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Metasurfaces are ultrathin arrays of subwavelength scatterers. They offer versatile
control over light within a wavelength-scale thickness. Their ability to condense
complex optical functions into compact forms makes them particularly promising for
miniaturized imaging systems, where conventional optics face challenges of bulk and
limited scalability. This thesis presents several research projects that explore the
integration of metasurfaces into endoscopic imaging and hyperspectral imaging,
addressing key challenges in device miniaturization, resolution, and spectral

functionality.

The first part of the thesis focuses on scanning fiber endoscopes (SFEs), which are



among the most compact scanning-based endoscopes. Two projects demonstrate the
replacement of conventional refractive lens assemblies with metasurface-based flat
lenses (metalenses). A monochromatic near-infrared metalens was designed, fabricated,
and experimentally validated, achieving diffraction-limited performance and
significantly reducing optical track length compared to refractive optics. Building on
this, a polychromatic metalens was developed to enable tri-color RGB imaging,
overcoming the intrinsic dispersion of conventional metalenses and delivering near-
diffraction-limited resolution across multiple wavelengths. These studies highlight the
potential of metalenses to enable highly compact endoscopic systems with improved

imaging performance.

The second part of the thesis extends metasurface functionality beyond focusing to
spectral encoding. A metasurface—Fabry—Pérot cavity array was designed as a spatial-
to-spectral encoder, enabling the transmission of multi-pixel image information through
a single fiber core without scanning. This proof-of-concept demonstrates the feasibility
of spectrally encoded, non-scanning endoscopic imaging, offering a pathway to surpass

the resolution limits imposed by fiber pixel density in endoscopic imaging.

The final part explores hyperspectral imaging, where metasurfaces are used as spectral
code masks for compressive sensing—based reconstruction. A metasurface code mask
was optimized to encode full hyperspectral datasets into single-shot grayscale images,

which were computationally reconstructed to recover high-resolution hyperspectral



information. Experimental demonstrations validate this system as a compact, efficient,

and high-speed alternative to conventional hyperspectral imagers.

Together, these works establish metasurfaces as powerful optical platforms for
advancing miniaturized endoscopy and hyperspectral imaging, demonstrating the
transformative potential of metasurfaces in next-generation biomedical and imaging

technologies.
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Chapter 1

Overview

Metasurfaces are ultrathin, engineered two-dimensional arrays of densely packed
sub-wavelength optical scatterers, known as meta-atoms. These devices condense
complex optical functions into films with just wavelength-scale thickness. One of the
major applications is the metalens, a flat optical element capable of replacing con-
ventional refractive lenses, making it an ideal candidate for miniaturized endoscopy.
An endoscope is a medical device equipped with a light source and a camera to vi-
sualize internal body cavities for diagnostic and therapeutic procedures. As endo-
scopes continue to shrink in physical dimensions in order to reach more confined
spaces like cardiovascular vessels, brain tissue, or spinal regions, conventional op-
tics face limitations in size that metalenses can overcome thanks to their compact
form.

Metalenses are inherently wavelength-sensitive: their light manipulation function-
alities vary significantly with wavelength, resulting in dispersion, and thus having
a narrow operational bandwidth. Additionally, they typically require coherent illu-
mination. Fortunately, endoscopic systems often employ narrow-band laser illumi-
nation, which aligns perfectly with these constraints.

Metasurfaces can also produce rich transmission spectra by exploiting resonance
modes between neighboring meta-atoms. This pronounced spectral response makes
them particularly well-suited for use as spectral filters. Compared with traditional
filters based on optical absorption materials or Fabry-Pérot cavities, metasurface-
based spectral filters provide distinct advantages, including simplified fabrication
and enhanced spectral tunability. These attributes highlight their strong potential
for a wide range of spectrum-related applications.

One promising application is spectrally encoded imaging, where spatial intensity
information is encoded into the spectrum of light. This approach allows a single
fiber core to transmit multiple pixels of image, thereby improving resolution in en-
doscopic imaging systems that rely on optical fibers for image transfer.

Another application is hyperspectral imaging, which requires capturing the spec-
trum of every pixel of a scene. In contrast, conventional camera sensor chips are
limited to recording grayscale intensity and typically exhibit a broadband response.
To achieve hyperspectral functionality, such sensors need to be integrated with spec-
tral filters that selectively transmit light at specific wavelengths.

This thesis demonstrates the adoption of metasurfaces in endoscopes and hyper-
spectral imagers. Chapter 2 introduces the fundamentals of metasurfaces, cover-
ing the basic structure as well as design and simulation theory. Chapter 3 gives an
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overview of endoscopic imaging. This chapter introduces the basic structures, con-
figuration, and imaging specifications of endoscopes, and discusses the challenges
of miniaturization of endoscops. Chapters 4-6 present two projects integrating meta-
lenses into endoscopes, addressing the miniaturization challenges outlined in Chap-
ter 3. Chapter 7 demonstrates spectral encoding of images using metasurface-based
spectral filters, which highlights the potential of breaking the resolution limit due to
pixel density as discussed in Chapter 3. Chapter 8 demonstrate a project that inco-
porates metasurface spectral filters in a hyperspectral imager. Chapter 9 outlines the
remaining challenges encountered in the research projects presented in this thesis
and conceptually introduces ideas of potential approaches to address them.



Chapter 2

Metasurface fundamentals

2.1 Metasurface basic structure

A metasurface consists of a two-dimensional quasi-periodic array of subwavelength
scatterers, commonly referred to as meta-atoms, as shown in Figure 2.1a. It can be
regarded as the optical analog of a two-dimensional crystalline material, featuring
a defined lattice structure. Each lattice site hosts a unit cell, which contains one or
multiple meta-atoms. These meta-atoms interact with incident light, enabling mod-
ulation of its phase, amplitude, and polarization. Unlike conventional crystalline
materials where all unit cells are identical, metasurfaces typically employ spatially
varying unit cells. The meta-atoms in these cells maintain a uniform thickness but
differ in their lateral dimensions, allowing them to impart position-dependent mod-
ulation to the incident light.

2.2 Metasurface functionality, simulation, and design

T(x,y,A)

Angular
spectrum R ICAAN)
\

) ( method .//

ICHRY Ao(x,y,2) Image plane

FIGURE 2.1: (a) A schematic of a metasurface. (b) A schematic of metasurface’s functionality and
simulation approach.

221 Metasurface functionality

The metasurface discussed and demonstrated in this thesis is a local metasurface,
following the local modulation approximation. This approximation assumes that the
modulation of the light field by the metasurface at a specific location (x,y) is solely
determined by the unit cell at that location, with negligible influence from neigh-
boring unit cells. The modulation can be polarization-dependent if the meta-atom
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lacks symmetry along the two orthogonal axes. However, in the research demon-
strated in this thesis, we consider only polarization-independent metasurfaces. At
the same time, while the modulation may also depend on the angle of incidence, this
effect is typically minimal for small angles and is therefore neglected in this thesis.
Furthermore, although metasurfaces can be designed to manipulate either reflected
or transmitted light (e.g., by incorporating a reflective substrate), this thesis focuses
exclusively on transmissive metasurfaces.

As illustrated in Figure 2.1b, to mathematically describe the modulation of the trans-
mitted light, we model the light field as a complex scalar field A(x,y, A) under the
scalar diffraction theory. The spatially varying modulation imposed by the metasur-
face is described by a complex modulation field T(x,y, A), expressed as:

T(x,y,A) =t(x,y,A) (A (2.1)

where f represents the amplitude modulation and ¢ the phase modulation.

The resulting transmitted light field after modulated by the metasurface is given by:

Ao(x,y,A) =T(x,y,A)Ai(x,y, ) (2.2)

where Ay and Ap denote the incident and transmitted light field, respectively.

2.2.2 Light propagation simulation

After passing through the metasurface, the modulated light typically propagates
through free space or a homogeneous medium before reaching a target plane, where
it forms a specific intensity distribution I(x,y,A), as shown in Figure 2.1b. Accu-
rately simulating this light propagation is essential for predicting and designing the
optical behavior of the system. An efficient and widely used approach for this pur-
pose is the angular spectrum method. This method decomposes the light field into a
superposition of plane waves with different wave vectors, each of which propagates
independently according to wave propagation principles.

Mathematically, given a complex light field at z = zj, noted as A, (x,y,A), this
light field propagates to the plane z = z;,. On this plane, the light field becomes
Az, (x,y,A), resulting in light intensity distribution I, (x,y, A). First, the angular
spectrum is obtained by taking the 2D spatial Fourier transform of the light field:

Uz (kx, ky, ) = F{ Az (x,y,A)} (2.3)

where (ky, k,) are the spatial frequency components, and U (ky, k,) represents the
amplitude of each plane wave component.

Subsequently, each plane wave component propagates independently and accumu-
lates a phase according to its propagation distance:

uzim (kx, ky, )\) = uZO (kXI ky,)\) . eikz(zinlfz()) (24)

where:
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=k Rk="T (2.5)

The field at the target plane is then calculated by converting the propagated angular
spectrum back into the spatial domain:

AZim(x’y’A) = ‘Fﬁl{uzim (kx’ ky/ )\)} (2‘6)
The light intensity distribution is calculated from the complex field:
Lm(x,y,A) = | Az, (x,y,A) (2.7)

2.2.3 Meta-atom response library

" T(a)

FIGURE 2.2: The setup for obtaining the meta-atom response from RCWA or FDTD simulation.

To design a metasurface with a specific complex modulation field T(x,y, A), we need
to determine the complex modulation T as a function of the lateral sizes (termed
the geometry parameters) of the meta-atoms. Suppose the meta-atom is defined
by a geometry parameter a, then the mapping @ — T, denoted as T(a), must be
established. Different geometry parameters a lead to different complex modulations
T, forming a meta-atom response library. Meta-atoms at each lattice site are selected
from this library to realize the desired complex modulation field T(x,y, A), thereby
achieving the intended optical functionality.

The meta-atom response library can be constructed through numerical simulations
using methods such as rigorous coupled-wave approximation (RCWA) or finite-
difference time-domain (FDTD) simulation.

In these simulations, as shown in Figure 2.2, a unit cell is defined with dimensions
equal to the metasurface lattice periodicity p. Periodic boundary conditions are ap-
plied in the lateral directions, implying that the meta-atom forms part of an infinite
periodic array. The simulation setup specifies the refractive indices of the meta-atom
and cladding materials, the geometry parameters 4, the height of the meta-atom #,
and the incident light source—assumed in this thesis to be a normally incident plane
wave. The complex fields above and below the meta-atom are monitored, and the
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complex modulation T (comprising both amplitude and phase components) is ex-
tracted by calculating the average complex transmission across the unit cell:

Ao

T:=
Ap

2.8)

where the overline denotes averaging over the entire unit cell area, and A; and Ao
represent the incident and transmitted complex fields, respectively.

2.2.4 Metasurface design
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analysis
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| Loss Compare
function
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design modulation field distribution

a(X,J/) T(X.YJ\)

Metasurface Metasurface
modulation field |:> design
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FIGURE 2.3: (a) The workflow for designing a metasurface by directly designing the complex
modulation function T(x,y,A). (b) The workflow for designing a metasurface by iterative opti-
mization.

The functionality of a metasurface can be described as follows: given an input field
A1(x,y, ), the goal is to obtain a target intensity distribution Iiarget (X, y, A) on the im-
age plane, as illustrated in Figure 2.1b. As shown in Figure 2.3a, to achieve this, the
required complex modulation field T(x,y, A) can either be derived from theoretical
analysis or obtained through ray tracing simulations. Then, for each spatial loca-
tion (x,y) and wavelength A, the appropriate meta-atom that realizes the desired
complex modulation T is selected from the meta-atom library.

In some cases, the target modulation field T(x,y, A) cannot be directly determined
from theory or ray tracing, or it may not be fully realizable due to physical or fab-
rication constraints. In such situations, an iterative optimization algorithm can be
employed to make the simulated intensity distribution Ism (¥, y, A) match the target
distribution Iiarget(X, ¥, A) as much as possible. As shown in Figure 2.3b, this pro-
cess typically involves using the angular spectrum method to simulate the propaga-
tion of the modulated output light field and applying a gradient descent algorithm
to minimize a loss function that quantifies the difference between Isim (x,y,A) and

Itarget(x/ y/ /\)



Chapter 3

Endoscope System Overview

3.1 Introduction to the endoscope

The endoscope is a pivotal medical-imaging instrument that gives clinicians direct
visual access to otherwise unreachable hollow organs and body cavities. By deliv-
ering illumination and capturing real-time images, it supports both diagnosis and
surgery. Endoscopes are generally classified as rigid, flexible, or capsule endoscopes.
Flexible endoscopes dominate routine practice because they can navigate tortuous
anatomical pathways and readily accommodate working channels for therapeutic
tools. Consequently, the discussion in this chapter and the works demonstrated
throughout this thesis are mainly based on flexible endoscopic systems.

3.1.1 Structures and configurations

A typical flexible endoscope comprises a miniaturized rigid imaging head at the dis-
tal end (inserted into the body) attached to a flexible shaft connecting the distal end
and the proximal end (outside the body), as illustrated in Figure 3.1a. The imag-
ing head captures images inside the human body, while the flexible shaft contains
a bundle of fibers or fibers plus cables, which delivers the light to the distal end for
illumination and relay image data outside of the human body. This flexible shaft
allows the instrument to snake through narrow, winding passages with minimal
trauma, greatly expanding its clinical utility.

Flexible endoscopes can be broadly categorized into two configurations: non-scanning-
based and scanning-based systems. In non-scanning-based endoscopes, as shown in
Figure 3.1b, the imaging head functions similarly to a miniaturized camera. The tar-
get area is uniformly illuminated by the light delivered to the distal end, and an
optical imaging system projects the scene onto an image plane. The resulting im-
age is either transmitted to an external camera via a coherent fiber bundle—a tightly
packed array of optical fibers that preserves spatial information—or directly cap-
tured by a miniature camera sensor chip placed at the distal tip. In the latter case,
the image is converted into electrical signals and transmitted through a cable to ex-
ternal processing equipment.

In contrast, scanning-based endoscopes rely on a different imaging approach. The
illumination light is projected by an optical system, typically forming a single spot
that moves sequentially to cover the entire scene. As in spot scans, the intensity of
the reflected light is recorded as a function of time, enabling the reconstruction of
the image pixel by pixel. As demonstrated in Figure 3.1c, scanning can be achieved
through several mechanisms: physically moving the light-emitting tip (commonly
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FIGURE 3.1: (a) A schematic of a flexible endoscope working inside a body cavity. (b) Configu-
rations for non-scanning endoscope. (c)(d)(e) Configurations for scanning endoscope, with three
major ways for scanning: (c) Moving the light-emitting tip. (d) Scanning mirror. (e) Actuating the
entire imaging head.

the tip of an optical fiber) in the imaging head, adjusting the light projecting optical
system such as a scanning mirror, or actuating the entire imaging head.

3.1.2 Physical dimensions and imaging specifications

The physical dimensions, the rigid tip length and the outer diameter, are crucial to
the application versatility of the endoscope.

As shown in Figure 3.2a, the rigid tip refers to the straight, non-flexible portion at the
distal end of an endoscope, typically housing the imaging head and the ending part
of the flexible shaft. This length determines how close the tip can approach curved
or tortuous anatomy before visualization becomes obstructed. A shorter rigid tip
increases maneuverability within narrow ducts and reduces the minimum bend ra-
dius required for navigation, which is especially critical in minimally invasive pro-
cedures.
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FIGURE 3.2: (a) A schematic demonstrating the rigid tip length and outer diameter of an endo-
scope. (b) A schematic demonstrating the field-of-view and angular resolution of an endoscope.

The outer diameter indicates the maximal cross-sectional width of the rigid tip, en-
compassing the optical system, illumination channels, and any working ports. It di-
rectly governs which lumens or anatomical orifices the scope can traverse. Smaller
diameters allow access to finer structures and reduce patient trauma, but also con-
strains the size of internal optics, which affect the imaging specifications.

The key imaging specifications of an endoscope include frame rate, field-of-view
(FOV), and spatial resolution, each of which plays a vital role in clinical performance:

Frame rate refers to the number of image frames captured and displayed per sec-
ond, typically measured in frames per second (fps). A high frame rate enables
smooth, real-time video feedback, which is crucial for dynamic procedures and ac-
curate hand-eye coordination during minimally invasive interventions.

As indicated in Figure 3.2b, field-of-view is the angular extent of the observable
scene captured by the imaging system, often expressed in degrees. A wide FOV
allows clinicians to visualize a larger anatomical area without repositioning the en-
doscope, enhancing spatial awareness and reducing procedure time. Endoscopes
typically have wide field-of-views larger than 70°.

Spatial resolution denotes the minimal lateral separation that the imaging system
can resolve. Due to the wide field of view and long imaging distance of the en-
doscope compared to its diameter, the resolution is usually measured as an angle,
as indicated. Higher spatial resolution provides clearer and more detailed visual-
ization of fine anatomical structures, improving diagnostic accuracy and precision
during surgical manipulation.

Together, these specifications define the imaging performance of the endoscope and
strongly influence its clinical effectiveness.

3.1.3 Applications and needs for miniaturization

Over the past few decades, endoscopes have steadily shrunk in size, opening up
new possibilities in exploring tight spaces like the cardiovascular blood vessels [1, 2,
3], the spinal canal, and the deep regions of the brain [4, 5]. Originally, endoscopes
were relatively large and rigid, fitting only where direct access was available. But
advances in materials, tiny cameras, and light sources have led to ultra-thin, flexi-
ble versions that can travel through complex pathways with minimal disturbance.
For example, narrow scopes now slip through blood vessels to reveal blockages or
guide treatments, while even smaller probes gently navigate around delicate neu-
ral tissue deep in the brain or spine. These slimmer instruments are less intrusive,



10 Chapter 3. Endoscope System Overview

reduce patient discomfort, and allow doctors to examine and sometimes treat areas
that were previously unreachable. As miniaturization continues, medical teams can
reach more confined spaces, leading to better outcomes in cardiovascular, neurolog-
ical, and spinal care.

