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Abstract

Flat optics refer to optical devices composed of ultra-thin and light-weight planar op-
tical components, which manipulate light in ways that are not possible using conven-
tional bulky optics. Multiple applications including imaging, beam steering, sensing,
and projection can be performed through a single layer flat lens, which facilitates the
integration between optical and electronic components. Through the arbitrary manip-
ulation of wavefront, flat optics feature improved optical performance and customized
functionality.

In this thesis, we focus on the design and optimization of single or multi-layer
metasurfaces to construct flat optical components for imaging and sensing applica-
tions. We propose a variety of device configurations, analytical analysis, material
choices, and prove the effectiveness of the concepts through experimental demonstra-
tions.

We have developed the design concept of wide field-of-view metalens for imaging
applications. We proposed the analytical solution to obtain the optimum phase profile
of the single layer wide field-of-view metalens, which show diffraction-limited imaging
performance with near-180∘ field-of-view. We further built up the algorithm to design
metalens with combined wide field-of-view and achromatic features, which show 1 -
1.2 𝜇𝑚 wavelength broad bandwidth imaging performance with minimal transverse
focal shift.

We have demonstrated a variety of depth sensing techniques using metasurfaces.
They include passive depth sensing mechanism using stereo camera, and active depth
sensing mechanism through structured light projection and beam steering. Near-180∘
3-D depth sensing have been realized utilizing the wide field-of-view design concept.

We have further combined multiple optical properties into a single flat optical ele-
ment through polarization-multiplexing. Based on the proposed concept, we demon-
strated another passive 3-D depth sensing mechanism through utilization of metalens
with double-helix point-spread-function. The metalens showed meter scale depth
sensing range with sub-millimeter accuracy. We have further proposed the design
concept of wide field-of-view metalens with extended depth-of-focus. Opposite to
metalens for depth sensing, it reveals object information in the entire 3 - 10 𝑚𝑚
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extended depth range in the near-180∘ field-of-view through image deconvolution.
We have also proposed a zoom lens with tunable magnification through polarization-
multiplexing. An unprecedented 10x zoom ratio between the wide-angle and telephoto
mode has been experimentally validated.

Lastly, we have realized the reconfiguration in the mid-infrared band using phase
change materials. We demonstrated zoom lens in the 5.2 𝜇𝑚 wavelength leverag-
ing the large refractive index difference of the phase change material 𝐺𝑒2𝑆𝑒2𝑆𝑏4𝑇𝑒1
between the amorphous and crystalline states. A similar 10x zoom ratio between
the two modes has been validated. We have further showed the design concept of a
varifocal lens. The focal length can be tuned continuously between 4 - 10 𝑚𝑚 range
by controlling the temperature profile of the metasurface.

Thesis Supervisor: Juejun Hu
Title: Professor

4



Acknowledgments

I am deeply grateful to the MIT for providing an exceptional academic environment

that has enriched my learning and research experience in countless ways. From the

cutting-edge facilities and resources to the world-class faculty and staff, MIT has set

the highest standards of excellence in education and scholarship. I have been fortunate

to be part of a community that fosters intellectual curiosity, rigorous inquiry, and

interdisciplinary collaboration.

I owe a debt of gratitude to my thesis advisor, Professor Juejun (JJ) Hu, for his

unwavering guidance, expertise, and inspiration throughout my graduate studies. As

the leader of the photonic materials (PMAT) group, he has been at the forefront of

research in the field, and I have been fortunate to be part of his team. His insights,

feedback, and encouragement have been invaluable in shaping the direction and qual-

ity of my thesis work. I am also grateful for his mentorship and the opportunities

he has provided me to grow as a researcher. His dedication to excellence, creativity,

and collaboration has been a constant source of motivation for me, and I am proud

to have him as my advisor.

I would like to extend my heartfelt thanks to Dr. Tian Gu, who has been an

indispensable mentor throughout my research projects. His deep knowledge, tech-

nical skills, and passion for scientific discovery have been instrumental in advancing

our team’s goals and achievements. His patient guidance, constructive feedback, and

generous support have been invaluable in shaping my research ideas and experiments.

I have learned a great deal from his dedication to precision, efficiency, and innovation,

and I am honored to have worked with him. His commitment to excellence and in-

tegrity has set a high standard for me, and I will carry his lessons and inspiration with

me in my future endeavors. I am deeply grateful for his mentorship and friendship.

I would like to express my gratitude to my thesis committee members, Professor

Rafael Jaramillo and Professor Lionel C. Kimerling, for their invaluable guidance,

insights, and feedback throughout the development of my thesis projects. Their ex-

tensive expertise, diverse perspectives, and critical thinking have greatly enhanced

5



the rigor and relevance of my research, and I am indebted to them for their time

and effort. I appreciate the thoughtful discussions we had during the committee

meetings, which challenged me to think deeply and broadly about my research ques-

tions and methods. I am also grateful for the constructive feedback and suggestions

they provided me, which helped me to refine my ideas. Their mentorship has been

instrumental in shaping my intellectual growth and professional identity.

I would like to extend my sincere thanks to my groupmate, Dr. Mikhail Sha-

laginov, for his invaluable guidance, collaboration, and mentorship during my early

stage of the graduate career. His expertise in optical design and measurement has

been essential in shaping my research projects and enhancing my technical skills. He

has generously shared his knowledge, resources, and time to help me understand the

intricacies of the field and the challenges of the experiments. His patient guidance

and feedback have been instrumental in improving the quality and impact of my re-

search, and I am grateful for his support. His dedication to innovation, teamwork,

and excellence has been an inspiration to me, and I am honored to have worked with

him. I hope to continue to learn from him and collaborate with him in the future.

I would like to express my deep appreciation to my groupmate, Dr. Hung-I Lin,

for his invaluable contribution to the fabrication of the metasurface samples that were

critical to all of my research projects. His technical skills, attention to detail, and

commitment to quality have been essential in ensuring the success and reproducibil-

ity of our experiments. He has devoted countless hours to designing, optimizing, and

executing the fabrication processes, and has shared his knowledge and expertise with

me generously. His collaborative spirit, patience, and dedication have made a signif-

icant impact on the progress and outcomes of my research, and I am grateful for his

help. His commitment to excellence and teamwork has set a high standard for me,

and I am honored to have worked with him.

I would like to express my heartfelt appreciation to my previous groupmates, Dr.

Shaoliang Yu, Dr. Ying Pan, Dr. Yifei Zhang, Dr. Qingyang Du, and Dr. Sensong

An for their invaluable help, guidance, and friendship during the early stage of my

graduate career. They have been wonderful mentors, collaborators, and friends, who

6



have supported me both professionally and personally. Their expertise, knowledge,

and feedback have greatly contributed to the development and success of my research

projects. They have generously shared their time, resources, and ideas with me, and

have helped me overcome challenges and difficulties. In addition, they have provided

me with a supportive and welcoming community, where I could learn, grow, and

thrive as a graduate student. I am deeply grateful for their mentorship, guidance,

and friendship, and I cherish the memories and experiences we shared together. I

wish them all the best in their future endeavors.

I would like to express my sincere appreciation to my groupmates, Dr. Akira Ueno,

Dr. Louis Martin, Luigi Ranno, and Khoi P. Dao, for their invaluable contribution

to the progress and quality of my research projects. They have been great collab-

orators, advisors, and friends, who have supported me with their expertise, ideas,

and feedback. Their diverse backgrounds, skills, and perspectives have enriched my

research and helped me to tackle complex problems from different angles. They have

also provided me with a stimulating and friendly work environment, where I could

learn, share, and grow as a researcher. I am grateful for the fruitful discussions,

and brainstorming sessions we had together, which have helped me to improve my

research and communication skills. Their commitment to excellence, creativity, and

collegiality has inspired me to strive for the best and to enjoy the process. I am

honored to be a part of this team.

I would like to extend my gratitude to all my other groupmates, Tushar S. Karnik,

Cosmin C. Popescu, Brian Mills, Maarten Peters, Dr. Diana Mojahed, and Dr.

Brian Sia, for their support, encouragement, and camaraderie during my time in the

group. Their diverse backgrounds, interests, and experiences have brought different

perspectives and expertise to the group, and have made our meetings and social events

lively and enjoyable. Their positive attitudes, sense of humor, and team spirit have

made the group a fun and welcoming place to be. I am grateful for the friendships

and memories we have created together, and I wish them all the best in their future

endeavors.

I would like to express my appreciation to Sarah Ciriello for her administrative

7



support in our group, including help with placing orders, scheduling meetings, and

organizing events. Her efficiency, professionalism, and friendliness have greatly fa-

cilitated the smooth operation of our lab and have made our work easier and more

enjoyable.

I would like to thank the collaborators from other institutions who have con-

tributed to my research projects. Their expertise, resources, and collaborations have

been crucial to the success of my research, and I am grateful for their support and

guidance. Their willingness to share their knowledge and experience has expanded

my research horizons and enriched my scientific understanding. I am honored to have

had the opportunity to work with such talented and generous collaborators, and I

look forward to continuing to collaborate with them in the future.

I would like to express my heartfelt thanks to my dear friends for their unwavering

support and companionship throughout my graduate studies. Their encouragement

and understanding have helped me to navigate the challenges and uncertainties of

research and personal life. They have celebrated my successes, encouraged me during

setbacks, and cheered me up when I felt down. Their kindness, humor, and positivity

have made my life richer, happier, and more meaningful. I am grateful for their

friendship and for the memories we have created together. I could not have made it

this far without their help and encouragement, and I look forward to staying in touch

with them and to creating new adventures together.

I would like to express my deep gratitude to my parents for their unconditional

love and support throughout my graduate studies. They have been my unwavering

pillars of strength, their constant encouragement and guidance have given me the

courage, confidence, and perseverance to pursue my dreams and overcome challenges.

They support me remotely even when I was far away from home. I am blessed to

have such wonderful parents, and I am grateful for everything they have done for me.

I hope to make them proud and to repay their kindness in my own way.

8



Contents

1 Introduction 25

1.1 Multi-functional planar metasurfaces: opportunities and challenges . 25

1.2 Metalens for wide field-of-view imaging . . . . . . . . . . . . . . . . . 27

1.3 Passive and active techniques for 3-D depth sensing . . . . . . . . . . 29

1.4 Multi-functional reconfigurable metasurfaces . . . . . . . . . . . . . . 31

2 Metasurfaces concept 35

2.1 Configuration and working principle of metasurfaces . . . . . . . . . . 35

2.2 Meta-atom structure and design concept . . . . . . . . . . . . . . . . 37

2.3 Metasurface phase profile optimization through ray tracing technique 38

2.4 Metasurface phase profile optimization through direct search algorithm 40

2.5 Metasurface imaging performance characterization . . . . . . . . . . . 42

2.6 Flat optics applications . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3 Wide field-of-view metalens 47

3.1 Overview of wide field-of-view metalens . . . . . . . . . . . . . . . . . 47

3.2 Optimization of wide field-of-view metalens: an analytical solution . . 52

3.3 Wide field-of-view imaging in long wave infrared band . . . . . . . . . 61

3.4 Design of broadband and wide field-of-view metalens . . . . . . . . . 68

3.5 Wide field-of-view metalens with extended depth-of-focus . . . . . . . 77

3.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4 Metalens for 3-D depth sensing 83

9



4.1 Introduction of 3-D depth sensing . . . . . . . . . . . . . . . . . . . . 83

4.2 Passive depth sensing using wide field-of-view stereo metalenses . . . 84

4.3 Active depth sensing with structured light projection and beam steering 86

4.3.1 Single-layer metasurface dot projector . . . . . . . . . . . . . . 88

4.3.2 Metasurface doublet dot projector for distortion correction . . 94

4.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

5 Reconfigurable metalens using polarization-multiplexing 107

5.1 Introduction of polarization-multiplexing . . . . . . . . . . . . . . . . 107

5.2 Double-helix metalens for monocular depth sensing . . . . . . . . . . 109

5.3 Reconfigurable parfocal zoom metalens in the visible band . . . . . . 118

5.4 summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

6 Reconfigurable metalens using phase change materials 133

6.1 Introduction of phase change materials . . . . . . . . . . . . . . . . . 133

6.2 Reconfigurable parfocal zoom metalens in the mid-infrared band . . . 134

6.3 Design of continuously tunable varifocal metalenses . . . . . . . . . . 140

6.4 summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

7 Summary and future work 153

7.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

7.1.1 Wide field-of-view metalens . . . . . . . . . . . . . . . . . . . 153

7.1.2 Metalens for 3-D depth sensing . . . . . . . . . . . . . . . . . 154

7.1.3 Reconfigurable metalens . . . . . . . . . . . . . . . . . . . . . 155

7.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

7.2.1 Metasurfaces for two photon polymerization . . . . . . . . . . 157

7.2.2 Free-form metasurface and inverse design algorithm . . . . . . 157

7.2.3 Meta-atom coupling effect analysis . . . . . . . . . . . . . . . 158

7.2.4 Angular response of meta-atoms . . . . . . . . . . . . . . . . . 159

10



List of Figures

2-1 Meta-atom structure and optical response. (a) Schematic illustration

of cylindrical meta-atom structure. (b) Transmittance and (c) phase

delay response of the meta-atom as a function of diameter . . . . . . 37

2-2 Flow chart of DS algorithm. . . . . . . . . . . . . . . . . . . . . . . . 40

2-3 Illustration of Kirchhoff diffraction integral method. . . . . . . . . . . 42

3-1 Schematic illustration of WFOV metalens design. (a) 3-D structure.

(b) Illustration of the phase profile derivation. (c) Illustration of the

image height derivation. Fig. 1(a) is reprinted with permission from

the American Chemical Society[1]. . . . . . . . . . . . . . . . . . . . . 52

3-2 Calculated performance of an ideal WFOV lens. (a) Lens phase profile

retrieved from analytical and numerical solutions. (b) Image heights

with different AOIs from analytical and numerical solutions. The green

dashed line represents the telecentric condition which corresponds to

𝑑 = 𝑠 = 𝐿𝑠𝑖𝑛𝛼√
𝑛2−𝑠𝑖𝑛2𝛼

. (c) Focusing efficiency and Strehl ratio for differ-

ent AOIs. (d)-(g) Normalized intensity profiles at image plane with

different AOIs (scale bars are 20 𝜇m) . . . . . . . . . . . . . . . . . . 56

3-3 Examples of generated meta-atom structures. (a) 3-D view. (b) Several

examples of generated 2-D patterns. Rectangles outlined in different

colors represent randomly generated high-index "Needles". . . . . . . 58

3-4 Selected 8 meta-atom structures. . . . . . . . . . . . . . . . . . . . . 58

11



3-5 Simulated performance of a metalens composed of realistic meta-atoms.

(a) Image height, (b) efficiency and Strehl ratio for different AOIs based

on full-wave modeled meta-atoms. . . . . . . . . . . . . . . . . . . . . 59

3-6 (a)-(b) Effects of NA on efficiency and Strehl ratio averaged over the

entire near-180∘ FOV by changing (a) focal length and (b) aperture

size. (c) Effects of substrate thickness on averaged efficiency and Strehl

ratio. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3-7 Analytically derived WFOV metalens design optimization. (a) Schematic

illustration of the WFOV metalens configuration. (b) Averaged RMS

wavefront error across the FOV for a range of spacer refractive indices

and thicknesses. The simulations assume 140∘ FOV and 20 𝑚𝑚 focal

length, upper limit of the RMS wavefront error in the plot is set to

0.4 𝜆, the orange contour denotes area where RMS wavefront error

is smaller than 0.0745 𝜆, which stands for diffraction-limited perfor-

mance. (c) Phase profiles of the two metalens designs experimentally

implemented in this study. . . . . . . . . . . . . . . . . . . . . . . . . 63

3-8 All-Si meta-atom design. (a) Transmittance and (c) phase delay re-

sponses of the meta-atoms with different pillar diameters. Red dots

denote the eight meta-atom structures selected to construct the meta-

surfaces. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3-9 Focusing characteristics of the air-gap WFOV metalens at 10.6 𝜇𝑚

wavelength. (a)-(c) Simulated PSFs of the metalens at its image plane

for AOIs of (a) 0∘, (b) 20∘, and (c) 40∘. (Scale bar: 20 𝜇𝑚.) (d)-(f)

Measured PSFs of the metalens at its image plane for AOIs of (d) 0∘,

(e) 20∘, and (f) 40∘. (Scale bar: 20 𝜇𝑚.) (g)-(i) simulated longitudinal

intensity profiles of the metalens with AOI of (g) 0∘, (h) 20∘, and (i)

40∘. (Scale bar: 100 𝜇𝑚) . . . . . . . . . . . . . . . . . . . . . . . . . 65

12



3-10 Focusing characteristics of the ZnSe-spacer WFOV metalens at 10.6

𝜇𝑚 wavelength. (a)-(c) Simulated PSFs of the metalens at its image

plane for AOIs of (a) 0∘, (b) 30∘, and (c) 70∘. (Scale bar: 20 𝜇𝑚.)

(d)-(f) Measured PSFs of the metalens at its image plane for AOIs of

(d) 0∘, (e) 30∘, and (f) 70∘. (Scale bar: 20 𝜇𝑚.) (g)-(i) simulated

longitudinal intensity profiles of the metalens with AOI of (g) 0∘, (h)

30∘, and (i) 70∘. (Scale bar: 100 𝜇𝑚) . . . . . . . . . . . . . . . . . . 65

3-11 Metalens focusing performance at 10.6 𝜇𝑚 wavelength. (a)-(b) Simu-

lated MTFs of the (a) air-gap and (b) ZnSe-spacer metalens at different

AOIs. (c)-(d) Focusing efficiency and Strehl ratio of the (a) air-gap and

(b) ZnSe-spacer metalenses as functions of AOI. . . . . . . . . . . . . 66

3-12 Images of fabricated metasurfaces. (a) Photo of a metasurface sample.

(Scale bar: 10 mm.) (b) Optical microscopy image of the metasur-

face. (Scale bar: 60 𝜇𝑚.) (c) Top-view SEM image of the meta-atom

structures. (Scale bar: 20 𝜇𝑚.) (d) Tilted-view SEM image showing

sidewall profiles of the meta-atoms. (Scale bar: 4 𝜇𝑚.) . . . . . . . . 68

3-13 Images taken by the thermal infrared camera equipped with the ZnSe-

spacer metalens. (Scale bar: 4 𝑚𝑚.) . . . . . . . . . . . . . . . . . . 69

3-14 Examples of meta-atom structures top-view, and their amplitude and

phase response using full-wave simulations (lines) and the deep neural

network (dots). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

13



3-15 (a)-(f) Normalized intensity distributions of the focal spot on image

plane at wavelengths of (a)1.0 𝜇m, (b)1.1 𝜇m, (c)1.2 𝜇m, (d)1.3 𝜇m,

(e)1.4 𝜇m, and (f)1.5 𝜇m from the broadband metalens (color lines)

and an ideal aberration-free lens (black lines). (g, h) Normalized in-

tensity distribution along the optical axis for an aberration-free lens at

wavelengths of (g) 1.0 𝜇m and (h) 1.5 𝜇m. (i)-(n) Normalized intensity

distribution along the optical axis for the broadband metalens at wave-

lengths of (i) 1.0 𝜇m, (j) 1.1 𝜇m, (k) 1.2 𝜇m, (l) 1.3 𝜇m, (m) 1.4 𝜇m,

and (n) 1.5 𝜇m. (o) Longitudinal chromatic focal shift of the metalens:

the shaded area represents focal tolerance (defined as the longitudinal

range where the on-axis intensity is above 80% of the peak intensity at

the focal spot). (p) Focusing efficiency and Strehl ratio of the metalens. 73

3-16 1-1.5 𝜇m wavelength-averaged focusing efficiency and Strehl ratio of

MDLs with varying diffractive surface refractive indices. The dashed

lines give performances of the metalens shown in Fig. 3-15. . . . . . . 74

3-17 Performance comparison between metalens and MDLs with varying

design parameters, showing spectrally averaged focusing efficiency and

Strehl ratio as functions of: (a)-(b) NA with varying focal length; (c)-

(d) NA with varying lens aperture size; and (e)-(f) aperture size with

constant NA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

3-18 Schematic illustration of broadband and wide-FOV metalens design.

(a) 3-D structure. (b) Beams of different wavelengths all focus at the

same focal spot with distance 𝑑 (image height) depending on AOI 𝛼. 77

14



3-19 Broadband and wide-FOV metalens performance characterization. (a)

Transverse chromatic focal shift (averaged over the full 180∘ FOV and

the 1-1.2 𝜇m spectral range) relative to the analytically derived image

heights in Eq. 3.10 for wide-FOV metalenses with varying bandwidths.

Here the lower end of the wavelength is fixed at 1 𝜇m. (b) Focusing effi-

ciency and (c) Strehl ratio dependences on both wavelength and AOI.

(d) Axial intensity distributions of the focal spot on the meridional

plane at different wavelengths and AOIs (scale bar: 20 𝜇m). Centers

of all the figures are the focal spot position derived from Eq. 3.10

on the image plane. (e) Intensity distributions on the image plane at

different wavelengths and AOIs (scale bar: 10 𝜇m). . . . . . . . . . . 78

3-20 Similated PSF of EDOF WFOV metalens doublet. (a)-(d) PSF with

point source distance of 3 𝑚𝑚 and AOI of (a) 0∘, (b) 60∘, (c) 80∘, and

(d) 89∘. (e)-(h) PSF with point source distance of 10 𝑚𝑚 and AOI of

(e) 0∘, (f) 60∘, (g) 80∘, and (h) 89∘. (Scale bar: 50 𝜇𝑚.) . . . . . . . . 80

4-1 Fisheye metalens design and characterization. (a) Layout and ray trace

modeling of the fisheye metalens. (b) SEM image detailing the circular

a-Si pillar pattern with excellent fidelity. (c) Snapshot of a fabricated

metalens. (d) Measured focal spot profiles for angles of incidence vary-

ing from 0∘ to 85∘ with the corresponding FWHM values. . . . . . . . 85

4-2 Wide FOV stereoscopic depth imaging demonstration. Photographs

showing (a) front and (b) back of the experimental setup. (c) Panoramic

images of the objects (a large white jarranhdale and a small orange

‘sugar-pie’ pumpkin) taken by the two juxtaposed fisheye cameras. (d)

Magnified pitch of the captured image (green square in the right figure

(c)) depicting pixel-level resolution. (e) Depth map retrieved from the

disparities of the left and right camera images after distortion correction. 87

4-3 Schematic illustration of singlet metasurface projector design. . . . . 89

4-4 Illustration of the singlet metasurface projector phase profile derivation. 90

15



4-5 Simulated performance of a single-layer metasurface optical projector.

(a)-(c) PSFs at projection angles of (a) 0∘, (b) 40∘, and (c) 70∘ modeled

using diffraction integral. (Scale bar: 0.4∘) (d)-(f) PSFs at projection

angles of (d) 0∘, (e) 40∘, and (f) 70∘ calculated with OpticStudio. (g)

M2 and (h) RMS wavefront error (given in free-space wavelength 𝜆) as

functions of projection angle. . . . . . . . . . . . . . . . . . . . . . . . 93

4-6 Illustration of structured light projection using singlet metasurface. (a)

VCSEL array arrangement. (b) Projected pattern. . . . . . . . . . . . 95

4-7 Schematic illustration of doublet metasurface projection optics design.

(a) Schematic of the projector configuration. (b) Illustration of the ray

trajectory under consideration. . . . . . . . . . . . . . . . . . . . . . 96

4-8 Configuration for iterative solution of doublet metasurfaces phase profiles. 98

4-9 Simulated performance of the analytically designed doublet metasur-

face projector. (a) Configuration of projection meta-optics. (b) Opti-

mized phase profiles of the metasurfaces. (c) Pixel position vs. pro-

jection angle. (d)-(f) Simulated angular PSFs at projection angles of

(d) 0∘, (e) 30∘, and (f) 60∘. Scale bar: 0.4∘. Dependence of the (g) M2

and (h) RMS wavefront error on the projection angle. . . . . . . . . . 100

4-10 Simulated performance of the doublet metasurface projector after nu-

merical refinement. (a) Optimized phase profiles of the metasurfaces.

