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With rapid advancements in computational simulation tools and nanofabrication technology,

the light-matter interaction can be explicitly controlled to create metasurfaces. Metasurfaces

for optical applications are termed meta-optics, and they are composed of periodic arrays of

sub-wavelength scatterers that modulate the phase of light. Numerous studies have lever-

aged the compact form-factor and sub-wavelength phase control for applications including

imaging, beam steering, optical sensing, and optical computing. In particular, compression

of multiple optics into a single meta-optical layer for compact, multi-functional imaging sys-

tems has been extensively studied. The challenges, limitations, and successes of single-layer

meta-optics are well-understood, but extension to multi-layer meta-optics is less explored.

This thesis presents developments in design and applications of single- through multi-layer

meta-optics. First, we demonstrate singlet meta-optics for single-wavelength and broadband

imaging at thermal wavelengths. Then, in a more complex application, we use a single

layer of meta-optics to optically perform a convolution operation as part of a hybrid optical-

electronic convolutional neural network for image classification. Using this hybrid approach,

we estimate a reduction in latency and power consumption by over two orders of magnitude

while maintaining 93% classification accuracy on the MNIST dataset. For doublet meta-

optics, we demonstrate wide field of view imaging at both thermal and visible wavelengths.

In the thermal range, we demonstrate 80◦ full field of view at 10 µm wavelength by com-

bining a meta-optic with a 1 cm diameter external aperture. In the visible, we demonstrate



a wide field of view (greater than 60◦) and large aperture (2.1 cm) eyepiece consisting of

two layers of meta-optics for augmented/virtual reality and night vision applications. At the

design wavelength of 633 nm, the meta-doublet eyepiece achieves comparable performance

to a refractive lens-based eyepiece system. Finally, we present a meta-optics triplet for zoom

imaging in the mid-wave infrared. By varying the axial distances between the optics, the

meta-optic triplet achieves high quality imaging over a zoom range of 5×, with 50◦ full field

of view in the widest configuration. These applications demonstrate the potential for meta-

optics to replace conventional components in complex optical systems, and in particular we

demonstrate the success of multi-layer meta-optics for wide field of view imaging.
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6.11 Fabricated meta-optics. (a) Optical microscope image of the fabricated meta-
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6.16 High-resolution and low-resolution scatterer simulations and phase profiles.
(a) The simulated high-resolution (Λ = 350 nm) scatterer unit cell phase
and transmission versus pillar width. The SiN pillars are 750 nm tall. The
dots indicate the discretized pillar values used in fabrication. (b) and (c)
The desired (solid black line) and effective (dashed red line) phase profiles for
the 2 cm meta-optics MS1 and MS2, respectively, using Λ = 350 nm. Since
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Chapter 1

INTRODUCTION

The light-matter interaction is one of the most extensively studied and well-understood

areas of physics. Maxwell’s equations for electromagnetic waves and Snell’s law for ray

optics have been applied for hundreds of years, unfazed by developments in general rela-

tivity, quantum mechanics, and high energy particle physics. Today, thanks to advances in

nanofabrication techniques and computer simulations, this interaction can be explored at the

nanoscale level and explicitly designed to create a new class of materials called metasurfaces.

Aside from being scientifically interesting, metasurfaces have vast practical applications.

Metasurfaces focused on optical applications are termed meta-optics.

1.1 Meta-Optics

Interest in meta-optics has surged since the mid-2010s [1] despite the physical principles

underlying meta-optics being known for decades. What has changed in recent years and

fueled interest in meta-optical systems is an improvement in nanofabrication techniques that

enables the patterning of sub-wavelength structures. For visible meta-optics, this requires

lithography capable of producing features down to 100 nm or smaller, which became possible

with relatively recent developments in electron beam lithography. Since then, meta-optics

has become an exciting field, with research efforts at large research groups at leading uni-

versities (Majumdar group at the University of Washington, Capasso group at Harvard, Hu

group at MIT, Faraon group at Caltech, and many others), major technology companies

(Apple, Google, and Meta), and numerous startup companies (Tunoptix and Metalenz).

Commercial entities are pursuing meta-optics for their applications in compact cameras and

augmented/virtual reality, and defense funding agencies are investing in meta-optics tech-
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nologies for lightweight infrared optics and remote sensing applications.

Meta-optics consist of nanoscale pillars arranged on a flat surface. Each pillar, also

called a “scatterer” or “meta-atom,” can be thought of as a unit cell that locally imparts a

phase shift to the incident light. By tuning the geometry and arrangement of the scatterers,

the incoming light can be modified to achieve a desired global operation such as steering,

lensing, encoding, or a combination of these. There are two key areas in which meta-optics

offer distinct advantages over existing refractive optics: their compact form-factor and their

sub-wavelength phase control.

Figure 1.1: From refractive lenses to meta-optics. (a) Schematic illustration from traditional

refractive optics (left), to Fresnel lenses (middle left), to multilevel diffractive optics (middle

right), to meta-optics (right). (b) A photograph showing the thickness comparison between

a compound refractive lens (resting on the hand) and a wafer filled with meta-optics, both

for imaging at thermal wavelengths. (c) Scanning electron microscope image of exemplary

meta-optics pillars.
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The first key advantage of meta-optics over their refractive counterparts is their extreme

lightness and thinness. The active layer of pillars is only on the order of the wavelength of the

light. Including the substrate on which the active structure is supported, the meta-optic is

only 100 – 500 microns thick, which is orders of magnitude thinner than traditional refractive

optics. The progression from thick refractive lenses to ultrathin meta-optics is illustrated in

Figure 1.1. A refractive lens bends light according to Snell’s law; at the interfaces between

the high-index lens material and the low-index air, the light is bent according to the relative

angle between the incident light and the interface. The key functional part of the lens,

then, is the curvature of the surface. Recognizing this fact, Fresnel lenses were developed by

dividing the lens into zones of similar curvature and removing the unnecessary bulk material

in the middle.

Taking this idea further, these zones can be made smaller and smaller and the thickness

can be discretized into levels for what is known as “multilevel diffractive optics”. In multilevel

diffractive optics, each phase level is typically larger than the wavelength of light, so ultra

high resolution lithography is not required. However, producing multiple thickness levels

does require multiple iterations of lithography and etching, so the number of phase levels is

typically limited to ensure practical fabricability.

Meta-optics take a step further and reduce the thickness to a single level. Rather than

adjusting the local refractive index by changing the thickness of the high-index material, the

size and geometry of pillars within a single level is adjusted. One only needs to find a set of

unit cells which can provide 0 to 2π phase coverage and then the phase can be fully controlled.

To completely avoid higher-order diffraction, patterning with a period of λ/2 or smaller is

required; however, in practice somewhat larger periodicity is acceptable without deleterious

effects. Those in the meta-optics community argue that meta-optics fabrication is easier than

that of multilevel diffractive optics because only one etching level is required; however, those

in the multilevel diffractive optics community might equally argue that multilevel diffractive

optics are easier to fabricate because the required spatial resolution is lower.

This point leads into the second significant advantage of meta-optics as compared to
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both refractive optics and multilevel diffractive optics: the sub-wavelength phase control

that enables multi-functional optics. With traditional optics, only smooth phase profiles can

be implemented. With meta-optics, however, each unit cell can provide a different phase

value for arbitrary pixel-by-pixel control of the phase, which does not at all have to be

continuous. Further, the polarization- and wavelength-dependence of the unit cells can be

tuned using the cell geometry for control of the light far beyond that which is possible with

traditional (or multilevel diffractive) optics. This unique property of meta-optics has been

leveraged for applications including edge detection, spectroscopy, and optical computing,

just to name a few.

1.2 Thesis Outline

Throughout my time in Arka’s group, I have worked on meta-optical systems for a variety

of applications ranging from visible to thermal wavelengths. Upon reflecting on my work,

I have concluded that my key contribution to the field is in the development of multi-layer

meta-optic systems; that is, two or more layers of meta-optics stacked together. Having

worked on single, double, and triple layer meta-optics, I think that this dissertation is an

appropriate venue to further eludicate these findings.

As previously stated, one of the primary advantages of meta-optics is their compact-

ness. Stacking multiple optics in series, in doublet or triplet configurations with some gap

in between, does weaken the argument for thinness in meta-optics. However, a significant

reduction in weight as compared to refractive lens systems is still achieved. Similarly to tra-

ditional refractive lenses, meta-optics can be stacked to improve performance or to achieve

additional functionalities; in fact, most optical systems today are composed of several re-

fractive elements. The field of single-layer meta-optics has matured and the fundamental

concepts are now well-known. It is reasonable, then, to expand meta-optical studies to dou-

blet and triplet configurations and see what can be achieved. Since singlet meta-optics can

perform functions beyond singlet refractive optics, it is expected that multi-component meta-

optical systems can also perform functions beyond the refractive counterparts with improved
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performance.

Therefore, my dissertation is organized as follows. In Chapters 2 through 4, I present gen-

eral meta-optics design, fabrication, and characterization, as these concepts and techniques

comprise the foundation for the specific applications discussed later. While the design prin-

ciples of meta-optics are agnostic to the wavelength, I pay particular attention to mid- and

long-wave infrared (MWIR and LWIR) meta-optics fabrication and characterization. In

Chapter 5, I discuss meta-optic singlets. I begin with the simplest meta-optics – hyperboloid

meta-optics – which we made for testing our new MWIR fabrication and characterization

facilities. I also discuss two more complex applications of singlet meta-optics: metalenses for

broadband imaging, with a focus on our work at thermal wavelengths, and meta-optics as

a front-end for a convolutional neural network. I discuss meta-optic doublets in Chapter 6.

Doublet configurations are particularly useful for extending performance at wide FoV, and

to that end I present a wide field of view optic for LWIR imaging and a wide FoV meta-optic

eyepiece for augmented/virtual reality applications at visible wavelengths. I discuss some

doublets that worked well, and some which did not work as well as expected, and hypothesize

why certain inverse design techniques have thus far not produced doublets as successful as

inverse-designed singlets. Finally, I report our demonstration of a MWIR triplet for dynamic

zoom imaging.
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Chapter 2

DESIGN AND SIMULATION

Design and simulation of meta-optics is uniquely challenging due to the vast spatial scales

involved. The individual unit cells are sub-wavelength, but the larger array of those unit

cells - and the distance over which light propagates after interacting with those unit cells - is

on the order of 104 wavelengths. Therefore, designing meta-optics is a multi-scale problem

and simulation tools operating at different scales is required. The design problem is typically

broken into two steps: (1) designing the global phase profile and (2) designing a set of unit

cells to physically realize that phase profile.

2.1 Global Phase Profile

The global phase profile determines what overall effect the optic has on the light. There are

a few phase profiles that are analytically derived. Firstly, the hyperboloid phase profile is

given by [2]:

ϕ(r) = −2π

λ
(
√
r2 + f 2 − f) (2.1)

where r is the radial coordinate, f is the desired focal length, and λ is the design wave-

length in free space. The hyperboloid phase profile is the solution for a flat lens to achieve

diffraction-limited focusing at one wavelength and normal incidence. However, the focus-

ing performance deteriorates quickly away from these conditions, making hyperboloid lenses

typically unsuitable for applications requiring broadband, large field of view, or extended

depth of focus applications.

Another commonly used phase profile is the quadratic phase profile given by [3, 4]:

ϕ(r) = −2π

λ

r2

f
(2.2)
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The quadratic phase profile trades off diffraction-limited resolution in favor of wider field of

view (FoV).

Additionally, meta-optics can be modeled and optimized as phase masks in commercial

ray tracing software. In Zemax OpticStudio, meta-optics are modeled as a Binary-2 type

surface. The phase of this surface is parameterized by a radially-symmetric polynomial:

Φ(ρ) =
N∑
i=1

Ai

( ρ

M

)2i

(2.3)

where M is a normalization constant, ρ is the radial coordinate, and Ai are polynomial

coefficients. The coefficients Ai are optimized for a particular quality such as spot size or

wavefront error, over set incident wavelengths and angles of incidence.

For continuous phase profiles (with a well-defined derivative), the light can be propagated

through the optic using ray tracing. Ray tracing is the standard method for modeling

refractive optics; it is very fast, and commercial solvers (for example, Zemax and CodeV)

are highly optimized, making the global phase mask design a quick and straightforward

process. The bending angle that occurs as the rays intersect the optic are determined by

Snell’s Law. The generalized form of Snell’s Law can be used to determine the bending angle

in the case of meta-optics [5]:

nisin(θi)− nosin(θo) =
λ

2π

dϕ

dx
(2.4)

where the phase gradient dϕ
dx

determines the bending angle. Note the dependence on

the wavelength λ, which leads to the strong chromatic behavior in meta-optics and other

forms of diffractive optics. Refractive lenses may exhibit some chromatic aberration due to

wavelength dispersion in the material refractive indices n, but this effect is small compared

to the factor of λ
2π

that accompanies the phase gradient.

It is worth noting that Equation 2.4 is closely related to the differentiated form of the

usual equation for for first-order diffraction (m = 1) in a blazed grating:

d · sin(θ) = mλ (2.5)



8

where d is the distance between 2π phase resets. However in Equation 2.5, the phase gradient

is assumed to be linear. That is, if dϕ
dx

= 2π
d
, then Equation 2.4 can be rearranged to derive

Equation 2.5.

The same equation may be rearranged to express the phase required to steer light to a

desired angle. That is, the required phase ϕ required to bend light to desired angle θ is given

by:

ϕ(x) = k · x · cos(θ) (2.6)

where k = 2π
λ

and x is the position on the phase mask.

Most often, smooth and continuous phase profiles are suitable for applications where

meta-optics are replacing traditional refractive optics. However, part of the beauty and

utility of meta-optics is their ability to realize completely arbitrary phase profiles on a pixel-

by-pixel scale that is smaller than the wavelength. Inverse design, wherein a solution is

optimized by working backwards from a desired result, leverages this ability of meta-optics

to produce a solution which may be non-intuitive. The resultant phase profiles are generally

not smooth and therefore do not have a well-defined derivative, so ray tracing fails to model

them accurately. Wave-based propagation methods are required.

A number of wave-based propagation methods have been developed and can handle dis-

continuous phase profiles. (These methods can be used for continuous phase profiles as well,

but they are usually significantly more time and memory consuming than ray tracing.) The

“gold standard” simulation method is finite difference time domain (FDTD), which numer-

ically solves Maxwell’s equations in discretized steps in space and time. Aside from time

and space discretization, it makes no simplifying assumptions and is therefore, in theory,

completely accurate if sufficiently small steps are taken. However, this is a computationally

costly approach and it is not typically used to model the propagation of light over more than

a distance of approximately 100λ.

For propagation over intermediate and longer distances, electromagnetic fields are prop-

agated with angular spectrum method [6, 7] or Rayleigh-Sommerfeld method. To propagate

light from a phase profile using one of these methods, one typically defines an input electro-
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magnetic field Ein. In most cases, this is a plane wave simply modeled as an array of 1’s

but it may be any complex field. As that complex electromagnetic field Ein passes through

a meta-optic, it accumulates a phase delay according to the phase profile ϕ of the optic:

Eout = Eine
iϕ (2.7)

The resulting electric field Eout can then be propagated. Angular spectrum multiplies the

field by eikr in Fourier space to quickly propagate an input field to the desired plane. The

Rayleigh-Sommerfeld method is an integral which performs a convolution. I primarily used

the angular spectrum method based on [7]. When using this method, one common mistake

I have seen (both in my own work and the work of others) is insufficient padding around the

simulation area. Due to the nature of Fourier transforms, any light that exits the simulation

area on one side will reappear on the other side, which is a completely unphysical result!

Care should be taken to check for this error during design. Some implementations of angular

spectrum method have a filter to correct for this issue but padding the simulation area also

works.

While not as fast as ray tracing, the angular spectrum method is fast enough to support

inverse design of non-intuitive meta-optics. Inverse design works backwards from a desired

solution to the phase mask of the meta-optics. In this area, I have worked with the Gerchberg-

Saxton (GS) algorithm [8] and developed the lab’s custom code in TensorFlow (TF) to design

optics which produce a desired intensity pattern in a particular plane. You may wonder why

one cannot simply back-propagate from the desired field, |Eout|, to Ein and then obtain the

required phase of the field at the meta-optic plane. The reason is that the fields Ein and

Eout are complex quantities, so one must consider both the amplitude and the phase to fully

define the problem. After back-propagation, taking the phase of Ein neglects the amplitude

information. In order to achieve the desired field Eout exactly as desired, one would need

to encode both amplitude and phase information into Ein, which is a significantly more

difficult task than encoding only the phase. Since it is most often the amplitude Eout that

is the desired result and the phase of Eout will not be measured, the practical approach is



10

to iteratively solve for |Eout| with some constant amplitude |Ein| and variable phase. This

is the basis of the Gerchberg-Saxton phase retrieval algorithm, which I used to design the

meta-optics discussed in Section 5.4.

2.2 Unit Cell Design and Simulation

Once the desired global phase profile has been defined, the next step is to design a library of

unit cells to physically realize that phase profile. The meta-optic unit cells interact with the

light at a much smaller scale than the global phase mask, and therefore different physical

models and simulation tools are required to design them.

There are two main types of meta-optics, classified by the mechanism by which the unit

cells modulate the phase: propagation phase meta-optics and geometric or Pancharatnam-

Berry (PB) phase meta-optics [9]. In PB-based meta-optics, the unit cell has some direc-

tionality associated with it and the rotation of the unit cell rotates the polarization. The

unit cell may be a bar or fin-like pillar. Such lenses typically require circularly polarized

incident light to work, so they cannot be used for ambient illumination unless a polarizer is

introduced, which incurs some loss in signal. All main results in this thesis are based on the

other type, propagation phase meta-optics, which are insensitive to polarization as long as

the unit cell is rotationally symmetric. The pillars may have a simple square, rectangular,

or circular cross-section or they may be more complex. In my work, I have used primarily

simple square pillars. Square is preferred over circular because the fabrication machines

process square shapes much faster than circular shapes, and this improvement becomes im-

portant in large aperture designs (circles or other curved shapes are discretized into many

small squares). Complex pillars are commonly used in dispersion engineering to tune the

chromatic effects of the unit cells (for example, see [10]). In my opinion, simple square pil-

lars are the most practical choice for most meta-optics applications. Complex-shaped pillars

require more extensive simulation, are more difficult to fabricate, and furthermore are less

tolerant to fabrication errors.

For simple square pillars, designing the scatterer library typically involves choosing the
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scatterer material, height, periodicity, and an appropriate range of pillar widths. The geom-

etry of a pillar unit cell is illustrated in Figure 2.1a. The ultimate goal is to find a set of

scatterers that cover 0 to 2π phase range while maintaining high transmission. The chosen

material should have a high index of refraction (n > 2) for high contrast with the surround-

ing air (n = 1) but transparent at the wavelength of interest. We typically use silicon nitride

(n ≈ 2) for pillars in the visible wavelengths and crystalline silicon (n ≈ 3.5) for pillars at

infrared wavelengths.

The unit cell periodicity should be λ
2
or smaller to avoid higher-order diffraction and

remain in a regime where the light experiences the net refractive index of the unit cell rather

than diffracting off the pillar / air interface. If the periodicity becomes too large, then

the phase is not as well controlled. Larger periodicity can be helpful on occasion since it

increases the range of available pillar widths, potentially enabling greater phase coverage

if the pillar height is constrained. The fabrication constraints must be kept in mind when

setting the periodicity, since pillars or gaps that are too small are not possible to fabricate.

The pillar height should be as tall as necessary to cover 0 to 2π phase range, but within

fabrication constraints. If the pillars are too tall, they will likely fall over during etching.

Ideally, the aspect ratio (pillar height divided by pillar width) should be kept below 7:1, but

up to 10:1 is typically doable. For our all-silicon meta-optics in MWIR, we use deep reactive

ion etching which produces scalloped sidewalls that have a tendency to undercut very tall,

narrow pillars and cause them to fall over. Etching processes that produce very straight

sidewalls may support higher aspect ratio pillars.

To understand intuitively how the unit cell works, one can think of the unit cell like a

waveguide of length L and refractive index n. As light passes through such a waveguide, it

accumulates a phase delay

ϕ =
2πnL

λ
(2.8)

Therefore, we can approximate the phase delay accumulated using the effective refractive

index of the unit cell. The approximate effective refractive index is
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navg =
npillarApillar + nairAair

Atotal

(2.9)

where Apillar and Aair are the cross-sectional areas of the pillar and surrounding air, respec-

tively.

This provides an intuitive understanding of the meta-optic unit cell – as the fill factor of

the high-index pillars becomes larger, the effective refractive index increases, causing more

phase delay. However, this effective refractive index approach is typically not sufficient to

capture the more complex behavior arising from the interfaces between the pillar and the

air. Hence, numerical simulators are needed. These include rigorous coupled wave analysis

(RCWA) and finite difference time domain (FDTD).

We most commonly use RCWA to calculate the unit cell phase and transmission. RCWA

is a fast, semi-analytic method to simulate the phase or transmission through a stack of

materials. Specifically, we most often use the S4 implementation [11]. On the other hand,

FDTD iteratively solves Maxwell’s equations in small steps in space and time. It is theoreti-

cally 100% accurate if infinitely small steps are used. While accurate, FDTD simulations are

computationally costly, so they are typically reserved for complex structures and final ver-

ifications. Lumerical provides an excellent unit cell starting simulation in their application

library, although I recommend changing the boundary conditions from periodic to Bloch in

order to properly model off-axis illumination.

Especially for simple pillars, RCWA and FDTD results are nearly indistinguishable. In

Figure 2.1b, I plot the phase and transmission calculated by both RCWA and FDTD for

an example scatterer (in particular, this one is 1.5 µm tall cSi square pillars on sapphire

substrate at 3.4 µm wavelength). The phase calculated by RCWA (solid lines) and FDTD

(circular markers) are in close agreement. There is some difference in the transmission, which

may be due to the fact that the entire substrate is not modeled in FDTD. The transmission

is much less consequential to the performance of the optic than the phase. For reference, I

also plot the phase calculated from the approximate analytical expression Equation 2.8 as

a red dashed line for comparison. The analytical expression agrees with RCWA and FDTD
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Figure 2.1: Unit cell simulation. (a) Schematic highlighting a single unit cell (dark blue)

in an arrangement of unit cells (light blue). (b) Simulated phase (red, in units of 2π) and

transmission (blue) for an exemplary unit cell for different simulation methods. The RCWA

and FDTD simulations are in good agreement. (c) Scanning electron microscope image of a

typical meta-optic, with insets illustrating the local periodicity.

quite well near the endpoints of the pillar width range, where the unit cell is either mostly

pillar or mostly air. In the middle, the interface between the two becomes important so the

simple approximation breaks down.

Finally, it is important to note an assumption which is commonly applied to make these

numerical simulations tractable. In simulating the unit cell using RCWA or FDTD, periodic

boundary conditions are commonly applied; that is, an infinite array of identical pillars is

simulated, rather than a single unit cell. This is called the “local phase approximation” since

it assumes that the adjacent (local) pillars are identical. This is an excellent approximation

for slowly-varying phases where the geometry of the adjacent pillars is changing slowly, but
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it may break down when they change suddenly, such as near a 2π phase discontinuity. This is

illustrated in Figure 2.1c; across much of the surface, the pillars are indeed locally periodic,

but this assumption is generally not true near the phase wraps. In Zhelyeznakov et al. [12],

we show that slightly higher focusing efficiency is achieved when a lens is designed not using

the local phase approximation. However, we almost always use this approximation when

designing meta-optics and the experiment and theory usually agree very well, so we suggest

this approximation is valid in most situations.

2.3 GDS File Generation

For single-wavelength meta-optics, determining the arrangement of pillars required to physi-

cally realize the desired phase profile is only a matter of mapping between desired phase and

pillar width using the simulated results from RCWA or FDTD. That being said, this task is

not trivial, especially in the case of large aperture meta-optics involving many scatterers. For

example, a 1 cm diameter visible meta-optic sampled at 350 nm periodicity contains on the

order of 108 unit cells. If no measures are taken, this becomes an incredibly memory-hungry

task. Much of my GDS generation code is based on former PhD student Luocheng Huang’s

code, who I would like to sincerely thank for this.

A flowchart of the GDS generation procedure is shown in Figure 2.2. For radially-

symmetric meta-optics, it is best to work with only a quarter of the full aperture and utilize

symmetry at the end to bring the design back to full aperture. When working with a quarter

aperture, I define 2D arrays xx and yy which hold the x and y coordinates of each point in

the 2D aperture. Another array of the same size and shape holds the phase data, where the

index of the array indicates the location of each pillar and the value at that index gives the

phase. If the phase profile is described by an equation, it can be evaluated from xx and yy.

If the optic was inverse-designed, the phase mask values would just be loaded (from a text,

numpy array, or Matlab file) while ensuring that xx and yy are the same size and sampled

at the same periodicity as the loaded phase mask. To prepare the phase mask for mapping,

it should be wrapped modulo 2π.
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Figure 2.2: Meta-optics design flowchart. Beginning from the left, a phase mask is wrapped

modulo 2π. To reduce computation time, only a quarter of a circular mask is used for radially

symmetric designs. Then, the phase-width lookup table (obtained from RCWA or FDTD

simulations) is used to map from phase to pillar width, resulting in an array of pillar widths.

This array is further reduced to a 1/8 slice to reduce file size. A GDS file is written by

iterating through the array and building the structure according to the pillar widths in the

radius array. Finally, the 1/8 slice is appropriately rotated and copied to return the optic to

a full circle.

