting walls in the intermediate layer (of height h, areolar radius
rz) are also air cylinders, made distinguishably wider than the foramina-containing top
layer, as illustrated in the SEM image. We also neglect the natural curvature of the
structure and additional scattering events by other diatom components as light passes
through the diatom. This idealized structure and accompanying FDTD simulation

configuration are depicted in Fig. 3.2(b).
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FIG 3.2. (a) Optical micrographs of Coscinodiscus sp. and Thalassiosira eccentrica diatom frustules.
(b) Schematic depiction of a supported, perfectly periodic slab approximating the structure in
(a). Reprinted and adapted with permission. © 2006, Royal Society of Chemistry and Centre
National de la Recherche Scientifique.

Finite-difference time domain optical simulations were conducted (Lumerical
FDTD) on the full idealized diatom frustules, as well as selected portions of the structure,
to elucidate their modal contributions by comparing normal-incidence reflectance
spectra. The specific geometry used in calculating optical responses was chosen to match
naturally occurring frustules, and is as follows: p =950 nm, r1 = 310 nm, r2 = 380 nm, t =
400 nm, h = 500 nm. The cribrum slab was set to a 50-nm thickness. Results of these
simulations are shown in Figure 3.3. Starting with the spectrum of an isolated foramen-
containing silica slab in air (panel (a), dashed blue), additional auxiliary components are
sequentially replaced, which modifies the initial response. The original spectrum is quite
simple, displaying a single prominent mode at ~920 nm. First, it is evident that the upper
and lower slabs do not appreciably interact (orange curve, fine dashes), with reflectance
curve overlays highlighting the negligible modification of the original spectrum. This is
also sensible when considering the thinness of the lower cribrum slab relative to the

wavelength range considered. Introducing the areolar supports instead of the cribrum

45



(panel (b), dashed green curve) modifies the prominent 920 nm mode, shifting the
central mode location to ~850 nm and lowering the reflectance slightly, presumably by
enhancing transmission (silica absorption is minimal). Two sharp, low-intensity modes
remain at a higher wavelength closer to the original mode observed in the isolated slab.
The fully assembled frustule structure (panel (c), solid red) appears to be a hybrid of the
previous two cases, intensifying the two modal side lobes, but also recovering and red-
shifting the original prominent mode sustained by the top frustule layer, settling at 880
nm.

Having surveyed the optical contributions of its structural elements, it is also
instructive to track the evolution of the frustule’s response with different environments
and materials comprising the diatom frustule. Following guidance from prior reports to
elicit a photonic bandgap by increasing refractive index contrast, three cursory
combinations of surrounding environment and top layer material were simulated, in
order of decreasing natural occurrence: water-silica (live diatom frustule), air-silica
(dried frustule), and air-TiO2 (biomimetic construct). The complete frustule geometry
was simulated, yielding reflectance spectra and cross-sectional electric field maps which
are shown in Figs. 3.3(d,e). Owing to the relatively low refractive index contrast between
the exoskeleton and cytoplasm/surrounding water (An < 0.1), the live-diatom case
shows little to no reflectance across the wavelength range considered. This is also
evidenced by the weak coupling and confinement of the incident electric field within the
structure, and significant down-welling of the electric field is observed at 550 nm. Moving
to the dried frustule case (An = 0.38), several more intense, narrow-band resonances

prominently emerge from a low-intensity, slowly varying spectral background, which
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were identified in the above discussion. Finally, in the case of the silica-supported TiO2
membrane surrounded by air (An = 1.3), a rich modal resonance profile emerges,
surpassing the silica-air configuration in intensity and breadth. Most remarkably, a
broader, high-intensity (>98% R) asymmetric mode emerges at 1140 nm (compared to
near-zero % R in the analogous air-silica case). The corresponding electric field map
suggests the mode originates from intense E-field confinement within the frustule
foramina. Further, the E-field distribution inside the TiO: layer at 550 nm indicates

confinement of secondary, higher-order thin-film resonant modes.

A =550 nm A =1140 nm
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Fic 3.3. (a) Normal-incidence reflectance curves of a deconstructed diatom frustule in air,
starting with an isolated top frustule slab (lowest curve) and sequentially added auxiliary
frustule components. (b) Approximate T. eccentrica frustule geometry (p = 950 nm, r1 =310 nm,
r, =380 nm, t = 400 nm, h = 500 nm) modeled with three scenarios: in water, dried, and dried
with top layer replaced by TiO-. (c) Electric field maps for the three configurations in (b), sampled
at A =550 nm and a secondary, highly resonant wavelength for each configuration.

Sharp, well-defined optical resonances are highly sensitive to the geometry that
sustains them; given that the structure under study has well-defined, layered interfaces

(foramen layer, support, and thin cribrum layer), it is instructive to look at the evolution
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of the optical response with film thickness. Figure 3.4 shows the evolution of spectrally
resolved normal-incidence reflectance with the thickness of the top foramina-containing
layer (p = 550 and 950 nm, constant ri1/p ratio) for the same three configurations as
depicted in Fig. 3.3. A set of broad, low-intensity resonances that vary linearly with top
layer thickness can be discerned (dashed yellow lines), which comprise the thin-film
interference background sustained by the top and bottom interface of the foramen-
containing layer. For a given slab thickness (t) and effective index (nefr), the peak
locations, Agp, of thin-film Fabry-Pérot reflected orders b at normal incidence (i.e., with
incident k-vector k,,, at grating order m = 0) can be obtained with the following

resonance condition:

2T
2k, mt = 2k, ot = 2ngpy (A_> t =2mb (3.1)
FP

The Fabry-Pérot background is barely discernible in the live diatom case;
however, as the refractive index contrast increases, the thin-film interference intensifies
and is increasingly modified by a set of sharply delineated high- and low- reflectance
contours. This is particularly evident in the TiOz-air configuration, which shows a warped
“checkerboard” pattern; moreover, the wavelengths around which these dramatic
reflectance oscillations occur seem to scale roughly with the characteristic areolar pitch
p. This type of resonant behavior has been noted in optoelectronic and photonics
literature with photonic-crystal membranes or high-contrast gratings, which exhibit a
near-wavelength, periodic, and unusually high refractive index profile [16-18]. Strong

thin-film interference couples to the resonant waveguide modes, laterally confining the
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electric field to the high-index (TiO2) and low-index (air) regions of the structure.
Strategic choice of material thickness tunes the phase difference of light propagating in
the two media to yield coherent, perfectly reflection (or transmission) at normal

incidence for a set of design wavelengths [18,19].
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FIG 3.4. (a-f) Normal-incidence reflectance contour maps for naturally occurring frustule structures (period = 550 nm (a-c) and 950 nm (d-
f)) in (a,d) water and (b,e) air, as well as (c,f) a silica-supported TiO; slab layer in air. Yellow dashed lines represent Fabry-Pérot resonance
orders. White dashed lines and stars represent the top slab thicknesses (400nm) and mode locations sampled for the electric field maps

shown in Fig. 3.3, respectively. (g) Rescaled versions of (c) and (f) are recapitulated in dimensionless form, showing the similarity of the
two reflectance landscapes despite different areolar spacings.



3.2.2 Rational design of optical responses in “bionic” frustules

Given the fundamental role of structure geometry in eliciting the optical behaviors
detailed in the previous section, we look to rational scaling parameters to generalize this
behavior and inform wavelength-independent design by tuning geometric parameters.
To generalize any phenomena involving thin-film interference, a reasonable first step is
to define optical path length, given by the product of ¢t and the wavelength-dependent
refractive index of a homogenized thin film (cf. Ch. 2). Given that the structure’s pitch is
closely tied to the design wavelength and informs the wavelength-dependent phase
behavior during thin film interference, we normalize the optical path length by p.
Accordingly, the wavelength axis is also divided by p to yield a completely dimensionless
high-contrast grating design space. The resulting dimensionless versions of the p = 550
and 950 nm TiOz-air reflectance contour maps are shown in Fig. 3.4. While exact modal
locations and intensity profiles are evidently different between the two maps, the
locations of sharp Fano-like delineations align quite well on the non-dimensional
reflectance landscape. Assuming a relatively lossless wavelength-regime for the high-
index material used, these quantities can aid in informing and engineering tailored
optical responses in perfectly ordered frustule-like structures for specific desirable
wavelengths.

The pores embedded in the diatom frustule are created from a silicic acid
feedstock; nanoscopic vesicles of siliceous material are delivered to the frustule site,
where it is mineralized in the interstitial area between pore-forming, structure-directing
proteins [15,20]. This delicate biochemical process can easily stray from (or indeed,
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never arrive at) perfect hexagonal order the likes of which we have studied so far. Several
foreseeable perturbations are diameter polydispersity (distributed ri, r2) and unequal
areolar spacings (broad distribution of p), both of which can be observed in the SEMs
shown in Fig. 3.1. To probe the effect of this type of disorder on the optical behavior of
our set of simplified models, we expand the simulation to 72 unit cells and allow these
two geometric disorder parameters to vary independently. Figure 3.5 below shows
reflectance contour maps for the silica-air and TiOz-air configurations from above with p
= 550 nm, for three different cases: (1) top slab only, (2) full structure, and (3) full
structure with translational areolar disorder.

The floating slab exhibits the simplest Fano-resonant behavior, as the changing
thin-film interference background (only the first two FP orders are shown) couples to the
guided modes set by the pore spacing (single-mode in the case of SiO2, multi-mode in the
TiOz case). By outlining several low- and high-order Fano resonance contours (dashed
yellow lines), we track their evolution with additional simulation complexity. By
introducing the silica support structure under the original silica slab, a more prominent
Fabry-Pérot background emerges, and the low-order Fano resonance at ~550 nm is
repartitioned into finer modal structure by the underlayer support. A similar
repartitioning also occurs with the TiOz slab in the 500-600 nm range, where both
regions of broad-high-reflectance behavior are slightly modified and de-tuned; this is
most evident at a top slab thickness of 200 nm. However, a significant portion of the
broadband behavior is still retained.

By far the most striking change to the spectral features occurs when random

translational pore displacement is introduced (random, up to 10% of the lattice pitch),
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which yields a dramatic reduction in normal-incidence reflectance across the board. In
contrast to the perfect grating, a significant diffuse backscattering is observed, which is
overlaid on the normal-incident reflectance contours in Figure 5 (shaded white,
binarized with arbitrary threshold value to best depict spectral profile). In the silica case,
the backscattering occurs in the UV and blue wavelength ranges and is relatively weak,
comprising only 10% of the total incident source power at these wavelengths. In the TiO2
case, the backscattering intensity is more than three times stronger, and originates from
the crossing of Fano-resonant contours at 475-525 nm and 640 nm. We conclude that the
two sets of adjacent Fano resonances giving rise to broadband reflectance within the
perfectly ordered TiO2z slab decouple due to hole disorder, and diffuse scattering at the
centroids of these two modes arises from a distribution of local resonant phase
differences between neighboring quasi-ordered unit cells, interfering with each other in

the near-field and radiating out to a wide angle range in the far field.
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FiG 3.5. Reflectance contour maps of a diatom frustule with the top slab comprised of SiO; (left)
and TiO; (right), with top slab thickness varied for a perfectly ordered floating slab, perfectly
ordered full frustule, and disordered full frustule (translational pore displacement, up to 10% of
the lattice pitch). For TiOz, the lowest-order Fano contours are represented by the right-most pair
of crossing yellow outlines. Shaded white contours in the disordered frustule plots depict total
diffuse backscattering, binarized with scattering intensity thresholds (0.09 and 0.27 of incident
source power) to best depict spectral profile.

Given this emergent diffuse scattering behavior, our above efforts to non-
dimensionalize ideal frustule optics may also aid in selecting design specifications for
wavelength-selective diffuse scattering of any color. Consulting the dimensionless plots

in Figure 4, we can identify coordinates corresponding to highest-intensity structural

54



color near the design wavelength (i.e. crossing of low-order Fano contours) at

{g, me’;#} = {1.2,0.65}. As an example, for a TiO2 slab layer to non-iridescently display

a green color (530 nm), we select a pitch of p = A _ 530nm

= 442 nm. The optimal

1.2 1.2
. . . 0.65- 0.65(442

thickness of the structure is then given by t = p ~ 2EEURZ ) 160 nim. It
Nesr(A =530 nm) 1.8

is to be noted that our investigations were conducted assuming a single constant ratio of
hole diameter to lattice spacing (or duty cycle, with DC = 0.65). Additional tunability
and/or optimization of the optical response may be attained by varying this parameter,
which tunes the effective refractive index within the top frustule slab. In perfect hole
arrays, increasing air fraction has been observed to narrow the broad reflectance
behavior featured here, but these are also much more difficult to fabricate, and the
resulting resonances are no doubt even more prone to imperfections.

Non-iridescent, long-wavelength structural color (e.g., yellow, orange, and red) is
unique and not easily attainable with simple geometric systems, owing to high-order
resonant modes which overwhelm the lowest-order target mode [21,22]. This is also true
for the system we have considered herein, since the slabs are designed to sustain two or
more Fabry-Pérot cavity modes, which are necessary for broadband reflection. One
potential solution is to suppress the high-order mode, e.g. by placing absorbing materials
within the structure. Another approach is to waveguide the high-order mode and prevent
it from leaking out omnidirectionally, but this is a nontrivial (if impossible) feat. In the
next section, we use the former approach, namely using silicon as a sacrificial, partially
removable material, to demonstrate saturated, non-iridescent color across the entire

visible spectrum.
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3.3 Fabrication, characterization, and computational
validation of diatom-inspired TiO: frustule surfaces

3.3.1 TiOz hole array fabrication

Partially-suspended TiO2 hole arrays were fabricated using colloidal lithography,
shadow deposition of a metal mask, and reactive ion and XeF2 vapor etching, as depicted
in Figure 3.6. The device stack before optical lithography and colloidal mask deposition
consisted of the following from top layer to substrate: 10 nm Al203 protection layer
(ALD); 50 nm sacrificial Si protection layer (e-beam PVD); (130, 180, or 235 nm thick)
TiO2 (RF sputter), depending on colloid size; 650 nm sacrificial Si “Fabry-Pérot (FP)
cavity layer” (e-beam PVD); 10 nm Al203 chemical etch stop (ALD), and Si (100)
substrate. The Al203 protection layer was used to prevent colloidal mask undercutting,
and the 50 nm Si layer above the TiO2 was used to protect the TiOz from the mask particle
isotropic etch step (see below) and provide more anisotropic pattern transfer. Arrays of
open square areas of various size (0.2-0.6 mm2) were defined via photolithography (AZ
nLOF 2020) on the aforementioned device stack, developed, and used as templates for
colloidal mask (hydrophobic SiOz2, d =404, 507, and 690 nm; Bangs Lab) deposition using
a Langmuir-Blodgett (LB) dip-coating process that has been detailed elsewhere[23].
After colloid deposition, the photoresist mask was lifted off in n-methylpyrrolidone
(80°C), leaving behind square areas of hexagonally close-packed (HCP) colloidal sphere
monolayers on the wafer surface. The mask particles were then size reduced to d = 250,
350, and 425 nm in an isotropic ICP-RIE (Panasonic E640) with 30/20 sccm of CHF3/02

at 30 mTorr, 900 W ICP power, and no substrate bias. Nickel (60 nm) was then deposited
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via e-beam using the size-reduced colloids as a shadow mask, and the particles were
lifted off via ultrasonication, leaving behind an Ni hole array mask. The Ni hole pattern
was transferred into the underlying device stack with a capacitively-coupled RIE with
20/2 sccm of SFe/02 at 10 mTorr and 300 V substrate bias (Material Research E-51
etcher). The RIE was specifically stopped within the lower sacrificial Si layer, as stopping
on the Al203 substrate protection layer proved difficult; the presence of this Al203 layer
provided a robust chemical etch stop to clear the FP cavity using XeF2 (see below). The
Ni mask was subsequently stripped, and the residual Al203 was then removed with
TMAH-based developer. Finally, the sacrificial Si was removed from both sides of the TiO2
layer using a 1:2 XeF2/N2 vapor etch (Xetch System, Xactix, Inc). The inset in Figure 3.6
shows the wafer surface immediately before and after XeF2 exposure. Note that it was
desired to leave some SiO2/Si behind in the FP cavity layer to prevent collapse of the TiO2

hole array membrane (cf. Fig. 3.8(d,e)).
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FIG 3.6. Fabrication process for partially-suspended TiO; hole arrays, based on colloidal
lithography, metal mask deposition, and plasma RIE and XeF; vapor etching. Optical microscope
images of the sample before and after exposure to XeF, vapor are shown in the insets at the lower
right. © 2020, AIP Publishing.
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3.3.2 Optical measurements

Optical measurements were performed in a specular and off-axis configuration
(Fig. 3.7(a)) in a custom-built goniometer with a broadband D2-halogen illumination
source and fiber-coupled UV-Vis spectrometer (OceanOptics USB2000+). Specular and
diffuse reflectance measurements were normalized to a UV-reinforced aluminum mirror
(Thor Labs, PF10-03-F01) and a white Lambertian reference surface (roughened BaSOs4,
LabSphere), respectively. Angle-resolved measurements were performed with focused
optical fiber illumination (spot diameter ~300 um); the reflection signal was collected at

normal-incidence via a free-spaced optic fiber located 1 cm away from the sample

surface.
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FiG 3.7. (a) Experimental setup for specular and diffuse measurements, with 0sp = 400, B4itr = 45°
for normal-incidence illumination, and B4 = 45-75° for normal-incidence collection. (b)
Schematic of the FDTD simulation domain, featuring a 6-by-6 array of centered rectangular cells
representing a disordered, pseudo-HCP pattern of 72 total holes for the TiO; array with perfectly
matched top/bottom and periodic XY boundary conditions. © 2020, AIP Publishing.
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3.3.3 Optical simulations

The optical behavior of fabricated hole arrays was calculated via finite difference
time domain (FDTD) calculations with Lumerical. The simulation domain consisted of a
TiOz2 slab with 72 HCP cylindrical air inclusions (holes with pitch = 507 nm and diameter
= 365 nm), a 400-nm thick Si slab underlayer with coaxial air inclusions (diameter, d =
240-600 nm), and a semi-infinite Si substrate, as represented in Fig. 3.7(b). Simulation
features were chosen to match SEM images of the fabricated structures. A broadband
plane wave source (A =425-850 nm, blue) was injected near the top simulation boundary.
The top/bottom z-boundaries of the simulation region were modeled as perfectly
matched (absorbing) layers, with periodic boundary conditions applied in the x- and y-
directions. A reflection field monitor (purple) was positioned between the top surface of
the structure and the plane wave source. Disorder in the air hole location was introduced
as a uniformly distributed random offset (maximum 10% of the pitch) for the (x,y)
coordinates of each lattice position, scaled by the lattice pitch. Wavelength- and angle-
dependent scattering data were extracted with Lumerical’s grating analysis module,
which provided the fraction of total source power delivered to each diffracted order
present within the simulation domain. Three distinct hole configurations were sampled

and averaged for all disordered structure simulations.
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3.4 Results and discussion

3.4.1 Fabrication results

In line with the design principles described in the previous section, three
partially-suspended TiO2 hole arrays were fabricated with average hole-to-hole spacing
(pitch) of 404, 507, and 690 nm, as depicted in Fig. 3.8. The thicknesses of these hole
arrays were scaled with the pitch to maintain a near-constant optical path length, by
consulting the dimensionless plots generated above (cf. Fig. 3.4(g)). The patterned areas
appeared highly colored to the naked eye, and varied from blue to yellow to red in diffuse
ambient light as the pitch increased. Holes in the TiO2 layer were reasonably vertical with
sharp features (Fig. 3.8(a-d)), which was aided by high etch selectivity against the Ni
mask and 300V substrate bias. In general, hole arrays had a small amount of positional
disorder due to non close packing of the mask particles, and defects associated with
particle dimers/trimers and 5- and 7-fold packing faults that are commonly encountered
in LB deposition. Lattice disorder also occurred due to under-etching of the particle-
substrate contact point and from local electrostatic forces attracting neighboring
nanospheres during the isotropic CHF3/02 plasma etch for mask size reduction. Perfect
long-range order from the LB method is also hampered by rapid and irreversible
formation of small colloidal crystal domains or mosaics at the air-water interface during
deposition, associated with colloid size dispersion (PDI ~15% in our case) and surface

chemistry [24].
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Si substrate

FIG. 3.8. (a-c) Optical images of TiO; hole arrays: (a) 404 x 130, (b) 507 x 180, and (c) 690 x 235
(hole pitch x TiO; layer thickness [nm]), with electron micrograph insets showing a bird’s eye
view; scale bars are 2 mm and 1 um, respectively. (d) Cross-sectional view of the sample in (b).
(e) Wide field-of-view cross-sectional image of a supported hole array structure, showing the top

TiO; layer, sacrificial Si (labeled “s-Si”) and highly porous underlayer, as well as the silicon
substrate beneath. © 2020, AIP Publishing.

