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An enhanced thermal imaging concept made possible through the development of a
gradient-indexed metamaterial infrared detector that offers broadband transmission and
reflection in THz waves. This thesis proposes a proof of feasibility for a metamaterial infrared
detector containing an anti-reflective coating with various geometrically varying periodic
metasurfaces, a gradient-indexed dielectric multilayer for near-perfect longpass filtering, and a
gradient index of refraction (GRIN) metalens for enhanced focal plane thermal imaging. 2D
Rigorous Coupled-Wave Analysis (RCWA) is used for understanding the photonic gratings
performance based on material selection and varying geometric structure. Finite Difference Time
Domain (FDTD) is used to characterize performance for a diffractive metalens by optimizing the
radius and arrangement of cylindrical nanorods to create a desired phase profile that can achieve
a desired focal distance for projections on a detector for near- to far-infrared thermal imaging.
Through combining a micromachined anti-reflective coating, a near-perfect longpass filter, and
metamaterial GRIN metalens, infrared/THz focal plane thermal imaging can obtain faster photo-
response and image quality at targeted wavelengths, which allows for scientific advancements in
electro-optical devices for the Department of Defense, aerospace, and biochemical detection

applications.
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CHAPTER 1
INTRODUCTION
1.1  Topic Overview

Infrared (IR)/terahertz thermal imaging capabilities are critical for scientific and
engineering advancement as they can provide understanding about the Earth’s surface and
atmosphere, improve strategies for space exploration, and enhance our nation’s defense. Optical
remote-sensing technologies are in a great need for electro-optical devices to become smaller,
less complex, and cheaper to manufacture. When optical devices meet these three characteristics,
they lean towards becoming commercial off-the-shelf components, which help pave the way for
new research studies constricted by budget, space, and availability. However, it is important
when trying to overcome the size, weight, complexity, and price-point issues that the infrared
imaging performance isn’t compromised [1].

The evolution of infrared imaging systems is largely due to the advancements in new
metamaterial compositions and nano/micromaterial fabrication techniques. Unique metamaterial
compositions, such as potassium bromide (KBr) and polyvinyl chloride (PVC), allow for
advanced performance in various applications due to their optical properties. Some material
compositions like PVVC offer unique fabrication opportunities due to their malleability, which can
allow for easier production at a larger scale. As new metamaterial compositions become
available, high-precision fabrication techniques will be needed to create complex geometries at
various thicknesses. While the application for each device may be different, the end goal of
designing a compact, lightweight, power conscious, and cost-effective mechanism remains the
same.

Over the years, many scientific researchers have been consistently working to meet



challenges that IR systems still encounter today. For example, many infrared detectors require
some sort of cooling to reduce thermal noise. While there are commercialized technologies that
are uncooled, work at room temperature, and are low cost, the most prominent uncooled FPA is
bolometer based [2-5]. However, it still suffers from fabrication challenges, slow response, and
is susceptible to temperature variations [6]. Fabrication challenges can drive up manufacturing
costs, which can limit the number of customers that are able to afford it. Slow response times
will limit where the IR system can be utilized. For example, the Department of Defense will
most likely not consider an IR system with a slow response time for aerospace applications due
to safety concerns for their pilots in mission critical environments. IR systems that are
susceptible to temperature variations without cooling are not practical for many applications
because of their unfavorable image resolution and slow response time.

The Origins Space Telescope (Origins) is a mid-infrared detector that uses a spectrometer
instrument designed to detect and measure the spectral signatures of gases of biogenic origins in
the atmosphere, and studies the existence of known and unknown exoplanets [7]. One of the
critical requirements for the Origins telescope is that it must remain stable due to the sensitivity
requirements. High-stability detection must meet specific requirements, which include
decreasing the noise, reducing stray capacitances, shorts, or crosstalk between circuits,
improving pixel-to pixel uniformity, and optimizing the pixel pitch based on the final design [7].
Detector sensitivity is important to knowing and understanding what is going on around us, and
it is only made possible through having a high-stability detector that is optimized based the
previous requirements. Future research may find alternate ways of optimizing IR detectors to
become highly stable by discovering new metamaterials, alternate designs, or from newfound

cooling methods.



Depending on the application of the IR system, design tradeoffs must be carefully
analyzed to determine the best way to optimize the design for its function. In most cases, IR
system requirements are not as important to those with a different application. For example,
photon detectors work through photon absorption of semiconductors, while thermal detectors
absorb incident radiation that increase the temperature of the device [8]. Thermal detectors work
at room temperature but may require bolometers to increase responsivity. In addition, antennas
can be utilized to further enhance imaging performance in highly degraded environments by

taking advantage of electromagnetic (EM) waves [8].
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Figure 1: Graphical representation of (a) planar anti-reflecting multilayer metalens integrated into an
infrared device, (b) HgCdTe p-on-n photodiode photodetector, and (c) overall integrated design concept.

Figure 1 shows how the proposed gradient-index multilayer metalens would integrate
into the overall infrared detecting device. Due to the overall size of this infrared detector, the

need for a thermal control component is not needed.