The RCWA simulations typically contain 100 pillar widths covering the full range of

available pillars. We typically select a subset of 10-20 pillar widths to comprise the pillar

library. The chosen pillars should provide 0 to 2π phase shift in approximately equal steps

while maintaining high transmission. Widths near abrupt phase gradients or dips in trans-

mission (the two are typically correlated) are generally avoided. It is also good practice to

select pillars from a range where the phase-width relationship is approximately linear - this

supports resiliency to fabrication imperfections. Discretizing into 10-20 phase levels (and
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accordingly, discrete pillar widths) reduces the GDS file size and computation time in the

phase-width mapping step, outlined below.

After the pillar library has been chosen, I iterate through the phase mask array and

convert it to an array which holds the desired pillar widths (also called “radius array”). The

steps below are iterated over every element in the phase mask array to convert it to the

radius array1:

1. Calculate the phase distance between the value in the phase array and the 10-20 dis-

cretized phase values in the lookup table.

2. Search through the difference list and find the smallest phase difference (this is where

it is helpful to discretize into fewer pillar widths! Otherwise, searching through the list

to find the one with the least phase error can take a long time.)

3. Select the pillar width corresponding to that smallest phase error.

The above step of converting the phase array to radius array is typically the slowest part

of this process. If the radius mask is square in shape and a circular optic is desired, the

array is multiplied by a binary mask to circularize it. Additionally, I typically multiply by

another binary mask at this point to reduce the quarter to a one-eighth circular slice.

Finally, the GDS file is generated using the gdstk package (https://heitzmann.github.io/gdstk/

[13]). The gdstk package is the newer (and much faster!) version of gdspy, although their

usage is similar. First, a library of unit cells is made corresponding to the selected pillars,

with the name of the cell being the width (or some other unique parameterization) of the

pillar. Then, I iterate through the radius array and place the required cell at each location,

with the cell’s origin being set by xx and yy. Once this has been accomplished for the 1/8

slice, that slice is appropriately rotated and copied to return to the full circular aperture.

1Dispersion-engineered meta-optics follow essentially the same process, but dispersion engineering in-
volves calculating phase difference for each wavelength and attempting to minimize the error at all wave-
lengths simultaneously by drawing from a large library of pillars with varied wavelength response.
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In the early days of my PhD, I tried several methods to produce a GDS of minimal size,

and the method described above is the most efficient I have encountered. As an example,

the GDS file size of the 3 cm diameter LWIR lens discussed in Section 6.1 is 2.7 Gb when

written “brute force.” Discretizing from 100 to 10 pillar widths reduces the file modestly - to

1.8 Gb (the discretization is more useful to increase speed during the phase-width mapping,

and it is also greatly improves file conversion speed on the lithography machines). The more

significant reduction comes from utilizing the symmetry of the design - once a complete

quarter or an eighth is made, it takes only 1 kB to make a rotated and copied version.

Accordingly, using 8-fold symmetry reduces the 1.8 Gb file by a factor of 8 for a final file

size under 250 Mb. While these steps may seem cumbersome, they are well worth the factor

of 10 reduction in file size.

In order to make extremely large meta-optics within limited RAM, it is possible to gener-

ate the files section-by-section. In this case, all of the steps above can be placed in a loop and

evaluated in spatial sections, from the center of the optic outwards. Combining the sections

can be done within KLayout using much less RAM than generating the entire file at once.

For optics that are not rotationally symmetric (for example, the ONN optics in Section 5.4),

I am not aware of any helpful size-reducing measures. However, the design of such optics is

computationally limited just as the generation of the GDS files is, so generating a GDS for

non-symmetric optics is typically not too cumbersome.
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Chapter 3

FABRICATION

In many ways, nanofabrication is like baking a cake. You follow a recipe, load a device into

machines for a set amount of time, try to avoid contaminating your product, and if you miss

a key ingredient you may get an unexpected result. Someone experienced in nanofabrication

- like an experienced baker - knows what substitutions can be made and where short cuts

can be taken, but for the beginner it is best to stick to the recipe as closely as possible.

My contribution to the lab’s fabrication efforts focused primarily on MWIR and LWIR

meta-optics fabrication with direct laser write lithography. In this section, I provide a brief

overview of meta-optics fabrication techniques and discuss the MWIR / LWIR processes in

greater detail.

3.1 Meta-optics Fabrication Overview

The overall fabrication process flow is largely dependent on the lithography method, typically

one of the three summarized in Table 3.1. Of the three methods, electron beam lithography

(EBL) provides the highest resolution. Many new foundries achieve resolution down to a

few tens of nanometers with this method, although we typically fabricate meta-optics under

conditions that promote faster writing at the expense of limiting the resolution to around

80 nm. Still, this resolution is sufficient for all but the most complex meta-optics designs at

visible wavelengths. The drawback of EBL is its very high cost and slow writing speed. Due

to this high cost and concerns about machine stability over extended writes, we typically

limit the write area to a maximum of 1 cm2. To fabricate larger aperture optics, another

method is required.

Direct laser writing uses a laser beam - usually in the UV range - to expose the photoresist
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Table 3.1: Meta-optics lithography methods.

Method Resolution Max Aperture Cost Scalability

Electron Beam 80 nm* 1 cm $$$ Very Low

Laser Writing (HiRes) 350 nm 25 mm $ Low

Laser Writing (4 mm) 1000 nm 100 mm $ Medium

DUV Stepper Lithography 350 nm 21 mm per die** $$ Very High

∗ Sub-20 nm resolution is possible using electron beam lithography. However, for meta-optics, we typically

increase the electron beam current for faster write time at the cost of slightly lower achievable resolution.

∗∗ Multiple dies can be aligned and stitched together for larger aperture overall.

directly on a substrate, rather than an electron beam as in EBL. Laser writing is orders of

magnitude faster and less expensive than EBL, but its resolution is limited to the wavelength

of light being used. New foundries are continually pushing deeper into the ultraviolet to

achieve higher resolution. At our facility, the Heidelberg DWL-66+ is specified to achieve

350 nm resolution in its high resolution (“HiRes”) write mode.

Deep ultraviolet (DUV) stepper lithography is another UV-light based method. In con-

trast to direct laser writing - wherein the laser writes the pattern directly on a substrate -

DUV stepper lithography utilizes a photomask that is flooded with illumination to transfer

the pattern from the mask onto the substrate below. The machine can “step” from substrate

to substrate in quick succession. After the initial investment of a high-resolution photomask,

DUV stepper exposures are very fast. Therefore, DUV stepper lithography is a much more

scalable approach than direct laser writing, and often can achieve higher resolution as well.

At this time, a DUV stepper is not available at our fabrication facility, but we have collab-

orated with the UCSB Nanofabrication Facility to fabricate some optics (see Section 6.2)

with an ASML 5500 DUV Stepper. In this particular machine, the maximum exposure area

(also called “die size”) is 21 mm square. It is possible to stitch multiple dies together, but
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care must be taken to ensure die-to-die alignment. This approach has been used to fabricate

ultra large area visible metalenses [14].

I will briefly mention one other method with promise to produce high-resolution meta-

optics at scale. Nanoimprint lithography utilizes a resin that is shaped using a mold and

cured using UV illumination. Similarly to DUV lithography, the approach is scalable to mass

production with the initial investment of a high-quality mold that could be fabricated using

more expensive methods, for example EBL and dry etching. However, this approach has not

widely been used for metalenses because (a) the refractive index of available resins is low

(around 1.5) and (b) the aspect ratio is limited to around 3:1 due to the somewhat viscous

nature of the polymer. While these two issues compound to make it quite difficult to achieve

the required 0 to 2π phase shift to efficiently modulate the light, these practical issues are

both solvable with advancements in material science. If a high-index polymer supporting

high aspect ratio can be developed, I believe that nanoimprint lithography is a promising

method for mass production of metalenses.

3.2 MWIR / LWIR Meta-optics with Heidelberg DWL-66+

The group’s first MWIR meta-optics were fabricated in crystalline silicon (cSi) on sapphire

substrate using e-beam lithography. This approach was chosen initially because the group

already had experience working in this platform. However, e-beam lithography is very ex-

pensive compared to Heidelberg lithography, the e-beam process requires a hard mask that

adds significant time and complexity to the fabrication process, and cSi on Sapphire wafers

are extraordinarily expensive (> $1500 per wafer). Furthermore, e-beam lithography is suit-

able only for meta-optics 1 cm in diameter or less due to the slow write time. These factors

motivated our decision to develop a more sustainable process using Heidelberg direct write

lithography in all-silicon platform.

Former PhD student Zheyi Han had previously developed a successful process for LWIR

meta-optics using Heidelberg. In addition to the time-saving benefits of the laser writer

instead of the e-beam lithography tool, the Heidelberg process has the additional benefit of
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directly using photoresist as a mask for etching rather than requiring a hard mask. However,

adapting Zheyi’s LWIR process for MWIR optics still required significant process develop-

ment. This development was greatly assisted by the efforts of MS student Vladimir Yarmolik

and PhD student Rose Johnson, as well as the WNF staff tool owner Jean Nielsen.

For LWIR, the minimum required feature size (smallest pillar or smallest gap) is around

1.2 µm. For this, the 4 mm write mode with 1 µm minimum feature is sufficient resolution.

In our first attempt to develop a process for MWIR, we attempted to push the resolution of

the 4 mm write head to smaller feature size - around 800 nm. However, we found that 1 µm

was a hard limit - we were unable to push the resolution any further. Therefore, we focused

our efforts on developing a new process with the HiRes write head, specified to achieve

resolution as good as 300 nm, but 500 nm minimum is sufficient for MWIR meta-optics. 1

To promote higher resolution, it was necessary to switch to a thinner photoresist. We

used AZ1512 with the 4 mm write head, which results in a resist layer that is around 1.2µm

thick. Thicker photoresist is advantageous because it provides a thicker mask for etching,

and the additional thickness renders it more resilient to small variations in exposure dosage.

However, photoresist generally only supports a spatial resolution of about the same amount

as the resist thickness, so thinner resist is required to achieve higher resolution. We tested

two thin photoresists, AZ 701 11cps and AZ 1505, and achieved better performance with

AZ1505. When spun at 4000 rpm, its thickness is around 400 nm, which supports our

resolution requirements. It is critical to note that both AZ 1512 and AZ 1505 are positive-

tone photoresists, meaning that the exposed area develops away after exposure. Therefore,

rather than write the pillars themselves, we need to write the area around the pillars. This

can be accomplished by pre-inverting the GDS file or by inverting the file in Heidelberg

1In another effort, we worked to develop a HiRes process for ultra large aperture visible meta-optics in
silicon nitride. Zheyi worked on this, then I worked on it, and finally MS student Erik Petersen made
substantial progress. The process that emerged was quite complex, involving an anti-reflective coating to
promote higher resolution and a hard mask that needed to be etched away. There were three separate
etching steps to etch the hard mask, the anti-reflective coating, and finally the silicon nitride pillars.
Ultimately, we struggled to achieve consistent results and good etching quality and the process was rarely
used. This experience led to my initial hesitation in developing a HiRes process for MWIR, but with a
much simpler process we had much better results with the HiRes write head.
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during the conversion, but it is preferable to pre-invert the GDS during file generation to

minimize the chances for errors to occur.

To determine the optimal exposure parameters on the Heidelberg tool, we perform an

intensity / focus matrix. There are four parameters that are typically adjusted to achieve

good exposure:

• Laser Power: This sets the maximum power of the laser. A typical value is 120 mW,

and a high value would be around 200 mW. It is preferred to set the power slightly

higher than required and use a lower intensity filter to reduce the power at the sample

rather than adjust the laser power during the scan because the tool must re-calibrate

every time the power is adjusted.

• Transmission: This filter controls the laser power by orders of magnitude. There is

generally one setting that works for a particular substrate and photoresist, and all

other settings will not work at all. It should be set to 1 for AZ 1505 (this resist

requires very little intensity to expose) and 5 for AZ 1512 (a thicker resist that requires

more laser intensity).

• Intensity: This is a finer way to tune the laser intensity at the sample. It is coupled

to laser power; for example, 80% intensity setting at 100 mW set power should be

equivalent to 100% intensity setting at 80 mW set power.

• Focus: This sets a focus offset for the write head. Typical values are between −30 and

+30.

In an intensity / focus matrix, the laser power and transmission settings are fixed while the

intensity and focus settings are swept over a range of values, creating a 2D matrix. A small

design (less than 1 mm) is typically used for this purpose.

Additionally, there are two focus mode options on the Heidelberg: pneumatic and optical

focus. Pneumatic focus reads the pressure coming from a puff of air directed towards the
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sample to determine the distance to the sample. Pneumatic mode is not related to the optical

properties of the substrate, so it may be preferred for highly reflective or highly transparent

substrates that may confuse the optical autofocus. Pneumatic is also the safest mode to use

because the autofocus is less likely to fail and cause a head crash. On the other hand, optical

focus mode is more precise, which enables higher resolution. We use optical focus mode in

the developed MWIR processes.2

Table 3.2: MWIR Fabrication Process with Heidelberg DWL-66+.

Step 4 mm Process HiRes Process

HMDS Prime Standard HMDS in lithography bay Standard HMDS in lithography bay

Photoresist coat AZ 1512 at 3000 rpm AZ 1505 at 4000 rpm

Bake 100C for 90 seconds 100C for 90 seconds

Exposure* No CD bias, T 5, P 120, I 100, F -30 CD bias -100nm, T 1, P 120, I 40, F -10

Bake 100C for 60 seconds 100C for 60 seconds

Develop AZ 726 60-90 seconds AZ 726 60 seconds

Inspect Nikon or Keyence Nikon or Keyence

SPTS-DRIE Etch Etch to desired depth at 330 nm / loop Etch to desired depth at 330 nm / loop

Photoresist strip Oxygen plasma Oxygen plasma

∗ These values were optimal as of April 2024; they do drift over time. The CD bias refers to the critical

dimension bias; this setting shrinks or enlarges all features by a set amount. T refers to the transmission

setting, P refers to the power setting (in mW), I refers to the intensity setting (%), and F refers to the

focus setting (%).

After exposing the photoresist, it is developed in a compatible developer (AZ 726 MiF or

AD-10) for 60 to 90 seconds. The exposed photoresist is developed away, leaving a pattern of

2In one write using optical focus in HiRes mode, the write head encountered a flake of material on the
substrate that caused it to defocus and it failed to recover, ruining the remainder of the write. Pneumatic
focus is likely more resilient to blemishes on the wafer. However, we only once observed complete failure
to recover after defocus.
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hardened photoresist on the surface. The photoresist is typically not sufficient to be used as

an etching mask in inductively coupled plasma fluorine (ICP-F) etching due to low selectivity

between the photoresist and the target silicon. Thankfully, selectivity in deep reactive ion

etching (DRIE) is high - around 20:1 - which supports etching with photoresist only as a

mask. This greatly simplifies the etching process. Since sidewall structure is critical for

small pillars, we modified the default DRIE recipe to have a higher polymer ratio for better

protection of the sidewalls at each loop. The final recipe etches silicon at a rate of 330 nm

per loop. After etching, any remaining photoresist is removed with oxygen plasma and then

the meta-optic is complete. The general fabrication process is depicted in Figure 3.1 and the

steps are described in greater detail in Table 3.2. 3

Figure 3.1: Fabrication process diagram. (a) We begin with a double-side polished silicon

wafer. (b) A photoresist layer is applied via spin coating. (c) The photoresist is patterned

via exposure with a laser writer and developed. (d) The pillars are etched to the desired

thickness and remaining photoresist is stripped.

While the HiRes write head on the Heidelberg writes significantly faster than e-beam

lithography, it is not fast enough to write an entire wafer. The HiRes write head writes

at approximately 0.86 cm2 per hour, or 1 hour and 10 minutes for a 1 cm aperture optic.

In order to cover an entire wafer, we estimate an intractable write time of 92 hours. In

3In particular, the wafers I use are ID No. 2345 from UniversityWafer.



25

comparison, the 4mm write head writes at 14.4 cm2 per hour, or only 5 minutes for a 1

cm aperture optic. A full wafer can be written in approximately 6 hours. Therefore, for

large optics (greater than 25 cm2), we designed a low-resolution scatterer to accommodate

the 1 µm resolution of the 4 mm write head. These scatterers are presented in Section 5.1

along with a discussion of the trade-offs. Due to larger periodicity, the phase control and

transmission are poorer, which results in a lower efficiency optic. At the same time, the

lower periodicity enables larger aperture, which can increase optical performance.

Figure 3.2: SEM images of fabricated MWIR meta-optics using e-beam lithography (left),

the 4mm Heidelberg process (middle), and the HiRes Heidelberg process (right).

In Figure 3.2, we show scanning electron microscope (SEM) images of fabricated MWIR

meta-optics using three methods - cSi on sapphire with e-beam lithography, all-Si with

the 4mm Heidelberg process, and all-Si with the HiRes Heidelberg process. The highest

fabrication quality is achieved with e-beam lithography, as evident by the sharp corners and

smooth sidewalls of the pillars. The Heidelberg-written pillars exhibit somewhat rounded
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corners, but still reasonably good fabrication quality. The height of the pillars is 1.5 µm for

e-beam, 7.9 µm for the 4 mm Heidelberg, and 3 µm for the HiRes Heidelberg.

3.3 ZnS Antireflection Coating

While the all-silicon platform has many benefits, including CMOS-compatible fabrication and

high availability, the large refractive index contrast results in significant Fresnel reflection

loss. Applying an anti-reflection coating is an effective way to reduce this loss, with zinc

sulfide (ZnS, n = 2.2 at 10 µm) being the preferred choice at thermal wavelengths [15].

Recently, it has been shown that such a single layer of ZnS coating increases the efficiency

of a germanium-based meta-optic from 75% to 97% [16].

Following this idea, we developed a process to sputter coat ZnS as an anti-reflection

coating on our LWIR meta-optics. To use it as a standard quarter-wave anti-reflection

coating, we target a thickness of λ0/(4n) = 1.1 µm. Following the recommendation of the

sputter tool owner, we sputtered at RF power of 120W at room temperature. To establish

the deposition rate, I covered portions of the wafer with vacuum tape and peeled off to form

a sharp edge that could be measured. After an initial 20 minute test, we established the

etching rate to be 3.5 nm per minute. Therefore, we sputtered the product wafers for 5

hours, 14 minutes to achieve the target thickness of 1.1 µm.

To characterize the effectiveness of the ZnS coating, I used Mo Li Lab’s Fourier Transform

Infrared Spectroscopy (FTIR) machine to measure the transmission through coated and

uncoated areas on a wafer. These results are shown in Figure 3.3. The measurements

demonstrate a 20% improvement in relative transmission at the design wavelength. This is

consistent with optical measurements; by imaging the hot plate through the wafer with the

LWIR camera (see Figure 3.3), we estimate the transmission to be 50% without the ZnS

coating and 75% with the coating, which is a significant improvement. In this case, due to

the long sputter time required, we coated only one side of the wafer. Further improvement

would be expected if both sides of the wafer were coated.

However, despite significant improvement in the measured transmission through the
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wafer, notable improvement in imaging quality was not observed. The ZnS coating may

perhaps increase the signal to noise ratio slightly, but it does not seem to significantly im-

prove the imaging performance and therefore we did not pursue this application further.

Figure 3.3: ZnS antireflection coating characterization. (a) Absolute transmission spectra

of bare Si (blue) and Si with the ZnS coating (orange). (b) Relative transmission spectra

showing a 20% improvement in transmission at 10 µm wavelength. (c) Optical characteriza-

tion showing higher transmission in the ZnS-coated area versus the bare Si. A piece of tape,

present during deposition, has been removed to reveal the bare Si. Bare Si is also visible at

the edges of the wafer because it was blocked by the wafer clamp during deposition.

3.4 Tolerance to Fabrication Errors

In myself and others, I have observed that newcomers to the field of meta-optics often worry

about the error which may be incurred by not matching the desired phase with the unit



28

cell exactly due to fabrication errors. I would like to alleviate this concern by describing a

number of factors which fortunately support robustness in meta-optics, especially those with

smooth phase profiles.

Firstly, it is not the absolute phase value of the unit cell that matters – it is the phase

gradient, or the relative phase difference between different parts of the surface which cause

the bending of light. Therefore, fabrication errors which affect all the pillars equally – by

making them all slightly taller or shorter, or narrower or wider – simply adds a constant

offset to the phase, which does not affect the performance of the optic. Secondly, it has been

shown that discretizing into only 4 phase levels can still provide a Strehl ratio of 60% [17].

This equivalently means than an average phase error of 15% on each pillar is expected to

produce > 60% focusing efficiency.

To illustrate the resiliency of meta-optics, Figure 3.4 shows a series of microscope images

of fabricated metalenses and the corresponding image achieved with them. In the case of (c),

nearly 40% of the pillars fell over due to non-optimal fabrication conditions, but the lens still

works surprisingly well. The image is dimmer relative to the background, indicating reduced

focusing efficiency, but it still produces an image. Lenses with smooth phase profiles are

likely more resilient to fabrication inconsistencies than those with irregular phase profiles.

In my experience, unless the fabrication errors are quite severe, fabrication issues have not

been the primary reason an optic has not worked. Meta-optics more typically fail due to

some design error. In one case, I found that a particular optic did not work because the

designer made it for crystalline silicon (n = 3.5), but the fabricator made it in silicon nitride

(n = 2).
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Figure 3.4: Resiliency to fabrication errors. Left panels show optical microscope images and

right panels show the experimental imaging result using that meta-optic. (a) A meta-optic

with striping errors. As a result of the striping errors, the image produced by this meta-

optic has a double or “ghost” image. (b) A meta-optic with mostly good fabrication, but

approximately 40% of the pillars missing. (c) A meta-optic with nearly half of the smaller

pillars missing. Despite this, the optic still produces an image.
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Chapter 4

EXPERIMENTAL CHARACTERIZATION

A number of quantitative and qualitative measurement techniques are used to analyze

optical performance. Two most commonly used quantitative metrics for characterizing op-

tics are the point spread function (PSF) and modulation transfer function (MTF). Imaging

experiments are used to more qualitatively assess the performance of optics.

4.1 PSF and MTF

The point spread function (PSF) of an optic is simply how well the optic focuses a point

source. An fictional perfect lens focuses a point source back to a point. A real lens is

fundamentally limited by diffraction effects; the theoretically smallest resolvable distance is

approximately

d =
λ

2NA
(4.1)

where NA is the numerical aperture of the lens. A lens that achieves this resolution is

“diffraction-limited.” In reality, most real lenses have aberrations that distort and broaden

the PSF from this limit. A point spread function measurement, depicted in Figure 4.1a, is a

quantitative measurement of these aberrations. In a point spread function measurement, the

imaging object is a point source located at infinity. This can be accomplished by focusing

laser or LED illumination through a pinhole, creating an actual point source, or creating

an effective point source using collimated laser illumination. This is because the wavefront

from a point source at infinity is approximately collimated from the perspective of the optic.

Then, the lens is simply placed its focal distance away from the collecting optics and the

sensor to image the point source.

The PSF is a “function” because it is usually a function of conditions such as wavelength
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and the location of the source. As the point source is moved such that the incident light is

off-axis, the PSF is typically distorted. To fully characterize a lens, it is common to measure

the PSF at many angles of incidence.

The PSF is also useful for image simulation. When an object is imaged, the expected

result is the input convolved with the optic’s point spread function. To capture the effects

of the optic’s field of view, it is common to generate a PSF grid, convolve the input with

the PSF corresponding to that source location, and stitch the results together. Convolution

with only the central PSF is a common approximation that generally works if the field of

view is small so the object is at approximately normal incidence.

Another metric is the Modulation Transfer Function (MTF). The MTF describes how

line pairs of given spatial or angular frequencies are resolved; this is illustrated in Figure

4.1b. In other words, it is the contrast of a line pair as a function of spatial (in line pairs per

millimeter) or angular (in terms of cycles per milliradian) frequency. A typical optic exhibits

high contrast at low frequencies (corresponding to larger lines) and reduced contrast at

higher frequencies (corresponding to smaller lines). The contrast of a line pair is defined

as Imax−Imin

Imax−Imin
, where Imax and Imin are the maximum and minimum pixel values in the line

pair. The conversion between spatial and angular frequency is straightforwardly obtained

by multiplying the spatial frequency by the optic’s effective focal length.

The MTF can be experimentally obtained in a number of ways. The MTF can be

calculated from the Fourier transform of the PSF; this is most commonly how I have measured

MTF. When using this method, it is important to correct for background noise since a

nonzero background will depress the MTF. This is especially important for thermal cameras

which may have a significant nonzero background reading due to the ambient temperature.

To do a background correction, the preferred method is to take an image with the source

turned off (or blocked) and subtract that image from the signal image. Alternatively, one

can also calculate the average value of the background from a corner of the PSF image,

where the reading should be zero, and subtract that average value from the data to zero the

background. The MTF can also be determined directly by imaging a resolution chart. For
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example, the USAF-1951 resolution chart pictured in Figure 4.1c shows line pairs at specified

sizes. Knowing the line pair sizes and the distance of the chart from the optical system, the

MTF cutoff frequency can be qualitatively assessed by determining the smallest discernible

line pair, or quantitatively by taking cuts across line pairs and calculating the contrast of

the image.

Figure 4.1: PSF and MTF characterization. (a) Schematic of a PSF measurement setup. A

point source (at left) at infinity produces a wavefront that is approximately collimated when

it reaches the imaging lens. This lens is focused onto a camera, possibly with the addition

of collection or relay optics, to acquire the imaged point. (b) MTF schematic illustrating

typical behavior where the contrast decreases as the frequency of the line pairs increases. (c)

USAF-1951 resolution chart for quantitative and qualitative imaging experiments.
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4.2 NA and Relay Optics

It is worthwhile to take an aside to discuss numerical aperture of a lens in greater detail.

