OPTICAL WAVEFRONT ENGINEERING OF PEROVSKITE LIGHT EMISSION BY

METASTRUCTURES

A Thesis

by
YIXIN CHEN

Submitted to the Graduate and Professional School of
Texas A&M University
in partial fulfillment of the requirements for the degree of

MASTER OF SCIENCE

Chair of Committee, Zi Jing Wong

Committee Members, Mohammad Naraghi
Shoufeng Lan

Head of Department, Srinivas Rao Vadali

August 2021
Major Subject: Aerospace Engineering

Copyright 2021 Yixin Chen



ABSTRACT

The demand for programmable, low-cost, compact and multifunctional lighting sources is
critical for the advances of next-generation optoelectronic devices. Among light-emitting
materials, halide perovskites materials have gained tremendous attention in recent years
in a wide range of applications, such as high-efficient solar cells, light emitting diodes
(LEDs), and lasers, due to their exotic properties such as long-carrier diffusion length, low
defect density and controllable bandgaps, low-cost and easy processing, and high
photoluminescence quantum yield. However, direct control of light emission pattern has
not yet been explored. In this thesis research, direct control of light emission from MAPbI3
lead halide perovskite using dielectric metasurfaces is experimentally investigated.
Several devices, including perovskite directional emitter, perovskite self-focusing lens,
and perovskite vortex beam generator, are verified through numerical simulations.
Experimentally, a perovskite directional emitter device is fabricated and measured through
optical measurements. The direct and on-demand perovskite light emission pattern control
will facilitates its broader applications in light raging, directional LED, self-focusing

perovskite lens, beam steering, and free-space optical communications, etc.
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CHAPTER |

INTRODUCTION

This chapter starts with a brief introduction on the light (wave) propagation and
concepts of optical wavefront and phases. Then, metasurfaces that are used to locally
control the phase of propagating plane waves will be briefly introduced and reviewed,

with focuses on its mechanisms. Finally, the outline of the thesis will be introduced.

Optical Wavefront

A linearly polarized external light can be considered as electromagnetic plane
wave propagation, whose 3D animation is shown in Figure 1a. In Figure 1a, the red and
blue arrows indicate the electric field (E-field) magnitude and direction, which can be
considered as the polarization directions. The black arrow indicates the wavevector k,
representing the wave propagation direction. The red and blue planes are planes of
constant phases, which are defined as optical wavefront [1].

Figure 1b shows a simplified 2D model of Figure 1a, in which the red and blue
lines indicate planes of constant phases, or wavefronts. The red arrow indicates wave
propagation direction k. Notably, the phase different Ap between adjacent lines of each

color is 2xn. The essence of metasurfaces is to control



Figure 1. (a) 3D and (b) 2D illustration of plane wave propagation and optical
wavefronts.
Metasurfaces for Wavefront Control

Since their early discoveries, optical metamaterials have attracted tremendous
attention in achieving exotic optical properties such as zero or negative refractive index
[2, 3], extraordinary transmission [4, 5], negative permeability [6, 7], etc. Metamaterials
are man-made subwavelength nanostructures to demonstrate novel properties,
phenomena, or functions that otherwise cannot been attainable through existing materials.
As two-dimension counterparts of metamaterials, phase-gradient metasurfaces are
ultrathin (<1um thickness) spatially-varying sub-wavelength meta-atoms that are arranged
to locally manipulate the wavefront of propagating plane waves [8-10]. The main
difference between phase-gradient metasurfaces and metamaterials is that phase-gradient
metasurfaces manipulate light locally at each sub-wavelength point, while in most cases,
metamaterials attain global exotic optical properties. In recent decade, optical

metasurfaces enabled novel functionalities such as beam steering [11, 12], ultrathin



metalens [13-15], orbital angular momentum generation [16-18], etc. Due to their unique
ability to locally and arbitrarily control the propagating phase of an incoming wave,
metasurfaces have rapidly emerged to advance devices such as broadband achromatic
metalenses [19-21], ultrathin invisibility cloaks [22, 23], metasurface holography [24-26],

image processors [27, 28], etc.

+-ZI[.\ +0m A
- - -

aseyd

x (spatial coordinates)

Figure 2. lllustration of an array of spatially varying dielectric cylinders imposing
gradient phase delay to an incident plane wave.