The cross-section images in Figs. 3.8(d,e) reveal that the TiO: top layer is
suspended on a porous underlayer (~400 nm thick) having a void fraction that is higher
than the TiO2 layer. The latter occurs because the SFs/02 etch is more selective for the
sacrificial Si underlayer compared to TiO2. The suspending “wall” material is largely SiO2
(or SiOz covered Si), created during Ni mask pattern transfer, that cannot be removed
during clearance of the sacrificial Si with XeF2 vapor. The presence of these walls,
obtained by stopping the sacrificial Si (cavity layer) etch within the layer (forming SiO2
in the process, followed by XeF2 clearance of the remaining Si through the TiO2 openings
down to the Al203 chemical etch stop on the substrate), was deemed necessary to prevent
collapse and preserve the modal behavior of the TiO2 membrane, as well as create a well-
defined interface for the cavity high reflector (Si substrate). The final thickness(es) of

these “walls” was determined by variations in the vertical extent of SiO2 formation during
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the hole pattern RIE step with the SFs/02 etch gas mixture. If an underlayer is not desired,
this may be accomplished by reducing or eliminating O2 from the etch chemistry. As
discussed later, this underlayer Si can modify the refractive index profile at the
underlayer-TiOz interface, which would attenuate and redshift the diffuse Fano mode
supported by the TiOz.

The generic processing steps employed above to fabricate hole arrays can be
applied to virtually any material system. Deposition of sacrificial silicon is relatively
substrate-agnostic, as is colloidal lithography and subsequent metal mask deposition.
Proper selection of etch chemistry and conditions (e.g., pressure and substrate bias) is
necessary to achieve a proper vertical etch profile, and XeF2 etching is highly selective to
silicon over oxides, metals, and photoresists. If a suspended Si hole array is desired, SiO2

may be used as the sacrificial layer with HF vapor used as the selective etchant.

3.4.2 Optical characterization of TiOz hole arrays

To further probe and understand how array geometry and disorder affect optical
behavior, the specular and diffuse reflectance properties of the 507 nm pitch (yellow)
sample were measured and compared with simulation, as summarized in Fig. 3.9. In a
specular arrangement (panel (a)), the reflectance spectrum (R, maximum ~10%) has a
broad, overlapping doublet-like feature around 600 nm and a single FP-like etalon mode
centered at 775 nm. The sample surface shows a slight distribution of colors from green
to yellow-orange in different square patterns when viewed in direct light (Fig. 3.9(a)
inset). The “air pore” diameters in the porous underlayer also vary (cf. Fig. 3.8(d,e)), so it
is probable that the Si fraction of the (SiO2) underlayer may be slightly different across
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the 300 um diameter illumination spot. FP resonances are highly sensitive to differences
in underlayer thickness and Si fraction (i.e., refractive index), suggesting that at least one
of the peaks comprising the 600-nm feature is a FP etalon that mediates the observed

color profile in the Fig. 3.9(a) inset.
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FIG. 3.9. Optical characterization and simulation of the 507 nm pitch TiO hole array. (a) Specular
reflectance spectrum with insets showing measurement configuration and optical image of the
surface in direct light. (b) Diffuse reflectance spectrum (solid red), with overlaid reflectance
curves for various underlayer Si fractions simulated with FDTD calculations. The inset shows the
surface of the sample in diffuse light. (c) Simulated specular hole array reflectance contour map
(10% disorder) as a function of underlayer Si fraction, showing long-wavelength FP etalon modes
(FP1 and FP2, caused by the external cavity formed by the TiO; layer and substrate) transitioning
to a broadband, high-contrast grating (HCG) mode. Dashed lines are only intended to guide the
eye. (d) Diffuse reflectance spectra with variable-angle illumination (45-75¢ off-normal) and
normal-incidence collection. Curves are offset for clarity. © 2020, AIP Publishing.

FDTD simulations were carried out to understand the origin of the optical
behavior described above; these calculations were conducted to evaluate the extent of Si

removal from the underlayer by varying the diameter of air pores embedded in the

63



(remaining) sacrificial Si between the TiO2 and substrate. Figure 3.9(c) shows a contour
map of specular reflectance as a function of the underlayer Si fraction (calculated from
air pore diameters). At high Si fraction (>50%), two Fabry-Pérot etalon modes (“FP1” and
“FP2”, panel (c), caused by the external cavity formed by the TiO2 layer and substrate)
can be discerned that correspond well with the experimentally observed peaks at ~640
and 780 nm, as shown in panel (a). Moving further down in Si fraction, the FP modes
disappear and a set of broad, high-reflectance features emerge between 500 and 600 nm
that correspond to high-contrast grating (Fano-like[18]) modes expected for an air-
suspended TiO2z layer. A broad FP (external cavity) mode also emerges above 700 nm
from the air cavity formed between the TiOz layer and the substrate. Careful examination
of cross-sectional SEM images shows that the distribution of local Si fractions in the FP
cavity lies between ~40-60%, the range where the three principal optical modes (high-
contrast, FP1, and FP2) occur in experiment (Fig 3.9(a)) and simulation (Fig. 3.9(c)).
The diffuse reflectance spectrum in Fig. 3.9(b) is more simple and rather broad
(max R occurs at 600 nm), and the patterned areas appeared yellow to the eye (see inset).
The spatial color profile across the wafer was remarkably uniform, which suggests that
the diffuse color behavior depends mostly on optical interactions within the TiO2 film,
rather than external FP air-cavity effects, as in the specular case. Simulated diffuse
reflectance curves at various Si underlayer fraction (dashed lines) show significant
sensitivity, with >50% Si content (dashed, black) removing all structural color. Lower Si
content allows a symmetric mode to emerge around 600 nm (31% and 18% Si, dashed
magenta and red, respectively), corroborating the experimentally observed feature and

is likely the lower-order Fano resonant pair from our simulations above. With even lower
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Si content (< 20%), the higher-order mode of the Fano resonance pair emerges (~475
nm for the yellow hole array), which would reduce the saturation of the apparent yellow
color. The 600-nm symmetric mode is suspected to emerge from the perturbed
hexagonal pore arrangement in the TiO:z film that repartitions any normal-incident light
captured by the TiO2 slab (through its effective-index, internal FP resonances), into
guided modes that preferentially and omni-directionally leak yellow light out into free
space [18].

Omni-directionality of the diffuse yellow color was probed by variable-angle
illumination and normal-incidence spectral collection, as shown in Fig. 3.9(d), as well as
the converse of this configuration (Fig. 3.10) for all structures. The measured spectral
features closely resemble those seen in Fig. 3.9(b), which would suggest similar optical
mode origin. A slight red-shift is observed with increasing incidence angle, which can be
attributed to the change in path length for light being coupled into the top TiOz layer via
internal FP resonance. However, the color remains reasonably constant to the eye, and is
a promising feature for implementation in wide-angle color applications such as passive
display elements.

The above computational workflow was repeated for the remaining two samples,
with SEM imaging informing top and underlayer geometry, which informed the
subsequent Si content parameter sweep to account for modal suppression by the
sacrificial underlayer material. All samples were found to be in excellent agreement with
measured spectra, and well within physically reasonable parameters. The 404-nm pitch
sample was especially devoid of sacrificial Si remnants, which allowed the higher-order

Fano mode to feature prominently in the diffuse reflectance spectrum at ~400 nm.
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FIG. 3.10. Characterization and simulation of the designed and fabricated TiO; diatoms. Scanning
electron micrographs and corresponding 2D Fourier transforms of the images (inset). Diffuse
reflectance spectra with normal-incidence illumination and variable-angle collection (40-80° off-
normal) and normal-incidence collection, along with computationally predicted scattering
spectra for 45° collection in dashed black. Curves are offset for clarity.

3.5 Conclusion

In this chapter, we explored the optical behavior of diatom frustules, and showed how an
increasing index contrast brings a rich optical modality and provides a wavelength-
tunable platform for broadband reflection, transmission, and (if inevitable geometric
disorder is present) non-iridescent color. As a proof-of-concept, scalable fabrication of
diatom-inspired TiOz hole arrays (gratings) was developed via Langmuir-Blodgett
deposition, vertical pattern transfer, and XeF2 etching of a sacrificial Si layer. These
structures showed angle-independent, saturated color, aided by the remaining Si
underlayer material to suppress high-order Fano modes.

FDTD simulations indicated that the specular reflectance behavior of the 507 nm
pitch TiO2 hole array was attributed to superposition of external FP etalon and high-
contrast grating reflectance (Fano-like) modes created by the inhomogeneous, Si-

containing underlayer supporting the hole array. The diffuse, angle-independent
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(vellow) color of the structure was attributed to lowest-order, de-tuned Fano modes
originating from the disordered hexagonal lattice perforations (holes) in the TiO2 layer
itself. Thus, through simple changes in colloid size and processing, it is possible to easily
create TiO2 hole array structures with well-defined color response across the visible
spectrum. Also, given the high etch selectivity of XeF2 to Si over a variety of oxides and
metals, the fabrication methodology presented herein can be used to create ultrathin,
suspended hole arrays of virtually any material for applications in photonics,

photovoltaics, optical displays, photocatalysis, and sensing.
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Diatom-inspired TiO-
nanomembranes for optical
refractive index sensing

(Adapted from the Optics Express article: Shapturenka, P., Stute, H., Zakaria, N. I., DenBaars, S. P.,
and Gordon, M. ]. “Color-changing refractive index sensor based on Fano-resonant filtering of
optical modes in a porous dielectric Fabry-Pérot microcavity.” Optics Express, 28(19), 2020.)

4.1 Introduction

In the previous chapter, we explored the design space for subwavelength-
thickness, diatom-inspired 2-D hole arrays and developed a robust fabrication scheme
for manufacturing them at wafer scales. The fabricated structures exhibited planar,
abrupt interfaces out-of-plane that support strong thin-film interference phenomena.
The short-range correlated order within the nanomembrane de-tuned, but did not
extinguish, the guided mode resonances supported by the hole array, which coupled to
the thin-film interference to provide the observed diffuse color.

In line with our earlier discussion of high-contrast gratings, this modal behavior
is highly sensitive to the refractive index of the surrounding environment. Naturally, this
would prove useful in refractive index (RI) sensing, or refractometry, which is employed

in a variety of fields for process control, substance identification, and diagnostics [1-3].
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RI sensing is generally performed with hand-held or bench-top instruments
incorporating prisms, optical fibers, and/or attenuated total reflection (ATR) optics that
rely on reflections from multiple interfaces; many of these approaches have impressive
optical sensitivity and resolution [4-9]. Development of multi-point, in-line process
control and lab-on-a-chip diagnostics requires increasingly smaller sensors [10], and the
need for a compact form factor often precludes straightforward integration of the
aforementioned incumbent technologies.

Recent advances in optofluidics and nanophotonics have enabled the deployment
of miniature refractometers [11]. These devices often incorporate microfluidic channels
[12-17] and/or resonators that rely on waveguided or whispering-gallery optical modes
[18-22] to minimize analyte volumes and deliver sensitive and high-quality spectral
response, respectively. However, ultra-high resolution and defect-intolerant patterns are
often necessary, leading to a costly tradeoff between production throughput and device
sensitivity. To enable mass deployment of technologies fully leveraging these advances,
there remains a need for scalable, defect-tolerant, and low-cost device schemes.

Toward this goal, the fabrication, characterization, and optical simulation of a
Fabry-Pérot microcavity (FPMC)-based refractive index sensing device that is
mechanically and optically robust, sensitive, and can be feasibly scaled up to mass-
producible wafer areas, is presented. A silicon high reflector (the substrate), porous SiO2
underlayer, and sub-A thick TiO2 nanohole array membrane make up the FPMC. The high-
index, quasi-ordered nanohole array filters high-order Fabry-Pérot (FP) cavity modes via

Fano-like resonances, while also allowing facile access of condensable vapors and
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nanoliter liquid analyte volumes to the FPMC. This provides an easy-to-assess color

change, quick response and recovery, and spectral sensitivity of up to 680 nm/RIU.

4.2 Experimental and simulation methods

4.2.1 Structure fabrication

The FPMC device stack (Fig. 4.1) was fabricated by depositing 10 nm of Al203
(ALD), 600 nm of sacrificial Si (e-beam PVD), 132 nm of TiO2 (RF sputter), and an
additional 100 nm sacrificial Si (e-beam PVD) in succession on a (100) Si wafer. Open
square areas for each sensor, with edge lengths of 300, 500, and 800 um, were defined
via photolithography using AZ nLOF 2020 resist. A monolayer of 404 nm diameter SiO2
colloids (Bangs Lab) was then deposited using a Langmuir-Blodgett (LB) interfacial
assembly method that has been detailed elsewhere [23]. The overall substrate coating
area is only limited by LB trough dimensions. The square arrays of SiO: particles
remaining after photoresist lift-off (heated n-methyl pyrrolidone) were size-reduced in
a CHF3/02 ICP plasma (30 mTorr, 900 W, no bias), and subsequently used as a shadow
mask to create an Ni hole array (60nm thick, e-beam) with ultrasonication to remove the
particles. The Ni hole array pattern was transferred into the device stack using an SF¢/02
RIE (10 mTorr, 300 V bias) with etch stop on the substrate; the metal was then lifted off
and the sacrificial Si in the FPMC cavity was partially removed with a XeF2 vapor etch
(Xetch System, Xactix). The TiO2 nanohole array membrane was thus suspended above

the substrate with a partial SiO2 support (etch residue created by the SFs/02 step, and

72



not removed by XeF2), as illustrated in Fig. 4.1(a). Further details of the processing can

be found elsewhere [24].

Fig. 4.1. (a) Scanning electron microscope (SEM) image of the on-wafer Fabry-Pérot microcavity
(FPMC) sensor. (b) Schematic representation of the structure in (a). Optical images of multiple
FPMC sensors in the (c) as-fabricated (in air) and (d) water vapor-infiltrated (i.e., detection of
water in human breath) states. Scale bars in (c) and (d) are 3 mm. © 2020, OSA..

4.2.2 Optical measurements

Reflectance (R) spectra of the FPMC sensor were measured at normal-incidence
(¥5°) using a six-around-one fiber bundle (solarized UV-vis with a 60 mm focal length
lens, giving a ~300 pum spot diameter); the bifurcated ends of the bundle were connected
to a D2-halogen broadband white light source (center fiber) and OceanOptics USB2000+
spectrometer (outer six fibers). Reflectance was referenced to a UV-protected aluminum

mirror (Thor labs PF10-03-F01).

4.2.3 Optical simulations

The optical behavior of the FPMC sensor was simulated using transfer-matrix

(TMM) [25] and finite-difference time-domain (FDTD) methods (Lumerical). Cross-
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sectional schematics of the simulated structures are shown in Fig. 4.2. The TMM
simulation domain (Fig. 4.2(a)) was set up with three homogeneous layers, the effective
refractive indices of which were obtained via the Bruggeman effective medium model
[26]: top (partial reflector) layer (75 vol% TiO2, 25 vol% analyte fluid), intermediate
(cavity) layer (40 vol% SiOz, 60 vol% analyte fluid), and Si substrate (high reflector). The
relative fraction of FPMC material vs. air (and where the analyte fluid would be present
in sensing mode) was first assessed with SEM imaging, and subsequently optimized to
match the simulated reflectance (R) with experiment.

The FDTD simulation setup for the sensor is shown in Figs.4.2(b,c), which
correspond to a TiOz nanohole array supported by an effective-index, semi-infinite
underlayer, and the full FPMC structure (as measured from SEM images), respectively.
The TiO2 layer was 132 nm thick with 214 nm diameter holes on a hexagonal lattice with
hole-to-hole pitch of 404 nm. The SiO2 underlayer for the full FPMC structure was 380 nm
thick, contained coaxial holes with a diameter of 328 nm, and placed on a 200 nm thick
Si (substrate) layer modeled with a perfectly matched boundary condition (i.e., no
reflection of light that was transmitted into the Si layer). The cylindrical inclusions in
both the TiO2 and SiO2 were filled with analyte with a variable refractive index of nfn. The
simulation domain encompassed a rectangular area equivalent to two hexagonal unit
cells, with perfectly matched (absorbing) out-of-plane boundaries and periodic in-plane
boundaries. A broadband plane wave source (A =[300, 1000] nm, 1 um above the FPMC
structure) was injected downward at normal incidence onto the FPMC structure, and a

reflection monitor was placed near the top simulation boundary.
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FIG. 4.2. Optical simulation domain configurations for the FPMC. (a) FPMC structure generated
via effective-medium approximation, calculated via TMM. (b) Patterned TiO; slab supported by a
semi-infinite, effective-index underlayer, calculated via FDTD. (c) Patterned TiO; and SiO; slab on
an Si substrate, calculated via FDTD. The resonances observed for all three configurations are
schematically represented by blue and red arrows for short (As < 600 nm) and long (A1 > 600 nm)
wavelengths, respectively. Simulation boundaries (orange), reflected field monitors (green,
denoted “R”) and downward-injected broadband plane wave source (purple, denoted “S”) are
positioned relative to the simulated geometries as shown. © 2020, OSA.

4.3 Experimental results and discussion

4.3.1 Structure fabrication

The optical response of the sensor was investigated via liquid infiltration with
isopropanol (IPA, Fig. 4.3(a)) and ethanol (EtOH, see Fig. 4.4), as well as with vapor
infiltration (humid air, Fig. 4.3(b)) by breathing on it. For Fig. 4.3, reflectance spectra
were collected from two different sensor areas (0.8 x 0.8 mm?2) on the wafer surface,
labeled sensor I and II, respectively. Infiltrating the structure with isopropanol (nira =
1.38, sensor I) resulted in a redshift of the reflectance spectrum above 600 nm by
~100 nm, and reweighting of peaks below 600 nm. Visually, the sensor switched from
deep red (as-fabricated) to bright green (infiltrated), as indicated by the optical image
swatches (solid borders) in Fig. 4.3. Correspondence of spectra with the observed colors

was evaluated by convolving spectra with the human photopic response according to the
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CIE 1931 XYZ color space via the open-source colorpy package [27] (dashed borders),
and agreement was excellent. Due to a measured dependence of reflectance spectra on
the collection angle (~2 nm/degree, due to slightly longer path length in the FPMC) and
a slight off-angle camera set-up, the simulated color swatches were obtained by red-

shifting all spectra by 5 nm.
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FIG. 4.3. (a) Normalized reflectance at normal-incidence (£5°) of the porous FPMC sensor in the
as-fabricated (solid red, in open air) and infiltrated with isopropanol (solid black) states.
Reflectance curves simulated with the effective-medium approximation (EMA) via the TMM are
also shown (dashed). Key spectral features are labeled (P1-3). (b) Normalized time-dependent
reflectance collected during water vapor infiltration (0 s, by breathing on it) and sensor recovery
(17 s). Swatches containing optical images (solid border) and human photopic function-
weighted simulation (dashed border) of the sensor color are featured for each spectrum. Sensor
[ and Sensor II denote two distinct square sensor areas on the wafer surface. A* represents the
maximum-reflectance wavelength for each un-infiltrated sensor. © 2020, OSA.