The numerical aperture describes the angles of light that the optical system can accept. If

the maximum accepted angle is θ, then the NA of the system is given as NA = n · sin(θ),

where n is the background refractive index (typically air, n = 1). For the lens in Figure

4.1a, for example, suppose the lens diameter and focal length are equal. Then the maximum

accepted angle of the light is θ = arctan( D
2f
) = arctan(1/2). Then the NA of the lens is

NA = sin(arctan(1/2)) = 0.45. The NA is related to F-number, which for a simple lens

is the ratio of an optic’s focal length to its aperture. As the aperture is increased for fixed

focal length, the F-number is decreased, the NA is increased, and accordingly the resolution

is increased. Microscope objectives have a relatively high NA around 0.7. For compound

optical systems consisting of several elements, an effective F-number (and effective focal

length) can be calculated from the angles of the rays.

Due to relatively large camera pixel size, it is often desirable to magnify the PSF prior to

collecting the signal on the camera. Our visible GT-1930C cameras have a pixel size of 5.86

µm, which is too large to measure a diffraction-limited PSF on the order of 500 nm. Similarly,

our FLIR A6751 camera for MWIR measurements has a pixel size of 15 µm. Furthermore,

the MWIR camera has the additional complexity of protective housing that prevents placing

optics very close to the sensor; for most of our meta-optics with focal length on the order of

a few centimeters, this makes it practically impossible to measure the PSF without the aid

of relay optics.

Relay optics serve several purposes: they can magnify the PSF to accommodate finite

camera resolution, they can extend the distance between the measured optic and the camera

sensor, and they can be used to aid in alignment. However, using relay optics comes at the

significant cost of a more complex optical system. Relay optics may introduce aberrations and

complicate measurements of already complex optical systems, making it difficult to determine

if issues are arising from the optics being measured or from the relay optics. To avoid
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introducing aberrations, the relay optics must provide high-quality imaging, and in addition

the NA of the relay optics should be larger than that of the optics being measured. In visible

setups, we typically use a microscope objective to provide high-quality large magnification

for PSF measurements. Such microscopes are not available at thermal wavelengths, so those

relay systems must be built from singlet lenses.

Figure 4.2: Common relay optics configurations. (a) A single lens 2f − 2f system: A

single lens is placed a distance 2f from the plane of measurement and 2f from the camera

sensor to image the measurement plane onto the sensor. If both distances are 2f , then

the magnification is 1. (b) A two-lens telescope system: An objective lens is placed its focal

length fo away from the measurement plane, thereby collimating the light. After propagating

some distance, the light is focused onto the sensor via an image lens with focal length fi.

The magnification is given by M = fi
fo

Common relay optics configurations are shown in Figure 4.2. At the left, the meta-optics

produces an image that we wish to relay back to the sensor on the right. The simplest
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configuration (Figure 4.2a) uses a single lens. To achieve a magnification of 1 (the recorded

image on the sensor is the same size as that produced by the meta-optics), the lens should be

placed 2f away from the meta-optics image and 2f away from the camera sensor, where f

is the focal length of the relay lens. To achieve a magnification that is not 1 (for magnifying

the PSF, for instance), the singlet lens can be placed according to

1

f
=

1

do
+

1

di
(4.2)

That is, a lens of focal length f placed a distance do away from the object will produce

an image at di on the other side of the lens with magnification M = di
do
. Therefore, by

moving the lens from do = 2f to do = f , the magnification can be arbitrarily increased

(as long as the camera sensor is also moved accordingly to capture the image). A second

common configuration is the telescope configuration shown in Figure 4.2b. In this case, two

lenses are used: an objective lens with focal length fo placed its focal distance away from

the measurement object, and an imaging lens with focal length fi placed its focal distance

away from the sensor. In this case, the magnification is given by M = fi
fo
.

4.3 MWIR Setup

During my time in Arka’s lab, we received a significant amount of funding to support the

development of MWIR meta-optics. In this section, I will briefly review the capabilities of this

setup. More details and examples are included in the sections covering the optics measured

with this setup; in particular, see Sections 5.1 and 7.1. For a more detailed overview of the

instruments, please see the full SOP that I wrote with MS student Tina Teichmann.

The laser is a Daylight Solutions MIRcat MWIR QCL. This laser offers both continuous-

wave (CW) and pulsed operation, but I have only ever used it in CW mode. For CW and

pulsed at moderate power, cooling is required, which is accomplished using the chiller that we

set up. The laser has three modules, each covering a particular wavelength range for a total

combined range covering 3.9 µm to 5.1 µm. The optical power output is dependent on both

the current setting and the desired wavelength. This means that the amount of optical power
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may change unexpectedly as the wavelength is changed, so particular care must be taken

when changing the wavelength to avoid oversaturating the sensitive camera. At maximum

current, each module can output a power of several hundred mW CW. This is significantly

more power than is required for meta-optics. Meta-optics characterization requires only a

few hundred µW, but the laser output is unstable at such a low current setting. To resolve

this, we typically set the laser to the current required to output around 5 mW of optical

power and use a neutral density filter (OD = 1, 10% transmission) to reduce the amount of

light directed at the camera. The light that is reflected off the filter is directed at a thermal

power meter for optical power monitoring.

In addition to the laser, we have several other MWIR sources on hand. We use a Torrey

Pines Scientific hot plate to provide diffuse, broadband blackbody radiation for imaging

experiments. Running the hot plate at higher temperature pushes the blackbody spectrum

towards MWIR, but it would require an impractical temperature around 800K to achieve

maximum radiation in the MWIR range. We typically run the hot plate around 130C

(400K) for MWIR imaging experiments, which is results in a spectrum that is more heavily

weighted towards longer wavelengths. To restrict this broadband thermal radiation to a

desired wavelength range, we can use narrowband filters. At this time, we have filters

centered at 3.5 µm and at 4.5 µm, each with 500 nm FWHM spectral bandwidth. Finally,

we have two LEDs that output at 3.4 µm and at 4.3 µm, also with approximately 500 nm

FWHM bandwidth.

The MWIR camera is a FLIR A6751 InSb Cooled camera. In contrast to the laser

that is liquid-cooled, the camera is simply fan-cooled. The camera comes with a compound

refractive lens assembly with effective focal length of 25 mm. The camera has 640 × 512

pixels at 15 µm per pixel resolution and has a specified wavelength coverage of 3 - 5 µm.1

One key practical note is that the camera sensor is located about 5.4 cm inside the camera’s

protective housing; this means that it is not possible to directly measure meta-optics with

1However, we have determined that the upper limit is really around 4.8 µm. While the laser can cover
up to 5.1 µm, the camera is limited to slightly shorter wavelengths.
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focal lengths under 5.4 cm. Hence, relay optics are required. For measuring very small optics,

we have successfully used our 25 mm diameter, 12.5 mm focal length aspheric refractive lens

in the configuration shown in Figure 4.2a to provide magnification around 50×. For general-

purpose imaging, we have a 50 mm diameter, 50 mm focal length singlet that has sufficiently

large NA to measure most of our meta-optics in a simple relay configuration. When using

the telescope configuration shown in Figure 4.2b, we often use the FLIR compound refractive

(f = 25 mm) as the imaging lens and an f = 25 mm singlet lens as the objective to achieve

a magnification of 1.
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Chapter 5

SINGLETS

The field of single-layer meta-optics has matured significantly since the first demonstrated

meta-optics. In many cases, singlet meta-optics are designed to replace refractive lens el-

ements for imaging with a thinner, lighter optical system. A significant amount of work

has already been done in the field of full-color imaging [18, 19, 20, 21]. A wide variety of

non-imaging applications have been demonstrated as well, which include spectroscopy [22]

and optical computing [23, 24]. My contributions in this area have focused on imaging at

thermal wavelengths and in applying meta-optics to perform convolution operations as part

of a convolutional neural network for image classification. In this chapter, I begin with my

work on the simplest singlets (hyperboloid metalenses) and build up to the more complex

neural network application.

5.1 MWIR Hyperboloids Scaling Study

The hyperboloid phase profile has historically been used as baseline for first demonstrations

and as a point of comparison for new materials and novel design strategies. To test our newly

developed MWIR fabrication and measurement capabilities, we fabricated a set of all-silicon

hyperboloid MWIR meta-optics of increasing apertures. The hyperboloid phase profile is

given by

ϕ(r) = −2π

λ
(
√
r2 + f 2 − f) (5.1)

The hyperboloid phase profile provides diffraction-limited resolution in theory. Recall

from Chapter 3 that diffraction-limited resolution is given by d = λ
2NA

, which is notably

dependent only on the wavelength and NA of the lens. However, in realistic lens systems,



39

aberrations typically scale with the aperture of the lens [25]. To test whether aberrations

scale with the lens in meta-optics, we fabricated a set of meta-optics with the same NA

= 0.45 but different apertures. Specifically, we fabricated hyperboloid meta-optics where

D = f = 2 mm, 5 mm, 10 mm, and 20 mm for 4.5µm wavelength.

Figure 5.1: MWIR hyperboloids measurement setup. (a) Photograph of the optical setup.

Light from the laser passes through an ND filter to reduce the optical power and three mirrors

to align the beam to the camera and parallel to the table. Two refractive lenses are used to

expand the collimated beam before it passes through the meta-optics. After the meta-optics,

two refractive lenses are used as relay optics to collect and magnify the meta-optics PSF.

(b) The relay optics are focused on a 5 mm diameter meta-optic. This image is used to

calibrate the effective resolution of the camera given the relay optics. (c) Focusing on the

images produced by two meta-optics fabricated on a single wafer.

The experiment setup for PSF measurements with laser illumination is shown in Figure

5.1. Output from the laser is collimated, but it must be aligned to the camera and the
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beam must be expanded to fill the entire aperture of the meta-optics. For expansion, we

used a 25 mm diameter, 50 mm focal length lens to focus down the beam followed by a

75 mm diameter, 150 mm focal length lens to collimate the magnified beam. Because the

MWIR beam is invisible to the human eye, alignment and collimation is not trivial. First,

we use the red alignment beam onboard the laser to align the beam to the camera, ensuring

it propagates parallel to the optical table as well as being laterally aligned. Secondly, to set

up the expansion optics, we use the camera’s compound refractive lens to image the beam.

With the compound refractive lenses focused on the aperture of the larger lens, we attempt

to place it such that the beam fills up as much of the optic as possible.

The relay optics are aligned separately. In this case, the relay optics consist of a 25 mm

diameter, 25 mm focal length lens followed by a 50 mm diameter, 75 mm focal length lens in

telescope configuration. The magnification of this system is a factor of 3. To ensure the relay

optics are well aligned, we set up the hot plate to provide diffuse MWIR illumination and

place a meta-optic at the object plane of the relay system. By focusing onto the surface of

the optic like a microscope, the relay optics can be tuned to achieve the best imaging quality.

An image of the relay optics focused onto the surface of a 5 mm diameter meta-optic is shown

in Figure 5.1b. In the upper right, there is some text written on the surface of the wafer.

The camera and relay optics are mounted on a micrometer translation stage so that the

relay and camera system can be translated back for measurement in various focal planes.

For example, the camera stage positioned to focus at the surface of the meta-optics is shown

in Figure 5.1b, and the camera stage moved backwards to focus on the image produced by

the meta-optics is in Figure 5.1c.

Using this setup, we measured the PSFs of the hyperboloid metalenses, with the aim

of determining whether aberrations worsen for larger apertures (despite keeping the same

NA). The experimentally measured PSFs are shown in Figure 5.2a, with line cuts shown

in Figure 5.2b. The PSFs are relatively high quality, with a faint Airy disk around the

center and low noise near the exterior. Notably, the width of the PSFs does not change

with increasing aperture; this indicates that aberrations are not worsening with incrased
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aperture, which is a promising result for large aperture meta-optics. However, the measured

PSFs are approximately a factor of two larger than the diffraction-limited (theoretical) PSF.

We attribute that this is most likely due to experimental conditions such as the limited size

of the camera sensor, pixel-to-pixel contamination, or misalignment of the laser beam. In

Figure 5.2c, we show the maximum PSF intensity as a function of aperture. As expected,

larger apertures collect more signal for a brighter PSF and improved signal to noise ratio in

imaging. The 10 mm lens seems to be an outlier to the general trend, which is unsurprising

because the 10 mm aperture metalens was fabricated on a separate wafer from the 2 mm, 5

mm, and 20 mm aperture metalenses. Therefore, the unexpectedly low intensity on the 10

mm aperture lens is likely due to sub-optimal fabrication conditions.

Figure 5.2: Hyperboloid PSF measurement results. (a) Experimentally captured PSFs for 2

mm, 5 mm, 10 mm, and 20 mm (all F-number equal to 1) aperture hyperboloid meta-optics.

The displayed PSF size is 200µm × 200µm. (b) Profiles extracted from the PSF images in

(a). A diffraction-limited PSF is shown in black for comparison. (c) Peak PSF intensity as

a function of metalens aperture.
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5.2 Sparse Aperture

There are two key advantages of large aperture optics. Firstly, a large aperture lens collects

more light for higher signal-to-noise ratio (SNR). This is especially important for thermal

wavelengths where the ambient signal is low and the sensors are noisy. Secondly, a larger

aperture (while keeping a fixed focal length) increases the NA for higher angular resolution.

Meta-optics are an attractive replacement for large aperture refractive lenses because meta-

optics can increase aperture without adding significant weight due to their thinness. However,

patterning a large surface area at high resolution is practically challenging.

Therefore, following a similar synthetic aperture approach to Zhao et al. [26], we are

collaborating with Rice University to develop ultra large aperture meta-optics. In this way,

several smaller aperture meta-optics are arranged to create an effectively larger aperture

optic. While this approach does not address the first benefit of large aperture (higher SNR)

since it does not increase the amount of light modulated through the optics, it does increase

the resolution by covering an effectively larger aperture.

This project is being led by Jing Wang at Rice. I primarily developed the fabrication

with the assistance of MS student Vladimir Yarmolik. In this initial phase of the project,

we are fabricating several sub-apertures on a single wafer (up to 8 cm effective aperture).

The ultimate goal of this project is to scale up to an effectively 50 cm metalens wherein

each sub-aperture consists of a full-wafer meta-optic, for high-resolution long-range MWIR

imaging.

5.2.1 Fabrication Constraints

Fabrication of large area meta-optics is challenging because a large area must be patterned

while maintaining high resolution. As discussed in Chapter 3, we developed two laser writing

processes for the 4 mm and the HiRes write heads. While the HiRes write head provides

higher resolution, it writes too slowly to cover an entire 100 mm diameter wafer. On the other

hand, the 4mm write head can write a full wafer in under six hours but is limited to around
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1µm resolution. Therefore, we designed new scatterers compatible with this restriction and

fabricated simple hyperboloid meta-optics to test their effectiveness. As shown in Figure 5.3a,

the ideal MWIR scatterers with 2µm periodicity and 3µm pillar height exhibit a relatively

smooth relationship between phase and pillar width and high transmission. To be compatible

with the limitations of the 4mm write head, we designed scatterers with 5.6µm periodicity

and 7.9µm pillar height, with the response shown in Figure 5.3b. The phase is not as well

controlled and the transmission is lower, but nevertheless the required 0 to 2π phase shift

is achieved. An additional consideration is that the large periodicity (greater than λ/2) can

introduce aliasing effects if the desired phase gradient is large; this effect is studied more

closely in Section 6.2, where we used similarly larger-than-wavelength periodicity.

Figure 5.3: Low-resolution versus high-resolution MWIR fabrication results. (a) The ideal

MWIR scatterers with 2µm periodicity and 3µm pillar height. (b) The low-resolution MWIR

scatterers with 5.6µm periodicity and 7.9µm pillar height. (c) The experimentally obtained

image produced by a 5 mm diameter, f = 2cm hyperboloid metalens that was fabricated

with the HiRes scatterers shown in (a). (d) Experimentally obtained images produced by

5mm diameter and 1 cm diameter f = 2 cm hyperboloid metalenses fabricated with the

low-resolution scatterers shown in (a).
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To test these scatterers, we fabricated a set of test hyperboloid metalenses with 5 mm

aperture and 2 cm focal length using each scatterer, and the imaging results are shown in

Figure 5.3c and 5.3d. As expected, the higher-resolution scatterers exhibit better imaging

quality, which I attribute mainly to their higher efficiency. The low-resolution scatterers

themselves have lower transmission, and reduced phase sampling due to larger periodicity

also reduces efficiency. However, the larger aperture enabled by the 4mm write head can

compensate for these effects. A low-resolution metalens with the same focal length but larger

(1 cm) aperture has similar performance to the high-resolution metalens. For this project,

full-wafer fabrication is required and therefore the low-resolution scatterers must be used.

5.2.2 Results

We designed, fabricated, and tested four configurations as shown in Figure 5.4. In each case,

broadband hot plate illumination is used through a USAF resolution target and the images

were reconstructed using simulated PSFs. Firstly, as shown in Figure 5.4a, we show the

result for the center aperture alone as a baseline. Since it has the smallest aperture in terms

of both written area and spatial extent, this configuration has the lowest-quality imaging.

We tested two different sparse aperture configurations: a triangle configuration (Figure 5.4b)

and a Golay configuration (Figure 5.4c). Both performed similarly well in simulation, but

the distribution of sub-apertures is more equally distributed radially. Therefore, the Golay

PSF is expected to be more symmetric and we observed better performance in the Golay

aperture in experiment. Both the triangle aperture and the Golay aperture wafers had some

fabrication issues and will be re-fabricated. In the triangle aperture, the lithography had

some striping artifacts that cause the double-image shown in the red circle. In the Golay

aperture, two of the sub-apertures had photoresist streaking that ruined portions of those

optics for reduced SNR. Finally, the effective aperture shown in 5.4c is a single aperture at

the center with the same written area as the triangle and Golay configurations. However,

due to the smaller spatial extent of this configuration, it has lower angular resolution.

The preliminary experiment results of this study are promising and a publication, led by
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Jing, is in preparation.

Figure 5.4: Experiment results for MWIR sparse aperture imaging. For each configuration,

the top row is the raw experiment result and the bottom row is the image computationally

reconstructed with the simulated PSF. (a) The center aperture alone serves as a baseline.

(b) The triangle configuration has six sub-apertures arranged around the center aperture

in three arms. (c) The Golay aperture has the six outer sub-apertures arranged in a more

radially symmetric configuration. (d) The effective aperture has a single aperture at the

center of the same written area as the triangle and Golay configurations.

5.3 Broadband Thermal Imaging

A common goal of meta-optics is broadband imaging, but strong chromatic behavior is

a characteristic of meta-optics and other forms of diffractive optics [19]. This effect can

greatly deteriorate imaging performance, as it is impossible to focus light at different wave-

lengths in the same focal plane. The chromatic behavior of meta-optics originates from two

sources: dispersion due to phase wrapping in the phase mask and dispersion of the scatterers

themselves. These effects are described in Figure 5.5.
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Of the two effects, the dispersion from the phase mask itself is much more severe than the

dispersion of the scatterers. That is, light of different wavelengths propagating through the

same phase mask experiences different effects. Recall the expression for the bending angle

of light through a meta-optic:

nisin(θi)− nosin(θo) =
λ

2π

dϕ

dx
(5.2)

Figure 5.5: Chromatic aberrations in meta-optics. (a) Exemplary dispersion in scatterers.

For all-Si pillars with 4 µm periodicity and 10 µm pillar height, light of different wavelengths

experiences different phase shifts. (b) Different phase profiles are required to focus light of

different wavelengths at the same focal spot. (c) Simulated chromatic aberrations for a 4

mm diameter, 4 mm focal length LWIR hyperboloid metalens composed of the scatterers in

(a). The metalens design wavelength is 10 µm.
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The factor of λ
2π

implies that light of different wavelengths will have different bending

angles θi upon experiencing the same phase gradient dϕ
dx
. Now, it is true that the scatterers

themselves typically have some dispersion such that dϕ
dx

will not be exactly the same for each

wavelength. However, in most forward-designed meta-optics, the phase is wrapped modulo

2π according to the design wavelength, and these phase wraps are then “baked in” to the

optic. Effectively, what is then achieved is a blazed grating with nearly ideal 0 to 2π gradient

at the design wavelength and a less efficient grating at non-ideal wavelengths. The distance

between phase resets has already been set by the phase wrapping. In order to focus light

of different wavelengths in the same focal plane, a different phase mask for each wavelength

must be realized.

A number of works in the visible have addressed this issue using dispersion engineering

[10], computational imaging [18, 21], and hybrid meta-optic / refractive systems [27]. Dis-

persion engineering is the most common approach. In dispersion engineering, a scatterer

library is designed to contain pillars with a wide range of dispersive behavior. To accomplish

this, either complex-shaped meta-atoms or very high aspect ratio pillars are often employed.

The scatterers are then placed to minimize the phase error at the design wavelengths. How-

ever, there are several limitations of this approach. Firstly, as shown in Figure 5.5b, the

required dispersion towards the edges of the optic becomes large, quickly exceeding the pos-

sible dispersion in the meta-atom library. This imposes fundamental trade-offs between NA,

bandwidth, and pillar thickness [28]. As a result, most dispersion engineering reports are

limited to small aperture meta-optics.

In our development of meta-optics for broadband thermal imaging, we have not taken

the dispersion engineering approach. Rather, we combine phase mask engineering with light

computational image reconstruction to circumvent the NA/bandwidth limits inherent in

other approaches.
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5.3.1 LWIR Broadband Imaging

Former PhD student Luocheng Huang developed a design framework that we term MTF-

engineering. This work is reported in [29]: Luocheng Huang, Zheyi Han, Anna Wirth-Singh,

et al. Broadband thermal imaging using meta-optics. Nature Communications 15, 1662

https://doi.org/10.1038/s41467-024-45904-w, February 2024. I had a supporting role in this

project (experimental characterization and data analysis) so I will report only the key results

here.

Figure 5.6: LWIR broadband imaging via MTF-engineering. (a) Schematic of the inverse

design process. (b) Schematic of the complex (red) and simple (blue) meta-atoms. (c) Sim-

ulated Strehl ratio versus wavelength for a hyperboloid metalens (black), complex scatterers

(red), and simple scatterers (blue). (d) Experimental imaging results for a hyperboloid met-

alens, simple scatterer MTF-engineered optic, and complex scatterer MTF-engieered optic.

In each trio, the upper image is unfiltered hot plate illumination. The lower left image is

under 10 µm filtered illumination and the lower right is under 12 µm filtered illumination.

The design strategy is described in Figure 5.6a. The approach is termed “MTF-engineering”

because the figure of merit is related to the area under the MTF curve. The goal is to pass

as much information as possible through the lens to obtain an image that can be more easily
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reconstructed using a light computational backend. The figure of merit is inherently opti-

mized when all wavelengths perform equally well, therefore constraining the optics to have

uniform performance over the design wavelengths without explicitly defining uniformity as

an optimization criterion.

A key challenge in inverse design is the scatterer-to-phase mapping. In gradient-descent

based optimization schemes, all operations must be differentiable in order to calculate the

gradients. Typical electromagnetic simulations, like RCWA and FDTD, are not differen-

tiable, and are also typically too slow to be used in an optimization loop. 1 To solve this

problem, Huang uses a deep neural network model to quickly map between scatterer and

phase in the optimization loop. To do this, he simulated a large library of meta-atoms and

used that data to train a deep neural network. The neural network is then called in the

optimization loop to quickly map between scatterer and phase.

In this work, Huang designed broadband LWIRmeta-optics with both simple and complex-

shaped scatterers as shown in Figure 5.6b. As expected, the complex-shaped scatterers per-

formed slightly better in experiment as shown in Figure 5.6d due to the larger number of

degrees of freedom. However, due to computational limitations, only eight wavelengths were

optimized. Figure 5.6c shows the Strehl ratio (defined as the ratio of focal spot intensity

relative to an ideal lens) versus wavelength. The clear peaks in performance indicate the

optimized wavelengths. In the experimental results shown in 5.6d, the top image is the result

under unfiltered broadband LWIR illumination. In this case, the bandwidth is limited to

that of the camera sensor, which is 8 - 14 µm. In the two insets below each larger image,

we show the imaging result with 8 µm and 12 µm narrowband filters (without adjusting the

focal plane)2. While the hyperboloid metalens image appears to perform relatively well un-

der broadband illumination, its performance is greatly deteriorated with the filters in place.

1There has been work to develop differentiable RCWA frameworks, but to my knowledge they have not
been used to demonstrate broadband meta-optics.

2It is almost always possible to get the metalens to focus well at a different wavelength if the focal plane
is adjusted. However, for broadband imaging, it is not possible to adjust the plane for each wavelength.
Therefore, it is key to hold the focal plane constant when performing these measurements.
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This is because the hyperboloid has excellent performance at its design wavelength of 10

µm, so this wavelength overwhelms others in a broadband measurement. However, if the

illumination is filtered to a different wavelength, the superior broadband performance of the

MTF-engineered optics is clear.

5.3.2 MWIR Broadband Imaging

A similar undertaking is underway to develop large aperture broadband MWIR meta-optics.

In an initial demonstration, we designed a set of three optics with 1 cm diameter and 1 cm

focal length: a forward-designed hyperboloid, which is expected to have nearly diffraction-

limited performance at its designed wavelength but poor broadband performance; a inverse-

designed extended depth of focus (EDOF) lens, which is expected to have better broadband

performance; and an inverse-designed MTF-engineered lens, which is expected to have the

best broadband performance. These phase profiles are shown in Figure 5.7. The two inverse-

designed broadband meta-optics were fabricated in cSi on sapphire platform using e-beam

lithography. In this case, the pillars are 1.5 µm tall on 460 µm sapphire substrate with a

periodicity of 1500 nm. A cSi hyperboloid was also attempted but failed due to a design error;

it was later re-made, but using the HiRes all-Si process. So while the three optics presented

in this section are consistent in diameter and focal length, the material platforms are mixed.

The cSi on sapphire optics have higher quality fabrication and better transmission.