It is important to understand how metasurfaces utilize spatial-varying structures to
locally manipulate the optical wavefronts. As shown in Figure 2, a plane wave with
wavevector k is impinging on an array of metasurface, which is consisted of 6 spatially
varying sub-wavelength cylinders made of high-index dielectric materials surrounded in
a low refractive index environment (usually air or water). The blue and red lines indicate
the wavefront of light propagation. When the incident plane wave transmit through the
sub-wavelength cylinders, cylinders of different sizes give different propagating phase

delay to the plane wave, with the largest cylinder giving the greatest amount of phase
3



delay, and vice versa. When the phase delays imposed by the 6 cylinders gradually
changes within 2z, an anomalous refraction of the incident plane wave is achieved.
Other types of metasurfaces apply similar concepts but different spatial phase
distribution to locally impose phase delays to external light, in order to get different
functions. As Figure 3 shows some examples of the different functions attained by phase-
gradient metasurfaces. In Figure 3a, a high-resolution ultrathin dielectric (TiO.) metalens
has been designed and fabricated. The metalens has a high numerical aperture (NA) of
0.8, high magnification (170x) and high efficiency (88% for 405 nm light) [29]. Its
focusing effect has been experimentally measured, which is shown in Figure 3b. Since
then, high-efficiency achromatic broadband metalenses [30-32] and tunable metalenses
[33, 34]. In Figure 3c and 3d, a high efficiency (> 80%) metasurface hologram has been
constructed [35] with broad operation band from 650 nm to 1080 nm wavelength.
Ultrathin metasurface holograms have since then been enriched with more functionalities,
such as programmable holograms [36], multi-color 3D meta-holography [37], 3D orbital
angular momentum holography [38], and metasurface holography for encryption and

secret sharing [39-42].



Figure 3. Metasurfaces enabling multifunctional control of external light. (a) SEM
image of an ultrathin dielectric metalens. Scale bar is 300nm. (b) Measured
focusing intensity distribution of the dielectric metalens. A focusing effect at the
design focal length (f =90 um) (c) Hlustration of a high efficiency reflective
metasurface hologram. In the inset, the measured holographic image is shown. (d)
SEM image of part of the metasurface hologram. (a) and (b) Reproduced with
permission from ref. [29] Copyright (2016) American Association for the
Advancement of Science; (c¢) and (d) Reproduced with permission from ref. [35]
Copyright (2015) Nature Publishing Group.

Thesis Outline
This thesis contains the motivation, concept, design, simulations, fabrication, and

the measurement of a series of perovskite-based metastructures that allow the local and



arbitrary wavefront control of the light emission from lead halide perovskites.
Specifically, the thesis will be outlined as follows:

In Chapter 2, several techniques using nanostructures to control the light emission
from nanomaterials and quantum dots will be firstly reviewed, including the used of Yagi-
Uda antenna arrays, and symmetric-broken nanorod arrays. Then, halide perovskites will
be introduced, and the advantages and qualities of lead halide perovskites used as novel
light sources will be highlighted. Detailed explanation on how to use metasurfaces to
control light emission by coupling light emission into resonant cavities will be then
discussed. Simulations of three devices, including perovskite directional emitter, self-
focused perovskite lens, as well as perovskite vortex beam generator will be discussed.

Chapter 3 will focus on the specific design, fabrication and measurement of a
perovskite directional emitter. First, the design of resonant Bragg cavity and silicon
metasurface will be discussed. Then, the fabrication process of the perovskite emitter will
be then illustrated, with emphasis on the optimization of the fabrication process in order
to keep the perovskite layer protected. Finally, the optical measurement of the perovskite
directional emitter will be discussed.

Finally, in Chapter 4, some conclusion remarks will be discussed. Outlooks

including the future realization of self-focused perovskite emitting lens will be presented.
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CHAPTER II
DESIGN OF PEROVSKITE-BASED METASTRUCTURES FOR LIGHT EMISSION

WAVEFRONT CONTROL

This chapter focuses on how control the light emission from nanomaterials using
nanostructures. First, we begin by reviewing some typical techniques to use nanostructure
arrays to control the directionality of nanomaterials spontaneous light emission, including
the use of Yagi-Uda antenna arrays, and symmetry-broken nanorod arrays. Then, we will
discuss how to use metasurfaces to achieve arbitrary wavefront control of nanomaterial
light emission. Specifically, two types of cavities, including photonic crystal cavities and
closed cavities are identified to achieve directionality for light emission. Then, arbitrary
wavefront control of light emission can be achieved by introducing metasurfaces. Lead
halide perovskites will be then introduced, with emphasis on its many advantages to be
used as novel nanomaterial light sources. By the use of closes cavities and metasurfaces,
arbitrary wavefront control of perovskite light emission can be achieved. Several novel
perovskite light emission patterns can be attained, including perovskite directional emitter,
self-focused perovskite lens, as well as perovskite vortex beam generator will be

discussed.