3.2 Challenges and solutions for the miniaturization of the
endoscope

There is a clear and accelerating trend toward reducing the physical dimensions
of endoscopes, driven by the need to access increasingly confined anatomical re-
gions. However, this miniaturization imposes limitations on imaging specifications
and quality. As a result, maintaining high imaging performance while minimizing
device size presents a significant technical challenge.

3.2.1 Rigid tip length reduction

In traditional endoscopic imaging heads, the optical imaging or light-projecting sys-
tem often relies on curved refractive lenses, which contribute significantly to the
rigid tip length of the device.

Due to the typically wide field-of-view required in endoscopy, a single spherical lens
is insufficient for high quality imaging. At large off-axis angles, such a simple lens
would introduce severe optical aberrations including coma, astigmatism, and field
curvature that degrade image quality. To mitigate these aberrations, conventional
designs use a cascade of multiple curved refractive lenses. These assemblies often
involve several lens elements and air gaps, resulting in a longer and more complex
optical path that increases the overall length of the endoscopic tip.

To address these limitations, gradient-index (GRIN) lenses have been adopted as a
compact alternative to refractive lens assemblies. A single GRIN lens can emulate
the function of several discrete lenses by guiding and focusing light through a con-
tinuous refractive index gradient within the lens material. Moreover, GRIN lenses
feature flat, polished end faces, which simplify alignment and eliminate the need for
precise inter-lens spacing. This enables a more compact, rugged, and easily assem-
bled endoscopic tip.

Despite these advantages, GRIN lenses still possess a substantial physical length.
In contrast, metalenses offer an ultra-thin solution, with thicknesses on the order of
the operating wavelength. These metasurface-based optics can replicate the func-
tionality of complex refractive systems in a single planar element while maintaining
low optical aberrations. Their subwavelength-scale phase and amplitude modula-
tion capabilities allow for precise wavefront shaping, making them highly suitable
for endoscopic applications where space is constrained.

The integration of metalenses into endoscope designs has already been demonstrated
in various configurations, including coherent fiber bundle endoscopes [6, 7], chip-
on-tip endoscopes [8], and scanning-based endoscopic systems [9], highlighting their
potential to dramatically reduce rigid tip length while preserving or even enhancing
imaging performance.
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FIGURE 3.3: (a) A schematic demonstrating the diffraction limited angular resolution of a scanning
based endoscopic system. (b) A schematic demonstrating the diffraction limited angular resolu-
tion of a non-scanning endoscopic system

3.2.2 Resolution constrained by outer diameter due to light diffraction

As with any conventional optical system, the angular resolution of an endoscope is
constrained by the aperture diameter due to the diffraction of light, regardless of
whether it is scanning based or non-scanning system. The diffraction-limited angu-
lar resolution is given by:

A
06ais = 1.2275- (3.1)

a

where 604;¢ is the diffraction-limited angular resolution, A is the wavelength of light,
and D, is the aperture diameter of the optical imaging system. In endoscopic sys-
tems, D, is inherently constrained by the outer diameter of the endoscope (Dop),
such that D, < Dop.

For scanning-based endoscopes, the illumination beam has a pupil of diameter D,,
determined by either the divergence angle of the light source or the aperture size,
whichever is smaller. This finite beam pupil results in a divergence angle that sets
the angular resolution, as illustrated in Figure 3.3a.

For non-scanning endoscopes, the incoming light also has a pupil of diameter D,
constrained by the aperture. The collimated beam focused onto the sensing unit
produces a diffraction-limited spot size. As shown in Figure 3.3b, two collimated
beams with an incident angle difference of 664 form two barely resolvable spots
whose separation equals the spot size. This angular difference therefore defines the
angular resolution.

In both scanning-based and non-scanning endoscopes, the diffraction-limited angu-
lar resolution is governed by the same relation given in Eq. 3.1.

To partially overcome this diffraction limit, post-processing techniques such as im-
age deconvolution can be employed. In particular, the Richardson-Lucy deconvolu-
tion algorithm offers a promising approach for enhancing resolution in wide field-of-
view endoscopic imaging. Since for such imaging systems, the point spread function
(PSF) varies with position across the image field, this algorithm is especially effec-
tive because it can accommodate spatially varying PSFs, improving image sharpness
beyond the raw optical resolution limit.
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FIGURE 3.4: (a) Angular resolution of a scanning based endoscope can reach the diffraction limit.
(b) A schematic demonstrating the angular resolution of a non-scanning endoscopic system lim-
ited by pixel density. (c) Finite separation of fiber cores limits the number of pixels of a non-
scanning endoscope.

3.2.3 Resolution constrained by outer diameter due to pixel density limi-
tation

For non-scanning endoscopes with a large field-of-view, the diffraction-limited res-
olution is often unattainable—not due to optical limitations, but due to insufficient
pixel density (pixels per unit length) on the image plane. Whether using a coherent
fiber bundle or a camera sensor chip-on-tip, the number of resolvable pixels on the
image plane is fundamentally constrained by the minimal spacing between adjacent
sensing elements (fiber cores or micro sensors), as each sensing element can only
capture a single pixel of imaging data. This sets a fundamental ceiling on resolution.

As shown in Figure 3.4b and ¢, in a coherent fiber bundle, each individual fiber
core is separated by cladding and often buffer layers to provide mechanical integrity
and to prevent optical crosstalk between neighboring fibers. Similarly, in a CMOS
or CCD camera sensor chip, each photosensitive pixel is surrounded by transistors
and interconnects necessary for signal readout. These features introduce a mini-
mal center-to-center spacing between pixels, denoted here as Ax, which limits the
achievable pixel density on the image plane. Below are the detailed mathematic
calculations.

Let the image-capturing area on the image plane have a diameter D;,, < Dop, where
Dop is the outer diameter of the endoscope. The maximum number of resolvable
pixels across the diameter is:

Dim

Nn =
b Ax

(3.2)

Given a total field-of-view 6roy, due to the one-to-one correspondence between the
fiber core and the image pixel (see Figure 3.4b), the angular resolution is limited by
the pixel density:
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If the spacing between the pixel Ax is significantly larger than the beam spot size
on the image plane, the pixel density limited angular resolution 86, will be signifi-
cantly worse than the diffraction limited angular resolution. In other words, in this
case the number of pixels on the image plane is much less than the maximal number
of resolvable beam spots. This situation can easily occur in an endoscope, where the
diameter of the image-capturing area is small and the angular field-of-view is large.

Assuming the image-capturing area diameter equals the aperture diameter, which
is smaller than the outer diameter of the endoscope, i.e., Din, = D, < Dop, we can
compare the pixel density limited resolution 6,y to the diffraction-limited resolu-
tion 084;¢ from Eq. 3.1. The pixel-limited resolution becomes significantly worse than
the diffraction limit when:

Oroy - Ax > 1.22) (3.4)

For instance, at a visible wavelength of A ~ 550 nm, state-of-the-art sensor and fiber
technologies achieve a minimum spacing of no better than Ax ~ 3 pm. Endoscopic
systems typically operate with wide fields of view, often froy > 70° ~ 1.22 radi-
ans. In such cases, the inequality in Eq. 3.4 holds true, confirming that pixel density
instead of diffraction becomes the dominant limiting factor for angular resolution.

3.2.4 Breaking the pixel density limitation via scanning imaging

For scanning-based endoscopes, each instant of the scan captures a single image
pixel, corresponding to a specific position of the light source in the scanning plane.
The minimal spacing between light source positions at successive instants defines
the total number of pixels of the image and is determined by the signal acquisi-
tion rate and the scanning frequency. This spacing can be significantly smaller than
the minimal core-to-core spacing in a coherent fiber bundle or the pixel pitch of
a camera sensor, enabling sampling at the level required to meet the diffraction-
limited angular resolution, as illustrated in Figure 3.4a. Consequently, the pixel
count of a scanning-based endoscope, Np, can greatly exceed that of a coherent
fiber bundle or camera sensor, particularly when the image plane diameter Din, is
small. For example, it has been demonstrated that a scanning fiber endoscope with
Diy = 0.85mm can capture 200,000-300,000 total pixels per scene (~ N%), far sur-
passing the 30,000-60,000 pixels typically achieved by non-scanning endoscopes em-
ploying coherent fiber bundles [10].

However, achieving a higher Np—and thus finer angular resolution—comes at the
cost of reduced frame rates and increased system complexity. The need to integrate
scanning components adds mechanical and optical intricacies that can significantly
increase the rigid tip length, posing additional design and fabrication challenges.

3.2.5 Breaking the pixel density limitation via spectral encoding

A notable property of fiber optics is that light can propagate through the fiber with-
out spectral distortion. This characteristic presents a promising opportunity to over-
come the pixel density limitations in endoscopy: by encoding spatial information
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FIGURE 3.5: A schematic demonstrating the spectral encoding approach to break the pixel density
limitation.

into the spectrum of light at the distal end using a spectral encoder, and then recon-
structing the image at the proximal end, it becomes possible to transmit multiple
pixels of information through a single fiber core. Figure 3.5 schematically illustrates
this approach.

This approach effectively bypasses the traditional limitations imposed by the mini-
mal core-to-core spacing in coherent fiber bundles. We refer to this concept as Spec-
trally Encoded Non-Scanning Endoscope (SENSE). The core element of SENSE is
the spectral encoder, which has been previously realized using orthogonally tilted
Fabry-Pérot cavities [11] or random scattering media [12]. However, these early
implementations faced several challenges. First, they relied on inherent randomness
in the encoding elements, which limited the ability to optimize the encoding pro-
cess. Second, they lacked emphasis on microfabrication, resulting in devices that
were bulky and unsuitable for integration into compact endoscopic systems.

Metasurfaces, by contrast, offer precise control over the spatial and spectral modula-
tion of light. They are highly designable, allowing for deterministic encoding strate-
gies tailored to specific imaging needs. Moreover, metasurfaces can be fabricated
using a single-step lithography process, enabling compact and scalable integration.
These advantages make metasurfaces a highly promising solution for implementing
SENSE in miniaturized endoscopic platforms.
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Chapter 4

Modeling of the scanning fiber
endoscope imaging head

4.1 Overview

Scanning fiber endoscopes (SFEs) are a class of scanning-based endoscopes known
for their forward-viewing configuration and exceptionally compact size—the small-
est among scanning-based designs. In addition to their miniature form factor, SFEs
feature a relatively simple optical configuration, making them easier to integrate into
medical devices. These advantages make SFEs particularly promising for applica-
tions where endoscope miniaturization is critical, such as assisting in clog removal
within cardiovascular vessels.

This chapter provides a knowledge base for the following two chapters for two
projects related to two research projects in which metasurfaces are employed as
flat lenses (metalenses) to replace conventional refractive lens assemblies in SFEs.
In the first project, a monochromatic metalens operating at a near-infrared wave-
length of 1310nm was designed, fabricated, and characterized. This wavelength
was selected because it lies within a biological "optical window," where bodily flu-
ids such as blood exhibit relatively high transparency. Such reduced optical absorp-
tion enhances imaging clarity, making it particularly suitable for applications like
angioscopy, where endoscopes are used to provide vision within blood vessels. The
design of the metalens follows a direct design approach, in which the metalens is
treated as a phase mask with uniform transmission and a spatially varying phase
profile. The phase profile is derived from ray-tracing simulations and optimization
of the optical system within the endoscope.

The second project focuses on the development of a polychromatic metalens engi-
neered to be dispersionless across multiple discrete wavelengths (441 nm, 532 nm,
and 643 nm), enabling tri-color RGB imaging in an SFE. This metalens is designed
using an iterative optimization approach: the ideal optical functionality is first de-
termined via ray-tracing simulation, and then the metalens structure is optimized
iteratively to closely approximate this ideal performance.

In this chapter, a ray-tracing model was developed to simulate the imaging head of
the scanning fiber endoscope, optimize the phase profile for metalens design, and
compare the performance of metalens configurations with that of traditional refrac-
tive lens assemblies. The simulation results demonstrate that using a metalens can
significantly reduce the optical track length. In addition, theoretical calculations of
the diffraction-limited resolution were performed. The ray-tracing simulation, along
with the resolution analysis, indicates that the metalens configuration can achieve
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diffraction-limited performance across the entire field-of-view. In contrast, the re-
fractive lens assembly suffers from aberration at large angles, which becomes the
dominant factor limiting resolution and causes it to exceed the diffraction limit.

We credit Prof. Eric Seibel and his group members for providing the original ray-
tracing model file for refractive lens design of the scanning fiber endoscope.

4.2 Basicstructure and working principle of the imaging head
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FIGURE 4.1: (a) Schematic demonstration the imaging head of a scanning fiber endoscope (SFE).
(b) Schematic of the structure of the home-made piezo tube actuator for scanning the fiber.

As illustrated in Figure 4.1(a), in the imaging head of an SFE system, a beam is
projected to scan the scene at the far field (where the working distance 4 is much
larger than both the diameter of the imaging head Dop and the focal length of the
projecting lens f), following a spiral trajectory. As the scanning beam sequentially
illuminates different areas of the scene, the backscattered light is collected by a return
fiber. The time-varying intensity of the returning light signal is subsequently used
to reconstruct the image of the target scene.

The scanning beam is generated by resonantly actuating a single mode fiber. Specif-
ically, the fiber tip follows a spiral trajectory in the focal plane of the metalens, and
light emitted from the fiber tip at different lateral positions is projected by different
regions of the projecting lens to distinct areas in the far field. This projection can
be equivalently viewed as the lens forming an image of the scanning fiber tip at an
infinitely distant plane.

The single mode fiber is resonantly actuated using a custom-made piezoelectric tube
(Figure 4.1b). The fiber tip position (x, y) follows a spiral trajectory in the focal plane
of the metalens, described by:

x(t)
y(t)

max( /T) - sin wt (4.1a)

A
Amax(t/T) - cos wt (4.1b)

Here, T is the period of one complete scan, t € [0,T], w is the resonance angular
frequency of the scanning fiber system with wT/(27) > 1, and Amax is the maxi-
mum lateral displacement of the fiber tip. The beam emitted from (x, y) in the focal
plane is projected to a corresponding point (xy,y;) in the far field. The time-varying
light intensity signal I(t) collected by the return fiber is recorded and synchronized
with the scanning trajectory xj(t), y;() to reconstruct the image signal I(xj, yr). The
beam scanning trajectory is calibrated prior to imaging.
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4.3 Ray-tracing simulation of the beam projection
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FIGURE 4.2: (a) Schematic demonstration of the beam projecting system in SFE. (b) Cross-section
view of the setup of the light sources imitating a scanning fiber tip in ray-tracing simulation in
Zemax. (c)(d) Cross-section view of the beam projecting lenses. (c) Traditional refractive lens
assembly that consists of two sperical lenses. (d) Metalens acting as a flat phase mask. (e)(f)
Cross-section demonstration of the beams being projected to different angles at the far field, with
image plane imitating the illumination scene. (e) The illumination scene is a plane normal to the
optical axis, with a distance dj,, from the projecting lens. (f) The illumination scene is a spherical
surface with its center at the projecting lens position and a radius Rjn,. In this case the projecting
beam is studied in angular space.

A ray-tracing simulation of the beam projecting system in the imaging head is con-
structed in Zemax to guide the design of the metalens used as the projecting lens.
As illustrated in Figure 4.2a, the projection system is conceptually divided into three
components: the scanning fiber tip (serving as the light emitter), the lens, and the
illumination scene. In the simulation, the scanning light emitter is modeled by plac-
ing point light sources on the object plane, while the illumination scene is defined as
the image plane.

4.3.1 Modeling of the scanning fiber tip

As shown in Figure 4.2b, to emulate the fiber tip that moves along a spiral trajectory,
a curved object plane is defined, with multiple light sources placed on this surface.
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Since the scanning trajectory—and thus the entire beam projecting system—is rota-
tionally symmetric around the optical axis (z-axis), the light sources positioned along
the y-axis at different locations y; are sufficient to study the beam projecting system.
This arrangement simulates the fiber tip being actuated to varying lateral distances
from its resting position on the optical axis. Accordingly, in the object plane, the
y-axis is defined as the tangential axis (along the fiber tip lateral displacement direc-
tion), while the x-axis becomes the sagittal axis.

As demonstrated in Figure 4.2b, for a fiber tip displaced laterally by vy, there is a
corresponding pointing direction characterized by the beam emitting angle a rela-
tive to the optical axis. The fiber tip also exhibits an axial displacement Az from its
resting position. The values of « and Az as functions of y; are determined by the
mechanical behavior of the scanning fiber actuated by the piezoelectric tube. These
characteristics are modeled using the method described in [13], assuming a 1800 pm
free-standing fiber length. The results are summarized in Table 4.1.

The beam emitted from the fiber tip also has a divergence angle ¢, which is deter-
mined by the numerical aperture (NA) of the fiber:

NAfiper = sin % (4.2)

In the ray-tracing simulation, we assume NAgpe, = 0.18, which corresponds to ¢ =
10.4°.

To approximate the Az(y;) data in Table 4.1, the object surface is defined as a spher-

ical surface with radius Rop;:
1 2

Az ~ — . 4.3
2Robj yl ( )

From the data in Table 4.1, we obtain Robj = 1600 pm.

The values of a(y;) and ¢ can be modeled by placing an aperture stop to the left
of the object plane surface. The parameters are defined by the distance between the
aperture stop and the object plane, dss, and the diameter of the aperture stop, Das:

& ~ arctan J- 4.4)
dss
D

@ = arctan ﬁ (4.5)

Based on the a(y;) data in Table 4.1, we determine that dsg = 1350 pm.

| beam 1] 2 [ 3] 45 ] 6 | 7|
| fiber tip lateral position y; (um) | 0| 40 | 80 | 120 | 160 | 200 | 240 |
] fiber tip axial displacement Az (um) ‘ 0 ‘ ‘ ‘ -4.6 ‘ 7.9 ‘ -12.4 ‘ 1 ‘
| beam emitting angle « (*) |0 17|34 |51]67| 84 | 101 |

TABLE 4.1: The lateral and axial position of the fiber tip and the corresponding beam emitting
angles in the ray tracing simulation in Zemax.
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4.3.2 Modeling of the projecting lens

As demonstrated in Figure 4.2d, the metasurface serves as a flat beam-projecting
lens. As described in Chapter 2.2.1, a metasurface functioning as a metalens can be
modeled as a flat phase mask. This phase mask is positioned at an axial distance
dsy, from the scanning plane of the fiber tip (the object plane), which lies at the focal
plane of the lens. The lens forms an image of the fiber tip—treated as a point light
source located at the focal plane—onto the far-field scene. To achieve a wide field
of view (FOV), the lens must project beams incident near its edge at large off-axis
angles. To minimize off-axis aberrations, the lens is initially assigned a primitive
phase profile ¢y(p) that approximates a parabolic function:

Po(p) = ———p* = ———p? (4.6)

Here, A is the wavelength of the light, p is the radial distance from the lens center,
defined as p(x,y) = \/x? + y?, and f is the focal length of the lens.