(b) Pixel position vs. projection angle. (c)-(e) Simulated angular PSFs

at projection angles of (c) 0∘, (d) 30∘, and (e) 60∘. Scale bar: 0.4∘. (f)

M2 and (g) RMS wavefront error versus projection angle. . . . . . . . 103

4-11 Optical projection using the doublet metasurface. (a) Light source

array arrangement. (b) Simulated projected pattern in the angular

space. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

16



5-1 Polarization-multiplexed meta-atom design. (a) Illustration of the

meta-atom structure. (b) Phase delay and (c) transmittance of the

meta-atoms with x-polarized incident light. (d) Phase delay difference

between the two polarization states. . . . . . . . . . . . . . . . . . . . 113

5-2 (a) Fabricated metalens on the silica substrate with metal mask. (b)

Optical microscope image of the metalens. (Scale bar: 200 𝜇𝑚.) (c)

Scanning electron microscope image of the metalens. (Scale bar: 1 𝜇𝑚.)114

5-3 Metalens PSF. (a) Simulation and (b) experimental measurement of

PSFs for different source distances in the x polarization state. (c)

Simulation and (d) experimental measurement of PSFs in the y polar-

ization state (scale bar: 20 𝜇𝑚). . . . . . . . . . . . . . . . . . . . . . 115

5-4 Experimental demonstration of image deconvolution to enable concur-

rent depth mapping and scene reconstruction. (a) A ‘+’ pattern on

the micro-LED display emulates an object. (b, c) Images in the (b)

x-polarization state and (c) y-polarization state with different object

distances. (d) Deconvolved images of the object at 5.5 cm distance

using DH PSF rotation angles of 90∘, 110∘, and 130∘ (left to right),

respectively. (e) Deconvolved images of the object at 5.5 cm distance

with DH PSF rotation angles of 0∘, −20∘, and −40∘ (left to right), re-

spectively. (f) Similarity of image pairs deconvolved using different DH

PSF rotation angles. The maxmium point corresponds to the correct

rotation angle. (g) Object depth estimation based on analytical ex-

pression (solid line) and experimental measurement (red dots). (Scale

bar: 40 𝜇𝑚). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

17



5-5 Imaging of the USAF target for evaluating the lateral resolution. Ex-

perimentally captured images in the (a) x-polarization and (b) y-polarization

states. (c) Reconstructed image of the USAF resolution target pattern.

(d) Measured MTF of the metalens at an object distance of 5.5 𝑚𝑚.

The red dots correspond to MTF measured from the USAF target and

the blue dots are MTF calculated from experimentally measured PSFs

via Fourier transform. The solid line gives MTF inferred from PSFs

simulated by diffraction integral. (Scale bar: 80 𝜇𝑚). . . . . . . . . . 119

5-6 Experimental demonstration of depth sensing. (a) Photos of printed

letters of ’M’, ’I’, and ’T’, each placed at a different distance. (b,

c) Captured images in (b) the x-polarization state and (c) the y-

polarization state. (d) Inferred object distances (red dots) compared

to the ground truth (solid line). (Scale bar: 80 𝜇𝑚). . . . . . . . . . . 120

5-7 (a)-(b) Schematic illustration of the doublet zoom metalens configura-

tion in the (a) wide-angle mode, and (b) telephoto mode. MS-1 and

MS-2 labels the front and back metasurfaces, respectively. Note that

the optical aperture sizes are different in the two imaging modes and

controlled by the metasurfaces via reconfigurable wavefront shaping.

(c)-(d) Ray trace simulation of the optimized polarization-multiplexed

zoom metalens in the (c) wide-angle mode, and (d) telephoto mode.

All the units are in 𝑚𝑚. (e)-(g) Simulated focal spot profiles in the

wide-angle mode with the AOI of (e) 0∘, (f) 10∘, and (g) 20∘. (scale

bars: 2 𝜇𝑚) (h)-(j) Simulated focal spot profiles in the telephoto mode

with the AOI of (h) 0∘, (i) 1∘, and (j) 2∘. (scale bars: 10 𝜇𝑚) . . . . . 122

5-8 Polarization-multiplexed meta-atom design. (a) Schematic illustration

of the meta-atom structure. (b) Phase delay and (c) amplitude re-

sponse of the meta-atoms with the polarization of the incident light

along the x direction. (d) Phase delay difference of the meta-atoms

between the x and y polarization directions. . . . . . . . . . . . . . . 124

18



5-9 Fabricated metalenses. (a)-(b) SEM images and (c) optical microscope

(OM) image of the polarization-multiplexed metalens. (d) SEM image

and (e) OM image of the phase-change metalens. . . . . . . . . . . . 127

5-10 Focal spot characterization. (a) Schematic illustration of the mea-

surement setup. (b)-(d) Focal spots at various AOIs in the 40∘ FOV

wide-angle mode. (scale bars: 2 𝜇𝑚) (e)-(g) Normalized intensity dis-

tributions of the focal spots on the focal plane at AOIs of (e) 0∘, (f)

10∘, and (g) 20∘ in the wide-angle mode. (h)-(j) Focal spots at vari-

ous AOIs in the 4∘ FOV telephoto mode. (scale bars: 5 𝜇𝑚) (k)-(m)

Normalized intensity distributions of the focal spots on the focal plane

at AOIs of (k) 0∘, (l) 1∘, and (m) 2∘ in the telephoto mode. The color

lines are from the measurement, and the black lines are from an ideal

aberration-free lens with the same NA. Their peak intensities are nor-

malized to have the same power within an area of a diameter equaling

to 5 times the focal spot FWHM. . . . . . . . . . . . . . . . . . . . . 129

5-11 Experimental demonstration of zoom imaging. Images captured by the

zoom metalens in the (a)-(b) wide-angle mode (scale bars: 10∘ FOV)

and (c)-(f) telephoto mode (scale bars: 1∘ FOV). . . . . . . . . . . . 130

6-1 (a) Ray trace simulation, and (b)-(c) focal spot profiles of the phase-

change reconfigurable zoom metalens in the wide-angle mode. (d) Ray

trace simulation and, (e)-(f) focal spot profiles in the telephoto mode.

(All the units are in 𝑚𝑚, the scale bars are 30 𝜇𝑚.) . . . . . . . . . . 135

19



6-2 Schematic top-view of an (a) H-shaped, (b) I-shaped and (c) Cross-

shaped meta-atom design, with x-polarized incidence. (d)-(e) Scatter

diagrams of the transmission phase and amplitude derived with the

different shaped meta-atoms shown in (a)-(c), under amorphous state

(blue dots, figure (d)) and crystalline state (red dots, figure (e)), respec-

tively. (f) Schematic top-view of all selected 2-bit meta-atom designs;

(g) simulated phase and amplitude of the 16 meta-atoms under amor-

phous state; (h) simulated phase and amplitude of the 16 meta-atoms

under crystalline state. . . . . . . . . . . . . . . . . . . . . . . . . . . 137

6-3 Focal spot profiles of the phase-change reconfigurable zoom metalens

at different AOIs in the (a) wide-angle mode, and (b) telephoto mode.

(The scale bars are 20 𝜇𝑚.) . . . . . . . . . . . . . . . . . . . . . . . 140

6-4 Ideal phase profiles of varifocal metalens. (a) Phase profiles of the

metalens with focal lengths of 4 mm, 6 mm, and 10 mm. (b) Phase

variations at spatial locations of 100 𝜇𝑚, 300 𝜇𝑚, and 500 𝜇𝑚 as focal

length tuned from 4 to 10 mm. . . . . . . . . . . . . . . . . . . . . . 141

6-5 Schematic illustration of the varifocal metalens structure. (a) Schematic

depiction (explosive view) of a varifocal metalens capable of continuous

focal length tuning. The meta-atoms are grouped into a set of phase-

gradient modulation zones each assuming a concentric ring shape. Each

zone is electrically addressed to tune the optical phase gradient along

the radial direction to produce the varifocal effect. (b) Cross-sectional

schematic of a varifocal metalens based on electrothermal switching.

Each zone contains two heaters at both ends (labeled with different

shades). By adjusting the electric currents passing through the two

heaters, variable temperature gradients can be established across the

zone, which translates to an optical phase gradient. . . . . . . . . . . 142

20



6-6 GSST meta-atom design. (a) Refractive index and extinction coeffi-

cient of GSST at different crystallization temperatures. Inset shows a

schematic illustration of the meta-atom structure. (b) Transmittance

and phase delay of the meta-atom as a function of crystallization tem-

peratures. Figure a is reproduced from ref.[2], AIP Publishing AG. . . 144

6-7 (a) Schematic illustration of the varifocal metalens with different zone

areas. (The orange line represents the zone shown in Figures (b)-(c)).

(b) Top and (c) cross-sectional view of the heater design in one zone

area. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

6-8 (a) Doping profile of the heaters. (b)-(c) (b)Temperature profiles and

(c)temperature deviation from the ideal linear profiles across the zone

with three different pairs of voltages applied to the two electrodes. . . 146

6-9 (a, b) Optimized (a) temperature and (b) phase delay profiles of the

varifocal metalens when tuning to a focal length of 6 mm. Linear

temperature gradient is assumed within the zone area. (c, d) Intensity

profiles of the focal spot along the (c) transverse and (d) longitudinal

directions. The focal spot profile of ideal aberration-free lens with same

size and focal length is also shown for comparison. (Scale bar: 100 𝜇𝑚).148

6-10 Focusing performance characterization of the varifocal metalens. (a)

FWHM, (b) focusing efficiency, and (c) Strehl ratio of the metalens as a

function of the focal length. (Red dots: actual meta-atom design; blue

dots: perfect meta-atom design with unity transmittance and linear

phase delay gradient in the zone area.) . . . . . . . . . . . . . . . . . 149

6-11 (a-c) Transverse intensity profiles of the focal spots with focal length

of (a) 4 mm, (b) 8 mm, and (c) 10 mm. (Red lines: optimized lens;

black lines: ideal aberration-free lens of same size and focal length).

(d-f) Longitudinal intensity profiles of the focal spots with focal length

of (d) 4 mm, (e) 8 mm, and (f) 10 mm. (Scale bar: 100 𝜇𝑚). . . . . . 150

21



22



List of Tables

3.1 Meta-atom phase delays and transmittance values . . . . . . . 57

3.2 Metalens design parameters . . . . . . . . . . . . . . . . . . . . . . . 64

3.3 Meta-atom diameter, transmittance, and phase delay . . . . . . . . . 67

3.4 Polynomial terms of the WFOV metasurface . . . . . . . . . . . . . . 79

4.1 Polynomial coefficients of the doublet metasurfaces in Fig. 4-9 . . . . 101

4.2 Polynomial coefficients of the doublet metasurfaces in Fig. 4-10 . . . 102

5.1 Polarization-multiplexed meta-atoms . . . . . . . . . . . . . . . . . . 112

5.2 Polarization-multiplexed meta-atoms . . . . . . . . . . . . . . . . . . 125

5.3 FWHM of the focal spots of the polarization-multiplexed metalens . . 128

6.1 FWHM of the focal spots of the phase-change reconfigurable zoom

metalens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

6.2 Position of the zone edges . . . . . . . . . . . . . . . . . . . . . . . . 146

6.3 Doping profile of the optimized heaters . . . . . . . . . . . . . . . . . 146

23



24



Chapter 1

Introduction

1.1 Multi-functional planar metasurfaces: opportu-

nities and challenges

Multi-functional planar metasurfaces are a type of artificial nanostructured optical el-

ement that can manipulate light and other electromagnetic waves with unprecedented

control and precision. These metasurfaces are composed of an array of subwavelength-

sized structures, often made of metals or dielectrics, that are designed to exhibit

unusual optical properties not found in naturally occurring materials. By carefully

tailoring the geometry, size, and spacing of these structures, the wavefront of light can

be modified at will, and therefore a variety of functions can be performed leveraging

different design concepts.

The key advantage of metasurfaces is their ability to perform multiple optical func-

tions in a single planar layer. Conventional refractive optical elements such as lenses

rely on the bulk material properties to manipulate the wavefront of light through

propagation, which inevitably adds up system size, weight, and cost. On the other

side, metasurfaces feature sub-wavelength abrupt wavefront modulation through the

tailoring of single layer nanostructures, which therefore dramatically reduces the com-

plexity of the optical devices. Further more, conventional optics require the stacking

of optical elements along the optical axis, where each of them serves different optical
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purpose. The serial configuration not only takes up device space, but also suffers from

misalignment and integration issues due to the existence of curved surfaces. Meta-

surfaces circumvent these issues through the multiplex of functions into single or a

few planar layers, which makes them fabrication and integration compatible with the

photonic and electronic devices.

Metasurfaces have gain increasing traction in recent years, and have been widely

applied in a variety of techniques spanning over imaging[3–6], display[7–10], sensing[11–

14], telecommunication[15–18], energy harvesting[19–22], optical computing[23–26],

etc. While the rapid growth of metasurface technology, it is confronted with a few

challenges listed in the following that need to be dealt with to become comparable

and eventually outperform its counterparts in a few critical research areas.

• Seidel aberrations. Similar to refractive lenses, metalenses also suffer from

angle-dependent monochromatic Seidel aberrations including coma, astigma-

tism, and field curvature. Special configurations are required to correct these

aberrations for wide field-of-view (WFOV) imaging.

• Meta-atom dispersion and chromatic aberrations. Chromatic aberration of the

conventional refractive lens comes from the dispersion of the material, where

the refractive index changes as wavelength, and therefore modifies the phase

accumulated through propagation. The major chromatic aberration origination

of the metasurface, on the other side, comes from the phase wrap and fixed

Fresnel zone position. Achromatic metalens design typically involves disper-

sion engineering of the meta-atoms to satisfy required phase profile at different

wavelengths.

• Scaling effect. Accurate simulation of metasurface performance involves full-

wave simulation of the entire metasurface area composed of millions of sub-

wavelength nanostructures, which can be time consuming or even impossible at

current stage when scaled to millimeter size. Therefore, special algorithms need

to be developed to optimize the phase profile of the metasurface for different

applications.
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Besides these challenges, metasurfaces also foresee novel functions that are difficult

to be realized through conventional optical elements, which are listed in the following.

• Point-spread-function (PSF) engineering. Through the optimization of the

shape and distribution of meta-atoms, arbitrary wavefront control can be real-

ized to modulate the PSF of the system, and integrate the 3-D information of

the object into the 2-D image.

• Reconfiguration. The optical property of the metasurface can be actively tuned

through a variety of mechanisms, and therefore exhibits more than one optical

properties in different conditions.

The thesis aims to solve the existing challenges while propose design concepts and

demonstrate realization of novel functions of the flat optics technology for imaging

and sensing applications.

1.2 Metalens for wide field-of-view imaging

Field-of-view (FOV) is an essential metric for gauging the performance of optical sys-

tems. In an imaging instrument, having a WFOV allows capturing the surrounding

scene in a single frame without image stitching or mechanical scanning. Therefore,

WFOV imaging optics are extensively applied in photography, microscopy, biomedi-

cal diagnosis, navigation and control, 3-D sensing, security surveillance and beyond.

Optical reciprocity stipulates that WFOV systems can also be used for light or image

projection, a much sought-after feature enabling wide-angle beam steering and im-

mersive displays for augmented/virtual reality (AR/VR) devices, automotive sensors,

gaming simulators, and movie theaters.

Traditional WFOV optics used in these applications are based on refractive lenses.

As the angle of incidence (AOI) of light with respect to optical axis increases, the

angle-dependent monochromatic Seidel aberrations are exacerbated on top of on-axis

spherical aberration. To suppress these aberrations, the conventional solution involves
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distributing the light bending power over multiple refractive surfaces in stacked com-

pound lenses, which however comes at the expense of system size, weight, cost, and

complexity.

Optical metasurfaces present an alternative approach to implement WFOV op-

tical systems with significant Size, Weight, Power and Cost (SWaP-C) advantages.

They have been proven to effectively suppress the AOI-dependent Seidel aberrations,

thereby facilitating WFOV operation. A variety of WFOV metalens design con-

cepts have been proposed. One scheme involves stacking multiple metasurfaces, and

diffraction-limited FOVs up to 56∘ have been attained using this method [27–32].

Combining a single-layer metasurface or diffractive lens with a physical or virtual

optical aperture provides an architecturally simpler approach [33–44]. In particular,

a single-element fisheye metalens was demonstrated with > 170∘ diffraction-limited

FOV [1]. This unprecedented performance was accomplished through iterative numer-

ical optimization of the metasurface optical phase profile, a computationally intensive

process precluding extensive exploration of the full design parameter space while also

yielding little insight into the fundamental design trade-offs.

In this thesis, we derive an analytical solution to the optimum phase profile of

a WFOV flat lens assuming the single-layer geometry, yielding results in excellent

agreement with numerically optimized designs but without requiring computationally

intensive optimization. The analytical solution is generically applicable to different

operation wavelength ranges, lens/substrate materials, and meta-atom or diffractive

element designs. We further derive an expression relating design parameters with

focusing performance and investigate the design trade-offs in realizing WFOV flat

lenses.

As a proof of concept, we experimentally demonstrate the WFOV flat lens archi-

tecture that achieves 140∘ FOV in the long-wave infrered (LWIR) band with 10.6 𝜇𝑚

wavelength. The large metasurface was fabricated through the photolithography and

deep reactive ion etching (DRIE) on a monolithic float zone Si wafer. We further

characterize the focusing quality of the WFOV metasurfaces and demonstrate ther-

mal imaging at ambient temperature through the utilization of a LWIR focal plane
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array. The design concept is generically applicable to other wavelengths, materials,

and configuration parameters.

We further expand the operational bandwidth of the WFOV metalens through the

optimization of metalens comprising free-form meta-atoms using direct search (DS)

algorithm. By combining the DS algorithm with a deep neural network trained for

free-form meta-atom generation, we demonstrate that the diverse dispersion behaviors

of the free-form meta-atoms lead to superior performance of the metalenses compared

to their diffractive counterparts. We further implement the technique to design an

achromatic fisheye metalens with 200 nm spectral bandwidth in the near-IR and a

WFOV close to 180∘.

Finally, we show that the front aperture of the WFOV metalens structure can

be replaced with a second metasurface, and various functionalities can be combined

with the WFOV feature. Following this concept, we replace the front aperture with

a metasurface containing a cubic phase to capture the image with extended depth-of-

focus (EDOF). The EDOF WFOV metalens doublet shows near-180∘ FOV imaging

in the depth range of 3 - 10 𝑚𝑚.

1.3 Passive and active techniques for 3-D depth sens-

ing

Conventional optical imaging systems map 3-D scene to a flat image plane at the cost

of losing depth information. The missing knowledge of object distances, however, is

crucial to a variety of applications spanning autonomous driving, object recognition,

gesture control, virtual/augmented reality, etc. Multiple passive and active depth

sensing mechanisms have been utilized to retrieve 3-D information.

Beam steering and pattern/image projection rank among the most promising im-

plementations of active depth sensing. Beam steering is an essential function in

scanning light detection and ranging (LiDAR) systems[45–52], whereas pattern pro-

jection optics are widely deployed in 3-D depth sensing modules based on structured
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light[12, 53–57] and can be applied to novel near-eye projection displays as well[7, 58–

64]. Compared to conventional refractive and diffractive optics, metasurfaces promise

simpler optical architectures with reduced element count[1, 65, 66], enhanced perfor-

mance (e.g., efficiency, resolution, etc.) especially at large angles[67–71], and low cost

at scale taking advantage of wafer-level manufacturing and integration[72–74]. Fur-

thermore, since these applications use discrete-wavelength or narrow-band sources

such as vertical cavity surface emitting lasers (VCSELs) or light emitting diodes

(LEDs), they largely avoid the complications associated with chromatic aberrations

inherent of metasurfaces, thereby allowing early implementations of this technology.

In this thesis, we derive an analytical framework to rationally guide the design

of metasurface projection optics. We show that, for projection optics comprising a

single-layer metasurface, the optimum design adopts a quadratic phase profile in the

limit of small beam divergence. The singlet design, however, suffers from increasing

distortion especially at large FOVs, which compromises meridional angular resolution

[70] and further poses a challenge for applications such as projection display. We then

mathematically prove that projection optics based on metasurface doublets furnish

the capability of on-demand distortion compensation. Following this derivation, we

further propose an optimum metasurface doublet configuration to correct projected

image distortion, and quantify the trade-off between distortion and aberration of the

projected beams.

Active depth sensing techniques require active illumination and modulation com-

ponents, which add to system complexity, cost and power consumption. To solve these

issues, various passive depth sensing techniques have been proposed, which measure

the object distance without emitting any active light source. One way to achieve

passive depth sensing is through the use of stereo camera, which involves using two

cameras to capture images of the same scene from different viewpoints. By comparing

the differences in the images captured by each camera, the system can calculate the

depth information of the scene.

In this thesis, we demonstrate WFOV 3-D depth sensing through the integration

of two identical WFOV metalenses to construct the stereoscopic camera prototype,
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which achieves depth mapping with an unprecedented FOV of 170∘.

1.4 Multi-functional reconfigurable metasurfaces

The metasurface design concepts discussed so far have fixed optical property. On the

other side, reconfigurable optics with dynamically tunable optical properties to meet

diverse application demands at will, has been a long-sought goal for optical engineers.

Conventional reconfigurable optics rely on mechanical moving parts to tune the optical

distance between multiple lens components or between the lens and image plane, this

however increases system size, weight, complexity, and cost. Metasurfaces provide an

alternative solution with higher resolution, cost effective fabrication and integration,

and increased degree-of-freedom (DoF) compared to their refractive counterparts.

Reconfigurable metasurfaces through mechanical deformation or displacement have

been widely explored[75–81], which however suffer similar drawbacks faced by the me-

chanical reconfigurable refractive lenses.

A variety of non-mechanical reconfigurable metasurfaces have been demonstrated

recently. The tunability can be achieved through electro-optics[49, 82–84], thermal

optics[85–88], and all-optical effects[89–91]. However, due to the weak coupling be-

tween electrical, thermal, and optical properties, the tunable index range is usually

below 1.0, which restricts the phase coverage of meta-atoms in different states, and

limits the tuning range of the active device. Also, most of the approaches are volatile,

which requires continuous power supply, and significantly adds up the power consump-

tion of the device.

In this thesis, we propose two different reconfiguration mechanism that are both

able to provide independent phase profile control of the individual meta-atoms in

two states. The first approach is through the utilization of polarization-multiplexing,

where the shape of the meta-atom is engineered so that it has different phase delay

response in the two orthogonal polarization states.

We first apply the design concept to another passive depth sensing mechanism

named point-spread-function (PSF) engineering. The stereo camera passive depth
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sensing technique mentioned in the last section is limited by the well-known trade-off

between system size and depth resolution. To solve this issue, an alternative route of

depth-from-defocus (DFD) has been proposed, which applies computational imaging

techniques to infer the depth from defocus blur of a classical lens[92–99]. However,

defocus cue is often ambiguous and requires complementary information such as picto-

rial depth cues to determine the depth. They also have low depth estimation accuracy

since a defocused point-spread-function (PSF) of a classical lens varies slowly along

the optical axis. In addition, the DFD method further suffers from limited depth

range and degraded lateral resolution. To solve these issues, PSF engineering has

been explored to enhance depth discrimination capability. This approach employs

custom tailored phase masks to define PSF of the system, and depth information

can be encoded into the captured image directly. PSFs designed for depth estima-

tion include astigmatic PSF[100], biplane PSF[101], tetrapod-like PSF[102–104], etc.

Among them, double-helix (DH) PSF[105–110] generates two rotating foci, where the

rotation angle determines the object depth. This method streamlines image data

post-processing given its shape simplicity. To produce the phase mask for DH PSF

generation, the classical approach involves a spatial light modulator (SLM) placed

in the Fourier plane of a 4f system, which however creates alignment challenges and

significantly increases footprint of the entire system. Metasurfaces provide a compact

and cost-effective alternative to the 4f system. A monocular DH metasurface was ex-

perimentally realized by Jin et al [111]. The image captured by the DH metasurface

is the convolution of the scene with the DH PSF, and thus the depth information

can only be estimated with prior knowledge of the original object. Colburn et al

coupled a DH metasurface with an extended depth-of-focus (EDOF) metasurface in a

binocular setting to resolve this ambiguity[112]. Multiplexing presents a way to com-

bine the two metasurfaces into one aperture to realize monocular depth estimation

(MDE)[113]. Along this line, MDE was recently demonstrated with a decoupled pair

of conjugate single-helix PSFs[114]

In this thesis, we demonstrate a polarization-multiplexed DH metasurface design

for MDE using a single metasurface. Two DH PSFs with opposite rotating directions
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are each encoded with a linear polarization. Importantly, the focal point rotation

angles of the two PSFs always add up to 90∘, a feature that allows computationally

efficient and unambiguous reconstruction of both the depth and image. As one specific

example, we experimentally implemented the design at 635 𝑛𝑚 wavelength within the

depth range of 45-212 𝑚𝑚 and rotation angles of up to 80∘.

Apart from PSF engineering, reconfigurable metasurfaces also show their appli-

cation in zoom lens design. Zoom lenses with adjustable effective focal length (EFL)

and magnification ratio are widely employed in applications spanning photography,

cinematography, computer vision, biomedical imaging, microscopy, image projection,

and beyond. Traditionally, optical zoom is realized by switching between multiple

lens groups, each with a fixed zoom (e.g., in most phone cameras); or using stacked

lenses where one or more of the lens elements move along the optical axis [115–117].

Both approaches, however, come at the cost of size, weight, complexity, cost and

sometimes image quality. Lenses made of liquids or elastomers have also been in-

troduced to achieve zoom via shape deformation [118–122], although concerns over

reliability, controllability, optical quality, and scalability still loom. While a number

of ‘zoom metalens’ designs have been proposed [123–127], they are in fact varifocal

lenses[128–144] whose focal plane constantly shifts as the lens configuration changes.

A true zoom metalens must be parfocal; in other words, the position of its focal plane

must remain stationary when its EFL is changed. A parfocal zoom metalens design

was first theoretically conceptualized by Zheng et al. [145, 146]. However, the de-

sign only affords a small zoom ratio. Moreover, no parfocal zoom metalens has been

experimentally demonstrated to our knowledge.