Light Emission Pattern Control Using Nanostructures
On-demand light emission pattern control has drawn immense attention in

pursuing multifunctional, programmable, and smart next generation light sources. In

11



recent decades, with the development of micro/nanofabrication techniques, researchers
have been exploring nanostructures to control the light emission patterns from
nanomaterials. Nanoscale Yagi-Uda antennae have been used to control the light emission
of quantum dots and nanomaterials [1]. Yagi-Uda antenna is a common concept for radio-
frequency (RF) community, in order to control the directionality of the transmission of
radio waves. The same concept has been applied in the optical regime to control the light
emission directionality from quantum dots. Yagi-Uda antenna array, which consists of a
driver element, a reflector and several directors, with the number and spacing of directors
controlling the directionality of the transmitted radio waves, as shown in Figure 4a and
4b. Over the years, more advanced structures and functions have been realized, such as
three-dimensional Yagi-Uda antenna array [2], Babinet-inverted Yagi-Uda antenna array
[3], hybrid metal-dielectric Yagi-Uda antennae arrays [4, 5], actively tunable Yagi-Uda

antenna arrays for reconfigurable radiation patterns [6-8].

(a) (b)
QD area — EXxperiment
: : Theory
Air
‘ ' . . Glass
Reflector Feed  Directors™! 3ntenn:
o —

Figure 4. Light emission directionality control by non-uniform nanostructures. (a)
Control of quantum dot light emission using Yagi-Uda antenna. (b) Measured
directional emission from quantum dots with directionality control from Yagi-Uda
antenna array. (a) and (b) Reproduced with permission from ref. [1] Copyright
(2010) American Association for the Advancement of Science.
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Another typical approach to control light emission is the use of symmetry-broken
nanorod arrays. In one example, a symmetry-broken I11-V light-emitting nanorod array
was patterned [9]. The light emission pattern was measured and directional light emission
has been observed. Other symmetric-broken structures have also been used to control the

directionality of light emission [10-13].

(a) (b)

Emitting material Emitting material

Figure 5. lllustration of (a) directional emission and (b) self-focused emission from
a light-emitting nanomaterial.

In both ways to control light emission from nanomaterials or quantum dots, only
directionality of light emission can be engineered (Figure 5a). This is because in both cases,
it is not the local wavefront at each subwavelength point that is being engineered. In order
to get any arbitrary light emission pattern, for instance, self-focused emission (Figure 5b),
more universal approach needs to be developed. It is of our best interest to locally change
the light emission wavefront of each subwavelength position, in order to get the optimized

ability to control the wavefront of light emission.

13



Metasurface Controlling Light Emission Pattern

As a versatile and universal way to control the optical wavefront of external light,
phase-gradient metasurfaces can be utilized as a good way to manipulate light emission
pattern [14, 15]. Comparing to external light (Figure 6a), the difficulty to manipulate light
emission using metasurfaces is due to the lack of directionality (Figure 6b). In order to
attain the control of light emission using metasurface, directionality can be acquired by
coupling light-emitting material in a cavity. As two examples, two types of cavities are
shown in Figure 6. In Figure 6c, a thin layer of light-emitting material sitting on a substrate
is patterned as a photonic crystal cavity. By forming a photonic crystal cavity,
directionality from the light emission can be attained along the in-plane directions. By
introducing spatially-varying structures of different sizes, light emission pattern can
subsequently manipulated [14], as shown in Figure 6e-g. In Figure 6e, indium gallium
nitride (InGaN) quantum wells (QWs) embedded in gallium nitride (GaN). The GaN layer
is patterned in a period such that the nanostructure array reaches a photonic crystal cavity.
Effectively, the photonic structure cavity restricted the light emission from the InGaN QW
in the in-plane direction (i.e., kx). After that, by patterning the nanostructure with different
sizes (shown in the top-view SEM image in Figure 6f), different amounts of phases delay
are assigned locally for each position. When the phase is applied with a constant gradient,
a directional light emission can be achieved, which is shown in the measured far-field
emission pattern in Figure 6g. Another approach utilizes a closed resonant cavity (Fabry-
Perot cavity or Bragg cavity) [15], by sandwiching a light emitting layer in-between two

reflecting mirrors. When the distance between the two mirrors is carefully adjusted
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facilitating a resonance condition, directionality along the out-of-plane direction can be
attained (i.e. k;). By placing another layer of metasurfaces on top of either mirror,
manipulating the light emission pattern is then achievable, as shown in Figure 6h and 6i.
In Figure 6h, a GaN based LED is sandwiched in between two metallic mirrors. Another
metasurface is fabricated on top the one of the metallic mirror. By design the metasurface
such that it imposes a constant phase gradient to the incident light, a directional emission
from the GaN-based LED can be achieved. Figure 6i shows the measured far-field
radiation pattern of the GaN-based LED embedded in the closed cavity with metasurfaces
on top, and a directional emission can be seen. It is important to note that, the cavity has
to operate in the resonant condition, such that the directionality can be best attained.
Therefore, optimizing the dimensions of the cavity is essential. For the photonic crystal
cavity, the periodicity of the photonic crystal needs to be optimized. For the closed cavity
(Fabry-Perot cavity or Bragg cavity), the distance between the two mirrors needs to be