With this phase profile, the beam projecting angle 6 closely follows:

6 = arcsin (y1/dsr) 4.7)

Thus, ds;. and the maximum lateral displacement of the fiber tip during scanning,
Y1-max, determine the system’s field of view Oroy as:

Orov = 26max = 2 arcsin (Y1-max/dsL) (4.8)

Given a target Orov = 70° and y1-max = 240 um, as specified in Table 4.1, the required
axial distance between the fiber tip and the metalens is ds;, = 400 pm.

The actual phase profile ¢ of the metalens is then slightly optimized to account for
the non-flat object plane and the non-zero beam emitting angle x. Due to the ro-
tational symmetry of the projecting lens, the phase profile is expressed as an even-
order polynomial:

$(p) = Z App* (4.9)

k=1

Here, k denotes the polynomial order, and Aj are the corresponding coefficients,
which are optimized. We set n = 3, as the first three terms are sufficient for effective
optimization. The initial condition for optimization uses ¢y, with A; = — & and
Ay = A3 =0.

Figure 4.2c shows a traditional micro-refractive lens assembly with similar function-
ality, provided here for comparison. Due to fabrication limitations, micro-refractive
lenses are typically restricted to spherical surfaces, which do not follow a parabolic
phase profile. This results in significant off-axis aberrations, as discussed in Chap-
ter 3.2.1. To mitigate these aberrations, a two-lens spherical assembly is employed.
The refractive index of the lens material is approximately 1.5, and the radii and po-
sitions of the two lenses are optimized. As shown, compared to a state-of-the-art
SFE system using a spherical refractive lens assembly, the metalens configuration
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reduces the optical track length in the SFE from 1.2 mm to 0.86 mm. This length can
be further reduced to approximately 0.4 mm by using a thinner substrate (around
0.1 mm, which is mechanically strong enough to withstand the fabrication process
and remain flat in the SFE configuration).

4.3.3 Modeling of the scene being illuminated

The image plane that imitates the scene being illuminated by the beam is either a
flat plane normal to the optical axis with work distance di, = 15 mm (Figure 4.2e,
for the near-infrared metalens) or a curved spherical surface with large radius Rin,
(Figure 4.2f, for the tri-color RGB metalens). The latter setting is used to study the
angular distribution of the projecting beam.

As indicated in Figure 4.2a, e, and f, in the image plane, the saggital direction is
still the x-axis and the tangential axis is perpendicular to both the beam propagating
direction and the sagittal axis. As will be demonstrated in the following chapters,
the intensity profiles of the projecting beams along the sagittal and tangential axes
will be different.

4.3.4 Diffraction limited spatial resolution

The spatial resolution of the beam projecting system is determined by both optical
aberrations (which is indicated by the spot diagram diameter) and the diffraction-
limited diameter of the projected beam. Whichever of the two is significantly larger
will dominate and ultimately determine the actual resolution.

The diffraction-limited resolution of this system is defined by the diameter of an
ideal collimated Gaussian beam on the image plane. It is not determined by the lens
diameter Djepg, but instead by an effective aperture, i.e., the beam diameter Dy; on
the metalens, which is governed by the axial distance ds;, and the beam divergence
angle ¢ from the fiber. It can be theoretically calculated as a function of the projecting
angle 6 and the image plane distance dip,.

Assuming the beam emitted from the fiber tip is Gaussian with a divergence angle
@, the beam diameter is twice the Gaussian beam width wy, on the metalens:

Dy = 2wy, = 2dgp tan ¢ (4.10)

Since the fiber tip is placed at the focal plane of the metalens, the emitted beam be-
comes collimated upon exiting the lens, with its beam waist located at the metalens.
The amplitude profile of this Gaussian beam is assumed to match the incident beam
on the lens. Consequently, the projected beam becomes elliptical, with waist widths
wes and wor in the sagittal and tangential directions, respectively:

Wos = WpL (411&)
WoT = Wy, COS O (4.11b)

As can be seen in Figure 4.2, the projected beam propagates at an angle 0 relative to
the optical axis. Therefore, at a working distance z, the actual propagation distance
dy is:

p
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dp = z/ cost (4.12)

The Gaussian beam width w evolves as a function of the distance d from the waist
according to:

w(d) = woy/1+ (d/zr)? (4.13a)

zZgr = MTwg/A (4.13b)

Substituting d = d,, from Equation 4.8 and using wps and wor from Equation 4.11,
the projected beam widths along the sagittal and tangential directions, ws(z, 0) and
wr(z,0), are:

ws(z,0) = wa\/l + [Az/ (mw?; cos0)]? (4.14a)

wr(z,0) = Wy, cos 9\/1 + [Azcos 8/ (mw}; cos® )2 (4.14Db)

This beam width is defined on the plane perpendicular to the propagation direction
of the beam. When on the image plane (x-y plane), the beam profile along the y-
axis is a projection of the tangential profile. Thus, the beam widths along the x- and
y-axes, denoted w, and w,, are given by:

wy(z,0) = ws(z,0) = wa\/l + [Az/ (w2, cosh)]? (4.15a)

wy(z,0) = wr(z,0)/ cosf = wa\/l + [Az/ (mw?; cos®0)]? (4.15Db)

A Gaussian beam with beam width w has a lateral intensity distribution I(r) de-
scribed by:

I(r) = Ipexp (—2r*/w?) (4.16)

The full width at half maximum (FWHM) of the projected beam on the image plane
defines the spatial resolution of the beam projecting system. Accordingly, the reso-
lution R is:

FWHM = r where I(r) = %Io (4.17a)
R =2.FWHM = v2In2w (4.17b)
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Thus:
Rx(2,0) = V2In2wpp \/1+ [Az/ (mw} cos6)]? (4.18a)
Ry(z,0) = V2In Zwa\/l + [Az/ (mwd; cos®0)]? (4.18b)

The far-field diffraction-limited resolution can also be defined in angular space, as
illustrated in Figure 4.2f. Given the projected beam waist widths wps and wor in the
sagittal and tangential directions, the corresponding angular divergence angles 565
and 00t are:

A
(505 = A/(ﬂwOs) = ey (4.19&)
(59]" = )L/(TCZUOT) = A 1 (419b)

Twyp, cosB

Following the same FWHM-based definition, the angular resolutions in the sagittal
and tangential directions, Rys and Ryr, are:

Ros = V2In266S = vV2In2 A (4.20a)

TTWp1,

vV2In2 A

cosf mwyr,

Rer = V2In250T = (4.20b)

4.3.5 Ray-tracing results

As shown in Figure 4.2c and d, seven point sources are evenly distributed along the
y-axis from y = Opm to y = 240 um on the object plane, which is located 400 pm
away from the metalens. The phase profile of the metalens is optimized to minimize
the root-mean-square (rms) radius of the spot diagrams corresponding to the images
of these seven point sources. The spot diagrams of the projected beams for the seven
positions are presented in Figure 4.3a—c.

As shown in Figure 4.3d, the beam projecting angle 6 as a function of the fiber
tip’s lateral position y; closely follows the theoretical relationship 6 = arcsiny; /dst,
(Equation 4.8), for both the refractive lens assembly and the metalens configurations.

The diffraction-limited resolutions (FWHM beam diameters) are calculated using
Equations 4.18 and 4.20, assuming wp;, = 73 um (NAgper = 0.18, dsp, = 400 pm), and
A = 1.31 pm for the near-infrared SFE (Figure 4.3a and b), and A = 0.441 um for the
tri-color RGB SFE (using the shortest working wavelength, Figure 4.3c). The calcu-
lated FWHM beam edges are plotted as orange dashed lines in the spot diagrams.

The diffraction-limited beam diameters are also compared with the diameters of the
ray-tracing spot diagrams (defined as two times the rms radius) in Figures 4.3e and f.
As observed, the ray-tracing spot diameters for the metalens configurations remain
well below the corresponding diffraction-limited diameters, indicating that diffrac-
tion dominates and thus defines the system resolution. In contrast, for the refractive
lens assembly, the spot diameter exceeds the diffraction limit at large beam project-
ing angles (6 > 30°). This demonstrates that the refractive lens assembly—despite
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FIGURE 4.3: (a)(b)(c) Ray-tracing spot diagram of the SFE beam projecting system after ray-tracing
optimization in Zemax. The orange dash-line indicates the diffraction limited FWHM beam edge.
(a) Refractive lens assembly setup in Figure 4.2c, working wavelength A = 1.31 um. The image
plane is indicated in Figure 4.2e with dip, = 15mm. (b) Metalens setup in Figure 4.2d, A =
1.31 um. The image plane is indicated in Figure 4.2e with dj, = 15mm. (c) Metalens setup in
Figure 4.2c, A = 0.441 pm. The image plane is indicated in Figure 4.2f with R;; = 80 mm. (d) Beam
projecting angle 0 as a function of the lateral displacement of the fiber tip during scanning, ;.
(e)(f) Diffraction limited FWHM beam diameter and ray-tracing spot diagram root-mean-square
diameter. (e) The cases in (a) and (b). (f) The case in (c).

its longer optical track length and more complex configuration—fails to achieve
diffraction-limited performance at large 6 due to optical aberrations.

These results suggest that replacing the refractive lens assembly in SFE systems with
a metalens not only reduces the length of the imaging head, but also improves the
overall optical performance.
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Chapter 5

Monochromatic metalens for
near-infrared scanning fiber
endoscope

5.1 Overview

A monochromatic metalens was designed to replace the refractive lens assembly
in a near-infrared scanning fiber endoscope. The metalens is specified to have a
field-of-view of froy = 70°, a diameter of Djens = 0.68 mm, a working distance of
dim = 15mm, and an operating wavelength of A = 1.31 pm. Following fabrication,
the metalens was experimentally characterized by measuring the longitudinal and
transverse intensity distributions of the projected beam. The results confirm that the
metalens achieves diffraction-limited resolution.

We credit Matthew D. Carson for building the fiber actuator that performs fiber scan-
ning.

This chapter is adapted from a published paper [14].

5.2 Metalens design

The ray-tracing optimization is performed as described in Chapter 4.2. Subsequently,
the metalens is directly designed to implement the phase profile ¢(p) (shown in Fig-
ure 5.1a) obtained from ray-tracing optimization. Since the meta-atoms can only
realize phase delays on the order of several multiples of 277, the continuous phase
profile is wrapped modulo 27t and then discretized into 12 uniform phase levels, as
illustrated in Figure 5.1b. For each lattice site (x,y) on the metalens, the required
phase is calculated as ¢(p = \/x? 4+ y?) and then rounded to the nearest discretized
level. A corresponding meta-atom is selected from the meta-atom library to realize
each phase level.

The meta-atom library is based on crystalline silicon (cSi) square posts on a sapphire
(Al,O3) substrate, arranged on a square lattice with a periodicity of p = 600 nm and
a post height of 1 = 1000nm. The lateral size a of the meta-atom is the tunable
parameter, as shown in Figure 5.2a. Rigorous coupled wave analysis (RCWA) [15]
is used to numerically calculate the phase and transmission responses of the meta-
atoms as a function of a. These simulation results guide the selection of meta-atom
sizes that achieve high transmission while covering the 12 discretized phase levels
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required to construct the metalens. The simulated phase and transmission responses
are plotted in Figure 5.2b.
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FIGURE 5.1: (a) The unwrapped phase profile of the metalens. (b) The wrapped and discretized

(12 equally spaced levels) phase profile (0 < p < 60 um) of the metalens.
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FIGURE 5.2: (a) The unit cell of the meta-atom on Al,O3 substrate. The height of the meta-atom is
h = 1000 nm and the periodicity of the meta-atom is p = 600 nm. (b) The wrapped and discretized
(12 equally spaced levels) phase profile (0 < p < 100 um) of the metalens.

5.3 Metalens fabrication

The designed metalens was fabricated using electron beam lithography (EBL). The
fabrication process flow is illustrated in Figure 5.3a. A layer of electron-beam resist
(ZEP-520A) was spin-coated onto a crystalline silicon-on-sapphire substrate with a
silicon thickness of 1000 nm and patterned using EBL. A ~ 50 nm-thick Al,O3 hard
mask was subsequently deposited by electron-beam-assisted evaporation, followed
by lift-off of the resist layer (approximately 200 nm thick) in N-methyl-2-pyrrolidone
(NMP) at 90°C overnight. The exposed crystalline silicon layer was then etched
using a fluorine-based reactive ion etching process.
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Optical microscope images of the fabricated metalens are shown in Figure 5.3b,
while scanning electron microscope (SEM) images are presented in Figure 5.3c and
d.

(@)

1. Spincoat resist 3. Development 5 Lift-off
B N A -
Al203 ZEP
2. EBL expose 4. Deposit Al203 6. RIE Si etch
—— rooztr 5
Exposed ZEP  Si

(b)

+

FIGURE 5.3: (a) The fabrication process flow of the metalens. (b) Optical microscope image of the
fabricated metalens. (c) Scanning electron microscope (SEM) image of the fabricated meta-lens
from the top. (d) SEM image at the oblique angle of 40°.

5.4 Metalens characterization

5.4.1 Longitudinal beam intensity distribution

We first characterize the longitudinal intensity distribution of the beam projected
by the metalens. Figures 5.4a and b illustrate the schematic of the experimental
setup used for this measurement. A movable infrared (IR) camera, consisting of
an objective lens (Mitutoyo Plan Apo NIR 10x, f = 20mm, NA = 0.26), a tube
lens (Thorlabs AC254-075-B-ML, f = 75mm), and an IR sensor (WiDy SenS S320 V-
ST), is positioned along the optical axis in front of the metalens. This configuration
enables the characterization of the beam profile on the imaging plane of the camera,
indicated by the vertical dashed line in Figures 5.4a and b.

A single-mode fiber mounted on a piezo tube is placed behind the metalens. The
piezo tube is affixed to a 3D translation stage, allowing movement along both the
optical axis (z-direction) and the transverse (x-y) plane. The fiber is first aligned to
the correct lateral position relative to the metalens. By imaging the metalens with the
camera, as shown in Figure 5.4a, the fiber can be adjusted in the x-y plane and cen-
tered on the metalens. The camera is then positioned at z = 15 mm from the meta-
lens, and the fiber is translated along the z-axis to identify the position where the
captured beam reaches its minimum size. This corresponds to the optimal source-
to-lens distance dgy, as designed.

With the fiber fixed at the neutral position (6 = 0), the beam’s transverse intensity
profile is measured at various axial distances z by moving the camera along the
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FIGURE 5.4: (a) Schematic of the alignment of fiber to the metalens. (b) Schematic of the measure-
ment setup for characterizing the longitudinal (y-z plane) beam intensity distribution. (c) Direct
image of the beam without fiber scanning at the working distance z = 5mm. A Gaussian blur
(radius = 12 pm) is applied to the image to reduce the noise. After that, the intensity distribution
along the x-axis (the red dashed line) is subtracted and fitted with a Gaussian distribution func-
tion. The measured and fitted intensity distribution is plotted on the image. (d) Longitudinal beam
intensity distribution, constructed from a series of images similar to (c) taken at z ranging from 0
to 15mm with an increment of 0.1 mm. The beam power from the fiber and the exposure time are
fixed. (e) Beam intensity distribution along x-axis for various working distances z, corresponding
to the three red dashed lines in (d). (f) FWHM of the beam intensity along x-axis vs. z at the center
of the field. Blue circles correspond to a series of images with a fixed exposure condition. Red stars
correspond to images with dynamically optimized exposure conditions to maximize the signal-to-
noise ratio. The dashed line is a fit to the red stars, assuming the beam is a perfect Gaussian beam.

optical axis, as indicated in Figure 5.4. These measurements are used to reconstruct
the longitudinal beam intensity distribution.

Figure 5.4c shows a representative beam image captured at z = 5mm. The one-
dimensional intensity distribution along the x-axis (marked by the red dashed line)
is extracted and fitted with a Gaussian profile. Repeating this procedure at multiple
z-positions from z = 0 to 15 mm allows construction of the longitudinal beam pro-
file in the x—z plane, as shown in Figure 5.4d. These results indicate that the beam
diverges only slightly over a propagation distance of 15 mm. Figure 5.4e plots the 1D
intensity distributions at different z positions, demonstrating that the beam shape is
well preserved with only slight broadening between z = 5mm and z = 15mm.
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The full width at half maximum (FWHM) diameter of the beam at § = 0 is plotted
as a function of z in Figure 5.4f. This data is fitted using a modified version of Equa-
tion 4.18a, assuming 6 = 0 and allowing the beam waist to be located at a position
z = zg (as a fitting parameter) rather than at z = 0. The fitting equation is given by:

2
FWHM, = v2In2 - wo\/ 14 [MZ_ZZO)} (5.1)

Twy

Here, wy is the beam waist radius at z = z(, and both wy and zj are fitting parameters.
From the fit, we estimate the beam waist to be located at zyp = 1.58 mm, with a waist
radius of wy = 59.5um, corresponding to a FWHM of 70.1 um. Further along the
optical axis, at z = 15 mm, the beam expands to a FWHM of 135 pm. These results
demonstrate that the beam projected by the metalens exhibits a longitudinal inten-
sity distribution closely resembling that of a Gaussian beam, with the beam waist
located near the metalens, confirming the theoretical calculation of the diffraction
limited resolution of the SFE imaging head in Chapter 4.3.4.