In this thesis, we propose a non-mechanical parfocal polarization-multiplexing

zoom metalens design in the visible using waveguide-type meta-atoms. The design

can switch between 40∘ (the ‘wide-angle’ mode) and 4∘ (the ‘telephoto’ mode) field-of-

view (FOV) with 10x optical zoom. It offers minimal distortion, and aberration-free

optical quality.

Apart from polarization-multiplexing, we also propose another reconfiguration

mechanism by using phase change materials (PCMs). They are a type of material
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that can undergo reversible phase transitions between a crystalline phase and an amor-

phous phase upon exposure to external stimuli such as heat, light, or electric field.

The optical properties of PCMs, in particular their refractive index and absorption,

can be significantly modified during the phase transition, making them attractive for

various applications in optics and photonics. By incorporating PCMs into metasur-

faces, their optical properties can be dynamically controlled and tuned, enabling a

wide range of applications such as beam steering, wavefront shaping, holography, and

sensing.

Following the similar design concept of the polarization-multiplexing zoom lens,

we further demonstrate a zoom metalens in the mid-infrared in the form of a recon-

figurable Huygens’ surface made of PCMs.

Finally, we prove that the reconfigurable metasurfaces are not restricted to only

two optical states through the design of a continuously tunable varifocal metalens

using PCMs without complex structure for individual meta-atom tuning. Single layer

concentric ring-shaped doped silicon heaters are deposited beneath the metalens,

electrodes are connected to each heater to control the desired temperature gradient,

which partially crystallize PCM to obtain the target wavefront control. We further

build up a customized computationally efficient optimization algorithm to control the

voltage of electrodes, and characterize the metalens focusing performance across the

entire designed focal length range. As a proof of concept, we designed a millimeter

scale reconfigurable metalens that works in the near infrared with continuous tunable

focal length in the range of 4 – 10 𝑚𝑚.
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Chapter 2

Metasurfaces concept

2.1 Configuration and working principle of metasur-

faces

Metasurfaces are composed of 2-D sub-wavelength nanostuctures on a thin substrate.

The phase, amplitude, and polarization of light can be manipulated through the engi-

neering of geometry, size, and arrangement of these structures. They have emerged as

a promising technology for a wide range of applications, including imaging, sensing,

communication, and energy harvesting, due to their unique ability to control light at

the nanoscale.

The thesis focuses on dielectric metasurfaces, which utilize the unique properties

of high refractive index materials to achieve unprecedented control over the phase,

amplitude, and polarization of light. When light impinges on the nanostructures, it

generates electric and magnetic dipole moments inside the resonator, and the scat-

tering properties can be tuned by manipulating size, shape, and refractive index of

the resonators. They offer lower losses and higher transmission efficiency compared

to the metallic metasurfaces.

Metasurfaces for imaging applications typically have size from a few hundred

micrometers to even centimeters. Therefore, even though metasurfaces provide large

degree-of-freedom through the arbitrary manipulation of the resonators, the full-wave
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simulation and characterization of the entire metasurface are difficult to implement

with the state-of-the-art computational system. To reduce the computational load,

the design principle of metasurfaces is typically divided into two sequential steps. The

first one involves dividing the entire metasurfaces into square grid - unit cell with a

fixed period of Λ. The nanostructure within each unit cell is called meta-atom,

the transmittance and phase delay of the cell can be simulated assuming periodic

condition at the boundaries. The transmittance and phase response of the entire

metasurface can be regarded as the stitching of the individual meta-atoms. Therefore,

by generating a library which maps the optical response of the meta-atoms to their

shapes, the wavefront of the metasurface can be modulated locally at sub-wavelength

scale. The design principle of meta-atoms is discussed in detail in Chapter 2.2. The

second step involves the optimization of the metasurface phase profile. Depending on

the specific application, the phase profile can be expressed in the forms listed below:

• Analytical expression. In this case, the phase profile can be whether well-known

expressions like hyperbolic, quadratic, cubit phase, etc., or be derived through

analytical analysis.

• Polynomial terms. In most cases, it is difficult or impossible to express the

phase profile as a simple equation. However, it can be approximated as the sum

of polynomial terms. A few numerical approaches can be performed to optimize

the corresponding polynomial coefficients.

• Discrete phase profile. The previous situations assume the phase profile of the

metasurface to be ‘continuous’, and can be expressed in the form of equations.

On the other side, to further leverage the full DoF metasurface can provide,

discrete phase profile can be utilized, where the phase difference between neigh-

boring meta-atoms can be as large as 𝜋. In this case, phase of each meta-atom

can be optimized individually.

We address the optimization of the metasurface phase profile in Chapters 2.3 - 2.4.

The final metasurface design therefore involves mapping of the meta-atom library to

the optimized phase profile.
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Finally, it should be noted that the proposed design concept assumes periodic

boundary condition between meta-atoms, which only applies when the coupling effect

between neighboring periods is weak. The local phase of the meta-atom would thus

deviate from the assumption with large meta-atom filling factor or diffraction angle

where strong coupling effect exists. Special design approaches can be performed to

take these effects into account, which we will discuss briefly in Chapter 7.

2.2 Meta-atom structure and design concept

Fig. 2-1a shows an example meta-atom structure with cylindrical amorphous silicon

(a-Si) meta-atom sitting on the fused silica substrate. Finite-difference time-domain

(FDTD) or rigorous coupled-wave analysis (RCWA) algorithms can be utilized to

simulate the amplitude/transmittance and phase delay response of the meta-atom

using periodic boundary conditions. Assuming the incident wavelength of 780 𝑛𝑚,

meta-atom period of 300 𝑛𝑚, and meta-atom thickness of 485 𝑛𝑚, the simulated

transmittance and phase delay response using RCWA algorithm as a function of

diameter are shown in Figs. 2-1b-c.

Figure 2-1: Meta-atom structure and optical response. (a) Schematic illustration of
cylindrical meta-atom structure. (b) Transmittance and (c) phase delay response of
the meta-atom as a function of diameter

Generally, the phase of the meta-atom increases with diameter, as single meta-

atom can be considered as waveguide, and the effective refractive index increases

with diameter. However, the plots also feature a few resonant positions where trans-

mittance drops well below unity with large phase delay variation in a narrow range
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depending on the specific wavelength, meta-atom dimensions and index. These res-

onance positions should be circumvented in the meta-atom selection process as they

have low transmittance and also are sensitive to fabrication error. To fulfill the ar-

bitrary wavefront control requirement, the period and thickness of the meta-atom

should be optimized to follow the general criteria of near-unity transmittance and

entire 0 - 2𝜋 phase coverage.

The final step of the meta-atom design involves the generation of the meta-atom

library, where a group of eight meta-atoms with different diameters and high trans-

mittance is selected that covers the 2𝜋 phase range with 𝜋
4

spacing. The follow-

ing figure-of-merit (FOM) can be utilized to select the meta-atoms from the design

pool[65]:

𝐹𝑂𝑀 = 𝑇 ·
(︃
𝑠𝑖𝑛(2|𝜑𝑚𝑒𝑡𝑎 − 𝜑𝑡𝑎𝑟𝑔𝑒𝑡|)

2|𝜑𝑚𝑒𝑡𝑎 − 𝜑𝑡𝑎𝑟𝑔𝑒𝑡|

)︃2

(2.1)

where 𝑇 and 𝜑𝑎𝑡𝑜𝑚 are the transmittance and phase delay of the meta-atom, 𝜑𝑡𝑎𝑟𝑔𝑒𝑡

is the target phase profile. The eight selected meta-atoms following the criteria are

denoted with the red dots shown in Figs. 2-1b-c.

Cylindrical meta-atoms are the most frequently used structure due to their fabri-

cation tolerance and polarization independence. However, other complex structures

have also been proposed to fulfill special requirements such as broad bandwidth op-

eration, high efficiency of large incident angle, etc., and we will address these issues

in the following chapters.

2.3 Metasurface phase profile optimization through

ray tracing technique

Ray tracing is the straight forward way to optimize the phase profile of the metasur-

face. In this case, the phase profile is approximated to be the sum of the polynomial

terms assuming the azimuthal symmetry:
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𝜑(𝑟) ≈
𝑁∑︁
𝑖=1

𝐴𝑖 · 𝑟2𝑖 (2.2)

Here, 𝜑(𝑟) is the phase profile of the metasurface, 𝑟 is the radial distance to the

center of the metasurface, 𝐴𝑖 are the polynomial coefficients, 𝑁 is the maximum

polynomial term. The optimization process is thus simplifies to the optimization of

the 𝑁 polynomial coefficients.

The optical response of the metasurface can be simulated using ray tracing tech-

nique through commercial softwares. In ray tracing, light is represented as a collection

of rays, which are imaginary lines that indicate the path of light. These rays are traced

as they propagate through the metasurface, obeying the laws of reflection and refrac-

tion pending on its local phase gradient obtained through the polynomial expression.

The polynomial terms are then optimized through the defined FOM that depends on

specific applications.

Since the ray tracing technique dramatically reduces the DoF of the metasurface

system to around 10 polynomial terms, the optimization process can be very fast and

typically completes in less than 1 minute. However, it features the following problems

and thus can only be applied under certain conditions.

• Continuous phase profile. The approximation of the phase profile to the poly-

nomial terms requires the phase different between neighboring meta-atoms to

be small and the phase gradient is also continuous. Therefore, it can not be

applied to scenarios which require large DoF as we will see later.

• Azimuthal symmetry. The expression of the polynomial terms along the radial

coordinate also requires azimuthal symmetry, therefore, it can not be applied

to PSF egineering, hologram, etc.

• Local maximum. The optimization may be trapped in the local maximum.

Therefore, physical insight should be applied to set up the initial conditions.

• Inaccuracy of ray tracing technique. Ray tracing treats light as a collection of

rays, neglecting the wave nature of light. These wave effects become more sig-

39



nificant in situations involving small-scale features or interactions with complex

optical structures.

2.4 Metasurface phase profile optimization through

direct search algorithm

To solve the potential issues raised by the ray tracing technique, we use direct search

(DS) algorithm to optimize the metasurface when it has discrete phase profile.

DS algorithm optimizes phase and amplitude profiles on metasurface by controlling

distribution of meta-atoms to obtain target functionalities. The flow chart of the DS

algorithm is shown in Fig. 2-2. It optimizes a pre-defined FOM that characterizes

performance of the optical system.

Figure 2-2: Flow chart of DS algorithm.

The FOM is usually defined as:

𝐹𝑂𝑀 =
∑︁
𝑖

𝐼𝑖 − 𝜅 · 𝑆2{𝐼𝑖} (2.3)
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where 𝐼 is the intensity of the focal spot at certain positions, 𝑖 corresponds to

different conditions, it can be wavelength, incident angle, object distance, etc., which

is application dependent. 𝑆2{𝐼𝑖} is the variance of the sampled intensities, and a

negative sign is assigned to limit the variance of the metalens performance across

different conditions. 𝜅 is an empirical coefficient which is set to seek a balance between

the average performance across different conditions and the variance among them.

The DS optimization starts with generating a random initial phase mask of metal-

ens. The algorithm then traverses all meta-atom positions, replacing the meta-atom

with a different meta-atom structures from the library each time and computing the

FOM using the Kirchhoff diffraction integral, which we will discuss in the next sec-

tion. The meta-atom design with the largest FOM is selected before moving on to

the next meta-atom position on the metasurface. The process proceeds till the entire

metasurface is traversed.

Compared to the optimization of polynomial terms, DS algorithm offers orders of

magnitude larger DoF, and involves individual meta-atom tuning. The computational

load, however, is usually larger since it has to iterate the entire metasurface a few

times. Parallel and cloud computation can be utilized to reduce the computation

time, and millimeter scale metasurface optimization can be performed in less than

one hour.

DS algorithm is also not a global optimum solver, and therefore the outcome

depends on the initial guess of the phase profile. However, it is empirically found

that in most cases the dependence on the initial condition is weak, and they all

converge to the similar optimized FOM after a few iterations. The algorithm has

been utilized in a few applications in the thesis, and will be discussed in detail in the

following chapters.
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2.5 Metasurface imaging performance characteriza-

tion

The accurate simulation of the metasurface imaging performance requires the full-

wave simulation. However, this is difficult to implement on millimeter scale metasur-

faces using current technology due to the excessive computation load. Ray tracing

provides an alternative approach to estimate the performance of the optical system,

however, it faces the problems as discussed in the last section. Also, it can not be

applied to metasurfaces with discrete phase profiles.

Kirchhoff diffraction integral can be utilized to evaluate the performance of the

metasurface, which reduces computational load compared to the full-wave simulation,

and also is more accurate than ray-tracing techniques since it takes into account the

diffraction effect. The configuration is depicted in Fig. 2-3. The diffraction integral

is expressed as:

̃︀𝑈(𝑃 ) =
−𝑖

𝜆
· Λ2

∑︁
𝑁

1

2
(𝑐𝑜𝑠𝜃0 + 𝑐𝑜𝑠𝜃) ̃︁𝑈0(𝑄) · 1

𝑟
· 𝑒𝑖𝑘𝑟 (2.4)

Figure 2-3: Illustration of Kirchhoff diffraction integral method.
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Here 𝜆 is the wavelength, Λ is the pitch of meta-atoms, ̃︁𝑈0(𝑄) is the complex

amplitude incident on the metasurface, and ̃︀𝑈(𝑃 ) is the complex amplitude on the

image plane. Since most of the incident waves converge near the focal spot, the first

angular term 𝜃0 in the integration, which is the direction of outlet wave, is taken as

the angle between surface normal and focal spot direction as an approximation.

A few parameters can be used to characterize the metasurface focusing quality,

they include full-width-at-half-maximum (FWHM) and Strehl ratio of the focal spot,

its point-spread-function (PSF) and modulation transfer function (MTF), and also

the bulk and focusing efficiency of the metalens. In the following we discuss these

parameters in detail.

FWHM is a measure of the width of the central region of the focal spot where

the intensity is at least half of the maximum intensity. It is defined as the distance

between two points on the intensity distribution curve where the intensity is half of

the maximum. It is used to characterize the size of the focal spot.

Strehl ratio is calculated by comparing the peak intensity of the actual focal spot

produced by an optical system with the peak intensity that would be obtained in

an ideal diffraction-limited system under the same conditions. In reality, since it is

impossible to obtain the focal spot intensity profile across the entire infinitely large

image plane from the measurement, Strehl ratio can be calculated by normalizing

the intensity of the actual and ideal focal spots within the 3 - 5 times FWHM. It

provides a measure of how well the optical system approaches the theoretical ideal

performance. The optical system is regarded as diffraction-limited if Strehl ratio is

larger than 0.8.

PSF is a fundamental concept in optics and imaging that characterizes the re-

sponse of an optical system to a point source of light. It describes how a point source

is spread or blurred in the image formed by the system. MTF is a measure of the

ability of an optical system to transfer or reproduce contrast in an image. It is defined

as the ratio of the modulation of the image produced by the system to the modulation

of the original object. It is typically measured as a function of spatial frequency. Two

different approaches can be utilized to estimate the MTF of the optical system. The
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first one uses the object with different frequencies and sharp edges that has white to

black transition, and the MTF can be calculated by the definition from the captured

image of the optical system. Alternatively, it can also be calculated as the Fourier

transform of the PSF, which is more efficient in the simulation. It quantifies the

system’s ability to preserve spatial details or high-frequency components of an object

when imaged.

Bulk efficiency of the metasurface is defined as the power that transmit through

the metasurface divided by the total incident power. It can be approximated as the

average transmittance of all the meta-atoms. Focusing efficiency is defined as the

power near the focal spot (typically 3 - 5 FWHM area) divided by the total incident

power, and therefore is smaller than the bulk efficiency. It characterizes the fraction

of the power that enters the focal spot area. Therefore, the bulk efficiency minus the

focusing efficiency characterizes the power that contributes to the background noise.

In the actual measurement, however, it is difficult to get the accurate power near the

focal spot. In this case, a pinhole with around 50 - 200 𝜇𝑚 diameter can be placed

near the focal spot to block the stray light, the power goes through the pinhole can

be regarded as an estimation of the focusing power.

These parameters are utilized to characterize the metalens performance in the

following chapters.

2.6 Flat optics applications

Flat optics have gained significant attention in recent years due to their unique ca-

pabilities of wavefront control. A few notable applications are listed in the following:

• Imaging and microscopy. Metasurfaces offer new possibilities for high-resolution

imaging and microscopy. By controlling the phase and polarization of light,

metasurfaces can shape the wavefront and enable aberration correction, ex-

tending the depth of field, and improving image quality. They can also be used

to create flat lenses, enabling the miniaturization of optical systems.
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• Optical polarization control. Metasurfaces can efficiently manipulate the polar-

ization of light at subwavelength scales. They find applications in polarization

optics, including polarizers, waveplates, and beam splitters. Metasurface-based

polarizers are compact, thin, and lightweight alternatives to traditional polar-

izing elements, offering improved performance and integration capabilities.

• Holography and 3-D displays. Metasurfaces enable the generation of complex

wavefronts required for holography and 3D displays. By controlling the phase

and amplitude of light, metasurfaces can shape the wavefronts to create realistic

and immersive 3D visualizations without the need for bulky optical elements.

• Light manipulation and beam steering. Metasurfaces provide precise control

over the direction and shape of light beams. They can deflect, focus, or shape

light with high efficiency and flexibility. This capability is useful in applications

such as optical communications, LiDAR systems, and laser beam steering.

• Optical sensing and spectroscopy. Metasurfaces enable the development of

highly sensitive optical sensors and spectroscopic devices. They can enhance

light-matter interactions, leading to improved sensitivity and selectivity in sens-

ing applications. Metasurface-based sensors can be integrated with microflu-

idics, enabling lab-on-a-chip systems for biological and chemical analysis.

• Nonlinear optics. Metasurfaces can enhance and control nonlinear optical pro-

cesses, where light interacts with materials to generate new frequencies or mod-

ulate its properties. By engineering the metasurface design, nonlinear effects

can be tailored for applications in frequency conversion, ultrafast optics, and

nonlinear imaging.

• Light trapping and solar energy harvesting. Metasurfaces can enhance light

absorption and trapping in photovoltaic devices. They can be designed to se-

lectively absorb specific wavelengths or angles of incident light, improving the

efficiency of solar cells and enabling new strategies for light management in

energy-harvesting systems.
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• Stealth technology and cloaking. Metasurfaces have been explored for their

potential in creating invisibility cloaks and stealth technologies. By manipu-

lating the properties of incident light, metasurfaces can redirect and conceal

the presence of objects, making them invisible or difficult to detect by certain

wavelengths or sensors.

In the following chapters, we will discuss the imaging and sensing applications

of the metasurfaces, and focus on features including WFOV, broad bandwidth, 3-D

depth sensing, and also active tunability.
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Chapter 3

Wide field-of-view metalens

3.1 Overview of wide field-of-view metalens

The canonical metalens design assumes a hyperbolic phase profile to convert an inci-

dent plane wave to a spherical wavefront. The phase profile is given by[147]:

𝜑0 = −2𝜋

𝜆

(︂√︁
𝑓 2 + 𝑥2 + 𝑦2 − 𝑓

)︂
(3.1)

where 𝑥 and 𝑦 are the coordinates of meta-atoms, and 𝑓 is the metalens focal

length. The design eliminates spherical aberration at normal incidence. When a

beam arrives at a metasurface at an oblique incident angle (𝜃𝑥,𝜃𝑦), the desired phase

distribution becomes:

𝜑𝜃𝑥,𝜃𝑦 = −2𝜋

𝜆
·
[︂√︁

𝑓 2 + (𝑥− 𝑥0)2 + (𝑦 − 𝑦0)2 −
√︁
𝑓 2 + 𝑥2

0 + 𝑦20 + (𝑥𝑠𝑖𝑛𝜃𝑥 + 𝑦𝑠𝑖𝑛𝜃𝑦)
]︂

(3.2)

where 𝑥0 = 𝑓𝑡𝑎𝑛𝜃𝑥 and 𝑦0 = 𝑓𝑡𝑎𝑛𝜃𝑦 are the coordinates of the focal spot on the

image plane. The difference between the two phase profiles is responsible for other

third order (Seidel) aberrations including coma, astigmatism, and field curvature, all

of which are dependent on the AOI.

Various design strategies have been proposed to mitigate these aberrations and
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thereby expand the FOV of metalenses.

The sensitivity to off-axis aberration can be alleviated by resorting to a phase

distribution that is invariant with respect to incident angle change. A quadratic

phase function assuming the following form fulfills this requirement:

𝜑(𝑟) = −𝜋

𝜆
· 𝑟

2

𝑓
(3.3)

where 𝑟, 𝜆 and 𝑓 represent the radial position from the lens center, free-space

wavelength, and effective focal length, respectively. For an oblique incident beam at

𝐴𝑂𝐼 = 𝜃 within in the x-z plane (where z denotes the optical axis), a linear phase

gradient term (2𝜋/𝜆) · 𝑠𝑖𝑛𝜃 added, yielding the following phase distribution after it

exits the metasurface:

𝜑(𝑟) = −𝜋

𝜆
· 𝑟

2

𝑓
− 2𝜋

𝜆
𝑥𝑠𝑖𝑛𝜃 = − 𝜋

𝜆𝑓

[︁
(𝑥+ 𝑓𝑠𝑖𝑛𝜃)2 + 𝑦2

]︁
+

𝜋𝑓𝑠𝑖𝑛2𝜃

𝜆
(3.4)

Eq. 3.4 indicates that the phase profile can be regarded as the same parabolic

function as Eq. 3.3 (neglecting the constant phase term) but laterally shifted along

the x-axis for a distance of −𝑓𝑠𝑖𝑛𝜃. Therefore, focusing properties are preserved for

oblique incident beams.

The quadratic phase concept was first proposed by Pu et al.[41] and later on also

numerically investigated by other authors[42, 43, 148, 149]. One important charac-

teristic of the quadratic phase lens is the existence of a virtual aperture. This can

be understood by noticing that the phase gradient of a quadratic function (Eq. 3.3)

increases linearly with 𝑟. At 𝑟 > 𝑓 , 𝑑𝜑/𝑑𝑟 is greater than 2𝜋/𝜆 or the free-space wave

number, and therefore waves exiting the metasurface become evanescent. In other

words, the incident light will either be reflected or trapped in the substrate by total

internal reflection. For an oblique incident beam, a virtual aperture with the same

radius 𝑓 is similarly present with its center shifted to 𝑥 = −𝑓𝑠𝑖𝑛𝜃. The presence of

virtual apertures reduces the nominal transmission efficiency of quadratic lens when

normalized against incident power over the entire metasurface area (which can be up
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to 4 times larger than the virtual aperture area). The large phase gradient at the

outer region of a quadratic lens also constrains the practically attainable FOV due to

phase discretization effect as pointed out by Lassalle et al [150].

Despite its conceptual simplicity and elegance, one drawback of the quadratic sin-

glet design is that it incurs large spherical aberration, resulting in significant stray

background as well as low focusing efficiency. This shortcoming of quadratic phase sin-

glet can be mitigated by incorporating a second metasurface layer to correct spherical

aberration. The doublet configuration consists of two layers of cascaded metasurfaces,

the bottom metasurface carries the main focusing power, and the top metasurface

functions as a phase corrector analogous to a Schmidt plate in classical refractive

optics, designed to have a phase distribution that neutralizes the spherical aberra-

tion of the bottom lens at normal incidence. At oblique incidence, two changes to

the optical phase distribution are introduced compared to the normal incidence case.

First, the oblique incident beam carries an additional in-plane linear phase gradient,

which combines with the quadratic phase yields a laterally displaced quadratic phase

profile. The top metasurface phase is also projected to a laterally shifted, off-center

position. A laterally offset hyperbolic phase distribution can be recovered when the

lateral displacements of the bottom metasurface quadratic phase and the top meta-

surface correcting phase are aligned, thus producing a sharp focal spot in a telecentric

configuration.

The WFOV design approaches discussed so far are based on ray optics and have

not actively exploited the potential to tailor an angle-dependent optical phase profile

– a capability unique to nonlocal metasurfaces[151]. The basic principle of angu-

lar phase control is to engineer the metasurface’s phase distribution 𝜑 such that its

dependence on spatial coordinates and AOI fulfills Eq. 3.2. This can be accom-

plished by topology optimization (TO), which explores the tremendous number of

design variables available in a complex, deep sub-wavelength metamaterial structure

via gradient-based optimization[152–156]. The technique has already been extensively

applied to designing freeform metasurfaces[69, 157–161] as well as other nanophotonic

structures with non-intuitive geometries[162–167].
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Compared to other WFOV metalens designs, this scheme uniquely allows an ultra-

thin profile approaching the fundamental thickness limit of WFOV optics without

compromising focusing quality. The presence of the thickness limit can be rationalized

by considering the angular memory effect[168]: when a light beam incident on a

disordered medium is tilted, the transmitted wavefront remains identical in shape

albeit tilted by the same angle, provided that the input wave vector change is smaller

than approximately one over the medium thickness. The angular memory effect

stipulates that the metasurface optics must be sufficiently thick to accommodate a

phase profile which sensitively depends on the AOI. Li et al. formulated lower bound

of metalens thickness L for diffraction-limited WFOV metalenses defined in terms of

the lens NA, angular FOV (in radian), and the output aperture size 𝑠:[169]

𝐿 ∼
(︂
1

3
𝑁𝐴

)︂
· 𝑠 · 𝑠𝑖𝑛

(︂
𝜋

2
𝑠𝑖𝑛

𝐹𝑂𝑉

2

)︂
(3.5)

For typical metalenses with ∼ 1𝑚𝑚 aperture size, Eq. 3.5 specifies a thickness

bound of ∼ 100𝜇𝑚 - far below those of the aperture stop or doublet designs. In

comparison, the inversed designed multilayer metalenses[170] are able to closely ap-

proach this limit. In addition, as one may intuitively anticipate, increasing aperture

size, NA, and FOV require more rapid angular variations of the optical phase, there-

fore warranting a larger multilayer metasurface thickness. The escalating structural

complexity ultimately delimits the practically accessible optics dimensions. Finally,

the bound in Eq. 3.5 only applies to lenses with (near-)diffraction-limited quality.