1.2  State of the Art Review

Modern electro-optical systems have a need for highly transparent, compact, and
affordable anti-reflection coatings (ARC) in the near- to far-infrared wavelengths. The use of
electro-optical ARC technology is seen in both commercial and defense industries. Some of the
different applications are used to enhance imaging and remote sensing applications. For example,
smart windows were developed to increase building performance by applying a thermochromic
glazing, which regulates solar irradiation indoor protection. However, there is a trade-off
between balancing luminous transmittance and solar modulating capabilities [9-11]. Biochemical
detection has become increasingly important in remotely monitoring oil and gas facilities for
leaks, non-invasive disease diagnosis, and environmental monitoring [12, 13]. Satellite-based
detection has provided a cost effective and more frequent method of determining the state of
each oil and gas facility. The performance of these satellite-based detectors has increased
through the use of ARC’s that help mitigate stray light, ghosting, radiation, and spectral
bandpass inefficiencies [12]. Astrophotonic object detection seeks to discover and understand the
atmospheres of rocky exoplanets and potential habitability by using space-based nulling
interferometry [14, 15]. Space-based nulling interferometry could be utilized on CubeSats as
well as larger vessels depending the on the mission. Light detection and ranging (LiDAR)
utilizes attenuation and time-of-flight measurements of light pulses through the atmosphere to
determine standoff detection for chemical species at a gaseous phase, and it can also be used for
mobile robots that rely on depth completion tasks to better understand their surroundings [16,
17]. Furthermore, satellite-based infrared imaging systems, such as the US early warning
satellite, monitors and detects enemy missiles and will issue incoming warnings, and can cover

many different working bands [18]. Depending on the working band, these light detectors can



identify missile bases and types, launch reconnaissance, tracking, and can even enable visible
light detectors to detect through clouds with the use of an atomic resonance filter [18]. There are
abundant other possibilities that come from exploring new micro-manufacturing processes and
optical material compositions for IR systems. By improving these applications, new
configurations and designs can produce near-perfect quasioptical EM wave coupling with
minimal absorption in the THz waves/infrared wavelengths. These new developments will pave
the way and accelerate research in the future.

In previous works, different material compositions have been analyzed for the various
applications listed above, but they are often limited in their transmissive capabilities, size
requirements, and their simultaneously complex material mixtures, fabrication techniques, and
thermal regulation properties [9, 19-25]. Highly transmissive and low absorption quasioptical
ARC in the broad infrared spectrum is constrained by material selection and surface
microstructure profile, which is largely due to the refractive index of the material. Various
approaches have been made toward ARC applications, which include nature inspired
microstructures. Moth-eye inspired nanopillar-type structure has influenced many researchers in
developing anti-reflective surfaces for IR optical system enhancements [19, 20, 26, 27]. A
telescope observatory developed an array of pyramidal structures made of microwave-
transparent metamaterial layers constructed of carbon-loaded polyurethane on a tilted surface
[24]. In addition, these pyramidal structures were made through injection molding, which
enables mass production and lowers overall cost. Furthermore, these pyramidal array ARC
concepts were aimed at suppressing stray light by minimizing reflection and scattering, which
proved to have a reflectance of less than 1% up to a 65° angle of incidence [24, 26]. ARC

concepts have also been applied to the area of smart windows, where there is a need for boosting



luminous transmittance while blocking stray thermal leakage [9]. Chip-scale perfectly
transmitting high contrast gratings harnessed the concept of phase-matched waves, which have
been used in vertical cavity surface emitting lasers [28]. Through careful periodic surface
structure nano- to micro-patterning, various mechanisms can induce perfect transmission with

select materials, which can be seen in Figure 2.

Figure 2: Image examples with high transmissive optical properties of (a) bioinspired microscopic
moth-eyed coating and (b) non-bioinspired PDMS stamped micropyramid ARC [22, 27].

Optical pass or block filters, which are generally made of infrared-transparent
multilayers, transmit a certain optical spectrum or wavelength through them while rejecting
others. For example, a block-band filter is the concept of quarter-wave Bragg reflectors where
electromagnetic waves will combine destructively within the device resulting in near perfect
reflection, except for at the resonance wavelength, which will eventually escape out of the filter
[29]. The shortpass filter transmits wavelengths shorter than the desired wavelength and rejects
wavelengths beyond the cut-off. Many shortpass filter concepts have been implemented in the
near-infrared wavelengths for optical fiber research [30, 31]. The use of shortpass filters are most
notably within color cameras where they attenuate the NIR photons so that the spectral

transmittance of color filters can be better matched to the human eye because solar radiation has



significant impact in the NIR wavelengths [32]. Like a distributed Bragg reflector (DBR), a
bandpass filter transmits only a portion of the specified spectrum and rejects all others.
Interestingly, many of the material specifications and designs are kept as proprietary information
within the industry. Generally, bandpass filters combine multiple short- and long-pass filters into
an optically thick lens of complex design and processing [33-37]. Longpass filters are used in
many different applications. For example, the optical properties are being optimized to have
tunable transparency with a new polymeric filter that has various applications such as optical
power limiters and protective layers for visible transparency windows [38]. Electrochromic
windows are being commercially developed to reduce cooling loads, heating loads, and lighting
energy due to their dynamic tintable smart windows [39]. Dichroic mirrors are being developed
to achieve ultra-broadband operation that has low insertion loss and octave-wide simulated
bandwidths [40]. In addition, various medical imaging devices that operate in the infrared
wavelengths are being developed [39-41]. High-precision longpass filters are developed to
integrate with miniaturized spectrophotometers, which are commonly found in nano/micro-

aperture applications [41].