Figure 5.7: Phase profiles of a hyperboloid meta-optic, inverse-designed EDOF optic, and

inverse-designed MTF-engineered optic.
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The hyperboloid phase profile is given by Equation 5.1. As apparent by the factor of 1
λ
, a

different phase profile to achieve focal length f is required for different wavelengths, leading

to strong chromatic aberrations. The hyperboloid lens provides a baseline for comparison to

our broadband lens designs.

The idea behind the EDOF lens is to extend the focal spot into a line so that chromatic

aberrations become less severe. Our group previously fabricated and tested forward-designed

EDOF lenses in the visible spectrum [30], but we have found that inverse-designed lenses

have superior results [18]. To inverse-design the EDOF lens, we assume normally incident

illumination and radial symmetry of the optic. This allows us to reduce the 2D phase mask to

a radial profile, dramatically reducing memory requirements and increasing the optimization

speed. We define an initial phase mask guess and propagate light to the focal plane, using

Hankel transforms and Rayleigh-Sommerfeld propagation. We iteratively update the phase

mask and propagate to the focal plane. We define our merit function to maximize the

intensity of the light at the focal plane for a range of wavelengths, resulting in a lens with

EDOF properties. Crucially, the assumption of on-axis illumination and rotational symmetry

to reduce the 2D phase mask to a radial profile allows us to optimize larger aperture meta-

optics at a fraction of the computational resources necessary to simulate the entire lens. For

this lens, we optimized 500 wavelengths over 20,000 iterations, for a relatively large aperture

of 1 cm and 1.5 micron periodicity (3,333 scatterers radially).

The MWIR MTF-engineered lens uses the same approach as the broadband LWIR work

described in Section 5.3.1. This inverse design approach optimizes the volume under the

Modulation Transfer Function (MTF) for improved lens performance. Unlike the EDOF

method, the MTF-engineered method does not assume normally incident light. This allows

for optimization at various angles of incidence, but the increased computational complexity

reduces the number of wavelengths that can be optimized and also limits the aperture of the

optic.

One key distinction between the EDOF the MTF-engineered inverse design processes

is that the MTF-engineering approach takes scatterer dispersion into account, while the
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EDOF approach does not. While scatterer dispersion certainly has some effect on chromatic

behavior, the much more significant chromatic source of chromatic aberration is the phase

mask itself.

Figure 5.8: Broadband MWIR imaging with a hyperboloid metalens, an EDOF-designed

singlet, and an MTF-engineered singlet. All meta-optics are 1 cm in diameter and have 1

cm focal length. The top row shows the essentially raw images (background correction only)

and middle row shows those images after processing with a Gaussian sharpening filter and

bm3d [31] denoising algorithm. (a) Hyperboloid metalens designed for 4.5 µm illumination.

Hot plate imaging results with these optics are shown in Figure 5.8. The MTF-engineered

optic exhibits slightly better performance than the hyperboloid and EDOF-designed meta-

optics. However, the explicitly designed broadband optics did not dramatically outperform

the simple hyperboloid metalens in this case. At present, we attribute this to experimental

conditions that are favorable for the hyperboloid. In this case, we used a hot plate set to

130C as the source, which emits a spectrum that is significantly stronger towards longer

wavelengths. Since we designed the hyperboloid for 4.5 µm and the broadband optics were

designed for 3-5 µm, the source spectrum is skewed in favor of the hyperboloid. I hypothesize

that the excellent performance of the hyperboloid at 4.5 µm is overwhelming that of the non-

optimal wavelengths, so the hyperboloid performs relatively well under these experimental
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conditions. Ongoing and future work will investigate whether a flatter spectrum source will

improve the imaging performance of the broadband MWIR meta-optics.

While the relative performance of the inverse-designed broadband meta-optics relative

to the simple hyperboloid is unclear in the imaging experiment, PSF measurements indicate

that the MTF-engineered optic is functioning as expected. Using the MWIR laser as a source,

I measured the PSF of both optics for wavelengths between 4 and 5 µm as shown in Figure

5.9. While the hyperboloid metalens has excellent performance at the design wavelength of

4.5 µm, it deteriorates quickly at non-design wavelengths. On the other hand, the MTF-

engineered singlet lens has more consistent performance across all wavelengths. In this figure,

each image is scaled to its own maximum for visualization so the relative brightnesses of the

different wavelengths is not reported.

Figure 5.9: Broadband MWIR singlet PSF measurements. (a) PSFs of the simple hyper-

boloid metalens from 4 µm to 5 µm. (b) PSFs of the MTF-engineered singlet.

5.4 Meta-Optical Encoder for Hybrid Convolutional Neural Network

So far, I have presented meta-optics only for imaging applications. In this section, I present

something dramatically different: meta-optics as part of a hybrid optical-electronic con-

volutional neural network for image classification. This highlights a unique application of
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meta-optics. The contents of this chapter are adapted from [32]: Anna Wirth-Singh, Jinlin

Xiang, Minho Choi, Johannes E. Fröch, Luocheng Huang, Shane Colburn, Eli Shlizerman,

and Arka Majumdar. Compressed Meta-Optical Encoder for Image Classification. arXiv

Preprint, https://doi.org/10.48550/arXiv.2406.06534, June 2024, with permission from the

authors.

This project was a collaborative effort between me, Jinlin, and Minho; we all contributed

equally. It is not possible to discuss my work on this project without also including the

significant contributions from Jinlin and Minho. Specifically, Jinlin developed the knowl-

edge distillation approach, optimized the convolutional kernels, and conducted the ablation

studies and principal component analysis in the published work. I developed the PSF engi-

neering approach, designed the meta-optics, and generated the comparisons between optical

and electronic results. Minho fabricated the meta-optics and conducted the experiment. I

led writing this manuscript, and in the next iteration of this project (where we developed

polychromatic meta-optics for classifying the more complex CIFAR-10 dataset), Minho is

taking the lead.

5.4.1 Introduction

Convolutional neural networks (CNNs) are a network structure commonly used in machine

vision tasks, especially image classification [33]. In a CNN, an input image is convolved

with a kernel (a matrix) that works to identify key features in an image. Most CNNs are

composed of several convolutional layers that identify features of images and pass them

to the next steps of the network, ultimately leading to the classification of the input into

one of the defined classes. While powerful, the convolution operation is computationally

expensive, leading to high latency and power consumption. In fact, it has been estimated

that about 80% of the total runtime of CNNs is used in performing convolution operations

[34]. Reducing this latency and as a result power consumption has become an active area

of research, with multiple works proposing free-space optical systems as a solution [35, 36,

37, 38]. Beyond latency reduction and power consumption, optical information processing
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features qualities including high bandwidth, spatial parallelism, and low-loss transmission

which have led to a surge of interest in the field [35].

For decades, it has been known that a 4f lens system can be used to perform convolutions

optically by placing an appropriate filter at the Fourier plane of the lens [39, 40, 41, 36].

This was demonstrated in 2018 [36] using a diffractive optical element as the filtering element

and traditional refractive lenses composing the 4f system. Spatial light modulators [38] and

digital micromirror devices [42] can also be used as the filtering element. However, one

drawback of the Fourier-based 4f approach is that it requires three elements (two lenses and

a spatial filter), resulting in a bulky optical system with greater propensity for misalignments

than single-element optical systems. Such misalignments from each optical convolutional

layer cannot be ignored even when weights are trained with noisy inputs. In addition, the

filtering optics must be contained within a compact area at the focal plane in the 4f system,

which limits parallel processing ability unless creative measures are taken such as utilizing

naturally present diffraction orders [42] or lenslet arrays [37].

Advantageously, the convolution operation can also be performed using free-space optics

and requires only a single element. The resultant image produced by any optics is the

input convolved with the point spread function (PSF) of the optics [43, 44, 45]. Therefore,

by engineering optics to produce a particular PSF, convolution can be performed optically

simply via passing light through the optics. Further, by passing the input through several

of these optics in parallel, multiple convolution operations can be performed simultaneously

at the speed of light [37, 46]. This approach leverages the inherent parallelism of light

enabling the passive processing of a vast amount of data without increasing computation

time [35, 42, 37]. This unique optical capability circumvents scalability issues when handling

high-resolution images in traditional electronic-based CNN systems.

However, a challenge to all optically-implemented CNN approaches is that nonlinear lay-

ers are interspersed with the linear layers. For example, AlexNet (a standard CNN structure)

consists of five convolutional layers followed by three fully connected layers [47]. Without

the particular nonlinear layers that are effective in CNNs (e.g., ReLu), the classification ac-
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curacy of the CNN drops by about 20% [48]. The nonlinear layers cannot be implemented

using simple lens-like optics; to implement them optically, some physical nonlinearity must

be introduced, for instance by using an atomic vapor cell [38, 49] or image intensifier [50].

Hybrid approaches involving repeated transduction of the signal to perform linear operations

in optics and nonlinear operations in electronics provide little benefit due to large latency

and power consumption in signal transduction [37, 50, 41]. Implementing only one of many

required convolution operations does not provide much benefit in terms of speed and latency.

Alternatively, there have been recent breakthroughs in using end-to-end designs for physi-

cal and hybrid networks designs which perform image classification or other tasks without

explicitly using convolution [51, 35, 52, 53]. Such an approach can effectively implement

multiple linear layers in one optical frontend. While novel, these end-to-end neural networks

are computationally expensive to train and are applicable only to the physical system for

which they were specifically designed.

In this work, we experimentally demonstrated a hybrid optical-electronic CNN consisting

of a single optical convolution layer with an electronic single fully connected layer to achieve

similar accuracy as AlexNet on hand-written digit classification tasks. To overcome the lim-

itation from the absence of optical nonlinearity, we applied knowledge distillation to remove

the nonlinear layers, and compressed multiple layers into a single linear layer [48]. Knowl-

edge distillation circumvents the need for nonlinearity without a significant reduction in the

performance by transferring knowledge from a larger, pre-trained network (the ‘teacher’ net-

work) to a more compact network (the ‘student’ network). Here, we use a modified AlexNet,

denoted AlexNet-Mod, as the teacher network and a single convolutional layer coupled with a

single fully connected layer as the student network. We use this architecture to demonstrate

a hybrid meta-optical platform, wherein an optical frontend based on a single meta-optic

performs the linear convolution operation, followed by an electronic backend which contains

a linear calibration layer and a fully connected layer. In such a way, the most computation-

ally expensive operation is performed optically to leverage the benefits of optical computing,

namely high spatial bandwidth and low power consumption. The use of a single meta-optic
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layer drastically simplifies the experimental setup and provides a compact geometry.

Figure 5.10: Schematic of convolutional neural networks for image classification tasks. (a)

All-electronic multi-layered CNN. (b) All-electronic compressed CNN. (c) Hybrid CNN which

combines an optical meta-optic front end and electronic backend. (d) The number of

multiply-accumulate (MAC) operations of each network configuration, with convolutional

MACs in green and fully-connected (FC) MACs in brown.

The optical frontend of this network is realized using inverse-designed meta-optics. Here,

we designed meta-optics to realize a phase mask which performs the desired convolutional

steps of the CNN by engineering the PSF. The hybrid CNN is described in Figure 5.10, where

we compare the architectures of multi-layer electronic CNNs, compressed electronic CNNs

(a linear single layer CNN), and our hybrid system. The number of multiply-accumulate

(MAC) operations in the entire network is reduced by over two orders of magnitude through

compressing multiple convolutional layers into a single layer and implementing them optically.

The classification accuracy of the compressed hybrid CNN is reduced by only 5% from

AlexNet-Mod (98% accuracy) to achieve 93% classification accuracy on the MNIST dataset.
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5.4.2 Compressing Multiple Convolutional Layers using Knowledge Distillation

In each convolutional layer of a CNN, an optimized kernel is convolved with the input

to generate a feature map which is then passed to the next layer. Using the knowledge

distillation approach, we optimized eight convolutional kernels (each 6 × 6 pixels in size)

for the MNIST dataset of handwritten digits. This is in stark contrast to AlexNet, which

uses over 300 kernels [33]. However, complex models are prone to overfitting, and optically

implementing a large number of kernels intruduces many practical challenges so we limit the

number of kernels to eight in this work.

To obtain a network that could be implemented optically, we used knowledge distilla-

tion to compress a AlexNet-Mod as a base model. AlexNet-Mod consists of 5 convolutional

layers and 3 fully connected layers (8 total layers) which we compress to the desired struc-

ture of one convolutional layer and one fully connected layer (2 layers). The knowledge

distillation approach assumes that the teacher network is already trained and performs the

desired task with high accuracy; in this case, we use AlexNet-Mod as the teacher network,

which achieves 98.9%± 0.33% on training and 98.4%±0.32% on testing classification accu-

racy MNIST datasets over repeated trials. Additionally, AlexNet-Mod employs nonlinear

activation functions (ReLU) to optimize performance; these are circumvented by knowledge

distillation for a result that is compatible with our optical setting. After training, the com-

pressed electronic network achieves an approximate classification accuracy of 96% on both

training and testing datasets.

5.4.3 Optical Convolution using Meta-Optics

The optical component of this network is implemented using inverse-designed meta-optics. In

short, each sub-optic (of the single-layer set of meta-optics) is designed to have a point spread

function (PSF) that resembles the convolutional kernel. Then, a convolution is performed

automatically simply by imaging with that optic. This concept is explained generally first,

and then I provide the details of the optics designed specifically for this work.
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Explanation of PSF and Convolution

The point spread function (PSF) of a lens-like imaging system describes how the system

focuses point sources. Simply, for an input point source, PSF (x, y) is the amplitude of the

electric field measured in the image plane. A perfect imaging system focuses light from a

point source back to a point, mathematically represented by a delta function δ(x, y). More

generally, for realistic lenses which have a PSF of finite size, we can denote PSF (x, y) to

describe the point spread function. Further, the PSF may be spatially-varying; that is, a

point source located at (x1, y1) may produce PSF1(x1, y1) which is different (not simply

translated) from PSF2(x2, y2) which is a measurement of a different point source located at

(x2, y2). However, here we assume that a spatially invariant PSF is sufficient to describe our

optical system and therefore are concerned with only a single PSF (x, y) for each optic.

In Fig. 5.11a, we illustrate an input point source which produces an arbitrary example

PSF in Fig. 5.11b. In a realistic lens system, the PSF is broadened from a delta function

and may or may not be symmetric. For a more complex input object (for example, a two-

dimensional image rather than a single point source), we can represent the light intensity

in the object plane as an array of point sources denoted O(x, y), illustrated in Fig. 5.11c.

Then, the intensity in the image plane I(x, y) produced by the optic is

I(x0, y0) =

∫ ∞

−∞

∫ ∞

−∞
O(x, y)PSF (x0 − x, y0 − y) dxdy (5.3)

For the case of a perfect lens PSF (x, y) = δ(x, y), we retrieve the expected output

I(x0, y0) =

∫ ∞

−∞

∫ ∞

−∞
O(x, y)δ(x0 − x, y0 − y) dxdy = O(x0, y0) (5.4)

The convolution of continuous one-dimensional functions f(x) and g(x), denoted f ∗ g,

is defined by [54]

(f ∗ g)(x0) =

∫ ∞

−∞
g(x)f(x0 − x) dx (5.5)

and is straightforwardly extended to two-dimensional continuous functions as

(f ∗ g)(x0, y0) =

∫ ∞

−∞

∫ ∞

−∞
g(x, y)f(x0 − x, y0 − y) dxdy (5.6)
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Figure 5.11: PSF and convolution illustrated with discrete matrices. (a) Illustrates a point

source. (b) Represents an arbitrary PSF which may be obtained by imaging (a) through a

realistic lens system. (c) An arbitrary source, or input image, which is an array of point

sources. (d) The expected image produced by imaging the arbitrary source (c) through the

lens system with PSF shown in (b).

Therefore, noting the similarities between Eqns. 5.3 and 5.6, we observe I(x0, y0) =

(O ∗ PSF )(x0, y0). That is, the image produced by an optic is the input object convolved

with the lens PSF.

Analogously, the two-dimensional discrete convolution is defined

(f ∗ g)[n,m] =
∞∑

j=−∞

∞∑
i=−∞

f [i, j] · g[n− i,m− j] (5.7)

And therefore we have, for discrete input O[n,m] and discrete point spread function

PSF [n,m],

I[n,m] =
∞∑

j=−∞

∞∑
i=−∞

O[i, j] · PSF [n− i,m− j] (5.8)

Figure 5.11d demonstrates a discrete convolution between an arbitrary input source (Fig.

5.11c) and optic PSF (5.11b).
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In a convolutional neural network (CNN), the discrete convolution operation is used to

extract features from an input image. The input is convolved with optimized kernels (or

“filters”) to produce an output with reduced dimensionality that is fed to the next layer in

the network. In this work, we perform this convolution optically, with the (discrete) kernel

analogous to our (continuous) optic PSF.

Meta-optics Specifications

In designing the optics, there are a wide range freedoms to choose parameters such as op-

erating wavelength, optics size, desired PSF size, focal length, and meta-optic scatterer.

We considered these choices carefully explain our rationale here, but many other possible

configurations may also yield viable results.

Figure 5.12: Scatterer response. (a) Diagram of the scatterer unit cell. The unit cell consists

of a rectangular pillar of fixed height and variable width, sitting on a lattice of fixed period.

(b) The simulated unit cell phase and transmission as the pillar width is changed, for fixed

wavelength of 525 nm. A subset of unit cells with widths ranging from 80 nm to 225 nm

were chosen to provide 0 to 2π phase coverage (red) which high transmission (blue).

The hybrid CNN can be adapted to operate at any wavelength; in this case, we chose 525
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Figure 5.13: High-resolution SEM images of the scatters from the meta-optics. (a) Section

of the meta-optic corresponding to the positive part of kernel number 1. (b) Section of the

meta-optic corresponding to the negative part of kernel number 8. Scale bar: 5 µm.

nm to best align with the available light sources and camera sensitivity. The camera used

in experiment is Allied Vision Prosilia GT1930C with 5.86 µm per pixel resolution. Based

on these factors, we set the simulation grid size to 586 nm such that 10 simulation pixels =

1 camera pixel, and the simulation grid size is comparable to the operating wavelength. For

phase mask propagation, deeply subwavelength pixel size is unnecessary and would increase

the computational load of designing the phase masks. The meta-optic unit cells, however,

are situated on a deeply subwavelength lattice size of 293 nm (exactly 1/2 simulation pixel

size).

The optimized phase are physically realized as arrays of sub-wavelength scatterers. To

be evenly divisible by the simulation grid size, we chose scatterer periodicity of 293 nm.

The chosen scatterers are 750 nm tall square SiN pillars on quartz substrate, with pillar
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widths ranging from 80 nm to 225 nm, as illustrated in Figure 5.12(a). The quartz substrate

functions primarily as structural support for the pillars and is transparent at the wavelength

of interest. We calculate the phase and transmission response of these scatterers using

rigorous coupled wave analysis (RCWA), specifically the S4 implementation [11], as shown

in Figure 5.12(b). By adjusting the scatterer width, phase shifts covering a 0 to 2π range

can be achieved with high transmission. This phase-pillar width response was then used to

map the optimized phase masks to physical geometries. In this case, each phase mask pixel

(586 nm) corresponds to a 2 × 2 block of scatterers. The individual pillars are shown in

high-resolution SEM images of the fabricated devices in Fig. 5.13).

Each optic was designed to produce an image of a particular convolutional kernel as

its PSF. As described in the earlier sections, each electronic convolutional kernel is a 6×6

matrix which contains both positive and negative values. Since negative values cannot be

represented when measuring the amplitude of the electromagnetic field on the camera sensor,

we separated the kernels into two matrices, each also 6 × 6, one containing only the positive

values and the other containing the (absolute value of) negative values. We present these

electronic kernels, separated into positive and negative parts, in Fig. 5.14(a). The desired

PSF was defined by shrinking one of these kernel matrices to the desired size and padding the

remaining space with zeroes. So that the PSF remains point-like, it is desirable to shrink the

PSF image as small as possible (down to a minimum resolution where one PSF “pixel” = one

camera pixel). However, such a design would not be robust; to guard against misalignments,

we defined the desired PSF to be such that each PSF “pixel” would correspond to 2x2 camera

pixels and therefore the desired PSF image is 70.32 µm × 70.32 µm in physical size.

Finally, we chose the size of each kernel optic to be 468.8 µm (800 simulation pixels). A

larger optic allows for more light collection and therefore higher SNR, but also undesirably

increases the total optic footprint, so the chosen size reflects a tradeoff between these two

factors. The focal length was chosen to be 2.4 mm based on our ability to place the optics

as near the camera sensor as possible while allowing room to adjust the focal length and

alignment to obtain the best image.
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Figure 5.14: The convolutional kernels and corresponding PSFs. (a) The positive (top) and

negative (bottom) parts of all eight convolutional kernels. Each kernel is a 6 by 6 matrix. (b)

The simulated PSF results at imaging distance 2.4 mm for the positive (top) and negative

(bottom) sub-optics. (c) The experimentally measured PSF.

Phase Mask Optimization

Once the desired PSF is defined, we aim to determine the phase required to produce it,

modeling the meta-optic as a phase mask 2.4 mm in front of the desired plane. This is

effectively a holography problem; both the input light and the desired PSF are specified

by electric field amplitude only, and the complex phase in a particular intermediate plane

must be determined to map between the two. This problem is solvable by the well-known

Gerchberg-Saxton (GS) algorithm [8]. Here, we provide the details of the implementation.
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All simulations were done at a single wavelength (525 nm) and on a lattice grid of 586 nm.

The designed phase masks corresponding to the positive and negative parts of the eight

convolutional kernels are shown in Fig. 5.15(a). To implement the phase retrieval, we

initialize the phase mask guess ϕ as constant 0 phase and the input light U as a plane

wave (constant amplitude 1). Therefore, the initial field after it passes through the optic is

UO = Ueiϕ. Our implementation of the iterative steps is based on that in [55, 56]:

1. Propagate the initial field UO to the image plane to obtain UI .

2. Calculate U ′
I = |PSF |ei∗Θ(UI), where |PSF | is the amplitude of the desired point spread

function and Θ(UI) is the phase of the complex field UI .

3. Backward propagate U ′
I to the object plane to obtain U ′

O.

4. Calculate UO“ = |UO|ei∗Θ(U ′
O), where |UO| is the amplitude of the field in the object

plane; here, this is a plane wave.

The process is iterated by inputting UO“ to UO, ultimately retrieving the final phase

ϕfinal = Θ(UO“). This process is quick to converge, requiring only 20 iterations to retrieve

the desired phase to our satisfaction. In this process, the propagation function is Fourier-

based band-limited angular spectrum propagation [7].

Additionally, we developed our own phase mask optimization code in TensorFlow and

fabricated a second set of optics corresponding to these phase masks. The experimental

PSFs and an example convolution from both sets of optics are shown in Fig. 5.17(b) and

(c). While both optics produce the desired PSFs and perform the desired convolution, the

optics designed using the GS method exhibit brighter and slightly clearer images on the

camera. Therefore, we conducted this experiment using the GS meta-optics. However, the

TensorFlow code has not gone to waste; in our ongoing efforts to extend this work to more

complex datasets, we require meta-optics that can implement convolutions on color images.

That is, we need a single meta-optic that produces three different PSFs at three different
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Figure 5.15: The designed meta-optics. (a) Optimized phase maps for each sub-optic. The

phase values vary between 0 and 2π and each optic is 470 µm× 470 µm in size. (b) SEM

images of all designed optics.

wavelengths corresponding to the red, green, and blue wavelengths of the display LEDs.

Since the GS algorithm does not take the wavelength-dependent scatterer-phase mapping

into account, it is insufficient to tackle this problem. In this new effort, we are using the

TensorFlow code with a proxy function to map between scatterer and phase within the

optimization loop.

For the TensorFlow based method, the Adam optimizer was used to optimize the phase

mask. We model the input light U as a plane wave and again use the angular spectrum

method to propagate the field to the desired plane. To facilitate faster convergence, we

initialized the phase mask guess ϕ as the phase of the backward propagated PSF. Then, we

iteratively updated the phase mask through the following steps:

1. Calculate the initial field UO = Ueiϕ, where U is the input plane wave and ϕ is the

phase mask guess.
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2. Propagate the initial field UO to the image plane to obtain UI .

3. Calculate the loss between the simulated image intensity |UI | and the desired field

intensity |PSF |. To calculate the loss, we first L2 normalize both |UI | and |PSF |. We

then calculate the difference between these two quantities, take the absolute value, and

sum up the values in the difference matrix.

4. Update the phase mask.

This optimization continued for 500 iterations at a learning rate of 0.05. The phase

masks designed using the TensorFlow method are qualitatively similar to those designed

using the GS method in that they both exhibit lobe-like center structures and lens-like outer

rings, but the TensorFlow optics exhibit slightly more randomness. We hypothesize that

the TensorFlow-based optics exhibit more destructive interference than the GS-based optics,

which is supported by the observation that the TensorFlow-based optics produce dimmer

images.

5.4.4 Optical Experiment

The optical system is summarized in Figure 5.16. To verify the performance of the optics,

we measured the PSF of each sub-optic using a single-mode fiber as a point light source, as

shown in the Figure 5.16(a). The PSFs from all 16 sub-optics are simultaneously captured

by the two-dimensional CMOS camera. Accordingly, the convolved images from all 16 sub-

optics are also captured at the same time when we replaced the single mode fiber with the

display, as described in Fig ure5.16(a). Exemplary electronic convolutional kernels, which

represent the ground truth PSFs for the optically-implemented kernels, are shown in Figure

5.16(d). We also present the simulated PSFs from the meta-optics using angular spectrum

propagation [6, 7]. The experimentally measured PSF shown in Figure 5.16(d) match well

to the simulated PSFs, confirming fabrication accuracy.
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Figure 5.16: Schematic of the optical system. (a) PSF measurement setup using a monochro-

matic point light source (left) and optical convolution measurements using a micro-LED

display (right). (b) A photograph of the fabricated meta-optics. The meta-optic contains

16 different sub-optics, spatially distributed in a single layer, operating in parallel for clas-

sification tasks. (c) Phase maps and SEM images of exemplary sub-optics corresponding to

the positive and negative parts of a particular convolutional kernel. (d) The positive and

negative parts of an example convolutional kernel (left) and the corresponding PSF simula-

tion (middle) and right (experiment). (e) The simulated electronic output (left) and optical

experiment (right) convolved output for the example kernel, for the case of an input “7”

from MNIST.
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In greater detail, all meta-optics are fabricated in a single layer, with different sub-

optics corresponding to the different convolutional kernels. Since electronic convolutional

kernels include both positive and negative values, we separated each kernel into positive

and negative parts and designed meta-optics for each. The positive and negative images

were computationally subtracted afterward to produce the net convolution. A photograph

of the fabricated meta-optic is shown Figure 5.17a. In total, there are 32 sub-optics on the

fabricated chip arranged in two sets of 16 (one set for each of the optimization methods).