Heavily aberrated lenses, such as the quadratic phase singlet, are not subjected to

the thickness limit[171, 172].

Geometric aberrations pertinent to WFOV imaging can also be alleviated by di-

viding up the FOV into a multitude of sub-segments and using a separate set of optics

to address each sub-FOV. The sub-images are then stitched together computationally

to capture the full WFOV scene. This multi-aperture scheme has been implemented

with refractive microlens arrays[173–177], and more recently with metalenses[178].

The key advantage of the multi-aperture scheme is that each imaging element can
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be individually optimized to attain minimal aberration and distortion within a small

sub-FOV. The main limitation is the reduction of optical throughput: for an imager

that divides the FOV to j segments, the total received signal is approximately lower

by j-fold, which compromises the signal-to-noise ratio (SNR) and dynamic range. The

multi-aperture design could be useful when very large optical apertures are needed,

in which case the geometric aberrations of a single-aperture WFOV system become

challenging to suppress.

The approaches discussed thus far have all relied upon metasurfaces or DOEs

on a flat plane commensurate with standard microfabrication technologies. Recent

advances have enabled fabrication of optical and optoelectronic devices on curved

surfaces, either via direct writing techniques[179–181] or conformal integration of

flexible membranes[173, 182–185]. This new possibility has inspired alternative de-

signs exploiting curved optical elements. An aplanatic lens free of both spherical

and coma aberrations can be realized by integrating a metasurface or diffractive

optics on a spherical surface[186, 187]. The aplanatic imaging condition, which

builds on the Abbe sine condition, is however only rigorously satisfied for small ob-

jects and thus does not scale to large FOV[188]. Another approach makes use of a

monocentric configuration, whose spherical symmetry naturally eliminates coma and

astigmatism[189–191]. For example, large-angle focusing has been demonstrated with

in-plane (i.e. 2-D sectioned) Luneburg lenses[192, 193], although implementation of

a 3-D Luneburg lens at optical frequencies remains a non-trivial challenge[194]. Non-

planar metasurface optics can also potentially be coupled with curved image sensors

(focal plane arrays) to further suppress aberrations[195].

In this chapter, we introduce a simple architecture to increase the FOV of the

flat lens by placing an aperture stop in front of a flat metasurface. We start with

deriving an analytical solution to optimize the phase profile of the WFOV metalens,

and analyze the dependence of focusing quality on the design parameters. We then

proceed with demonstrating a few applications, analyzing its working bandwidth

properties, and we finally draw the conclusion at the end of the chapter.
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3.2 Optimization of wide field-of-view metalens: an

analytical solution

The basic concept of the single-layer WFOV flat lens is illustrated in Fig. 3-1a. An

aperture is placed at the front surface of a substrate and a metasurface (or a DOE

surface) is patterned on the back surface to act as an optical phase mask. Beams from

different angles of incidence (AOIs) are refracted at the front surface and arrive at

different and yet continuous portions of the backside phase mask. This architecture

and optimized designs enable diffraction-limited focusing performance continuously

across the near-180∘ FOV [1]. At large AOIs, the optical transmission drops due to

the cosine dependence of the projected aperture area, which ultimately limits the

practical FOV. This limitation can be potentially addressed by using a front aperture

with a curved surface.

Figure 3-1: Schematic illustration of WFOV metalens design. (a) 3-D structure.
(b) Illustration of the phase profile derivation. (c) Illustration of the image height
derivation. Fig. 1(a) is reprinted with permission from the American Chemical
Society[1].

The phase profile of the metasurface will be derived by assuming stigmatic focusing

for a pencil of parallel rays incident on the aperture from all directions across the 180∘

FOV. In the WFOV lens configuration depicted in Fig. 3-1b, the phase profile of the

metasurface is given by a function 𝜑(𝑠), where 𝑠 denotes the radial position from the

lens center. Here we consider two parallel rays separated by a small spacing ∆𝑠 both

focused by the metasurface to the same point on the image plane. The AOI of the

rays inside the substrate is labeled as 𝜃. The stigmatic focusing condition specifies
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that their propagation path length difference must be exactly compensated by the

metasurface, which yields:

∆𝑠 · 𝑛𝑠𝑖𝑛𝜃 +∆𝜑
𝜆

2𝜋
+

(︃
𝜕

𝜕𝑠

√︁
(𝑠− 𝑑)2 + 𝑓 2

)︃
∆𝑠 = 0. (3.6)

Here 𝑛 is the refractive index of the substrate, 𝜆 is the free-space wavelength and

∆𝜑 gives the phase difference the metasurface imparts on the two rays. All other

variables are defined following Fig. 3-1b. The first term corresponds to the phase

difference accumulated at the aperture side, the second term is the one given by

metasurface, the third term comes from the difference between the two converging

rays separated by distance ∆𝑠 from metasurface to the focal spot. Integration of 𝜑

in Eq. 3.6 with respect to 𝑠 reveals the phase profile of the metasurface:

𝜑(𝑠) = −2𝜋

𝜆

∫︁ 𝑠

0

⎛⎝ 𝑛𝑠√
𝑠2 + 𝐿2

+
𝑠− 𝑑√︁

𝑓 2 + (𝑠− 𝑑)2

⎞⎠ 𝑑𝑠. (3.7)

The only unknown variable in Eq. 3.6 is 𝑑, the image height, which is a function of

the AOI of the light ray. To determine 𝑑, we now consider the configuration in Fig. 3-

1c, where two pencils of parallel rays with slightly different AOIs 𝜃 and 𝜃+∆𝜃 impinge

on the same metasurface area. The two pencils of rays are focused on two different

spots on the image plane with image heights of 𝑑 and 𝑑 + ∆𝑑, respectively. For the

rays with AOI = 𝜃, it follows Eq. 3.6. Similarly, for the rays with AOI = 𝜃+∆𝜃, the

condition becomes:

∆𝑠 · 𝑛𝑠𝑖𝑛(𝜃 +∆𝜃) + ∆𝜑
𝜆

2𝜋
+

(︃
𝜕

𝜕𝑠

√︁
(𝑠− (𝑑+∆𝑑))2 + 𝑓 2

)︃
∆𝑠 = 0 (3.8)

Since the two pencils of rays share the same metasurface area, ∆𝜑 is the same for

Eqs. 3.6 and 3.8 assuming that the angular dependence of meta-atom phase delay

is weak, an assumption that is in general satisfied for waveguide-type and resonator-

type meta-atoms, which are commonly employed in meta-optics. In the case of strong

angular dependence, the second term of Eq. 3.8 should be modified to include the
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dependence of AOI, and the phase profile can be similarly derived as follows. Eq. 3.8

- Eq. 3.6 yields an equation relating 𝑑 to 𝜃:

𝑛𝑐𝑜𝑠𝜃∆𝜃 +
𝜕

𝜕𝑑

⎛⎝ 𝑠− 𝑑√︁
(𝑠− 𝑑)2 + 𝑓 2

⎞⎠∆𝑑 = 0 (3.9)

The AOI from free space 𝛼 is related to 𝜃 via the Snell’s law 𝑠𝑖𝑛𝛼 = 𝑛𝑠𝑖𝑛𝜃, and

hence Eq. 3.9 translates to:

∆𝑑 =

⎡⎣(︃ 𝐿𝑠𝑖𝑛𝛼√
𝑛2 − 𝑠𝑖𝑛2𝛼

− 𝑑

)︃2

+ 𝑓 2

⎤⎦ 3
2
𝑐𝑜𝑠𝛼

𝑓 2
∆𝛼 (3.10)

Substituting Eq. 3.10 into Eq. 3.7 leads to the integral form of the target phase

profile.

The derivation is generic and applicable to different wavelengths, substrate mate-

rials, and meta-atom or diffractive element designs. It can also be extended to cases

with multiple substrate layers (with thickness of the 𝑖-th given by 𝐿𝑖). In this case,

the new expression of 𝑠 =
∑︀

𝑖 𝐿𝑖𝑡𝑎𝑛𝜃𝑖 can be substituted into Eq. 3.6 and the rest of

the analytical formalism remains similar. This is a useful architectural variant which

not only opens a larger design space but also allows incorporation of an air gap in

between solid substrates to reduce weight or a solid spacer to facilitate fabrication

and assembly processes.

The main assumption in this analytical formalism is that ∆𝑠 is an infinitesimal

quantity, which suggests that the ideal stigmatic focusing condition is only rigorously

satisfied in the “small aperture” limit. This is intuitive since larger aperture size leads

to more spatial overlap of the pencils of rays with different AOIs, which tends to

degrade the focusing performance. Next we consider this finite aperture size effect

and derive the condition that yields the optimal performance.

When ∆𝑠 is not an infinitesimal quantity, the optical path length difference ∆𝑃

between the two rays in Fig. 3-1b can be derived in a manner similar to Eq. 3.6:
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∆𝑃 = ∆𝑠·𝑛𝑠𝑖𝑛𝜃+[𝜑 (𝑠+∆𝑠)− 𝜑 (𝑠)]

(︃
𝜆

2𝜋

)︃
+
√︁
(𝑠+∆𝑠− 𝑑)2 + 𝑓 2−

√︁
(𝑠− 𝑑)2 + 𝑓 2

(3.11)

To ensure sharp focusing, ∆𝑃 must be minimized. Using Eq. 3.7 and Eq. 3.10

and note that 𝑑 is a function of 𝑠, we compute the first three orders of derivatives of

∆𝑃 with respect to ∆𝑠:

𝑑(∆𝑃 )

𝑑(∆𝑠)
= 0 (3.12)

𝑑2(∆𝑃 )

𝑑(∆𝑠)2
= 0 (3.13)

𝑑3(∆𝑃 )

𝑑(∆𝑠)3
= − 3𝑛𝐿2(𝑠− 𝑑)(︁

𝑓 2 + (𝑠− 𝑑)2
)︁
(𝐿2 + 𝑠2)

3
2

(3.14)

Denoting aperture diameter as 𝐷, we compute RMS wavefront error 𝜎 across the

aperture using the derivatives to characterize aberration when 𝐷 < 𝑓 :

𝜎 ≈ 3𝑛𝐿2𝐷3|𝑠− 𝑑|
160

(︁
𝑓 2 + (𝑠− 𝑑)2

)︁
(𝐿2 + 𝑠2)

3
2

(3.15)

This expression explicitly reveals the dependence of lens performance on con-

figuration parameters including focal length, aperture size, substrate thickness and

refractive index of substrate. To achieve better performance, one can in general in-

crease the f-number (aka decreasing numerical aperture NA), increase the substrate

thickness, and/or reduce the refractive index of substrate. An alternative strategy is

to minimize the term |𝑠 − 𝑑|, which implies that a telecentric configuration is con-

ducive to enhanced focusing quality. We further note that this term is dependent on

𝑛, 𝐿 and 𝑓 according to Eq. 3.10, which constrains these parameters and explains

for example the existence of an optimal substrate thickness for best focusing perfor-

mance. We want to emphasize that rigorously speaking, our lens structure is not

telecentric since the exact condition 𝑠 = 𝑑 is inconsistent with Eq. 3.9 and Eq. 3.10.
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When |𝑠− 𝑑| is much smaller than 𝑓 and 𝐿, the aberration becomes dominated by

the fourth order derivative and the RMS wavefront error 𝜎 is:

𝜎 ≈ 𝑛𝐿2𝐷4

192
√
5𝑓 2 (𝐿2 + 𝑠2)

3
2

⃒⃒⃒⃒
⃒⃒ 𝑛𝐿2𝑓

(𝐿2 + 𝑠2)
3
2

− 2

⃒⃒⃒⃒
⃒⃒ (3.16)

The equation reveals a similar dependence of lens performance on design param-

eters.

We show in the following that the design maintains diffraction-limited performance

over the entire hemispherical FOV up to a moderate NA of ~0.25 (corresponding to

f/1.9), and that the analytical solution is consistent with numerically optimized de-

signs by considering an exemplary WFOV metalens design operating at 5 𝜇m wave-

length. The lens consists of a 1 mm diameter circular aperture on the front side and a

5 mm diameter circular metasurface on the back side of a 2 mm thick BaF2 substrate

(𝑛 = 1.45). The effective focal length (spacing between the metasurface and the im-

age plane) is set to 2 mm, corresponding to a NA of 0.24. The analytically derived

radial phase profile 𝜑 and image height 𝑑 are presented in Figs. 3-2a and 3-2b. As

a comparison, we performed numerical optimization using a direct search algorithm

[196–200] , and the optimized phase profiles are plotted in the same graphs. The

results confirm excellent agreement between the two approaches.

Figure 3-2: Calculated performance of an ideal WFOV lens. (a) Lens phase profile
retrieved from analytical and numerical solutions. (b) Image heights with different
AOIs from analytical and numerical solutions. The green dashed line represents the
telecentric condition which corresponds to 𝑑 = 𝑠 = 𝐿𝑠𝑖𝑛𝛼√

𝑛2−𝑠𝑖𝑛2𝛼
. (c) Focusing efficiency

and Strehl ratio for different AOIs. (d)-(g) Normalized intensity profiles at image
plane with different AOIs (scale bars are 20 𝜇m)

We then used Kirchhoff diffraction integral [201] to evaluate the focusing perfor-

mance of the lens. Assuming a meta-atom pitch of 4 𝜇m, the lens focusing efficiency
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Table 3.1: Meta-atom phase delays and transmittance values
Index a b c d

Phase delays [∘] 0.7 45.0 90.2 135.0
Transmittance 0.84 0.93 0.93 0.95

Index e f g h
Phase delays [∘] 180.1 224.8 269.9 315.3
Transmittance 0.89 0.90 0.92 0.94

(defined as the fraction of power encircled within an area of a diameter equaling to

five times the focal spot full-width-at-half-maximum normalized by the total incident

power) and Strehl ratio as a function of AOI from air are shown in Fig. 3-2c, and the

focal spot profiles at several AOIs are displayed in Figs. 3-2d-3-2g. The lens exhibits

diffraction-limited focusing performance with Strehl ratios consistently larger than

0.8 and efficiencies higher than 75% over the entire hemispherical FOV.

The diffraction integral calculations above assume ideal meta-atoms so the meta-

surface acts as a pure phase mask without imposing intensity modulation and phase

error. To make a realistic estimate of the metalens efficiency, next we incorporated

actual meta-atom structures and their optical characteristics modeled using full-wave

calculations [202]. The all-dielectric, free-form meta-atoms under consideration are

made from 1 𝜇m thick PbTe film resting on a BaF2 substrate [203, 204]. Sample

meta-atom structures are shown in Fig. 3-3. The 2-D pattern of each meta-atom

was generated with a "Needle Drop" approach. Several rectangular bars, with a min-

imum generative resolution of 1 pixel, were randomly generated and placed together

with a square canvas (64 × 64 pixels) to form random patterns. The quasi-freeform

meta-atoms offer enhanced transmission efficiency and phase coverage compared to

meta-atoms with regular geometries[202]. To minimize inter-cell coupling, a minimum

spacing of 8 pixels was applied between adjacent meta-atoms.

Full-wave electromagnetic simulations were performed with TE polarization (elec-

tric field always parallel to the horizontal direction in the figures) to obtain the phase

delays of these generated structures. Then, the phase delays were discretized into

8 groups with 𝜋
4

spacing, and the optimum structures were chosen according to a

figure-of-merit which aims to minimize phase deviations and maximize transmission
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Figure 3-3: Examples of generated meta-atom structures. (a) 3-D view. (b) Several
examples of generated 2-D patterns. Rectangles outlined in different colors represent
randomly generated high-index "Needles".

Figure 3-4: Selected 8 meta-atom structures.
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amplitudes[65]. The 8 selected meta-atom structures are shown in Fig. 3-4. Their

phase delays and transmittance values are summarized in Table 3.1. Our prior work

have shown that the dependence of meta-atom phase on AOI is relatively weak for

this type of meta-atoms and therefore does not impact the accuracy of the analytical

solution[1].

The simulation results are shown in Fig. 3-5. The focusing efficiency and Strehl ra-

tio are slightly reduced compared to the results in Fig. 3-2 (which assumes ideal meta-

atoms) due to non-unity efficiency and phase error of the simulated meta-atoms. All

factors considered, the lens maintains high efficiencies exceeding 65% and diffraction-

limited imaging performance with Strehl ratios above 0.8 across the entire FOV.

Figure 3-5: Simulated performance of a metalens composed of realistic meta-atoms.
(a) Image height, (b) efficiency and Strehl ratio for different AOIs based on full-wave
modeled meta-atoms.

The analytical formalism allows computationally efficient design of WFOV flat

lenses, especially in cases where ray tracing based numerical optimization cannot be

implemented in a reasonable time scale. The analytical solution also elucidate the

design trade-offs. For a given wavelength and substrate refractive index, the WFOV

lens design is fully defined by three independent parameters: aperture size, substrate

thickness, and focal length. In the following, we investigate the effect of varying

aperture size, substrate thickness and focal length on focusing performance of the

lens for a substrate index 𝑛 = 1.45 and a wavelength 𝜆 = 5 𝜇m. The conclusions

can be readily generalized to an arbitrary wavelength as the underlying Maxwell’s
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equations are scale-invariant.

Figs. 3-6a and 3-6b plot the focusing efficiency and Strehl ratio values (both

averaged over the entire near-180∘ FOV) for WFOV flat lenses with varying NAs. In

Fig. 3-6a, the lens aperture diameter is fixed to 1 mm, the substrate thickness is 2

mm, and the focal length is varied to obtain different NAs. In Fig. 3-6b, the focal

length is set to 2 mm, the substrate thickness is 2 mm, and the aperture diameter

is varied. Shorter focal length requires more abrupt change of optical phase whereas

spatial overlap between beams with different AOIs increases with larger aperture size,

both of which negatively impact the focusing quality. Consequently, both efficiency

and Strehl ratio decrease with increasing NA. Fig. 3-6c depicts the impact of varying

the substrate thickness. Increasing substrate thickness leads to lower spatial overlap

between beams with different AOIs, thereby improving the focusing quality albeit at

the expense of larger device footprint, which explains the improvement of Strehl ratio

at thicknesses less than 2 mm. Notably, when the substrate thickness exceeds 2 mm,

the design significantly deviates from the telecentric configuration, resulting in lower

Strehl ratios. As a result, an optimum thickness arises which maximizes the Strehl

ratio as shown in Fig. 3-6c. All these results are in accordance with Eq. 3.15.

Figure 3-6: (a)-(b) Effects of NA on efficiency and Strehl ratio averaged over the
entire near-180∘ FOV by changing (a) focal length and (b) aperture size. (c) Effects
of substrate thickness on averaged efficiency and Strehl ratio.
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3.3 Wide field-of-view imaging in long wave infrared

band

In this section, we apply the prementioned WFOV metalens architecture and design

concept to long wave infrared (LWIR) band and characterize its imaging perfor-

mance. LWIR, which coincides with the peak blackbody emission wavelengths of

near-room-temperature objects, is strategically important to wide-ranging imaging

applications spanning nigh vision, remote sensing, robotics, industrial process mon-

itoring, building inspection, automotive sensing, gas detection, and beyond. Since

most classical optical materials such as oxide glasses and polymers become opaque at

LWIR due to phonon absorption, traditional LWIR optics resort to specialty materials

such as single-crystalline Ge and chalcogenide glasses. These materials either incur

a high cost to manufacture (Ge), or are mechanically fragile (chalcogenide glasses).

Moreover, classical refractive optics made from these materials (Ge in particular) are

temperature-sensitive due to thermo-optic focal drift. The challenges are further exac-

erbated when it comes to applications demanding a wide field-of-view (WFOV), since

classical WFOV infrared optics entail a compound lens architecture comprising multi-

ple (in general 4 or more) stacked optical elements to suppress coma aberration[205].

As a result, even LWIR lenses with a moderate FOV of around 60∘ each cost well

above $1,000 off-the-shelf.

While a large collection of metalenses have been implemented at visible and near-

infrared wavelengths, relatively few demonstrations targeted the LWIR regime. Pi-

oneering work by several groups have realized silicon-based LWIR metalenses [206–

209]. Using Si as the metasurface material is advantageous in that it is amenable

to large-area wafer-level manufacturing processes, and that deep reactive ion etching

(DRIE) can produce high aspect ratio Si meta-atom structures ideal for large optical

phase coverage and potentially dispersion engineering [210]. Si wafers prepared using

the common Czochralski method, however, are known to exhibit a strong optical ab-

sorption band centering at 9 𝜇𝑚 wavelength due to the presence of oxygen impurity

[211]. To mitigate the issue, Ge coupled with a ZnS antireflection layer has been
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adopted for metalens fabrication to suppress parasitic absorption across the LWIR

band [212]. The challenge of coma aberration suppression and expanding the FOV

has nonetheless not been tackled by these pioneering investigations. More recently,

metalens arrays comprising five lens, each covering a sub-section of the FOV, have

been implemented to demonstrate LWIR imaging spanning a horizontal FOV exceed-

ing 60∘ upon image stitching in post-processing [213]. The approach is however hardly

scalable to WFOV applications, as a large FOV (e.g. 100∘) in both horizontal and

vertical directions would require tens of individual metalenses, severely curtailing the

optical throughput while escalating system complexity.

Here, we report the design and experimental demonstration of a WFOV metalens

covering 140∘ circular FOV. The metalens assumed the architecture mentioned in the

last section, which consists of an optical aperture stop and a single-layer metasur-

face patterned in a float-zone Si wafer. The choice of float-zone Si contributes to

suppression of the oxygen impurity absorption band while still enabling full lever-

age of industry-standard Si fabrication processes. We will start with formulating the

overarching analytical design approach. Two metalens designs were derived using the

method, with an air gap and a ZnSe spacer, respectively. The former features a sim-

pler construction whereas the latter has the advantage of enhanced FOV and imaging

quality as predicted by our analytical theory and validated via numerical simula-

tions. We then proceed to describe the fabrication protocols as well as experimental

characterization of both metalenses.

The WFOV metalens architecture consisting of an aperture and an all-silicon

metasurface is schematically illustrated in Fig. 3-7a. The monochromatic phase

profiles of the metasurfaces follows Eq. 3.7, The corresponding RMS wavefront error

is given by Eq. 3.15.

As mentioned in the last section, the numerator in the expression above contains

the factor |𝑠 − 𝑑|, which corresponds to the transverse offset between the incident

position of the chief ray on the metasurface and the corresponding focal spot position

(i.e., image height). In an image-space telecentric configuration, the term vanishes,

yielding optimal image quality. Optimizing the metalens design therefore involves
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Figure 3-7: Analytically derived WFOV metalens design optimization. (a) Schematic
illustration of the WFOV metalens configuration. (b) Averaged RMS wavefront error
across the FOV for a range of spacer refractive indices and thicknesses. The simula-
tions assume 140∘ FOV and 20 𝑚𝑚 focal length, upper limit of the RMS wavefront
error in the plot is set to 0.4 𝜆, the orange contour denotes area where RMS wavefront
error is smaller than 0.0745 𝜆, which stands for diffraction-limited performance. (c)
Phase profiles of the two metalens designs experimentally implemented in this study.

engineering its image height vs. incident angle relation to mimic the telecentric con-

figuration. This can be accomplished by changing the refractive index 𝑛𝑠𝑢𝑏 of the

spacer material, leveraging refraction at the air-spacer front surface as a practical

means to modify the image height. Following this rationale, we examine the depen-

dence of the RMS wavefront error for various spacer material refractive indices and

thicknesses (Fig. 3-7b).

Guided by the theoretical insight, we have chosen ZnSe (𝑛𝑠𝑢𝑏 = 2.40 at 10.6 𝜇𝑚)

as the spacer material. An air-gap design (𝑛𝑠𝑢𝑏 = 1) was also implemented as a

comparison. The detailed design parameters are tabulated in Tab.3.2 and Fig. 3-7c

plots the phase profiles of the designs.