1.3 Objective

This thesis is aimed at developing a gradient-indexed metamaterial IR detector that can
enhance image quality, photo-responsivity, and reduce the need for thermal control devices by
remaining a compact profile [42, 43]. The quasioptical metamaterial IR detector that will be
analyzed will comprise of three separate components including an anti-reflection coating (ARC),
a multi-layer longpass filter, and a micro-pillar focal plane array. The ARC will cover today’s
various technologies, and how the overall design was inspired through natural design cues. The

optical performance of various IR dielectric and semi-dielectric material compositions, such as



low refractive index material potassium bromide (KBr) and polyvinyl chloride (PVC), and high
refractive index material optical silicon (Si), will be studied. This analysis is aimed at
determining what is the optimal geometric make-up (pyramidal, parabolic, and inverse
parabolic), and whether altering the grating’s blazing angle has any predominant effects. A 2D
RCWA method is used to obtain the transmissive, reflective, and absorption spectral properties,
and it has been used in various other studies and demonstrated against an in-house developed 3D
RCWA that exceeds the computational performance of previous metasurface studies [44-47]. To
better illustrate the transmission and absorption effects around the grating, electric field
waveplots were developed to characterize how the grating’s shape impacts the electric field.

A gradient-index multilayer longpass filter is tested against layer parameters and
minimum deposited layer thickness with sharp transitions from reflection to transmission. The
broad highpass filter of alternating dielectric layers are stacked onto the substrate and begins
with a low-index period which gradually shifts to a higher-index period as light exits the filter.
By alternating quarter-wave layers of KBr and Si, the multilayer is analyzed through plotting
normal reflectivity versus wavelength. The development of the multilayer longpass filter allows
for near perfect transmission along the cut-off wavelengths before traveling to the planar
micropillar metalens.

The purpose of a metalens light focusing photodetector is to enhance the signal-to-noise
ratio of the focal plane array, and to replace bulky optical components. Cooling is one of the
major limitations for many photodetectors, and a compact design can allow for an absence of
active cryogenic cooling methods. Without the proper cooling, there will be a decrease in signal-
to-noise ratio as well as a high presence of dark current. This study will dwell into designing a

planar micropillar metalens using a graded diameter micropillar with radially varying effective



index of refraction flat disk lens for light concentration. The CdTe substrate will be sandwiched
between the MCT detector and metalens plane, and the micropillars will be made of a dielectric
with a refractive index greater than that of the photodetector. While the FDTD model used to
build and simulate the effects of light concentration has on the photodetector, an extensive look
into fabrication of these micropillars will not be explored. However, a brief overview of different
fabrication methods and potential new approaches for the metasurface ARC’s will be discussed.
This simulation does not account for the imperfections in either the ARC grating geometry or the
graded diameter micropillars, and the results are merely a proof of concept. Future research on
current manufacturing capabilities and sophisticated fabrication techniques are needed to achieve

the specific design criteria described in this study.



CHAPTER 2
METHODOLOGY
2.1  Overview

This section explores the governing equations and nomenclature used in for developing
the modeling and simulation of the gradient-index metamaterial infrared detector. The grating
metasurface will be analyzed through the choices of optical constants through the selection of
different high and low index of refraction material. By using the dielectric function, the
refractive index can be derived to develop the desired optical characteristic based on the
refractive index n and the extinction coefficient «, which will be further explored in the
following sections.

To better understand how the material selection and grating’s shape effects the
performance of the metasurface, a 2D Rigorous Coupled-Wave Analysis (RCWA) is used to
analyze the electric and magnetic fields and how they correlate to the overall reflection and
transmission of the ARC. Furthermore, development of the longpass filter was introduced using
the Fresnel reflection coefficient transfer matrix method (TMM), which analyzes the propagation
of the electromagnetic waves at an interface between two media and through a semi-infinite
media.

The gradient-index of refraction (GRIN) metalens will be modeled and simulated using a
Finite-Difference Time-Domain (FDTD) method using the ANSYS Lumerical computer
software. FDTD is a numerical method for solving differential equation by converting them into
a set of linear algebraic equations, which is a powerful numerical method for modeling
electromagnetic wave propagation [29]. In later sections, the electromagnetic wave field plots

will show how the designed metalens will focus collimated light at a targeted wavelength on the
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small micro-pillared photodetector. Lastly, how the micro-pillared metalens on a focal plane
array is designed using the GRIN system will be further explored. By radially decreasing the

effective refractive index from the optical axis, the microlens spot focusing is achieved.

2.2  Dielectric Function

Across the wavelength region of interest for this metasurface grating, the refractive index
is derived from the complex dielectric function &, which is satisfied by

e=(n+ ix)? (Eq. 1)

where n is the refractive index and « is the extinction coefficient. Although neither of them is
constant over a large wavelength for real materials, the refractive index and extinction
coefficients can also be referred to as optical constants [29]. The extinction coefficient measures
the damping of the electromagnetic field through the absorption of free electrons and the dipole
oscillation of bound electrons [48]. The refractive index and extinction coefficients between the

wavelength range of 5 to 15 um are seen below in Figure 3.
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Figure 3: Refractive indices and extinction coefficients within the 5 to 15 pm wavelength are shown
on the left and right y-axis, respectfully. The only nonzero extinction coefficient is that of PVC.
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The metasurface grating’s optical materials used within this study include optical-grade
silicon (Si), potassium bromide (KBr), and polyvinylchloride (PVC). Optical-grade silicon was
modeled to be at room temperature and selected as the infrared-transparent wafer substrate
because of its high-index of refraction n = 3.42 with no extinction coefficient. KBr and PVC is
used for the ARC’s grating surface due to their low index of refractions of n = 1.5. While KBr
had no extinction coefficient, PVC has a nonzero extinction coefficient of x < 0.1. While PVC
does have a nonzero extinction coefficient, it was chosen due to the possibility of surface
micromachining, which would provide for large-scale manufacturing capabilities. Both KBr and
PVC were taken from empirical data [49, 50]. The Reststrahlen lattice absorption for KBr is
beyond the 70 um, which is outside the Reststrahlen band and the interest of this study [51]. The
Reststrahlen effects is the phenomenon in which a there is a high level of reflectance in a

dielectric material that is otherwise transparent [29].