Figure 4.3(b) shows time-resolved, normalized reflectance spectra collected
during breath-based water vapor infiltration; observed and calculated colors were in
good agreement, as in Fig. 4.3(a). The sensor rapidly responded to water vapor
infiltration (< 1 s response, not shown) as water condensed onto the walls of the porous

underlayer and the reflected intensity sharply decreased. Spectral shape and mode
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location remained unchanged as the infiltrated sensor recovered, before returning to its

exact initial state upon complete analyte evaporation at 17 s.

4.3.2 Sensor performance

The refractive index sensitivity of the FPMC was obtained by tracking spectral
shifts of the P1 peak and the valley between P1 and P2 in sensor I and II spectra (un-
infiltrated features were used as reference), for all three tested analytes (IPA, EtOH, and
water from human breath). This yielded a linear response to analyte refractive index
(nfin), with sensitivities of 680 and 635 nm/RIU, respectively (Fig. 4.3(a)). Notably, these
sensitivities are comparable to other reported photonic crystal and interference-based
schemes [21,22,28-31]. The refractive index detection range is at least nsn = 1.3-1.4 as
validated herein, which captures a variety of aqueous and organic solutions. Given the
generic fabrication protocol, changes in structure and material composition may further
extend this range of applicability. Additionally, a dramatic change in normalized
reflectance at the un-infiltrated P1 peak wavelength (700 nm) was recorded, resulting in
a negative change of up to 50%, equivalent to ~600 % change in normalized R per RIU
(Fig. 4.3(b)). The latter suggests that the FPMC sensor may be used effectively in spectral
or single-wavelength (laser-based) detection configurations. Moreover, each FPMC
sensor cell (0.8 x 0.8 mm?) can hold up to 120 nL of analyte for full infiltration, calculated
from the lateral dimensions, total thickness, and void fraction of the device. Temperature
sensitivity of the sensor, i.e., due to thermal expansion of the cavity (SiO2 support and
Ti02), was also considered via FDTD simulations, and found to result in less than a 1-nm
redshift of the P1 mode peak for 100 K change.
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reflected and maximum intensity at the un-infiltrated P1 mode wavelength, A* (see Fig. 4.3). ©
2020, OSA.

4.3.3 Discussion of operating principles

The operating principle of the sensor was deduced by assigning experimentally
observed spectral features to optical modes. In order to discern modal origins,
simulations were performed with an effective-medium approximated structure, an
isolated TiO2 hole-array, and the full-device configuration. Figure 4.5 shows reflectance
contours generated as a function of nsn (1 to 1.5) for each configuration. The effective-
medium dielectric stack simulated in Fig. 4.5(a) shows three main Fabry-Pérot etalon
modes (FP1-3). The most prominent and experimentally relevant mode is FP1, which
redshifts significantly with nsii, and appears nearly identical to the FP1 mode seen in the
full-scale simulation in Fig. 4.5(c), and experimentally observed feature P1 in Fig. 4.3. FP1

is the only mode with appreciable intensity in the 600-650 nm range, resulting in the
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bright red color observed for the un-infiltrated sensor. The remaining higher-order FP
modes, FP2 and FP3, also redshift upon analyte infiltration, in line with expected thin-
film interference. It is of note that the reflected intensities of these simulated modes are
significantly greater than those of the measured P2 and P3 peaks; however, the model
does not consider any scattering effects induced by nanostructuring in the TiO2 layer and

therefore does not accurately represent optical behavior at shorter wavelengths.
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FIG. 4.5. Simulated normal-incidence reflectance contour maps of the FPMC sensor with analyte
refractive index ngy = 1 to1.5, configured as shown in the simplified schematics in each panel
corner (cf. Fig. 4.2). (a) Effective-medium approximated layers via TMM, (b) patterned TiO; layer
supported by an effective-index underlayer via FDTD, and (c) patterned TiO and SiO; slab on an
Si substrate via FDTD. FP1-3 denote Fabry-Pérot resonances. © 2020, OSA.

Guided modes supported by high-index-contrast nanostructures are known to
interact strongly with slowly-varying broadband continua, and this coupling can be
modeled by Fano resonances [32-34]. In order to isolate these modal contributions
within the sensor, a nanopatterned TiO2 slab was simulated with a semi-infinite,
effective-medium approximated underlayer beneath it. Two sets of Fano resonances
(denoted “Fano 1” and “Fano 2”) featuring the characteristic asymmetric and narrow-
linewidth shape can be discerned in Fig. 4.5(b). The Fano lineshape varies based on the

phase difference between the internal TiO2 Fabry-Pérot continuum state (out-of-plane
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FP modes) and localized states (guided in-plane modes), resulting in either enhanced
(Fano 1) or attenuated (Fano 2) reflectance relative to the FP continuum. Although P2
and P3 track the central mode positions of Fano 1 and 2, respectively, they are neither as
sharp nor as intense. We attribute the observed modal breadth to (i) the imperfect
normal-incidence measurement (+5° solid angle) and (ii) high translational disorder in
hole positions, given the high sensitivity of sharp optical Fano modes to angle and
ordering [24,35]. Regardless of ordering, the TiO2 layer essentially acts as a highly
wavelength-selective filtering element below 600 nm within the nfin range of interest.
The simulation results in Fig. 4.5(c) depict reflectance contours for the full sensor
structure calculated with analyte-infiltrated TiO2 hole array and SiO2 underlayer
features, as well as a silicon substrate beneath. FP1 fully retains the behavior observed
in Fig.4.5(a), while FP2 and FP3 are modified by the Fano resonances observed in
Fig. 4.5(b), induced by the nanostructured TiOz layer. The convolution of FP2/3 modes
and Fano 1/2 resonances, respectively, more accurately represent the mode locations
and intensities of P2 and P3 than the pure FP2/FP3 modes in Fig. 4.5(a). Notably, Fano 2
retains high reflectivity despite a considerable redshift, which explains sustained
increases in P2 intensity as the cavity is infiltrated (Fig. 4.3(a)). As discussed above, these
distributed Fano modes tend to diffusely scatter light off-axis at or near the locations of
FP2 and FP3, which favors a vivid red appearance in specular view. P2 is particularly
prominent while the sensor is infiltrated and contributes most directly to the apparent
green sensor color. We conclude that P1 is a pure Fabry-Pérot etalon mode, while P2 and

P3 are comprised of convolved Fabry-Pérot and nanohole-induced, broadly distributed
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Fano resonances that suppress specular blue light and yield a striking red-to-green color
transition.

When comparing experimental sensor performance in Figure 4a to the simulated
result in Fig. 4.5(c), it becomes evident that the approximately linear sensitivity in the
simulated FP1 peak (~250 nm/RIU) is less than demonstrated experimentally for nfin =
1.3-1.4 (~650 nm/RIU). While we have no definitive justification for this, several
plausible contributing factors may be (1) under-estimation of underlayer porosity due to
presence of hollow/nanoporous SiO2 supports, and/or (2) inaccessible pockets of air
inside the sensor, which can yield significant local differences in infiltration as dictated
by the surface tension of the analyte. As such, further iterations of the sensor could

feature surface treatments to help or control the degree of analyte infiltration.

4.3.4 Effect of short-range order on FPMC color response

As detailed above, the specular-view sensor color is highly sensitive to the
interplay of two distinct and sensitive optical resonances (microcavity Fabry-Pérot and
hole-array Fano), which in turn span the entire visible spectrum. The optical simulations
conducted (both TMM and FDTD), while proving useful in assigning modal locations, did
not fully account for the short-range correlated order of the TiO2 nanomembrane. The
resulting inaccuracy in relative modal intensities lead to unrealistic colors obtained by
CIE tristimulus weighting. In the case of TMM, layer homogenization precludes any Fano-
resonant behavior, and the intense high-order Fabry-Pérot peaks observed in the 400-
500 nm range for the dry sensor (Fig. 4.6(a,b)) therefore overwhelm the prominent red
color observed in experiment, yielding a turquoise-to-purple transition (Fig. 4.6(c)). The
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FDTD simulations improve color accuracy (Fig. 4.6(d)) showing the expected red color
for the dry sensor. However, the blue-violet modes supported by the perfectly ordered

high-contrast grating give a purplish hue instead of the experimentally observed green

color.
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FIG. 4.6. TMM-simulated and experimental specular reflectance curves of the (a) dry and (b)
infiltrated sensor, as well as apparent color profiles of the FPMC sensor with analyte refractive
index, ngy ,varied from 1 to 1.5, calculated with tristimulus values mapped onto the CIE color

space simulated with (c) transfer-matrix and (d) FDTD methods. Figures courtesy of Helen Stute
and reprinted from [36].

4.3.5 Enhancing sensor performance and sensitivity: permeable
distributed Bragg reflectors

The sensors discussed herein comprised the first iteration of such interferometric
devices, and as such, may warrant further investigation into improving future iterations.
As with any sensor, the signal transduction range must match the application desired; in

the case of refractometric sensing of liquids, we must be able to detect nfin from ~1.3 to
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1.5. If we choose to retain a clearly visible readout, then we must target a modal transition
that moves in and out of the visible-wavelength range. If the exact same structural
geometry is desired, we may consider improving the inherent finesse of the cavity (i.e.,
the sharpness of its resonances) by making the bottom reflector a non-absorbing metallic
layer (e.g., Ag or Al) for higher reflectivity at this interface, both owing to the reduced
absorption and increased overall reflectance relative to silicon. If the sensor is used in a
single-wavelength (laser-reflectance) configuration, care must be taken to harness the
corresponding increase in sensitivity and choose the proper wavelength to probe. If,
however, geometric constraints are lifted, we may tune a variety of parameters in the
existing structure such as underlayer thickness (cavity length) and hole pitch/radius to
design mode-selective filtering.

Given that our sensor leverages a constructive thin-film interference effect with a
two-layered dielectric structure, a natural extension of this structure is a periodic,
repeated lattice of this two-layer unit cell, which is expected to amplify the optical
response and extend the total analyte capacity and adsorption area. Technically, this sort
of structure falls under the category of a DBR, which was introduced in Chapters 1 and 2.
The unique features of our particular structure lie in its porosity and permeability,
yielding a highly reflecting element with relatively few periods, and the ability to fully
infiltrate the reflecting element itself with various media of interest. Figure 4.7 shows
the FDTD simulation configuration, as well as the effect of introducing up to three
additional bilayer periods to the FPMC stack. As expected, the absolute reflectance
increases dramatically, affording >95% reflectance over a ~100-nm stop-band with only

4 DBR periods, while retaining all of the desirable qualities of the original design.
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Accordingly, with some tuning of the FP1 band-edge position, it is possible to leverage a

much sharper and dynamic reflectance change than in the original design, improving

sensitivity and signal-to-noise ratio.
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FIG. 4.7. Semi-permeable FPMC-DBR simulations. At left: FDTD simulation configuration. At right:
contour maps of the specular reflectance response with increasing ngy for FPMC sensors with an
increasing number of top/underlayer bilayer stacks (1-4). Previously established modal
assignments are highlighted with dashed lines and text labels.

4.3.6 Diffuse optical behavior of the FPMC

Having looked extensively at the specular response of the sensor we discuss the
off-axis optical behavior of the structure to assess any discernible modal changes. Figure
4.8 shows the measured, spectrally-resolved diffuse scattering from the FPMC with
normal-incidence illumination and off-axis spectral collection via solarized fiber (Ocean
Optics). The diffuse spectrum of the dry sensor is, as expected, consistent with that of the

blue-colored TiO2 nanomembrane sample featured in Chapters 3 and 4, featuring the two
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prominent Fano modes which carry out the filtering required for the vivid red
appearance of the dry sensor. There is also a broad, low-intensity feature around 700 nm,
which appears to be diffuse scattering of the low-order Fabry-Perot mode (FP1),
presumably by the TiO2 membrane, after any photons transmitted through it have made
at least a single round-trip within the porous layer beneath it.

When the sensor is infiltrated (water vapor delivered by human breath), the
lowest-order diffuse Fano mode (Fano 1) vanishes and Fano 2 appears to undergo a slight
blueshift. Given that we see corresponding increases in the intensity of Fano 1 in the
specular reflectance during analyte infiltration, there may in fact be a re-partitioning of
incident light back into specular reflectance. Given that our analytes approach the index
of the underlayer silica material, analyte infiltration will in fact reduce the refractive
index variation in the highly disordered underlayer, rendering the curved and highly
irregular surfaces of the etched silica invisible to in-coupled light. The TiOz slab itself may
also be effectively “planarized”, further reducing diffuse reflectance. The diffuse FP1
remnant experiences a redshift, which is consistent with specular reflectance

measurements and simulations.
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FIG. 4.8. Diffuse reflectance of the FPMC sensor in the dry (blue curve) and infiltrated (orange)
states. Previously established and further postulated modal assignments are highlighted with
dashed lines and text labels, with the dry sensor exhibiting a prominent Fano 1 mode, which
vanished upon sensor infiltration.

4.4 Conclusion

In this chapter, we have demonstrated an all-dielectric Fabry-Pérot microcavity
resonator, comprised of a high-index TiOz2 output coupler and microporous SiO2z cavity,
for refractive index sensing. Analyte infiltration increases the effective refractive index
of the structure, red-shifting the primary Fabry-Pérot resonance wavelength. The TiO2
outcoupling membrane function is twofold, enabling facile analyte transport to the
microcavity and acting as a diffusely scattering photonic slab that filters higher-order
Fabry-Pérot cavity modes and affords an easily detectable color transition during
operation. The sensor is made via wafer-scalable techniques, shows sensitivities on par

with incumbent refractometers, and can be used in spectral and single-wavelength
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sensing modes, making it a versatile candidate for commercial deployment in

applications ranging from in-line process control to respiratory measurements.
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Stress engineering of III-nitride
emitters via patterned, relaxed
(1122) semipolar InGaN buffers

5.1 Introduction

Despite significant progress and multiple creative approaches taken toward the
realization of long-wavelength Ill-nitride based devices over the past decade, high
double-digit external quantum efficiencies remain elusive for GaN/InGaN based devices
for wavelengths longer than 525 nm (green, yellow, orange, and red). As detailed in the
introductory chapters, the reasons for this stem from the large lattice mismatch between
GaN and InGaN, which manifests in local and macroscopic crystal strain gradients that
degrade surface growth morphology, introduce diverse and potent nonradiative defects,
and amplify the deleterious effects of both spontaneous and piezoelectric polarization
fields inherent to the material system.

Efforts to realize efficient long-wavelength nitride-based devices can be roughly
classified into four main groups: (1) strain management, (2) strain templating, (3)
quantum dot and ion-assisted frequency down-conversion (e.g., phosphors and GaN:Eu3+

doping), and (4) growth of quaternary alloys, also known as total and non-negotiable
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capitulation. Here, (1) and (2) will be given the privilege of a more extended overview,
leaving the review for (3) and (4) as an exercise for the reader to enjoy at their leisure,
given the many limitations of (3) and currently insurmountable difficulty of (4).

A strain-management approach looks to mitigate existing or unavoidable
crystallographic strain. Possible strategies include micro- and nanopatterning device
layers and growing coherent and semi-coherent layers on alternative GaN substrate
orientations (for piezoelectric and/or %In uptake benefits) [1-3]. Another approach to
manage strain is polarization screening, which uses heavily doped or tensile adjacent
layers to counteract the large electric fields within the active region, leading to reduced
carrier densities and increased carrier wavefunction overlap [4].

Strain templating refers to the preparation of a growth surface that reduces the
lattice mismatch between compositionally distinct layers during heteroepitaxy and
relaxes the overall strain state of the system, removing the need for post-growth
mitigation. For the InGaN/GaN system, this is achieved with either bulk or thin buffer
layers that offer a lattice-expanded growth substrate relative to GaN. By growing on a
nominally In-containing surface, epitaxially grown emitting layers experience less
additional lattice mismatch, are more tolerant to In-rich layers, and expand the attainable
long-wavelength emitter design space. Strain-templating approaches include epitaxially
grown buffer layers (both uniform and compositionally graded), coalescence of re-
growth on masked or well-defined topographic features, and growth on mechanically
compliant layers prepared by thin-film transfer or underlayer porosification [5-7].

Recently, the latter methods have been touted as highly promising; devices on

compliant and lattice-expanded InGaN buffer layers have been demonstrated, though
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there is plenty of room for improvement in material quality, with estimated external LED
efficiencies of less than 1% [7,8]. In-rich InGaN growth on c-plane orientations quickly
nucleates V-pit formation from existing threads, and the resulting morphological
breakdown is difficult to manage [9]. Moreover, buffer quality can be quite
irreproducible, stemming from the mechanism by which basal-plane oriented layers seek
to relax strain, and accordingly the sensitivity of growth morphology to the epilayer
composition and growth conditions (e.g., temperature, pressure, III/V precursor ratio).
Once strain precludes step-flow crystal growth, clustering-prone modes and spinodal
InGaN alloy decomposition dominate the landscape, severely limiting the material’s
usefulness for device epitaxy [10,11].

Owing to the hexagonal wurtzite crystal structure of GaN, built-up compressive
stress in GaN/InGaN systems manifests quite differently on inclined crystallographic
planes relative to the basal plane (also known as semipolar planes). Heteroepitaxy of
moderately indium-rich layers on semipolar GaN faces elicits a resolved shear stress on
the closest-packed (0001) basal plane (also the most energetically favorable slip plane),
and is mediated by anisotropic glide and bend of threading dislocations (TDs) at the
heterointerface, forming misfit edge dislocations (MDs) (Fig. 5.1) [12,13]. This effect was
actively investigated in past decades for realizing semi-coherently strained waveguides
and cladding for laser diodes [2,3]; here, we instead look to semipolar InGaN layers as an
alternative frontier for fully stress-relaxed buffers for long-wavelength InGaN emitter
growth. Recent progress toward controllable, thick buffer templates is outlined, and
possible pathways for further template relaxation are proposed featuring both elastic

and plastic relaxation of thick InGaN buffer layers via micro- and nano-patterning.
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Fi1G 5.1. (a) Bird’s-eye view of an epilayer grown on a (11-22) GaN surface, showing the bend and
glide of a threading dislocation along the basal glide plane, forming a misfit dislocation at the
heterointerface. (b) Cross-sectional schematic of epilayer tilt induced by the perpendicular
component of the basal-plane misfit dislocations formed at the InGaN/GaN heterointerface,
depicted here on the (20-21) crystal plane [13,14]. © 2010 & 2011, The Japan Society of Applied
Physics.