optimized.
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Figure 6. Light emission control using metasurfaces. (a) lllustration of metasurfaces
controlling the wavefront of an external incident light with directionality. (b)
llustration of spontaneous emission from a light-emitting material. (c) Controlling
light emission using metasurfaces by forming a photonic crystal cavity to attain
directionality in in-plane direction. (d) Controlling light emission using metasurfaces
by forming a closed cavity to attain directionality in out-of-plane direction. (e)
Control of InGaN quantum well (QW) light emission using phased nanopillar array.
(f) Top-view SEM image of the phased nanopillar array in (c). (g) Measured
directional emission pattern from the InGaN QW with phased nanopillar array. (h)
Control of GaN LED light emission using closed cavity and metasurface array. (i)
Measured directional emission pattern from (f). (e) - (g) Reprinted with permission
from [14], Copyright (2020) Nature Publishing Group; (h) and (i) Reprinted with
permission from [15], Copyright (2019) Wiley-VCH.

Halide Perovskites as Novel Light-Emitting Materials
Of many novel light-emitting nanomaterials, halide perovskites are greatly
advantaged due to its high photoluminescence quantum vyield (PLQY), long-carrier
diffusion length, and controllable bandgaps, low-cost and easy processing methods [16-
18]. Lead Halide perovskites (ABXs, A = MA*, FA*, or Cs*; B = Pb?"; X = Cl, Bror 1),
whose atomic structure is show in Figure 7, have been widely studied to achieve high

efficiency LEDs [19-21] and lasers [22-25] across the visible spectrum. For some

perovskites, their PLQY can be optimized to reach unity (100%) [26], which in turn is
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highly energy-efficient as novel light sources. As the bandgaps of halide perovskites are
tunable by changing the chemical composition, perovskites can be used as novel light
sources across the whole visible spectrum. In most cases, its fabrication only involves the
spin-coating of precursors. However, similar to many other light emitting materials, the
control of light emission pattern still lacks developments, hindering its applications in
many integrated smart lighting devices. In this thesis research, we aim to apply the ‘closed
cavity’ approach in conjunction with phase gradient metasurfaces in order to directly
control spontaneous light emission from a CH3NHzsPblz (Methylammonium lead iodide,

MAPDI3) perovskite layer.

A @ MA, FAY, Cs*

B ‘ Pb2+, Snt

X @& I,CIBr

ABX,

Figure 7. Crystal structure of metal halide perovskites.

It is worth noting that, while fabricating a simple perovskite thin film is facial, it
is very difficult to integrate perovskite with metamaterials/nanostructures due to the
fabrication constraints. This is attributed to the instability of perovskite in ambient air,
especially in humid conditions. Besides, halide perovskites can be dissolved or degraded
in many chemicals, which causes tremendous difficulty for lithography, in which many
chemicals are used. Also, halide perovskites from spin-coating are easily degraded in high

temperature environments, posing some difficulties to some thin-film deposition methods
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in which some high-temperature processes are used. Last but not least, spin-coated
perovskite layers do not have good surfaces roughness, which results in the difficulty of
fabricating many other layers that might sit on top of the perovskite layer. However, in

this thesis, all the aforementioned difficulties are solved, which is described in Chapter 3.

Design and Simulations of Several Perovskite-based Metastructures for Arbitrary

Light Emission Wavefront Control

By sandwiching MAPDIs perovskite inside a Bragg resonant cavity, and apply
dielectric metasurfaces on top of the cavity, arbitrary wavefront control of MAPDI3
perovskite light emission can be achieved. Many devices with on-demand light emission
pattern from MAPbIs perovskite can be enabled, including perovskite directional emitter,
self-focused perovskite lens, perovskite vortex beam generator, etc. In this section, the
design and simulations of these devices will be briefly presented.