In each set, there is a positive and negative sub-optic corresponding to each convolutional

kernel. Each kernel meta-optic is of size 470 µm × 470 µm and center-to-center distance of

705 µm. The optics are arranged in two rows of eight optics for a total footprint of 5.6 mm ×

1.4 mm per set. In Figure 5.17b and 5.17c, we show the experiment output as it is captured

on the camera. Figure 5.17b shows the PSFs of the optics that are designed to represent the

convolutional kernels. In this image, the TensorFlow-optimized optics are on the left and

the GS-optimized optics are on the right, with the GS-optimized optics producing brighter

images. To perform convolution with an input image, the point source is replaced with a

micro-LED screen; these results are shown for an example “5” in Figure 5.17c.
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Figure 5.17: Multiple convolutional meta-optics on a single wafer. (a) Picture of the fab-

ricated chip with a metallic aperture. (b) Measured PSFs of the meta-optics in a single

shot. (c) Measured convoluted images from one of the MNIST datasets in a single shot. For

both PSFs and convoluted images, 16 PSFs on the left are from the meta-optics designed

by Tensorflow, and the other 16 PSFs on the right are from the meta-optics designed by

the GS-algorithm, which were used with the computational backend for the classification

experiment.

A further comparison between the convoluted images obtained in the experiment and

the electronic convolution is presented in Figure 5.18. For a particular convolutional kernel

(number 4), we illustrate the breakdown into positive and negative parts, as well as the

net kernel (positive minus negative) in Figure 5.18a. In Figure 5.18b, we illustrate the

optical experiment results obtained with the optic corresponding to this particular kernel.

The negative image is computationally subtracted from the positive image to obtain the

net result, shown at the right. Further, in Figure 5.18c, we compare the net electronic

convolution (top row) to the net optical experiment convolution (bottom row). The results

illustrate the effectiveness of the optical convolution, albeit with slight noise and differences
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Figure 5.18: A sample of electronic and optical convolution results. (a) As an example, we

plot convolutional kernel number 4, broken up into positive and negative parts as well as the

net kernel with both positive and negative values. (b) The corresponding optical experiment

convolution results for this kernel’s positive (top) and negative (bottom) optics, as well as the

computationally combined (right) net convolution. (c) A sample of MNIST digits convolved

electronically (top) versus optically (bottom).

which are accounted for by the calibration function.

5.4.5 The Calibration Layer

To address noise and misalignments in the optical system that negatively affect classification

accuracy, we introduce an additional fully-connected layer (called a “calibration layer”) to

shift the optical experiment results to the form expected by the electronic backend. For

example, image centering and scaling issues could be corrected as well as calibrating the

relative brightnesses of the positive and negative parts of the convolution. This additional
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layer adds only 2,880 MAC operations but greatly improves the robustness of the hybrid

network. The calibration layer was fine-tuned with only 10% of the training dataset and

ensures that the computational backend does not need to be retrained. Therefore, the full

electronic backend of the hybrid network consists of the calibration layer followed by the

original compressed electronic backend.

We assert that the calibration layer only re-maps the optical representations and does

not improve the performance of the electronic backend alone. To examine this, we further

analyze the effect of the calibration layer and the overall performance of the hybrid network

as compared to an all-electronic network using Principal Component Analysis (PCA).3 PCA

is a statistical method widely used in various fields, especially in analyzing the quality of

neural networks [57], to project original, high-dimensional data into a new, simpler coordinate

system for explicit interpretation. Specifically, PCA computes the eigenvalue decomposition

of the covariance matrix or the singular value decomposition of input data to determine the

principal direction (known as “principal components”). Principal component 1 denotes the

axis of maximum variance, encapsulating the most substantial relationships among variables,

while principal component 2, orthogonal to principal component 1, captures the second

most significant variance direction. Notably, the first two principal components typically

contain the most crucial information. In this study, we compress the output dimensions

from electronic and optical convolutional layers into two principal components, respectively,

to compare the classification efficacy of each approach; this is observed by comparing the

clusters observed in PCA visualizations [58].

In Fig. 5.19, we use PCA to show that the raw experimental data do identify the funda-

mental components necessary for classification, but that the calibration function is necessary

to shift optical representations to a form that is compatible with the pre-designed electronic

backend. As shown in Fig. 5.19a and 5.19c, we observe that both the all-electronic CNN

outputs and the uncalibrated hybrid network experimental results can effectively distinguish

3This analysis was completed by Jinlin.
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Figure 5.19: PCA of the hybrid CNN. (a) PCA of the uncalibrated experimental hybrid CNN

classification data. (b) PCA of the calibrated experimental data, which has been re-mapped

and exhibits clustering behavior similar to that of the compressed electronic CNN data. (c)

PCA of the compressed electronic CNN data.

between different classes due to the clustering behavior of specific classes, e.g. light blue and

navy blue. This clustering behavior indicates that despite any observable shifts in the PCA

plot, the fundamental capacity of the hybrid network to classify data remains comparable to

that of all-electronic networks. However, due to differences between the optical experiment

output and the expected input to the electronic backend, directly using the original back-

end network results in a notable drop in accuracy, down to 16.3%. The calibration layer is

designed to re-calibrate the outputs from the optical convolution layer back to the original

outputs, thereby enabling the use of the original backend without retraining. As shown in

Fig. 5.19b and 5.19c, the calibrated experiment result exhibits very similar clustering behav-

ior to the all-electronic network, further demonstrating that the hybrid network classification

is comparable to that of the all-electronic network.

5.4.6 Classification Results

The classification accuracy and MAC operations for the three network architectures (AlexNet-

Mod, compressed electronic network, and hybrid optical-electronic network) are presented

in Table 5.1. AlexNet-Mod achieves classification accuracy exceeding 98% on both training
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and testing datasets. The number of MAC operations of this network is 17 million with

8 bit precision. The compressed electronic CNN achieves greater than 96% accuracy; this

2% decline reflects the inherent challenges of compressing multiple layers into a single layer.

Primarily due to the compression of the convolution layers, the number of MAC operations

is reduced to 228,672. The hybrid network, which integrates the optical convolution layer

with the calibration layer and single fully connected layer electronic backend, experimentally

achieves classification accuracy of 93.9% (± 0.25%) and 93.4% (± 0.22%) on the training and

testing datasets, respectively, and requires only 85,824 MAC operations, which is 0.5% and

37% of that required for AlexNet-Mod and the compressed electronic networks, respectively.

Table 5.1: Classification Results

Network Architecture Train (%) Test (%) MAC Operations

AlexNet-Mod 98.9 ± 0.33 98.4 ± 0.32 17,268,224

Compressed electronic CNN (without KD) 84.2 ± 0.47 82.1 ± 0.69 228,672

Compressed electronic CNN (KD) 97.2 ± 0.35 96.2 ± 0.29 228,672

Hybrid CNN (KD) 93.9 ± 0.25 93.4 ± 0.22 85,824

The number of MAC operations required of a network serves as a metric of computational

complexity which is independent of the employed hardware technology. In a modern digital

system, one MAC operation consumes approximately 1pJ [53, 50], so the hybrid network is

expected to reduce the required power to classify an input from 17µJ to 85nJ based on the

reduction in MAC operations. The latency of such a classification task is also expected to

decrease proportionately. For input which is already in the optical domain, the power and

latency required to capture an image and convert it to digital input is the same regardless of

the network. Specifically, the hand-written digits of MNIST were captured using a standard

camera, and the optical frontend of our network uses a standard camera sensor with meta-
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optics replacing the refractive camera lens.

The benefit of optically implementing the convolutional step becomes more significant as

the number of input pixels is increased. The electronic computational complexity of each

convolutional layer is determined by the height and width of the input images (H,W ), as well

as the size of the kernels (k), and is O(HWk2) [48]. However, the computational complexity

decreases to O(1) in the optical convolutional layer. For example, when the MNIST dataset’s

typical image size of 28×28 pixels is increased to 100×100 pixels, the electronic computational

complexity of each convolutional layer is expected to increase 12.76 times (assuming the

kernel size remains unchanged), but an optically implemented convolution would not incur

any increase in computation time. Therefore, as the resolution of real-world images continues

to increase, hybrid networks such as the one described offer a promising solution to scaling

problems incurred by all-electronic networks.

5.4.7 Advantages and Limitations on the PSF Engineering Approach for Convolution

We emphasize two advantages of our PSF-engineering method to perform optical convo-

lution. Firstly, we highlight the simplicity of the optical system, as this method requires

only a display, a single layer of optic, and a camera, making it compact and simple to exe-

cute. Incoherent illumination is used, so this approach can be applied to real-world image

classification scenarios. Secondly, we highlight the ease of integration with the optimized

electronic system. One of the challenges faced by optical computing is that electronic com-

puting is already extremely powerful, having had decades of research and development into

algorithms and hardware [35]. In our approach, the optics are designed to implement the

electronically-optimized kernels. These kernels may be modified to reflect improvements

in electronic CNN models and architectures, and the optics can accordingly be adapted to

implement convolutions with arbitrary kernel matrices.

Furthermore, the Gerchberg-Saxon (GS) algorithm [8] used to design the optics is a

well-established technique. The GS algorithm is an iterative phase retrieval algorithm to

determine the phase (in the optic plane) that produces an intensity pattern in another
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desired plane (the focal plane). In other words, the meta-optics are phase-only holograms

producing the desired PSFs as their images. Due to the fact that only amplitude, and not

phase, contributes to the intensity pattern, the iteratively designed phase masks are not

unique.

There are, however, two major limitations of the PSF-engineering approach. One limi-

tation is that there is no guarantee that the desired PSF is physically realizable. That is, a

single phase mask that satisfies the desired amplitude constraints may not exist. However,

by introducing an electronic calibration layer, the resultant PSF does not need to be perfect

in order to effectively classify the data. Alternatively, to ensure physically realizable PSFs,

one could adopt an end-to-end optimization scheme wherein the phase mask is simultane-

ously optimized with a backend. However, training this large phase mask (on the order of

105−106 unit cells per kernel optic) is prohibitively costly and the design space is potentially

too large to attain convergence. In contrast, separately training the electronic convolutional

kernels and the optics are both reasonable steps, which as demonstrated are effective when

combined.

A second limitation of the described approach is that we assume the PSF is spatially

invariant. In reality, light from different spatial locations on the imaging object intersects

the meta-optic at various angles of incidence, resulting in a different PSF for the off-axis rays.

In contrast, we design the optics assuming a normal incident illumination. To mitigate this

discrepancy, we ensure the incoming angles of incidence are relatively small by placing the

display far away from the optics (90 mm) relative to the focal length (2.4 mm). Therefore, for

a displayed image size of 8 mm × 8 mm, we ensure that the maximum deviation from normal

incidence is 3.6◦, and therefore the assumption of spatial invariance is reasonable for our

system. However, for a large field of view imaging system, we may need to explicitly model

the spatially varying PSF. We note that Wei et al. [46] use reparameterization techniques

to design spatially varying kernel optics and report higher classification accuracy using this

method (73.8%) versus designing optics with the assumption of spatial invariance (71.6 %)

on the CIFAR-10 dataset. In another variation of a PSF-engineering technique, Zheng et al.
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[59] engineer the PSF of polarization-sensitive meta-optics to provide an array of focal spots

which produce images of intensities relative to the kernel weights.
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Chapter 6

DOUBLETS

We have developed a number of meta-optic doublet systems with the aim of achieving

a meta-optical system with larger field of view, higher quality broadband imaging, or both.

Doublet systems are highly successful at increasing the field of view. To this end, I present

our results on two doublets for wide field of view: one for LWIR (Section 6.1) and one for

visible (Section 6.2) wavelengths. We have also used a meta-optic doublet system to steer

and collimate light from a photonic integrated circuit (PIC) as part of a hybrid spatial light

modulator; this effort is discussed in Section 6.3. These doublets designs all worked very

well and resulted in publications.

We have attempted to inverse design doublets for broadband imaging applications in both

the MWIR and LWIR. Despite several attempts, these devices never performed as desired in

experiment. The results are presented in Section 6.4 and I discuss my conclusions regarding

doublet systems in Section 6.5.

6.1 LWIR Large Field of View

I begin with a pseudo-doublet: a large field of view system consisting of a meta-optic with

an external aperture. This was my first independent project at the Majumdar Lab. The

contents of this chapter are adapted from [60]: Anna Wirth-Singh, Johannes E. Fröch,

Zheyi Han, Luocheng Huang, Saswata Mukherjee, Zhihao Zhou, Zachary Coppens, Karl

F. Böhringer, and Arka Majumdar. Large Field-of-View Thermal Imaging via All-Silicon

Meta-Optics. Applied Optics 62, 20, https://doi.org/10.1364/AO.493555, July 2023, with

permission from the authors.

Relative to visible and near-infrared wavelengths, the regime of mid- to long-wave infrared
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large field of view (FoV) meta-optics has been relatively unexplored despite numerous appli-

cations for ultrathin LWIR lenses. From Planck’s Law, the emission from thermal sources

with temperatures in the range of 0◦C to 100◦C has a maximum in its spectral intensity

distribution in the long-wave infrared range (LWIR, 8-12 µm). Hence this spectral range

is commonly used to achieve high temperature contrast with high detection efficiency for

thermal imaging. Particularly for some night vision applications, this capability is critical

to identify objects from their environment or to sense small temperature differences.

At the same time, surveillance and imaging applications typically benefit from large

field of view which allows a wide scene to be captured in a single frame. To achieve large

FoV using traditional refractive optics, multiple lenses are often used to correct for Seidel

aberrations, which leads to excess size and weight [61, 62]. However, reduced size and

weight are often crucial requirements for mobile or miniaturized systems, such as night

vision goggles or airborne remote sensing. Weight reduction in particular is challenging for

such systems because the optical elements necessary for the above mentioned applications

typically require larger apertures to achieve low f-number and to compensate for low signal

intensities to facilitate imaging over larger distances. Therefore, the flat nature of meta-

optics is particularly applicable to such scenarios where it is desirable to have large aperture

without negligible added weight.

One approach towards realizing large FoV lenses is to use an external aperture to restrict

incoming light such that beams of different angles of incidence interact with different parts

of the meta-optic. Hence, each part of the meta-optic only needs to be optimized for a

narrow range of angles of incidence. While reducing the diameter of the entrance aperture

increases the spatial separation of the light, it also reduces the input light into the system

and therefore the signal-to-noise ratio. This approach has been used to demonstrate very

large FoV in the mid-wave infrared (near 170◦ at 5.2 µm wavelength), but for an extremely

small entrance aperture of 1 mm (∼ 200λ) [63].

Following a similar approach, in this work we experimentally demonstrated an all-silicon

large FoV meta-optic in the LWIR range. Our optical system has an aperture of 1 cm
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(∼ 1000λ), whereas the meta-optic itself has an aperture of 3 cm. LWIR meta-optics,

including all-silicon meta-optics, have previously been demonstrated [64, 65, 66], but wide

FoV was not reported until after this work was published, when Lin et al. [67] used a very

similar approach involving an aperture and meta-optic to achieve wide field of view. In

that work, they argue for the utility of a ZnS spacer between the aperture and the optic to

improve performance.

6.1.1 Design

The large-scale configuration of the aperture and the design of the phase mask were optimized

using Zemax OpticStudio. In detail, as shown in Figure 6.1a, we assume an entrance aperture

of 1 cm, chosen to balance the trade-off between light collection (requiring larger apertures)

and achieving spatial separation of rays for different angles of incidence (favoring smaller

apertures). The phase profile was assumed to be radially symmetric, of the form

Φ = M
12∑
i=1

Aiρ
2i (6.1)

where M is a normalization constant, ρ is the normalized radial coordinate, and Ai are

polynomial coefficients. We defined input fields at incident angles of 0◦, 10◦, 20◦, 30◦,

and 40◦, while the polynomial coefficients Ai and the aperture-meta-optic distance were

simultaneously varied to minimize the angle dependent spot sizes (all weighted equally). At

the optimal aperture-meta-optic distance of 0.9 cm, the meta-optic diameter must be at

least 3 cm to capture all the incident rays through the aperture to achieve a FoV of 80◦. In

other works [68, 67], a spacer with higher refractive index was used between the aperture

and the meta-optic, reducing the spatial separation of beams at larger FoV, thus reducing

the necessary diameter of the optic. However, we did not take this approach to maintain a

lightweight design. The arrangement of the optimized aperture-meta-optic system is shown

in Figure 6.1a. The designed system has a Strehl ratio of 0.11 as calculated by the Huygens

PSF in Zemax.
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Figure 6.1: Lens system design. (a) Schematic illustrating the entrance aperture and the

meta-optic, with the path of light rays depicted by shaded blue regions. (b) Meta-atom

schematic. The meta-optic consists of a periodic array (fixed periodicity) of square pillars

of uniform height and variable width. (c) Scatterer phase and (d) transmission responses

calculated using rigorous coupled wave analysis, for various angles of incidence. Pillar widths

in the gray shaded region were excluded to ensure reasonable transmission.

To implement the optimized phase profile in an all-silicon (n = 3.47 at 10 µm [69]) meta-

optic, we used square-shaped pillars, which are arranged in a square lattice, schematically

shown in Figure 6.1b. Based on parameter sweeps for periodicity, height, and width of the

pillar, using rigorous coupled wave analysis (RCWA) [70], we set the dimensions to a height

of 10 µm and lattice periodicity of 4 µm. The phase shift and transmission of the scatterer

as a function of width are shown in Figures 6.1c and 6.1d, respectively, for normal and
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off-axis angles of incidence. We use pillars of widths between 1.7 and 2.4 µm to achieve

the full 2π phase coverage and excluded the post widths in the grey shaded region to avoid

low transmission. We find that the phase dispersion with respect to the incident angle is

relatively small as shown in Figure 6.1c. Hence, we used the phase response for normally

incident light to map the pillar geometry to the optimized phase distribution.

6.1.2 Fabrication

We fabricated the 3 cm diameter meta-optic in a 300 µm thick, double-side polished silicon

wafer. First, we deposited an on-chip metal aperture to eliminate stray light passing through

the wafer outside the meta-optic. We spin-coated a negative photoresist (NR9G-3000PY)

and wrote the aperture pattern by direct laser write lithography (using Heidelberg DWL-

66+) and development in AD-10 developer. We then evaporated 10 nm Cr and 100 nm Au

via an e-beam evaporator (CHA Solution) and lifted off in acetone to complete the on-wafer

aperture. Then, to fabricate the meta-optic pillars, we spin coated a positive photoresist

(AZ-1512) and again used direct laser write lithography (Heidelberg DWL-66+) followed by

development in AZ-726 developer to pattern the optic. The pattern was then transferred

into the underlying silicon using deep reactive ion etching (SPTS Rapier), which was timed

to etch ∼ 10 µm into the silicon. Finally, oxygen plasma (YES CV200 RFS) was used to

strip residual photoresist. A camera image of the fabricated meta-optic wafer is shown in

Figure 6.2a. A scanning electron microscope (SEM) image of the fabricated device from a

top-down view is shown in Figure 6.2b, which shows a section of pillars arranged according

to the design. Further inspection at an oblique angle (Figure 6.2c) shows nearly vertical

sidewalls.

Both devices on the wafer have an identical design, and were fabricated for redundancy.

However, in experiment, we noted that one of the optics (“Lens 1”) had worse optical per-

formance; see Figure 6.3. In particular, Lens 1 exhibits a double image. After eliminating all

possible sources of the double image, such as reflections from the optical table, we concluded

that the double image originates from the optic itself. Upon observing similar behavior
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in other laser-written optics (but not in e-beam-written optics), it became apparent that

striping inconsistencies cause the double image, as discussed earlier in Chapter 3. Due to

inconsistent exposure within the width of an exposure stripe, the laser writer imprints and

undesired grating which diffracts some of the light off-axis. In this case, the effect was worse

in Lens 1 than in Lens 2, so all data presented in the publication was taken with lens 2.

Figure 6.2: Device fabrication and characterization. (a) Photograph of the fabricated device.

(b) Top-down scanning electron microscope (SEM) image of the fabricated device, and (c)

the same device zoomed in and from a slightly oblique viewing angle. (d) Schematic of the

experimental setup to characterize the meta-optic.

6.1.3 Measurements and Results

The measurement setup is depicted in Figure 6.2d. A thermal radiation source (hot plate

at 65◦C) was placed in front of a matte black paint-coated aluminum stencil target (the

imaging object). For demonstrating image quality, the target pattern was the 1951 USAF

resolution chart scaled up by a factor of 2.5, with the cut-out area extending 12.5 cm wide

and 11.5 cm tall. Thus, to demonstrate 80◦ FoV imaging, we placed the object at a distance
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of 7.45 cm from the aperture of the imaging system such that the light from the outermost

feature was 40◦ relative to normal incidence. The imaging system included the 1 cm external

aperture (a thin aluminum sheet with a machined hole), the fabricated meta-optic (Figure

6.2c), and a FLIR Boson thermal camera core with 12 µm/pixel resolution. For narrowband

characterization, an optical filter (Thorlabs FB10000-500, IR bandpass filter with central

wavelength 10.0 µm and FWHM 0.5 µm) was placed directly in front of the external aperture.

For broadband characterization no filter was placed in front of the aperture and detection

was limited to the response of the camera sensor (8 - 14 µm wavelength). In all imaging

experiments, we adjusted the position of the imaging sensor to optimize the image quality.
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Figure 6.3: Initial measurements. (a) Ray tracing diagram, highlighting the utility of the

aperture to control the rays. (b) and (c) compare Lens 1 measured without (b) and with (c)

the aperture in place under unfiltered illumination. Without the aperture, there is additional

noise due to uncontrolled light. The double image is due to striping issues in fabrication.

(d) and (e) compare the performance of the two fabricated optics under filtered (10 µm)

illumination. While Lens 1 and Lens 2 were of identical design and were fabricated on the

same wafer, Lens 2 exhibited clearly better fabrication quality and, hence, better optical

performance. In particular, the double images present in Lens 1 originate from striping

artifacts in the fabrication.
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Imaging results under narrowband illumination and 7.45 cm object distance, demonstrat-

ing the 80◦ FoV, and a comparison to simulations are summarized in Figure 6.5. In Figure

6.5a, ray tracing results (10 µm) for the optimized lens system are shown, based on an ar-

rangement corresponding to the experimental setup. The experimental capture is shown in

Figure 6.5b for comparison. Because the size of the large FoV image exceeded the size of the

camera sensor, we translated the camera over the size of the image, collecting a 5x5 array of

images which were stitched together into the final image; the 5x5 array of composite images

is shown in Figure 6.4, and the composite result is shown in Figure 6.5b. In general, a qual-

itatively good agreement in resolution with simulation is achieved, and the image maintains

acceptable quality throughout the entire FoV. In the experimental results, line features on

the order of 350 µm can be resolved at the specific object distance, corresponding to angular

resolution of 4.6 mrad. We note that, while the resolution is not diffraction-limited, this is

qualitatively good enough for many LWIR imaging applications. The curvature of the image

towards 40◦ is due to barrel distortion or the “fish-eye” effect, which is a correctable distor-

tion that is due to mismatch between the displacement of the focal spot and the paraxial

displacement at large FoV [4, 71, 72]. To further illustrate the aberrations present in the

optical system, we show the aberration ray fan plot in Figure 6.5c. We plot the aberration

with respect to the normalized pupil for both tangential (solid lines) and sagittal directions

(dashed lines), which show similar aberrations over all angles of incidence.



87

Figure 6.4: The 5×5 array of images that were combined into the composite result shown in

Figure 6.5.
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Figure 6.5: Large FoV imaging results. (a) Simulated results via ray tracing through the

optimized lens system. (b) Experimental results demonstrating 80◦ FoV under narrowband

illumination. (c) Simulated aberration ray fan plot, with the tangential aberrations plotted

as solid lines and the sagittal aberrations plotted as dashed lines.

To further assess the meta-optic performance, we compared the same features across the

entire field of view for the presented meta-optic system and a comparable singlet refractive

lens (TECHSPEC Germanium Plano-Convex lens, 25 mm diameter and 25 mm focal length,

uncoated). We placed the target at a distance of 30 cm from the imaging system and rotated

the entire imaging system relative to the target in increments of 10◦ up to 40◦. The results

are shown in Figure 6.6a, for both the comparable refractive singlet and meta-optic system

at 10 µm wavelength. At normal incidence, the refractive singlet produces crisper imaging
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quality. However, as the angle of incidence increases beyond 20◦, the performance of the

meta-optic clearly exceeds that of the simple refractive lens.