5.2 Semipolar InGaN buffers

5.2.1 Strategies for controllable relaxation

Two distinct strategies exist for leveraging semipolar InGaN buffers for long-
wavelength devices. The first approach seeks to limit dislocation glide and maintain a
coherent, if metastable, heterostructure for subsequent epitaxial growth; this has been
demonstrated in the past with techniques such as limited-area epitaxy and growth on
1D-relaxed buffers [15,16]. The second approach embraces the eventual demise of fully
and partially coherent InGaN layers, and seeks to intentionally and fully relax the buffer
material into a pseudo-substrate. The second approach is of particular interest; as we
will see, the route proposed here combines the plastic relaxation mechanisms inherent
to semipolar stress relaxation with elastic Poisson relaxation, obtained by introducing
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free boundaries in the material through patterning, in the hopes of achieving full bi-axial
strain relaxation.

A fully coherent InGaN epilayer on GaN experiences an increasing compressive
stress with increasing thickness due to lattice mismatch between the two materials. On
semipolar orientations, the most energetically favored strain-releasing defect is a basal-
plane (BP) misfit dislocation (MD). At a certain thickness, the misfit strain released (¢€,,)
by forming such a dislocation (with Burgers vector b, and parallel/perpendicular/screw
components bj/b1/bs, respectively) exceeds the energetic cost to create it, at which point
MD formation proceeds spontaneously. This threshold is known as the Matthews-

Blakeslee (MB) critical thickness, h, given by:

_ bf+bi+ (1 —-v)b? (th> (5.1)
7 en(1+v)8mh "\

where v is the material’s Poisson ratio and ro is the dislocation core radius.

As mentioned above, misfits are initiated by the motion of glissile TDs along slip
planes, the most favorable of which is the basal (0001) plane for most orientations and
conditions (followed by (1011) prismatic and (1122) pyramidal planes). This is shown
for the (1122) growth plane below, in Fig. 5.1(a). The basal plane only intersects the
semipolar growth face on a single trace vector, which dictates that all basal-plane misfits
run parallel to one another; this is not the case for all other slip systems mentioned, which
propagate MDs along at least two symmetric traces and encourage TD multiplication via
MD intersection (seen as cross-hatching under cathodoluminescent imaging). Generic

slip vector traces are shown in Fig. 5.2 below for semipolar growth planes, as well as
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specifically for the {1122} growth plane [17]. Given the 1D nature of basal plane slip,
strain is released in only one direction. Furthermore, only the parallel component of the
misfit contributes to strain relaxation; the perpendicular component contributes to the

formation of a dislocation wall, leading to macroscopic epilayer tilt.

(a) c-plane m-ang (b) N m-plane

(1100]

FIG 5.2. (a) Schematic of the hexagonal wurtzite crystal intersecting a semipolar growth plane,
resulting in delineated basal and non-basal plane misfit dislocation propagation vectors. (b)
Schematic of slip planes associated with misfit dislocation formation specifically on the (11-22)
crystal plane [17].

The MB thickness criterion, while instructive and theoretically robust, remains
quite conservative in its estimations of usefully implementable epilayers in devices.
Studies exploring the epilayer composition and thickness design space on InGaN
epilayers achieved nearly double-digit InGaN compositions and thicknesses of over 100
nm, expanding the thickness design space by more than twofold over MB-delineated
limits [18,19]. It is to be noted, however, that these layers were partially relaxed, with at
least one active slip system. Unfortunately, growth of emitting layers atop these buffers
proved to be another nontrivial effort, as the elevated temperatures of subsequent re-
growth steps can provide enough energy to surmount barriers to further dislocation
generation and glide, exacerbated by the additional compressive stress generated by

depositing additional In-rich (>20%) layers. The introduction of tensile AlGaN layers and
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InGaN-based barriers/contact layers provided a reasonably successful strategy to
maintain a uniform, metamorphic strain state throughout the device stack.

Hardy et al further extended the limits of thick, semi-coherent layers by
suppressing non-basal plane slip with heavy p- and n-type doping, yielding high-single
digit In% buffers over 200 nm in thickness with nearly full 1D relaxation [20,21]. Koslow
et al. experimentally probed the onset of various slip systems on the (1122) orientation
and showed the benefits of additional relaxation by patterning nanostripes in the
direction orthogonal to BP MD propagation [21]. Building on this work, Koslow et al. also
showed slight improvements in long-wavelength single-quantum well LEDs by growing
on 1D-relaxed buffers relative to planar GaN reference substrates, as well as improved
EQEs of devices grown on nanostripe-patterned, 1D-relaxed buffers relative to planar
GaN references [15,21].

Having thoroughly surveyed the benefits of uniaxial relaxation, a rather natural
conclusion can be made about the additional benefits that may arise from biaxial
relaxation. Unfortunately, owing to the unfavorable non-basal slip that can easily activate
upon emitter re-growth, alternative approaches may be required that do not push the
thickness and composition design space to its very limits. One such approach is to spur
elastic buffer relaxation via micro and nanopatterning, which has been used effectively
to pattern quantum wells for relaxation of compressive strain in InGaN multiple quantum
well layers [1,22]. Below, this method is introduced, where a simple theoretical system
helps establish the potential impact of the technique.

The creation of a free boundary next to compressively strained material reduces

the volume-averaged stress components in the direction perpendicular to the boundary.
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Considering the simple case of uniform patterned stripes of width w of a strained epilayer

of thickness h and material Poisson ratio vf, the approximate volume-averaged stress
components orthogonal ({(oy,)) and along ({gy,)) the pattern direction are given by:

(5.2)

l w
(Oxx) = Oy {1 — ;tanhT}

[ w
(0yy) = Oy {1 — Vs ;tanh T} (5:3)

where Iis proportional to h [23]. Assuming that the material elastic constants are similar
for substrate and epilayer, one can reasonably approximate the hyperbolic tangent as a
summation [23]. The approximate misfit strain relaxed as a function of aspect ratio h/w
for an Ino2sGaN layer is shown below in Fig. 5.3. Evidently, an aspect ratio of only 0.4 is
sufficient to relax the majority of the misfit strain in the x-direction. A typical partially
relaxed InGaN epilayer relaxes misfit strain by approximately 50% owing to BP-MD’s; an
additional >80% reduction in the other axis through patterning would be a significant
step toward full biaxial relaxation. Even more promising is the extension of stripes to
pillars, such that both axes experience the full benefits of elastic release. While promising,
this is non-trivial to implement in practice; for a microLED with a 2-micron mesa width
(w = 2 um), an aspect ratio of 0.4 would require a buffer thickness of 800 nm, which
heavily limits the buffer’s indium content if catastrophic relaxation is to be avoided.
Evidently, dilute indium compositions, thick layers and small structures are optimal to

best leverage this effect.
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FiG 5.3. Normalized volume-averaged shear stress components along (y) and orthogonal (x) to
parallel stripes (width, w) etched into a Ing2sGaN epilayer (thickness, h).

Several nanofabrication routes are possible for creating submicron patterns.
Nanoimprint, electron-beam, and holographic lithography are all possible and can be
straightforward with commensurate development efforts; however, if we seek to merely
understand the strain and emission state of the buffer materials, we only need exert a
degree of control over the average feature size to control w. Device layouts often make
mesas sparse, small, and therefore difficult to probe spectroscopically. Colloidal
lithography (introduced in Chapters 2 and 3) proves to be sufficient (and in fact ideal)
for this application, providing a reasonable degree of feature monodispersity, radial
uniformity (circular pillars), and a large material area to probe for X-ray diffraction and

luminescence measurements.
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5.2.2 Characterization of 1D-relaxed InGaN buffers

A prerequisite for properly studying relaxed buffers is to grow a proper planar
buffer layer; it is nontrivial to navigate the composition and thickness design space to
render extensive 1D relaxation without crossing the critical thickness for activating non-
basal plane slip. If unsuccessful, intersection of various misfit dislocations initiates and
propagates TDs through any subsequently deposited layers. To this end, 250 nm of
heavily Si-doped (~1x101° cm3) Ino.osGaN (henceforth called a relaxed InGaN buffer or
‘RIB’) was grown on a 5 mm x 16 mm, free-standing, single side polished (1122) GaN
substrate (Mitsubishi Chemical Corp.). This substrate was sectioned into 4 pieces (each
~4 mm wide) for process splits. Cathodoluminescence (CL) imaging (ThermoFisher
Apreo C with Gatan MonoCL4 retrofit) and high-resolution x-ray diffraction was
conducted on the RIBs (SmartLab Hypix 2000, Rigaku Corp.) to qualitatively confirm 1D
epilayer relaxation and quantify composition/strain state, respectively. Fig. 5.3 shows a
suite of CL and x-ray diffraction data collected on RIB samples.

As shown in panel (a), CL imaging confirmed the exclusive formation of parallel
basal-plane misfit dislocations; no cross-hatching was observed (Fig 5.4a), suggesting
that one-dimensional MD formation was the single (or at least heavily predominant)
relaxation mechanism. This was further corroborated by reciprocal space maps taken
with the incident X-ray beam aligned along (projected m-axis) and orthogonal (projected
c-axis) to the TD glide direction, showing a significant Qx displacement due to a tilt
boundary only in one of the two directions. An m-parallel w-26 scan of one of the four

sectioned InGaN samples shows a cross section of the RSM in (d) along the Qx origin.
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FIG 5.4. Characterization of the partially relaxed IngosGaN epilayer grown on a free-standing
(1122) GaN substrate. (a) Spatially resolved panchromatic cathodoluminescence from the RIB;
parallel dark-line defects originate from the basal-plane MDs. (b) CL emission from the image in
(a); substrate emission at 365 nm is likely suppressed due to re-absorption by the RIB. (c) On-
axis c-parallel RSM, with substrate-layer (red-blue) tilt magnitude (o) denoted. (d) On-axis RSM
with beam parallel to [1100], showing the InGaN layer fully coherent with the substrate in this
direction. (e) High-resolution x-ray diffraction omega-2-theta scan down the Qy origin of (d),
showing a projection of the substrate and layer peaks.

Epilayer tilt and composition was determined with the method developed by
Young et al., wherein a simple relation between basal-plane misfit dislocation spacing
and epilayer tilt allows direct determination of composition and 1-D relaxation via a
single c-parallel on-axis reciprocal space map [14]. Briefly, the plastic strain released by
an ensemble of parallel basal-plane misfit dislocations with average spacing L is given by
&p = b/L, where b is the magnitude of the MD Burgers vector. As mentioned previously,
the perpendicular component, bi, contributes to epilayer tilt; accordingly, the
macroscopic epilayer tilt « supported by the formation of a low-angle misfit dislocation

wall can be approximated as L = b, /a, which is a function of 6, the inclination angle from
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the basal plane (~58° for (1122)). Finally, the plastic strain released can be represented
as &, = a cot 6. Epilayer tilt can be extracted from an on-axis reciprocal space map, with
beam optics aligned perpendicular to the MD glide direction (see Fig. 5.3(c)). The angle
subtended by the two lines connecting the substrate and layer peaks to the origin in
reciprocal space is the exact magnitude of epilayer tilt.

To fully account for the transformations that the RIB may undergo throughout its
entire processing history, it is important to precisely determine the epilayer composition
and relaxation state prior to buffer patterning and regrowth. Composition was verified
in two separate ways: x-ray diffraction and band-edge photoluminescence (PL). Once
again, we turn to Young et al, who extend their analysis of semipolar epilayer
heteroepitaxy to determining composition. By assuming that no relaxation mechanisms
besides basal-plane slip are active at the time of epilayer growth, the total misfit strain in
the epilayer is only a function of composition, minus the plastic strain relieved by the MD
array leading to epilayer tilt. By relating the residual elastic strain to the peak splitting
observed in the c-projected on-axis RSM we measured above, it is possible to arrive at a
single, unique solution for indium molar fraction in the epilayer.

As introduce above, the misfit strain profile on semipolar layers is anisotropic,
with ¢,,; and ¢,,, designating the projected m- and c-components. 1D relaxation acts to
relieve the misfit strain in the projected c-direction, yielding a new resultant strain, &,,,, =
€mz — &p- In parallel, the substrate-layer peak splitting can be considered with the

differential form of Bragg’s law:

Ad (5.4)



where 0s and 0L are the substrate and epilayer Bragg angles, and the corresponding d-
values are interplanar spacings. By rearranging Eq. 5.4 and modifying the experimentally
obtained interplanar spacing to account for the composition-dependent normal
component of the strain tensor, €,,, (i.e., transforming d; — d; (1 + ¢,,)), we obtain:

_dS(HL - 05) cot 05 = dL(]' + gZZ) - dS (55)

&,, depends on the misfit strains &,,; and &;,,, which in turn change with InGaN alloy
composition. This system is fully specified; with the measured epilayer tilt specifying one
variable, the only remaining unknown becomes the alloy composition, which is then
obtained by implicitly solving Eq. 5.5. The four RIB sections were all independently
measured with high-resolution c-parallel on-axis RSMs; the resulting epilayer tilt, layer
composition, and degree of relaxation (given by &,/¢,,,) calculated with the method
described above are shown in Table 5.1 below. The average indium mole fraction of the
epilayers was approximately 0.061. There appeared to be a slight gradient in both
composition and relaxation with increasing sample number (left to right across the full

substrate), very plausibly due to the slight radial non-uniformity across the growth

surface.
Sample 20can 20mcan Tilt a (?) In% % 1D-
relaxation
1 69.1015 68.3455 0.4854 6.13 82.21%
2 69.0968 68.3243 0.5329 6.35 87.15%
3 69.0955 68.3515 0.5205 6.13 88.10%
4 69.113 68.39 0.4924 5.93 86.20%

TABLE 5.1. Bragg angles for the GaN substrate and InGaN epilayer, extracted tilt magnitudes, and
calculated composition and relaxation values for each of the RIB sample sections.
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Epilayer alloy composition was further confirmed by correlating band-edge
photoluminescence to Vegard’s Law. InGaN layers were resonantly pumped at five
locations on each sample section (corners and center) with a continuous-wave 375 nm
diode laser (MKS Spectra-Physics Excelsior) in order to avoid absorption by the GaN
substrate. Emission was collected with an OceanOptics USB2000 spectrometer. Figure
5.5 below shows the PL centroid distributions for each sample (s1-s4); the centroids
appear to be rather tightly distributed and significantly different between samples, with
standard deviations less than or equal to 1 nm for all samples. Most strikingly, the XRD
and PL emission data correlated extremely well (Table 5.2); to verify this, Vegard’s law
was used to predict PL emission wavelengths for relaxed InGaN bulk layers from XRD-
derived composition values, with energy gaps and bowing parameter obtained from the
work of Orsal et al [24]. Conversely, bandgap energies were estimated from PL centroid
wavelengths, which were used to calculate alloy mole fractions. For the ternary InGaN

alloy system with molar In fraction xin and band-gap energies Ei, Vegard’s law gives:

Emcan = XmEmn + (1 — x1m)Egany — bxn (1 — xp) (5.6)

where b is the bowing parameter, which empirically accounts for nonlinear deviations in

bandgap with alloy fraction.
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FIG 5.5. (a) Box-and-whisker plot showing distributions of planar RIB photoluminescence (PL)
centroid wavelengths; samples (s1-s4) were pumped with a CW 375 nm laser at five locations.
(b) Location-averaged PL spectra for each RIB sample at band-edge emission wavelengths.

m% | & | MATOMAn g3, from XRD Mean PL
Sample (XRD) P (factoring in exp. ¢ fi"l laxed | centroid (nm)
mz 1D relaxation) (fully relaxed layer)
1 6.13 | 82.21% 6.34% 3.10eV /399.7 nm 399.5+1.1
2 6.35 | 87.15% 6.58% 3.09 / 401.0 401.2+0.3
3 6.13 | 88.10% 6.38% 3.10 /399.7 400.12 £ 0.6
4 593 |86.20% 6.08% 3.10 /398.4 398.26 £ 0.96

TABLE 5.2. Corroborated XRD and PL measurements for InGaN composition determination. Both
sets of measurements were cross-referenced by using Vegard’s law parameters to predict band
energies for XRD-derived compositions and predict compositions from PL-derived bandgap
energies, assuming partial relaxation as per XRD measurements. Excellent agreement was found.

5.2.3 Realizing micro- & nanopatterned InGaN buffers

Having fully and reproducibly verified the composition and strain state of the RIBs
under study, we are well prepared to track the evolution of this initial crystallographic
state with subsequent processing. As introduced theoretically in Section 5.2.1, patterning
stripes at an aspect ratio of close to unity is expected to relieve a significant portion of
strain in the direction orthogonal to the stripes. Although this would require rigorous
verification, it can be entertained that a Cartesian-to-cylindrical coordinate

transformation of the shear stress analysis above would yield comparable results for
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biaxial strain relaxation in cylinders of diameter w. Considering the point at which
. - h . . .
relaxation tapers in Fig. 5.3, ~€ {0.25,0.5} would make for instructive aspect ratios to

experimentally evaluate; for a RIB 250 nm in nominal thickness, this corresponds to
cylinder diameters of 500 and 1000 nm. Both feature dimensions are in the proverbial
“wheelhouse” of colloidal lithography, which we identified as a suitable and simple
method for our suite of spectroscopic measurements. Furthermore, silica exhibits a
reasonable etch selectivity to nitrides in chlorine plasma (~5:1), allowing the nanosphere
itself to be viably used as an etch mask. Having patterned the buffers, we may proceed to
re-growth on the top face of these etched structures and re-apply the characterization
suite featured in Fig. 5.4. Figure 5.6 below shows a simplified, idealized schematic of the

fabrication process.

/ SiO, particle array

OO0 it QO QD QD QD  coiein
1D relaxed InGaN 1D relaxed InGaN _‘ D Ij I_I |_| D ’7

GaN Substrate GaN Substrate GaN Substrate

FIG 5.6. Idealized process flow for fabricating patterned InGaN buffer features with colloid
deposition, followed by plasma-based mask reduction and pattern transfer. Adapted from [23].

Aside from the set of patterned RIB samples, it is instructive to introduce a set of
reference samples to deconvolve the many effects of topography on subsequent buffer
performance metrics, once emitting layers are deposited on top of it. As such, all
patterned RIBs were accompanied with an analogously processed GaN substrate, with
nearly identical etch geometry to the InGaN buffers. A summary of samples thar were

processed, along with pattern sizes, is featured below in Table 5.3.
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Sample Material Pillar size/original mask Re-grown material
diameter (nm) (co-loaded)

1 Planar reference 3 multi-quantum wells
2 RIB 1000/1800 (MQWSs, nominally
3 500/690 3/14 nm well/barrier
4 Planar reference thickness) with thin
5 GaN 1000/1800 GaN buffer and cap
6 500/690 (total: ~110 nm)

TABLE 5.3. Summary of all samples involved in the RIB study.

Micro- and nanopillars were fabricated as follows: three RIB samples and three
free-standing GaN substrate sections were cleaned by submerging them sequentially in
each of acetone, isopropanol, and DI water for three minutes under high-intensity
ultrasonication, and then dried with Nz gas. 15 nm of Al203 was deposited on the nitride
surface at 300°C via atomic layer deposition (FlexAL, Oxford Instruments) to protect the
surface from subsequent processing steps. A 200-nm amorphous SiO2 hard mask was
then deposited via PECVD (PlasmaTherm 790), with two sequential depositions of 100
nm separated by a 30-second DI water dip to interrupt the formation and propagation of
random pinhole defects. Deposited Al203 and SiO2 thickness was measured on a silicon
witness sample with ellipsometry (J. A. Woollam M2000-DI); thickness was extracted
from the data by fitting with a model assuming a Cauchy-dispersive layer on silicon
(CompleteEASE software). A thin photoresist (PR) layer (THMR-IP3600 HP) was spin-
coated and baked at 90°C for 90 seconds, to serve as an etch mask and protection layer
for the underlying SiO2 hard mask layer. The PR was treated with 5 minutes of UV/03 (M-
144AX, Jelight Company Inc.), rendering it hydrophilic in preparation for LB dip-coating.