5.4.2 Lateral scanning trajectory

To further characterize the beam projected by the metalens at nonzero projecting
angles (0 > 0), we examine the scanning trajectory of the beam as the fiber is ac-
tuated. The fiber scanner is driven at its resonance frequency of 2187 Hz using a
stable sinusoidal input, producing an elliptical scanning trajectory. The resulting
time-averaged beam trajectory imaged on an IR fluorescence card is shown in Fig-
ure 5.5a. We take images of this trajectory with a camera exposure time exceeding
10 times the scanning period.

By moving the camera in the x—y plane, we measure the intensity distributions of
the scanning beam at different segments of the trajectory, corresponding to varying
projection angles, as shown in Figure 5.5b. For large projection angles (6 > 14°), the
numerical aperture (NA) of the camera objective is insufficient to directly capture
the beam. To address this, a piece of frosted paper is placed at the imaging plane to
scatter the beam, allowing the scattered light to be recorded by the camera.

Figure 5.5c presents a close-up of the beam trajectory near the center of the ellipse
(corresponding to 6 = 6.8°) captured at z = 15 mm with an exposure time of 8 ms.
Comparison with images captured without the frosted paper reveals that the scat-
tering introduces slight broadening in the transverse profile of the beam trajectory,
increasing the full width at half maximum (FWHM) by approximately 15 um. This
effect is corrected in post-processing to recover the intrinsic beam trajectory width.

As illustrated in Figure 5.5d, different points along the elliptical scanning trajectory
correspond to different projection angles 6. To quantify how the projected beam
diameter varies with 6, we analyze the FWHM of the scanning trajectory at various
points along the ellipse. The transverse width of the beam trajectory reflects the
diameter of the projected beam, which is directionally dependent.

Notably, for 6 > 0°, the intensity profile of the projected beam becomes ellipti-
cal. The intensity distributions along the x and y axes differ, as discussed in Chap-
ter 4.3.4. The y-axis is defined as the direction connecting the beam spot to the center
point (i.e., the intersection of the optical axis with the x—y plane). The width of the
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FIGURE 5.5: (a) Image of the elliptical trajectory of the beam projected by the meta-lens onto an
IR card. The fiber is driven by a piezo tube at the fiber’s mechanical resonance frequency. We
credit Matthew D. Carson for building the fiber actuator. (b) Schematic of the measurement setup
for characterizing the beam scanning trajectory on the imaging plane. (c) The center part (6.8°
beam projection angle, indicated by the dash-line square in (a)) of the beam trajectory with fiber
actuation, captured by the IR camera at the distance z = 15mm. The left is a direct image, the
right is taken with a thin frost paper at the imaging plane of the camera. The intensity distribution
across the beam trajectory and averaging along the trajectory is measured and plotted. Gaussian
blur (radius = 24 pm for image with the paper) is applied to reduce the noise. (d) A schematic
showing the beam profiles at different projecting angles 6, and their relationships to the trajectory
linewidth. (e) Demonstration of the beam scanning trajectories on the imaging plane. (f) The
experimentally measured and diffraction limited FWHM of the projected beam v.s. the projection
angle at z = 15mm.

trajectory is influenced by the beam diameter along x and y directions, depending on
the segment of the ellipse. As shown in Figure 5.5d, the intensity profile of the tra-
jectory at the co-vertex (minimum 0) is determined by the beam’s y-direction profile,
while near the vertex (maximum 6), it primarily reflects the x-direction profile.

Two scans were performed using elliptical trajectories with different angular spans.
The first trajectory spans 6 = 6.2° to 20.6° (red in Figure 5.5¢), and the second spans
6 = 13.7° to 35.0° (blue). The FWHMSs of the intensity across the beam trajectory
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are plotted as a function of projection angle in Figure 5.5f. These measurements are
compared against theoretical diffraction-limited FWHMs of the beam derived from
modified versions of Equation 4.18:

2
FWHM, (6) = V2In2 - w(v 1+ V‘(Z_ZO)] (5.2a)

ntw} cos 6

2
FWHM, () = v2In2 - wo\/ 1+ [A(‘Z_ZO)] (5.2b)

w3 cos® 6

Here, zp = 1.58 mm and wy = 59.5 ym, as determined from the fitting in Figure 5.4f.

As seen in Figure 5.5f, for both small and large field-of-view scans, the measured

FWHDMs of the trajectory at the co-vertex (minimum 6) agree closely with the diffraction-

limited beam FWHM along the y-direction. Likewise, at the vertex (maximum 6), the
measured widths match the diffraction-limited beam FWHM along the x-direction.
This trend is consistent with theoretical predictions.

In summary, the measured FWHMs of the beam trajectories within the projecting
angle range 6 < 35° agree well with the theoretical diffraction limits. This confirms
that the imaging head incorporating the metalens maintains diffraction-limited res-
olution across the full design field-of-view, Opoy = 20max = 70°.






33

Chapter 6

Polychromatic metalens for
tri-color RGB scanning fiber
endoscope

6.1 Overview

A polychromatic metalens, designed to be dispersionless at three distinct wave-
lengths, was designed for a tri-color RGB scanning fiber endoscope (SFE) to address
the intrinsic dispersion challenge commonly associated with metalenses. Unlike
the monochromatic near-infrared metalens, this polychromatic metalens is designed
using an inverse-design approach, in which the target optical functionality is first
specified from the ray-tracing simulation, and the metalens structure is then iter-
atively optimized to approximate the desired performance. The metalens shares
the same field-of-view of Opgy = 70° and diameter of Djons = 0.68mm as the
monochromatic near-infrared metalens. It simultaneously operates at three wave-
lengths: AR = 643nm, A = 532nm, and Ay = 441nm. The spatial resolution
of the RGB SFE imaging head is characterized in angular space and achieves near-
diffraction-limited angular resolution. The ability to maintain achromatic perfor-
mance across multiple wavelengths comes at the cost of reduced optical efficiency.
The average relative efficiency across the three design wavelengths is approximately
32% on-axis, and 13% when averaged over the entire field-of-view.

We credit Zhihao Zhou for performing the inverse design of the polychromatic meta-
lens, and VerAvanti Inc. for providing the SFE test platform.

This chapter is adapted from a published paper [16].

6.2 Addressing the dispersion of metalens

Metalenses, like other diffractive optical elements, exhibit strong wavelength-dependent
dispersion, with their focal length inversely proportional to the wavelength [17].
This intrinsic chromatic dispersion introduces significant aberrations, posing a ma-
jor limitation for multi-color imaging applications. To mitigate chromatic aberra-
tions, meta-atoms can be engineered such that the phase modulation they impart
scales linearly with wavelength [18, 19, 20, 21, 22]. This enables the design of phase
profiles that focus multiple wavelengths onto a common focal plane. However, this
strategy is feasible primarily for metalenses with unwrapped phase profiles (having
only one Fresnel zone), which is typically limited to low numerical aperture (NA)
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FIGURE 6.1: (a) The wrapped phase profile (0 < p < 60 um) of the polychromatic metalens work-
ing at red (643 nm), green (532 nm), and blue (444 nm) wavelengths, obtained from the ray-tracing
optimization described in Chapter 4.3.5. (b) Required meta-atom phase modulations at green and
blue wavelengths that perfectly match the phase profiles in (a).

and small apertures on the order of the wavelength. Such compact lenses are suit-
able for niche applications, such as direct integration with single-mode fibers [23],

but are inadequate for most imaging endoscopes, which require larger apertures and
high NA.

In large-aperture metalenses, the phase profile must be wrapped with 27t discontinu-
ities, making achromatic correction more difficult. To eliminate chromatic aberration
in this case, the phase wrapping points would need to shift with wavelength—a con-
dition that cannot be satisfied using conventional dispersion engineering of meta-
atoms. Although techniques like extended-depth-of-focus (EDOF) metalenses offer
a workaround [24], they do so at the cost of reduced resolution and increased re-
liance on computational post-processing.

In the context of tri-color RGB scanning fiber endoscopes, where monochromatic
laser light at red, green, and blue wavelengths is used for imaging, the require-
ment for continuous broadband achromatic performance can be relaxed. Instead,
a polychromatic metalens—designed to exhibit identical optical functionality at sev-
eral discrete wavelengths—can effectively meet system requirements. Since it only
needs to satisfy the phase profiles at a finite set of target wavelengths, the design

complexity is significantly reduced compared to that of the broadband achromatic
metalenses 7.

We design a polychromatic metalens for tri-color RGB scanning fiber endoscopy
(SFE), which must closely satisfy three distinct wrapped phase profiles correspond-
ing to red (643nm), green (532nm), and blue (444 nm) wavelengths. These phase
profiles are obtained from ray-tracing simulation, as described in Chapter 4.3.5.
They exhibit different 27t discontinuity points, as shown in Figure 6.1a, making di-
rect meta-atom-to-phase mapping nontrivial. Achieving perfect simultaneous map-
ping requires the meta-atoms to support phase modulations denoted as (¢r, ¢G, )
that span the entire (0,277) x (0,27) x (0,27) volume [25, 17]. Figure 6.1b illustrates

the distribution of the required (¢g, ¢) phase pairs as an example, which fully cov-
ers the entire (0,277) x (0,277) range.

To meet the phase requirements at all three wavelengths as much as possible, we em-
ploy a cross-shaped meta-atom. Compared to simple geometries such as squares or
cylinders, the cross shape provides a better phase coverage in the (0,27) x (0,27) X
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(0,277) phase space, as supported by prior studies [26]. At the same time, it remains
sufficiently simple to enable reliable and reproducible fabrication, unlike more com-
plex structures.

6.3 Inversed design of a polychromatic metalens

We credit Zhihao Zhou for performing the inversed design of the polychromatic
metalens.

6.3.1 Design framework
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FIGURE 6.2: Inverse design approach of the RGB polychromatic metalens as the projecting lens
in the SFE. The positions and incident angles 6 of the incident beams are obtained by reversing
the propagation direction of the projected beams in the ray-tracing simulation, the meta-atoms
are Si3Ny on SiO; cross-shape structures with two tunable parameters a and b, pitch p = 300nm,
height i = 750nm. The working wavelengths A are 444 nm, 532 nm, and 643 nm. The output of
the meta-model t and ¢ are the transmission and phase modulation of the meta-atoms.

Using the cross-shaped meta-atoms, a trivial approach for designing the metalens
is to select a meta-atom at each lattice site of the metalens by minimizing the phase
error between the desired and the achievable phase profiles at the three target wave-
lengths. However, this local forward optimization does not necessarily lead to op-
timal global performance, as the overall functionality of the metalens is determined
collectively by the phase and amplitude contributions of all meta-atoms. To address
this limitation, we implement an inverse design framework, illustrated in Figure 6.2,
to iteratively optimize the geometric parameters of all meta-atoms across the meta-
lens.

The inverse design is performed via minimizing a loss function that evaluates the
metalens performance using a gradient descent-based optimization algorithm. For
convenience in defining the loss function, we reverse the beam propagation direction
compared to the actual SFE imaging head operation—treating the projected beams
as incident beams—justified by the system’s reciprocity.

Thus, the functionality of this metalens for SFE becomes:
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Gaussian beams with a diameter dy,;, incident from various angles 6 and at the three
design wavelength A; on the metalens at the location y, which is described by a
complex scalar field A, ¢(x,y). The incident angles and positions of the beams cor-
respond to those of the projected beams in the SFE imaging head, determined via
ray-tracing simulations (Chapter 4.3.5).

The metalens impart a transmission and phase modulation, f(x, y) exp(¢(x,y)). This
modulation is calculated via a meta-model from the metalens designs, a(x,y) and
b(x,y), where (a,b) are the geometric parameters of the meta-atoms, and (x,y) are
the meta-atom lattice sites on the metalens.

The output field from the metalens then propagates to the focal plane where the fiber
tip is physically scanned, which is at a distance ds;, away from the metalens. This
propagation is simulated via the angular spectrum method, which is discussed in
Chapter 2.2.2, to obtain the light intensity distribution on the focal plane, I, ¢(x, ).

The goal is finding a design a(x, y), b(x,y) to get all the incident beams well focused.
Starting from a random initialization of geometry, we apply a fully differentiable
gradient descent method [26] to optimize the values of a(x, y), b(x,y) by minimizing
the loss function, which is computed from the intensity profile on the focal plane to
evaluate how well the incident beams are focused. Additional details of the inverse
design framework can be found in [26].

6.3.2 meta-atom model
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FIGURE 6.3: (a) meta-atom unit cell configuration. (b,c) The phase modulation (b) and transmis-
sion (c) distribution of meta-atoms with 80nm < a < b < 260nm at the three design wavelengths
obtained via FDTD simulation. (d) The phase modulation of the meta-atom at two of the three
design wavelengths, plotted in 2D diagram.

To perform the fully differentiable inverse design framework to iteratively optimize
the geometric parameters of all the meta-atoms across the entire metalens [26], dif-
ferentiable functions of the meta-atom’s phase and amplitude modulations on the in-
cident light with regard to its geometric parameters, t(a,b) and ¢(a, b), are essential.
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These functions are approximated by a deep neural network (DNN) meta-model, be-
cause the DNN model has a better fitting capability to address drastic fluctuations
of the phase and amplitude modulations of those meta-atoms that are in resonance
modes.

To train this DNN meta-model, 5673 training samples of the meta-atoms’ phase
and amplitude modulations are calculated as meta-atom library via finite-difference
time-domain simulations with monochromatic plane wave incident and periodic
boundary conditions. Figure 6.3a shows the meta-atom configuration. The height
of the SizN4-on-SiO; meta-atoms is 750nm. The unit cell is square with a period-
icity of 300nm. The two tunable dimension parameters a and b range from 80 nm
to 260nm, and satisfy 80nm < a < b < 260nm. The wavelengths are 643 nm,
532nm, and 444nm. The training dataset is generated via finite-difference time-
domain simulation. Figure 6.4b-d plots the phase and transmission distribution of
these meta-atoms.
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As can be seen in Figure 6.4a, the DNN architecture consists of a 10-layer fully con-
nected network (FCN), with 128 units per layer and a Rectified Linear Unit (ReLU)
activation function. The input features of the DNN comprised the incident wave-
lengths and the two geometric parameters of the meta-atom, while the output con-
sisted of the real and imaginary components of the complex transmission of the
meta-atom. In the training process of the DNN meta-model, the dataset is the meta-
atom library displayed above, with 95% allocated for training and 5% for validation.
The DNN networks were optimized by minimizing the mean squared error (MSE)
between the predicted values and the ground truth (the loss function for the DNN
training). This optimization was performed using the Adam optimizer with a learn-
ing rate of 107, and the model was implemented within the TensorFlow framework.
The evolution of the loss function during the DNN training process is shown in Fig-
ure 6.4b. The computational hardware consisted of a six-core CPU operating at 2.40
GHz, 23 Gigabytes of RAM, and one NVIDIA Tesla V100 GPU. The training process
required 13 minutes for 500 iterations, while prediction generation during valida-
tion took 27 milliseconds. The validation results of the trained DNN meta-model
are plotted in Figure 6.4c and d.

6.3.3 Loss function

The loss function is calculated from the intensity profile on the focal plane, which is
defined as:

L=-— Zlog(SR)\,g) (61)
A0

where the summation is performed over seven beam projecting angles 6 as in the
ray-tracing simulation in Chapter 4.3.5, and three wavelengths A. Here SR, 4 is the
Strehl ratio of the incident beams at 6 and A. The Strehl ratio that defines the focus-
ing efficiency of the lens is calculated as the maximal value of the simulated light
intensity distribution I ¢(x,y) on the focal plane divided by the peak intensity on
the focal plane of an ideal lens. We empirically define this loss function because the
percentage of the collimated incident light being focused to a spot is proportional to
the Strehl ratio. In addition, we have tried different loss functions, and found that
minimizing this negative summation of the log of the Strehl ratio will uniformly
maximize the Strehl ratio at all incident angles and wavelengths.

6.4 Simulated performance of the metalens

We use the angular spectrum method discussed in Chapter 2.2.2 to simulate the
performance of the designed polychromatic metalens. First we analyze the beam
intensity distribution in the optical (y-z) plane (longitudinal distribution). The beam
emitted from the fiber tip has a Gaussian distribution with a divergence angle de-
fined by the numerical aperture (NA) of the fiber, which is set to 0.1 to match the NA
of the single mode fiber we use in later experiments:

tan¢ = n)‘% =NA =0.1 (6.2)

where ¢ is the divergence angle of the Gaussian beam and wy is the waist width.
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FIGURE 6.5: Longitudinal (y-z) plane intensity distribution of the beams being projected by the
metalens. The beams emit from fiber tips at 7 different positions on the focal plane (dashed white
line), and projected to 7 different angles, following the relationship in Figure 4.3d.
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The intensity distributions for different wavelengths and projecting angles in the
optical plane are summarized in Figure 6.5. Notably, the beams after transmitting
the metalens are collimated and projected to the same 6 for different wavelengths.

We further analyzed the angular intensity distribution in the transverse plane (i.e.,
perpendicular to the propagration direction of the beam) as plotted in Figure 6.6a
and b, which essentially determines the imaging quality of the SFE. These angu-
lar distributions are calculated using the intensity distributions in k-space, which is
obtained by performing a two-dimensional Fourier transform of the complex field
of the beam after transmitting through the metalens. As can be seen, the projected
beams have a slightly diverging angle due to their finite spatial extent, resulting in
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FIGURE 6.6: (a),(b) Simulated angular intensity distribution of the projected beams for different
A and 6 at the far field. These distributions are normalized by the maximum intensity, plotted on
a linear scale in (a) and on log scale in (b). (c),(d) The simulated and diffraction limited angular
diameter of the projected beams in sagittal (c) and tangential (d) direction at the far field as a
function of the beam projecting angle. For calculating the diffraction limits, the projected beam is
assumed to be a Gaussian beam whose waist position is at the metalens and the amplitude profile
at the waist equals the incident beam on the metalens. (e) The relative collimating efficiency as a
function of the beam projecting angle. The data is calculated from the numerical simulation.

angular spreads of energy at the far field (the Fresnel factor F = d2; /4ARim < 1,
where dp,;, = 2dgp, - NA is the diameter of the incident beam on the metalens, A is the
wavelength, and Rip, is the propagation distance of the projected beam). However,
the beam is mostly collimated, evident by the high intensity in a confined angular
section (normalized intensity > 0.1).