Figure 6.6: Imaging quality at angles of incidence up to 40◦ half-FoV. (a) Experimental

results demonstrating the resolution of an image taken with a comparable refractive singlet

(above) and the meta-optic system (below) at incident angles up to 40◦. The insets show

detail of the region denoted by the red square, with a vertical profile taken along the red

dashed line and that profile plotted above. An additional profile is taken through larger

line features in the lower right corner of the image and is plotted below. (b) Simulated

MTF at incident angles up to 40◦ for both tangential (solid lines) and sagittal (dashed lines)

directions. The vertical red and blue lines indicate the resolution of the groups highlighted

by the insets from (a).
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We note that the thermal light sources are too weak and the camera is too noisy to

effectively measure the point spread function (PSF) or modulation transfer function (MTF)

of the meta-optic. An LWIR laser source and cooled camera will be needed to measure

them. Due to the lack of these in our experiment, we rely on directly imaging the USAF

resolution chart to estimate the resolution and present these results along with the simulated

MTF in 6.6b. The insets defined by the red boxes show line features with widths of 1.25

mm, corresponding to an angular resolution of 4.2 mrad per line, or equivalently, 0.12 cycles

/ mrad resolution. A cut is taken along the red dashed line in the meta-optic images and

plotted above right for additional clarity. In experiment, we can easily resolve these groups

for angles up to 20◦, while for larger angles, especially at 40◦, these groups are beyond

what can be resolved clearly. We note that some variation in intensity across the images

is apparent, which we attribute to expected changes in transmission over various angles of

incidence due to the meta-atom scatterer response. In general, as shown in Figure 6.1d, the

average transmission decreases for increased angle of incidence, and the transmission at 20◦

is particularly low, which is qualitatively consistent with the observed results. In the lower

right side of the image, an additional line cut is taken along the blue dashed line through

line features with widths of 5 mm corresponding to 0.03 cycles / mrad resolution.

To quantitatively corroborate the experimental results, we plot the simulated MTF of

the imaging system in Figure 6.6b, at angles of incidence up to 40◦, with solid lines denoting

the tangential MTF and dashed lines denoting the sagittal MTF. Consistent with qualitative

inspection of the experiment images, the simulated MTF is slightly higher at normal and

small angles of incidence (0◦ and 10◦) than it is for larger angles of incidence (20◦ and beyond).

For quantitative comparison, the contrast values obtained from the experiment image line

cuts, at 0.03 cycles / mrad and 0.12 cycles / mrad resolution and denoted by the blue and

red lines, are plotted as circles for comparison. The chosen line features corresponding to

0.03 cycles / mrad resolution are vertically oriented, so their contrast values are comparable

to the tangential MTF and are plotted as filled circles. The experimentally obtained contrast

values closely match the simulated MTF at small angles of incidence (0◦ and 10◦). At larger
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angles of incidence, the measured contrast is less than the simulated contrast. At 0.12 cycles

/ mrad resolution, the chosen line features correspond to the sagittal MTF and are plotted

as open circles, and in this case the measured contrast is higher than the simulated contrast.

Interestingly, the experimental results slightly outperform the simulated results in terms

of resolution near normal incidence, both here in the sagittal MTF and in Figure 6.5 upon

close inspection of the inner groups. We attribute this to the fact that the simulation

assumed collimated input light, whereas the experimental illumination was not collimated,

and that we manually adjusted the distances between the aperture, meta-optic, and camera

(to within experimental uncertainty) to qualitatively optimize the image quality. To optimize

for the human eye, we likely produced slightly better imaging at normal incidence at the

expense of slightly worse imaging at larger angles of incidence as compared to the simulation,

which aimed to simultaneously optimize for all angles of incidence. The estimated 4.2 mrad

experimental resolution was determined from a cut near the center of the image, where we

were best able to optimize our experimental conditions.

Finally, we characterized the imaging performance under conditions which exceed the

nominal design constraints, namely broadband illumination (8 - 14 µm) rather than single-

wavelength illumination for which the system was particularly designed. Although the system

was optimized for a wavelength of 10 µm, operation over a broader spectral range may

be indispensable or simply more practical in realistic applications. However, chromatic

aberrations which reduce the image quality under broadband illumination are a challenge in

meta-optics systems [73, 74, 30, 75]. Specifically, the focal length of a standard metalens is

proportional to 1/λ, which leads to focal spots at different points along the optical axis for

different wavelengths [76]; this effect manifests as a haze in broadband images. To counteract

this deterioration in the image quality, computational post processing steps have been shown

to be useful [30, 77]. We demonstrate this capability for a moderate 30◦ FoV, which is the

largest FoV attainable in a single image due to the limited size of our camera sensor. The

results are summarized in Figure 6.7 for two test targets, a 2.5 times scaled USAF target

and an artistic sketch of a husky; mobile camera images of the objects are shown in Figure
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6.7a. First, we show the meta-optic images captured under broadband thermal illumination,

without any computational postprocessing, in Figure 6.7b. Notably, a strong haze is apparent

in the images, which reduces the image contrast for high resolution features. We then applied

a computational postprocessing step on the raw images with a Gaussian sharpening filter

and bm3d denoising algorithm [31], which reduced the haze and increased the contrast of the

features, as apparent in Figure 6.7c. The image quality was significantly improved after these

steps, and we achieve on-par imaging quality with the narrowband imaging at the design

wavelength (Figure 6.7d). The inset Figure 6.7e shows the inner groups of the narrowband

imaging result to demonstrate detail. The line plots above the USAF images show line cuts

as denoted by the dashed red lines for additional clarity.

Figure 6.7: Broadband imaging and computational postprocessing. (a) Ground truth. (b)

Meta-optic image under unfiltered, broadband ambient thermal illumination. (c) The images

of (b) with an additional computational postprocessing step applied. (d) Capture with

narrowband filter at 10 µm illumination, without any additional computational processing.

The inset (e) shows the resolution of the inner groups of the imaging target.

6.1.4 Discussion

We demonstrated an all-silicon thermal meta-optic imaging system for 10 µm wavelength

with 80◦ FoV. While the imaging resolution is not diffraction-limited, acceptable quality is
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maintained over a large FoV and for relatively large entrance aperture of 1 cm (∼ 1000λ).

In general, the achievable resolution of a single lens is either diffraction-limited, as in the

case of a lens with large f-number and small diameter, or limited by geometric aberrations,

in the case of a lens with large diameter [25, 78]. As the diameter increases, geometric

aberrations become dominant because distance between rays and the optical axis increases.

For an appropriately scaled system (keeping the f-number constant) based on the design in

this paper, geometric aberrations become severe beyond 2 cm entrance aperture for normally

incident light. However, wide FoV performance places additional constraints on lens designs,

and as shown in other works [4] the constraint for diffraction-limited resolution must be

relaxed to achieve a wide FoV. In an external aperture design like the one discussed in

this paper, reducing the entrance aperture improves geometric aberrations for performance

closer to the diffraction limit, although the diffraction-limited spot size has also increased

due to the increase in f-number. Additionally, larger entrance aperture causes greater spatial

overlap between light rays of different angles of incidence, and therefore the lens phase profile

cannot be fully optimized for all angles simultaneously. As a result, the imaging resolution

of a large FoV, large aperture lens is necessarily reduced from the diffraction limit for all

incident angles. In the case of this lens, the geometric aberrations are comparable in severity

over the entire FoV. Alternatively, foveated imaging, as recently demonstrated in LWIR

[65], combines a narrow FoV but high-resolution lens and a large FoV, low-resolution lens

to achieve high resolution at the center of an image, with low resolution over large FoV for

context.

The imaging resolution could be improved by either reducing the entrance aperture or

increasing the distance between the aperture and the optic to further spatially separate the

incident angles. As the lens is currently designed, there are areas of the lens where the 10◦

and 40◦ incident light overlaps, and the lens cannot simultaneously be optimized for both.

However, either decreasing the entrance aperture or increasing the aperture-lens distance

would change the effective f-number of the system, resulting in fundamentally different char-

acteristics. In addition, reducing the entrance aperture has the negative impact of lowering
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the light throughput, and subsequently the signal-to-noise ratio. Since many LWIR applica-

tions involve imaging distant objects or low-light conditions and limited camera sensitivity,

maintaining a large aperture benefits the overall image quality. Increasing the aperture-lens

distance would increase the size of the system and require a larger meta-optic, both of which

may be impractical for space-constrained systems. However, we still benefit from the light

weight of the meta-optics over refractive lenses. Here, we aim to present a well-balanced

design, which could be modified to fit specific applications as required by constraints on

size, weight, resolution, and FoV. Additionally, we note that extension to even larger FoV is

possible by increasing the size of the meta-optic relative to the external aperture to capture

rays of larger incident angles.

The next challenge for this design would be to achieve broadband operation over the entire

LWIR wavelength range (8 - 12 µm). While we demonstrate that some degree of broadband

imaging is possible despite designing the lens for a single wavelength, a wide FoV lens with

inherently broadband operation has not yet been shown in thermal meta-optics. However,

recent works have demonstrated high-quality full-color imaging in the visible, which can be

adapted for the LWIR regime as well [79].

In conclusion, we have designed and demonstrated a 1 cm aperture, 80◦ FoV lens system

for LWIR imaging, specifically designed for 10 µm illumination. By direct measurement,

we quantified the angular resolution to be better than 5 mrad, and demonstrated that this

resolution degrades only slightly up to incident angles of 40◦. When compared to a similar

singlet refractive lens, the meta-optic system exhibits slightly worse performance at normal

incidence but clearly superior performance at large angles of incidence. The light weight and

compact nature of these meta-optics together with large FoV functionality can contribute

significantly towards the development of highly integrated and lightweight LWIR imaging

systems, for applications including night vision goggles, aerial surveillance, and thermal

tomography.
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6.2 Large Aperture Wide FoV Meta-optic Doublet Eyepiece

In this section, we extend our examination of doublets to a true doublet system consisting

of two layers of meta-optics. While replacing the simple aperture with a second meta-optic

increases the complexity of the design, it enables improved performance. This true doublet

is similar to the pseudo-doublet of the previous section in that the majority of the lensing

power is on the back element; however, in this case front element acts as a corrective plate

in addition to an aperture. The contents of this chapter are adapted from [80]: Anna Wirth-

Singh, Johannes E. Fröch, Fan Yang, Louis Martin, Hualiang Zhang, Quentin T. Tanguy,

Zhihao Zhou, Luocheng Huang, Demis D. John, Biljana Stamenic, Juejun Hu, Tian Gu, and

Arka Majumdar. Wide Field of View Large Aperture Meta-Doublet Eyepiece. arXiv Preprint

https://doi.org/10.48550/arXiv.2406.14725, June 2024, with permission from the authors.

6.2.1 Introduction

Alongside advances in artificial intelligence and widespread availability of digital content,

demand for augmented reality (AR) and virtual reality (VR) near-eye displays has surged.

There is great commercial interest in developing such technologies for education, gaming, and

social interactions, and also significant defense and national security interest for night vision

and enhanced vision. However, achieving wide field of view in near-eye displays presents

significant optical engineering challenges [81, 82]. In addition, near-eye optics must be thin

and lightweight for user comfort and safety, especially for long-duration usage to reduce

fatigue. With traditional optics, there is often a trade-off between compact form factor and

performance, and the ultimate challenge of near-eye displays is that it demands both.

A comfortable reading distance is around 35 cm [83], which is much greater than the

distance between a head-mounted near-eye display and the eye. Therefore, eyepiece optics

are required to collimate near-eye illumination in order to project the image to a comfortable

viewing distance. It is desirable to mount such optics near the head to minimize torque on

the wearer and maintain a compact form factor; on the other hand, the minimum acceptable
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physical distance between an optic and the surface of the eye (called eye relief) is about

1.5 cm. This provides a small amount of working space, thus requiring compact optics.

Since meta-optics have demonstrated ability to achieve wide field of view in compact form-

factor, they may be particularly suitable for near-eye display applications. In fact, several

meta-optic systems have been proposed or demonstrated for AR/VR [84, 85, 86, 10, 87].

However, simultaneous achievement of large aperture and wide field of view is inherently

challenging because monochromatic Seidel aberrations scale with aperture size and field

angle [25]. In order to achieve diffraction-limited resolution over large field of view and

relatively large aperture, it has been shown that doublet configurations are required [88].

In such a configuration, the first metasurface functions as both entrance aperture and a

corrective plate, and the second functions a focusing lens.

Figure 6.8: Eyepiece schematic. Illumination from the near-eye display is collimated via two

meta-optics into the pupil of the eye. The inset illustrates that the metasurface is composed

of arrays of nanoscale pillars.
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In this work, we demonstrated high quality image projection over 60◦ field of view at 633

nm via a meta-optic doublet for eyepiece applications. The concept of the wide field of view

eyepiece is schematically illustrated in Figure 6.8. The meta-optic is designed to collimate

light from a near-eye display into the pupil with greater than 60◦ field of view. When the

optics exhibit wide field of view functionality similar to that of the human eye, the user

perceives a wide scene comfortably located at infinity, despite the display being physically

located near the eye.

6.2.2 Design and Modeling

In detail, we took a step-by-step approach towards realizing large aperture (2 cm, ≈ 31500λ)

optics by first demonstrating the concept on a 1 cm aperture meta-optic doublet with 80◦

field of view. We then demonstrated the full-scale system with large aperture (2 cm) and

60◦ field of view.

The meta-optics were modeled using ray tracing software (Zemax OpticStudio), wherein

the meta-optics were modeled as Binary-2 type surfaces in the same manner as the LWIR

wide field of view optic described in Section 6.1. That is, the surfaces impart a phase delay

given by the radially symmetric polynomial

Φ(ρ) =
10∑
i=1

Ai(
ρ

M
)2i (6.2)

where M is a normalization constant, ρ is the radial coordinate, and Ai are fitted polynomial

coefficients. In this case, we defined input fields at incident angles from 0◦ to 40◦ in 5◦

increments and weighted them equally during optimization. In addition, the air gap between

the optical windows was also allowed to vary during optimization. The optimized coefficients

Ai for both 1 cm and 2 cm designs are provided in Table 6.1.

Ray tracing diagrams of the designed meta-optic doublet systems are shown in Figure 6.9.

The 1 cm aperture design, shown in Fig. 6.9a, is demonstrated as a proof of concept prior

to the full aperture (2 cm) design shown in Fig. 6.9b. In both cases, the system consists of a

display (at the left), the two meta-optics (labeled MS1 and MS2) mounted on glass spacers
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Table 6.1: Metasurface Phase Coefficients

1 cm MS1 1 cm MS2 2 cm MS1 2 cm MS2

M 220 4.9499019 880 880

A1 -39030668 -5396.6394 -2.5301487e+08 -5065492.6

A2 -3.4998936e+09 -4605.9085 3.1181838e+10 3.617131e+11

A3 1.1770126e+14 52695.076 -1.5514954e+15 -1.4121207e+16

A4 -1.6476049e+18 -170751.14 3.9689123e+19 5.699969e+20

A5 1.2079497e+22 165018.88 -6.00699e+23 -5.589307e+24

A6 -5.2122204e+25 273878.4 5.5958326e+27 -1.4182956e+29

A7 1.3689181e+29 -6511.3499 -3.211279e+31 3.0013409e+33

A8 -2.1507485e+32 -2438339 1.0918782e+35 2.2855181e+36

A9 1.8577437e+35 4093040.3 -1.9629298e+38 -3.7326393e+41

A10 -6.7821622e+37 -2029151.3 1.3505338e+41 2.058759e+45

with a small air gap in between, and the pupil aperture. Since beams with wide field of view

diverge quickly, the required size of MS1 to collect the diverging beams rapidly increases; to

mitigate this, optical windows (fused silica (n = 1.46) in the 1 cm designs and BK7 glass

(n = 1.52) in the 2 cm designs) are used to reduce the beam divergence. Similar to other

metasurface doublet systems [76, 89], the entrance meta-optic (labeled MS2) functions as

both an aperture stop and corrector plate, and the second meta-optic (labeled MS1) possesses

the majority of the focusing power. We designed the system for 80 ◦ full field of view in the

1 cm system and 60 ◦ full field of view in the 2 cm system; in this case, the field of view is

practically limited by the size of the second meta-optic due to fabrication constraints. From

the ray tracing diagram, distortion is evident in the refractive system at wide field of view,

whereas the designed meta-optic system exhibits very little distortion, even at incident angles

of 30◦. In Table 6.2, we summarize the key design specifications of the discussed systems,
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including their effective focal length, numerical aperture, total track length, and eye relief.

The effective focal length and numerical aperture were calculated from the Zemax model.

Figure 6.9: Eyepiece ray tracing diagrams. All units are in mm unless otherwise specified.

(a) Ray tracing diagram for the 1 cm aperture meta-optic doublet eyepiece with 80◦ field

of view. Rays are colored by field angle, with normally incident rays in red and rays at

40◦ incidence in green. (b) Ray tracing diagram for the 2 cm aperture meta-optic doublet

eyepiece with 60◦ field of view. (c) Meta-atom design. The meta-optic consists of a periodic

array (fixed periodicity Λ) of square pillars of uniform height h and variable width w. Meta-

atom phase responses are calculated using rigorous coupled wave analysis for various angles of

incidence. (d) Ray tracing diagram for a comparable commercial refractive eyepiece. Angles

of incidence up to 60◦ are shown. The scale bar in (a), (b), and (d) is 5 mm.

To implement these phase profiles in a physical structure, we utilize the local phase
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approximation to map between desired phase and pillar geometry as usual. In this case, the

scatterers are 750 nm SiN square pillars on quartz substrate, arranged on a 350 nm periodicity

lattice. Figure 6.10a and 6.10b show the simulated phase and transmission (using RCWA

[70]) for the design wavelength of 633 nm. Because there is minimal variation in phase at

increasing angle of incidence, we use the phase response at normal incidence to map from

desired phase to pillar width. With the exception of some resonant behavior, the transmission

is expected to be > 70% at all angles. In actual devices, the resonances are expected to be

less prominent than predicted due to fabrication imperfections which reduce resonant quality.

In Fig. 6.10c and 6.10d, we plot the desired phase profiles for both metasurfaces (MS1 in

red and MS2 in blue) for both the 1 cm and 2 cm optics. MS1 performs the majority of

the lensing function and is similar to a quadratic phase profile for large FoV [4]. The second

metasurface acts as a corrector and entrance aperture and has a smaller phase gradient.

Table 6.2: Eyepiece Design Specifications

1 cm Meta-Doublet 2 cm Meta-Doublet Refractive Triplet

Entrance Aperture (mm) 10.6 21.0 20.0

Designed field of view (◦) 80 60 45*

Pupil Diameter (mm) 3.0 5.4 5.4

Eye Relief (mm) 4.5 15.0 15.0

Effective Focal Length (mm) 5.84 15.17 21.61

Numerical Aperture 0.25 0.18 0.124

Total Track Length (mm) 12.1 35.7 43.0

* Reported apparent field of view
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Figure 6.10: Scatterer simulations and phase profiles. (a) The simulated scatterer unit cell

phase as a function of pillar width, for increasing angles of incidence. (b) The simulated

scatterer unit cell transmission as a function of angle of incidence. (c) The desired phase

profiles for the 1 cm meta-optics. (d) The desired phase profiles for the 2 cm meta-optics.

Due to sub-wavelength periodicity (350 nm) and large aperture (1 cm), the number of

scatterers contained within each metasurface is large. Specifically, each of the 1 cm meta-

optics contains on the order of 108 scatterers and each of the 2 cm meta-optics contains

109 scatterers at full aperture. Therefore, generating the GDS files for the meta-optics is

a memory-consuming operation and a number of steps were taken to reduce computational

burden. Firstly, the desired phase was discretized into 10 levels corresponding to 10 unique

pillar geometries selected from the pillar width - phase response shown in Figure 6.10a.

This discretization is expected to reduce the Strehl Ratio by only 4% [17] and allows for cell

referencing which reduces the final GDS size. Secondly, the rotational symmetry of the optics

were utilized. A radial slice of 1/8 of the full aperture was generated and then appropriately
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rotated and copied at the last step of GDS generation to produce the full circular aperture.

With these considerations, the file size of each 1 cm meta-optic is around 4 Gb.

6.2.3 Meta-Optics Fabrication and Characterization

The meta-optics were fabricated in silicon nitride on quartz using electron beam lithography

and inductively coupled plasma (ICP) fluorine etching, with further details in Methods.

Optical microscope and scanning electron microscope (SEM) images of the fabricated devices

are shown in Figures 6.11a and 6.11b to highlight the fabrication quality. Some of the larger

pillars are not fully separated due to resolution constraints. The silica and glass spacers were

obtained from commercial sources (2 mm thick fused silica: Newport FSW14; 8 mm thick

BK7 glass: Thorlabs WG11508; 10 mm thick BK7 glass: Newport 20BW40-30).

The fabricated optics, shown next to a ruler for scale, are shown in Figure 6.11c. The

maximum aperture that we could fabricate using electron beam lithography was approxi-

mately 1 cm diameter, limited by the stability of the machine over extended write time.

Therefore, the 2 cm eyepiece optics require a larger write area than realistically feasible

using our methods. To circumvent this issue, we fabricated the entire aperture of the 1

cm meta-optics and only a slice of the 2 cm optics which was required to characterize the

point spread function (PSF) of the optics. To measure the PSF, only the projected area

of the pupil aperture (5.4 mm) is illuminated; therefore, the PSF characterization can be

completed using only a slice of the metasurface with a dimension of 5.4 mm by 13.2 mm,

covering the center to the outer edge. Therefore, we present PSF measurements of both the

1 cm and 2 cm optics and imaging results for the 1 cm optics only. In addition to electron

beam lithography, we further describe fabrication of the full aperture 2 cm optics using deep

ultraviolet (DUV) lithography; these optics are pictured at the bottom of Figure 3c. While

DUV lithography is a more scalable lithography process, the resolution of our process was

limited to ≈ 250 nm which is insufficient for sub-wavelength periodicity. The pictured full

aperture 2 cm meta-optics are functional up to approximately 40◦ full field of view, limited

by aliasing issues arising from large periodicity (see Section 6.2.4).
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Figure 6.11: Fabricated meta-optics. (a) Optical microscope image of the fabricated meta-

optics. (b) SEM image of the fabricated optics at slightly oblique (10◦) viewing angle. (c)

A photo of all fabricated meta-optics next to a ruler for scale. From top to bottom: the 1

cm aperture meta-optics, the 5.4 mm wide slices of the 2 cm meta-optics, and the full 2 cm

aperture meta-optics fabricated using lower resolution scatterers. (d) A photograph of the 1

cm meta-optics (top) and 2 cm meta-optics (bottom) mounted on spacers in the experiment

setup.

Detailed schematics of the experiment setup are shown in Figure 6.12. PSF measurements

were done with the setup pictured in Fig. 6.12a and schematically depicted in 6.12b. The
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illumination source was a HeNe laser (Newport N-LHP-131) at 632.8 nm wavelength with

1400 MHz linewidth (FWHM). The laser output was coupled to a single-mode fiber with

approximately 300 nm diameter fiber core. A refractive lens was used to collimate the output.

For measurements at various angles of incidence, the fiber output and collimator unit were

mounted on a rotating arm to provide smooth rotation up to 40◦. An iris placed at the axis

of rotation served as the pupil aperture. Each meta-optic was mounted on 3-axis translation

stage for precise alignment. The focal spot was magnified via microscope objective (Nikon

Plan Fluorite 20x, NA = 0.50, WD = 2.1 mm) followed by a tube lens. The output was

measured on a GT1930C camera sensor with 5.86 µm per pixel resolution. The effective

pixel resolution given the relay optics was calibrated by imaging an object of known size

with the relay system.

While the relay optics including the microscope objective are primarily used for magnify-

ing the PSF, they have the additional function of aiding in the alignment of the meta-optic

doublet system. By focusing the microscope objective on the surface of the meta-optic, the

meta-optic surface can be precisely positioned. To successfully align the meta-optic doublet

system, we first focused the microscope objective onto the surface of the iris. Using the mo-

torized stage, we then moved the microscope objective backwards according to the designed

spacing between the iris (pupil) and MS1. By then placing MS1 such that it is centered

and focused in the microscope objective FoV, the metasurface has been correctly positioned.

Repeating this procedure, we moved the microscope objective backwards according to the

spacing between MS1 and MS2 and then place MS2 such that it is centered and in focus.

Finally, by moving the camera stage backwards the desired focal plane, we are ready to

measure the PSF of the aligned system.

The simulated and measured PSFs are summarized in Figure 6.13. In both the 1 cm

and 2 cm aperture designs, the PSF (Figure 6.13a and 6.13b, respectively) remains mostly

undistorted as the angle of incidence is increased. A horizontal line cut through each PSF

is shown below, in Fig 6.13c and 6.13d, with the simulated PSF overlain in dashed black

line, showing excellent agreement with the theory. For both the 1 cm and 2 cm systems,
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Figure 6.12: Meta-optics characterization setup. (a) Photograph of the PSF measurement

setup, with the inset (left) showing the mounted meta-optics and collecting objective. (b)

Schematic of the PSF measurement setup. (c) Schematic of the imaging setup.

the PSF is normalized to the maximum measured intensity of that system. Some reduction

in PSF intensity at larger angle of incidence is expected and observed, with the measured

PSF intensity at 20 degrees off axis being 82% and 64% of that at normal incidence for the

1 cm and 2 cm designs, respectively. However, the PSF width remains mostly undistorted,

highlighting the utility of the lens system over wide field of view. In addition, the measured

transmission through the optics is consistent with that predicted by RCWA. At normal

incidence, the measured transmission through the 1 cm optics were measured to be 70%

through MS1 alone, 83% through MS2 alone, and 63% through the system of both optics.
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Figure 6.13: Lens point spread function measurements. (a,b) Measured PSFs of (a) the

1 cm aperture optics from 0◦ to 40◦ degree angle of incidence, and (b) the 2 cm aperture

optics from 0◦ to 30◦ degree angle of incidence. (c,d) Line cuts from the PSFs in (a) and

(b) comparing the experimental results (solid red lines) to the theoretical results from the

ray tracing model (dashed black lines). The camera exposure time was kept constant in

each case. The simulated and experimental PSF results were normalized with respect to

the maximum intensity value in the set. (e,f) The experimentally measured (solid lines)

and simulated (dashed lines) MTF for (e) 1 cm meta-optics and (f) 2 cm meta-optics at

increasing angles of incidence. In (f), the MTF of the comparable commercial refractive

eyepiece is plotted as dotted lines.