Close-packed colloid monolayers (d = 690 nm and 1800 nm) were deposited on a
total of four of the six samples (Table 5.3) via LB deposition (see Ch. 2 for details). To
define the diameter of the eventual pillar structures, colloids were reduced in size tod =
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475 and 1100 nm with CF4/Ar plasma (40/10 sccm) in an isotropic ICP (Panasonic E640)
at 30 mTorr, 900/0 W forward/bias power (avg etch rate: ~20 nm/min, increases with
etch time); several cycles of SEM imaging and etching were necessary to arrive at the final
diameter. Subsequently, the resulting mask pattern was transferred into the PR via 02
plasma (40 sccm) at4 mTorr, 75/75 W forward /bias power (etch rate ~80 nm/min). The
PR pillars were used as an etch mask for the underlying conformal SiO2 hard-mask;
samples were subjected to an anisotropic, capacitively coupled reactive ion etch
containing a CHF3/CF4/02 gas mixture (5/15/2 sccm) at 4 mTorr and 350 V bias voltage
(E-51 RIE system, Materials Research Corp., etch rate: ~15 nm/min). PR and any
remaining particle residue were removed by ultrasonicating in n-methyl pyrrolidone
(NMP) at 80°C for 10 minutes. The result was an array of roughly cylindrical SiO2 pillars
on a pristine nitride surface. Finally, the SiOz pillars served as an etch mask for a Cl2/Nz
(12.5/7.5 sccm) vertical ICP etch at 500/200 W forward/bias power and 9 mTorr
(Panasonic E640) to transfer the circular pattern down, leaving an array of cylindrical
nitride posts with tapered sidewalls. Care was taken to etch through the entirety of the
InGaN layer, which established a free boundary along the entire RIB and fully removed
the InGaN/GaN heterointerface. SiO2 and Al203 residue was removed with a 5-minute
25% aqueous HF acid treatment. A process schematic and accompanying set of SEMs are

shown in Fig. 5.7.
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FIG 5.7. (a) Schematic and (b-k) bird’s eye view electron micrographs of micro- and nanopatterned RIB processing. SEM images show the
results of each of the latter five processing steps in (a) for (b-f) micron-scale and (g-k) sub-micron features. The insets in (g) show a plan
view of varying extents of particle mask size reduction. Scale bars are (b) 5 pm, (c-e) 2 um, (f-j) 1 um, and (k) 500 nm, respectively.



Patterned RIB samples were characterized with PL, CL, and reciprocal space mapping
to assess changes in buffer material emission and strain state. Figure 5.8 shows the results
of PL measurements performed on the patterned and planar samples (SpectraPhysics, CW
375 nm laser diode pumping). A very slight blueshift (401 = ~399 nm) is observed in the
nanopillar RIB emission peak, which may suggest a reduction of the piezoelectric
polarization field within the bulk InGaN layer [1]. The increased PL intensity with reduced
feature size is attributed to enhanced light extraction. CL imaging confirmed the PL emission
trend and is shown below in Fig. 5.9(a); the blueshift observed here was greater in
magnitude (399 = 397 - 393 nm). As 365-nm peak appears after patterning, attributed to
the now-exposed GaN substrate which can be observed in panel (b). While blueshifts can
also arise from carrier-induced band saturation and subsequent electric field screening at
the high carrier densities achieved by a focused electron beam spot, all samples experienced

the same beam conditions (5 kV, 1.6 nA injection), making this contribution unlikely.
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FiG 5.8. Photoluminescence (PL) of patterned relaxed InGaN buffers. The inset zooms in on RIB
emission near 400 nm, showing the nanopillar blueshift relative to micropillar and planar samples.
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FI1G 5.9. Cathodoluminescence (CL) characterization of (b) 1.1-micron and (b) 475-nm patterned RIB
pillars. CL spectra are shown in (a), plotted against the planar RIB emission spectrum as reference. A
monotonic emission blueshift is observed with reduced feature size. Plan-view scanning electron
micrographs, monochromatic CL micrographs for A = 365 nm (GaN substrate) and 395 nm (Ing.0sGaN
buffer), and panchromatic CL micrographs are shown for each sample. The basal-plane misfit
dislocation propagation vector, [1100], is highlighted in the panchromatic image in (c). Scale bars are
1 pum in (b), and 2 um in (c) unless otherwise noted.
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Plan-view SEMs in panels (b) and (c) show pillars arranged in a quasi-ordered
hexagonal configuration and helped identify the sources of emission in the CL spectrum.
Monochromatic CL imaging at 365 nm and 395 nm confirmed the two emission peaks in Fig.
5.8(a) to be the GaN substrate and RIB layer, respectively. The RIB pillars absorbed the GaN
substrate emission at 365 nm, creating a silhouette that was expectedly filled by the RIB
emission profile at 395 nm. Some pillars contained dark-line defect fragments, which are the
remnants of the basal-plane misfit dislocations generated at the substrate/layer interface
during epilayer growth. Although present in both patterned samples (discernible in the
panchromatic image in (b)), they are particularly visible in the micron-sized pillars at all
magnifications, as evidenced by the panchromatic CL image in panel (c). No further defect
formation or rearrangement was expected; clearing the energetic barriers required to
initiate plastic relaxation and defect propagation requires MOCVD-like temperatures
(>600°C), which were not approached at any point in cleanroom processing.

While CL provided a promising trend in emission wavelength with feature size, X-ray
diffraction, in particular reciprocal space mapping, more quantifiably revealed the change in
RIB strain state. The epilayer peak shape and its separation from the substrate significantly
changed after patterning; RSMs of the (112) on-axis symmetric reflection along the projected
m- and c-axes, as well as the (213) m-parallel asymmetric reflection, are shown before and
after patterning for both pillar sizes in Fig. 5.10. As found earlier in this section, a significant
portion (80-90%) of the c-projected (parallel to [1123]) misfit strain was relaxed via basal-
plane MDs, meaning no significant change (i.e., less than 10% additional relaxation) is
expected in that direction. This was indeed the case; the [1123]-aligned scan showed a slight

decrease in peak separation, but the peak topography was mostly unchanged.
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FiG 5.10. On-axis a/symmetric reciprocal space maps of patterned RIBs with feature diameters d ~
475 and 1100 nm, pre- and post-processing. Secondary small peaks in the nanopillar RSMs originate
from the planar, un-patterned area at the edges of the nanopillar sample. Long, diffuse streaks in the
GaN substrate peak arise from monochromator divergence along the 20 scan axis.
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The m-parallel on- and off-axis reflections change much more dramatically with
patterning. Significant peak broadening is observed in the w scan axis for the 1100 nm RIB,
indicating limited lateral correlation lengths, often through mosaic spread [25]; however,
given the single-crystal nature of the sample, this may instead correspond to a broad
distribution of strain-induced lattice states radially from the center of the InGaN pillar along
this direction. The d-spacing (Qz) distribution appeared to be relatively unchanged, while the
overall peak splitting was greatly reduced after patterning. The 475-nm RIB sample showed
a similarly distributed, but sharper set of InGaN peaks; substrate-layer peak splitting was
even more reduced than the micropillar sample. Secondary, smaller peaks that appear to
have a higher peak splitting in fact originate from a planar, unpatterned edge area on the
nanopillar sample. Interplanar spacing differences for the full suite of accessed reflections
are tabulated in Table 5.4. A monotonic decrease in all peak splitting magnitudes was

observed with decreasing diameter.

hrorientation) | Adpane 100 D75
112 (c) 0.01360 0.01060 0.008727
112 (m) 0.01355 0.01009 0.009101
114 (c) 0.01374 0.01111 0.010228
202 (m) 0.00924 0.00679 0.005813
213 (m) 0.01341 0.01145 0.007532

TABLE 5.4. Set of all samples in the RIB study.

While this is the subject of current work, several approaches can be taken to
determine the exact RIB lattice constants. If we assume total c-projected strain relaxation,
the relations from Young et al. can be modified to yield an m-projected degree of relaxation

exclusively through on-axis layer peak shifts. Alternatively, direct interrogation of the in-
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plane lattice constant is possible with off-axis, asymmetric reflections, and/or specialized
sample mounting for access to nominally inaccessible reflections that yield lattice constants

directly through Bragg’s law.

5.2.4 Quantum-well re-growth on patterned, relaxed InGaN buffers

The previous section showed that dramatic, non-destructive biaxial relaxation was
achievable in relatively thick, moderately indium-rich InGaN buffers through a unique
combination of built-in plastic relaxation during epitaxial growth and patterning at micro-
and nanometer length scales. Having confirmed these relaxation trends with multiple
spectroscopic techniques, we deposit emitting layers on top of these buffers to assess their
efficacy in managing strain and non-destructively increasing indium uptake.

Discerning the effects of strain on active regions is challenging on planar samples, not
to mention on micro- and nanoscale topography. Indium-rich (xm > 0.2 ) quantum well
emission wavelengths are particularly sensitive to indium mole fraction and thickness; when
strain-induced piezoelectric fields are introduced, it becomes difficult to deconvolve various
contributions. Moreover, micro- and nanopatterning introduces several additional
considerations that should be carefully taken into account; in order of decreasing dynamic
wavelength range, they are as follows: (1) faceting and subsequent emission from a variety
of emerging, stable crystallographic planes with differing growth rates, QW thicknesses, and
indium uptake (>100 nm spread); (2) substantially increasing surface area per nominal
substrate area with decreasing feature size, reducing the growth rate and corresponding QW
thickness (leading to considerable emission blueshift, up to 40 nm/nm); (3) increased

indium incorporation, owing to varying extents of relaxation and resulting lattice constants,
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undoubtedly red-shifting emission; and (4) greater strain relaxation reducing active-region
piezoelectric fields, which blue-shifts emission. Evidently, a tug-of-war of epic proportions
can arise between these competing effects.

To manage and distinguish between the contributions of each effect detailed above,
growth substrates should have minimal variation in growth rate and minimal crystal
faceting. Identical surface area with varying feature size would demand selective and
exclusive masking of the etched sidewalls, which is difficult with a self-aligned process;
however, a reasonably vertical etch profile will help parse growth rate reduction using the
simple geometry of a field of cylinders (to be explored later in this section). Limiting faceting
is difficult; finding the growth conditions (e.g., pressure, temperature, I1I/V precursor ratio)
that preferentially conserve the top semipolar growth facet is nontrivial, if impossible; a
more pragmatic way to limit the effect of faceting is to minimize the total thickness of the re-
grown active region while ensuring sufficient signal for further spectroscopic studies. Thus,
three regrown quantum wells (~3/14 nm nominal well/barrier thickness) were chosen for
a proper thickness-signal tradeoff; factoring in a small amount of GaN spacer material under
the QWs and a protecting GaN cap on top, total deposited thickness comes out to no more
than ~110 nm (on a nominally flat surface).

Quantum well regrowth was performed by co-loading all GaN reference and RIB
samples into one growth run to eliminate run-to-run reproducibility as a confounding factor.
The following layers were grown via MOCVD (growth ID: 210325ER): 30 nm of high-
temperature GaN (TMGa, 1000°C), another 20 nm of GaN at QW conditions (TEGa, 795°C), 3
periods of InGaN QWs/GaN barriers (~3/12 nm wells/barriers, 785°C), and 10 nm of

capping GaN material (TEGa, 862°C). Samples were corralled with c-plane GaN grown on
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sapphire and were arranged approximately a half-radius away from the center of the
susceptor to minimize the effect of radial growth rate nonuniformity. The approximate xm of
the quantum wells was estimated to be 0.2-0.25 with XRD calibrations. Using GaN corrals
(vs. the usual plain sapphire) also serves a built-in gauge for these non-uniformities and
introduces another back-up to help characterize the emission of deposited material.
Samples were characterized with a suite of microscopic and spectroscopic
measurements to extract layer morphologies, compositions, thicknesses, and emission
properties. SEM imaging surveyed the microscopic regrowth morphology, and patterned
sample micrographs are shown below in Figure 5.11(a). Multiple crystal facets
asymmetrically protrude beyond the originally defined cylinders, especially on the smaller
pillars. The top (1122) plane area is reduced and partially replaced by prominent wings on
two sides, which are presumably a family of m-plane nonpolar facets. Moreover, easily
discernible V-pit defects are present on one facet, which can be unequivocally assigned as
the (0001) basal plane. Surprisingly, the c-plane facet appears to be larger on the RIB pillars,
while V-pit density seems lower; it is unclear whether the buffer’s reduced lattice mismatch
helps template higher-quality c-plane material, but this is a positive unintended result.
Cathodoluminescence was conducted after re-growth to probe RIB-templated
emission. The resulting images are shown in Fig. 5.11(b), with the planar sample being the
most visibly defective by far. Line and point nonradiative defects taint the landscape; the line
defects are the misfit dislocations (MDs) introduced earlier. Given their prominence in the
400-nm monochromatic image (RIB layer emission), all MDs likely reside at the substrate-
buffer interface. Lighter, vertical lines are the previously formed basal-plane misfits, while

the darker lines that intersect them are non-basal plan (NBP) MDs. Evidently, the deposition
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of emitting material atop the planar buffer introduced enough additional strain to activate a
secondary, prismatic slip system across the sample, as evidenced by the high prevalence of
NBP MDs across a large portion of the sample, as seen in the low-magnification panchromatic
image. As mentioned previously, intersecting MDs form TDs, which are accordingly present
in both pan- and mono-CL, and in the locations where the MDs intersect. In summary, by
growing emitting layers on top of a thick, partially relaxed planar buffer, we have failed to
avoid undesirable slip; this is fully consistent with observations in prior work [17,18].

In stark contrast to the planar buffer, both patterned samples were surprisingly
devoid of defects. BP-MD fragments identified in the pre-growth RIB micropillars were still
visible in both pan- and mono-CL, but they appeared to be much less prominent.
Furthermore, they seemed to be almost completely undetectable in the nanopillar case, with
only faint traces of the MDs observed in the low-magnification pan-CL images. The mono-CL
at MQW emission is extremely uniform, and the basal-plane MDs do not appear to play any
role, as they are pinned to the lower substrate-epilayer interface. Finally, it appears that the
absolute basal-plane MD line density at the substrate/layer interface was reduced relative
to the pre-growth MD count. This is remarkable and, to this author’s knowledge, has not been
observed in prior work. Nonetheless, careful TEM analysis is required to make any concrete
claims about changes in MD distribution and density. For now, we shift the focus of our
discussion to the spatially resolved mono-CL profile to assign emission contributions from

various emerging facets.
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BP misfits

Mono: 400 nm Mono: 418 nm Panchromatic, ~500x

FiG 5.11. (a) SEM images of multi-quantum wells (MQWSs) re-grown on patterned relaxed InGaN
buffers (RIBs) and GaN pillars. The basal-plane misfit dislocation (MD) propagation vector, [1100],
is highlighted in each image. The basal c-plane is highlighted, as well as the signature V-pit defects
that form exclusively on it. (b) Pan- and mono-chromatic (RIB and MQW emission peak wavelengths)
cathodoluminescence (CL) imaging of RIBs. Basal-plane (BP) and non-basal (NBP) MDs are labeled.
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As previously mentioned, the effects caused by regrowth on a nonplanar surface are
crystal faceting, as well as changes in QW thickness, indium content, and strain relaxation
relative to a planar surface. The broadly distributed emission due to crystal faceting can be
deconvolved by considering a finer wavelength sweep of spatially resolved mono-CL and
assigning emission to discernible facets. Figure 5.12 shows mono-CL wavelength mapping
(365-540 nm) and emission spectra (340-480 nm) of re-grown MQWs on RIB and GaN
micropillars. The presence of a RIB layer is highlighted by the silhouette in the 365 nm image,
which does not appear in the GaN pillar sample since the GaN substrate is present directly
under the re-grown MQWs. After locating the top (1122) face in SEM imaging in Fig. 5.11(a),
top-area MQW emission peaks are 405/425 nm for GaN/RIB samples, respectively, which
comprises a 20-nm redshift at the same nominal QW thickness (same feature size). Further,
owing to the low symmetry of the (1122) facet, the crescent-shaped areas emitting at long
wavelengths are easily assigned to the previously identified basal c-plane. The mono-CL
images for longer wavelengths appear more intense for the RIB sample than the GaN
reference; 540-nm emission was detected in the RIBs (vs. 520 nm for GaN).

Comparing CL emission spectra within the RIB sample group (Fig. 5.13(a)) did not
show a clear trend in emission wavelength, with micropillar-templated MQWs redshifted
(423 nm) and nanopillars blue-shifted (415 nm) relative to the planar RIB case (419 nm).
There may be several factors at play; in the previous section, we established a stark decrease
in buffer strain with decreasing feature size, which, all else being equal, should red-shift the
emission from increased MQW indium uptake and blue-shift the emission due to
piezoelectric field reduction. However, a growth-rate reduction owing to increased sidewall

surface area can reduce QW thickness and drastically impact emission.
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FiG. 5.12. Panchromatic and monochromatic cathodoluminescence (CL) characterization of GaN and RIB micropillars with a 3xMQW
regrowth. CL spectra are plotted, with the mono-CL wavelengths demarcated with color-coded dashed lines. Photomultiplier tube (PMT)
voltages featured below each image provide a rough guide for the necessary gain to detect sufficient light emission (lower PMT voltage >

more intense material emission).
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FiG 5.13. Cathodoluminescence (CL) spectra comparing various sample sub-groups to deconvolve
the effects of QW thickness and In uptake on emission wavelength. (a) Comparison of MQW re-
growths on flat GaN and all RIB samples, showing a reasonable redshift of planar RIB relative to GaN
but inconclusive size-dependent trends. (b) Comparison of emission on all GaN samples, showing a
blueshifted emission trend with smaller feature size, presumably due to QW thickness reduction. (c)
Comparison of GaN and RIB pillars of different sizes, where a significant (> 10 nm), consistent
redshift is observed in RIB vs. GaN samples of equal feature size.

Stepping back and comparing the planar re-growth cases (GaN and RIB), we observe
a red-shift in the MQW emission, with comparable emission intensity from the RIB-
templated sample despite significantly more NBP-MD/TD prevalence. This is sensible;
assuming the QW thickness (i.e., growth rate) is comparable on the two planar surfaces, a
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redshift can only suggest an elevated xin in the RIB-templated MQW layer, which is our
desired result (piezoelectric relaxation could only cause blueshift on this Ga-polar
orientation). Unfortunately, the planar RIB template is not fully relaxed and has become
defective, reducing its utility in devices. As mentioned and shown in prior work, AlGaN layers
may help maintain a stable, metamorphic strain state that persists after active region growth,
and can also act as carrier blocking layers to suppress nonradiative recombination (usually
at the expense of voltage) [17,21]; however, this is difficult to achieve and optimize.