Next we translate the phase functions into actual metasurface layouts. The all-Si

meta-atom structure is depicted in Fig. 3-8a inset, which is composed of 12 𝜇𝑚 tall

pillars with a 4 𝜇𝑚 pitch etched into float-zone Si wafers. Full-wave electromagnetic

simulations were performed using the Lumerical FDTD solver, and the transmittance

and phase delay of the meta-atoms at 10.6 𝜇𝑚 wavelength as functions of the pillar

diameter are shown in Figs. 3-8a-b. Eight meta-atoms with approximately 𝜋
4

step size

in phase were chosen to construct the metasurfaces. To optimize transmittance while

suppressing phase error, we invoked the figure-of-merit function in Eq. 2.1 as the
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Table 3.2: Metalens design parameters

Wavelength Aperture size Air-gap/ZnSe thickness Si substrate thickness
Air-gap 10.6 𝜇𝑚 6 𝑚𝑚 7.5 𝑚𝑚 675 𝜇𝑚

ZnSe 10.6 𝜇𝑚 10 𝑚𝑚 44 𝑚𝑚 675 𝜇𝑚

Focal length Metalens size Image plane size FOV
Air-gap 12 𝑚𝑚 32 𝑚𝑚 21 𝑚𝑚 120∘

ZnSe 20 𝑚𝑚 48 𝑚𝑚 38 𝑚𝑚 140∘

criterion to choose the meta-atom diameters [65, 66]. The eight selected meta-atom

designs are summarized in Tab. 3.3.

Figure 3-8: All-Si meta-atom design. (a) Transmittance and (c) phase delay responses
of the meta-atoms with different pillar diameters. Red dots denote the eight meta-
atom structures selected to construct the metasurfaces.

Based on the meta-atom characteristics, performances of the WFOV metalenses

can be numerically evaluated using the Kirchhoff diffraction integral. The transverse

and longitudinal focal spot intensity profiles of the two WFOV metalens designs at

several different angles of incidence (AOIs) are presented in Fig. 3-9 and Fig. 3-9,

respectively. The modulation transfer functions (MTFs) at different spatial frequen-

cies were obtained through Fourier transform of the simulated point-spread-functions

(PSFs) and are shown in Figs. 3-11a-b.

We now characterize the focusing efficiencies and Strehl ratios of the WFOV met-
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Figure 3-9: Focusing characteristics of the air-gap WFOV metalens at 10.6 𝜇𝑚 wave-
length. (a)-(c) Simulated PSFs of the metalens at its image plane for AOIs of (a) 0∘,
(b) 20∘, and (c) 40∘. (Scale bar: 20 𝜇𝑚.) (d)-(f) Measured PSFs of the metalens at
its image plane for AOIs of (d) 0∘, (e) 20∘, and (f) 40∘. (Scale bar: 20 𝜇𝑚.) (g)-(i)
simulated longitudinal intensity profiles of the metalens with AOI of (g) 0∘, (h) 20∘,
and (i) 40∘. (Scale bar: 100 𝜇𝑚)

Figure 3-10: Focusing characteristics of the ZnSe-spacer WFOV metalens at 10.6 𝜇𝑚
wavelength. (a)-(c) Simulated PSFs of the metalens at its image plane for AOIs of (a)
0∘, (b) 30∘, and (c) 70∘. (Scale bar: 20 𝜇𝑚.) (d)-(f) Measured PSFs of the metalens
at its image plane for AOIs of (d) 0∘, (e) 30∘, and (f) 70∘. (Scale bar: 20 𝜇𝑚.) (g)-(i)
simulated longitudinal intensity profiles of the metalens with AOI of (g) 0∘, (h) 30∘,
and (i) 70∘. (Scale bar: 100 𝜇𝑚)
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Figure 3-11: Metalens focusing performance at 10.6 𝜇𝑚 wavelength. (a)-(b) Simu-
lated MTFs of the (a) air-gap and (b) ZnSe-spacer metalens at different AOIs. (c)-(d)
Focusing efficiency and Strehl ratio of the (a) air-gap and (b) ZnSe-spacer metalenses
as functions of AOI.
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Table 3.3: Meta-atom diameter, transmittance, and phase delay

Meta-atom index 1 2 3 4 5 6 7 8
Phase [∘] 0 44 94 137 176 219 274 318
Transmittance 0.76 0.72 0.76 0.84 0.80 0.68 0.67 0.76
Diameter [𝜇𝑚] 1.50 1.75 1.94 2.05 2.13 2.22 2.34 2.42

alenses at 10.6 𝜇𝑚 wavelength using the numerical results in Figs. 3-9 and 3-10. Here

the focusing efficiency is defined as the fraction of power encircled within a diameter

equaling five times the focal spot full-width-at-half-maximum (FWHM), normalized

by the total incident power [214]. Figures 3-11c-d plot the two parameters as func-

tions of AOI. The air-gap metalens has a focusing efficiency of 53% and a Strehl ratio

of 0.63, both averaged over AOIs across the 90∘ FOV, whereas the ZnSe-spacer met-

alens claims a focusing efficiency of 50% and a Strehl ratio of 0.86, similarly averaged

over AOIs throughout the entire 140∘ FOV. The enhanced focusing performance of

the ZnSe-spacer lens over the air-gap design, evidenced by its diffraction-limited per-

formance (Strehl ratio > 0.8) over an extended FOV of 140∘, validates our theoretical

prediction.

To fabricate the metalens, 2 𝜇𝑚 thick SiN films were deposited by plasma-enhanced

chemical vapor deposition (STS PECVD) on 675 𝜇𝑚 thick float zone Si wafers as hard

masks for DRIE. To define the metasurface patterns, a negative-tone photoresist (AZ

nLOF 2035) was spin-coated onto the substrates at 3000 revolutions per minute (rpm).

The resist was soft-baked at 115 ∘C for 1 minute, exposed on an MLA150 Maskless

Aligner, and then post-exposure baked at 115 ∘C for 1 minute. The photoresist was

developed by immersing the sample in Microposit MF-319 developer for 1 minute,

followed by rinsing in deionized water. To etch the SiN hard mask, dry etching was

performed using dual gas inlets with a mixture of SF6 and C4F8 (STS ICP RIE).

The Bosch process was subsequently used to etch the Si meta-atoms (SPTS Rapier

DRIE). To mitigate scalloping which is commonly associated with the Bosch process.

Finally, the hard mask was removed with a buffered HF (BHF) wet etching process.
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Figure 3-12 shows images of the fabricated metasurfaces showing a low-roughness

sidewall profile with minimal scalloping.

Figure 3-12: Images of fabricated metasurfaces. (a) Photo of a metasurface sample.
(Scale bar: 10 mm.) (b) Optical microscopy image of the metasurface. (Scale bar:
60 𝜇𝑚.) (c) Top-view SEM image of the meta-atom structures. (Scale bar: 20 𝜇𝑚.)
(d) Tilted-view SEM image showing sidewall profiles of the meta-atoms. (Scale bar:
4 𝜇𝑚.)

Finally, we show that even though metalenses are designed targeting a single

operation wavelength of 10.6 𝜇𝑚, it can be applied to broadband unfiltered thermal

imaging. The metalens was integrated with an uncooled focal plane array to form

a thermal infrared camera. A hot plate was placed half meter away in front of the

ZnSe WFOV metalens to generate thermal heat and LWIR illumination. Card board

with ’MIT’ pattern cut out was placed in between the hot plate and the metalens,

which blocks thermal heat in all areas except the inverse ‘MIT’ pattern. Therefore,

it serves as a heat mask, and generates an object of ‘MIT’ pattern shape with broad

bandwidth LWIR illumination. The image was captured by a LWIR focal plane array,

which is shown in Fig. 3-13.

3.4 Design of broadband and wide field-of-view met-

alens

Broadband operation has been a standing challenge for metasurface optics[215]. A

number of techniques have been implemented to realize achromatic metalenses. One

solution involves dispersion engineering of individual meta-atoms to compensate for

chromatic aberration[5, 216–222]. The objective of this approach is to assemble
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Figure 3-13: Images taken by the thermal infrared camera equipped with the ZnSe-
spacer metalens. (Scale bar: 4 𝑚𝑚.)
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a metalens out of meta-atoms with target dispersion behaviors such that hyper-

bolic phase profiles corresponding to the same focal length are fulfilled at differ-

ent wavelengths. Another scheme termed ’zone engineering’ has been demonstrated

recently[223], where the locations and step sizes for phase wrap are judiciously engi-

neered to maximize the phase coherence at the focal spot. Full-aperture optimization

methods (instead of relying on discrete meta-atoms)[69, 170, 224, 225] and cascaded

metasurface designs[31] have also been developed, although the computational load

becomes prohibitively large when these methods are applied to large-aperture (mm

to cm scale) optics. Finally, computational imaging has been proven to be a power-

ful technique to retrieve high-quality broadband images when coupled with front-end

meta-optics engineering[226, 227].

In the thesis, we use the DS algorithm to optimization of metalenses comprising

free-form meta-atoms. Our design process starts with generation of a set of meta-

atoms with diverse dispersion responses. The generation process capitalizes on our

recently developed deep learning algorithm targeting metasurfaces with high degrees

of freedom[202, 204], which rapidly yields broadband optical responses (amplitude

and phase) of free-form meta-atoms without resorting to full-wave electromagnetic

simulations[228, 229]. We started with 3,000 randomly generated meta-atom struc-

tures using a needle-drop method[202].

Fig. 3-14 depicts the top-view layouts of several randomly selected examples of

the meta-atoms. All meta-atoms in the library are patterned from a 1.4 𝜇m thick

Si layer resting on a SiO2 substrate with a uniform period (pitch) of 0.5 𝜇m. The

amplitude and phase responses of the meta-atoms modeled using the deep neural

network and full-wave simulations are also compared in Fig. 3-14, showing excellent

agreement between the two approaches. In this study, we did not target any specific

pre-defined meta-atom dispersion when compiling the meta-atom library.

The 3,000 meta-atoms form the library for subsequent DS optimization. We ver-

ified that further expanding the library brings marginal benefits, implying that the

library already covers the entire accessible meta-atom design space given the geomet-

ric conditions.
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Figure 3-14: Examples of meta-atom structures top-view, and their amplitude and
phase response using full-wave simulations (lines) and the deep neural network (dots).
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This combination of DS optimization and deep learning algorithm is ideally suited

for versatile and computationally efficient metasurface design. The deep learning al-

gorithm is capable of rapidly generating a large number of meta-atom designs, whose

free-form layouts enable the exploration of many geometric degrees of freedom to

enable a wide range of dispersion properties and thereby maximally boost perfor-

mance. DS also copes well with the large varieties of meta-atoms, which otherwise

can present a throughput challenge for alternative optimization schemes. This is be-

cause the DS optimization is sequentially and locally performed on each meta-atom.

During the performance evaluation step, partial diffraction integrals representing the

contribution from all meta-atoms other than the one being replaced remain constant

and thus do not need to be re-computed. Moreover, the diffraction integral evalua-

tion is an ‘embarrassingly parallel’ task and was thus executed leveraging commercial

cloud computing service to drastically reduce the iteration time. For this reason, the

approach can be readily scaled to metasurfaces with large (centimeter-scale) optical

apertures.

The main assumption of the optmization scheme is that mutual coupling be-

tween meta-atoms is insignificant. This assumption is a reasonable approximation

for high-index meta-atoms with strong field confinement. However, corrections must

be applied when such coupling is not negligible[230].

Our first design example is an achromatic single-layer metalens operating across

the 1-1.5 𝜇m spectral range with a diameter of 200 𝜇m and a focal length (𝑓) of 400

𝜇m, corresponding to a numerical aperture (NA) of 0.24. Cross-sectional intensity

distributions of the focal spot at several wavelengths and on the same image plane

(𝑓 = 400 𝜇m) are displayed in Figs. 3-15a-f, alongside the focal spot profiles from

an ideal aberration-free lens of the same NA. Intensity distributions along the opti-

cal axis at these wavelengths are displayed in Figs. 3-15i-n, alongside the intensity

distributions from an ideal aberration-free lens at wavelengths of 1.0 𝜇m and 1.5 𝜇𝑚

shown in Figs. 3-15g-h. The average longitudinal chromatic focal shift is 1.6% over

the spectral range (Fig. 3-15o). The relatively small chromatic focal shift ensures that

the fixed image plane falls within focal tolerance of the lens throughout most of the
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spectral band, which accounts for the high Strehl ratio. The wavelength-dependent

focusing efficiency (defined as the fraction of power encircled within an area of a di-

ameter equaling to three times the focal spot full-width-at-half-maximum normalized

by the total incident power) and Strehl ratio calculated using the Kirchhoff diffraction

integral are plotted in Fig. 3-15p. The design yields a spectrally averaged focusing

efficiency of 42% and Strehl ratio of 0.67.

Figure 3-15: (a)-(f) Normalized intensity distributions of the focal spot on image
plane at wavelengths of (a)1.0 𝜇m, (b)1.1 𝜇m, (c)1.2 𝜇m, (d)1.3 𝜇m, (e)1.4 𝜇m, and
(f)1.5 𝜇m from the broadband metalens (color lines) and an ideal aberration-free lens
(black lines). (g, h) Normalized intensity distribution along the optical axis for an
aberration-free lens at wavelengths of (g) 1.0 𝜇m and (h) 1.5 𝜇m. (i)-(n) Normalized
intensity distribution along the optical axis for the broadband metalens at wavelengths
of (i) 1.0 𝜇m, (j) 1.1 𝜇m, (k) 1.2 𝜇m, (l) 1.3 𝜇m, (m) 1.4 𝜇m, and (n) 1.5 𝜇m. (o)
Longitudinal chromatic focal shift of the metalens: the shaded area represents focal
tolerance (defined as the longitudinal range where the on-axis intensity is above 80%
of the peak intensity at the focal spot). (p) Focusing efficiency and Strehl ratio of
the metalens.

As a comparison, we applied the same optimization approach to multilevel diffrac-

tive lenses (MDLs). In MDLs, height of unit cells on the lens surface is utilized to

control the phase response of the broadband lens. In the optimization, the same unit

cell period of 0.5 𝜇m and maximum layer thickness of 1.4 𝜇m are assumed for both

metalens and MDLs. It is important to note that the broadband performances of

both metalens and MDLs improve with increasing unit cell height, since the group

delay increases with larger thickness.[215, 231] Therefore, the same thickness is as-

sumed for the sake of drawing a fair comparison. Fig. 3-16 compares the simulated

wavelength-averaged focusing efficiency and Strehl ratio of the metalens in Fig. 3-15
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and MDLs with diffractive surface refractive indices varying from 1.5 to 3.5. The

metalens offers superior efficiency and Strehl ratio compared to the MDLs thanks to

the diverse dispersion characteristics of the free-form meta-atoms.

Figure 3-16: 1-1.5 𝜇m wavelength-averaged focusing efficiency and Strehl ratio of
MDLs with varying diffractive surface refractive indices. The dashed lines give per-
formances of the metalens shown in Fig. 3-15.

We further extend the comparison of flat lenses considering a wide range of de-

sign parameters. Figure 3-17 compares the spectrally averaged focusing efficiency and

Strehl ratio of metalenses and MDLs of varying NA and aperture size, both optimized

using the DS approach over the 1-1.5 𝜇m band. The diffractive surface refractive in-

dex of MDLs is set to 3.5 with a maximum thickness of 1.4 𝜇m, the same as the

metalens design. The performances of metalenses based on free-form meta-atoms are

consistently superior or at least on par with their MDL counterparts. The result high-

lights facile dispersion engineering as an important advantage of free-from meta-atom

structures[232, 233], where their increased geometric degrees of freedom enable tailor-

74



ing of waveguiding and multipole resonance behaviors to produce favorable dispersion

responses[234, 235].

Finally, we demonstrate that the DS + deep learning design paradigm can also

be harnessed to realize advanced metalens architectures. As an example, here for the

first time, we present the design of a wide-FOV and broadband achromatic metalens.

The configuration of the lens is illustrated in Fig. 3-18. The phase profile of the

backside metasurface is optimized using the DS algorithm with the AOI-dependent

image height (lateral displacement of the focal spot with respect to the optical axis)

given by 3.10.

In the equation, 𝑑 is the image height, 𝑛 = 1.45 denotes the substrate refractive

index, 𝛼 represents the AOI, 𝐿 = 200 𝜇m is the substrate thickness, and the focal

length is set to 𝑓 = 280 𝜇m. The top aperture has a diameter of 100 𝜇m. This

equation is exact for a single-wavelength design. As bandwidth increases, transverse

chromatic aberration becomes more pronounced and the in-plane focal spot position

progressively deviates from the equation. We note that this effect is unique to wide-

FOV lenses; prior achromatic metalens designs were constrained to a small on-axis

FOV and the transverse chromatic aberration is insignificant. Fig. 3-19a presents

the AOI and wavelength averaged transverse chromatic focal shift as a function of

metalens spectral bandwidth. The wide-FOV metalens bandwidth becomes limited

by the transverse chromatic aberration rather than the axial chromatic focal shift.

We choose an exemplary design operating across 1-1.2 𝜇m wavelength range and

targeting 180∘ FOV, using the same meta-atom library as in the preceding examples.

Within the spectral range, the transverse chromatic focal shift is far smaller than

the focal spot size and thus the lens is close to achromatic. The results are shown

in Figs. 3-19b-e. Kirchhoff diffraction integral was applied to calculate the focusing

efficiency and Strehl ratio of the broadband and wide-FOV metalens. It maintains

high focal spot quality across the entire 1-1.2 𝜇m band and FOV with an average

focusing efficiency of 45% and a Strehl ratio of 0.64.
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Figure 3-17: Performance comparison between metalens and MDLs with varying
design parameters, showing spectrally averaged focusing efficiency and Strehl ratio
as functions of: (a)-(b) NA with varying focal length; (c)-(d) NA with varying lens
aperture size; and (e)-(f) aperture size with constant NA.
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Figure 3-18: Schematic illustration of broadband and wide-FOV metalens design. (a)
3-D structure. (b) Beams of different wavelengths all focus at the same focal spot
with distance 𝑑 (image height) depending on AOI 𝛼.

3.5 Wide field-of-view metalens with extended depth-

of-focus

Depth of focus refers to the range of distances within which objects appear sharp

and in focus. Traditional lenses and the WFOV metalens in the previous sections

have a limited depth of focus, meaning that only objects at a specific distance can be

captured sharply, while objects in front of or behind that plane may appear blurry.

However, advancements in lens technology have led to the development of lenses with

extended depth-of-focus (EDOF), revolutionizing various fields such as photography,

microscopy, and ophthalmology.

EDOF metalens can be designed via a wavefront coding term[112]:

𝜑(𝑥, 𝑦) =
𝛼

𝐿3
(𝑥3 + 𝑦3) (3.17)

where 𝐿 is the radius of the metasurface, and 𝛼 is a constant. The cubic phase gen-

erates an accelerating Airy beam and produces the EDOF PSF[236–241]. However,

the EDOF metalens configurations proposed so far apply cubic phase directly onto

the hyperbolic phase, and therefore are restricted to a narrow FOV due to the angle-
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Figure 3-19: Broadband and wide-FOV metalens performance characterization. (a)
Transverse chromatic focal shift (averaged over the full 180∘ FOV and the 1-1.2 𝜇m
spectral range) relative to the analytically derived image heights in Eq. 3.10 for wide-
FOV metalenses with varying bandwidths. Here the lower end of the wavelength is
fixed at 1 𝜇m. (b) Focusing efficiency and (c) Strehl ratio dependences on both wave-
length and AOI. (d) Axial intensity distributions of the focal spot on the meridional
plane at different wavelengths and AOIs (scale bar: 20 𝜇m). Centers of all the figures
are the focal spot position derived from Eq. 3.10 on the image plane. (e) Intensity
distributions on the image plane at different wavelengths and AOIs (scale bar: 10
𝜇m).
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dependent aberrations discussed in the previous sections. In this thesis, we combine

the EDOF design concept with the aforementioned WFOV metalens architecture to

obtain a metalens doublet that features EDOF in the near-180∘ FOV.

The doublet configuration is similar as shown in Fig. 3-1a, except that the front

aperture is substituted with an EDOF metasurface. The EDOF metasurface has a

diameter of 1 𝑚𝑚, and the WFOV metasurface has a diameter of 5.5 𝑚𝑚, they are

separated by a 𝑆𝑖𝑂2 substrate with a thickness of 2.4 𝑚𝑚 and refractive index of

1.45. The metalens works in the wavelength of 940 𝑛𝑚 with a back focal length of

2.86 𝑚𝑚. The EDOF metasurface has a cubic phase expressed in Eq. 3.17 with the

constant 𝛼 = 1000𝜋, the phase profile of the WFOV metasurface is expressed by the

sum of polynomials following Eq. 2.2. The polynomial terms are listed in Tab. 3.4

Table 3.4: Polynomial terms of the WFOV metasurface

𝐴1 𝐴2 𝐴3 𝐴4 𝐴5 𝐴6

-1.669×103 7.592 -6.706 1.304×101 -7.390 2.083
𝐴7 𝐴8 𝐴9 𝐴10 𝐴11

-3.015×10−1 1.581×10−2 1.238×10−3 -2.029×10−4 7.612×10−6

The simulated PSF using ray tracing at different object depths and AOIs are

shown in Fig. 3-20, which have little variation with both object depth and AOI.

Therefore, the depth-invariant image can be retrieved through deconvolution between

captured image and the EDOF PSF. The detailed image deconvolution process will

be discussed in detail in Chapter 5.

3.6 Summary

In conclusion, we demonstrate a few WFOV metalens designes based on a simple ar-

chitecture which involves placing an aperture stop in front of a flat metasurface. Light

entering the aperture is spatially dispersed depending on the AOI, and as a result

beams incident at different angles interact with different (yet continuous) portions

of the metasurface. The rays are then focused onto a flat image plane in a (near-

79



Figure 3-20: Similated PSF of EDOF WFOV metalens doublet. (a)-(d) PSF with
point source distance of 3 𝑚𝑚 and AOI of (a) 0∘, (b) 60∘, (c) 80∘, and (d) 89∘. (e)-(h)
PSF with point source distance of 10 𝑚𝑚 and AOI of (e) 0∘, (f) 60∘, (g) 80∘, and (h)
89∘. (Scale bar: 50 𝜇𝑚.)

)telecentric configuration. This scheme therefore allows angle-dependent engineering

of the metasurface phase profile to suppress aberrations. The physical aperture re-

duces the spherical aberration compared to the virtue aperture of the singlet metalens

with quadratic phase profile. Compared to metalens doublet and other non-intuitive

nonlocal and multi-aperture design concepts, it features reduced computational load,

and easier device fabrication and integration.

Following the architecture, we derived an analytical design approach for flat (meta-

surface or diffractive) fisheye lenses capable of imaging over near-180∘ FOV. We

demonstrate that lenses designed using this scheme can achieve nearly diffraction-

limited performance across the entire FOV while maintaining high focusing efficiencies

above 65%. This design approach not only sheds light on the key design trade-offs

of the WFOV lens, but is also poised to supersede the traditional iterative design

scheme.

Through the utilization of the analytical solution, we reported the design and ex-

perimental demonstration of metalenses operating at the LWIR band with an ultra-

wide FOV of 140∘. The analytical model was also used to rationally guide the lens

spacer material choice. Following the designs, the centimeter-scale metasurfaces were
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fabricated on float-zone silicon wafers using large-area photolithographic patterning

and optimized DRIE protocols. Experimental characterization of the metalenses val-

idated our theoretical design and demonstrated unfiltered thermal imaging using a

metalens-integrated infrared camera. Benefitting from its simple architecture, scal-

able fabrication process, and exceptional wide-FOV imaging capability, the WFOV

metalens technology potentially offers an appealing alternative to existing LWIR com-

pound lens optics.

We then demonstrate that the combination of direct search optimization and

deep learning meta-atom generation networks present a generic and computationally

efficient scheme for objective-driven design of metasurface optics. We show that

meta-optics designed using the scheme offer enhanced performances over their MDL

counterparts exploiting the diverse dispersion characteristics of the free-form meta-

atoms that form the metasurface. We further applied the scheme to develop the first

broadband and wide field-of-view metalens design.

Finally, we substitute the front aperture with an EDOF metasurface of cubic phase

profile, the EDOF + WFOV metalens doublet configuration shows depth-invariant

PSF over the 3 - 10 𝑚𝑚 object range and near-180∘ FOV. Information of the original

object can be retrieved through the deconvolution between captured image and EDOF

PSF.

The design concept discussed in this chapter offers large degree-of-freedom to

accommodate different application requirements through the modification of both

the front aperture and the back metasurface. For example, the achromatic WFOV

metalens use non-intuitive meta-atoms on the back metasurface to accommodate the

dispersion requirement, whereas the EDOF WFOV metalens substitutes the front

aperture with an EDOF metasurface to include the EDOF feature.

For decades, WFOV optics have been synonymous with bulky and complicated

multi-lens assembly. The advent of metasurfaces is set to transform the field, enabling

flat WFOV lenses that are compact and light-weight while offering exceptional optical

quality with drastically reduced element count. WFOV imaging and sensing there-

fore also epitomize an emerging area where optical metasurface technologies are most
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likely to make significant practical impacts. In light of the growing importance of this

dynamic field, this chapter presented an overview of the proposed WFOV metalens

designs, analyzed the intrinsic performance trade-offs of various WFOV metalens con-

figurational parameters, and spotlighted promising applications of WFOV metalens

technologies. To conclude, we foresee that exciting applications will come to fruition

in this wide-open space as we embrace imminent new developments and innovations

of WFOV metalens technologies over the next few years.
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Chapter 4

Metalens for 3-D depth sensing

4.1 Introduction of 3-D depth sensing

3D depth sensing refers to the capability of a system or device to accurately perceive

and measure the distance or depth information of objects in a three-dimensional

space. It allows for the creation of depth maps, which represents the spatial layout

of the scene.