To better characterize the system, we define two quantitative figures-of-merit: the
angular diameter of the projected beams and the relative beam collimating efficiency.
The beam angular tangential (sagittal) diameter is defined as the full-width-at-half-
maximum (FWHM) of the one-dimensional cross-section of the angular intensity
distribution along the tangential (sagittal) axis. This diameter effectively gauges the
angular resolution of the SFE image. We calculated the projected beams” angular
diameters from the simulated angular intensity distribution, and compared them

with the angular diffraction limits (discussed in Chapter 4.3.4, calculated using the
Equation 4.20).

As can be seen in Figure 6.6c and d, the calculated angular diameter as a function
of projecting angle matches closely with the diffraction limit. These beam angu-
lar diameters are proportional to the wavelengths, and the tangential diameters are
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inversely proportional to cos . These results are as expected from the angular res-
olutions of a typical optical imaging system. The projected beam has a diffraction
limited angular diameter of under 0.45°,0.38°,0.32° for red, green, and blue wave-
lengths. This could be improved by increasing the NA of the fiber and thus the
effective aperture.

We also note that in the simulated angular intensity distributions of the projected
beams in Figure 6.6d, there exist sidelobe spots with lower intensity but larger sizes
compared to the collimated beam spot. Only a certain part of the total energy is
concentrated within the collimated beam spot. Thus we define the relative colli-
mating efficiency of our RGB metalens, which is the energy concentrated within
the diffraction limited angular diameter of the projected beam divided by the total
energy transmitting through the metalens. This efficiency will affect the imaging
contrast in SFE. Figure 6.6e plots the simulated relative collimating efficiency of the
designed metalens for 3 design wavelengths at different beam projecting angles. In
simulation, 3 design wavelengths show similar efficiencies of around 50% at 0° pro-
jecting angles, and the efficiencies decrease with increasing projecting angles, down
to around 25% at the maximal design projecting angle of 35°.

6.5 Metalens fabrication

@

FIGURE 6.7: (a) Top view optical microscope and (b) top-down view SEM images of the fabricated
RGB metalens.

The metalens is fabricated using an electron beam lithography process similar to the
near infrared lens in Chapter 5. The only difference are the materials of the meta-
lens layer and the substrate. A 750nm thick SizNy is deposited on a 500 pm thick
SiO; substrate using plasma enhanced chemical vapor deposition (SPTS Technolo-
gies Ltd., Delta LPX). An e-beam resist (ZEP-520A) is then spin-coated onto the chip
at 5000 rpm and patterned by e-beam lithography (JEOL Ltd., ]JBX-6300FS). Sub-
sequently, a ~ 85nm thick Al,O3 hard mask is created by electron beam assisted
evaporation (CHA Industries, SEC-600) followed by resist lift-off in N-methyl-2-
pyrrolidone (NMP) solution at 90°C overnight. Subsequently, the SizNy layer is
etched by a fluorine based reactive ion process (Oxford, PlasmaLab 100, ICP-180).
Figures 6.7a and b show the optical and scanning electron microscope images of the
fabricated metalens.
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6.6 Characterization of the metalens

6.6.1 Experimental setup

Sagittal

Translational stage
Sagittal
Metalens

Tangential Camera sensor

Rotate
direction

Rotational stage

FIGURE 6.8: Experimental measurement setup to determine the angular intensity distribution of
the collimated beam at various projecting angles.

To experimentally measure the angular intensity distribution of the projected beam
at various projection angles, the setup illustrated in Figure 6.8 was constructed. A
single-mode fiber (Thorlabs, P1-460B-FC-5) with numerical aperture NA = 0.1 was
mounted on a 3D translational stage, with its tip adjustable within the focal plane of
the metalens. The fiber was coupled to laser sources: a supercontinuum laser (NKT
Photonics, SuperK Fianium FIR20) with a tunable filter (SuperK SELECT 4x VIS/IR)
provided monochromatic light in the range of 485 nm to 643 nm, and a blue diode
laser (Opto Engine LLC, MDL-III-445L 80,mW) supplied light at 444nm. A CMOS
camera sensor (Allied Vision, Prosilica GT 1930C) was mounted on a rotational arm,
with the rotation axis co-axially aligned to the center of the metalens.

The fiber tip was first aligned with the metalens, using the same method described
in Chapter 5.4.1. Then, as the fiber tip was translated parallel to the tangential axis,
the emitted beam was projected by the metalens, emulating the scanning fiber tip
in an SFE imaging head. The rotational arm was then adjusted along the tangential
axis to capture the projected beams at different projecting angles 6. The sensor-to-
metalens distance was fixed at R;;, = 80 mm to ensure far-field conditions, with a
Fresnel factor of F = a?/Riy, = 0.18, where a = 2f x NA = 80um is the diameter
of the incident beam on the metalens, and A = 440nm is the shortest operating
wavelength.

Figure 6.6b shows the sidelobe spots with an intensity much lower than that of the
collimated beam. To experimentally capture these sidelobe beams, it is required to
resolve intensity variations spanning five orders of magnitude. This is achieved by
capturing multiple images at different exposure times, ranging from approximately
100ps to 1s. Saturated pixels from longer exposures were subsequently replaced
with corresponding unsaturated pixels from shorter exposures to generate high dy-
namic range (HDR) composite images.

To quantitatively analyze the beam distribution across a large angular range, the
one-dimensional cross-section of the angular intensity distribution for the on-axis
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beam (projecting angle 6 = 0) over a 0° to 30° angle range was subtracted from
the two-dimensional angular intensity distribution measured across a —2.5° to 2.5°
sagittal angle and a —2.5° to 32.5° tangential angle range. Due to the limited field of
view of the camera sensor, each image captured only a 5° x 10° angular segment. To
obtain a full 30° tangential angular field, seven images were stitched together, each
centered at tangential angles from 0° to 30° in 5° increments.

6.6.2 Angular intensity distribution
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FIGURE 6.9: (a) Angular intensity distribution of the beam projected to 6 = 0° - 30° at the three de-
signed wavelengths. (b)(c) The experiment, simulation, and diffraction limited angular intensity

FWHM of the projected beams in sagittal (b) and tangential (c) direction vs. the beam projecting
angle for three design wavelengths.

Figure 6.9a shows the experimentally measured angular intensity distribution for
beams projected from 0° to 30° for the three different wavelengths on a linear scale.
Importantly, the beams are collimated and projected without chromatic dispersion
to the same projecting angle 6, matching simulations.

We further calculated the experimental beam diameters from these angular distribu-
tions and presented the results in Figure 6.9b and c. Across the required projecting
range, the experimental values are close to the simulation values and the diffraction
limits, thus closely matching the desired functionality.

6.6.3 Collimating efficiency

To better illustrate the losses of the beam energy that lower the collimating efficiency,
we also plotted the angular beam intensity distribution on a log scale in Figure 6.10a.
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FIGURE 6.10: (a) The one-dimensional cross-sectional intensity distribution vs. tangential angle.
(b) Accumulated energy in percentage within a certain range of angle from the center of the beam.
For (a) and (b), the steered beam is at green (532nm) and is steered to § = 0. The black solid
(dashed) curve is the experimental (simulation) data from the RGB polychromatic metalens, while
the blue solid (dashed) curve is the experimental (theoretical limit) data from a monochromatic
metalens that has the same optical functionality but is designed to only work at green (532 nm).
(c) Experimentally measured and simulated relative collimating efficiency vs. beam steering angle.

The measured angular intensity distributions match well with the simulated ones in
Figure 6.6b, whereas losses primarily occur in sidelobes along the tangential direc-
tion with about a factor of 10 or much less than the intensity in the main lobe.

We calculated the on-axis § = 0 collimating efficiency by measuring the one-dimensional
(1D) intensity cross-section along the tangential angular axis for the on-axis beam.
This distribution is plotted in Figure 6.10b. It can be seen that at angles smaller than
0.3° (the diffraction limited projected beam’s angular diameter), the 1D angular in-
tensity distribution of the polychromatic RGB metalens overlaps with the diffraction
limited distribution. However, at larger angles, the distribution of the RGB metalens
drops slower than that of the diffraction limit. This indicates that the RGB metalens
collimates the beam close to the diffraction limit, but distributes more energy out-
side of the FWHM of the beam, essentially leading to a lower efficiency. Figure 6.10c
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plots the accumulated energy vs. the angle by integrating the intensity vs. angle data
in Figure 6.10b. As can be seen, for the RGB metalens only around 40% of the energy
is concentrated within the diffraction limited angular diameter.

We obtained the experimental relative collimating efficiency at § = 0 using the ap-
proach presented above. For 6 # 0, whose 2D angular intensity distributions are
not central symmetric, the relative efficiency is calculated by measuring the absolute
intensity of the projected beam at 6 # 0 and comparing with that of the projected
beam at 6 = 0. This is valid, because the amount of light transmitted through the
metalens does not vary with the projecting angle 6, which is supported by the sim-
ulation. Figure 6.10d shows the relative collimating efficiency of the RGB metalens
vs. the beam projecting angle. Our polychromatic metalens has an average relative
efficiency of around 32% for on-axis (0° projecting angle) among the 3 wavelengths,
and an overall average efficiency of 13% across the entire 70° field-of-view (weighted
by the solid angle). Specifically, red and green wavelengths show similar efficiencies
around 40% for on-axis angle, which drops to around 15% for 30° projecting angle.
These efficiencies are only about 70 — 80% of the simulation results, which could
be due to imperfections in fabrication and optimization model predicting the phase
modulation and transmission of the meta-atoms, as well as inaccuracies in the beam
propagation simulation based on the scalar-field diffraction theory. We note that
unlike in the simulation results, the blue wavelength 444 nm has a notably lower
experimental efficiency compared to red and green wavelengths, ranging from only
20% at 0° to 5% at 30°. This might be due to the fact that at this wavelength, the ratio
of wavelength to the 300 nm pitch of the meta-atom is lower, resulting in a lower
sampling rate of the light field by the metalens.

6.7 SFE Imaging test using the metalens

The imaging performance of our metalens was tested on an SFE platform invented
in a previous work [10] and built by VerAvanti Inc.

We verified the imaging performance of our RGB metalens in an SFE testing plat-
form, shown in Figure 6.11a. Three different laser outputs are coupled into the same
single mode fiber, which is actuated by a piezo tube (PZT) actuator. The beam emit-
ted at the fiber tip is projected by the projecting lens to illuminate a checkerboard test
pattern. The reflected light is collected by a detector to construct the image (details
in Chapter 4.2). The RGB image of the pattern captured by the metalens is shown in
Figure 6.11b.

We note that the image appears non-uniform due to the position of the sensor rel-
ative to the imaging target (for an actual implementation of the SFE, several col-
lection fibers are used simultaneously to form a uniform image). Therefore, we
cropped the image to the upper right quadrant and displayed the respective color
channels in Figure 6.12a. For comparison, we show images captured by using 3
different monochromatic metalenses designed for the corresponding wavelengths
(Figure 6.12c). These images are linearly rescaled to enhance the visual representa-
tions. In Figure 6.12b and d, we plot the greyscale value variation across the checker-
board pattern. The plot reveals that at the interface of the bright and dark squares,
the relative gradient of pixel values for the RGB metalens closely matches that of
the monochromatic lens, suggesting that the RGB metalens maintains a comparable
imaging resolution. However, it is notable that for the RGB metalens, the contrast
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FIGURE 6.11: (a) Schematic demonstration of the scanning fiber endoscope imaging system. The
imaging distance is 14.5 mm. The blocks of the checkerboard have a side length of 1.1 mm, and the
total angular FOV of this SFE platform is 54°, limited by the actuation range of the single mode
fiber. (b) Unprocessed RGB tri-color image of the test pattern using our polychromatic metalens.
(c) Unprocessed image in (b) displayed in 3 color channels.

between the bright and dark blocks is less pronounced compared to the monochro-
matic lens. We define the pattern contrast as:

Ibright — lgark

Contrast = (6.3)

Ibright + Idark

where Ipght and Igark are the average pixel values of the bright and dark block of
the checkboard pattern. The patterns captured by the RGB metalens have a lower
contrast by a factor of 4 for blue, 2.5 for green, and 2 times for red compared to that
captured by the corresponding monochromatic metalens, owing to the low relative
efficiency of the RGB metalens.

As can be seen in the images from the polychromatic RGB metalens, a blurry shadow
of the checkerboard patterns overlays with the clear pattern. This shadow defect is
likely caused by spurious side lobes, as shown in Figure 6.10a. These artifacts could
be mitigated by image deconvolution. Specifically, the Richardson-Lucy deconvo-
lution algorithm is a promising solution as it can accommodate for the position-
dependent point spread function of our metalens. Alternatively, these artifacts could
be reduced using a confocal SFE setup [27], in which the scanning fiber not only
emits the light for illumination, but also collects the back-scattered light that is re-
focused by the metalens into the fiber. The confocal setup can spatially filter out
the light not being collimated at the designed position, which greatly reduces the
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FIGURE 6.12: (a)c) (a) shows the blue, green, and red channel of the image in (b) within the zone
circled by the dashed line square. (c) plots the same pattern imaged by 3 monochromatic metal-
enses designed for the corresponding wavelengths. A linear mapping of the pixel values of the
raw images to that of these displayed images is tailored to each specific image to enhance the vi-
sual representations. The pattern contrast is defined as the difference divided by the sum of the
average pixel values of the bright and the dark blocks. (b)(d) The greyscale value variations across
the checkboard patterns along the two white dashed lines. The values are averaged over the re-

gion sandwiched by the two dashed lines.
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effect of the spurious side beams. Specifically, in conjunction with a double-clad
fiber [28] with a single mode core for emission and a larger multimodal clad for col-
lecting return light, the lower collection efficiencies of a confocal setup which would

otherwise impede such a device could be mitigated.
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Chapter 7

Spectrally encoding imaging
through a fiber

7.1 Overview

A spatial-to-spectral encoder (SSE) maps spatial intensity information (an image)
onto the spectrum, which can be transferred without distortion through an optical
fiber, followed by subsequent measurement of the spectrum and computational re-
construction of the image from spectral measurements. This approach allows for
the transmission of multi-pixel image information through a single fiber core. This
innovative strategy overcomes resolution limitations imposed by pixel density in
conventional endoscopes (as discussed in Chapter 3.2.3) without resorting to any
scanning mechanisms. As a result, it has the potential to significantly improve reso-
lution without increasing the rigid tip length of the endoscope.

As a proof of concept, an array of miniaturized metasurface-Fabry-Pérot cavities
are designed as an SSE, comprising 4 x 4 spatial pixels. With this spectral encoder,
we demonstrate the transmission of a 4 x 4 binary image through a single fiber core.
Unlike the SSE reported in the previous studies [11, 12] which relies on random
medium, this encoder is designable, and thus serves as a starting point for the de-
velopment of spectrally encoded, non-scanning endoscopic imaging systems.

We credit Quentin Tanguy for the initial idea of the metasurface-Fabry-Pérot cavi-
ties as an SSE.

This chapter is adapted from a published paper [29].

7.2 Spectrally encoded imaging fundamentals

7.2.1 Spatial-to-spectral encoding

As demonstrated in Figure 7.1a, given a wavelength independent spatial informa-
tion I(x,y), to encode it into a spectrum I(A), mathematically, the encoding process
via a spatial-to-spectral encoder (SSE) can be expressed as:

I(A) = / /y M(x,y, M) I(x, y)dxdy (7.1)

where I(A) is the spectrum of light encoded with spatial information, I(x,y) is
the lateral intensity distribution of the light that contains spatial information, and
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FIGURE 7.1: (a) Schematic demonstration of imaging through a fiber via spatial-to-spectral encod-
ing and computational decoding. (b) Demonstration of near-field spectrally encoded imaging. (c)
Demonstration of far-field spectrally encoded imaging.

M(x,y, A) is the spatial-spectral modulation of the SSE. The light incident from a lat-
eral spatial position (x,y) transmits through the SSE with a transmission spectrum
txy(A) = M(x,y,A). It can be written in a discretized and matrix multiplication
format. The spatial position (x,y) is discretized into n spatial pixels, and the wave-
length A within the working spectral range is discretized into m levels.

I, t1 ... ta| [h
L= NE (7.2)
I, tol e tam | | I

—— ~——
a M b

where A; is the discretized wavelength within the spectral range of the spectral en-
coder, m is the number of discretized levels, a is the discretized spectrum of the
encoded light, and b is the vectorized spatial information with n pixels. Typically
we have m > n. Each column in the matrix M is the discretized format of the trans-
mission spectrum tyy(A),

(x,y) =] (7.3a)
ti]' = M(x, Y, )\l) (73b)

7.2.2 Computational decoding

The encoded light with a spectrum I(A) can be transformed through a fiber and
then be measured by a spectrometer. The measured spectrum can be computation-
ally decoded to recover the spatial intensity information I(x,y), as demonstrated in
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Figure 7.1a. The decoding could be done via a pseudo inversion:

b=M"a (7.4)
Mt = MTM)IMT (7.5)
The condition number of the encoding matrix M, k(M) = ||[M]|| - [M™]|, is an indi-

cator of the stability of the pseudo inversion process, which can be used as an FOM
of the spectral encoder. Once the encoding matrix M is calibrated, the decoding
process can be achieved by a computationally efficient matrix multiplication, which
facilitates real-time imaging.

7.2.3 Near field and far field configuration

This imaging approach based on spectral encoding and decoding can be imple-
mented in either the near-field (Figure 7.1b) or far-field (Figure 7.1c) configurations.

In the near-field configuration, both the input spatial intensity distribution I(x, y)
and the receiver of the spectrally encoded output are located in close proximity to
the encoder, as illustrated in Figure 7.1b. Here, the encoder consists of an array of
distinct spectral filters, where each filter at position (x, y) exhibits a unique normal-
incidence transmission spectrum denoted by t,y(A).