As another measure of optical performance, the modulation transfer function (MTF) de-

scribes the image contrast as a function of frequency. For an eyepiece optic with the function

of projecting a displayed image to infinity, it is more appropriate to characterize the perfor-

mance in terms of angular resolution (in cycles/mrad) rather than spatial resolution. From

the measured point spread functions, we calculate the MTF at various angles of incidence

in Figures 6.13e and 6.13f. The experiment results (solid lines) show consistent performance
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over the entire field of view and good agreement with the simulated MTF (dashed lines).

While the spatial resolution is similar for the 1 cm and 2 cm optics, the angular resolution

of the 2 cm optics is much higher due to its longer effective focal length. For comparison, we

plot the simulated MTF of the exemplary commercial refractive system (the same system

depicted in Figure 6.9d) as darker dotted lines in Figure 6.13f. While the refractive sys-

tem has higher MTF at normal incidence, it drops rapidly at increasing angles of incidence,

showing a true FoV of less than 20 degrees. This is in contrast to the designed meta-optics,

which exhibit similar performance across the entire field of view.

In general, the meta-optics experiment results exhibit excellent agreement with the ray

tracing simulation. Upon close inspection, it is noted that under some conditions (namely

10◦ through 30◦ in the 1 cm optics) the experiment appears to slightly outperform the

simulation. However, it should also be noted that the experimental performance is worse

than the simulation at normal incidence. Therefore, we attribute the unexpectedly higher

experimental performance to be due to slight misalignment which favors slightly off-axis

angles. In the case of the 2 cm optics, the simulated results are consistently better than the

experiment.

In Figure 6.14, we demonstrate the imaging quality of the 1 cm optics at wide field of

view. We displayed the imaging pattern on a micro-LED display and re-imaged the pattern

using a high NA objective (Nikon Plan Fluorite 20x) followed by a 633 nm narrowband filter

(Thorlabs FLH632.8-1, FWHM 1 nm). After passing through the objective, the size of the

imaging object was approximately 3 mm wide. The displayed pattern was a checkerboard

in Figure 6.14(a) and a USAF resolution chart in Figure 6.14(b). To assess performance

across a wide field of view, the imaging object was rotated relative to the imaging system

at the specified angle of incidence. In the insets in Figure 6.14(c), we show exemplary line

cuts through the red (left) and cyan (right) dashed lines to illustrate image contrast. Due

to the slightly broad linewidth of the illumination source (FWHM 1 nm), the resolution is

negatively affected by chromatic aberrations. In particular, off-axis performance is negatively

affected by chromatic aberrations as the meta-optic phase gradient disperses illumination of
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different wavelengths. To elucidate this effect, we plot simulated polychromatic PSFs in the

insets to Fig. 6.14(a). These PSFs were simulated for 20 wavelengths between 630.5 nm and

635.0 nm, appropriately weighted to match the transmission spectrum of the narrowband

filter. Lateral distortion of the PSF is apparent and worsens at increasing angle of incidence.

Nonetheless, we demonstrate high-quality imaging up to 30◦ angle of incidence corresponding

to 60◦ full field of view.

Figure 6.14: Imaging results for the 1 cm aperture optics. (a) A checkerboard pattern

was displayed on a micro-LED screen and imaged at angles from 0◦ to 30◦. The width of

the re-imaged pattern is 3 cm. In the insets, we show the simulated PSF under for 632.8

nm illumination with 1 nm FWHM bandwidth. (b) The USAF resolution chart pattern was

displayed on the micro-LED screen. The dashed red and cyan lines indicate where exemplary

line cuts were taken. (c) Exemplary line cuts for each angle of incidence, illustrating the

image contrast.
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6.2.4 Full Aperture 2 cm Optics at Low Resolution with DUV Lithography

Electron beam lithography is one of the highest resolution nanofabrication techniques, ca-

pable of writing features only a few tens of nanometers in diameter. However, the technique

is expensive and difficult to scale, making it unsuitable for commercial applications. To

progress towards the goal of realizing large aperture meta-optics with commercially viable

fabrication techniques, we designed and fabricated a full-aperture version of the 2 cm eyepiece

doublet compatible with mass production-friendly deep ultraviolet (DUV) stepper lithogra-

phy. While DUV is a rapidly improving technology, at present it cannot provide the same

resolution as electron beam lithography.

The minimum feature size of our DUV lithography process is around 250 nm. Therefore,

we adjusted the meta-optic unit cell to be compatible with the resolution limitations of DUV.

For SiN-based visible meta-optics, the desired lattice periodicity is around λ/2 [90]; for the

meta-optics presented in the main results, we use Λ = 350 nm, which requires a minimum

feature (smallest pillar or gap) size around 80 nm to fully cover 0 to 2π phase range. For DUV

lithography capable of producing 250 nm features, we identified a suitable set of scatterers

with lattice periodicity of 1100 nm and pillar widths ranging from 300 nm to 600 nm. In

addition, we increased the pillar height to 1750 nm to achieve the required 0 to 2π phase

diversity. The phase and transmission responses of the 350 nm period and 1100 nm period

scatterers are shown in Figure 6.16a and 6.16d, respectively. Due to the large periodicity

relative to the wavelength in the 1100 nm case, the phase is not as well controlled. This

results in an irregular phase response and reduced transmission as compared to the 350 nm

case.

The DUV fabrication described herein was developed and carried out at the UCSB

Nanofabrication Facility using an ASML 5500 DUV Stepper at 248 nm wavelength. The

maximum die size was 21 mm by 21 mm square. In this process, a chrome-on-glass mask is

made at 4x magnification. In the stepper, DUV light is flooded through the mask and fo-

cused onto the sample. The mask is then “stepped” over the surface of the wafer, in relatively
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quick exposures, to rapidly produce copies of the desired optic. With the initial investment

of a high-quality mask, the subsequent copies can be made quickly and at a relatively low

cost. In addition, to provide better etching uniformity over a larger area, we chose sapphire

(n = 1.77) substrate due to its better thermal conductivity as compared to quartz for this

large-aperture fabrication.

Figure 6.15: Full 2 cm aperture meta-optics fabricated with DUV stepper lithography. (a)

Scanning electron microscope image of the fabricated optics. (b) A wafer containing several

fabricated meta-optics prior to dicing. (c) The 2 cm diameter MS2 mounted on BK7 spacer

in a 2” mirror mount.
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In detail, the sapphire substrates (650 µm thickness) were obtained from a commercial

source and we deposited 1.75 µm SiN via PECVD at a temperature of 350C. Following this, a

layer of Ruthenium (Ru) and silicon dioxide (SiO2) were deposited as a hard mask according

to an established process [91]. Lithography was performed using an ASML 5500 DUV Stepper

with photomasks from Digidat, Inc. The SiO2 and Ru were subsequently etched to complete

the hard mask. Next, the SiN was etched to the desired 1750 nm thickness. Finally, the

SiO2 and Ru hardmasks were removed via dry etch. The fabricated wafers were diced to

separate the individual meta-optics.

An additional negative consequence of the larger lattice periodicity is provides insufficient

phase sampling to support the large phase gradient required of large FoV metasurfaces

without introducing aliasing issues. While this does introduce undesirable effects, the meta-

optics are still functional over a modest 40◦ full FoV. These issues and results are discussed

below.

Wide FoV meta-optics require a large phase gradient in order to modulate light at steep

incident angles. An additional limitation on attainable FoV arises from the maximum phase

gradient which can be supported by the meta-optics for a given lattice periodicity. If the

required phase difference between adjacent meta-atoms becomes greater than π, aliasing

effects occur. To avoid aliasing, the phase sampling of the meta-optic must satisfy the

Nyquist-Shannon sampling theorem:

Λ <
π

|∆ϕ(x, y)|max

(6.3)

where Λ is the sampling periodicity and |∆ϕ(x, y)|max is the maximum absolute difference

between adjacently sampled points in the spatial phase profile ϕ(x, y) [92]. To relate this to

geometric optics, the generalized Snell’s Law relates the phase gradient along the surface to

the deflection angle:

n1sin(θ1)− n0sin(θ0) =
λ

2π

dϕ

dx
(6.4)

where n1 and n0 are the refractive indices of the input and output medium (in this case, for

air, n1 = n0 = 1), θ1 and θ0 are the input and output deflection angles, λ is the incident
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wavelength, and dϕ
dx

is the phase gradient. From these two expressions, we can determine the

maximum deflection angle of a metasurface for a given lattice periodicity:

θmax = sin−1(
λ

2Λ
) (6.5)

Equivalently, with numerical aperture (NA) defined as the sine of the maximum angle θmax

which can enter the optical system, we can directly relate the attainable NA to the wavelength

and lattice periodicity:

NA ≤ λ

2Λ
(6.6)

For lattice periodicity Λ which is smaller than half the wavelength (λ
2
), angles up to nearly

90◦ can be supported. The maximum deflection angle supported by Λ = 350 nm is 65◦ (130◦

full FoV) for a single meta-optic. For the 1100 nm periodicity meta-optics, the maximum

aliasing-free deflection angle is about 17◦ per optic. However, in a doublet system such as this

one, this limitation can be mitigated by utilizing the additional degrees of freedom provided

by the second surface. By stacking multiple metasurfaces, the overall deflection angle can

be increased.

In Figure 6.16, we plot the desired and effective phase profiles for each 2 cm meta-optic

for the high-resolution (Λ = 350 nm) and low-resolution (Λ = 1100 nm) scatterers. The

desired continuous phase profiles for MS1 and MS2 are shown in black, the sampled phase

profile modulo 2π is shown in red, and the effective phase profile given the phase sampling

Λ is shown as a red dashed line. MS1, which accomplishes most of the lensing, has a phase

gradient which increases approximately quadratically with the radial coordinate. The high-

resolution scatterer periodicity provides sufficiently high phase sampling over the entire optic,

so the effective phase gradient matches the desired phase gradient as shown in Fig. 6.16b.

In MS2, the rapid increase in phase at the very edge is due to defining the optic diameter

slightly larger than necessary; no rays interact with the outer edge, and as such the phase

here is inconsequential to the performance of the system. For both MS1 and MS2, the lattice

periodicity of 350 nm is sufficient to avoid any aliasing effects.



113

Figure 6.16: High-resolution and low-resolution scatterer simulations and phase profiles. (a)

The simulated high-resolution (Λ = 350 nm) scatterer unit cell phase and transmission versus

pillar width. The SiN pillars are 750 nm tall. The dots indicate the discretized pillar values

used in fabrication. (b) and (c) The desired (solid black line) and effective (dashed red line)

phase profiles for the 2 cm meta-optics MS1 and MS2, respectively, using Λ = 350 nm. Since

the periodicity is sufficiently small to support the desired phase gradient, the effective phase

is the same as the desired phase. (d) The simulated low-resolution (Λ = 1100 nm) scatterer

unit cell phase and transmission versus pillar width. The SiN pillars are 1750 nm tall. (e) and

(f) The desired and effective phase profiles using Λ = 1100 nm. Aliasing effects are observed

when the phase gradient becomes too large for the periodicity to support, indicated by the

divergence of the desired phase profile (solid black line) and effective phase profile (dashed

red line).

In contrast, the aliasing effect is significant in MS1 when sampling with 1100 nm lattice

periodicity. In Figure 6.16(e), these effects are observed where the effective phase profile

(red dashed line) diverges from the desired phase profile. Specifically, around ρ = 4.2mm,

the desired phase difference between adjacently sampled points becomes greater than π.

Near ρ = 8.0mm, the phase difference becomes 2π, resulting in an effective phase profile

which is significantly different from the desired phase profile. Experimentally, this generates
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additional unwanted focal spots.

Figure 6.17: PSF measurements of the full 2 cm aperture meta-optics fabricated using DUV

lithography. (a) Experimental PSF measurements from 0◦ to 20◦ angle of incidence. (b)

Horizontal line cuts of the PSFs shown in (a), with the experiment results shown as solid

red lines and simulated results as dashed black lines. The simulated and experimental PSFs

were normalized to their respective maximum intensity values.

Using the same experimental setup as for the other optics, we measured the PSF of the

low-resolution 2 cm meta-optics up to an incident angle of 20◦ corresponding to 40◦ full FoV.

These results are summarized in Figure 6.17. As expected, the performance is a bit worse

than for the 2 cm meta-optic slice fabricated with electron beam lithography, but the PSFs

are still relatively high-quality.

6.2.5 Discussion

The specifications of 80◦ field of view for the 1 cm optics and 60◦ field of view for the 2

cm optics were chosen considering the tradeoffs between form-factor, aperture size, and field

of view. In this work, the primary limitation on field of view is the maximum diameter
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of meta-optics which can be reasonably fabricated. By increasing the diameter of MS1,

the meta-optic can capture light at larger angles of incidence, which would increase the

attainable field of view. As shown in several works, meta-optics achieving nearly 180◦ field

of view have been demonstrated, but only for small entrance aperture [4, 63]. In fact, it has

been shown that in order to simultaneously achieve large aperture and diffraction-limited

performance over wide field of view, it is necessary to increase the thickness of the optical

system [93, 94, 88]. Intuitively, this occurs because light of different angles of incidence must

be spatially separated, which is easily achieved using a small entrance aperture to restrict

light of different angles to interacting with different sections of the lens. In the case of large

aperture, greater distance between the aperture and the lens is required to provide sufficient

separation between the beams of different angles of incidence.

We note that the presented meta-optic doublet is designed for single-wavelength illumi-

nation at 633 nm, suitable primarily for monochromatic applications such as night vision.

While much progress has been made in recent years to develop meta-optics with broadband

operation in the visible regime [20, 21, 19], simultaneous achievement of broadband opera-

tion and wide field of view has yet to be demonstrated. For single-layer meta-optics, there

are fundamental tradeoffs between device thickness, NA, and bandwidth [28].

In conclusion, we demonstrated a large aperture, wide field of view meta-optic doublet

eyepiece for near-eye display applications. Our design considers realistic constraints such

as eye relief, pupil size, and display size. In incremental steps towards a large aperture

meta-optic eyepiece, we designed a smaller system with 1 cm entrance aperture as a proof

of concept as well as a full-scale 2 cm entrance aperture system. In both cases, the exper-

imental performance of the system closely agrees with the design and exhibits consistent

performance over at least 60◦ full field of view. These findings represent promising results

for the integration of meta-optics into full-scale near-eye display systems, including AR/VR

and night vision.
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6.3 Beam Aggregator

Meta-optics have numerous applications beyond imaging. In this section, I present our

work on using meta-optics as a beam aggregator for a spatial light modulator (SLM). These

meta-optics are featured in [95]: Rui Chen, Virat Tara, Anna Wirth-Singh, Abhi Saxena,

Johannes E. Fröch, Matthew S. Reynolds, and Arka Majumdar. A hybrid solution for spatial

light modulators with a large space-bandwidth product: opinion. Optical Materials Express

13, 8, https://doi.org/10.1364/OME.500078, July 2023, with permission from the authors.

6.3.1 The Beam Aggregator Concept

A spatial light modulator (SLM) is a reconfigurable device that imprints an amplitude or

phase (or both) modulation to control light. Similar to a meta-optic, the spatial light mod-

ulator consists of pixels that locally adjust the phase or transmission. In contrast to meta-

optics, SLMs have an active modulation mechanism such as a digital micromirror device [96]

or thermo-optic phase shifters [97]. A digital micromirror device acts on free-space light,

while a thermo- or electro-optic phase shifter is directly integrated into a photonic inte-

grated circuit (PIC) and then coupled to free space using grating couplers. The trade-off

for tunability, however, is pixel pitch. Even in the most compact, state-of-the-art SLMs,

the modulation pixel size is several times the order of the wavelength (on the order of 10

µm pixel pitch for operating wavelength of 1550 nm). This places limitations on an SLM’s

beamforming performance and its power consumption.

Meta-optics have sub-wavelength pixel pitch, but pixel-by-pixel tunable meta-optics have

not been realized. So far, researchers have succeeded only in developing meta-optics with

global tuning via stretchable substrates [98], electrical tuning [99], or phase change material

[100].
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Figure 6.18: The beam aggregator schematic. (a) Side view of hybrid device. Light orig-

inating from the PIC (at the bottom) is coupled to free space via grating couplers. After

passing through MS1, the light is lensed and steered towards the center. MS2 consists of

an aperture array so that the light diffracts upwards into free space. (b) Schematic at each

layer. The bottom shows the grating couplers, which are spaced 100 µm apart. The middle

shows MS1, which is a meta-optic consisting of a lensing phase and a steering phase. MS2

at the top is an aperture array, with 12.5µm spacing between each aperture.

To resolve these issues, in this work we proposed and demonstrated a hybrid SLM wherein

the tuning mechanism is accomplished in a PIC and then meta-optics are used to aggregate

the beams, thereby decoupling the modulation mechanism from the spatial constraints. The

meta-optics are used to aggregate the beams, thereby decreasing the pixel pitch and increas-

ing the fill factor. This concept is schematically illustrated in Figure 6.18. Light from a PIC

is coupled to free-space via grating couplers spaced 100 µm apart. The tuning mechanism

can be accomplished anywhere on the chip, and then the light is routed to the couplers via

waveguides. The goal is to bring these beams together such that they form an array with

smaller pixel pitch. To accomplish this, the light is collected by a first meta-optic, labeled

MS1, which lenses and steers the light beams towards the center. In the absence of a second
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meta-optic, the beams will eventually cross each other and diverge in an uncontrolled way.

Therefore, a second surface is required to collimate the beams and direct them upwards.

In greater detail, the meta-optic (MS1) phase consists of a steering phase ϕS plus a lensing

phase ϕL, given by

ϕS = k · x · sin(θx) + k · y · sin(θy)

ϕL = −k · (
√

f 2 + x2 + y2 − f)

(6.7)

where x and y are the spatial coordinates on each lens, k = 2π
λ

is the wavenumber with

λ = 1.55 µm, and θx and θy are the desired steering angles in the x and y directions, and

f is the focal length. Due to the small size of the waveguides, the light diverges quickly;

therefore, it is optimal to minimize the propagation distance by placing the meta-optics as

close together as experimental constraints allow. In this case, the substrates are 460 µm

thick, so we design for a propagation distance of 500 µm between MS1 and MS2. Therefore,

the steering phase is designed to bring the beams together from 100 µm spacing to 12.5 µm

spacing at the surface of MS2.

The required steering phase is well-known given the desired steering angle, which is

calculated from initial and desired final locations of the beam. However, the optimal lensing

phase depends on how quickly the beams are diverging from the gratings. Therefore, we

fabricated a set of five meta-optics with focal lengths f = 200, 300, 400, 500, 600 µm and

chose to use the one that provided the best results in experiment.

To design and model the meta-optics, I modeled the optics as phase masks and used

angular spectrum method [6, 7] to propagate the beams. I modeled the grating output as

Gaussian beams with σ = 3.5 µm. In the absence of any meta-optics, the beams expand

quickly, as shown in Figure 6.19a. At a distance of 1 mm, the beams interfere strongly in

an uncontrolled manner. However, when MS1 is used as shown in Figure 6.19b, the beams

are effectively focused down and steered together. In Figure 6.19, the simulated results are

shown in the top row for comparison with the experimental results in the bottom row. The

simulated and experimental results are in excellent agreement.
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Figure 6.19: The beam aggregator simulation and experiment results. The top row is sim-

ulation and the bottom row is experient. (a) The propagated beams in the absence of any

meta-optics. (b) Results with meta-optics placed at z = 0.35 mm.

In the final experiment, we used an aperture in place of a second metasurface that was

designed to collimate the beams. Due to the small size of the beams at MS2, it would be

very difficult if not impossible to collimate them. Firstly, tightly confined beams tend to

expand quickly (following the physics of Gaussian beam propagation). Secondly, with a

meta-optics pixel pitch around 500 nm, the beam is only around 20 pixels wide so only a

limited amount of phase modulation can be performed. Therefore, we opted to replace the

second metasurface with an array of apertures that cause the light to diffract upwards. This

does reduce the amount of light through the system overall, but accomplishes the task of

controlling the beam direction.

6.4 Broadband Thermal Imaging Doublets

I report briefly on our efforts to develop an inverse-designed doublet for broadband ther-

mal imaging. Despite several iterations of design and fabrication and promising results

with inverse-designed singlets for broadband imaging, we never succeeded in experimentally

demonstrating a broadband doublet with performance significantly exceeding that of a single

meta-optic.
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The doublets herein were designed by Zhihou Zhou using Luocheng Huang’s MTF-

engineering code [29], and I verified myself that the designs work in theory. Ignoring losses in

transmission from two layers (phase propagation only), the doublets are expected to achieve

slightly higher intensity at the focal spot and slightly narrower PSFs. However, this im-

provement was not apparent in experiment.

6.4.1 Experiment Results

We designed and tested two sets of doublets: one in cSi on Sapphire platform, and one in

all-Si platform. cSi on Sapphire has higher transmission and better fabrication quality (due

to the use of e-beam lithography and a hard etching stop), but the pillar thickness is limited

to 1.5 µm due to what is commercially available. For broadband meta-optics, where control

of unit cell dispersion is required, this thickness is a significant limitation. Therefore, we also

designed and tested a design in all-Si platform wherein the pillars are 5 µm thick for greater

phase diversity.

The experimental results are summarized in Figure 6.20. For both platforms, we compare

an MTF-engineered singlet, the doublet with only the back optic, and the doublet with both

optics. The doublets were designed using the previously optimized singlet as the initial

condition for the back optic, therefore, the back optic largely retains its ability to focus

alone and the addition of the front optic acts as a corrector that is supposed to improve

performance. The imaging target is illuminated by broadband hot plate illumination.

In cSi on Sapphire, the results of all three configurations are similar; see Figure 6.20a-c.

All cSi on Sapphire optics are 1 cm in diameter and have 1 cm effective focal length. The

designed singlet and back lens only of the designed doublet exhibit very similar results. When

the front lens of the doublet was also added, we noticed an overall reduction in transmission

through the optics but otherwise no significant change. I suspect that the second layer acts

as a filter to reduce some strongly scattering light, but otherwise the image recorded on the

camera is primarily a function of the back optic only.
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Figure 6.20: The MTF-engineered broadband doublet experiment results. The top row (a-c)

shows the results for 1 cm aperture cSi on Sapphire optics, and the bottom row (d-f) shows

the results for the 5 mm aperture all-Si optics. For both sets, we show the imaging result for

the MTF-engineered singlet, the main focusing lens of the doublet alone, and the doublet

with both optics.

We noticed a modest improvement in the image towards wider field of view, so we designed

a set of all-Si doublets for wide FoV performance. To achieve wide FoV performance, some

aperture restriction is required; therefore, the entrance aperture for the all-Si optics is reduced

to 5 mm. In addition to the reduction in aperture, the decreased transmission of all-Si as

compared to cSi on Sapphire is expected to reduce the signal to noise ratio. The all-Si results

are shown in 6.20d-f. In this case, the effective focal length of the doublets (5 mm) differs

from that of the singlet (1 cm), so the image sizes are different. For a true comparison,

this set should be re-designed to have consistent effective focal length. Similar to the cSi

set, the MTF-engineered singlet and bottom lens only of the doublet exhibit similar results.
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However, in this case the addition of the front lens noticeably reduced performance. Despite

attempts to tune the alignment, we were unable to improve the image quality beyond the

image shown in Figure 6.20f.

6.5 Conclusions Regarding Meta-optic Doublets

From the results of this chapter, I conclude that doublets composed of meta-optics with

smooth phase profiles work well in experiment, but those with irregular phase do not. The

wide field of view doublet eyepiece that worked well was composed of forward-designed meta-

optics with smooth phase profiles, and it worked very well. However, the inverse-designed

broadband doublet did not work well, neither did two additional inverse-designed doublets

that we tried for other applications.12 This is in contrast to inverse-designed singlets, which

often have performance exceeding that of their forward-designed counterparts. I believe

the reason for the failure of inverse-designed doublets is primarily practical rather than

fundamental; the inverse-designed doublets work in theory, and there is no reason to believe

that they would not work as designed under perfect fabrication and alignment conditions.

However, the fact that the second layer is on a separate substrate greatly increases the

number of ways that the optics can be misaligned. Most of the inverse-designed doublets are

designed for pixel-by-pixel accuracy. An incident plane wave is assumed, which is expected

to diffract off the first optic at some angle and intersect the second optic at some particular

location. For a second optic with smooth phase profile, small perturbations to this position

would result in only a small change to the phase shift from the design. However, for inverse-

designed meta-optics, misalignment by only a pixel may result in an entirely different phase

1James’ 1D to 2D SLM meta-optics: James used TensorFlow to design a doublet to map a 1D array
of point sources to a 2D array, thereby extending a 1D spatial light modulator to two-dimensions. After
several unsuccessful fabrication and experiment iterations, I was tasked with verifying the design. I located
one critical error - that the unit cell simulations had been performed for Si on Sapphire, but the optics
were fabricated in SiN. We corrected this error and re-fabricated the device. While it worked in theory,
the experimental results were still mediocre at best and the project was terminated.

2Romil’s Inverse Visibility Doublet: Romil inverse-designed a doublet system that would form an image
in one direction but not the other. The point spread function measurements were promising, but I was
not able to experimentally demonstrate imaging with the doublet.
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shift than desired. In my opinion, it is not the physical modeling or inverse design itself

that is the problem; it is the design’s intolerance to alignment and fabrication errors. The

inverse-designed doublets do work in theory, but this seems to not translate to experiment.