2.3  Rigorous Coupled-Wave Analysis (RCWA) for 2D Gratings

The RCWA method is a well-known numerical method for calculating the optical
properties of a gratings geometry with sufficient accuracy by using a Fourier-space method [29].
The Fourier-space method treats the electric and magnetic fields as a sum of spatial harmonics
(diffraction orders) [51]. Within this study, a 2D homogeneous and isotropic-sectioned RCWA
method was developed to better understand how the material and geometry effected the gratings
performance [44-47]. This method uses the Bloch-Floquet condition by describing tangential
component of the wavevector of each diffractive wave [47]. The dielectric function of any layer
can be expanded by the Fourier series due to the periodic structure of the grating. The spatial
harmonics are taken to be sufficiently large so that the far-field diffraction effects in both the

electric and magnetic fields can be obtained. However, it is important to note that by making

12



them too large that it will make the computations too extensive, which will lead to more time and
money spent.

Because the ARC grating layer is periodic, the permittivity and permeability for the
layers need to be Fourier-expanded, which will yield the spatial diffraction harmonics of the
electromagnetic waves. This is completed combining the wavevector components for each layer
through numerically solving a Fourier-space version of Maxwell’s equations. Because the
RCWA method is dependent on the number of spatial harmonics that are used, the accuracy of
the reflectance was based on how the solution converged. Neither the Gibbs phenomenon nor
Wood’s anomalies were observed because the dielectric contrast is insignificant compared to the
grid resolution and the surface plasmon polaritons are only excited on metallic layers,
respectfully [52, 53]. Because this method is known for providing and accurate analysis of the
periodic structures, multiple cases of varying geometry were studied for both the reflectance of

KBr and the absorption of PVC.

2.4  Transfer Matrix Method for Multilayers

The Transfer Matrix Method (TMM) analyzes the propagation of electromagnetic waves
at an interface between two media and through a semi-infinite media as they pertain to the
reflectivity and transmissivity of a multilayer structure. This multilayer was modeled to be semi-
infinite, homogeneous, and anisotropic and for the use of uniaxial multilayered structures or
heterostructures [29]. The incident wave is taken to be at normal incidence, which equates to the

x and y component wavevectors relating to k, and k,, being zero. The transverse wavevector
component for all any of the layers, j, can be expressed as k; , = kon;. By alternating between

high and low-index material and setting the thickness of each layer to be quarter-wavelength, a

traditional block filter can be developed. The quarter-wavelength thickness can be described as
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dmin = Ac/4n; Where A, is the cut-off wavelength. The cut-off wavelength is defined as the
chosen wavelength in which the transmittance is decreased to 50%. The layer under the ARC
grating starts as a low index layer and is further divided into alternating index layers. As the
periods progress deeper into the multilayer, the alternating index layers have a gradually

increasing filling ration denoted by

__ pdnin
p = oin (Eq.2)

where p describes the low and high-index period number, rounded to the nearest integer, into the

multilayer from 1 to A/dp;n.

- High Refractive Index Material
. Low Refractive Index Material

Figure 4: Illustration of a multilayer quarter wave stack of alternating material compositions of
high refractive index of KBr and low refractive index of Si.

While the reflectivity and transmissivity of multilayers can be controlled quite accurately
with various thin-film deposition techniques, different materials have different limitations, such
as physical vapor deposition (PVD) versus chemical vapor deposition [21, 29]. The total slab

thickness for the multilayer filter can be expressed as
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AZ
Asiap = . (Eq 3)

For TMM, the electric and magnetic field amplitudes at the incident surface of the device
are related to the outgoing substrate medium, denoted by N [11]. N is the total number of layers
and can be expressed by N = 2A/d,,;i». The electric and magnetic field amplitudes at the

incident surface can be expressed by

Ay _ -1t (e-”‘frzdf 0 )( 1 rj.,-+1><AN)
<Bl)_nj=1 tjj+1 0 e kizdjJ\1j 541 1 By (Eq. 4)

The Fresnel reflection and transmission coefficients at the interface are denoted as 7; ;.4

and t; j,, between the consecutive layers j and j+1, respectfully. Furthermore, the product of Eq.

(4), referenced by M, leads to the reflectance and transmittance of the device calculated by the

following:

M3, 2

M11

1

R, =
A My,

2 ' TA — Re [5sup . kz,sub]
Esub  Kzsup

(Eq.5)

Near-field surface plasmon coupling doesn’t need to be accounted for when creating a
multilayer filter with a zero-extinction coefficient with alternating high- and low-index dielectric
materials [54]. By using this method, the reflectivity and the transmissivity of the multilayer can

be easily calculated and designed.

2.5  Finite-Difference Time-Domain (FDTD) Method for Image Focusing

By using a finite-difference time domain (FDTD) method to simulate the metalens, the
electric field densities are analyzed to show the results of the device’s performance. The FDTD
method is ideal for full-wave simulation modeling as it provides an accurate representation of its
performance, but it is generally hindered by a lengthy computational time for larger diameter

metalenses. However, an application of hardware-accelerated 3D FDTD solver to
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electromagnetic acceleration simulation provides a path forward to full-wave modeling and
optimization for large-scale metalenses within a reasonable time frame by employing a simpler
full-domain modeler that retains the full accuracy solution of Maxwell’s equations [55].
Furthermore, the approach in this study uses an FDTD solver through ANSYS Lumerical
computer software, which uses state-of-the-art methods for solving Maxwell’s equations.