To isolate the effect of growth rate on emission wavelength, it is instructive to
consider systems where the MQW strain state is consistent with different feature sizes. This
can be straightforwardly probed by considering the full GaN sample set; the thin re-grown
layers should be pseudomorphic to the free-standing GaN substrate surface, which in turn
should be completely relaxed, and therefore unchanged by patterning. Fig. 5.13 (b) shows
the CL emission of the GaN samples; as expected, the only two emission peaks present are
the GaN substrate and MQW emission, and a monotonic blueshift in the MQW emission is
observed with reduced pillar diameter. While probing the active region more directly to
confirm QW thickness would help bolster our argument, this lends further credibility to a
growth-rate decrease. Patterned GaN and RIB samples are shown in Fig. 5.13(c) to assess the
role of the buffer with equal feature sizes; we see a consistent red-shift trend building on our
CL-mapping observations in Fig. 5.12. Combining the above observations, we conclude that
the RIBs successfully incorporated higher xin despite thinner quantum wells, which detract
from the redshift we would otherwise see on the smaller, more relaxed pillars.

Previously, we discussed our tradeoff of regrowth thickness and spectroscopic signal.

Three QW periods form a repeating bilayer structure with two compositionally distinct
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materials (also known as a superlattice); if the signal-to-noise ratio permits, we can resolve
the fine structure of the resulting interference between each layer’s Bragg diffraction. The
separation of interference fringes thus formed can be converted into a real-space length,
which is the sum of the QW and barrier thickness. Combining this with growth rate
calibrations and the ratio of growth time for QWs and barriers, a reasonable estimate for QW
thickness can be obtained. If successful, this yields unequivocal evidence of thinner quantum
wells, and can be leveraged as indirect proof of increased indium uptake in RIB-templated
emitters. Accordingly, coupled, symmetric w-20 triple-axis scans along the m-projected
crystal direction of our re-grown GaN reference samples were analyzed (GaN references
were chosen to avoid fringe convolution from RIB layers). Figure 5.14 shows the planar GaN
reference w-20 scan, with discernible fringes labeled.

The characteristic spacing ds. of a superlattice displaying n fringes in a coupled w-26

scan, with initial and final fringe locations wi and ws and X-ray wavelength 4, is given by:

Qo = An
SET . (sin ws — sin wi)

MQW periods were extracted from the three GaN samples; the RIB sample scans were less
intense and more difficult to resolve; nonetheless, all six MQW sample spacings are given in
Table 5.5. Simulations in X'Pert Epitaxy software were conducted thereafter to corroborate
all experimentally measured scans. Nominal/expected QW and barrier thicknesses from
growth rate calibrations were used to initialize thicknesses, and thickness parameters were

varied slightly to arrive at a reasonable fit.
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FiG 5.14. (a,c) Simulated and (b,d) measured triple-axis, symmetric, coupled w-26 scans for (a,b)
planar and (c,d) nanopatterned GaN samples, with superlattice fringes labeled. Simulated
QW /barrier thicknesses were (a) 4/11.7 nm and (c) 2/6 nm, respectively.

Feature size RIB GaN reference
Planar Awgyyg (deg) 0.3344 +/- 0.0094 0.3462 +/- 0.0087
Period (nm) 15.77 15.29
. : Aw 0.5248 +/- 0.046 0.5630 +/- 0.057
M 11 d~ 1100 ave
icropillars ( nm) Period 10.06 9.39
) Aw 0.6560 +/-0.126 0.6376 +/- 0.050
N 11 d ~ 475 ave
anopillars ( nm) Period 8.08 8.33

TABLE 5.5. Measured average fringe spacings and corresponding extracted MQW periods from
symmetric, coupled w-206 scans.

The agreement between RIB and GaN MQW periods, as well as the results already
shown prior, rather conclusively show that the quantum well period in patterned samples is
significantly reduced; this makes a significant emission red-shift on the micropillar RIB
sample even more impressive. Finally, in an attempt to get a sense of the topographic
geometry and its effect on growth rate reduction, we consider a simplified system: pillars
arranged on a flat GaN surface, in a perfect hexagonal lattice with average pillar spacing a
(colloid size), diameter d (extent of mask reduction etching), and height h (vertical etch
depth), as schematically represented in Fig. 5.15. Taking a basis of two hexagonal unit cells,

we calculate the surface area increase as a function of the above described geometry. In
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brief, the rectangular area spanned by a two-cell hexagonal basis is a?v/3, and the additional

surface area generated by pillar sidewalls is 2rdh. Summing these and normalizing by a?+/3,

we obtain the patterned surface area, which is given by:

SApatterned =1+ 2mdh (58)
SAplanar aZ\/§

After careful SEM imaging of pre-growth patterned substrates, approximate
geometries, calculated surface area enhancements, and corresponding calculated and
measured MQW period reductions are shown in Table 5.6. Quite reasonable agreement
(especially for micropillars) is found for both feature sizes, despite the highly idealized
geometry assumed herein. Over-estimations of growth rate reduction can be attributed to
the unaccounted-for decrease in sidewall and entrenched surface area as the conformal

growth proceeds, which gradually planarizes the surface.
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FiG 5.15. Schematic of the idealized geometry used to calculate surface area enhancements
contributing to thin MQW layers on patterned substrates. Pillars are assumed to be smooth, perfect
cylinders (vertical sidewalls), and uniformly arranged on a hexagonal lattice.
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Surf. area Caleulated grgwth Measured % growth
h . rate reduction :
a (nm) d (nm) (nm) relative to (predicted MQW rate reduction
flat sample period, nm) (MQW period, nm)
690 495 350 2.32x 56.9% (6.69) 47.1% (8.21)
1800 1150 | 370 1.68x 40.5% (9.24) 37.3% (9.73)
Unpatterned | N/A | N/A 1x 0% (15.53) 0% (15.53)

TABLE 5.6. Comparison of calculated and measured MQW period reduction on patterned re-grown
samples, based on the surface area increase provided by the initial, experimentally measured pillar
array geometries.

5.2.5 Buffer relaxation and consolidation after MOCVD re-growth

Reciprocal space mapping was conducted on the re-grown buffers to assess any
visible changes in the buffer state after exposure to MOCVD temperatures, which are high
enough to re-initiate dislocation propagation. RSMs are shown in Figure 5.16. Once again, as
with the post-etch data, the c-projected peaks did not change appreciably, as full relaxation
in that direction was already achieved prior. Remarkably, the broadly smeared peaks in the
projected m-direction after etching re-consolidated and became much less broadly
distributed in both patterned RIB samples, potentially signifying a reduced gradient in strain
state throughout the pillar. Another possibility is the over-shadowing or modification of the
original RIB peak by the main peak generated by the MQWs. Finally, given our previous
observations of a potentially reduced misfit density (and certainly reduced TD density) on
re-grown RIB pillars, a corresponding rearrangement of the heterointerface is not out of the
question, and begs further investigation through high-resolution imaging techniques (e.g.,

with TEM).
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FIG 5.16. On-axis a/symmetric reciprocal space maps of patterned RIBs with etched pillars of d ~
475 and 1100 nm, before and after MQW re-growth. As before, secondary, smaller peaks in the
nanopillar RSMs originate from the planar, un-patterned area at the edges of the nanopillar sample.
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5.3 Conclusions

In this chapter, we investigated the degree of controllable biaxial strain relaxation in
thick semipolar buffer layers afforded by micro- and nanopatterning. XRD and CL imaging
confirmed a significant degree of additional relaxation orthogonal to the projected c-
direction, which was mostly relaxed owing to basal-plane MDs. Subsequent deposition of
emitting layers triggered 2D relaxation and deleterious TD formation in planar buffer layers;
remarkably, no secondary slip or TDs were observed on re-grown patterned RIBs. Further,
a consistent emission redshift was observed on RIBs relative to GaN references, which
suggested increased QW indium uptake. This effect was found to be robust despite being
convolved with QW thickness reduction, which was accounted for by considering the surface
area enhancement on patterned samples relative to a planar growth surface.

The work presented here, while promising, has not yet pushed the maximum mesa
size and aspect ratio that could still experience significant relaxation, nor the wavelength
range that would directly address current long-wavelength challenges. Work is underway to
repeat this experimental series, expanding further in size and wavelength axes. Further
efforts to investigate the distribution and propagation of defects in the patterned RIBs may
prove fruitful, especially to understand if and how defect filtering occurs, and whether this

effect can be applied to larger and alternative device geometries.
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Scalable, selective-area MOCVD
growth of micro- and nano-structured
InGaN emitters

6.1 Introduction

Recent commercial interest in efficient, self-emissive pixels for display applications
has spurred development of efficient IlI-nitride LED materials at single- and sub-micron
length scales. However, small devices made with standard foundry techniques suffer from
non-radiative sidewall point defects (many of them interstitials and vacancies) formed
through ion bombardment and implantation during plasma-based mesa definition. These
defects introduce mid-gap trap-state energy levels which quickly relax excited charge
carriers near the mesa sidewall and detract from full-gap emission. While mitigation
methods such as cleaning, passivation, annealing, and material re-growth have been
developed [1-3], it would be desirable to entirely circumvent sidewall damage. One approach
to avoid plasma etching lies in selective-area MOCVD growth (SAG), which leverages the lack
of adsorption and fixation of IlI-metal atoms on thin, amorphous SiO2 and Si3N4 layers
coating the nitride growth surface to define mesa geometry. SAG is schematically

represented below in Fig. 6.1(b); by masking a portion of the substrate with growth-
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inhibiting dielectric materials, epitaxial growth is preferentially directed to defined
apertures on the substrate surface. With proper growth conditions (temperature, pressure,
precursor flows, Hz carry gas content), complete deposition selectivity to substrate-exposed

regions can be achieved.

TMGa TMGa TMGa TMGa
Growth rate « Ga flux Ga flux

Growth rate « fill factor (< 1)

(c)

GaN substrate GaN substrate

(d) . »

FiG 6.1. (a) Simplified schematic representation of MOCVD growth, highlighting the transport
mechanisms by which trimethylgallium (TMGa) delivers Ga to a planar, unmasked growth surface,
given standard MOCVD conditions and assuming an over-abundance of ammonia gas. TMGa adsorbs
and deposits a Ga atom onto the surface by homolytic cleavage, where it diffuses and quickly
incorporates at a crystal kink site by bonding with ammonia-supplied nitrogen. (b) On masked
surfaces, Ga is deposited on the growth surface but does not readily covalently bond with the growth
mask, instead diffusing further until it can interact with a IlI-nitride crystal surface within an open
aperture. The growth rate is thus enhanced by the effective open area fraction (fill factor) of the
mask. (c) Schematic representation of selective-area MOCVD growth of an LED “mesa” out of a
dielectric growth-masking aperture defined on a GaN substrate in an attempt to realize micron-scale
devices free of nonradiative recombination from sidewall defects. (d) Epitaxial lateral overgrowth
(ELO), a defect-reduction technique in which material is grown vertically out of apertures, followed
by lateral growth to reduce threading dislocations on the resulting “wings” which can be used for
device epitaxy.
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Achieving controllable selective-area growth on standard micro-LED device masks is
nontrivial; layouts are often designed for packaging compatibility, leaving ample space
around each mesa for contact pads and dicing. The large mesa spacing in such layouts is
difficult to translate to SAG growth, where analogous area fractions would be prohibitively
small, and dramatically increase the rate of material growth out of the mesa-defining
apertures. To better limit and control this growth rate enhancement, it is important touse a
mask with high mesa densities. If successful, this also generates a wealth of single devices
and arrays to probe for electrical and optical studies. An envisioned short-loop process for
fabricating such on-wafer diodes is shown below in Fig 6.2. Similar demonstrations have

recently been reported from Bai et al. [1].

p/tunnel j.

7 2 Growth
Active region mask/dielectric

n-GaN/substrate

p/tunnel j.
Active region

n-GaN/substrate

Contact/pad metal

p/tunnel j.

Active region Common
n-pad

n-GaN/substrate

FIG 6.2. Envisioned top-view and cross-sectional schematics of a short-loop process flow for devices
created with selective-area growth (SAG). (1) High-density mesa arrays are defined and LED material
is grown, (2) secondary dielectric isolation is performed, and (3) etching and n-/p-metallization is
performed, with a common n-contact. If a tunnel junction is grown after the p-layer, the same
metallization can be used for both doped layers. Sacrificing certain device mesas may be necessary
to probe devices, given the high-density configuration. P;, P,, and P3 represent separate electrical p-
side contacts addressing various devices in the SAG array.
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In addition to growth of micron-scale emitters as display pixels, there is an active
scientific interest in the realization of emitting nanostructures for the strain-relaxation and
light-extraction benefits introduced previously. As we saw in Chapter 5, the high-density and
geometrically tunable features afforded by colloidal patterning enabled a thorough
interrogation of micro- and nanostructured light emitters in relaxed InGaN buffers. By using
colloidal masks to obtain various mask fill factors and geometries, different size “mesas” can
be fabricated simply and scalably, with sufficient emitting area to properly gauge the optical
and crystallographic properties of the emitter ensemble. Accordingly, we develop a simple,
reproducible process for making geometry-tunable colloidal growth masks, re-grow buffers

and emitting quantum-well layers, and characterize the structures that result.

6.2 0ld SAG, new tricks

Selective-area growth (SAG) is a well-established technique, first used in the late 80’s
and 90’s to enable various innovations in III-V semiconductors (arsenides, phosphides) [4,5].
SAG was first implemented in the IlI-nitrides in a defect reduction technique called epitaxial
lateral overgrowth (ELO), wherein GaN was first grown vertically out of patterned stripe
apertures, and then laterally over the growth mask to create high-quality wings that reduced
threading dislocation defect densities by orders of magnitude (Fig 6.1(d)). Subsequently
deposited device layers showed improvements in efficiency; for example, the lifetime of ELO-
grown InGaN lasers was dramatically expanded relative to the those grown on a planar GaN

substrate [6]. Here, we briefly introduce the reaction-diffusion phenomena at the core of
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SAG, discuss considerations for mask fabrication and growth, and introduce colloid-based

growth mask fabrication.

6.2.1 Interplay of reaction and mass transport in selective-area
MOCVD growth

Here, we briefly analyze the selective-area growth of GaN by delivering
trimethylgallium (TMGa) to a GaN surface in the presence of an ammonia over-pressure
(assuming a sufficient supply of ammonia, the limiting reactant is TMGa). Delivery of
metalorganic (MO) precursors to the growth surface proceeds with laminar flow of MO-
containing carry gas (usually N2 and/or H2, with MO molar concentration Co) across the
susceptor. By invoking a no-slip boundary condition at the growth surface, the gas velocity
parallel to it diminishes as we approach the solid-gas interface, making diffusion the
dominant transport mechanism for all species within the stagnant layer above the crystal
surface. Above this diffusion layer, we assume the bulk MO concentration is Co. We further
assume an empirically first-order heterogeneous reaction mediated by the near-surface
adatom concentration Cs, because a significant portion of surface atoms will quickly find
available nitrogen species from cracking of over-abundant ammonia gas in the chamber
environment.

Assuming diffusion-mediated delivery of MO down to an unmasked wafer surface, the
lateral concentration profile Cs(x) would be completely constant, with the steady-state value
dictated by the tradeoff between reactant consumption and diffusion-mediated reactant
delivery. When the surface is masked with patterns containing open areas of greater than 10

microns, Cs(x) varies with distance away from the edge of the open aperture, since a greater
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lateral adatom flux immediately near the edge would incorporate into the growth surface
per unit time, as compared to the center of the aperture. As a result, we obtain a sharp
increase in growth rate near the edge, which exponentially decays to the planar value in the

middle of the exposed substrate surface. This is depicted in Figure 6.3 below.

FIG 6.3. Schematic representation of the simplified reaction-diffusion system that encompasses
selective-area MOCVD growth. A boundary layer (thickness hg.) forms in the immediate vicinity of
the growth surface, which is assumed to be periodic at the x-boundaries. Bulk metalorganic precursor
concentration and diffusivity is C, and D, respectively. Cs represents the local adatom surface
concentration, which is a function of x and z, and the lumped effective first-order reaction rate
constant in the open substrate area is represented by k.

The growth-rate enhancement effect at the mask edge described above is only
observed if the mask pattern dimensions greatly exceed the lateral adatom diffusion length
of the main IlI-element to be incorporated. Starting with aluminum and moving down the III-
group column on the periodic table, we see that Al is the least mobile in MOCVD growth, with
an effective diffusion length of approximately 1 pum. Gallium wanders greater distances
(about 10 times greater) than Al on the growth surface; although this varies significantly

based on the amount of V-element in the growth atmosphere (also pressure/temperature),
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experimentally obtained adatom diffusion lengths for Ga can reach 10-15 pm [7,8]. Finally,
indium is the most mobile element of the group, with a diffusion length of ~200 um; it is
often referred to as a “surfactant” for this reason, and encourages uniformly terraced
incorporation of other I1I-atom species on the growth surface [9].

Our focus is exclusively on the ternary InGaN alloy system, and therefore our limiting
adatom is gallium; in order to avoid mask loading, pattern periodicity should remain below
10 pm, which should reduce growth non-uniformity within and between mask apertures.
This is compatible and inherently built in for our investigations with colloidal lithography,
wherein sedimentation precludes deposition of colloids exceeding 6 um diameter. As a

result, adatom surface migration should predominate over mask loading as described above.

6.2.2 Preparing geometry-tunable, large-area micro- and nano-SAG
substrates via colloidal lithography

Colloidal masks provide independent control over “mesa” size and mask fill fraction
through two independent variables: original colloid diameter (D) and degree of sphere size
reduction (leaving a final diameter, d). Figure 6.4 shows a hexagonal close-packed layer of
colloids on a growth-masking SiNx layer, demonstrating how the colloids change size during

processing. The open area fraction, f, is given by

5 md? )
_ Area of aperture B 4 W (d) (6.1)
~ Totalunitarea  p2y3  2y3 \D
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FIG 6.4. (a) Schematic of top (left) and cross-sectional side view (right) of a rectangular unit cell of
HCP-arranged colloids, showing the original (R) and reduced (r) radii of the colloidal nanospheres
used in defining mesa size and open area fraction of the surface. Growth mask processing will form
apertures where the particles are currently positioned, and this is explored later in the chapter. (b)
Top views of two processed SAG masks with different nominal mesa sizes, but identical fill fraction.

Two distinct processes were developed for colloidally patterned SAG masks; these
are featured below in Fig. 6.5. The first approach works for a greater range of dielectric layer
thicknesses and virtually any mask material. First, the growth-masking material is deposited
over the entire substrate, followed by deposition of a protecting photoresist layer. After
colloid deposition and mask reduction (which defines both fill fraction and final mesa size),
~50 nm of metal (Cr or Ni) was shadow-deposited with electron-beam evaporation, which

formed the negative image of the deposited colloids in the underlying, planar masking layer.
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The colloids were lifted off, and the remaining metal pattern was transferred into the PR and
the growth mask with 02 and then fluorine-based plasma, respectively. Finally, surfaces were
cleaned of PR and metal residue with metal etchant and solvent/piranha cleans.

The second approach is simpler and quicker, though more limited in its scope; here,
SiOz2 is physically evaporated through mask-reduced colloids directly on the GaN substrate,
quickly yielding centimeter-scale nanostructured surfaces for extensive growth studies. In
its current form, this approach leaves re-deposited SiOz within the growth apertures, which
(as we will see shortly) affects the uniformity of grown structures. In future process lots,
introducing a photoresist or ALD-deposited alumina interlayer between the substrate and
deposited SiO2 (and then selectively dissolving it later in AZ-300MiF developer) may be an
effective approach to leave the growth surface as pristine as possible and reduce the
possibility of mesa non-uniformity from small amounts of undesired redeposition
interfering with crystal growth. Overall, masks were fabricated in SiO2 and Si3sNs with a
variety of aperture sizes and area fractions, as evidenced by the SEMs of processed SAG

masks in the lower panel of Figure 6.5.
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FIG 6.5. Two fabrication approaches for realizing large-area SAG substrates with colloidal
lithography. Process 1 involves the deposition of a flat growth-masking film, photoresist, colloids,
and a metal shadow-mask. Pattern transfer then opens apertures to the growth surface. Process 2 is
quicker, simply requiring LB deposition, mask reduction, shadow-deposition of SiO, and
ultrasonication to lift off residual colloids, though is limited in growth mask thickness and only to
Si0,. SEMs are shown below each process step schematic. The lower SEM images shows some of the
growth masks achieved, displaying a variety of micron and sub-micron apertures, and tunable open
area fractions.