In contrast, the far-field configuration involves both the input I(x, ) and the receiver
being positioned at a distance from the encoder, as shown in Figure 7.1c. In this case,
the encoder functions as a lens with large and unconventional dispersion. Its point
spread function (PSF) on the image plane, PSF, = M(x,y, A), varies strongly with
the wavelength A. To achieve effective spectral encoding, the PSFs corresponding
to different wavelengths must be highly orthogonal to one another—unlike in con-
ventional metalenses, where chromatic dispersion primarily results in beam spots of
different sizes due to varying degrees of defocus.

While the far-field encoder is well-suited for endoscopic systems employing dense
fiber arrays, this chapter presents a proof-of-concept demonstration based on the
near-field encoder configuration.

7.3 Design of SSE
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FIGURE 7.2: (a) Structures of a metasurface-Fabry-Perot cavity spatial-to-spectral encoder (SSE).
(b) Working principle of the SSE in (a).
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Spectral spatial encoders (SSEs) have previously been demonstrated using two or-
thogonally tilted Fabry-Pérot cavities [11] and random scattering media [12]. How-
ever, in these earlier implementations, the encoding matrix M(x, y, A) was inherently
random and non-designable. This randomness resulted in device-specific spectral
codes, necessitating individual calibration for each device and thereby limiting the
scalability and practicality of spectrally encoded imaging systems. Furthermore,
the random nature of the encoding matrix often led to a low condition number,
rendering the decoding process—based on pseudo-inversion of the encoding ma-
trix—highly sensitive to noise and calibration errors. Since the encoding matrix was
not deliberately engineered, optimizing its performance was difficult. Additionally,
the physical size of these SSEs was not compact, posing challenges for integration
with miniaturized imaging devices such as endoscopes.

To address these limitations, we designed a near-field SSE, which utilizes an array
of transmissive dielectric metasurface blocks embedded in a Fabry-Pérot cavity as
phase-shifting elements, realizing a two-dimensional array of narrowband spectral
filters with distinct passbands, as proposed in [30]. As illustrated in Figure 7.2a,
the Fabry-Pérot cavity is formed by two opposite-facing distributed Bragg reflectors
(DBRs), with an array of metasurface blocks embedded in the cavity. Each metasur-
face block introduces a phase delay that increases the effective optical path length,
thereby red-shifting the resonant transmission peak of the cavity, as shown in Fig-
ure 7.2b. This spectral shift is proportional to the phase delay introduced by the
metasurface blocks, which can be engineered by varying the lateral dimensions of
its constituent meta-atoms.

We designed and fabricated a proof-of-concept metasurface-Fabry-Pérot cavity SSE
with a 4 x 4 array of spatial pixels. Each pixel is an individual spectral filter that
comprises a metasurface block with a distinct phase shift embedded within the cav-
ity. The phase delay of each pixelated metasurface block, ¢;, effectively increases the
round-trip phase delay ¢ of the cavity by 2¢;, thereby tuning the resonance wave-
length Apes; of each filter. To support a resonant mode within the DBR-metasurface
—-DBR cavity, the round-trip phase 1 must satisfy the condition:

27

=2 (qu + L> =2mnq (7.6)

/\resf j

where L is the cavity length and g is an integer corresponding to the order of the
resonance, assuming normal-incidence plane-wave illumination. We set L = 2.5um
and operate at the 4 = 9 mode. The resulting resonant wavelength is given by:

2L 2L 2L ¢;
Ares—j = — R —+ = (7.7)
"g—¢i/m g ¢

The free spectral range (FSR) is the difference between adjacent resonance orders:

2L 2L 2L
A)\FSR = — — X — (78)

-1 ¢
To ensure the encoding matrix has a low condition number, the transmission spectra

of the spectral filters must be as orthogonal as possible. Thus, the resonance wave-
lengths A5 should be evenly distributed across the full FSR. This is achieved by
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setting ¢; to span from 0 to 77 in uniform steps. Meta-atoms with appropriate height,
periodicity, and width are selected to realize the full O-7r phase range at the target
wavelength range.

Each pixel in the 4 x 4 metasurface array measures 50 pum x 50 pm. The metasurfaces
are composed of Si3sN4 square meta-atoms on a fused silica substrate, with a height
of 500 nm, a square lattice, and a pitch of 300 nm. For each j* pixel, the meta-atom
lateral size is chosen to produce a single-pass phase shift of .7 at the designed
resonance wavelength. We employ rigorous coupled-wave analysis (RCWA) [15] to
simulate the phase response as a function of lateral size and wavelength, generating
a meta-atom library used for design selection.

The Fabry-Pérot cavity employs two 7-layer SizN4—SiO, distributed Bragg reflectors
as mirrors, providing the high reflectivity necessary for a narrowband resonance
peak.

7.4 Fabrication of SSE
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FIGURE 7.3: Fabrication process flow of the spatial-to-spectral encoder.

The two DBRs are grown on two 500 pm-thick fused-silica substrates (10x 10 mm?
chip) with plasma-enhanced chemical vapor deposition. These DBRs are made of 7
alternating layers of Si3sNy (n = 1.97 at 560 nm, thickness = 71 nm) and SiO, (n = 1.44
at 560 nm, thickness = 97 nm), which has a reflecting band centered at 560 nm. Af-
ter that, 500nm SizNy is deposited on one of the DBRs, where the metasurface is
fabricated by electron beam lithography (EBL). A 300 nm-thick e-beam resist (ZEP-
520A) is spin-coated and patterned by EBL, then a ~ 65 nm thick Al,O3 hard mask is
created by electron beam assisted evaporation followed by resist lift-off in N-methyl-
2-pyrrolidone (NMP) at 90°C overnight. Subsequently, the Si3sNy layer is etched by
a fluorine based reactive ion process. Meanwhile, a 2.5 um-thick SUS resist is spin-
coated on the other DBR and patterned by photolithography to create a spacer struc-
ture (a ring with inner diameter = 5mm, outer diameter = 8 mm, height = 2.5 ym).
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Finally, the two DBRs are bonded together with the metasurface wrapped inside us-
ing a flip-chip bonder. The SU8 bonding is done by heating up the two substrates to
250°C and applying 40 N force for 1 hour.

(a)
Pixel array
indexing
59 13
6 10 14
7 11 15
8 12 16

Hh W N| -

() Pixel #4 Pixel #8 Pixel #12

FIGURE 7.4: (a) Optical microscope top-down image of the fabricated spatial-to-spectral encoder.
(b) Scanning fiber image of the metasurface layers of three of the pixels of the encoder. The images
are captured in the middle of the fabrication process flow, before the two substrates are bonded.

Figure 7.4a shows an optical image of the fabricated SSE device from top, while Fig-
ure 7.4b shows scanning electron microscope images of 3 different metasurface pix-
els, whereas for each structure, the meta-atoms have different lateral size to impose
different phase delays to the light.

7.5 Characterization of SSE

7.5.1 Experimental setup

The experimental setup for characterizing the fabricated SSE, i.e. measuring the
transmission spectrum of each pixel, is demonstrated in Figure 7.5. Broadband light
(Thorlab High-Power Stabilized Quartz Tungsten-Halogen Source: 360 — 2500 nm,
SLS302) is coupled to an optical fiber, then collimated by a tube lens (Thorlab AC254-
030-A-ML, f = 30mm) at the fiber output and subsequently focused by an objective
onto one of the pixels in the SSE. Fiber with core diameter: 10 pm (Thorlabs M64L01,
0.1NA), the objective: Nikon LU Plan Fluor 10x, WD = 17.5mm, NA = 0.30, the
beam size on the SSE: ~ 20 pm. A 50/50 beam splitter is placed in between the col-
limator and the objective, combined with a tube lens (Thorlabs AC254-100-A-ML,
f=100mm) and a camera (Thorlabs CS165CU) for viewing the patterns on the mask.
The light transmitted through the SSE device is coupled to another fiber (Thorlabs
M74L05, core diameter = 400 um, 0.39 NA), which is connected to a spectrometer
(Teledyne Princeton Instruments, IsoPlane SCT 320) for spectral measurements of
light coupled to the fiber.
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FIGURE 7.5: Experimental setup for measuring the transmission spectra of all the pixels in the
encoder.
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FIGURE 7.6: Measured transmission spectra of all the pixels of the encoder, displayed in different
colors from blue to red.

7.5.2 Characterization results

As shown in Figure 7.6, the transmission resonance bands of each pixel in the SSE are
spectrally shifted and distributed across the entire free spectral range of the cavity,
owing to the phase shifts imparted by the metasurfaces. These transmission bands
appear as narrow peaks with minimal spectral overlap, resulting in a low condition
number of the encoding matrix—even without any device-level optimization.

For spatial-to-spectral encoding, we select transmission resonances within the spec-
tral range of 570nm to 625nm, corresponding to the 9" resonance mode of the
Fabry-Pérot cavity with a length of 2.5 pm. The full width at half maximum (FWHM)
of the resonance peaks ranges from 1.6nm to 3.0nm, with an average value of ap-
proximately 2.3 nm, indicating a quality factor (Q) of about 30. Resonance modes of
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other orders are not utilized, as some lie near the edge of the DBR’s stopband, where
the cavity exhibits significantly lower Q factors and reduced spectral orthogonality
among the encoding channels.

7.6 Spectrally encoding imaging experiments

7.6.1 Experimental setup
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/“ N Mask
.\

Broadband E@i A D, ) /
source Fiber :JL A l % Fiber

spectrum
analyzer

camera

FIGURE 7.7: Experimental setup for the spectrally encoding imaging.

The fabricated SSE is used to encode light passing through various binary patterns
into distinct spectra. The spectrally encoded light is then transmitted through an
optical fiber and measured using a spectrometer. The recorded spectra are subse-
quently decoded to reconstruct the original spatial patterns.

The experimental setup is illustrated in Figure 7.7. This setup is similar to the char-
acterization configuration, with the key difference being the placement of a metal
mask with binary patterns in close proximity to the SSE, thereby generating spatial
patterns to be spectrally encoded. A multimode fiber (Thorlabs M122L02, core di-
ameter: 200 pm, NA = 0.22) delivers light from the source. The imaging objective
used is a Nikon LU Plan Fluor 5x (NA = 0.15, WD = 23.5mm), which results in an
expanded beam spot of approximately 800 um on the mask, ensuring full coverage
of the pattern region.

7.6.2 Calibration of the encoding matrix

The encoding matrix M must be calibrated prior to imaging. This matrix is con-
structed using the measured transmission spectra of all spatial pixels in the SSE over
the wavelength range of 570 nm to 625 nm. Because light may leak from the edges of
the metal mask, carrying the transmission spectrum of the Fabry-Pérot cavity with-
out a metasurface, we also include this background spectrum in the encoding matrix.
The transmission spectra of all pixels and the background are plotted in Figure 7.8a.
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FIGURE 7.8: (d) The measured transmission spectra of all pixels of the encoder in different colors
from blue to red. The transmission spectrum of the cavity without metasurface (the background) is
also plotted (in black) for comparison. (e) The measured and fitting spectra of the all-open pattern.
The fitting spectrum is the weight summation of the spectra of all pixels.

We calibrate the spectral code matrix M by fitting the measured spectrum of an all-
open pattern, Ip(A), using the spectra of the individual pixels, ¢;(A), and the back-
ground spectrum tpg(A). The calibration procedure is defined as follows:

ap = [L(A)]" (7.9a)
M= [Cbg/ tbg(/\ + A/\O) c1, bt (/\ + A)\l) ... C16/s tlé()\ + A)Lm)] (79b)
bo=[1 1 .. 1" (7.9¢)
. 2

glAlf\l, |Mbg — ag| (7.9d)

Here, AA; represents the wavelength shift applied to each spectrum, and ¢; denotes
the corresponding weighting factors.

The fitted spectrum of the all-open pattern, Iy (1) = Mby, is plotted in Figure 7.8b
(red dashed line), which matches well with the measured spectrum Iy(A) (black solid
line).

7.6.3 Imaging results

Using the calibrated encoding matrix M and the decoding method described in
Chapter 7.2.2, we recovered the binary intensity patterns from the measured spectra
of 24 different original patterns. The threshold for grey-scale to binary is set at the
midpoint of the minimal and maximal greyscale values. Figure 7.9a and b shows
two examples of the binary pattern decoding process with the SSE. The correspond-
ing measured and fitted spectra of these two patterns are plotted in Figure 7.9c and
d. The imaging process for all 24 patterns are summarized in Figure 7.10 and Fig-
ure 7.11.

To quantitatively evaluate the fidelity of the imaging approach, we define an error
rate as the number of pixels that are incorrectly reconstructed divided by the total
number of pixels. The error rates for all binary patterns are plotted in Figure 7.12a.
We used a high resolution (0.2 nm) spectrometer, with n = 316 spectral data points
in the wavelength range of 562 — 625nm (20 spectral data points per spatial pixel).
This results in an average error rate of 9.8%. We further investigated the dependency
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FIGURE 7.9: (a)(b) The 12,227 original binary patterns, the microscope image of the correspond-
ing binary patterns on the chrome mask, the decoded grey-scale patterns, and the recovered bi-
nary pattern from the decoded grey-scale patterns. (c)(d) The measured and fitted spectra of the
12t 227d patterns.

of the decoding error rate on the resolution of the pattern spectra. We synthesized
low resolution spectral data by artificially compressing the number of data points
in wavelength in the measured pattern spectra and encoding matrix, and repeated
the computational decoding on these low resolution pattern spectra. As can be seen
in Figure 7.12b, the decoding error rate only marginally increases when the spectral
resolution decreases. As long as the resolution is better than 1.5nm the error rate
is maintained below ~ 11%. This shows that with our SSE, the decoding can be
efficiently performed using a low resolution spectrometer.

While most patterns are accurately reconstructed (one or less incorrect pixel assign-
ment), some (particularly, 9" and 13, as shown in Figure 7.10) yield extremely high
error rates, which contributed most to the ~ 10% average error rate of the spatial-
spectral decoding experiment. This high error rate may stem from the divergence
of light transmitted through the pattern. Our SSE device is based on the assump-
tion that the incident light is a plane wave. This assumption is satisfied at near-field
imaging condition, where the Fresnel number, F = 4?/AL > 1. In our experiment
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FIGURE 7.11: The original and decoded grey-scale values of all the pixels for all 24 patterns.

setup, the characteristic length for a single pixel of the pattern is half the size of the
pixel, a = 25pm, the propagation distance L ~ 600 pm (slightly thicker than the
substrate 500 um), and the wavelength A ~ 560 nm. These parameters give a Fresnel
number F ~ 1.8, which indicates that we expect the light beam to diverge. Essen-
tially, the light from one single pixel of the pattern on the mask could leak to the
surrounding pixels on the device.
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7.7 Discussion

We have demonstrated cavity-metasurface-based spectrally encoded imaging. The
fabrication of the encoder is fully compatible with standard semiconductor pro-
cesses, making it well-suited for large-scale production. However, each encoder still
requires an individual calibration procedure to account for fabrication-induced vari-
ations and alignment with other optical components. Once calibration is completed,
the subsequent computational decoding reduces to a simple matrix multiplication,
enabling highly efficient implementation.

Although the small pixel number (16) of our SSE device limits its application for con-
ventional imaging, some laser guided surgeries require as little as 3 pixels to navi-
gate the movement of surgical instruments [31]. Thus, an SSE device with only 16
pixels can already be useful and potentially replace the previously used multi-core
tibers for collecting such information, while being thinner, cheaper, more robust, and
easier to integrate.

The number of spatial pixels in the current SSE is fundamentally limited by the FSR
of the Fabry-Pérot cavity relative to the resonance bandwidth of each filter—that is,
by the finesse of the cavity. To overcome this limitation, the metasurface itself can
be engineered to perform spectral filtering, thereby enabling the construction of an
SSE without relying on a Fabry-Pérot structure, as illustrated in Figure 7.13. When
meta-atoms are placed in close proximity, the presence of resonance modes arising
from their collective interaction lead to enrich spectral responses [32], as shown in
Figure 7.13. This approach allows for a diverse set of spectral responses that are
not constrained by the cavity finesse. Moreover, a purely metasurface-based design
simplifies the fabrication process and facilitates easier integration with miniaturized
imaging systems such as endoscopes.
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Chapter 8

Hyperspectral imaging enabled by
metasurface code mask

8.1 Overview

An array of spectral filters, in addition to serving as a spatial-to-spectral encoder for
spectrally encoded imaging as discussed in Chapter 7, can also function as a code
mask for compressive sensing-based hyperspectral imaging. Hyperspectral imag-
ing captures spectral information at every spatial pixel of a scene and has wide-
ranging applications in precision agriculture, environmental monitoring, and med-
ical diagnostics. However, conventional camera sensors can only record light in-
tensity, lacking inherent spectral resolution. By placing a code mask in front of the
sensor, hyperspectral information can be encoded into spatial intensity variations,
enabling indirect spectral capture. The hyperspectral information can be later recon-
structed computationally. Unlike spectrally encoded imaging, the reconstruction is
an underdetermined problem. However, assuming that the spatial and spectral sig-
nals are sparse in the hyperspectral data, compressive sensing can be applied to
reconstruct the full hyperspectral cube.

In this chapter, we present a metasurface-based code mask designed for compres-
sive sensing based hyperspectral imaging. The mask is optimized using an iterative
algorithm inspired by thermodynamic processes to minimize reconstruction error. It
enables the encoding of a full hyperspectral dataset—comprising 140 x 200 spatial
pixels and 21 spectral bands spanning 480-680 nm—into a single grayscale image of
size 140 x 200, achieving a 21-fold data compression. From this single measurement,
the hyperspectral information is computationally reconstructed.

We validate the system by capturing high-resolution, snapshot hyperspectral images
of natural objects under broadband illumination, demonstrating both its practicality
and potential for real-world deployment. Compared to most commercial hyperspec-
tral imagers based on tunable filters, line-scan spectrometry, or multi-aperture archi-
tectures, our metasurface-based imager offers simplified configuration and superior
performance in terms of imaging speed, resolution, and optical efficiency.

We credit our collaborator, Prof. Vishwanath Saragadam and his group members at
the University of California, Riverside for performing computational reconstruction
of the hyperspectral images based on compressed sensing algorithms.