The FDTD is a numerical method for modeling electromagnetic wave propagations and
scattering in broad frequency regions for both very large and very small geometric structures
[29]. Specifically, it provides a solution for both time and space, which can be used to determine
performance characteristics for the microlens spot focusing. The original FDTD idea inspired by
Kane Yee, and often described as the Yee cell. It is assumed that the E and H fields are
surrounding a cell whose origin is at the location i, j, and k. The electric field (E) and magnetic
field (H) is defined as

E(r,t) = Eycos (wt — k-1 + ¢p) (Eq. 6)

H(r,t) = Hycos (wt — k-1 + ) (Eq. 7)
where E, and H,, are the electric field and magnetic field amplitude, respectfully, w is the
angular frequency, t is time, k is the wave vector, r = (X, y, z) is the position vector, and ¢, is
the phase angle. Every E field is located %2 a cell’s width from the origin in the direction of its
orientation while every H field is offset %2 a cell’s width in each direction except that of the
orientation [56]. The governing equations that are used within the FDTD solver, ANSYS

Lumerical, are based on Maxwell’s curl equations for non-magnetic materials, and are described

by
g =VxH (Eg. 8)
D(w) = o, (w)E(w) (Eq. 9)
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oH 1 =
X - LluxE (Eq. 10)

where the displacement, magnetic, and electric fields are denoted by D, H, and E, respectfully.
Furthermore, the complex relative dielectric constant ¢, (w), which can also be related to the
refractive index n? = &,(w). For this 3D FDTD simulation the Maxwell equations could be
broken down into 6 components including Ex, Ey, Ez and Hx, Hy, and Hz Maxwell’s equations
could be split into two independent series of equations for transverse electric (TE) and transverse

magnetic (TM) equations [56]. These six scalar normalized value equations are as follows:

o (- ) e 150
o () e 120

By using the finite difference numerical differentiation, the derivatives can be
approximated by breaking them down into different sets of linear algebraic equations using a
spatial mesh (or grid) scheme in relation to their i, j, and k location [29]. Using the computer
analysis tool, ANSYS Lumerical, different combinations of materials and geometric designs of
structures can be quickly modeled to provide interesting data such as electric field density plots

for light focusing, and focal plane density plots to determine collection efficiency.
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CHAPTER 3
METAMATERIAL INFRARED DETECTOR DISCUSSION
3.1  Anti-Reflection Coatings Analysis
Through the use of the 2D RCWA method, the micropatterned dielectric metasurface is
analyzed at normal incidence, and considered to be in vacuum free-space. The analysis
pertaining to this section will include examining how varying the geometric grating of the ARC
will impact the transmissivity, reflectivity, and the electric field densities. In section 3.1.1, the
KBr and PVC metasurface materials will be investigated to show how varying the blazing angle
(a) and the cross-sectional structure impacts their reflectivity and absorption characteristics,

respectively.

3.1.1 2D Shape Factors

In this section, the 2D RCWA method was used to analyze how altering the metasurface
periodic grating and cross-sectional geometrical shape will impact the reflectivity of KBr and the
absorption of PVC. Due to the previously observed index matching in Figure 3, the reflection of

PVC will not be analyzed in detail because it would be nearly identical to KBr.

N

Graded Multilayer

' Low Refractive Index Material
' High Refractive Index Material

Figure 5: lllustration of the metasurface periodic grating ARC

18



The first analysis was conducted by keeping a consistent pyramidal geometric structure
while only varying the blazing angle (o). In Fig. 6(a), the blazing angle was varied in increments
of 20 degrees with a range of 25 to 65 degrees to determine the effects that it has on the

reflection and absorption characteristics for a pyramidal-shaped grating.
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Figure 6: Reflectance and absorption in transverse magnetic polarization with varying blazing angles of (a)
KBr metasurface and (b) PVC. Wavelength of study are both within 5 to 15 pm.

The grating had a fixed period of A = 10 pm and was used in conjunction with the
blazing angle (o) to calculate the total thickness (H). The total thickness (or height) of the grating

array is defined as

H = At:;noc (Eq 12)

where a is the blazing angle. By inputting the wavevectors and thicknesses, the width-to-period

filling ratio for the discretized grating form can be calculated. The width-to-period filling ration
for each layer is defined by as

Wi—q - 19min (Eq. 13)
where W; is the width of layer j. Each developed individual geometry uses these parameters for
each 2D shape factor for the grating’s design. Once the grating’s design is established, the 2D

RCWA method was utilized.
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Due to the complexity and performance dependency of these gratings, too sharp- and too
sharp-angled gratings may not be of interest due to fabrication feasibility. While the metasurface
material of PVC was considered due to its manufacturability, an in-depth look into fabrication is
yet to be explored for these various geometric shapes and the results are purely theoretical. The
reflectance maxima for KBr are 3.31 x 1072, which closely resembles to the normal reflection
of flat KBr calculated by R = (ngg, — 1)?/(ngp, + 1)? =~ 0.04. Alternatively, the global
reflectance minima are 1.97 x 107. Interestingly, the minima are generally situated near the
wavelength, which corresponds to the period of the grating. The 25-deg blazing angle had
minimal impact over flat KBr, which only showed a reduction as it corresponded at the period
wavelength. From Table 1, the performance wavelength bands for various blazing angles can be
seen to allow for a better interpretation of the data. However, grating with a 45-deg blazing angle
configuration for quasioptical coupling at the targeted wavelength could be considered the
“Goldilocks” configuration.