6.3 Nanoscale, selective-area growth and characterization of
GaN/InGaN materials

Selective-area growth studies were first conducted with high-temperature GaN (HT-
GaN) growth, which helped confirm the degree of mask-induced growth rate enhancement
and assign emerging crystal facets. Masked substrates (c-plane GaN on sapphire and free-
standing (1122) semipolar GaN) were cleaved into 5-mm sections and cleaned with the same

procedure as described for RIBs in Ch. 5 (cf. Section 5.2.3). Growth substrates with average
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aperture diameters (nm)/spacings (nm)/fill fractions of 200/310/58%, 450/690/59%, and
1500/2500/54% were used.

First, to make any useful conclusions about the selectively grown material, it is
important to grow the proper amount of material to control and clearly identify facet
formation. Calibration of the planar GaN growth rate was conducted by fitting normal-
incidence reflectance curves with a thin-film interference model of a GaN buffer on sapphire
(Filmetrics) before and after 15 minutes of growth (10 SCCM TMGa, 1050°C). TMGa flow rate
was halved to 5 SCCM from the nominal planar flow rate for SAG; ammonia was also adjusted
accordingly to keep the I1I/V molar ratio constant. As a first test case to observe SAG-induced
growth rate enhancement, the 450/690 nm SAG samples (made with Process 2 in Fig. 6.5)
were loaded for 60, 120, and 180 seconds of growth with corresponding expected deposition
thicknesses of 36, 71, and 107 nm, respectively. Figure 6.6 shows close-up SEM images of the

growth results, at the edge and in the middle of each sample.

Sample
edge

Sample
center

FIG 6.6. Scanning electron micrographs of selective-area GaN growth out of colloid-defined apertures
(d = 450 nm) defined on a c-plane GaN substrate for various growth durations. All scale bars are 1
pum. Larger protrusions (“bumps”) as well as flatter features can be discerned (“pancakes”).
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As hoped, deposition is visible on the initially planar growth surface, but not nearly
enough for coalescence, which allows us to appreciate the growth morphology and hole-to-
hole uniformity. Remarkably, the height profile in adjacent apertures appears bi-modally
distributed with certain apertures showing little to no deposition while others protruding
significantly out of the mask (cf. “bumps” vs. “pancakes”). Although our sampling area with
these images is limited, it appears that the non-uniform size distribution is amplified in the
images taken at the sample edge. More prominent features also show faint hexagonal
faceting, presumably as the growth rate of the (0001) c-plane outpaces other stable
semipolar planes.

While it is difficult to fully understand the origins of the observed non-uniformity by
simply imaging the surface, several recurring features in the apertures that exhibit
suppressed growth suggest residual surface SiOz residue as the cause. Many areas have a
circular “hillock” exclusively near the center of each growth aperture; this marks the
particle-surface contact point, where plasma-based size reduction of the mask likely re-
deposited SiO2 on the GaN surface. The resulting SiO2 residue remains exposed to air after
the SiO2 e-beam deposition step, and therefore affects the growth rate and morphology at
the start of material re-growth. Since SiO2 residue is also growth-masking, adatom flux may
be redirected to those neighboring apertures without residue, increasing the effective
growth rate, and thereby forming the bimodal size distribution. In further support of this
explanation, apertures supporting more growth do not have “hillocks”. To conclude, it is wise
to selectively remove residue prior to growth, or to protect the surface with another
interlayer during mask reduction where selective removal is untenable, as in the present

case. Processing details for introducing such a layer are found above in Section 6.2.2.
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Another advantage of our first processing scheme is a lack of particle-substrate
contact, preventing redeposition of masking particle material on the final growth surface.
Moreover, the growth surface is etched uniformly by the pattern-transfer step. The 1500-nm
mesa samples mentioned above were fabricated in this way, and continuous-flow, HT-GaN
growth was performed at similar conditions to the previous samples. The resulting
structures appear in Fig. 6.7 below; while partial V-pit defects nucleated by substrate
threading dislocations are visible, the overall growth profile between different apertures is
much more uniform, with the hexagonal facets that emerged in the previous sample now
fully formed and prominent. Furthermore, no “hills” caused by particle-substrate contact

were observed in the centers of any of the features.

FIG 6.7. Scanning electron micrograph of selective-area GaN growth out of colloid-defined apertures
(d ~ 1500 nm) on a c-plane GaN substrate. The scale bar is 2 pm.

Many studies in literature have focused on c-plane substrate SAG, demonstrating a
variety of growth modes and resulting 3-dimensional crystal morphology [10,11]. Recently,
electrically addressable SAG-based green microLED arrays were demonstrated with a

claimed 9% external quantum efficiency [12]. While promising, higher efficiencies still are
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necessary to compete effectively with OLED technologies. Growth on alternative planes that
accommodate larger amounts of indium and reduce piezoelectric strain have not been fully
investigated and deserve attention as an alternative way to increase long-wavelength
emitter efficiency. As such, in line with the previous chapter, we explore (1122) GaN
substrates as a viable SAG growth surface for emitting materials.

Micro- and nanoscale SisN4 growth masks were formed on a (1122) free-standing
GaN substrate with diameters of 200 and 2000 nm. As with the c-plane SAG studies, HT- GaN
was first grown to gauge facet emergence and growth rate. GaN was grown with 2 SCCM of
TMGa at 1050°C for 2 and 5 minutes, respectively. Figure 6.8 shows images of the resulting
GaN buffers. The top facet area disappears completely for the nano-SAG sample, closed out
by two slower-growing nonpolar facets that face the projected m-axis. This effect is also
observed in the micro-SAG sample at the edges. The structure elongates and narrows in the
orthogonal axis, owing to a high growth rate on c-projected crystal faces, but the remaining
top area appears to be quite smooth, with only minor corrugations present on the wings that

extend past the aperture confines.

Line || [1123]

Line || [1100]

FIG 6.8. Scanning electron micrographs of selective-area GaN growth out of colloid-defined apertures
(d =200 and 2000 nm) on a free-standing (1122) GaN substrate.

Evidently, at the current growth temperatures and precursor ratios, thickness

budgets for the top (1122) facet are severely limited, especially in nanostructures. This
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introduces additional challenges in depositing quantum wells, where a smaller portion of
each successive well remains on the top facet, therefore changing QW indium content,
thickness, and degree of polarization-induced wavelength shift. To demonstrate the
sensitivity of the resulting emission to faceting in different mesa sizes, light-emitting layers
were deposited in apertures of both sizes; the amount of HT-GaN buffer was further varied
in the nanoscale aperture case, where the thickness budget is particularly tight.

All quantum-well layers were deposited with 10 SCCM of TEGa at 815°C, with an
additional 90 SCCM of TMIn flowed for InGaN layers. Nominal quantum well thickness was
2.5 nm, with 14-nm barriers. For 2-um apertures, 6 QWs were deposited after 5 minutes of
HT-GaN growth. 200-nm apertures were filled for 30 seconds and 3 minutes of GaN buffer
growth, and subsequently 3 QWs were deposited at the same conditions as the 2-um SAG.
Figure 6.9 shows SEM images, a CL emission spectrum, and corresponding monochromatic
CL maps of the 2-um emitters. As seen in panels (a) and (b), the emitters are anisotropic,
with mirror symmetry across the [1123] axis, but lack symmetry across the m-axis, with one
edge rather flat/square while the other is more rounded, having an anvil-like shape. The
surface is quite heavily corrugated parallel to the c-projected axis, except for a consistent,
flat area on each individual emitter near the square anvil edge described earlier. Smooth,
inclined facets protrude toward the projected m-direction from the mesa edge, very much
like the wings on RIB re-growths in the previous chapter; these may very well be the same

stable semi/nonpolar facets that form corrugations on the top surface of the pillar.
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FIG 6.9. (a,b) Scanning electron micrographs and (c) SEM-overlaid CL imaging of 6 QW’s deposited
via selective-area growth. Colloid-defined apertures (d = 2000 nm) were defined on a (1122) free-
standing GaN substrate; micrographs in (a) and (b) are aligned parallel to the c- and m-projected
substrate orientations. Unlabeled scale bars are 1 um.

The emission originating from the various facets identified above span over 100 nm
in wavelength, which all contribute to the single, broad peak centered around 485 nm in the
CL spectrum. Probing at ~420 nm with monochromatic CL revealed emission from the
smooth patch of material near the flat edge; both smoothness and relatively short-
wavelength emission suggests a nonpolar facet. 450 nm emission was more distributed
across the entire structure and appeared striped, which hints at the corrugation-inducing
facets discussed earlier as a possible origin. 480 and 510 nm monochromatic imaging
appeared quite uniform, emitting throughout the central area of the pillar. Finally, sparse
540 nm emission was distributed across each emitter, but also particularly favoring one of
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the corners adjacent to the nonpolar facet. This may be the basal c-plane, but higher
resolution imaging and more rigorous mapping is necessary to properly verify this. Overall,
top facet area is still quite well maintained with 6 QWs on 2-um apertures, allowing us to
reap the potential benefits of the original growth orientation in a micron-scale form factor.
Surface corrugations of an appropriate size may also bring about polarization selectivity,
which is desirable for display optics integration.

Having looked extensively at the emission and morphology of micron-scale
GaN/InGaN structures, we move to submicron apertures. As previously mentioned, 3 QWs
were deposited on HT-GaN grown by SAG. The extent of HT-GaN growth was varied (0.5 and
3 minutes) before MQW deposition; SEMs and CL emission from the growth results are
shown below in Fig. 6.10. Structures grown with longer buffer times (panel (a)) appear
sharply terminated by two inclined, symmetric facets pointing outward to the m-projected
direction. The same anvil shape is observed as with the micropillars, with one end
completely flat, with its edge normal to the c-projected axis. The opposing anvil edge
terminates at either a single or pair of sharp points. The short-buffer structures (panel (b))
have not completely closed out the top (1122) facet, and similar corrugations are visible as
in the micro-structured case. Overall, the structures extend well past their original aperture
diameter in the projected c-direction and have conjoined with neighbors at several points,
making for a very exotic landscape. Given that the margins for defect-free coalescence fronts
are slim, the contact points between adjacent structures may be ridden with threading

dislocations (to be determined by CL).
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FIG 6.10. (a,b) Plan-view scanning electron micrographs and envisioned m-parallel cross-section
profiles, as well as (c) CL emission spectra of selective-area GaN and 3x MQW growth out of hole-
array SiO, masks (d = 200 nm) defined on a (1122) free-standing GaN substrate, with (a) 3 minutes
and (b) 30 seconds of GaN buffer growth prior to active region deposition. Approximate peak
centroid wavelengths are shown above each QW emission peak. SEM scale bars are 500 nm.

CL spectra of the two nanostructured samples in panel (c) show a single, broad
emission peak, in line with the emission profile of the micro-structured sample. Despite
identical QW growth conditions for both surfaces, the 30”-buffer samples (Fig 6.10(b))
showed a 40-nm redshift relative to the sharply faceted structures (a). While more
characterization is necessary (TEM, atom probe) to resolve the origin of emission
contributions from various facets, the most plausible reasons for this redshift are high
indium uptake on the more present native (1122) facet, a thicker set of quantum wells
(growth rate enhancement is highest at the start of SAG), and a lesser prevalence of stable
semi-polar side facets that yield thinner and less indium-incorporating QWs (both blue-

shifting).
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Monochromatic CL was conducted on both nanostructured SAG samples to relate
crystallographic facets with discrete spectral emission ranges; the CL maps obtained are
shown in Fig. 6.11. Unfortunately, the resolution of the CL-fitted SEM (FEI Inspect) used for
imaging was unable to resolve individual facets. As a result, separately conducted higher-
resolution field-emission imaging was used to better spatially correlate wavelength with
morphology. The emission location for the peak centroid in both samples (460 and 500 nm,
respectively, top right panel) originates in the middle of each individual emitter. However,
short- and long-wavelength emission tails appear to migrate to opposite ends of the
structure along the c-projected vector for the 3’-buffer sample. The 30”-buffer sample likely
has less fully formed facets and more of the emission is present on the original growth plane,
which explains the more static and uniformly distributed emission profile.

By focusing on a selected group of nanostructures in each sample (panel (c)), the
corresponding emission distribution and migration noted above can be discerned more
clearly. It is notable that a similar type of emission distribution has been reported on the
(1122) growth plane with selective-area deposition via molecular-beam epitaxy [13],
although the overall topography and relative size of emerging facets observed were quite
different given the very different crystal growth dynamics that occur with incident elemental
beams in a UHV environment. Evidently, small differences in MOCVD growth parameters can
bring about considerable changes in emission, and understanding the contributions outlined

in this and prior chapters can help guide the design of long-wavelength microLED devices.
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FIG 6.11. (a,b) Monochromatic CL. maps of the 200-nm aperture SAG growths on (1122) free-standing
GaN substrates, with 3 quantum wells deposited on different nominal thicknesses of high-
temperature GaN buffers. (c) Selected regions of the CL maps in (a) and (b), showing the emission
coming from distinct locations on the emitter surface. “Pan” refers to panchromatic imaging; that is,

light of all wavelengths is being collected simultaneously.
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6.4 Conclusions

In this chapter, we developed and demonstrated a versatile set of methods to create
geometry-tunable selective-area growth masks for structured InGaN/GaN light emitters at
micron and sub-micron length scales. After performing IlI-nitride material deposition, the
emergence of various crystal planes was explored, which informed the spectrally and
spatially assigned emission arising from subsequent deposition of multiple quantum-well
heterostructures. Blue-green emission (~500 nm) was achieved in 200-nm structures,
which is promising for demonstrating submicron, electrically addressable emitters that can
emit at long wavelengths, while circumventing plasma-based damage inherent to standard
micro-LED processing. Future work includes realizing entire p-i-n junctions, and testing the
optical and electronic performance of the resulting devices. Plenty of growth optimization
can take place; GaN buffer temperature, III/V precursor ratio, and pulsed/intermittent
reactant delivery would all help in reducing undesired crystal faceting by controlling the
timing and energetics of gallium atoms finding their resting place on the growth surface.
Finally, quantum-well growth temperature and thickness series would help assess attainable

emission red-shift while maintaining reasonable device efficiencies.
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Topographic control of semiconductor
surface wettability

(Adapted from the manuscript: Shapturenka, P., Gaillard, P., Chan, L., and Gordon, M. ]. “Hierarchical
colloid-based lithography for wettability tuning of semiconductor surfaces.” Under review, JVST A.)

7.1 Introduction

Textured surfaces have enjoyed centuries-long study, yielding fundamental insights
into, and enabled engineering of, interfacial, chemical, and optical properties in various
material systems [1,2]. In particular, anti-reflective (AR) nanostructures patterned into
semiconductor surfaces have been shown to significantly reduce reflection losses, in turn
improving the external efficiencies of photovoltaics, detectors, and light emitters [3-5]. In
many such applications, control over the wetting properties of the surface is also vital for
water-harvesting, self-cleaning, and/or anti-biofouling functionality, e.g., to reduce
dust/dirt-induced scattering and absorption losses that hamper AR-based efficiency gains
[6,7]. In both natural and technological settings, controlled wetting is often achieved with a
combination of chemical and structural treatments [8,9]. While chemical modification of
surfaces offers a rich suite of contact angles (wetting states) [10], and can encode the surface
with specific electrostatic and reactive affinities, topographic patterning of surfaces provides
a large dynamic range of achievable wetting states [11], does not rely on chemical
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functionalization or non-native materials, can decouple wetting behavior from chemical
functionality, and provides a versatile platform to precisely engineer the wetting
characteristics laterally across a material surface.

Silicon (Si) surfaces comprise an effective vehicle for studying and engineering
structure-induced surface wetting behaviors. Si is relatively inert, can be readily
functionalized with a variety of chemical moieties, and is precisely patterned with standard
microelectronics processes at the nanoscale. The material system can be further enabled by
area-scalable, sub-micron nanopatterning methods. One such platform is colloidal
lithography, which can be achieved by combining Langmuir-Blodgett (LB) dip-coating and
plasma etching. This approach is simple, area-scalable, and has been robustly demonstrated
in a variety of semiconducting materials (Si, Ge, GaAs, GaN, etc.) for antireflection and light-
extraction applications [4,5,12,13]. GaN is a commercialized, bio-compatible III-V
semiconductor platform for optical and power electronics that holds promise in a variety of
fields, from efficient lighting to optogenetics [14-17]. GaN also exhibits robust etch
selectivity to SiO2, making it amenable to LB-based colloidal lithography.

Here, we demonstrate how colloidal lithography can be used to pattern Si and GaN
surfaces at the micro- and nanoscales, and explore the range of wetting behaviors that can
be achieved. Varying the diameter of the colloid mask and associated mask reduction steps,
i.e., leading to variation in pillar size and spacing, the transition from Cassie-Baxter (CB) to
Wenzel wetting behavior was identified at feature spacings of ~1 um. Looking further at this
transition point, we highlight how varying degrees of vertical etch duration lead to two
different topographies and wetting states, with a shallow etch yielding a hydrophobic

surface resembling a rose petal in form and function [18], while a deeper etch results in
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superhydrophobic behavior that is similar to a lotus leaf. At submicron pattern periods when
the wetting state is firmly in the CB regime (with a feature spacing of 690 nm), we explore
the processing parameter space to minimize the solid-liquid interfacial contact area and
maximize aspect ratio; by varying the duration of various plasma process steps,
superhydrophobic surfaces were achieved. Building on this understanding, we demonstrate
hierarchical patterning by applying dual length scales to a Si surface on either side of the
above-noted wetting transition. By patterning a CB-wetting surface (310 nm spacing) onto a
nominal Wenzel-state topography with 6-um spacing, we drastically modify the wetting
properties and recover a highly hydrophobic surface that retains its wetting state after aging
in ambient conditions. Finally, we reproduce this hierarchical patterning in GaN surfaces,
where a micron-scale Wenzel-wetting surface also becomes less hydrophilic with the
addition of nanoscale topography, albeit with a less pronounced absolute change due to an

inherently lower GaN-liquid contact angle.

7.2 Experimental methods

7.2.1 Substrate preparation and processing

Semiconductor substrates ([100] Si wafer or 3 um thick MOCVD-grown c-plane GaN
on single-side polished sapphire) were cleaved into ~1x1-cm? sections and cleaned with 5-
minute etches in piranha solution (to clean and repeatably oxidize the wafer surface) and
50% hydrofluoric acid (oxide stripping). Monolayers of functionalized colloidal spheres
(hydrophobic SiO2, Bangs Laboratories, d = 310, 690, 960, 2530, 4000, and 6000 nm) were

deposited on the substrates via surface pressure-regulated Langmuir-Blodgett dip-coating
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with a room-temperature deionized water subphase. The resulting samples were split into
various lots and underwent various degrees of plasma processing to create nano- and
micropillars. Isotropic nanosphere mask reduction was performed at 30 mTorr with a
CHF3/02 (30/20 sccm) plasma etch at 900 W and no forward bias (Panasonic E640 ICP
etcher). Vertical pattern transfer was achieved via inductively coupled plasma etching; Si
surfaces were etched with SFe/C4Fs/Ar chemistry (24/56/20 sccm) at 825 W RF power, 20
W forward bias, and 19 mTorr (PlasmaTherm 770 SLR ICP etcher). GaN surfaces were
patterned with Cl2/N2 chemistry (12.5/7.5 sccm) at 500 W power, 300 W forward bias, and
1.5 mTorr (Panasonic E640 ICP etcher).