Depth sensing has become increasingly important in various fields, including com-

puter vision, robotics, augmented reality, autonomous vehicles, gaming, and more.

It enables applications such as gesture recognition, object tracking, 3D scanning,

immersive experiences, and accurate spatial mapping.

Various technologies for 3-D depth sensing have been proposed, they are generally

divided into two different strategies: the passive depth sensing and active depth

sensing. Passive depth sensing refers to the process of capturing depth information

without actively projecting any signals onto the scene. It relies on analyzing existing

light or image data to infer depth. On the other side, active depth sensing involves

the use of active illumination or projection of signals onto the scene to measure and

capture depth information. The conventional 3-D depth sensing systems require the

stacking of multiple refractive optical components, and therefore can be substituted

with metasurfaces to simplify the architectures and reduce the element count. More

over, metasurfaces provide improved image quality and arbitrary wavefront encoding
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capability, which can be utilized to improve the depth sensing accuracy as we will

discuss in detail in the following sections.

Passive depth sensing techniques include stereoscopic imaging and PSF engineer-

ing. Stereoscopic Imaging uses two or more cameras to capture images from different

viewpoints, and depth information can be extracted by comparing the disparities be-

tween the images. PSF engineering involves encoding wavefront coding term in the

lens phase profile, and analyze the depth information from the depth-dependent PSF

through image deconvolution. Stereoscopic imaging will be discussed in Section 4.2,

and PSF engineering will be discussed in Section 5.2.

Active depth sensing techniques include structured light projection and beam

steering. Compared to passive depth sensing techniques, active sensing techniques

usually have higher depth measurement accuracy at the sacrifice of introducing extra

active optical components and higher power consumption. Structured light projection

involves projecting a carefully designed pattern of light onto the subject and analyzing

the deformation or displacement of the pattern to determine depth. Beam steering

is a crucial aspect of Light Detection and Ranging (LiDAR) systems used for 3D

depth sensing. LiDAR technology uses lasers to measure distances and create high-

resolution 3D maps of the surrounding environment. Beam steering allows LiDAR

systems to scan the environment by directing laser beams in different directions to

gather depth information. These techniques will be discussed in Section 4.3.

4.2 Passive depth sensing using wide field-of-view

stereo metalenses

Conventional stereoscopic imaging techniques involves the utilization of two identical

refractive lenses, and integrate them side by side to construct the stereoscopic cam-

era module. Due to the angle-dependent aberration, single-layer refractive lens has

limited FOV, which therefore also restricts the FOV of the sensing module. On the

other side, by utilizing the single-layer fisheye metalens mentioned in the previous
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chapter, depth mapping with an unprecedented FOV of 170∘ FOV can be achieved.

The 3-D sensor module comprises a pair of juxtaposed fisheye cameras, each

equipped with a wide FOV metalens operating at 670 𝑛𝑚 wavelength. The architec-

ture of the lens along with ray trace simulation results for light impinging at different

incident angles are depicted in Fig. 4-1a. The front aperture has a diameter of 1 mm

and was patterned by lift-off of evaporated Sn metal on a fused silica substrate. The

metalens is made of PECVD amorphous silicon deposited on a second fused silica

substrate. The metasurface pattern was composed of cylindrical pillars with a period

of 320 𝑛𝑚, height of 464 𝑛𝑚, and diameters varying from 110 𝑛𝑚 to 170 𝑛𝑚 to

provide full 2𝜋 phase delay coverage. The metasurface patterning was accomplished

by electron beam lithography followed by deep reactive ion etching. Fig. 4-1b shows

excellent pattern fidelity of the nanopillars. The two substrates are subsequently

aligned and bonded together via optical adhesives to form a monolithic element with

a target thickness of 3 𝑚𝑚 (Fig. 4-1c). The architecture allows incident light from

different angles to interact with different and yet continuous portions of the meta-

surface. We have shown that with an analytical derived metasurface phase profile,

diffraction-limited focusing onto a flat image plane can be achieved in the last chapter.

Figure 4-1: Fisheye metalens design and characterization. (a) Layout and ray trace
modeling of the fisheye metalens. (b) SEM image detailing the circular a-Si pillar
pattern with excellent fidelity. (c) Snapshot of a fabricated metalens. (d) Measured
focal spot profiles for angles of incidence varying from 0∘ to 85∘ with the corresponding
FWHM values.
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Focusing performance of the metalens was characterized by mounting a laser on

a circular rail while capturing the focal spot profile via a microscope (for focal spot

characterization) or a detector integrated with a 200 𝜇𝑚 pinhole (for efficiency mea-

surement). We measured its point spread function (PSF) for a range of angles of

incidence (Fig. 4-1d), showing formation of sharp focal spots across the entire 170∘

FOV. The focusing efficiency, defined as the fraction of optical power collected by the

pinhole detector normalized over the power incident on the metasurface, varies from

70% at normal incidence to 60% at large incident angles.

The metalenses were then attached to off-the-shelf CMOS imager sensors (Ar-

ducam 10MP MT9J001, 3664 ×2748 pixels with a pixel pitch of 1.67 𝜇𝑚) using

home-built mechanical housings fabricated via precision computer numerical control

machining and 3D printing (Figs. 4-2a and 4-2b). A red LED lamp with a center

wavelength of 660 nm was used as the illumination source. Figs. 4-2c and 4-2d

present images taken by the two juxtaposed metasurface cameras, showing excellent

resolution despite the presence of chromatic aberration due to spectral width and

center wavelength offset of the illumination source. The images exhibit clear barrel

distortion, which is characteristic of fisheye imaging systems and was corrected using

camera calibration and distortion-correction algorithms in image post-processing. A

standard disparity-based approach was applied to the undistorted images to retrieve

the depth map (Fig. 4-2e).

4.3 Active depth sensing with structured light pro-

jection and beam steering

Active depth sensing refers to the process of measuring the object distance by actively

emitting a light source and analyzing the reflected or scattered light, such as time-of-

flight(ToF) and structured light(SL)[12, 45, 53, 55, 242–246]. ToF technique involves

scanning the laser beam across a wide field-of-view(FOV), and measure the time delay

of the backscattered beam. On the contrary, SL technique involves projecting the 2-
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Figure 4-2: Wide FOV stereoscopic depth imaging demonstration. Photographs show-
ing (a) front and (b) back of the experimental setup. (c) Panoramic images of the
objects (a large white jarranhdale and a small orange ‘sugar-pie’ pumpkin) taken by
the two juxtaposed fisheye cameras. (d) Magnified pitch of the captured image (green
square in the right figure (c)) depicting pixel-level resolution. (e) Depth map retrieved
from the disparities of the left and right camera images after distortion correction.

D light patterns onto the objects through the high density dot projection system,

and measuring the distortion of the backscattered pattern. Though differ in the

mechanism and the depth calculation algorithm, they all involve the projection of the

laser beam into a large angular space.

Conventional structured light projectors use diffractive optical elements (DOEs)

or spatial light modulators (SLMs) to project the structured patterns, and the phase

or amplitude profiles of the optical elements are optimized through the numerical

algorithms[247–250]. Recently, metasurfaces have been introduced to serve as the

phase mask of the structured light projector[12, 53, 55, 242]. The wavefront of the

light is modulated through the arrangement of sub-wavelength nanostructures[251–

259]. Compared to DOEs, they feature higher efficiency and improved uniformity of

the projected beams due to the sub-wavelength resolution. To further improve the in-

tegration of the system, the single laser beam illuminating the optical components can

be replaced with vertical cavity surface-emitting laser (VCSEL) array, and therefore
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on-chip integration and high power density can be achieved simultaneously[54, 260].

On the other side, conventional ToF techniques steer the beam through the ro-

tating mirrors or the microelectromechanical systems (MEMS)[261–270]. However,

they feature bulky components, limited response time, high power consumption, and

restricted scanning range. Chip scale beam steering has been demonstrated to re-

place the conventional mechanical scanners[45], which however still limited by the

scanning FOV. Lens-assisted beam steering (LABS) provides an alternative approach

to achieve WFOV scanning range by combining waveguide switches with refractive

lens or metasurface[47, 48, 271–276]. Recently, further improvement has been realized

through the integration of metasurfaces with VCSEL array[46, 277].

In both cases, the design of the DOEs or metasurfaces was accomplished through

the iterative numerical optimization of the amplitude and phase profiles, which is

computationally intensive. Moreover, the projected pattern exhibits distortion at

large bending angles, and therefore restricts the resolution of the large FOV applica-

tions. In this thesis, we derive an analytical solution to the optimum phase profile of

the metasurface for the beam steering and structured light projection with VCSEL

array integration. We show that, when using a single layer metasurface and assum-

ing small beam size, the optimum design adopts a quadratic phase profile. We then

mathematically prove that by using metasurface doublet, the projection angle with

object height relationship can be customized at will. Following this derivation, we

further propose the optimum metasurface doublet configuration to correct the distor-

tion of the projected pattern, and demonstrate the trade-off between distortion and

aberration of the projected beams.

4.3.1 Single-layer metasurface dot projector

In essence, metasurface-assisted beam steering and pattern projection are functionally

identical in that both transform light emanating from a light source array into a set of

free-space optical beams. The baseline configuration of an optical projection module

is depicted in Fig. 4-3. Light emitted from each single source (henceforth referred

to as a pixel) is mapped into an optical beam in the angular space by the projection
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meta-optics, where the beam propagation direction is defined by the location of the

pixel. The projection optics can contain either a single layer metasurface pattern, or

cascaded multiple metasurfaces (e.g., a doublet with two layers of metasurfaces) for

advanced functions, as we will show later. The main design task is therefore to identify

suitable optical phase profiles of the projection meta-optics to ensure optimal beam

quality over the field-of-view (FOV). The phase profiles of metasurfaces used in these

applications have so far been designed entirely through numerical optimization[12,

53, 247, 260], which not only adds to the computational overhead but also shed little

physical insight on the design parameter choices.

Figure 4-3: Schematic illustration of singlet metasurface projector design.

We start by clarifying the assumptions made in our theoretical derivation. Firstly,

our model is derived for a single operation wavelength. For projection modules using

light sources with a non-negligible spectral bandwidth (e.g. LEDs), the same analyt-

ical phase profile solution holds for each and every wavelength. Fulfilling the phase

functions at different wavelengths necessitates dispersion engineering of the meta-

surface which has been extensively discussed in literature[278, 279]. Secondly, each

single source or pixel is assumed to be a point source. This is in general an accurate

approximation as the output aperture size of VCSELs or micro-LEDs used in the
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projection module is typically in the range of a few micrometers to tens of microm-

eters, which is far smaller compared to the dimensions of the metasurfaces. Thirdly,

in our initial analytical model we assume that the divergence angle of the light cone

emitted from the sources is small. For light sources relevant to practical applications

(e.g., VCSEL arrays employed in structured light projectors), the divergence angle

is as small as 10∘ - 20∘, and the approximation minimally impacts the performance

of metasurface optics designed using our analytical approach. For cases where the

small divergence angle approximation becomes inaccurate, the analytical design de-

rived under the assumption still serves as an excellent heuristic solution that not only

dramatically simplifies further numerical refinement but also guarantees convergence

upon the globally optimal design, as we shall show later.

Figure 4-4: Illustration of the singlet metasurface projector phase profile derivation.

The optimum phase profile of the metasurface will be derived following the schematic

shown in Fig. 4-4. The pencils of rays originating from the pixel are transformed into

parallel rays after propagating through the metasurface. We first consider rays near

the center of the emitting cone of the light source, which illuminate the metasurface in

the surface-normal direction. In this case, the optical path lengths (OPLs) of the rays

inside the spacer are identical to the first order approximation, and the metasurface
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locally acts as a grating to diffract the beam to a certain direction. Therefore, the

phase gradient of the metasurface follows Eq. 4.1:

𝑑𝜑(𝑠)

𝑑𝑠
= −

(︂
2𝜋

𝜆

)︂
· 𝑠𝑖𝑛[𝛼(𝑠)] (4.1)

Here, 𝑠 is the distance of the pixel to the center of the metasurface, 𝜑(𝑠) is the

phase profile of the metasurface, 𝜆 is the wavelength of the light source, and 𝛼 = 𝛼(𝑠)

is the projection angle of the beam which depends on the pixel position (i.e., object

height). To determine this relationship, we now consider the configuration depicted in

Fig. 4-4, where two sets of rays coming from two neighboring pixels are analyzed. The

two rays denoted as blue lines are coming from the center and edge of the first pixel’s

emission cone, which are separated by a distance ∆ when arriving at the metasurface.

Since light emitted from each pixel is collimated by the metasurface to form parallel

rays, the OPL difference between the two blue rays must be compensated by the

metasurface, which yields:

𝜑(𝑠+∆)− 𝜑(𝑠) = −
(︂
2𝜋

𝜆

)︂
· 𝑛 ·

(︂√︁
𝑓 2 +∆2 − 𝑓

)︂
−
(︂
2𝜋

𝜆

)︂
· 𝑠𝑖𝑛 (𝛼(𝑠)) ·∆ (4.2)

In the equation, 𝑛 is the refractive index of the spacer separating the metasurface

from the light source array and 𝑓 is the thickness of the spacer. We then consider two

rays coming from the neighboring pixel (represented as orange lines), with a distance

of 𝑠+𝛿𝑠 away from the center of the metasurface. One of them comes from the center

of the neighboring pixel’s emission cone, and the other arrives at the same position on

the metasurface as the edge ray from the center pixel (i.e., the slanted blue line). The

two rays must become parallel after passing through the metasurface. The condition

reduces to:

𝜑(𝑠+∆)−𝜑(𝑠+𝛿𝑠) = −
(︂
2𝜋

𝜆

)︂
·𝑛·
(︂√︁

𝑓 2 + (∆− 𝛿𝑠)2 − 𝑓
)︂
−
(︂
2𝜋

𝜆

)︂
·𝑠𝑖𝑛(𝛼((𝑠+𝛿𝑠)))·(∆−𝛿𝑠)

(4.3)
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By subtracting Eq. 4.2 from Eq. 4.3 and applying Eq. 4.1, we have the relation-

ship between the pixel position 𝑠 and the beam projection angle 𝛼:

𝑠𝑖𝑛(𝛼) =
𝑛 · 𝑠√
𝑓 2 +∆2

(4.4)

We note that Eq. 4.4 depends on ∆. Therefore Eq. 4.4 cannot be rigorously

satisfied for rays emitted at different angles. In the limit of a small divergence angle

such that ∆ ≪ 𝑓 , Eq. 4.4 simplifies to:

𝑠𝑖𝑛(𝛼) =
𝑛 · 𝑠
𝑓

(4.5)

Substituting Eq. 4.5 into Eq. 4.1 reveals the optimum phase profile of the meta-

surface in the small divergence limit:

𝜑(𝑠) = −
(︂
2𝜋

𝜆

)︂
· 𝑛 · 𝑠2

2𝑓
(4.6)

We see that the phase profile assumes a quadratic form. Interestingly, the quadratic

phase function has also been implemented to realize wide FOV metalenses for imaging

and sensing applications [41–43, 148, 149, 280]. While it may be tempting to suggest

that the beam projection design is equivalent to a quadratic-phase imaging metalens

considering optical reciprocity, there is one important difference. In an imaging met-

alens, the spatial extent of the incident beam is truncated by a virtual aperture. In

the projection optics, the beam size is defined by the divergence of the light source

and is generally much smaller than the virtual aperture (which spans an apex angle of

90∘ [36]). Spherical aberration inherent to the quadratic phase[70] thus has a signifi-

cantly diminished impact on beam forming quality from the projection meta-optics.

As we demonstrate next, the single-layer metasurface projection optics can readily

attain diffraction-limited performance, which is not possible for the imaging lenses.

In the following, we present a design example capable of diffraction-limited wide-

FOV (140∘) beam steering or optical projection with realistic device parameters. The

light sources consist of a VCSEL array at 940 nm wavelength with a total diameter

of 780 𝜇𝑚, and a metasurface with a diameter of 930 𝜇𝑚. They are separated by
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Figure 4-5: Simulated performance of a single-layer metasurface optical projector.
(a)-(c) PSFs at projection angles of (a) 0∘, (b) 40∘, and (c) 70∘ modeled using diffrac-
tion integral. (Scale bar: 0.4∘) (d)-(f) PSFs at projection angles of (d) 0∘, (e) 40∘,
and (f) 70∘ calculated with OpticStudio. (g) M2 and (h) RMS wavefront error (given
in free-space wavelength 𝜆) as functions of projection angle.
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a SiO2 glass spacer with a thickness of 600 𝜇𝑚 and a refractive index of 1.45. We

assume that the divergence angle of the VCSEL (defined as the apex angle of its

emission cone in air) to be 20∘ consistent with commercial off-the-shelf VCSEL array

specifications. The point-spread-functions (PSFs) in the angular space at different

projection angles across the 140∘ FOV were simulated using two methods: the Kirch-

hoff diffraction integral following previously established procedures [71, 214], and with

the commercial software package OpticStudio. The results are displayed in Figs. 4-5

a-f, showing excellent agreement between the two methods. We further simulated

the M2 parameter and the root-mean-square (RMS) wavefront error as functions of

projection angle, which are shown in Figs. 4-5g-h. The near-unity M2 values sug-

gest that the projection optics achieve diffraction-limited performance with minimal

wavefront distortion throughout the entire 140∘ FOV.

The projection optics design maps the VCSEL array pattern shown in Fig. 4-6a

(with a VCSEL spacing of 40 𝜇𝑚) into a projected beam pattern shown in Fig. 4-6b

in the angular space. Pincushion distortion is apparent towards the edge of the FOV

where the angular spacing of the projected beam spots increases with the projection

angle. The distortion is dictated by Eq. 4.4, which specifies that the pixel position

relates to the projection angle following a sine function. We show in the following

section that such distortion can be corrected using a doublet meta-optic, and an

analytical design formalism is provided for the doublet projector design.

4.3.2 Metasurface doublet dot projector for distortion correc-

tion

In this sections, we demonstrate that a two-layer or doublet metasurface projector

offers additional design degrees of freedom to tailor the pixel position-beam angle

relation at will.

The doublet projection optics structure is schematically illustrated in Fig. 4-7a,

where two layers of metasurfaces, MS-1 and MS-2, are separated by a substrate. Here

we take the substrate as having the same refractive index as the spacer between MS-2
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Figure 4-6: Illustration of structured light projection using singlet metasurface. (a)
VCSEL array arrangement. (b) Projected pattern.

and the light source pixel array, although the analysis is generic and can be readily

extended to the case where the two materials are different. Laser beams from the

light source array are diffracted by the two metasurfaces sequentially, and projected to

different directions. Here we consider a light ray emitting from a pixel with distance

𝑠 to the center of the metasurface, which adopts an exit angle of 𝜃 with respect to

surface normal inside the spacer. The ray trajectory is schematically illustrated in

Fig. 4-7b. The projection angle 𝛼 can be expressed in terms of 𝑠, 𝜃, and the phase

profiles of the two metasurfaces 𝜑1(𝑟) and 𝜑2(𝑟) as:

𝛼(𝑠, 𝜃, 𝜑1, 𝜑2) = 𝑎𝑟𝑐𝑠𝑖𝑛

[︃
𝑛𝑠𝑖𝑛𝛾 −

(︃
𝜆

2𝜋

)︃
𝜑′
1(𝑟1)

]︃
(4.7)

𝑟1 = 𝑟2 − 𝐿1𝑡𝑎𝑛𝛾 (4.8)

𝑟2 = 𝑠− 𝐿2𝑡𝑎𝑛𝜃 (4.9)

95



Figure 4-7: Schematic illustration of doublet metasurface projection optics design.
(a) Schematic of the projector configuration. (b) Illustration of the ray trajectory
under consideration.

𝛾 = 𝑎𝑟𝑐𝑠𝑖𝑛

[︃
𝑠𝑖𝑛𝜃 − 1

𝑛
· 𝜆

2𝜋
𝜑′
2(𝑟2)

]︃
(4.10)

where 𝐿1 and 𝐿2 are the thicknesses of the substrate and the spacer, respectively.

Similarly, the OPL of the ray 𝐿 can be written in terms of the same four parameters:

𝐿(𝑠, 𝜃, 𝜑1, 𝜑2) = 𝑛 · 𝐿2

𝑐𝑜𝑠𝜃
+ 𝑛 · 𝐿1

𝑐𝑜𝑠𝛾
+ 𝑟1𝑠𝑖𝑛𝛼 +

(︃
𝜆

2𝜋

)︃
· [𝜑1(𝑟1) + 𝜑2(𝑟2)] (4.11)

In order to minimize wavefront error of the projected beam, the OPL of different

rays emitted from the same pixel should be identical, which is equivalent to 𝐿 being

stationary as 𝜃 changes. We therefore set the first two orders of derivatives of 𝐿 with

respect to 𝜃 to be zero:

𝜕𝐿

𝜕𝜃 𝜃=0
= 0 (4.12)

𝜕2𝐿

𝜕𝜃2 𝜃=0
= 0 (4.13)

Here, we again assume a small divergence angle of the light cone from the source,

so we only need to solve Eq. 4.12 and Eq. 4.13 when 𝜃 = 0, i.e., at normal incidence.

The two equations contain three parameters 𝑠, 𝜑1, and 𝜑2, and therefore the system
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can accommodate one more constraint to uniquely define the phase profiles of the two

metasurfaces. We present three possible options below as the additional constraint

in Eqs. 4.14-4.16, respectively.

In the case of a singlet metasurface, the third constraint can be written as:

𝜑2 = 0 (4.14)

Combining Eqs. 4.12-4.14, the same quadratic phase of the first metasurface can

be derived as before.

To further suppress the wavefront error and aberration, the third order derivative

of 𝐿 with respect to 𝜃 can be set to zero:

𝜕3𝐿

𝜕𝜃3 𝜃=0
= 0 (4.15)

In this case, the optimum phase profiles of the doublet metasurfaces can be derived

by combing Eqs. 4.12, 4.13, and 4.15 to nullify the third order wavefront error terms.

Finally, a custom pixel position-projection angle relation can be added as the

constraint to enable on-demand distortion compensation. A simple example is a

linear relationship between the pixel position and the beam projection angle:

𝛼 = 𝑐 · 𝑠 (4.16)

where 𝑐 is a constant. Combining Eqs. 4.12, 4.13, and 4.16 uniquely specifies the

doublet metasurface phase profiles.

Eqs. 4.12-4.13 contain the first order derivatives of 𝜑1 and 𝜑2 (phase gradients

of the metasurfaces), and the derivatives of 𝜃 up to the second order. Thus, it is

not possible to obtain explicit solutions of the doublet phase profiles. We instead

developed an algorithm to solve the equations numerically.

The projector structure under investigation is shown in Fig. 4-8. We consider

the chief ray emitted from a pixel, which intersects with the two metasurfaces (MS-1

and MS-2) at distances of 𝑟1 and 𝑟2 from the optical axis. Assuming that the phase

functions 𝜑1 and 𝜑2 of the two metasurfaces as well as their gradients 𝜑′
1 and 𝜑′

2 are
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known at 𝑟1 and 𝑟2, the iterative algorithm can then solve the values of these quantities

at new positions 𝑟1 + 𝛿𝑟1 and 𝑟2 + 𝛿𝑟2. The entire phase profiles are determined by

repeating the iterative steps.

To do so, we consider a slightly off-axis ray emitted from the same pixel with an

emission angle 𝜃 → 0. Its projection angle is determined by the phase gradient of the

metasurfaces at the new intersection positions 𝑟1 + 𝛿𝑟1 and 𝑟2 + 𝛿𝑟2:

Figure 4-8: Configuration for iterative solution of doublet metasurfaces phase profiles.

𝛼(𝑠) = 𝛼(𝜑′
1(𝑟1 + 𝛿𝑟1), 𝜑

′
2(𝑟2 + 𝛿𝑟2)) (4.17)

One can reference Eqs. 4.7-4.10 regarding the complete form of Eq. 4.17. We

note that Eq. 4.17 is an alternative expression of Eq. 4.12. Next we look at the chief

ray from the neighboring pixel, which intersects MS-2 at the same position 𝑟2 + 𝛿𝑟2

as the off-axis ray from the first pixel. Its projection angle can be written as:
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𝛼(𝑠+ 𝛿𝑠) = 𝛼(𝜑′
1(𝑟1 +∆𝑟1), 𝜑

′
2(𝑟2 + 𝛿𝑟2)) (4.18)

Here ∆𝑟1 represents the distance between the chief ray from the first pixel (the blue

rays on the left) and the orange ray on MS-1, which is different from 𝛿𝑟1 (distance

between the intersection points of the two blue rays on MS-1). This equation is an

alternative form of Eq. 4.13, which we proved in [71]. The phase gradients at the

three positions on MS-1 can be related through Eq. 4.19, assuming that the first

order derivatives of the phase gradient is constant in the 𝜃 → 0 limit:

𝜑′
1(𝑟1 + 𝛿𝑟1)− 𝜑′

1(𝑟1)

𝛿𝑟1
=

𝜑′
1(𝑟1 +∆𝑟1)− 𝜑′

1(𝑟1)

∆𝑟1
(4.19)

Combing Eqs. 4.17-4.19, the phase gradient of the metasurfaces at the new posi-

tions 𝜑′
1(𝑟1 +∆𝑟1) and 𝜑′

2(𝑟2 + 𝛿𝑟2) can be computed.