In this thesis, all full device simulations are carried out using Lumerical FDTD
Solutions (ANSYS Inc.), which solves Maxwell’s equations with given geometry and
optical properties in order to calculate the electric field distribution. In full device
simulations, the light emission from MAPDI3 perovskite is simplified as an in-plane dipole
array centered at 770 nm wavelength (MAPbI3 perovskite PL wavelength). The intensity
of dipole array has a Gaussian distribution, which resembles the optical pumping intensity

distribution in real optical measurements.
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The design of a perovskite directional emitter is shown in Figure 8a, in which a
perovskite emitting layer is sandwiched inside a cavity consisted of a Bragg multilayer
reflector and a metallic bottom reflector. A phase-gradient metasurface that is designed to
achieve anomalous refraction is placed on top of the cavity. The details of the phase-
gradient metasurface for directional emitter will be discussed in Chapter 3. From full wave
simulation, the far-field emission pattern shown in Figure 8b demonstrated a directional

emission centered at 21° with respect to the surface normal.

i | ==
Perovskite

Figure 8. (a) Schematic and (b) simulated far-field radiation pattern of perovskite
directional emitter.

In the design for self-focused perovskite emitting lens, the same cavity
configuration is used. The metasurface, however, is spatially varied to achieve a focusing
function, as shown in Figure 9a. Assuming the in-plane spatial coordinates (X, y) and the
center of the metasurface is (0 ,0), the required phase at each position can be written as
[27, 28]:

D(x,y) = -2u/A)((x* + y*)H2 - 1),
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in which f is the focal length and / is the wavelength of the light emission wavelength of
perovskite. After constructing the focusing the metasurface, full wave simulation shows
that the emitted light from perovskite layer focused at the designed focal length of f = 8

um, as shown in Figure 9b.
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Figure 9. (a) Schematic and (b) simulated cross-section electric field intensity
distribution of perovskite self-focused light emission lens.

The perovskite vortex beam generator again utilizes the same cavity configuration
(Figure 10a). However, the metasurfaces are arranged such that the phase delay circularly
increases [29, 30]. Figure 10b shows the top-view phase delay distribution, in which the
metasurface is separated into 8 segments, and each segment provides gradually-increased
phase gradient from 0 to 2z. By full wave simulation, a donut-shaped field distribution
can be achieved from cut-plane electric field distributions, which is a characteristic field

distribution for vortex beam generation [29, 30].
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Figure 10. (a) Schematic and (b) top-view of the phase delay distribution and (c)
simulated top-view electric field distribution of perovskite vortex beam generator.
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CHAPTER IlI
EXPERIMENTAL DEMONSTRATION OF A PEROVSKITE DIRECTIONAL

EMITTER

Design of Perovskite Directional Emitter

The perovskite directional emitter applies a Bragg resonant cavity to sandwich a
MAPbIs perovskite emitting layer, with a separately designed silicon (Si) metasurface on
top, as shown in Figure 11. The Bragg cavity consists of a thin Ag film (25 nm) and 5
pairs of alternating TiO2/SiO> layers, which shows 90% reflection at the
photoluminescence wavelength of MAPDIs perovskite (770 nm). A silicon metasurface
consists of silicon cylinders with spatially varying dimensions are used to achieve arbitrary
wavefront control. Three germanium (Ge) layers of 4 nm-thick are used as interfacial
adhesion promoting layer. Between the Ag film and the MAPbI; emitting layer, there is
another layer of SiO2 spacer to tune the resonance wavelength of the Bragg cavity to match
the photoluminescence (PL) wavelength of MAPDIs perovskite. Unit cell design and full
device simulations are conducted using a finite-difference time-domain full wave

simulation package (Lumerical FDTD Solutions, ANSYS Inc.).
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Figure 11. Schematic of a perovskite directional emitter.

The Bragg cavity is designed to operate at a resonant mode. The Bragg cavity
consists of a TiO2/SiO> distributed Bragg reflector (DBR) and a thin layer of Ag reflector.
Alternating layers of high and low index dielectric materials can realize broadband high
reflection due to the constructive multiple interference at each reflecting boundary. In this
design, 60 nm-thick TiO> layers, whose refractive index n = 2.2 measured from a
spectroscopic ellipsometer (EP3 Ellipsometer, Nanofilm), are used as the high refractive
index layers. 160nm-thick SiO> layers are used as low index layers, whose refractive index
n = 1.49, measured by ellipsometry. As shown in Figure 12, a total of 5 pairs of TiO2/SiO>
layers show a reflection of 90% at 770 nm wavelength, with a transmission of 90% at 532
nm wavelength, which is beneficial for the incidence of pump laser in a transmission
mode. The reflection spectrum of the DBR is theoretically calculated based on ref. [1],
and verified via two-dimensional FDTD simulations (Lumerical FDTD Solutions,
ANSYS Inc.). Comparing to a resonance cavity with both metal reflectors, applying one
DBR on one side also significantly reduces optical loss, as both TiO2 and SiO2 has

negligible loss at the visible regime. A 25 nm-thick Ag film is used as the top reflector.
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Ag is choosing as the metal material due to the fabrication constraints. The 25nm-thick
Ag layer has a reflection of 60% and small amount of loss at 770 nm wavelength, which
is enough for the operating of the resonant cavity. From the fabrication point of view,
since the top reflector has to be deposited after the perovskite light emitting layer is spin-
coated, it is best to reduce the number of layers, as well as the total deposition time above
the perovskite layer, in order to reduce heating effects and perovskites’ exposure to the
ambient air. Therefore, comparing to using another DBR, which would require a
multilayer electron beam deposition on top of perovskite for a few hours, using a thin Ag
reflector is a better choice while not compromising the performance of the perovskite
directional emitter devices.