This chapter is adapted from an unpublished paper titled "Snap-shot hyperspectral
imaging enabled by metasurface".
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8.2 Conventional hyperspectral imager

A hyperspectral image with H x W spatial pixels and K spectral bands can be de-
noted as I(x,y, A;), where x and y are the indices of the spatial pixels, and i is the
index of the spectral bands, with x,y,i € Z |1 <x < M,1 <y < N,1 <i <K
Since a conventional camera sensor can only record the intensity of incident light, it
cannot directly capture the full H x W x K hyperspectral data cube in a single snap-
shot. Traditional hyperspectral imaging systems either employ a scanning mecha-
nism to sequentially acquire different portions of the cube or utilize mosaic-based
architectures, which expand each spatial pixel into K sub-pixels, requiring a camera
with Mv/K x Nv/K pixels to fully record the hyperspectral data.

In scanning-based hyperspectral imaging systems, one common approach is to use a
tunable filter to sequentially scan across wavelengths A;, acquiring intensity images
I),(x,y) at each spectral band [33, 34, 35, 36]. Alternatively, line-scan spectrometry
combines a scanning slit with a transverse dispersive element, allowing the sensor
to capture I, (x, A;) while scanning along the y direction [37, 38, 39]. Although these
systems offer high spatial and spectral resolution, their imaging speed is fundamen-
tally constrained by the sequential nature of the acquisition. Additionally, the inte-
gration of tunable filters, scanning slits, and dispersive elements leads to increased
system complexity and size.

In contrast, mosaic-based systems incorporate narrowband multispectral filter ar-
rays directly onto the H x W pixel sensor, enabling simultaneous acquisition of
K spectral bands through optical filtering [40, 41]. These parallel acquisition sys-
tems significantly enhance imaging speed and enable the development of compact,
snapshot-capable hyperspectral cameras. However, this comes at the cost of reduced
spatial resolution, which is directly traded off to increase spectral resolution. Fur-
thermore, systems relying on narrowband filters inherently face a trade-off between
the number of spectral bands and photon collection efficiency. Specifically, an N-
channel hyperspectral imager captures only 1/N of the available photons, which
significantly limits performance in low-light or dark environments.

8.3 Compressive sensing hyperspectral imager
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FIGURE 8.1: (a) Schematic of the hyperspectral imaging system. (b) Schematic of the spectral
code mask for hyperspectral imaging, which contains an array of 20 x 14 repetitive supercells.
Each supercell contains an array of 10 x 10 different spectral filters with distinct transmission
spectrum. The color and the transmission spectrum of the filters are randomly generated only for
demonstration.
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Recently, compact hyperspectral imaging has been demonstrated with spectral code
masks. These, when combined with recent advances in compressive sensing [42, 43],
have offered a way to achieve snapshot hyperspectral imaging without dramatically
sacrificing spatial resolution [44, 45, 46, 47].

As demonstrated in Figure 8.1a, the code mask is placed on top of the camera sen-
sor with pixel-to-pixel alignment. Such a code mask, whose optical functionality is
described by M(x, y, A;), is also a spectral filter array, with the filters at different lo-
cation (x,y) having unique transmission spetra t,;, = M(x,y,A). However, unlike
the mosaic-based system where v/K x /K sub-pixels are used to record K bands of
spectral information, the code masks compress the H x W pixels x K spectral bands
hyperspectral data cube I(x,y,A) into a H x W pixels grayscale image, g(x,y):

K
g(x,y) =Y M(x,y,A)I(x,y,A) (8.1)
i=1

The grayscale image g(x, y) captured by the camera sensor contains only H x W data
points, representing an under-sampled observation of the full hyperspectral data
cube I(x,y,A) with dimensions H x W x K. Reconstructing I(x,y,A) from g(x,y)
is thus an ill-posed inverse problem. However, this inversion becomes tractable by
leveraging the inherent signal sparsities in hyperspectral data, as the true informa-
tion content in I(x,y, A) is significantly lower than its raw dimensionality suggests.

First, natural scenes typically consist of a few distinct objects with well-defined
edges rather than random textures across the field. As a result, the spatial content
of the image is compressible and can be represented with far fewer coefficients in an
appropriate spatial transform, much less than the full H x W pixel count, known as
spatial sparsity.

Second, the spectral signatures of real-world materials tend to be smooth and struc-
tured rather than exhibiting random or spiky variations. This means that each pixel’s
spectrum is sparse or compressible in a suitable spectral basis, reducing the need for
K independent values to describe each spectrum, which is known as spectral spar-
sity.

Third, spatially neighboring pixels often correspond to the same object or material
and thus exhibit similar spectral profiles. This introduces redundancy across both
the spatial and spectral dimensions of the data cube, rendering it highly compress-
ible. Such internal redundancy is commonly referred to as global low-rankness [48].

To exploit these signal sparsities, we first reshape the spatial domain into a vec-
tor of dimension HW, reformulating the hyperspectral cube I(x,y,A) as a matrix
H € RHWXK  We then model this matrix as a low-rank product H = uv’ [49],
where U € RPWX" captures the spatial components (left singular vectors), and
V € RK*" encodes the spectral signatures (right singular vectors). To promote spa-
tial sparsity and smoothness, we replace U with an implicit neural representation
(INR) using wavelet-based activations, which acts as an untrained neural prior that
captures edges and textures while suppressing noise [50]. Finally, we impose a to-
tal variation (TV) regularization on U to encourage spatial smoothness and a ridge
penalty on V to promote smooth spectral variations.



66 Chapter 8. Hyperspectral imaging enabled by metasurface code mask

We present a hyperspectral imaging system based on spectral code mask and compressive-
sensing. As a proof-of-concept, we design a code mask consisting of 140 x 200 spec-

tral filters that work in 21 spectral bands spanning a range of 480 nm - 680 nm with

Ai = 4804 10i for i = 0,...,20. This spectral range is only limited by the tunable
range of our tunable laser, which is used for the calibrations and benchmark testings

of our imager. As shown in Figure 8.1b, the 140 x 200 array contains 20 columns

and 14 rows of repetitive supercells. The supercell contains a 10 x 10 array of 100
different spectral filters, where each filter corresponds to one pixel and has a unique
broadband transmission spectrum.

8.4 Metasurface spectral filters

Single filter size = 5ym

FIGURE 8.2: The schematic of a metasurface spectral filter that contains periodic pillar structures.
The materials of the pillar and the substrate are Si and Al,Os, respectively. The height of the
pillar is i = 220nm. The 4-dimensional parameters p, d, a, b are tunable parameters for producing
different spectra.

The spectral filters in the code mask for hyperspectral imaging can be implemented
either using Fabry-Pérot cavities with varying thicknesses [45] or materials with di-
verse absorption spectra [46]. However, the fabrication of code masks in these ap-
proaches typically requires multi-stage lithography processes, which introduce sig-
nificant complexity in fabrication and hinder low-cost, large-scale industrial produc-
tion. Moreover, the spectral filters based on optical cavities or absorption materials
often exhibit limited tunability, thereby constraining the flexibility available for op-
timizing the code mask design.

A metasurface that consists of a periodic array of subwavelength meta-atoms is a
promising candidate for these spectral filters [51, 52]. The resonance modes induced
by neighboring meta-atoms result in transmission spectra that are sensitive to the
geometries of the meta-atoms. Therefore, tuning the meta-atom geometries enables
us to implement filters with diverse spectral responses that have a high degree of
linear independence, which is essential to achieve high resolution spectra at each
spatial pixel. In addition, a metasurface can be fabricated with a simple one-step
lithography process, enabling the large-scale and cost-effective fabrication of a dense
array of filters with a pixel size of only a few micrometers, matching the typical pixel
density in a camera sensor.

Therefore, we design a code mask using metasurface spectral filters. These meta-
surfaces have a periodic crystalline silicon-on-sapphire pillar structure. As can be
seen in Figure 8.2, the unit cell of the periodic structure contains four pillars in a 2x2
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grid, with diagonal pillars being identical. The sizes of the pillars a, b, the distance
between the pillars d, and the periodicity of the unit cells p are the four geometric
parameters which can be tuned to realize different transmission spectra. This con-
figuration of the unit cell is chosen because it is polarization independent and has a
large degree of tunability, while the shape of the pillars has a low level of complexity,
reducing the fabrication imperfections and lithography write time. The size of each
single filter is 5 pm.

8.5 Design of code mask

The 100 distinct filters forming the supercell for the code mask are optimized to
ensure a low spatial and spectral correlation between the code mask and the hy-
perspectral data, thereby reducing the reconstruction error in the compressive sens-
ing [45]. To guide this optimization, two figures of merit are defined for reflecting
how good the code mask is for reducing the reconstruction error: the spatial ran-
domness R; for each wavelength band 7, and the spectral correlation coefficients C;;
between every pair of spectral bands i and j. To calculate these two figures-of-merit,
the transmission of the code mask in each wavelength band, M(x, y, A;), is flattened
into a one-dimensional vector 7; that contains the transmittance values for all pairs

of (x,y):

Ti=[ti, s tie -+, tinoo] (8.2a)
tir = M(x,y, A) (8.2b)
wherek =10(y —1) +x,1 <k <100,1 < x,y < 10;k,x,y € Z (8.2¢)

The spatial randomness R; is defined as ¢;/p;, where 0; and y; are the standard de-
viation and mean values of all elements in 7;. The spectral correlation coefficient C;;
is the absolute value of the Pearson correlation coefficient between the two vectors
Ti and 7. Specifically:

1 100
k=1
1 100
o, = 100 Z(tik — ‘ui)z (8.3b)
k=1
| SR (= ) (e — )
Cij = 10000, (8.3¢)
Ri = 0i/pi (8.3d)

Large values for R; and small values for off-diagonal C;; (with i # j) are desired for
reducing the reconstruction error.

8.5.1 Code mask optimization framework

The code mask is optimized by selecting 100 different filters from a library contain-
ing ~ 2000 filters to construct the supercell, aiming at simultaneously reducing C;;
(i # j) and increasing R; of the code mask. The filter library is built by scanning the
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geometric parameters of the meta-atoms within a certain range governed by fabrica-
tion feasibility, from which 100 filters are selected. The spectra of these filters in the
library are experimentally characterized (see the following chapter 8.5.3)

This selection is performed through an iterative optimization process that minimizes
the loss function F defined from R; and C;; (i # j) (see the following chapter), as il-
lustrated in Figure 8.3b. Initially, 100 filters are randomly chosen from the library
to form a starting configuration. The loss function is then computed based on the
experimentally measured spectra of the selected filters. At each iteration, one filter
within the supercell is randomly selected and proposed for replacement with an-
other filter randomly drawn from the remaining unselected filters in the library. The
new configuration’s loss function is recalculated and compared with the previous
value. If replacement leads to a lower loss function, it is accepted, and the supercell
is updated accordingly.

Random
Selection of
100

Calculate
Loss function F — Filters for

supercell

Start

replacement o
Update I one
Loop for N
{ Lower - Accept } times
Stop

Higher mmmmp REIECt

FIGURE 8.3: A schematic diagram demonstrating the iterative optimization of the code mask.

8.5.2 Loss function

The loss function F is computed from the spectral correlations C;; between every two
spectral bands i and j, and the spatial randomness R; for each spectral band i:

F = Hy({Cyj}) —aR (8.4)

where Hy({C;;}) is the term that counts contributions from spectral correlation co-
efficients C;;, and R counts contributions from spatial randomness R;. « is a tunable
coefficient that balances the trade-off between spectral correlation and spatial ran-
domness.
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8.5.3 Metasurface filter library

As shown in Figure 8.2, the unit cells of the metasurface filters contain two pairs of
identical square pillars located at the diagonal corners, with four geometric parame-
ters p,d,a,b. a and b are the size of the pillars, d is the spacing between two different
pillars, and p is the size of the unit cell. These four geometric parameters are scanned
across the following range with a step of 16 nm to form a library containing around
2000 filters with different transmission spectra:

304nm < p < 500nm (8.8)
96nm < d < 0.5p (8.9)
64nm < b <a<d (8.10)
a+b <2d —64nm (8.11)

We fabricate a chip containing all of these 2000 filters using electron beam lithogra-
phy. The process is the same as shown in Chapter 5.3. The transmission spectra of
these 2000 filters are then experimentally measured using the setup demonstrated in
Figure 8.4.

As indicated, the image of the metasurface spectral filter array chip is relayed by a
10x relay optics (tube lens: TL200 from Thorlabs, focal length 200 mm, anti-reflection
coating 350-700 nm; objective lens: Mitutoyo M Plan Apo 10x LWD Objective, with
NA =0.28, focal length = 20 mm, working distance = 34 mm) to a monochrome cam-
era sensor (ZWO ASI183MM Monochrome Astronomy Camera). The metasurface
filter array chip is placed at the focal plane of an imaging lens with tunable aperture
(Edmund optics 50 mm C Series Fixed Focal Length Lens, the f-number is set as 2.8).
A supercontinuous laser (NKT Photonics, SuperK Fianium FIR20, paired with Su-
perK SELECT 4x VIS/IR tunable filter) is used for illumination. The wavelength of
the output light is scanned across 480 nm — 680 nm. The image of the filter array is
captured at each wavelength, and the spectra of all the filters can be extracted from
these images. Figure 8.4 shows the images of the 2000 filters at 500 nm, 570 nm, and
640 nm.

Note that a frosted tape is placed ahead of the light source as a diffuser, and is blown
by a fan. The dynamically moving tape vibrates such that the speckle effect can be
eliminated by time averaging in the image capturing processes with exposure times
as long as a few seconds. The noise level of the images captured by the camera sensor
is evaluated by capturing the dark images (light source being turned off) with the
same exposure time, and comparing the intensity of the dark images with the bright
images. This noise level is found to be below 1% of the maximum intensity.
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FIGURE 8.4: The setup for massively parallel measuring the transmission spectra of metasurface
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FIGURE 8.5: Transmissive images of the metasurface filter library at three different wavelengths.

8.5.4 Code mask optimization results

The iterative optimization described in chapter 8.5.1 loops for 20,000 iterations, which
is sufficient to reduce the loss function to a plateau, beyond which further iterations
yield no significant improvement, as shown in Figure 8.6b. Different a values result
in different trade-offs between the spectral correlation indicator Hy({C;;}) and the
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spatial randomness indicator R, as can be seen in Figure 8.6a. We set « = 0.7 to
reach a balance between reducing the spectral correlations and increasing the spa-
tial randomness. Figure 8.6c shows the spectral correlation matrix of the supercell
at the beginning (random selection) and after optimization. As can be seen, the
off-diagonal spectral correlations is greatly reduced after optimization (average off-
diagonal correlation Cjj|;.£; dropping from 0.53 to 0.24). Figure 8.6d shows the spatial
randomness of the supercell in each spectral band at the start and after optimiza-
tion, demonstrating that the optimization maintains the spatial randomness (aver-
age value is 0.36 at the start and 0.38 after optimization). Thus, this optimization of
the supercell can reduce reconstruction errors in HSI imaging.
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FIGURE 8.6: (a) FOMs of code mask configurations randomly generated and after optimization.
(b) Loss function vs. iteration time during the optimization process, with & = 0.7. (c) Spectral
correlation matrix of the supercell in 21 different spectral bands across the 480 nm — 680 nm range
with a step of 10nm, before and after the optimization. (d) Spatial randomness of the code mask
before and after the optimization.

8.5.5 Codemask calibration

Figure 8.7a shows the optical microscope image of the fabricated code mask under
ambient light. As can be seen, different filters appear as blocks with different colors
under ambient light illumination, indicating different optical responses. Figure 8.7b
shows the SEM images of four of the metasurface filters in Figure 8.7a.

The fabricated code mask is calibrated using the same setup in Figure 8.4. The aver-
age transmission maps of the 10 x 10 filters supercell in 21 different spectral bands
are shown in Figure 8.8a. The spectral correlation matrix and the spatial random-
ness of the code mask are plotted in Figure 8.8b and c, respectively. The off-diagonal
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FIGURE 8.7: (a) Optical microscope image of the fabricated metasurface spectral code mask. The
insertion is a zoomed-in view showing a single supercell containing 10 x 10 different filters, each
of which has a size of 5 um, and has a distinct transmission spectrum within the 480 nm — 680 nm
wavelength range. (b) Top-down SEM images of the 4 metasurface pixels that are enclosed by the
red lines in (a). The orange dashed line in the SEM images indicates a unit cell of the metasurface.

values of the spectral correlation coefficients C;; (i # j) has an average value of 0.27,
and the spatial randomness R; > 0.5 for all spectral bands, with an average value of
0.56. These ensure a low reconstruction error. Figure 8.8d shows the measured pho-
ton efficiencies (average transmission y;) of the code mask across all spectral bands.
The photon efficiencies range from 25% to 50%, with an average of 39%, greatly
exceeding the theoretical limit of 5% for a narrow band filter based hyperspectral
imager.

8.6 Hyperspectral imaging experiment

We test our hyperspectral imaging system by performing imaging experiments on
transmission targets, color checker, and natural plant objects. These experiments
demonstrate the spatial resolution and spectral accuracy of the imaging system.

8.6.1 Imaging transmission target

To evaluate the spatial resolution of the system, we first imaged a USAF resolution
target illuminated by a tunable laser, as illustrated in Figure 8.9a. The hyperspec-
tral imaging system consisted of a monochrome camera sensor, a 10x relay optics,
the metasurface code mask chip, and an imaging lens with tunable aperture, as de-
cribed in Chapter 8.5.3. In addition, a 480 nm-680 nm band-pass filter (combination
of two filters: Semrock BrightLine Multiphoton Filter FF01-680/SP-25 and Semrock
BrightLine Multiphoton Filter FF01-496/LP-25) is added to filter out the light out-
side of the working wavelength range. Light containing two distinct wavelengths
passes through a diffuser and then transmits through the USAF target mask. Figure
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FIGURE 8.8: (a) Average transmission map of the 10 x 10 filters supercell in 21 different spectral
bands across the 480 nm — 680nm range. (b) Spectral correlation matrix of the fabricated code
mask. (c) Spatial randomness of the fabricated code mask in 21 different spectral bands. (d) Photon
efficiencies of the fabricated code mask in 21 different spectral bands.