Table 7.1 features a comprehensive summary of the plasma-processed samples in this
study. After processing, samples in Lot 1 underwent an HF acid clean and 5-minute CF4/Ar
plasma clean to remove silica material, 5-minute Oz plasma clean to remove any organic
contaminants present, and finally by a 5-minute aqueous HF acid etch to remove surface
oxides. All other lots were simply immersed in 50% aqueous HF after plasma processing.
Hierarchical patterning (Lot 6) was achieved using two successive, independent cycles of LB

deposition, pattern transfer, and HF mask/oxide stripping with different size mask particles.
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Lot no. Material Colloid mask I[sotropic mask- Vertical etch
sizes (nm) reduction etch time time (min)
(min)
1 Si 690, 960, 2530, 0 10, 20, 50, 65, 80
4000, 6000 (respectively)
2 Si 960 0 15, 30
3 Si 690 051,2,4,6,8,10 10
4 Si 690 0 5,10, 15, 20, 25,
30
5 GaN 2530,4000 4,5 (respectively) 20
6 GaN, Si 6000 + 310 20+ 1.3 80+5
(respectively) (respectively)

TABLE 7.1. Summary of sample lots and corresponding processing steps for all samples featured

herein.

7.2.2 Characterization and analysis

All samples were characterized via scanning electron microscopy (FEI Sirion XL30)

and sessile water-drop contact angle goniometry (Ramé-Hart Instrument Co.). Samples were

immersed in 50% aqueous HF acid prior to contact angle measurements, except in the case

of intentionally measuring samples aged under ambient conditions. Sessile drop contact

angle measurements, 6, (apparent angle), were compared with the Cassie-Baxter model

using a solid contact angle 6; measured from an unmasked plasma-etched witness sample,

and solid area fractions f_ calculated from SEM-imaged pillar top diameters, given by:

cos@, = fs(cosbOs +1) — 1

(6.1)

Unmasked, plasma-etched Si witness samples were further characterized with X-ray

photoelectron spectroscopy (Kratos Axis Ultra) to assess the chemical composition of the

surface after plasma etching and before/after HF treatment. As expected, the surfaces were
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found to be highly fluorocarbon-containing, with similar distributions of CFx-bonded

moieties on the surface before and after HF treatment.

7.3 Results and discussion

7.3.1 Wetting transition via colloid mask size

To probe the effect of pattern periodicity on wetting state, a series of silicon surfaces
coated with various colloid mask sizes were patterned with an anisotropic, pattern-
transferring vertical etch, with no prior mask reduction. Vertical etch times were chosen to
maintain approximately equal pillar aspect ratios for all colloid sizes. Figure 7.1 shows SEM
images, average pillar spacings, aspect ratios, and sessile drop contact angles for samples
with center-to-center pillar spacings from 690 to 4000 nm. Pillars of all sizes appear to have
rather smooth and vertical sidewalls, with the larger pillars exhibiting a prominent top area.
Perhaps most strikingly, we see a dramatic wetting transition over these length scales, with

the crossover from hydrophobic to hydrophilic wetting occurring at ~1 mm.
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FIG. 7.1. Series of silicon surfaces patterned with colloids of various diameters (690 nm to 4 um),

showing the spectrum of wetting states achievable by changing pillar spacing. Scanning electron

micrographs, reactive ion vertical etching times, and aspect ratios are shown in the top row, with

sessile drop images underneath. All samples underwent an HF acid clean, 5-minute CF4/Ar plasma

clean, 5-minute O plasma clean (to strip organic contaminants), and a 5-minute aqueous HF acid

etch to remove surface oxides. Averaged contact angles are shown within each drop. Small dot/circle
features at the center of each pillar are etch shadows from the stripped silica nanosphere mask.

Having identified a wetting transition, the vertical etching duration was varied at this
critical pillar spacing to probe the effect of aspect ratio and pillar profile on the surface
wetting state. Two samples masked with 960 nm colloids underwent vertical reactive ion
etching for 15 and 30 minutes and were compared with SEM imaging and contact angle
goniometry. Scanning electron micrographs, sessile drops, and details of processing and
geometry are shown in Fig. 7.2. Both samples exhibited amplified hydrophobic behavior
relative to the original 960 nm sample, with sessile contact angles of 134.5° and 150.7°,
respectively. Water droplets deposited on the shallower sample (15" RIE) adhered to the
substrate and maintained their shape regardless of substrate orientation, behaving similarly
to the petal of a rose [18,19]. In contrast, facile drop roll-off was observed for the 30" RIE

sample, mimicking the self-cleaning properties of a lotus leaf [1,9].
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FIG. 7.2. SEM micrographs and sessile drop images of two Si samples fabricated with a 960 nm colloid
mask, no mask reduction, and varying extents of reactive ion etching (15 and 30 minutes). Aspect
ratios were calculated from image-derived pillar heights (images not shown). The trapezoidal
silhouette below the contact line in the sessile drop images is a reflection from the substrate surface.
The 15’ RIE sample exhibited the “rose petal” effect, with drops adhering to the sample at all
orientations while maintaining large contact angle; facile roll-off was observed for drops deposited
on the 30’ RIE sample.

There are several notable differences in topography between these two surfaces that
help elucidate differences in wetting behavior. The shallow-etch sample resulted in pillars
with a low aspect ratio (4:1), tapered sidewalls, and relatively higher solid fraction (~0.28),
which enables a high degree of drop contact with the solid material and allows water
impregnation between the pillars. A series of sharp, corrugated edges present on the pillar
edges further extend their resemblance to the topography of a rose petal surface and are
likely to facilitate pinning of the three-phase contact line. Conversely, the deeper-etched
sample exhibits smoother and more blunt pillar features, a lower solid fraction (~0.16), and
more than a twofold increase in pillar aspect ratio (10:1), which would reduce the likelihood

of water entrapment and droplet pinning.
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7.3.2 Obtaining superhydrophobicity within the Cassie-Baxter state by
tuning plasma processing

As seen in Fig. 7.1, surfaces patterned with sub-micron features (namely, 690 nm
pillar spacings) showed hydrophobic character and facile roll-off, indicating a classical
Cassie-Baxter wetting state. To probe the full extent of obtainable hydrophobic behavior by
only changing the surface topography, the CB model suggests decreasing the solid contact
area. This is readily achieved with colloid mask reduction prior to vertical pattern transfer,
or by vertical pattern transfer alone, as a spherical mask will also gradually reduce in size as
it is eroded from the top. This has the added benefit of a high aspect ratio, preventing
interactions of water with the entrenched surface. Accordingly, to elicit superhydrophobic
character, increasing etch times for mask reduction (0.5-10 minutes) and vertical etching (5-
30 minutes) were used to reduce solid contact area and increase aspect ratio, respectively.
Ten minutes of vertical pattern transfer was applied to each sample in the mask-reduction
time series. A Cassie-Baxter model referencing a planar etched witness sample was used as
a theoretical benchmark for all samples, where solid fractions were calculated from SEM-
imaged pillar top diameters.

Figure 7.3 summarizes the results of this study. As expected, the apparent sessile
contact angle for all structured samples increased relative to the unstructured reference, and
there was an overall upward trend in hydrophobicity that approached (but did not exceed)
the theoretical CB limit. As seen in panel (a), superhydrophobicity (contact angles exceeding
150°) was achieved with vertical etch times of 20’, 25’ (Fig. 7.4(b) and (d)), and 30’, as well
as the 8 mask-reduction (MR) etch (Fig. 7.4(c)). Both electron micrographs show sharply
tapered features with a low solid fraction, which is expected to amplify the inherent
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hydrophobicity of the etched silicon material. The samples undergoing the longest plasma
etching steps (30’ vertical and 10’ MR) showed a lower contact angle relative to neighboring
samples. It is likely that there was over-etching of the top pillar surface (observed in SEMs),
leading to a highly nonuniform and shallow, tapered top surface, exposing a greater surface
area (despite a decrease in the nominal pillar width) and ultimately preventing the formation

of stable air pockets beneath the droplet.
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FIG. 7.3. (a) Measured sessile water drop contact angles of all Si surfaces patterned with 690 nm silica
nanosphere masks, plotted against surface solid fraction (assessed by SEM imaging). Various extents
of mask-reduction (square) or reactive ion etching (RIE, triangle) are shown above/below each point.
All mask-reduced samples underwent RIE for 10 minutes. The Cassie-Baxter (CB) wetting model is
also shown for reference (solid line), with the data points at a solid fraction of unity experimentally
measured from a nominally unstructured, plasma-etched reference Si wafer. (b) Sessile drop on the
surface featured in (c), with an averaged contact angle of 156.5¢. (¢,d) scanning electron micrographs
of two superhydrophobic surfaces, undergoing: (c) 25’ of vertical etching with no prior mask
reduction, and (d) 8’ of mask reduction and 10’ of subsequent vertical etching. Scale bars are 2 pm.
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7.3.3 Hierarchical patterning for dramatic changes in wetting

As shown above, patterning Si with fluorine chemistry and pillar spacings above 1 um
induced a capillary-driven Wenzel wetting state. Hierarchical patterning, i.e., surface
topography at multiple length scales, is known to dramatically change or enhance the
repellent properties of naturally occurring surfaces [1,9,20,21]; accordingly, we explored the
effect of hierarchical patterning with two successive cycles of colloidal lithography (6 pm
mask, followed by 310 nm) and compared the wetting behavior to the single-patterned case.
Figure 7.4 shows scanning electron micrographs and sessile drops of the single- and
hierarchically patterned Si wafers. The large pillar widths for both samples are nearly
identical (~4.5 um). In the single-step patterned case, the pillar tops and sidewalls are
smooth, exposing a wealth of surface area for capillary action to dominate the wetting
behavior. However, the hierarchically patterned sample has additional high aspect-ratio
structuring at a pitch of 310 nm, which is expected to induce Cassie-Baxter wetting. Indeed,
the wetting state changed from hydrophilic at a contact angle of 32° to nearly
superhydrophobic, at 146.4°, with a localized change in topography. Not only is the contact
area solid fraction reduced by at least another 50%, the wetting state crosses back over the
CB-Wenzel transition. Furthermore, after aging the sample in ambient laboratory conditions
for 20 days, oxide growth appears to have minimal impact, given the relatively small change

in contact angle and similar wetting behavior (Fig. 7.4(f)).
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6 um + 310 nm

(f)

FIG. 7.4. Scanning electron micrographs, sessile drop images, and contact angles of (a,d) a single-step
patterned Si wafer with 6-micron features and (b,c,e,f) hierarchically patterned (6 pm + 310 nm) Si
wafer. Sessile drop images were taken (e) immediately after stripping surface oxides (HF acid), and
(f) after aging the sample at ambient laboratory conditions for 20 days and no other surface
treatment.

7.3.4 Wetting properties of GaN surfaces patterned at single & dual
length scales

Having observed the effects of patterning on Si, we investigated the wetting behavior
of patterned GaN substrates. Figure 7.5 shows the SEM-imaged surfaces and sessile contact
angles obtained by patterning GaN at single-micron length scales as well as hierarchically
with 6 pm and 310 nm features with chlorine-based plasma. The features obtained via single-
step colloidal lithography are well-defined frusta, with smooth, sharply sloped sidewalls,
which would tend to favor capillary-induced water adhesion. The tops of the frusta are
planar and contain hexagonal V-pits seeded by threading dislocations that propagate
upward during epitaxial growth. As with the case of patterned silicon, an apparent capillary-

driven decrease in the contact angle was observed for large features (2.5 and 4 microns)
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relative to a flat surface. Upon patterning with a secondary submicron colloid mask of 310
nm, the top planar surface was transformed into a quasi-ordered array of nanopillars that

resemble rounded cones, further reducing at least 50% of the original frustum-droplet

contact area. This patterning also gave rise to a significant increase in contact angle.
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FIG. 7.5. Scanning electron micrographs of GaN surfaces (c-plane GaN on sapphire substrate)
patterned with (a) 4 pum diameter silica colloids and (b) hierarchically patterned (6 um + 310 nm)
GaN features, with corresponding sessile drop images and contact angles below, as well as sessile
drops of the flat reference and 2.5 pm features (SEMs not shown). The defects seen on the top surface
of the GaN frusta in (a) are V-pits induced by threading dislocations during epitaxial growth.

7.3.5 Study limitations

Several improvements in sample processing would allow more rigorous comparison
with established wetting models. Firstly, aspect ratios are not constant for the presented size
series in Fig. 7.1; while the effects of aspect ratio are expected to become insignificant at
submicron scales, the low aspect ratio convolves interactions with the entrenched solid
surface. Higher aspect ratios (e.g., 10:1) for all samples would prove useful to discern trends

relating to pillar spacing and solid fraction. A second, related limitation is the non-uniformity
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in sidewall angle and pillar topography. This stems from the chemical selectivity of the silica
mask, as well as its spherical shape that rapidly decreases the flat area atop each pillar as
etching progresses. This can be addressed by introducing an additional chemically distinct
layer (e.g., photoresist and/or SiOz) between the mask and Si substrate, forming a less
tapered frustum or cylinder. However, as seen in this work, sharper pillar edges may lead to
increased contact line pinning, which may in fact hinder the emergence of superhydrophobic
behavior. Future work could involve adapting this platform to realize scalable, re-entrant
surfaces for repellent properties in a wider suite of liquids [11], and investigating the effect

of re-introducing chemical heterogeneities through surface functionalization.

7.4 Summary

We have explored a high dynamic range of wetting states on silicon and GaN surfaces
achieved via colloidal patterning. By simply varying the characteristic size of the mask and
tuning plasma processing, we were able to access various wetting modes that were
dominated by capillary forces (Wenzel) or fractional surface area (Cassie-Baxter). Moreover,
exploring the duration of plasma processing steps allowed several distinct
superhydrophobic topographies to be achieved. By adding submicron patterning to an
inherently Wenzel-wetting topography, we observed a dramatic reversal in wetting
characteristics, resulting in nearly superhydrophobic (>146°) behavior that is tolerant to
ambient conditions (contact angle reduction of ~15°in 20 days). Hierarchical patterning was

repeated in GaN, which showed similar wetting trends.
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Outlook and future directions

Several potential research directions building on this dissertation work are outlined, and

initial findings are provided as a starter for the brave of heart.

8.1 Deep-ultraviolet reflecting diatom surfaces

Deep ultraviolet light (UVB/UVC: 200-320 nm) is useful in a variety of venues,
including photolithography, disinfection, and water remediation. LED-based UV sources
have recently begun to achieve sufficiently low dislocation densities where single and even
double-digit external quantum efficiencies are feasible [1]. However, Mg-doped p-AlGaN
does not provide high enough hole concentrations, given the increasingly insurmountable
hole activation energy barrier; as a result, p-GaN is still conventionally used, which is a highly
absorbing layer that reduces device external quantum efficiency (EQE) through absorption
and Joule heating, leading to high thermal loads. Additionally, very few materials transmit
UVC light, especially below 225 nm. Therefore, introducing electrical and optical layers that
efficiently extract light is highly desirable.

The current state-of-the-art UV LED device configuration is the thin-film flip-chip
(TFFC) configuration, which features a thin light-emitting chip with a backside metal mirror,

plenty of heat-sinking sub-mount bond metal, and top (n-side) surface roughening. While
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backside metal mirrors can afford ~70% reflectivity, increasing this to over 90% would
dramatically improve commercial performance and speed up rapid deployment of UV LEDs.
One promising route for achieving this is to deposit dielectric or epitaxial DBRs, but these
are thick and may reduce thermal sinking, counteracting any light-extraction gain. Another
promising alternative lies in the diatom-like high-contrast grating (introduced in Chapter 3).

While only a few materials do not appreciably absorb UVC light, a combination of AIN
supported by MgF2 appears to be a promising combination. Preliminary computational
studies have shown tunable, >90% reflectances across the majority of the UVC wavelength
range; it remains to be seen whether such a structure is realizable, as the AIN layer is only
~100 nm in thickness. The ideal HCP structure and cursory optical behavior envisioned is
shown in Fig. 8.1 below, calculated with a rectangular unit cell with similar configuration as
the fully-defined refractive index sensor geometry (Ch. 4). Several questions remain about
the grating’s angle-dependent reflectance, tolerance to imperfections, and optimal device

integration routes.
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FIG. 8.1. (a) Schematic depicting several unit cells of a UVC AIN-based diatom grating reflector, with
hexagonally arranged holes drilled through the MgF, underlayer supporting it. (b) Reflectance
contour map of varying grating period (pitch) with thickness scaled to maintain a ratio of ~0.4
(pitch:thickness). >90% reflectivity at normal incidence is achieved for the majority of the UVC range.
Images courtesy of Abhiram Devata.

8.2 Long-wavelength microLEDs via semipolar RIBs

While we showed quite extensive relaxation in the semipolar RIBs patterned at
micron and submicron length scales, the more commercially relevant size for near-eye
displays in AR/VR applications is 1-5 um. Accordingly, it would be interesting to extend the
patterning size to 5 microns and probe how large of a relaxation can be achieved, as well as
gauge the luminescence redshift at problematic longer wavelengths (> 525 nm). Developing
a fabrication process to electrically address these devices would also be an important step

in extending this promising avenue.
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8.3 Light-emitting diatoms for efficiency benefits

The vivid diffuse color obtained from the TiO2 diatom structures in Chapter 3 arose
from a unique resonant coupling of thin-film interference and broadly distributed guided
modes that quickly leaked the low-order Fano-resonant mode out of the structure. A
question follows: would it be possible to extract light emitted from within a p-i-n LED (Light-
Emitting Diatom) in the same way? Moreover, is the slight disorder inherent to the colloidal
patterning method in fact beneficial for this extraction? In prior work, Yue et al
computationally studied “deep-hole” photonic structures, where holes were etched into a
standard LED on sapphire; however, while the structure under consideration was too thick
for low-order thin-film resonances, an increase in light output power was found with
amorphous and correlated structures relative to a perfectly ordered hole array [2].

Preliminary FDTD simulation work was conducted to reproduce the base case of Yue
et al, and reasonable agreement was found (Fig. 8.2), indicating that a relatable and
consistent computational workflow has been developed. This workflow was extended to the
ideal case of a floating, perforated slab, where the orientation of the emitting dipole played
an important role. When the main emission lobe was in the plane of the structure, disorder
dramatically increased the surface-normal emission intensity (Fig 8.3). However, little to no
extraction increases were observed with a surface-normal dipole, the likes of which
dominate the emission in c-plane quantum wells.

Further process and idea development is necessary to realize a “light-emitting
diatom.” As seen in Chapter 3, high-index structures are sensitive to the identity and extent

of material present in their vicinity. As such, porosification or selective undercut etching
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could be used to encourage efficient modal extraction by lowering the refractive index of the
underlayer, increasing the likelihood of a high-contrast effect. Further, if a process were
developed, PL/EL can be used to probe the peak emission wavelength prior to patterning,
and design for optimum extraction of the signal during the processing cycle. While the
amount of exposed emitter sidewall area is quite substantial given the small hole size
necessary, recent work by Ley et al. showed an elimination of surface-based efficiency losses

in blue devices, which is promising for high-resolution patterning of InGaN emitters [3].
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