In order to match the emission wavelength to the narrow resonant cavity
wavelength, a lossless SiO> spacer is sandwiched in between Ag and perovskite layers. By
FDTD numerical simulation, the spacer thickness is optimized at 150 nm. The cavity
transmission is shown in Figure 12b, in which a resonant peak can be observed centered

at 770 nm, which is the characteristic resonance peak of Bragg cavities.
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Figure 12. (a) Design of the distributed Bragg reflector (DBR). Reflection reaches
90% at 770nm. (b) Design of the Bragg resonant cavity. A resonant peak is
observed at 770nm.
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Figure 13. (a) Design of the silicon metasurface unit cell. Period P = 330nm, height
H = 325 nm are used to achieve 27 phase shift. (b) Calculation of the accumulated
phase shift and transmission of the unit cell with varying diameters D of the silicon
cylinders.

The unit cell of the dielectric metasurface is shown in Figure 13a. A silicon

cylinder of height H = 325 nm and diameter D sits on top of a glass substrate. The period
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of unit cell is fixed at P = 330 nm. Silicon is used as a dielectric metasurface material due
to its high refractive index (n = 3.7) and low absorption at MAPbI3 photoluminescence
wavelength (770 nm). There are a few considerations in choosing silicon as the
metasurface material. First, from the design point of view, silicon has a high refractive
index, which is idea for dielectric metasurfaces, in which a high-refractive index material
is needed to attain sufficient phase delay upon an impinging plane wave with a thin layer
of structure. Besides, silicon also has low (but not negligible) loss at the perovskite light
emission wavelength of 770 nm, which can be seen from the transmission plot in Figure
13b. Furthermore, it is feasible to use low-temperature electron beam evaporation to
deposit the silicon layer. There are other high-index dielectric materials that have low
losses in the visible regime, with the most notable being TiO: [2] and GaP [3]. However,
for both materials, the deposition of them on the perovskite would be troublesome with
the presence of high temperature and/or humid environments. Therefore, it is best to use
poly-Si deposited from electron-beam evaporation as the metasurface materials for out

purposes.

Table 1 Phase delays and diameters of the 6 silicon cylinders within one supercell.

Unit cell No. 1 2 3 4 5 6
Phase delay (rad) /3 2n/3 T 47/3 5n/3 2n
Diameter (nm) 145 162 172 185 205 244

As mentioned in Chapter 1, in order to achieve full arbitrary phase control, 2x

phase delay by varying the dimensions of the silicon cylinder is needed. Full 2z phase
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delay is achieved by varying the diameter D of the silicon cylinders (Fig. 3a). High
transmission (>0.5) is maintained across the whole diameter variation in order to achieve
high efficiency (Fig. 11b).

In order to design a perovskite directional emitter, the silicon metasurface is
designed to realize anomalous refraction [29]. By spatially varying the diameters of silicon
cylinders, different phase delay of the propagating wavefront can be introduced. When the
wavefront phase delay is arranged to have a constant gradient, a phase delay term is
essentially added to the Snell’s law. The generalized form of Snell’s law then could be
written as [29]:

sin(@ynt - sin(@i)ni = (A/2m)(de/dx)
where 0; and 0 is the incident angle and refracted angle, respectively, while nj and n; are
the refractive indices of the incident and transmission medium, respectively. By arranging
6 unit cells in a supercell, whose diameters and transmission coefficients are shown in
Table 1, an anomalous refraction of 23° can be achieved. Therefore, by applying the
metasurface on top of the perovskite emission cavity, a directional emission of 23° can be
achieved. Full device simulation is carried out using Lumerical FDTD Solutions (ANSYS
Inc.). As shown in the simulated far-field radiation intensity-angle distribution in Figure

14, the perovskite directional emitter shows the emitted light centered 23° to the left.
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Figure 14. Calculated Far-field emission profile from the perovskite directional
emitter with a designed 23° emission.
Fabrication Process and Considerations

As mentioned in Chapter 2, since halide perovskites are unstable in ambient
environment and easily degraded by many chemicals, the fabrication of perovskite-based
nanostructures and metamaterials are difficult. Therefore, the fabrication process of the
perovskite light emitting metamaterial is sophistically optimized. In this section,
considerations to optimize the fabrication process will be discussed.