Table 1: Reflectance and absorption performance characteristics in transverse magnetic
polarization with varying blazing angles of (a) KBr metasurface and (b) PVC. Wavelength of study
are both within 5 to 15 pm.

Varying Blazing Angles Optimal Performance High Performance Low Performance
Wavelength (um) Band (um) Band (um)
Reflectance of KBr 11.1 10-12 9-10
Absorption of PVC 12.35 5-7 & 12-14 7-12

From Fig. 6(b), the PVVC gratings absorption can be seen with varying blazing angles like
that of the KBr grating. Similarly, the absorption characteristics followed the spectral peaks and
valleys, but shallower blazing angles showed decreasing magnitudes. The 25-deg blazing angle
had the lowest absorption over all the other measure angles. However, the 45-deg and 65-deg
blazing angles also showed low levels of absorption, which in this case would be considered

suitable for this application. From Table 1, the highest performance wavelength bands are shown
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and expected based on the previously examined low extinction coefficients shown in Fig. 3.
Furthermore, this proves that there PVC as an easily micromachined ARC for specific
wavelength applications is a viable option for high metasurface volumes with sharp angled
gratings.

To expand upon the analysis that was already completed above, an additional analysis
was conducted to determine which geometrical shaped grating would provide the highest
performance in low reflectivity when compared to that of a pyramidal shaped grating. In Fig.
7(a), three KBr grating shapes were compared: pyramidal, parabolic, and inverse parabolic. The
parabolic and inverse parabolic cases did not vary as much over the specified wavelength when
compared to that of the pyramidal case. However, all three cases showed nearly ~100%
transmittance, which proves that KBr is a sufficient material composition for the entire spectrum
of the analysis. The reflectivity showed a sharp decline just above the at-period wavelength for
the pyramidal grating design because linearity of the effective index of the graded layers.
Furthermore, it can be observed that the parabolic grating slightly improves over the inverse
parabolic case due to the easing of the effective index, which further strengthens that a periodic
“needle” microstructure is unfavorable over the “mound” microstructure.

a) o . . . . ‘ o . . b)
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Figure 7: Reflectance and absorptance in TM polarization with varying geometric shape variations: pyramid
(default), parabolic, inverse parabolic, metasurface made of (a) KBr and (b) PVC.
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By varying the geometry of the PVC metasurface, it was observed that the absorptance

showed little change over the entire wavelength spectrum due to the fixed grating heights (H).

However, there were two minima located at 12.13 and 13.70 um for the inverse parabolic shape.

The reason for the sharp spikes isn’t exactly known, but there is an inference that it is due to

some computational singularities that were generated from trying to calculate the sharp tip of the

“needle” microstructure. From Table 2, the performance of varying the geometric shape of the

ARC’s grating shows little effect across the entire wavelength spectrum in this analysis, which is

like the results seen in Fig. 6(b) by altering the blazing angle.

Table 2: Reflectance and absorptance performance in TM polarization with varying geometric
shape variations: pyramid (default), parabolic, inverse parabolic, metasurface made of (a) KBr and

(b) PVC.
Varying T_he Optimal High Performance Low Performance Band
Geometric Shape Performance Band (um) (um)
Shape Wavelength (um) H H
Pyramid 11.10 10-12 162'_1105
Reflectance of | Parabolic 12.19 10-15 5-10
Inverse 5-9
Parabolic 919 9-10 10-15
5-5.7 5.7-5.85
Pyramid 5.25 5.85- 6.89 6.89-12.13
12.13-13.70 13.70-15
Absorption of 5-5.7 5.7-5.85
PVC Parabolic 5.36 5.85- 6.89 6.89-12.13
12.13-13.70 13.70-15
Inverse 506 5-5.7 5.7-12.13
Parabolic ' 12.13-13.70 13.70-15

The analysis ratio of KBr transmission and PVVC absorption showed that the sharp

inclination of the 45-deg blazing angle pyramidal shaped ARC was optimal for reducing the

amount of reflectance as opposed to shallower and steeper angles. Additionally, the parabolic

and inverse parabolic shapes had similar effects. While other complex periodic grating shapes

may offer better antireflection characteristics, it is important to understand that extending to a
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second-order progression of effective refractive index of layers does not improve over the
linearly expanded cross-sectioned triangular gratings.

Furthermore, the absorptance of the P\VC metasurface gratings results showed that a
blazing angle of 25-deg would provide the highest performance characteristics overall by
providing the lowest levels of absorption. The 45-deg blazing angle would also be a favorable
option especially for low-«k wavelength windows. Overall, the PVC pyramidal grating structure
would be the optimal choice due to its manufacturability over other geometrical shapes, but any
of the shapes studied would suffice due to low impact that shape plays on the absorption

characteristics.

3.1.2 Electric Field Densities of the ARC

The cross-sectional electric field plots at TM polarization for all three cases of
geometrical shaped gratings were generated at A = 10 um and can be seen in Fig. 8.
Undisturbed electric field lines in the incident vacuum medium generally indicates high
transmission. The pyramidal- and parabolic-shaped gratings showed electric field concentrations
in the upper portions of the grating as well as in the valleys. In the case of the inverse parabolic-
shaped grating, the electric filed concentrations were lower in the valleys, but had higher levels
of concentration in the peaks of the grating.