Using the algorithm, the equations can be solved in a few seconds for metasurfaces

sized in the millimeter-scale on a personal computer (e.g., Intel i7-10700 with 8 cores),

thereby dramatically reducing the computational load compared to other numerical

optimization algorithms[12, 53, 247, 260]. In the following, we apply this approach to

further examine the design trade-offs encountered in projection optics with custom

distortion profiles.

The structure of the doublet metasurface projection optics under consideration

is shown in Fig. 4-9a. The metasurfaces are designed to fulfill a FOV of 120∘. The

pixel array has a diameter of 870 𝜇𝑚, which emits light with a divergence angle of 20∘

(apex angle of light cone in air) at 940 nm wavelength. The spacer and the substrate

are both made of SiO2 with a refractive index of 1.45. The substrate between the

two metasurfaces is 200 𝜇𝑚 thick, and the spacer between MS-2 and pixel array has

a thickness of 600 𝜇𝑚. The optimized diameters of MS-1 and MS-2 are 0.98 𝑚𝑚

and 0.96 𝑚𝑚, respectively. The optimized phase profiles of the two metasurfaces are

plotted in Fig. 4-9b, which are derived using the analytical expressions of Eqs. 4.12,

4.13, and 4.16. The constant 𝑐 is chosen as:
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Figure 4-9: Simulated performance of the analytically designed doublet metasurface
projector. (a) Configuration of projection meta-optics. (b) Optimized phase profiles
of the metasurfaces. (c) Pixel position vs. projection angle. (d)-(f) Simulated angular
PSFs at projection angles of (d) 0∘, (e) 30∘, and (f) 60∘. Scale bar: 0.4∘. Dependence
of the (g) M2 and (h) RMS wavefront error on the projection angle.
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𝑐 =
𝑛

𝐿2

(4.20)

where 𝑛 = 1.45 and 𝐿2 = 600 𝜇𝑚 are the refractive index and thickness of the

spacer. The relationship is identical to that of a spherical lens with a focal length of

600 𝜇𝑚 in the paraxial limit. We therefore conclude that MS-2 primarily performs

the collimation/projection function, whereas MS-1 serves to correct the spherical

aberration, which explains the fact that the phase gradient at the center area of MS-1

is close to zero. We plot the pixel position versus the projection angle in Fig. 4-

9c, and the linear relationship validates our distortion-engineering design approach.

OpticStudio was used to simulate the angular PSFs of the projected beams, and the

results are plotted in Figs. 4-9d-f. Here the phase profiles of the metasurfaces are

represented by a series of polynomial terms shown in Tab. 4.1 to facilitate numerical

simulation. We further modeled the M2 and the RMS wavefront error versus the

projection angle (Figs. 4-9g-h).

Table 4.1: Polynomial coefficients of the doublet metasurfaces in Fig. 4-9
𝐴1,1 𝐴1,2 𝐴1,3 𝐴1,4 𝐴1,5 𝐴1,6

-8.96 −2.58× 104 1.18× 105 −6.52× 105 2.45× 106 −6.18× 106

𝐴1,7 𝐴1,8 𝐴1,9 𝐴1,10 𝐴1,11

1.09× 107 −1.35× 107 1.11× 107 −5.35× 106 1.15× 106

𝐴2,1 𝐴2,2 𝐴2,3 𝐴2,4 𝐴2,5 𝐴2,6

−8.12× 103 1.36× 104 −8.90× 104 2.06× 106 −2.91× 107 2.60× 108

𝐴2,7 𝐴2,8 𝐴2,9 𝐴2,10 𝐴2,11

−1.48× 109 5.32× 109 −1.17× 1010 1.41× 1010 −7.14× 109

We want to point out that a trade-off exists between beam quality, distortion, and

FOV. Improved projected beam quality and expanded FOV can be achieved if larger

distortion can be tolerated. In the analytically derived design depicted in Fig. 4-9, the

increasing aberration at large projection angles is attributed to the breakdown of the

small divergence angle assumption. As phase gradient increases with the projection

angle, the OPL difference between the chief and marginal rays also increases. To

improve the performance of the projection optics at large angles, we further optimized

the design numerically by allowing a small deviation from the linear condition Eq.
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4.16. The analytically derived phase profiles (Fig. 4-9b) were used as the initial input

to numerical optimization. The polynomial terms defining the phase profiles were fine

tuned to minimize the sum of M2 values of the projected beams across the 120∘ FOV,

subject to the constraint that the deviation of the projected chief ray from the linear

relationship should be less than 0.1∘. The optimized phase profiles are presented in

Fig. 4-10a with the corresponding polynomial coefficients listed in Tab. 4.2. We plot

the pixel position versus the projection angle of the new design in Fig. 4-10b, which

still closely approximates a linear relationship. The simulated PSFs of the projected

beams as well as the corresponding M2 and RMS wavefront error are displayed in Figs.

4-10c-g. Compared to Figs. 4-9d-h, the improved beam quality at large projection

angles is evident. The optimized design retains near-diffraction-limited performance

across the entire 120∘ FOV.

Table 4.2: Polynomial coefficients of the doublet metasurfaces in Fig. 4-10
𝐴1,1 𝐴1,2 𝐴1,3 𝐴1,4 𝐴1,5 𝐴1,6

-9.62 −2.58× 104 1.18× 105 −6.52× 105 2.45× 106 −6.17× 106

𝐴1,7 𝐴1,8 𝐴1,9 𝐴1,10 𝐴1,11

1.09× 107 −1.35× 107 1.11× 107 −5.35× 106 1.14× 106

𝐴2,1 𝐴2,2 𝐴2,3 𝐴2,4 𝐴2,5 𝐴2,6

−8.13× 103 1.36× 104 −8.90× 104 2.06× 106 −2.91× 107 2.60× 108

𝐴2,7 𝐴2,8 𝐴2,9 𝐴2,10 𝐴2,11

−1.48× 109 5.32× 109 −1.17× 1010 1.41× 1010 −7.14× 109

Finally, using a light source array depicted in Fig. 4-11a with a pixel spacing of 40

𝜇𝑚, we simulated the corresponding projected beam pattern (Fig. 4-11b). Compared

to the projection pattern of the single-layer metasurface (Fig. 4-6b), distortion in the

angular domain is almost completely eliminated. The beam spot size also increases

due to aberration at large projection angles.

4.4 Summary

In summary, we demonstrated metalens architectures for both passive and active

depth sensing mechanisms. For passive depth sensing, we positioned two identical

102



Figure 4-10: Simulated performance of the doublet metasurface projector after numer-
ical refinement. (a) Optimized phase profiles of the metasurfaces. (b) Pixel position
vs. projection angle. (c)-(e) Simulated angular PSFs at projection angles of (c) 0∘,
(d) 30∘, and (e) 60∘. Scale bar: 0.4∘. (f) M2 and (g) RMS wavefront error versus
projection angle.
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Figure 4-11: Optical projection using the doublet metasurface. (a) Light source array
arrangement. (b) Simulated projected pattern in the angular space.

WFOV metalenses working in the 670 𝑛𝑚 wavelength and 170∘ FOV side by side

to construct the WFOV stereo camera. The WFOV images taken by the two lenses

shift along the horizontal direction, which depends on the distance of the object.

Through the image calibration and scene separation, we retrieved the pixel shifts of

the objects and obtained the corresponding depth map. Compared to the traditional

stereo camera, our metasurface-enabled stereoscopic imaging features the all-plain

structure, easy integration, and an unprecedented FOV of 170∘.

For active depth sensing, we formulated an analytical design framework for meta-

surface projection optics. We prove that the quadratic phase profile yields optimal

beam quality for single-layer metasurface projectors, and demonstrate a singlet meta-

surface projector design with 140∘ FOV and diffraction-limited performance. We fur-

ther show that distortion of the projected pattern can be corrected by resorting to a

doublet meta-optics architecture, and implement a doublet projector design concur-

rently achieving 120∘ FOV, diffraction-limited performance, and vanishing distortion.

The proposed design frameworks foresee vast potential applications in areas in-

cluding LiDAR, 3-D depth sensing, near-eye displays, and beyond. They can be po-

tentially applied to different scenarios depending on the specific requirements, where

104



passive depth sensing techniques typically have less power consumption at the sac-

rifice of depth measurement accuracy. PSF engineering can be utilized to improve

the accuracy of the passive depth sensing techniques, and further reduce the size

and integration complexity of the device, which we will discuss in detail in the next

chapter.
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Chapter 5

Reconfigurable metalens using

polarization-multiplexing

5.1 Introduction of polarization-multiplexing

In recent years, the field of metamaterials has undergone tremendous advancements,

enabling unprecedented control over the behavior of electromagnetic waves. However,

while conventional metasurfaces offer remarkable functionality, their static nature lim-

its their adaptability and hampers their potential in dynamic environments. To over-

come this constraint, the concept of reconfigurable metasurfaces has been introduced,

allowing for real-time control over their electromagnetic response. By harnessing ac-

tive or passive elements, such as varactors, MEMS, phase-change materials, or liquid

crystals, these metasurfaces offer unprecedented capabilities to dynamically alter their

properties in response to external stimuli.

The main objective of the following two chapters is to explore the vast possibilities

offered by reconfigurable metasurfaces and to investigate their potential for revolu-

tionizing light manipulation and wave-based technologies. By dynamically altering

the meta-atom properties, such as resonance frequency, amplitude, phase, polariza-

tion, or scattering characteristics, we can harness the unique ability of reconfigurable

metasurfaces to actively control and mold electromagnetic waves with unparalleled

flexibility.
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Conventional reconfigurable metasurfaces involve the integration of active ele-

ments that can actively manipulate the electromagnetic response. Active components,

such as varactors, electro-optic materials, or MEMS devices, can be incorporated into

the meta-atom structure to enable dynamic control of the metasurface properties.

By applying external stimuli such as voltage, electric fields, or mechanical forces, the

active elements modify the resonance frequency, phase, or polarization response of

the meta-atoms, thereby achieving reconfigurability.

Active components, however, add up system complexity, power consumption, and

also bring the integration challenge. Liquid crystals (LCs) offer another versatile

method for achieving reconfigurable metasurfaces. LCs are highly responsive to ex-

ternal stimuli, such as electric fields, temperature, or light, and exhibit controllable

refractive indices and birefringence. By embedding LCs into the meta-atom design,

the orientation and alignment of LC molecules can be manipulated, leading to tunable

optical properties. The reorientation of LCs allows for the dynamic modification of

metasurface characteristics, such as polarization-dependent response or beam steer-

ing, making LC-based metasurfaces highly adaptable and reconfigurable.

While LCs offer low driving voltage and continuous tunability, they are limited

by the resolution, which makes them difficult to have nanoscale integration. In the

thesis, we propose two different active tuning mechanisms - through polarization

multiplexing and using PCMs, which bring meta-atom level flexibility, and enables

the active tuning of the metasurface wavefront. Polarization multiplexing will be

discussed in detail in the chapter, and PCMs will be discussed in the next chapter.

Polarization-multiplexing involves the design of the meta-atom geometry, so that

it has different optical phase delay and amplitude response under the incident of light

with different polarization states. This can be achieved using the meta-atoms without

four-fold symmetry, which brings the asymmetry of the dielectric components to the

polarization direction. In this way, two or more phase profiles can be integrated

into a single layer metasurface through the distribution of the meta-atoms of various

geometry patterns onto the entire metasurface.

In the next two sections, we discuss two applications of the polarization-multiplexed
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metasurfaces, where a double-helix (DH) metasurface with two DH PSFs rotating in

the opposite direction under the two orthogonal polarization states is shown in Sec-

tion 5.2, and a reconfigurable parfocal zoom metalens in the visible band with 10x

different zoom ratio in the orthogonal polarization states is shown in Section 5.3.

5.2 Double-helix metalens for monocular depth sens-

ing

Chapter 4 discussed a variety of passive and active depth sensing techniques. As

mentioned, active depth sensing techniques require active illumination and modula-

tion components, which add to system complexity, cost and power consumption. On

the other hand, stereoscopic imaging techniques are limited by the trade-off between

system size and depth resolution.

To solve these issues, point-spread-function (PSF) engineering has been invented.

It contains special phase mask that engineers PSF of the system, and depth in-

formation can be encoded into the captured image directly. Depth-from-defocus

methods[92–97] use PSFs from standard lenses, and object depths can be extracted

from a sequence of blurred images at different system conditions. They have low depth

estimation accuracy due to the intrinsic limitation that defocused PSF varies slowly

along the opical axis. In order to increase precision, a variety of special PSFs have

been designed that exhibit significant change with object depth. They include astig-

matic PSF[100], biplane PSF[101], tetrapod-like PSF[102–104], etc. Among them,

double-helix (DH) PSF engineering[105–110] contains a phase mask that modifies the

wavefront, and generates PSF of two rotating foci, where the rotation angle deter-

mines the object depth. It simplifies image data post-processing due to its shape

simplicity. To achieve wavefront modulation, a DH phase mask generated by the

spatial light modulator (SLM) is placed in the Fourier plane of the 4f system, which

however brings alignment problems and restricts compactness of the entire system.

A single layer DH metasurface was experimentally realized by Jin et al [111]. The
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image captured by the DH metasurface is the convolution of the scene with the DH

PSF, which means rotation angle can only be estimated with the prior knowledge of

the original object. To solve this issue, Colburn et al placed a DH metasurface and

extended depth-of-focus (EDOF) metasurface side to side, where the image of the orig-

inal object can be obtained from the EDOF lens through scene reconstruction[112].

However, two metasurfaces build up system cost, and special algorithm needs to be

utilized to account for the off-axis illumination. Also, the system resolution is limited

by the EDOF metasurface PSF. The two metasurfaces can be multiplexed together

through the phase change materials[113], but they are limited by the fabrication cost

and applicable spectral range. Decoupled pair of conjugate single-helix PSF can be

used to substitute the DH and EDOF PSFs[281], however, it requires accurate cali-

bration of the lateral displacement of the focal spots between the two states.

In this section, we propose a polarization-multiplexed DH metasurface design

offering both depth sensing and scene reconstruction with a single metasurface, which

shows optimal system simplicity and resolves the off-axis illumination issue. The

resolution is determined by the DH phase mask alone. As one specific example, the

design works in 635 𝑛𝑚 wavelength with the depth range of 40-210 𝑚𝑚 and rotation

angle of 80∘. This concept is generically applicable to other wavelengths and depth

ranges.

The DH phase mask is constructed based on superposition of Laguerre-Gaussian

modes[282–284], it modifies the wavefront emitted from a point-source to generates

two foci on the image plane, where orientation of the line connecting the foci de-

pends on the point source distance. Rotation rate and depth range are determined

by the choice of the Laguerre-Gaussian mode set. In previous implementations, a

block-iterative weighted projection algorithm was utilized to optimize the DH phase

mask and suppress the focal spot sidelobes, thereby improving depth estimation

accuracy[112, 284, 285]. However, the optimization procedure is a time-consuming

empirical process which requires constant human intervention. Here, we use a direct

search (DS) algorithm[71, 196, 199, 214, 286] to optimize the DH phase mask. The

figure-of-merit (FOM) for the DS is defined in Eqs. 5.1-5.3. It comprises the sum of
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the lower intensities between the two foci over a discrete set of sampling rotation an-

gles, minus variance of the intensities between different angles. Here, 𝐼1(𝜑) and 𝐼2(𝜑)

are the intensities of the two foci of a certain rotation angle 𝜑, 𝑐(𝜑) compensates for il-

lumination intensity decrease of the point source at increasing distance, 𝑧(𝜑) denotes

the distance of the point source, 𝑁 represents the total number of rotation angles

sampled, 𝑆2{𝐼(𝜑)} calculates the variance of the intensities among different angles,

and 𝜅 = 1 is a weighting factor. Eq. 5.4 gives the relationship between rotation angle

and distance using the same notations as in Ref. [112], with 𝑉1 and 𝜔0 being free

parameters to control the rotation rate and depth range.

𝐹𝑂𝑀 =
1

𝑁

𝑁∑︁
𝑖=1

𝐼(𝜑𝑖)− 𝜅 · 𝑆2{𝐼(𝜑𝑖)} (5.1)

𝐼(𝜑) = 𝑚𝑖𝑛{𝐼1(𝜑), 𝐼2(𝜑)} · 𝑐(𝜑) (5.2)

𝑐(𝜑) = 𝑧(𝜑)2 (5.3)

𝑧 =
𝜋𝜔2

0

𝜆
𝑡𝑎𝑛(

𝜑0 − 𝜑

𝑉1

) (5.4)

With a DH phase mask, an image formed through the metalens is the convolution

of the DH PSF and the object. Without prior knowledge of the object, it is not

possible to extract the true object information from a single-shot image. We eliminate

this ambiguity by multiplexing two DH phase masks with opposite rotation directions

into a single metalens. The two phase masks share an identical layout albeit with

their x and y coordinates swapped, and therefore only one phase mask design is

required. After acquiring two images corresponding to the two polarization states, a

series of deconvolution operation is performed on them assuming DH PSFs of varying

rotation angles. Since the two images capture the same object, their deconvolved

outcome should be identical provided that a correct rotation angle is used. Therefore,

by identifying the deconvolved image pair with maximum similarity, the rotation
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angle and hence object depth can be unambiguously determined. More details of the

depth retrieval algorithm are discussed in the following part of the section. Further

improvement of the design is possible leveraging the rise of end-to-end optimization

framework in recent years, which provides an alternative approach to optimize both

the meta-optical frontend and the reconstruction algorithm[227, 287, 288].

An approach similar to that in ref. [66] is employed to design polarization-

multiplexed meta-atoms. The meta-atom structure is schematically depicted in Fig.

5-1(a), comprising a 450 𝑛𝑚 thick rectangular amorphous silicon nano-post sitting

on a fused silica substrate. The geometries of the nano-posts are designed according

to the polarization directions of the incident light. The meta-atom pitch is fixed at

300 𝑛𝑚. The finite-difference time-domain (FDTD) method is used to analyze the

meta-atom responses. The phase delay and transmittance of the meta-atoms under

x-polarized incident light are shown in Figs. 5-1(b)-(c). Data pertinent to y-polarized

light can be trivially obtained by swapping the x and y coordinates. The phase dif-

ference between two polarization states is shown in Fig. 5-1(d). A 2-bit design [235]

containing 16 meta-atom structures of different lateral dimensions is chosen to allow

independent control of the metalens’ phase profiles in both polarization states. The

meta-atom dimensions are listed in Tab. 5.1.

Table 5.1: Polarization-multiplexed meta-atoms
Meta-atom index 1 2 3 4 5 6 7 8
X dimension [𝑛𝑚] 136 159 159 148 90 98 90 90
Y dimension [𝑛𝑚] 140 90 98 109 159 98 117 132
X-pol phase [∘] -3 -17 -4 -10 125 87 83 98
Y-pol phase [∘] 5 125 183 273 -17 87 180 274
X-pol transmittance 0.87 0.89 0.89 0.89 0.81 0.88 0.89 0.86
Y-pol transmittance 0.88 0.81 0.76 0.76 0.89 0.88 0.74 0.78
Meta-atom index 9 10 11 12 13 14 15 16
X dimension [𝑛𝑚] 98 117 228 105 109 132 121 117
Y dimension [𝑛𝑚] 159 90 228 121 148 90 105 117
X-pol phase [∘] 183 180 185 186 273 274 261 264
Y-pol phase [∘] -4 83 185 261 -10 98 186 264
X-pol transmittance 0.76 0.74 0.70 0.74 0.76 0.78 0.77 0.77
Y-pol transmittance 0.89 0.89 0.70 0.77 0.89 0.86 0.74 0.77
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Figure 5-1: Polarization-multiplexed meta-atom design. (a) Illustration of the meta-
atom structure. (b) Phase delay and (c) transmittance of the meta-atoms with x-
polarized incident light. (d) Phase delay difference between the two polarization
states.
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As a proof of concept, we designed a metalens with 1 𝑚𝑚 aperture size and 5 𝑚𝑚

focal length. Parameters in Eq. 5.4 are taken as 𝜔0 = 125, 𝜑0 = 180∘ and 𝑉1 = 2,

identical to those in ref. [112]. The DS optimization was performed with 𝑁 = 41 in

Eq. 5.1, i.e. with 41 evenly spaced discrete rotation angles at a step size of 2∘. The

designed metalens has a rotation angle up to 80∘, corresponding to a depth sensing

range of 45 - 212 𝑚𝑚.

The so-designed metalens was fabricated through electron-beam lithography fol-

lowed by reactive-ion etching. Figure 5-2 presents optical microscope and scanning

electron microscope (SEM) images of the fabricated metalens, showing excellent uni-

formity and pattern fidelity.

Figure 5-2: (a) Fabricated metalens on the silica substrate with metal mask. (b)
Optical microscope image of the metalens. (Scale bar: 200 𝜇𝑚.) (c) Scanning electron
microscope image of the metalens. (Scale bar: 1 𝜇𝑚.)

The PSF of the fabricated metalens was first characterized. Figure 5-3 compares

the simulated and measured PSFs with different rotation angles. In the simulation,

Kirchhoff diffraction integral[201] is used to transform the near-field wavefront after

exiting the metasurface to the intensity distribution on the image plane. During the

PSF measurement, a monochrome micro-LED display (Jade Bird Display 5000DPI

AMuLED Panel) is placed in front of the metalens at different distances, and a 40 𝜇𝑚

diameter circular spot is displayed to emulate a point object. A telescope assembly

is placed between the DH metalens and an image sensor (Arducam MT9J001) with a

calibrated magnification of 5. A polarizer is mounted in front of the sensor to control

the polarization state of the incident light. As seen from Fig. 5-3, excellent agreement
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is obtained between our design and experiment throughout the entire depth range.

Figure 5-3: Metalens PSF. (a) Simulation and (b) experimental measurement of
PSFs for different source distances in the x polarization state. (c) Simulation and (d)
experimental measurement of PSFs in the y polarization state (scale bar: 20 𝜇𝑚).

The experimental setup consists of the micro-LED display projecting a ’+’ shaped

pattern shown in Fig. 5-4(a) and placed at varying distances. The images captured

by the DH metalens are shown in Fig. 5-4(b) and Fig. 5-4(c) for the two polarization

states, respectively. To extract depth information and reconstruct the scene, these

images are deconvolved using a set of PSF pairs with different rotation angles. Since
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the two phase masks corresponding to orthogonal polarizations are linked via a re-

flection transformation, the sum of rotation angles of every PSF pair must equal 90∘.

We use Wiener deconvolution given in Eq. 5.5, where 𝐻 is the Fourier transform of

the image formed by the lens, 𝐺 gives the Fourier transform of DH PSF (i.e., a cosine

function), 𝐹 denotes the Fourier transform of the deconvolved image, and 𝑆𝑁𝑅 = 0.1

is the signal-to-noise ratio, which is an intrinsic parameter of the image sensor.

𝐹 =
𝐻 ·𝐺

𝐺2 + 𝑆𝑁𝑅
(5.5)

Three pairs of deconvolved images in two polarization states are shown in Figs.

5-4(d)-(e), each assuming a different rotation angle. We then computed the image

correlation map between the image pair using Eq. 5.6, where ’corr’ stands for the im-

age correlation map, and ℎ1 and ℎ2 represent the deconvolved image pair. We further

define the similarity parameter as the maximum value within the image correlation

map, and Fig. 5-4f plots the parameter as a function of the rotation angle. Since the

pair of images depict the same object, the similarity curve should reach maximum

when the rotation angles of the DH PSFs used in the deconvolution are correct. The

object depth can then be inferred according to the correct rotation angles.

𝑐𝑜𝑟𝑟(𝑥, 𝑦) =
∫︁
ℎ1(𝑥

′, 𝑦′) · ℎ2(𝑥
′ − 𝑥, 𝑦′ − 𝑦)𝑑𝑥′𝑑𝑦′ (5.6)

The protocol described above was applied to depth estimation of objects placed

at different distances, and the measured depth values are shown as red dots in Fig.

5-4g. The analytical expression of Eq. 5.4 that our lens design is based on is also

plotted as a solid line, showing excellent agreement.

To further characterize the lateral spatial resolution of the DH metalens, we re-

placed the ’+’ pattern on the micro-LED display with a standard USAF resolution

chart. As an example, the captured images under x and y polarized light are shown in

Figs. 5-5(a)-(b) for an object distance of 5.5 𝑚𝑚. The same deconvolution algorithm

was performed to reconstruct the scene shown in Fig. 5-5c. The modulation transfer

function (MTF) at different spatial frequencies was obtained from the image contrast
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Figure 5-4: Experimental demonstration of image deconvolution to enable concurrent
depth mapping and scene reconstruction. (a) A ‘+’ pattern on the micro-LED display
emulates an object. (b, c) Images in the (b) x-polarization state and (c) y-polarization
state with different object distances. (d) Deconvolved images of the object at 5.5
cm distance using DH PSF rotation angles of 90∘, 110∘, and 130∘ (left to right),
respectively. (e) Deconvolved images of the object at 5.5 cm distance with DH PSF
rotation angles of 0∘, −20∘, and −40∘ (left to right), respectively. (f) Similarity of
image pairs deconvolved using different DH PSF rotation angles. The maxmium
point corresponds to the correct rotation angle. (g) Object depth estimation based
on analytical expression (solid line) and experimental measurement (red dots). (Scale
bar: 40 𝜇𝑚).
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of the reconstructed resolution chart. In addition to the direct MTF measurement, we

also evaluated the MTF from Fourier transform of the measured DH PSFs. Both sets

of results are plotted in Fig. 5-5d with excellent agreement, which assures accuracy

of our reconstruction algorithm.