An additional conclusion is that doublet meta-optics are most useful for achieving wide

field of view; doublets are less useful for broadband operation. For field of view, spacing

between the layers is required, which naturally leads to a doublet system. However, for

chromatic aberration correction, multiple layers may simply exacerbate unwanted chromatic

effects. The advantage of a second layer is that it provides additional degrees of freedom for

the design. However, we hypothesize that a single layer of double the thickness or a single

double-sided optic would be more effective for correcting chromatic aberrations than two

separate layers.

One strategy that we have not yet employed would be to combine one forward-designed

layer with one inverse-designed layer. I think that this would be interesting to try, since the

forward-designed layer would provide robustness in the system. Hybrid systems consisting

of one refractive optic and an inverse-designed meta-optic have shown some promise [27],

so we may be able to achieve similar results with one forward- and one inverse-designed

meta-optic.
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Chapter 7

TRIPLETS

Meta-optics consisting of more than two layers are not common in the literature. I

am aware of only two reports of meta-optic triplets. Shrestha et al [101] use a triplet to

demonstrate imaging in the near-infrared with 50◦ field of view and 1.3− 1.6 µm operating

bandwidth, but only 1 mm aperture and the imaging quality is qualitatively not much better

than that of other meta-optics consisting of fewer layers. Pan et al. [102] use 3D printing

to fabricate a multi-layer achromatic meta-optic for visible wavelengths, but for extremely

small aperture (30 µm) and limited imaging quality. Therefore, the practical applications of

these demonstrations would be limited.

In this chapter, I report our work on a 50◦ full FoV meta-optic triplet for zoom imaging

at the mid-wave infrared. With relatively large aperture (8 mm), we achieved good imaging

quality. We were initially skeptical that this project would work, given our difficulties with

broadband doublets in the past and concerns about transmission efficiency through multiple

layers; however, this project was highly successful.

7.1 MWIR Zoom Lens

The contents of this section are adapted from [103]: Anna Wirth-Singh, Arturo Martin

Jimenez, Minho Choi, Johannes E. Fröch, Rose Johnson, Tina Le Teichmann, Zachary

Coppens, and Arka Majumdar. Meta-Optics for Zoom Imaging at Mid-Wave Infrared. arXiv

Preprint https://arxiv.org/abs/2407.11255v1, July 2024, with permission from the authors.
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7.1.1 Introduction

MWIR imaging is especially attractive for long-range imaging and sensing due to its superior

penetration in high-humidity atmospheric conditions [104]. In these applications, wide field

of view and high resolution are often desirable. For imaging dynamic targets, it is particularly

helpful to have both wide field of view images for context and narrow field of view for zoomed-

in detail, with rapid switching mechanism between the views. However, achieving both

qualities simultaneously requires a large, high-resolution camera sensor, and such sensors are

particularly expensive at MWIR wavelengths. Alternatively, these applications can benefit

from zoom functionality, wherein the image magnification is changed by repositioning optics

within the lens system so that a range of image magnifications can be captured using a single

aperture and sensor.

Most conventional zoom systems are composed of a series of refractive lenses, some of

which are axially translated to change the zoom state. While effective, stacked refractive

lenses quickly become heavy, which is undesirable for many applications where zoom func-

tionality is required, such as airborne scopes and cameras. Due to the long total track length

of zoom imaging systems, excess weight can cause significant torque on the mechanical sup-

port system. In addition, to achieve high quality imaging with zoom constraints, aspheric

lenses are often used [105, 106] that are difficult to manufacture due to non-constant cur-

vature across the surface. Combined with the limited availability of suitable materials for

MWIR refractive lenses, such as germanium and calcium fluoride, this contributes to the

increased cost of thermal zoom imaging systems.

In this work, we demonstrated an 8 mm aperture, 50◦ full field of view (FoV) zoom

imaging meta-optic triplet at 3.4 µm wavelength. We followed the traditional approach by

varying the position of two of the three meta-optic elements to increase the image magnifi-

cation from 1x to 5x. Additionally, our zoom imaging system is parfocal, meaning that the

focal plane remains fixed while achieving the intermediate zoom states. For optimal trans-

mission through the triplet lens system, we realize the meta-optics in a silicon-on-sapphire
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material platform. We demonstrate high-quality imaging performance up to 50◦ FoV in the

wide field of view configuration.

Figure 7.1: The zoom lens concept. (a) Ray tracing diagrams for all five configurations.

By translating the compensator and variator optics, the effective focal length of the system

is changed from wide field of view (top) to narrow field of view (bottom). The blue lines

represent normally incident rays, while the yellow rays represent 25◦ and 5◦ angle of incidence

for the wide and narrow configurations, respectively. Intermediate angles are shown in shades

of green. (b) Illustration of zoom imaging on a car. Under 5x zoom, the details of the side

mirror and windows become clear.
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7.1.2 Zoom Lens Design

At minimum, most optical zoom systems consist of a mechanically adjustable afocal frontend

and imaging backend. In order to keep a fixed back focal length, the front part of the

system must be composed of two moving groups [107], resulting in a triplet lens system.

The design for the meta-optic zoom lens follows this standard three-group zoom structure

(consisting of a compensator, a variator, and a focusing optics) and the zoom behavior is

schematically depicted in Figure 1. The system is optimized for five discrete zoom states,

denoted configurations 1 through 5, with this change accomplished by varying the axial

distances between the metasurfaces. Specifically, the meta-optic nearest the sensor, termed

the focusing optic, remains a fixed 15 mm distance from the sensor while the positions of the

other two optics (denoted as the compensator optic nearest the object and the variator optic

in the middle) are adjusted to change the zoom state. This change is primarily accomplished

by axially translating the variator optic, which is adjusted within a range of 14.6 mm. The

compensator optic has negative power to defocus the light and its axial position is adjusted

within a smaller range of 5.21 mm to correct for aberrations. Ray tracing diagrams of all

configurations are shown in Figure 7.1a.

The designed F-number, effective focal length (EFL), and full field of view of each config-

uration are summarized in Table 7.1. Configuration 1, also called the “wide” configuration,

provides the widest field of view at 50◦ full FoV and F-number of 3.7. Configuration 5,

also called the “tele” configuration, provides the most zoomed-in image with 10◦ full FoV

at an F-number of 8.0. The intermediate Configurations 2 through 4 provide equally spaced

intermediate zoom states.

The phase profiles of the meta-optics were optimized using commercial ray tracing soft-

ware (Zemax OpticStudio). Each meta-optic was modeled as a Binary-2 phase profile ac-

cording to the equation

Φ(ρ) =
6∑

i=1

Ai

( ρ

M

)2i

(7.1)

where M is a normalization constant, ρ is the radial coordinate, and Ai are polynomial
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Table 7.1: System Design Specifications

Configuration 1 (Wide) 2 3 (Mid) 4 5 (Tele)

F Number 3.71 3.94 4.40 5.33 7.98

EFL (mm) 8.78 10.53 14.19 21.74 43.89

Full FoV 50◦ 40◦ 30◦ 20◦ 10◦

d1 (mm) 16.60 13.57 9.64 5.71 2.00

d2 (mm) 2.00 2.82 4.51 7.88 16.60

coefficients. To optimize the zoom system, we initially varied the phase profile coefficients Ai

to optimize performance at both the tele and wide configurations at predetermined positions.

Specifically, wavefront error (with respect to an ideal spherical wavefront) was defined as the

merit function during optimization. Once the phase for each metasurface was determined, the

spacings between the surfaces were varied to obtain the desired intermediate zoom states. As

labeled in Figure 7.1a, the distance between the compensator and variator optics is denoted

d1 and the distance between the variator and the focusing optics is denoted d2. The distance

between the focusing lens and the image plane, denoted d3, was held constant at 15 mm

while d1 and d2 were allowed to vary.

7.1.3 Meta-Optics Design and Fabrication

The meta-optics are physically realized as crystalline silicon pillars on sapphire substrate

(commercially available from UniversityWafer). While silicon is transparent at MWIR wave-

lengths, bulk silicon incurs significant Fresnel reflections due to its high index of refraction

(n = 3.5) as compared to the air (n = 1) [15]. Therefore, to provide increased transmission

efficiency in the multi-layer system, we chose sapphire (n = 1.7) substrate. Transmission

through the sapphire substrate is expected to be 93%. The silicon pillars are 1.5 µm tall

arranged on a lattice with periodicity 1.5 µm, and the sapphire substrate thickness is 460
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µm. Using rigorous coupled wave analysis [70], we simulated the phase and transmission of

silicon pillars as a function of pillar width as shown in Figure 7.2c. From these results, we

selected ten pillars with widths ranging from 500 nm to 1.0 µm to comprise the pillar library.

Figure 7.2: Metasurface design and fabrication. (a) Top-down SEM image of a fabricated

optic. (b) SEM image of a fabricated optic taken at a slightly oblique (10◦) angle, illustrating

fabrication quality. (c) The simulated phase (red) and transmission (blue) of the unit cell.

The widths selected for the pillar library are denoted by red circles. (d) A photograph of

the fabricated optics. A person is holding the compensator optic in the foreground while the

variator (left) and focusing (right) optics are resting on the table in the background. (d) A

photograph of the meta-optics in the experiment setup.

The meta-optics were fabricated using electron beam lithography and inductively coupled

plasma etching. All three meta-opics were fabricated from a single 1.5 µm thick silicon-on-

sapphire wafer that was diced into chips. Each sample was cleaned in acetone and isopropyl

alcohol before an oxygen plasma treatment to promote resist adhesion. Next, we spin-coated

ZEP-520A resist and exposed the resist by electron beam lithography. After writing the

pattern, we developed the resist in amyl acetate followed by a short oxygen plasma treatment
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to remove residue. In order to achieve a large etching depth of 1.5 µm, we deposited a hard

mask for etching. Specifically, we deposited 70 nm of alumina on top of the patterned

samples via electron beam evaporation. To form the hard mask, we lift-off the resist with

N-Methyl-2-pyrrolidone. Finally, the silicon was etched via reactive ion etching with SF6

and C4F8 gas chemistry.

Top-down and oblique scanning electron microscope (SEM) images of the fabricated

optics are shown in Figure 7.2a and b, respectively, illustrating the fabrication quality. A

photograph of the fabricated optics is shown in Figure 7.2d. Except for the meta-optic area,

the thin silicon layer has been etched away, revealing the transparent substrate. The surface

of the optic, while appearing opaque brown under visible illumination, is transparent under

infrared illumination.

7.1.4 Experiment Imaging Results

The imaging quality of the meta-optical system was characterized in a simple experimental

setup consisting of an illumination source and target object, a narrowband filter, the meta-

optics, relay optics, and a camera sensor. A photograph of the fabricated optics in the

measurement setup is shown in Figure 7.2e. As the source of MWIR illumination, we use

a hot plate (Torrey Pines Scientific HP50) set to 130◦C. This provides broadband infrared

radiation that we filter to a narrower band near the design wavelength using a narrowband

filter (Thorlabs FB3500-500, with 3.5 µm center wavelength and FWHM bandwidth of 500

nm). A matte black anodized aluminum target projecting the USAF 1951 resolution chart is

placed just after the hot plate to form the imaging object. In order to demonstrate imaging

up to 50◦ FoV, we place the target at a distance D from the first meta-optic such that the

edges of the target are 25◦ from normal incidence. For our target which is 12.5 cm wide, this

corresponds to D = 13.4 cm in imaging experiments. Images were collected on a FLIR A6751

MWIR InSb camera sensor with 640 × 512 pixels at 15 µm per pixel resolution. Due to the

camera sensor being located further than the designated 15 mm back focal length inside the

protective camera housing, it was necessary to use relay optics to re-image the meta-optics
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image onto the sensor. For this purpose, we used an F/1 MWIR-coated, germanium plano-

convex singlet lens (Edmund Optics #69-649, 25 mm focal length) with an F/2.5 compound

refractive lens assembly (FLIR #4218538, 25 mm focal length). To ensure that the relay

optics do not restrict measurement of the meta-optics, we ensure that the numerical aperture

(NA) of the relay optics (NA > 0.45) exceeds the maximum NA of the meta-optic zoom

system (NA = 0.42). The relay optics additionally aid in precise alignment of the system,

as described below.

Figure 7.3: Simulated and experimental imaging results. (a) Experiment imaging results

for Configurations 1 (left) through 5 (right). The imaging object, a hot plate and USAF

resolution chart, is placed such that the edges of the target cover 50◦ FoV with respect to

the meta-optics. (b) Experimental results that have been computationally enhanced with

sharpening and denoising. (c) Simulated imaging results via ray tracing.

To place and align the meta-optics, we first mounted each meta-optic on a glass micro-

scope slide as shown in Figure 2e in the main text. Due to the small distances separating

the optics (a minimum of 2 mm), care must be taken to mount the surfaces in a way that

provides fine control but does not hinder axial motion. In future efforts, a 3D printed holder
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could be utilized to facilitate alignment. In this work, we developed a procedure to manually

align the meta-optics triplet in the laboratory. First, the relay optics in front of the camera

sensor are focused onto the surface of the focusing optic, which is aligned such that the meta-

optic surface is in focus and centered in the camera’s field of view. Similarly, the variator

meta-optic is placed just behind the focusing optic; the outline of the variator optic can be

seen through that of the focusing optic and adjusted to achieve alignment. The alignment of

the variator meta-optic is most critical to the operation of the triplet system, so the variator

meta-optic is mounted on a 3-axis stage for independent control of X, Y, and Z translation

as well as tilt. Once the positions of the focusing and variator optics are fixed, the camera

system (mounted on a micrometer translation stage) is translated back 15 mm, which is the

fixed back focal length of the triplet meta-optics, for measurement in the desired focal plane.

Finally, the compensator optic was placed manually to optimize the image quality in each

configuration.

The simulated and experimental imaging results for all five configurations are shown in

Figure 7.3, with the USAF resolution target positioned such that the horizontal edges of the

imaging target correspond to 50◦ full FoV. To correct for noise due to ambient radiation on

the sensor, we performed a flat field correction on all experimental results by collecting an

image with the object blocked and subtracting that background image from the signal; the

resulting image captures are shown in Figure 7.3a. We observe good imaging quality and

close agreement with the simulated results shown in Figure 7.3c. However, the somewhat

broad linewidth of the illumination source (approximately 500 nm FWHM with the nar-

rowband filter) introduces chromatic aberrations that reduce the sharpness of the image as

compared to a single-wavelength measurement. To mitigate this effect, simple computational

postprocessing techniques can be introduced to improve the image quality. In Figure 7.3b,

we show the experiment imaging results after postprocessing with a Gaussian kernel sharp-

ening filter and bm3d denoising algorithm [31]. While there still exists some diffuse noise

that we attribute primarily to reflections from the narrowband filter, the USAF groups are

effectively sharpened for close qualitative agreement with the simulated single-wavelength
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results in Figure 7.3c. Moving from left to right, the system exhibits clear zoom function-

ality and qualitatively good imaging performance in Configurations 1 through 5, as well as

close agreement between the simulation and experiment.

7.1.5 Discussion

While this zoom lens system was optimized for single wavelength illumination at 3.4 µm,

we demonstrate high-quality imaging over a wavelength band of approximately 500 nm. In

meta-optics (and other forms of diffractive optics) with set phase wraps, the focal length is

inversely proportional to the optical wavelength [19]. Therefore, light of different wavelengths

does not focus in the same plane, leading to chromatic aberrations. Despite this effect,

we demonstrate relatively good imaging quality with the addition of a narrowband filter.

While single-wavelength rather than broadband illumination is predicted to improve imaging

performance in simulation, further filtering ambient light to a narrower range would also

reduce the signal to noise ratio (SNR) due to the reduced light entering the system, unless

some active illumination source (such as an LED or laser) is used to illuminate the target.

However, such active illumination would be impractical for many applications of this zoom

system, such as remote sensing. Therefore, we present imaging results over a broader band,

for higher SNR, coupled with computational postprocessing to regain some quality lost due

to undesirable chromatic effects. Extension to broader bandwidth operation may be possible

using dispersion engineering [10] to match the required phases over a range of wavelengths

or applying inverse design techniques [29] to extend the operating wavelength range.

In multi-element optical systems such as this one, misalignment can have deleterious

effects on lens performance. To quantify the effects of misalignment on the performance of

the system, we conducted a tolerance analysis of Configuration 1 in Zemax at the design

wavelength of 3.4 µm, shown in Figure 7.4. The nominal MTF is shown in Figure 7.4a.

In the absence of misalignment, the imaging performance is nearly diffraction limited at

normal incidence and decreases slightly at larger angles of incidence. As a metric of lens

system performance, we report the average (sagittal and tangential) MTF at 20 lp/mm
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resolution as a function of alignment tolerances.

Figure 7.4: Tolerance to meta-optic misalignment. (a) Nominal MTF for Configuration 1

for angles of incidence up to 25◦. The reported MTF is the average over both sagittal and

tangential directions. The diffraction limit is plotted in black for comparison. The vertical

red line indicates the 20 lp/mm = 0.18 cyc/mrad resolution that was chosen as a metric for

the tolerance analysis. (b) Schematic depicting the categories of misalignments that were

considered. In the Monte Carlo analysis, all three metasurfaces were misaligned according

to the specified tolerances. (c)-(e) Tolerance analysis for the wide configuration. For each

field (up to 25◦), we plot the MTF at 20 lp/mm as a function of allowed misalignment. The

misalignment is decentering in (c), tilt in (d), and axial translation in (e). The error bars

represent one standard deviation from Monte Carlo analysis consisting of 20 trials.

As illustrated in Figure 7.4b, we specifically consider the effects of translation in Z (axial

displacement), translation in X/Y (decentering), and rotation about the X axis (tilt). We

varied each category of misalignment separately in this analysis. In detail, we conducted a

Monte Carlo analysis comprising 20 trials wherein each element was misaligned by a random

amount within the specified tolerance along the horizontal axis. We considered reasonable
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experimental alignment tolerances of up to 1 mm of translation and up to 5◦ of tilt in each

element. In Figure 7.4c through 7.4e, we report the average MTF value as a function of

worsening misalignment for angles of incidence up to 25◦. As expected, the average MTF

decreases with increasing misalignment, however this decrease is approximately linear. This

indicates robustness in the system that we attribute to the relatively small phase gradient

of each metasurface.

Our meta-optics-based zoom lens system achieves a zoom range of 5x, which is sufficient

for many applications. To further increase the zoom range, it would generally require de-

creasing the NA of the system, which results in reduced imaging quality and field of view

[105]. Similarly to refractive optics, additional layers of optics provide degrees of freedom

that can be used to improve performance and achieve additional functionalities, such as in-

creased zoom range. This successful demonstration of a meta-optic triplet system highlights

the potential for meta-optics to replace refractive elements in increasingly complex multi-

layer and multi-functional imaging systems. In particular, we envision meta-optical systems

like this one finding utility in weight-constrained systems requiring zoom functionality and

wide field of view, such as airborne remote sensing applications.
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Chapter 8

CONCLUSION AND FUTURE WORK

In this final chapter, I summarize my findings about multi-layer meta-optics and remark

on directions for future work.

8.1 Singlets, Doublets, and Triplets

Having worked on several multi-layer meta-optical systems, I can draw some empirical con-

clusions about those that worked well versus those that did not work well. The systems I

reference to draw these conclusions are summarized in Figure 8.1.

Figure 8.1: Experimental success of multi-layer meta-optic designs.

The projects are listed in descending order by their experimental success. Upon inspecting

this table, a pattern emerges: multi-layer meta-optics that were forward-designed worked

quite well, whereas those that were inverse-designed did not work as well. In particular, both
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the eyepiece doublet and the MWIR zoom triplet were highly successful projects requiring

only one round of fabrication and resulting in a publication. I do note that forward-designed

doublet and triplet systems seem more sensitive to chromatic aberrations than their single-

layer counterparts, but at the design wavelength they functioned exactly as designed. The

beam aggregator also worked as designed but was a less ambitious target than the eyepiece

or zoom triplet.

Moving down the list, the inverse visibility doublet is an ongoing project that has so

far yielded mixed results. The idea was a doublet system that performed imaging in one

direction but not the other. While inverse design techniques were used, in retrospect the

optics function like two hyperboloid meta-optics whose focal lengths coincide in one direction

but not the other. We hypothesize that added randomness from inverse design increases the

contrast between the forward and background directions. However, if local averaging over

the phase profiles is performed, ordinary lens phase profiles are recovered. The initial point

spread function measurements of these optics were promising but so far our attempts to

perform imaging have been unsuccessful. This indicates to me that practical rather than

fundamental issues are limiting these optics from functioning as desired. Similarly, the

1D to 2D SLM exhibited some indications that it was working in experiment, but this

indication was extremely weak. The goal of this doublet was to steer and collimate a 1D

array of beams into a 2D array; in retrospect, this could have been accomplished with a

forward-designed lenslet array similar to the beam aggregator, and I suspect that approach

would have worked. Finally, the broadband MWIR doublet effort has exhibited the least

amount of success (and also the greatest amount of effort). Given the empirical observation

that chromatic aberrations are worse in multi-layer than single-layer meta-optics, it is not

surprising that a poorly-aligned inverse-designed doublet for chromatic aberration correction

exhibits poor performance. I emphasize that all of these designs perform well in simulation,

but for reasons not fully understood this is difficult to realize experimentally.

An additional conclusion that can be drawn from these projects is that multi-layer systems

are most useful for increasing the field of view of an optical system. The successful doublet
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eyepiece and MWIR zoom triplet were focused on achieving wide field of view imaging,

and the beam aggregator was for beam steering which is highly related to field of view.

For chromatic aberration correction, we hypothesize that there is no theoretical benefit to

spatially separating the layers. We hypothesize that a single layer of pillars with double the

height (for greater control over chromatic dispersion) would exceed the performance of two

separate layers for narrow field of view broadband imaging.

8.2 The Particular Advantages of Meta-Optics for Thermal Imaging

An additional area of focus in this thesis is meta-optics for thermal (MWIR and LWIR)

imaging. This is largely due to funding for projects in this wavelength range, but for good

reason. The MWIR and LWIR wavelength ranges indispensable for applications spanning

consumer electronics to defense, including night vision, non-contact thermography, and long-

range atmospheric, geological, and agricultural sensing. In most, if not all, thermal imaging

applications, the size and weight of the imaging system may be highly constrained. For

example, night vision goggles require compact form-factor and light weight because an excess

of size or weight can cause fatigue and discomfort for the user. In many long-range sensing

applications, the imaging system is mounted on an airborne unit or drone, where excess

weight is unacceptable. Many defense applications require discreet and compact imaging

systems that can be integrated into larger, multi-functional devices. However, high-quality

imaging typically requires compound lens assemblies, so there is a trade-off between form-

factor and optical performance. Especially for thermal wavelengths, these complex assemblies

are also expensive and difficult to manufacture due to the limited availability of suitable

refractive lens materials. Therefore, improving the form-factor and utility of thermal imaging

systems is an active area of research.

Significant work has been undertaken in the field of meta-optics for imaging at visible

wavelengths in particular, motivated by consumer-facing applications in compact cameras

and augmented/virtual reality. While the physical principles guiding design and operation

of thermal meta-optics are the same as those that apply to visible meta-optics (with ad-
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justments to physical size scaling and material platforms), investigation into thermal meta-

optics specifically is especially warranted because meta-optics are extremely well-suited to

the unique imaging applications of this wavelength range. Compared to the visible imaging

range, applications in the thermal range are more defense-focused, emphasizing compact

form-factor and multi-functionality over high-quality full-color imaging. In addition, while

advancements in sensor technologies have made thermal imaging accessible to local govern-

ments and commercial entities, thermal imaging sensors are still significantly more expensive

than visible sensors. Therefore, it is practical to design multifunctional optics rather than

purchase additional sensors for different applications. Due to the limited resolution of the

sensor itself, the requirements of thermal imaging optics are typically less stringent on reso-

lution and place greater emphasis on functions such as magnification factor and field of view.

Large aperture is an another frequently desired aspect of thermal imaging systems in order

to increase the signal-to-noise ratio over long range or low-signal environments. These are

all areas in which meta-optics can excel, so we argue that meta-optics are naturally aligned

with the needs of thermal imaging applications.

8.3 Concluding Remarks

The future of multi-layer meta-optical systems is promising, but to fully leverage the utility

of meta-optics there are some issues that need to be resolved. Specifically, pixel-by-pixel

phase control is a key strength of meta-optics that has not been successfully implemented

in multi-layer systems. Especially for doublet systems where it is more difficult to argue for

advantages related to the thinness of meta-optics, it would be advantageous to utilize their

sub-wavelength phase control. However, doublet systems attempting to leverage this aspect

have not yet worked as well as expected. More work is required to investigate the reason for

this discrepancy. My hypothesis is that it is a practical issue related to extremely narrow

alignment tolerance, but this hypothesis is yet to be tested.

To investigate this issue more fully, I suggest studying intermediate cases between forward-

designed doublets and inverse-designed doublets. It is critical to determine where and why
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the discrepancy between simulation and experiment emerges. To probe this, I suggest two

studies:

1. A doublet consisting of one smooth phase meta-optic and one discontinuous phase

meta-optic. Alternatively, a hybrid system consisting of one refractive lens and one

inverse-designed meta-optic could be investigated. In this study, it would also be

interesting to investigate whether the order of the smooth and non-smooth meta-optics

is important.

2. A series of doublets exhibiting increasing randomness in both layers. For example, two

hyperboloids could be designed as an initial condition for optimization and then the

performance of optics at intermediate stages of inverse design could be experimentally

tested.

It has been a great joy to contribute to research in meta-optics. Working in this field has

provided opportunities probe the light-matter interaction at a fundamental level, develop

electromagnetic design and simulation tools, and apply state-of-the-art nanofabrication and

measurement techniques. Meta-optics is an exciting field with great promise, and I am

excited to see what will come in the future of meta-optics.
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