To avoid long-time multilayer electron beam deposition, a distributed Bragg
reflector (DBR) consisting of TiO2/SiO> multilayer would be first deposited on a glass
substrate by electron beam evaporation (Lesker PVD 75 E-beam Evaporator) (Step i). The

deposition rate for TiO2 is 0.15 nm/s, and for SiO2 the deposition rate is 0.25 nm/s.
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Between each layers, 10-minutes waiting periods are applied to allow the evaporator
chamber to cool down.

Before spin-coating MAPDI3 perovskite, the deposited multilayer is cleaned again
using acetone, Isopropyl alcohol (IPA) and deionized (DI) water, followed by UV-Ozone
treatment of 15 minutes. 1.7 M MAPbIs solution is prepared by mixing equimolar MAI
and Pblz in DMF:DMSO (VDMF:VDMSO = 9:1) and stirring for 30 minutes. Then the
solution is filtered by 0.22 um pore size filters. The perovskite solution is spin-coated at
3000 rpm for 25 seconds, and 400 pl diethyl ether is dropped onto the precursor film (after
10 seconds spin-coating) and followed another continuous 15 seconds spin-coating. The
sample is then heated by gradient annealing, with 65 °C for 1 minute and 100 °C for 10
minutes in order to complete the crystallization. (Step ii) The thickness of the MAPbI;
layer is measured to be 600 nm by a stylus-based surface profilometer (Dektak). The spin-
coated MAPDIz perovskite is shown in the image in Figure 15, in which a clear mirror-

like surface can be seen.

Figure 15. Spin-coated MAPDIs perovskite with mirror-like surfaces.
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Three layers of Ge (4 nm thick for each layer, 0.05 nm/s), 150 nm SiO, spacer
(0.25 nm/s), 25 nm Ag reflector (0.2 nm/s) and 325 nm Si (0.15 nm/s) layer are
subsequently deposited by electron-beam evaporation (Step iii). Another 100nm-thick
SiO2 is also deposited between Ag and Si as an etch stop layer. Ge adhesion layers are
used to promote the interfacial between rough MAPbI3 perovskite layer and SiO; layer, as
well as between SiO2 and Ag layers. Since in Step iii, all the deposition processes are
carried out with the presence of MAPDI3 perovskite, it is crucial to control the temperature
of the e-beam evaporator chamber. The temperature inside the chamber is monitored, with

many waiting periods applied to prevent the chamber temperature elevating to over 80 °C.
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Figure 16. Optimized fabrication process of perovskite directional emitter
metamaterials.
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In order to pattern the silicon metasurface, a proper electron beam lithography with
dry-etching recipe needs to be selected. From the etching point of view, either metallic
hard etch mask or electron beam resist etch mask can be potentially used. However, since
almost all solutions that can be used to remove thin metallic layers will degrade perovskite,
electron-beam resist has to be directly used as etch mask. Besides, during the eletron beam
lithography and the subsequent developing process, the solutions used need to be
perovskite-friendly and water-free. Among most electron-beam resists that have good dry-
etching resistance, ZEP-520A electron beam resist (ZEON Chemicals) is the best choice,
whose developer ZED-N50 (ZEON Chemicals) is also water-free. Directly electron-beam
patterning on lead halide perovskites using ZEP-520A as electron beam resist has also
been reported [4]. The inverse pattern of the metasurface is then exposed by 30kV
electron-beam lithography (Tescan MIRA) on a 300 nm (spin-coated at 5500 rpm) thick
positive tone ZEP-520A resist (Step iv), followed by developing in ZED-N50 developer
for 2 minutes (Step v), and rinse in IPA for 30 seconds. Finally, extreme cautions were
taken to blow dry the sample using No.

Resist pattern is transferred to the metasurface by induced coupled plasma etching
(Oxford Plasmalab 100) with a CHF3/SFe gas mixture at 20 mTorr. The flow rates for
CHFs and SFs are 75 sccm and 15 sccm respectively, which are optimized to achieve a
ZEP-520A:Si selectively of 1:2.5. The etching gas mixture has high Si:SiO; selectivity,
since SiO> is used as an etch stop layer underneath the Si metasurface. After etching,

remaining ZEP-520A resist are removed by O plasma (Step vi). All fabrication process
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is completed in AggieFab Nanofabrication Facility in Texas A&M University. The
fabricated device is shown in the scanning electron microscope (SEM) images in Figure

17.

Figure 17. SEM images of fabricated perovskite directional emitter.