The pyramidal- and parabolic-shaped gratings electric field’s magnitude decreased as the
electromagnetic waves entered the grating, which can be seen as the darker regions become more
prominent. However, the opposite is true regarding the inverse parabolic shaped grating. Fig.
8(c) shows that the electric field concentrations increase immediately after the electromagnetic
waves enter the ARC. While all three cases have varying electric field concentrations within the

geometrical shaped gratings, both the pyramidal- and parabolic-shaped gratings have lower
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levels of concentration when compared to the inverse parabolic-shaped grating. Furthermore, it is
shown that the pyramidal-shaped grating has the lowest levels of electric field concentrations at
the ARC’s transition. The inverse parabolic-shaped grating has a consistent electric filed

concentration through its entire depth of the ARC.
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Figure 8: Cross-sectional metasurface grating electric field density plots at TM polarization using
2D RCWA for (a) pyramid, (b) parabolic, (¢) inverse parabolic made of KBr at a 10 pm
wavelength.

The device proposed in this analysis is theoretical in nature, and further simulation and
experimentation is required for real-world application due to the imperfections that could arise
during the fabrication process. Furthermore, particular attention must be made regarding the
minimum layer thickness requirement to avoid wide wavelength drop-off when designing and
fabricating the longpass filter in this study. Similarly, the requirements for the quarter-wave layer

thickness requirement through deposition strategies must also be considered.

3.2  Gradient-Index Dielectric Multilayer for Infrared Longpass Filtering

In Fig. 9, various designed cutoff wavelengths are shown regarding the reflection bands
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of a gradient material KBr/Si longpass filter. The first layer (KBr) has a minimum layer
thickness of d,,,;,, = 10 nm. To ensure that each layer is quarterwave for KBr and Si, the period

thicknesses are chosen as d; = 1.7, 2.4, and 3.1 um for the respective three cases that are

presented. Minimum reflection occurs just beyond the designed cutoff wavelengths for quarter-
wave designs. For these periodic thicknesses, steep drop-offs in reflection can be seen near the
cutoff wavelengths due to the combined effects of the constructive interference and the partially
reflected waves at each interface. The gradient multilayer medium begins to look like an
effective medium when above the period size because the interference effects do not occur [54].
At R; = 0.995 below the cutoff wavelength, the reflection remains nearly constant. However, at
R, << 0.01 the reflection has a sharp decline until it reaches stability at R; ~ 10~*, which is far

beyond the cutoff wavelength.
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Figure 9: Reflectance bands KBr/Si Longpass filter with cutoff wavelengths at 7, 10, and 13 pm with a
minimum layer thickness of d,;;, = 10 nm.

From Fig. 10, the relationship between d,,,;,, and the drop-off step width of the longpass

filter can be seen. The drop-off step width of the filter is described as the difference between the
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beginning and end wavelengths. The corresponding beginning and end wavelengths are R; =
0.995 and R; = 0.005, respectively. When looking at the at the data points in Fig. 10, there is a
semi-linear trend between the d,,;,, and the drop-off step width. By stepping into the multilayer
period-by-period, the filling ratio ¢ increases, and the smaller the drop-off step width will be.
However, this will require more layers, so dg,;,p, Will increase proportionally to d,,;,,. For
example, consider both to have a A, = 10 um. With a d,,;, = 10 nm, the dg,;,;, would equate to
having a 140.4 um thick slab. However, a d,,,;;, = 100 nm would equate to a dg;,; having a 13.2
um thick slab. In some instances where d,,,;,, becomes close to zero, it could be expected that the

drop off would be perfectly steep at the design cut-off wavelength.
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Figure 10: Drop-off step with dependence on d,,;,, of a longpass filter with 2. = 10 nm, and a
drop-off step width between R; = 0.995 and R; = 0.005.

3.3  Gradient-Index Metalens System
This state of the art metalens design models the concept of a GRIN lens, which is

designed in such a way that the index of refraction gradually decreases radially from the optical

26



axis [57]. To achieve the radially decreasing index of refraction, a series of cylindrical
micropillars were arranged based on their filling ratio and their distance to one another. Thus,
achieving an optimized radial refractive index grating that will allow for a smaller focus to
aperture ratio. The smaller the focus to aperture ratio, the greater concentration of light—which
provides better image quality due to there being less diffraction effects. In principle, the light
will travel slowly through an optically dense region and speed up in less dense regions. As one
moves more radially outward from the optical axis, the light will more likely bend allowing for
greater light concentrations of photons onto the photodetector.

To model the single-phase achromatic planar lens, the effective refractive index n(r) with
a material having an index n, can be expressed as

F—Vr2+F?
t

n(r) =ny + (Eq. 14)
where r, F, and t represent the radius of the disk, focal length, and uniform height of the
micropillars, respectfully [57]. The designed metamaterial metalens was modeled to include two
different scenarios to prove how the focal distance and electric field magnitude concentrations
behave with the use of PVC and Si based substrates and pillars. Figure 11 below shows an
illustration of the first case of a PVVC substrate and pillar design and its relation to the utilization
of the GRIN system. The two cases revolve around changing the material composition of the
metalens substrate between PVC and Si. The constants include a medium made of cadmium
telluride (CdTe). Future studies will include using the same set up, but also including a mercury
cadmium telluride (MCT) detector and a gold (Au) detector casing depicted below.