)

FIGURE 8.9: Experiment setup for imaging the USAF transmission target under laser illumination
with two peak wavelengths. Lower middle insertion: grey scale image of the USAF target taken
without the spectral code mask.
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8.10a shows the compressed image of the target captured by our hyperspectral imag-
ing system. The illumination consists of two wavelength components (510 nm and
570nm). The reconstructed hyperspectral images exhibit two sharp spectral peaks
corresponding to the illumination wavelengths, while in other bands, the average
image intensity remains below 5% of the peak values, as shown in Figure 8.10b. This
demonstrates a spectral resolution of 10nm. The USAF target features are faithfully
recovered at two illumination wavelengths, as shown in Figure 8.10c and Figure
8.10d. Figure 8.10e plots the image intensity profile across the grating pattern along
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the dashed white square in Figure 8.10d. As shown, two grating lines with a pitch of
only two metasurface pixels are clearly resolved, confirming that the hyperspectral
image reconstruction preserves the same spatial resolution as the imaging system.
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FIGURE 8.10: (a) The greyscale compressed image of the USAF target captured by the hyperspec-
tral imaging system, under laser illumination at 510nm and 570nm. (b) The spectral intensity
distribution of the laser output and the hyperspectral image reconstructed from the compressed
image in (a). (c) The reconstructed hyperspectral cube in the spectral bands from 500 nm to 580 nm.
(d) The zoom-in view of the region enclosed by the white dash line squares in (c) in the 510nm
(green) and 570 nm (yellow) spectral bands. (e) The intensities across the grating (along the white
dashed line stripe

8.6.2 Imaging color checker

To evaluate the spectral accuracy of our hyperspectral imaging system, we imaged a
Macbeth color checker and compared the reconstructed hyperspectral images with
ground truth data. As shown in Figure 8.11a, broadband light (Thorlabs, SLS201/M,
output wavelength range: 300 nm-2600 nm) passes through a diffuser before illumi-
nating the color checker sample. The diffuse reflected light from the color checker is
then captured by the hyperspectral imaging system described in Figure 8.11a. Due
to the sharp drop in transmission of our bandpass filter at the edge of the passband
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FIGURE 8.11: (a) Experiment setup for hyperspectral imaging of the color-chart sample under
broadband ambient light. (b) Cellphone image of the color-chart sample. The six regions enclosed
by the black dash-line are the regions being imaged.

— falling below 20% for wavelengths shorter than 500 nm or longer than 650 nm —
the signal-to-noise ratio is significantly reduced at these spectral edges. Therefore,
we restricted the comparison range to 500 nm—650 nm.

To acquire the ground truth hyperspectral images, we replaced the broadband light
source used in Figure 8.11a with a tunable laser and removed the spectral filter array
chip from the hyperspectral imaging system. We scanned the laser output across the
500 nm-650 nm range in 10nm increments. For each wavelength, we captured an
unfiltered greyscale image, which served as the ground truth hyperspectral image
at that spectral band.

We captured hyperspectral images of six distinct regions of the color checker, each
containing four color blocks, as shown in Figure 8.11b. Since the spectral intensity
of the broadband light source is non-uniform, and the output power of the tunable
laser varies with wavelength during the ground truth measurements, direct compar-
ison between the reconstructed and ground truth images would be biased. To ensure
a fair comparison, we performed white balancing by normalizing the image inten-
sity in each wavelength band using the average intensity of the bottom-left white
reference block (Block 0):

Inorm(/\iz X, ]/) = ref(/\i) (812)

where Ihom is the normalized image, and L is the average intensity of the white
reference block.

White balancing was applied to both the reconstructed hyperspectral images and the
ground truth using the same reference block. The RGB renderings of the normalized
images from all six regions of the color checker are shown in Figure 8.12a. As ob-
served, the reconstructed images closely resemble the ground truth in overall color
appearance. The colors differ from those shown in Figure 8.11b due to the restricted
operating wavelength range of 500 nm—650 nm, which excludes the blue region of
the spectrum. Figure 8.12b presents the spectral intensities of 24 color blocks from
the reconstructed hyperspectral images in comparison with the ground truth.

We employed spectral angle mapping as an error metric to quantitatively evaluate
the spectral accuracy of the reconstructed hyperspectral images. The spectral angle
is computed by representing the spectra in N spectral bands as two N-dimensional
vectors and calculating the angle between them. A smaller spectral angle indicates a
closer match between the reconstructed spectrum and the ground truth. The spectral
angles for all color blocks are displayed in Figure 8.12b. As observed, most blocks
exhibit spectral angles in the range of 5° - 20°, with an average spectral angle of
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FIGURE 8.12: (a) The RGB rendering of reconstructed and ground truth hyperspectral images of
the color-chart sample. (b) The spectral intensity of the 24 blocks indicated in (a), ground truth
(dash line) vs. reconstruction (solid line).

14.3°. A few blocks show relatively large spectral angles, which may be attributed
to the low signal-to-noise ratio caused by weak spectral intensities in the ground
truth measurements for those blocks.

8.6.3 Imaging plant leaves

In addition, we performed hyperspectral imaging on natural plant leaves. The leaves
were placed on a white board and covered with a glass slide. We acquire the images
using the same procedure as for the color checker. White balancing was applied by
normalizing the intensity at each wavelength band with the average intensity of the
four corners of the image, corresponding to the white board region.

Figure 8.13a presents the RGB renderings of both the normalized ground truth and
the reconstructed images of three small plant leaf samples with different colors. The
reconstructed image exhibits leaf colors that closely resemble those in the ground
truth. The white board appears yellow due to the limited spectral range of the hy-
perspectral images (500 nm—650 nm), which excludes the blue portion of the spec-
trum.



8.7. Discussion 77

For each leaf, a small region (indicated in Figure 8.13a) was selected for spectral
sampling. The resulting spectra are shown in Figure 8.13b. As observed, the re-
constructed spectra align well with the ground truth, except for a noticeable dip at
550 nm, indicating a reconstruction artifact. This artifact likely originates from inac-
curacies in the assumed pre-measurement spectral model of the leaf tissue. Incorpo-
rating stronger penalty to abrupt variations in the spectrum may help suppress the
artifact.

Figure 8.13d displays the full hyperspectral image of the plant leaves across all spec-
tral bands. The reconstructed and ground truth images show consistent spatial pat-
terns across the spectrum, supporting the effectiveness of the reconstruction. The
three leaves exhibit varying relative brightness at different wavelengths, which ex-
plains the differences in their perceived color.

To quantitatively evaluate the reconstruction accuracy of the hyperspectral image,
we further calculate the spectral angle map between the ground truth and the re-
construction and plot it in Figure 8.13c. As can be seen, most of the areas have
low spectral angles of 5° — 10° despite several speckles with a high spectral angle
of 25° — 40°. On average, the regions of the three leaves have a spectral angle of
9.7°, with a 21 x reduction in the number of measurements owing to our snapshot
hyperspectral camera design.

8.7 Discussion

With metasurface-enabled spectral filtering combined with compressed sensing, we
have demonstrated snapshot hyperspectral imaging without sacrificing spatial res-
olution. Compared to spectral filters based on optical absorption materials or opti-
cal cavities, metasurface-based filters offer unique advantages, including simplified
fabrication, straightforward integration with camera sensors, and greater tunability
that allows for design optimization.

Overall, this compressed sensing approach enables snapshot hyperspectral imaging.
In contrast to conventional hyperspectral imaging strategies that rely on sequential
scanning in either the spectral or spatial domain, this approach significantly reduces
the acquisition time required to capture a complete hyperspectral dataset. This im-
provement comes at the expense of spectral accuracy, but the trade-off is acceptable
for many practical applications due to the inherent signal sparsities of hyperspectral
data in natural scenes.

Although snapshot imaging avoids sequential scanning, it still requires post-acquisition
reconstruction, which comsumes time and demands computational resources. Nev-
ertheless, the reconstruction algorithms are sufficiently efficient to support video-
rate imaging, making this approach feasible for real-time applications such as agri-
cultural monitoring and environmental sensing. The true advantages of snapshot
hyperspectral imaging lies in scenarios where rapid image capture is essential, and
extended post-processing is permissible, such as in analyzing thermal diffusion dy-
namics or monitoring chemical and biological reaction processes. Another impor-
tant advantage arises in low-signal or photon-sensitive settings, where long inte-
gration times or minimal illumination doses are required. In these cases, snapshot
acquisition is inherently more favorable than scanning-based methods.
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FIGURE 8.13: (a) The RGB rendering of the ground truth and reconstructed hyperspectral images
of three plant leaves with different colors. (b) The ground truth and reconstructed spectra of three
regions in different leaves. The sampling regions are indicated by the black squares in (a). (c)
The spectral angle map between ground truth and reconstructed hyperspectral image. (d) The full
hyperspectral image data of the plant leaves, ground truth vs. reconstruction.
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Chapter 9

Future work

9.1 Overview

This chapter outlines some of the remaining challenges encountered in the research
projects presented in this thesis and conceptually introduces ideas of potential ap-
proaches to address them. The aim is to provide inspiration and direction for future
work that may build upon and extend the current research.

9.2 Integration of metalens with scanning fiber endoscope
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FIGURE 9.1: Proposed process flow of integrating the metalens with scanning fiber endoscope

In Chapters 5 and 6, we present the design of metalenses for scanning fiber en-
doscopes (SFEs). In these demonstrations, the metalenses were aligned with the
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scanning fiber on an optical table. Realizing a fully integrated metalens-based SFE,
however, requires incorporating the metalens directly into the SFE’s scanning hous-
ing—a step yet to be achieved. As shown in Chapters 5.3, metalenses are typically
fabricated on rigid, thick dielectric substrates. These substrates must be at least hun-
dreds of micrometers thick to provide the mechanical strength necessary for fabrica-
tion, but this adds significant thickness to the otherwise micrometer thin metalens.
Moreover, dielectric substrates are difficult to cut, posing challenges for large-scale
production and for integrating metalenses specifically designed for SFEs.

A promising strategy to overcome these limitations is to encapsulate the metasurface
in a thin, flexible polymer layer [53], which can be easily cut and transferred onto a
fiber [54]. However, in reported processes, the metalens is manually peeled from its
substrate and repositioned before attachment, risking the damage of the metalens.

Here, we propose a modified approach in which encapsulation, cutting, transfer
of the metalens and the alignment of the metalens with the SFE scanning house
are performed in a continuous process, with the metalens remaining on its original
substrate until final release, as illustrated in Figure 9.1. This method could enable
the development of fully integrated metalens-based endoscopes that leverage the
advantages of ultrathin, planar optics for easier integration and enhanced perfor-
mance.

9.3 Image quality enhancement using a confocal configura-
tion in a scanning fiber endoscope
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FIGURE 9.2: Proposed confocal setup for the scanning fiber endoscope.

The relatively low efficiency of the polychromatic metalens demonstrated in Chap-
ter 6 reduces the image contrast of a multi-color endoscope, thereby degrading imag-
ing quality. Enhancing the metalens design to increase its relative efficiency could
mitigate this issue, but achieving such improvement remains a longstanding chal-
lenge. In addition to design optimization, incorporating a confocal configuration
into the SFE can further improve image contrast by exploiting the spatial filtering
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effect of confocal optics [27, 55]. As shown in the proposed confocal SFE setup (Fig-
ure 9.2), a single spot on the sample is illuminated by the beam emitted from the
scanning fiber tip and focused by the metalens during scanning. Light scattered
from this spot is then re-collected by the metalens and refocused back into the same
fiber core, rather than being captured by surrounding fibers as in the state-of-the-art
SFE.

Due to the metalens’s low efficiency, a portion of the beam energy is not concentrated
on the intended focal spot. As shown by the simulations and experiments in Chap-
ter 6, two prominent side lobes are present. In a conventional SFE, where scattered
light is collected by surrounding fibers, these side lobes generate shadow artifacts
and reduce image contrast (see Chapter 6.7). In contrast, the confocal configuration
largely rejects light from the side lobes, as it does not couple efficiently back into the
fiber core, thereby suppressing unwanted signals and improving image contrast.

In a traditional confocal arrangement, the same fiber core serves as both the light
emitter and the collector. Because the fiber’s numerical aperture (NA) defines both
the emission and acceptance angles, only a small section of the metalens is used
for both illumination and collection. This maximizes spatial filtering, yielding the
highest imaging contrast, but limits the collection aperture and thus the overall light
collection efficiency. Given that the permissible laser power for illuminating bio-
logical tissue is often restricted, maximizing collection efficiency is essential. This
can be addressed using a double-clad fiber (Figure 9.2). In this configuration, the
single-mode core with a small NA delivers the illumination beam, while the inner
cladding, having a larger NA, collects scattered light over a wider acceptance an-
gle—effectively from the entire metalens. This increases light collection efficiency at
the expense of partially reduced spatial filtering. Additionally, because light from
the entire metalens suffers from more aberrations than those from only a small sec-
tion of the metalens, the collected light forms an expanded spot on the fiber’s scan-
ning plane. Therefore, the inner cladding diameter must be designed to accommo-
date this spot size, preserving effective signal collection.

9.4 Far-field and large number of pixel spectrally encoding
imaging
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FIGURE 9.3: (a) Single fiber, near-field spectral endocing imaging. (b) Proposed configuration for
massive parallel far-field spectrally encoding imaging with fiber array.

The spectrally encoding imaging demonstrated in Chapter 7 operates in the near
field: the object must be placed in close proximity to the encoder, and the light-
collecting fiber is also positioned near the encoder, as shown in Figure 9.3a. This
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requirement limits its practical use in endoscopic applications, since the endoscope
tip cannot always be placed directly adjacent to the target tissue. Furthermore, as a
proof-of-concept, we demonstrated imaging through only a single fiber, achieving
merely 16 pixels—an insufficient number for most practical uses.

To develop a spectrally encoding endoscope with higher pixel counts capable of
doing far-field imaging, and to overcome the pixel-density limitation (i.e., the max-
imum number of pixels that can be realized in a given cross-sectional area of the
endoscope tip, as discussed in Chapter 3.2.3), a natural approach is to employ a
dense fiber array, such as a coherent fiber bundle, combined with an array of spec-
tral encoders and an imaging lens, as illustrated in Figure 9.3b. In this configuration,
the encoder array is placed at the image plane of the lens, where it encodes the
spatial information into spectra. Each encoder in the array is paired with a corre-
sponding fiber, with a microlens coupling the encoded light into the fiber. While
the physical constraints of fiber optics require core-to-core spacing on the order of
several micrometers to prevent cross-talk between each core, the spectral encoder
itself can incorporate filter blocks with dimensions as small as one micrometer or
even sub-micrometer. Consequently, each encoder can transfer multiple spatial pix-
els through a single fiber by encoding them spectrally. This configuration enables
a spectrally encoding endoscope to achieve a total pixel number far exceeding that
of a conventional coherent fiber bundle endoscope, where each fiber core transmits
only one spatial pixel.
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FIGURE 9.4: (a) Proposed configuration for far-field spectrally encoding imaging with an encoding
lens. (b) Demonstration of spatial division multiplexing design of the encoding lens. (c) Expected
point-spread-function of the encoding lens at different wavelengths.

Such a configuration requires complex integration and precise alignment between
the fiber array and the encoder array, which poses significant fabrication challenges
and reduces the robustness of the endoscopic system, since even small misalign-
ments can cause substantial performance degradation. This hinders the commer-
cialization of spectrally encoded endoscopes. To address this limitation, we propose
an alternative solution for far-field, high-pixel-count spectrally encoding imaging,
illustrated in Figure 9.4a, which eliminates the need for precise alignment between
the encoder and the fiber array.
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This setup is adapted from a conventional confocal imager: light emitted from fibers
located at positions x.m is projected by a lens onto the image plane at positions xim,
scattered back, and then re-collected by the same lens and coupled into the originat-
ing fibers. In this way, the fiber core at xem records the image information at xin,.
The mapping Xem — Xim follows the standard imaging law of a lens. The fiber array
has a core-to-core spacing of Axem, which defines the pixel pitch Axjy,, on the image
plane (Figure 9.4a). Typically, Axen is larger than the size of the beam spot in the
image plane, which causes the system not to reach the diffraction limit.

In a spectrally encoding endoscope, the lens is modified to function as a spectral
encoder by introducing unconventional dispersion. Specifically, for light at wave-
length Ay, the focal spot on the image plane is displaced from xiy, by Ax,, with
Axyr € (0,Axim). These wavelength-dependent focal spot shifts encode fine spa-
tial details near xiy, into the spectrum collected by the fiber at x¢m. As a result, each
fiber captures a low-resolution spectral image around x;n,, and the collection of these
images across the fiber array can be stitched into a large image. The total number
of resolvable pixels is given by the number of fiber cores multiplied by the num-
ber of wavelength bands, thereby exceeding the pixel-density limitation discussed
in Chapter 3.2.3.

This wavelength-dependent vari-focal lens can be realized through spatial division
multiplexing. The metalens is divided into n regions, where n is the number of
wavelength bands. Each region, indexed by k, is designed to focus light at Ax onto a
lateral position shifted by Ax,,. Figure 9.4b shows an example of a four-wavelength
varifocal metalens, where the red, yellow, green, and blue regions are assigned to
A1, Az, Az, and Ay, respectively, and the corresponding focal spots are positioned at
the top-left, top-right, bottom-right, and bottom-left of the center. Similar spatial
multiplexing strategies have been employed in the development of metalens spec-
trometers [56, 57].

In this spatial multiplexing approach, the on-focus spot for one wavelength will
result in defocused spots at other wavelengths. Thus, for a four-wavelength vari-
focal lens, at each Ay, the point spread function PSF,  consists of one on-focus spot
and three defocused spots. However, the locations of these spots differ for each
wavelength (Figure 9.4), resulting in wavelength-dependent PSFs that encode spa-
tial information into the spectrum. The inverse design methodology introduced in
Chapter 6.3 can be applied to reduce the correlation between PSF, across different
A, thereby enhancing the robustness of spatial information reconstruction from the
spectrum.
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