Optical Measurement Results

The fabricated perovskite metamaterial is characterized using an in-house
momentum-resolved photoluminescence measurement setup (Figure 18). The pump beam
from a Ti:Sapphire laser (Chameleon Ultra 1I, Coherent Inc.) is fixed at 532nm
wavelength, at which the bottom DBR of perovskite metamaterial has >90% transmission.
A variable attenuator is used to adjust the pump power, which is measured to be 1uW in
the experiments. The light emission from MAPbIs perovskite metamaterial (centered at
770nm) is collected in transmission mode by an objective lens (M Plan Apo 50X, 0.55
NA, Mitutoyo). A long-pass filter (cutoff wavelength 700nm, Thorlabs) is then used to
block the pump laser, only allowing the emitted light from perovskite to be collected by
the charge-coupled camera (CCD) camera and spectrometer. The back focal plane (Fourier
plane) of the emitting sample surface is then projected to a CCD camera (PIXIS, Princeton
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Instruments). The photoluminescence spectrum of perovskite light emission is then

measured by a spectrometer (SpectraPro HRS-300, Princeton Instruments).
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Figure 18. Optical measurement setup of perovskite directional emitter
metamaterials.

Figure 19 shows the measured the photoluminescence (PL) spectrum before and
after the optical measurements. The PL peak is measured to center at 770nm. The black
curve was taken before the measurement, while the red curve was taken after optical
measurement in ambient air for a few hours subject to laser radiation. After the
measurement, the PL peak intensity only dropped 30%, which shows that the MAPbI;

perovskite directional emitter has good stability in ambient air under laser pumping.
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Figure 19. Photoluminescence spectrum of MAPbDI3s perovskite directional emitter
before (black line) and after (red line) optical measurement.

The momentum-resolved PL is shown in Figure 20, in which the x-axis shows the
directional emission angle in the momentum space, while y-axis shows the wavelength. It
is clear that the PL from MAPbIs perovskite has a directional emission at (kx/ko = -0.39,

which corresponds to 23° directional emission with respect to the surface normal direction.
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Figure 20. The momentum-resolved PL spectrum of the MAPDbI3 perovskite
directional emitter.

The effects of using dielectric metasurface is shown in Figure 21. In Figure 21a,
the light emission pattern from outside the metasurface region is demonstrated. Without
any patterns, the measured momentum space image of the emitted light at 770 nm shows
a broad and normal direction emission to the sample surface. In comparison, with the
presence of the metasurface, directional emission at 23° is achieved (kx/ko = -0.39), as
shown in the momentum space image in Figure 21b. The emission pattern agrees well with
the simulated far-field pattern (Figure 14), confirming the design principle of the

perovskite metamaterial directional emitter.
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Figure 21. (a) Measured momentum-space image from perovskite without a
metasurface. (b) Measured momentum-space image from the perovskite directional

emitter, showing 23° angled emission.
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CHAPTER IV

CONCLUSIONS AND OUTLOOK

In conclusion, this thesis has demonstrated the method to utilize Bragg resonant
cavity and dielectric metasurface integrated with a novel perovskite light emitting
materials to achieve on-demand and arbitrary light emission wavefront control. The
perovskite-based light-emitting metastructure devices enable many desired light emission
patterns, including directional emission, self-focused light emission, as well as vortex
beam generation. The devices are potentially energy-efficient, low-cost, easy-processing,
and tunable, thanks to the advantages of halide perovskites.

Experimentally, a perovskite directional emitter is successfully fabricated. The
fabrication difficulties in integrating unstable halide perovskite into metastructures have
been solved by carefully optimizing the fabrication workflow. From optical
measurements, controllable directional light emission from MAPbIs perovskite has been
demonstrated and matched the designed emission angle very well. The device can be used
as a compact integrated novel perovskite based light source. This can also be beneficial
for many perovskite-based applications, such as directional LEDs, light detection and
ranging, optical communications, etc.

On the other hand, phase-gradient metasurfaces have mostly been applied to
control the wavefront of externally incident light. However, in this thesis, metasurfaces
are utilized to control the light generation from the metastructure itself. We envision that

this thesis also expands the horizon of applications of metasurfaces.
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In the future research, first, it is important to experimentally realize more
functionalities from perovskite light emission, including focused light emission, light
emission from perovskite with orbital angular momentum, and perovskite self-emitted
holograms, etc. Besides, it is also exciting to incorporate the arbitrary wavefront control
capability with perovskite-based optoelectronic devices. For example, the directional
emitter can be integrated with perovskite LEDs and experimentally demonstrated,
facilitating directional perovskite LEDs. Furthermore, with the advances of
micro/nanoscale 3D printing, it is also interesting to experimentally explore three-
dimensional wavefront control of perovskite light emission. Last but not least, active
control of perovskite light-emission with reconfigurable metasurfaces would also be

interesting to be experimentally explored.
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