For this simulation, key parameters were chosen to provide the greatest accuracy while

still taking into consideration the simulation time. A conformal meshing technique was applied

to the metalens to ensure that the complexity of the structure with the added interfaces between
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the micro-pillars and CdTe medium were taken into consideration. Lumerical’s Conformal Mesh
Technology (CMT) can achieve the results in 1/10 of the time due to the (%)4 dependence for

the simulation time on the mesh size and provides submesh sensitivity to changes in geometry
[58]. The minimum mesh step size was set to 0.00025 um and a dt time step of ~0.39 fs.
Furthermore, the total simulation time was set to 5000 fs, and the signal vs. time pulselength was

~49.54 fs. Using the Courant number described by

V= % (Eg. 15)
where c is the speed of light, At is the total simulation time, n is the materials index of refraction,
and Ax is the min mesh step [59]. When the Courant number is less than or equal to 1, the
numerical method is conditionally stable, which agreed with the selected parameters in this
simulation. The chosen boundary conditions included symmetric for the x- and y-min, metal for
z-max, and phase match layer (PML) for the remaining sides. The PML boundary condition was
to simulate the infinite space of the finite computation grid, and the metal was to ensure no
absorption of light past the focal point electric field concentration.

From analyzing the two cases of PVC and Si, the focal length (F) varied by ~10 um with
the material composition of Si having the smaller focal length at ~55 um, and PVC having the
greatest focal length at ~65 um in the z-direction. Through different iterations, the thickness of
the CdTe medium was altered so that the MCT detector is in the optimal position to meet the
highest electric field concentration at the focal point prior to its inclusion into the design.
However, difficulty in obtaining optical properties for MCT led to the exclusion of the detector
in this study, but the simulation set-up was found to be important for the reader to understand

how the CdTe medium was constructed in relation to the focal length. While also excluded due

to MCT optical property difficulty, the Au detector casing would be placed on top of the MCT
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detector to minimize any further absorption of light past the MCT detector. Due to these

limitations, the upper boundary layer was selected as “metal” to prevent any absorption of light.

- Detector casing cdf% Metalens medium
- Infrared detector ﬁ Substrate and pillars

Infrared Source

(a) (b)

Figure 11: lustration for the (a) gradient-index metalens focusing concept and how the effective
refractive index n(r) varies with increasing radius, and (b) the complete metalens structure.

Figure 12 shows the results from the ANSYS Lumerical’s FDTD analysis on both the
metalens material compositions of PVC and Si with and without the use of a CdTe medium as
previously shown in Figure 11(a). PVC and Si both obtained the largest focal distance from the
metalens with the inclusion of the CdTe medium. However, they also had the smallest electric
field concentrations at the focal point. The focal distances for PVC and Si with the CdTe

medium are ~65 um and ~55 um, respectfully. The electric field magnitude concentration for

PVC and Si with the CdTe medium is 0.911 ;—22 and 1.69 :1—22 Alternately, the focal distances for

both PVC and Si are much shorter with the exclusion of the CdTe medium, which can be

expected. The focal distances for PVC and Si without the CdTe medium are ~22 pum and ~21

2

2
um, and the electric field magnitude concentrations are 3.95 % and 6.20 —;, respectfully.

14
m2’

The farfield at the focal point can be seen in Figure 12(a) for all four simulations on both
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material compositions. Both cases for PVC and Si farfield at the focal point can be examined by
looking at their full width half maximum (FWHM). The electric field magnitude peak of the
farfield at the focal point for both PVC and Si are the greatest with the exclusion of the CdTe
medium, and their FWHM are ~2.25 um and ~3.5 pum, respectfully. For the cases with the CdTe
medium, PVC and Si had lower electric field magnitude peaks, and their FWHM are ~0.45 pum
and ~0.875 um. Importantly, the inclusion of the CdTe medium allows the light concentration to
converge at the focal point proving that this metamaterial metalens concept is practical for

reducing the size of the photosensitive area.
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Figure 12: Metamaterial metalens (a) farfield at focal point for Si and PVC with and without a
CdTe medium, and electric field magnitude concentrations for (b) Si without CdTe medium, (c) Si

with CdTe medium, (d) PVC without CdTe medium, and (e) PVC with CdTe medium for x vs. z
plane.

Wavelength, x (um)

While this design and concept presents many new opportunities for advancement for IR
detectors, there are still many unknowns and challenges yet to be faced. As technologies

advance, new research will also follow. The following concepts will need to be further explored:
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(1) experimentation with new material compositions for both ARC and metalens structures with
unique optical properties and phase change characteristics, (2) 3D printed metamaterials to drive
down cost and increase manufacturability, (3) multi-band detectors, and (4) explore advance

manufacturing techniques to obtain complex geometric structures for ARC.
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CHAPTER 4
CONCLUSION

In conclusion, a gradient-indexed metamaterial metalens concept has been proposed to
combat IR detectors’ most common challenges in today’s market. The future of IR detection
depends on devices becoming compact, lightweight, cost-effective, and able to obtain multi-band
detection while not compromising image quality or photo-response time. An anti-reflection
periodic grating, longpass IR filter, and a GRIN system metalens was designed and analyzed to
increase photo-response time and image quality through increased light concentration of specific
wavelengths at a precise focal point. Using the RCWA method, a periodic grating for
antireflection with material compositions of KBr and PVVC was analyzed to prove their
structure’s geometric make-up changes the performance of its optical properties. Multilayer
band-pass filtering with a material composition stack of KBr/Si was further analyzed to prove
that minimum reflection occurs just beyond the designed cut-off wavelength before eventually
stabilizing at R, ~ 10~*. A gradient-indexed metalens system was designed and analyzed using
a FDTD software tool ANSY'S Lumerical to prove that the electric field concentration and focal
point distance can be improved through reducing the focus to aperture ratio and altering the
material properties of the substrate, pillars, and medium. Through the combination of these three
components, a proof of concept has been established to show that near perfect transmission with
minimal absorption is possible at targeted wavelengths with certain material compositions and by

harnessing a GRIN metalens can increase light concentrations at a specific focal point.
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