Lastly, real world imaging was demonstrated using letters of ’M’, ’I’, and ’T’

printed on card boards. The letters were displaced at different distances as shown

in Fig. 5-6a. An LED light source with a center wavelength of 625 𝑛𝑚 and 20 𝑛𝑚

full-width-at-half-maximum (FWHM) spectral bandwidth was used to illuminate the

scene, and a filter with 635 𝑛𝑚 center wavelength and 10 𝑛𝑚 FWHM bandwidth was

placed in front of the image sensor to reject out-of-band light. The images recorded in

the two polarization states are shown in Figs. 5-6(b)-(c). The aforementioned algo-

rithm was implemented to infer the depth of the objects, with the caveat that oblique

incidence onto the metalens (which leads to additional phase delay) was accounted

for and corrected following procedures outlined in ref. [112]. The extracted depths

are shown in Fig. 5-6d, which agrees well with the ground truth. The average error

of depth estimation is 2.7%.

5.3 Reconfigurable parfocal zoom metalens in the

visible band

Zoom lenses with adjustable effective focal length and magnification ratio are widely

employed in cameras, microscopes, tracking, and monitoring applications. Conven-

tional zoom lenses are composed of multiple refractive lens elements. They have

mechanical movement along the optical axis[115–117] or shape change[118–122] to

tune the effective focal lengths. However, the assembly of the multiple bulky optical

components inevitably adds up the cost and the complexity of the system.

Zoom lenses remains a challenge to metasurface optics. A few designs have

been proposed to realize zoom metalens. They can be integrated with stretchable

substrate[75, 123, 289–291], lateral actuation[76, 128], and microelectromechanical
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Figure 5-5: Imaging of the USAF target for evaluating the lateral resolution. Ex-
perimentally captured images in the (a) x-polarization and (b) y-polarization states.
(c) Reconstructed image of the USAF resolution target pattern. (d) Measured MTF
of the metalens at an object distance of 5.5 𝑚𝑚. The red dots correspond to MTF
measured from the USAF target and the blue dots are MTF calculated from exper-
imentally measured PSFs via Fourier transform. The solid line gives MTF inferred
from PSFs simulated by diffraction integral. (Scale bar: 80 𝜇𝑚).
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Figure 5-6: Experimental demonstration of depth sensing. (a) Photos of printed
letters of ’M’, ’I’, and ’T’, each placed at a different distance. (b, c) Captured images
in (b) the x-polarization state and (c) the y-polarization state. (d) Inferred object
distances (red dots) compared to the ground truth (solid line). (Scale bar: 80 𝜇𝑚).

systems (MEMS)[77, 292] to actively modify their optical responses and the angu-

lar magnification. However, all of them require active tuning of their mechanical

structures, which restricts their practical applications. Moreover, most of the zoom

lens designs are actually varifocal lenses[123, 128, 130, 132], the shifting of the focus

while zooming requires additional compensation. A parfocal zoom metalens has been

designed by Fu et al. with the same focus at the two zoom states[146]. The zoom

lens is composed of polarization dependent meta-atoms so that the zoom switching

can be accomplished by changing the polarization state of the incident light. How-

ever, it only has a small zoom ratio of 2. To the best of our knowledge, no parfocal

zoom metalens has been experimentally demonstrated before, existing only numerical

simulations.

In this section, we demonstrate a static zoom metalens design with the large

zoom ratio of 10, which has 40∘ field-of-view (FOV) in the wide-angle regime and 4∘

FOV in the telephoto regime. The zoom lens is composed of polarization dependent

meta-atoms so that the zoom state can be controlled by the polarization state of
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the incident light. Also, the parfocal length remains constant in the two states. We

fabricated and experimentally investigated the design in the visible band, though the

design concept is generically applicable to other wave bands. To show the versatility

of the design concept, we also present a zoom metalens in the mid-IR band using the

phase change material GSST, which we will elaborate in the next chapter.

The zoom metalens assumes a doublet configuration as illustrated in Figures 5-

7a-b. The two metasurfaces can be fabricated either on the opposite sides of a single

substrate or on two separate substrates. Each metasurface encodes two different

phase maps corresponding to two zoom states. In the wide-angle mode, the center

part of the front metasurface serves as a negative lens which expands the incident

light beam to a larger width on the back metasurface, and the back metasurface acts

as a positive lens to form the image. The lens in this state therefore realizes a small

EFL to accommodate a large FOV. In the telephoto mode, the front metasurface

functions as a positive lens which focuses the incident light beam to a smaller area

on the back metasurface. The back metasurface instead becomes a negative lens to

realize a larger EFL than the wide-angle mode while maintaining the same parfocal

length. The zoom ratio is defined as the EFL of the telephoto mode divided by that

of the wide-angle mode.

A key feature of the design that sets it apart from previous proposals is that

the front metasurface not only acts as a tunable lens but also a variable aperture

without involving mechanical moving parts. This is essential to achieving a large

zoom ratio while suppressing aberrations. In the telephoto mode, the front aperture

coincides with the metasurface area. The wide-angle mode, however, reduces the

front aperture size by blocking light transmission in the outside ring. This can be

accomplished either by imposing a phase profile with a large gradient to deflect and

trap light via total internal reflection in the substrate (which is what we opted for in

both visible and mid-IR zoom lens demonstrations), or engineering the meta-atoms

such that they curtail optical transmission in the wide-angle state.

As an example to illustrate our design, here we consider the polarization-multiplexed

zoom lens following the concept discussed in this chapter. The lens is designed for
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Figure 5-7: (a)-(b) Schematic illustration of the doublet zoom metalens configuration
in the (a) wide-angle mode, and (b) telephoto mode. MS-1 and MS-2 labels the front
and back metasurfaces, respectively. Note that the optical aperture sizes are different
in the two imaging modes and controlled by the metasurfaces via reconfigurable wave-
front shaping. (c)-(d) Ray trace simulation of the optimized polarization-multiplexed
zoom metalens in the (c) wide-angle mode, and (d) telephoto mode. All the units are
in 𝑚𝑚. (e)-(g) Simulated focal spot profiles in the wide-angle mode with the AOI of
(e) 0∘, (f) 10∘, and (g) 20∘. (scale bars: 2 𝜇𝑚) (h)-(j) Simulated focal spot profiles in
the telephoto mode with the AOI of (h) 0∘, (i) 1∘, and (j) 2∘. (scale bars: 10 𝜇𝑚)
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a target center wavelength of 670 𝑛𝑚, it comprises two 1 𝑚𝑚 thick fused-silica sub-

strates with an air-gap of 0.36 𝑚𝑚 in between. The front metasurface has a diameter

of 1.6 𝑚𝑚, and the back metasurface has a diameter of 4.0 𝑚𝑚. The back focal

length has a fixed value of 2.46 𝑚𝑚 with the maximum image height of 0.4 𝑚𝑚 in

both modes. The total track length of the lens is 4.82 𝑚𝑚. The phase profiles of

the metasurfaces were numerically optimized by assuming an even order polynomials

form:

𝜑(𝑟) =
11∑︁
𝑖=1

𝐴𝑖

(︂
𝑟

𝑅

)︂2𝑖

(5.7)

where 𝑅 = 3 𝑚𝑚, 𝑟 is the radial coordinate, and the 𝐴𝑖’s are the polynomial co-

efficients. Figures 5-7c and 5-7d present ray trace simulation results of the optimized

lens. The lens exhibits an EFL of 1.1 𝑚𝑚 (corresponding to an f-number of 1.4 and

a numerical aperture NA = 0.34) in the wide-angle mode and 10.8 𝑚𝑚 (f-number 6.8

and NA = 0.07) in the telephoto mode. Figures 5-7e-g and 5-7h-j show the simulated

focal spot profiles of the lens, featuring diffraction-limited performance over the en-

tire 40∘ FOV in the wide-angle mode and over a 3∘ FOV in the telephoto mode, with

near-diffraction-limited performance as the angle-of-incidence (AOI) increases to ±2∘

for the later case. The distortion is less than 5% in both modes. The lens therefore

furnishes high imaging quality and negligible distortion in both zoom modes with a

large zoom ratio of 10x. Further performance improvements can be realized by engi-

neering angle-dependent response of meta-atoms or resorting to non-local metasurface

designs [293].

In this embodiment, the two zoom states are associated with two orthogonal linear

polarizations of the incident light. The polarization-multiplexed meta-atom structure

is schematically depicted in Figure 5-8a, which assumes the form of a truncated

rectangular waveguide made of amorphous Si (a-Si) sitting on a fused silica substrate.

The meta-atoms have a unit-cell period of 0.3 𝜇𝑚 with a height of 0.45 𝜇𝑚. The

670 𝑛𝑚 wavelength incident light is linearly polarized along the x and y directions,

parallel to the edges of the rectangular waveguide.
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Figure 5-8: Polarization-multiplexed meta-atom design. (a) Schematic illustration of
the meta-atom structure. (b) Phase delay and (c) amplitude response of the meta-
atoms with the polarization of the incident light along the x direction. (d) Phase
delay difference of the meta-atoms between the x and y polarization directions.
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Table 5.2: Polarization-multiplexed meta-atoms
Meta-atom index 1 2 3 4 5 6 7 8
X dimension [𝑛𝑚] 144 132 167 159 190 98 90 90
Y dimension [𝑛𝑚] 144 190 102 113 132 98 125 140
X-pol phase [∘] -2 0 -2 1 86 87 87 97
Y-pol phase [∘] -2 86 182 266 0 87 185 270
X-pol transmittance 0.88 0.87 0.89 0.89 0.70 0.93 0.93 0.91
Y-pol transmittance 0.88 0.70 0.74 0.77 0.87 0.93 0.74 0.77
Meta-atom index 9 10 11 12 13 14 15 16
X dimension [𝑛𝑚] 102 125 236 109 113 140 128 125
Y dimension [𝑛𝑚] 167 90 240 128 159 90 109 125
X-pol phase [∘] 182 185 177 180 266 270 267 278
Y-pol phase [∘] -2 87 184 267 1 97 180 278
X-pol transmittance 0.74 0.74 0.78 0.73 0.77 0.77 0.77 0.78
Y-pol transmittance 0.89 0.93 0.74 0.77 0.89 0.91 0.73 0.78

We simulated the meta-atom response with x-polarized light using the finite-

difference time-domain (FDTD) method. Optical phase and amplitude imparted by

meta-atoms with different lateral dimensions in the range of 90-240 𝑛𝑚 are shown in

Figures 5-8b-c. Response of the same meta-atom to y-polarized light can be directly

inferred from the same data by swapping the x and y dimensions. The meta-atoms

can cover the entire 0-2𝜋 phase range for the two polarizations. Birefringence of the

truncated waveguide with respect to the two orthogonal linear polarization states

controls the optical phase difference in two states. Figure 5-8d plots the phase delay

difference between the two polarizations imposed by the meta-atoms, showing that

the relative phase delay covers the entire range of ±𝜋, sufficient to provide arbitrarily

reconfigurable phase profiles for both polarizations.

To construct the zoom lens, we chose 16 meta-atoms (i.e. a 2-bit design[235]) from

the simulated meta-atom library to cover four phase levels of 0, 𝜋/2, 𝜋, and 3𝜋/2,

with each meta-atom providing a distinct combination of two of the four discrete

phase values for the two polarization states. As a result, the phase profiles of the

metasurface can be independently controlled in response to the two polarizations.

The selected meta-atom structures as well as their phase and amplitude responses

are listed in Tab. 5.2. All meta-atoms have transmittance larger than 70%.
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The metasurfaces were defined using electron beam lithography and plasma etch-

ing. A 450 𝑛𝑚 thick amorphous Si film was deposited on a 0.5 𝑚𝑚 thick fused silica

wafer by plasma-enhanced chemical vapor deposition (STS PECVD). The wafer was

then diced into square pieces with side length of 12.5 𝑚𝑚 as metalens substrates. To

fabricate the mask patterns of metalens, a negative tone of electron beam resist (ma-N

2402 from a mixture of ma-N 2401 and ma-N 2403, Micro Resist Technology) and then

a conductive polymer (ESpacer 300Z, Showa Denko America, Inc.) were spin-coated

on the substrates for electron beam lithography (EBL). The use of a conductive poly-

mer avoids charging effects during EBL writing. The EBL was conducted at a voltage

of 50 𝑘𝑉 and a beam current of 1 𝑛𝐴 (Elionix HS50). Then, the sample was put in the

developer (AZ 726 MIF Developer) to produce the mask patterns and gently rinsed

with deionized water. To etch amorphous Si, the dry-etching was performed by dual

plasma sources and dual gas inlets with a mixture of SF6 and C4F8 (SPTS Rapier

DRIE). Residual electron beam resist was stripped by O2 plasma ashing. Areas on

the substrate not occupied by the metasurface were subsequently covered by a metal

mask to prevent stray light. To fabricate the metal mask, a negative-tone photoresist

(AZ nLOF 2035) was spin-coated on the metalens at 3000 rpm. The resist was soft

baked at 115 °C for 1 min, exposed to UV light on a MLA150 Maskless Aligner, and

then post-exposure baked at 115 °C for 1 min. The photoresist was developed by

immersing the sample into Microposit MF-319 developer for 1 min and gently rinsed

with deionized water. Then, a 200 𝑛𝑚 thick Cr layer was deposited by electron beam

evaporation at a rate of 2.0 Å/sec in a Sharon electron beam evaporator. Finally, the

photoresist was removed in solvent stripper (Remover PG, MicroChem) to pattern

the metal mask via lift-off.

Figures 5-9a-b show scanning electron microscope (SEM) images of the fabricated

metasurfaces. After metasurface fabrication, metal apertures were patterned on the

substrates, only exposing areas with the metasurfaces to eliminate unwanted stray

light transmission (Figures 5-9c, e).

To characterize the metalens assembled from the two pieces of substrate, we

started with evaluating the focal spot profiles of the zoom lens in the two polar-
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Figure 5-9: Fabricated metalenses. (a)-(b) SEM images and (c) optical microscope
(OM) image of the polarization-multiplexed metalens. (d) SEM image and (e) OM
image of the phase-change metalens.

ization states. The measurement setup is illustrated in Figure 5-10a. A 670 nm laser

along with a collimator were both mounted on a custom-made circular track to adjust

the AOI within the range of -20∘ - 20∘. The focal spot was magnified by a pair of

lenses forming a telescope assembly and captured by a CMOS image sensor. A po-

larizer was placed in between the laser and the zoom lens to control the polarization

state of the incident light. The focal spot images and the normalized cross-sectional

optical intensity profiles at different AOIs and polarization states are presented in

Figures 5-10b-m alongside the focal spot profiles of an ideal, aberration-free lens of

the same aperture size and effective f-number. The Strehl ratios can be inferred from

the peak value of the focal spot profiles. The full-width-at-half-maximum (FWHM)

of the focal spots are summarized in Table 5.3, showing agreement between the sim-

ulation and experimental results. We further quantified the focusing efficiency of the

zoom lens, which is defined as the ratio of optical power at the focal spot to the total

power incident on the lens aperture. The focusing efficiency was assessed using a pho-

todetector integrated with a 100 𝜇𝑚 diameter pinhole. Our measurement indicated

focusing efficiencies of 8% at the wide-angle mode and 14% at the telephoto mode of
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Table 5.3: FWHM of the focal spots of the polarization-multiplexed metalens
Mode Wide-angle (sagittal/tangential) Telephoto (sagittal/tangential)
AOI [∘] 0 10 20 0 1.0 2.0
FWHM [𝜇𝑚] (simulation) 1.0/1.0 1.0/1.0 1.0/1.0 4.8/4.8 4.7/4.8 3.9/9.5
FWHM [𝜇𝑚] (experiment) 1.1/1.1 0.8/1.0 1.0/1.1 5.3/5.3 4.9/4.9 4.5/4.9

the doublet zoom lens.

We used a similar setup to characterize the imaging performance of the zoom lens

in two modes. A printed white board containing standard USAF resolution chart

patterns and different sizes of ‘MIT’ characters was placed 0.5 𝑚 away from the

zoom lens. An LED light source with 660 𝑛𝑚 center wavelength and 20 nm FWHM

spectral bandwidth was used to illuminate the object. The image was magnified using

the telescope assembly and captured by the image sensor. A polarizer is placed in

front of the sensor to control the imaging mode of the zoom lens. The images of the

object in the two polarization states are shown in Figures 5-11a-f, indicating excellent

image quality in both states with negligible cross-talk, and a measured magnification

ratio of 9.6x. The slight deviation from the 10x design target is likely due to the

slight deviations of the air-gap thickness and image plane position from the design.

5.4 summary

In this chapter, we demonstrated two applications of reconfigurable metasurfaces us-

ing polarization-multiplexing technique. Through the design of rectangular-shaped

meta-atoms which exhibit different effective refractive indices in the two orthogo-

nal polarization states, the phase profile of the metasurface can be independently

controlled.

We first demonstrated a monocular metalens design capable of perform both depth

sensing and scene reconstruction concurrently. The design leverages polarization-

multiplexing to encode two phase masks, each generating an optimized DH PSF. Our

design ensures that rotation angles of the two contra-rotating PSFs are always com-

plementary, which enables unambiguous depth perception without prior knowledge
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Figure 5-10: Focal spot characterization. (a) Schematic illustration of the measure-
ment setup. (b)-(d) Focal spots at various AOIs in the 40∘ FOV wide-angle mode.
(scale bars: 2 𝜇𝑚) (e)-(g) Normalized intensity distributions of the focal spots on
the focal plane at AOIs of (e) 0∘, (f) 10∘, and (g) 20∘ in the wide-angle mode. (h)-
(j) Focal spots at various AOIs in the 4∘ FOV telephoto mode. (scale bars: 5 𝜇𝑚)
(k)-(m) Normalized intensity distributions of the focal spots on the focal plane at
AOIs of (k) 0∘, (l) 1∘, and (m) 2∘ in the telephoto mode. The color lines are from
the measurement, and the black lines are from an ideal aberration-free lens with the
same NA. Their peak intensities are normalized to have the same power within an
area of a diameter equaling to 5 times the focal spot FWHM.
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Figure 5-11: Experimental demonstration of zoom imaging. Images captured by the
zoom metalens in the (a)-(b) wide-angle mode (scale bars: 10∘ FOV) and (c)-(f)
telephoto mode (scale bars: 1∘ FOV).

of the scene. Compared to other depth sensing methods, our MDE approach features

a single-aperture, compact footprint, high depth and lateral resolution, and passive

operation. These advantages foresee vast potential applications of our technology

in areas such as microscopy, medical imaging, virtue/augmented reality, automo-

tive/robotic sensing and beyond.

We then proposed a non-mechanical zoom lens architecture offering large zoom

ratios, negligible distortion, and diffraction-limited performance. Leveraging this

generic architecture, we use polarization-multiplexed metasurfaces to achieve opti-

cal zoom at visible wavelengths. While the prototype is monochromatic, dispersion-

engineered metasurface designs can potentially be adopted to further empower the

zoom lenses with multi-color or even broadband functions[5, 31, 170, 214, 220, 222,

223, 227]. The versatile, multi-functional zoom metalens platform features a compact

form factor, excellent image quality, and no mechanical moving parts, thereby fore-

seeing new applications in microscopy, optical sensing, image projection, and medical

imaging.

A variety of different reconfigurable mechanisms can be utilized for tunable meta-

surface design. While polarization-multiplexing shows independent wavefront control,

it requires the integration of the polarizer to control the polarization state of the in-
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cident or captured light, and also reduces the focusing efficiency by half. In the next

chapter, we will discuss another reconfigurable mechanism through the utilization of

phase change materials in the infra-red region, and demonstrate a few application

examples.
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Chapter 6

Reconfigurable metalens using phase

change materials

6.1 Introduction of phase change materials

phase change materials (PCMs) have garnered significant attention in the field of pho-

tonics and optoelectronics. They exhibit reversible changes in their optical properties,

such as refractive index, absorption, and reflectivity, in response to external stimuli

such as temperature, electric field, or light. These materials offer unique capabilities

for manipulating light and enabling the development of advanced photonic devices.

One of the most widely studied and promising optical PCMs is 𝐺𝑒2𝑆𝑏2𝑇𝑒5 (GST),

a chalcogenide alloy composed of Ge, Sb, and Te. GST undergoes a reversible phase

transition between amorphous and crystalline states, leading to changes in its optical

properties. In the amorphous phase, GST has a high refractive index and low reflec-

tivity, making it suitable for data storage applications. In contrast, the crystalline

phase exhibits a lower refractive index and higher reflectivity, enabling the develop-

ment of optical switching and modulation devices. It shows applications spanning

over photonic memory[294–296], reflective display[297–302], optical switching[303–

308], optical computing[309–313], and active matematerials[235, 314–318].

Adjusting the stoichiometry within the GST family is a logical decision for the

engineering of novel phase change materials. 𝐺𝑒2𝑆𝑒2𝑆𝑏4𝑇𝑒1 (GSST) represents the
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initial phase change material that has showcased significant differences in refrac-

tive index and wide-ranging bi-state transparency[319–321]. The wide transparency

window of GSST starts from 1 𝜇𝑚 wavelength for the amorphous state and 4 𝜇𝑚

wavelength for the crystalline state, and extends to beyond 18.5 𝜇𝑚 free from the

typical Drude-like free-carrier absorption (FCA) common in PCMs.

The wide-ranging transparency of GSST has been acknowledged as a valuable

characteristic that facilitates the development of high-performance photonic devices,

including optical switches[322–325], switchable filters[326, 327], tunable gratings and

multiplexers[328–331], and active metasurfaces[332, 333]. In addition to its minimal

optical loss, GSST also demonstrates enhanced stability in the amorphous phase,

allowing for significantly larger reversible thickness switching and improved optical

mode confinement compared to GST.

In this chapter, we discuss reconfigurable metasurfaces working in the infrared

using PCM GSST. The metasurface in the two states exhibits low absorption and

independent phase control due to the low optical loss and large refractive index change

of the PCM. We start with discussing the same reconfigurable parfocal zoom metalens

architecture as in the last chapter, but instead of functioning in the visible using

waveguide-type meta-atoms and polarization-multiplexing, this time we propose a

zoom metalens in the mid-infrared in the form of a reconfigurable Huygens’ surface

made of PCMs. We then propose a phase-gradient modulation design concept coupled

with direct search optimization to enable continuous tuning of metasurface optics with

a minimal number of tuning elements, and designed a continuous tunable varifocal

metalens using optical PCMs.

6.2 Reconfigurable parfocal zoom metalens in the

mid-infrared band

To demonstrate that the zoom metalens architecture shown in the last chapter is ag-

nostic to meta-atom type, the design was also implemented with a GSST-based recon-
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Table 6.1: FWHM of the focal spots of the phase-change reconfigurable zoom metalens
Mode Wide-angle (sagittal/tangential)
AOI [∘] 0 5 10 15 20
FWHM [𝜇𝑚]
(simulation) 7.3/7.3 7.3/7.4 7.3/7.3 7.1/7.3 7.2/7.6

FWHM [𝜇𝑚]
(experiment) 4.8/6.0 5.5/7.3 5.8/6.8 6.3/10.3 7.3/7.3

Mode Telephoto (sagittal/tangential)
AOI [∘] 0 0.5 1.0 1.5 2.0
FWHM [𝜇𝑚]
(simulation) 14.9/14.9 14.9/15.1 14.9/15.1 15.0/15.4 14.4/18.4

FWHM [𝜇𝑚]
(experiment) 12.8/9.0 12.5/9.8 14.3/9.5 15.0/12.3 9.5/19.5

figurable Huygens’ surface at 5.2 𝜇𝑚 wavelength. Figures 6-1a-f illustrate the design

and modeled focal spot profiles of the lens. Similar to the polarization-multiplexed

counterpart, the lens also comprises two metasurfaces patterned on two mid-IR trans-

parent CaF2 substrates separated by an air gap. The lens performance is summarized

in Table 6.1.

Figure 6-1: (a) Ray trace simulation, and (b)-(c) focal spot profiles of the phase-
change reconfigurable zoom metalens in the wide-angle mode. (d) Ray trace simula-
tion and, (e)-(f) focal spot profiles in the telephoto mode. (All the units are in 𝑚𝑚,
the scale bars are 30 𝜇𝑚.)

The metasurfaces are constructed from a library of pre-selected meta-atoms with

‘H’, ‘I’, and ‘+’ shapes, which we have shown to support multiple electric and mag-

netic resonances, thereby providing broad optical phase coverage[1, 203]. We carefully
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engineered the meta-atoms to realize arbitrary phase profiles in both amorphous and

crystalline states, in order to achieve the desired functionalities. In ideal cases, the

meta-atom designs should have high transmission and individual phase profile tuning

ability under both states to fulfil the perfectly accurate phase map targets. How-

ever, due to the limited design degrees of freedom, this is impractical. Alternatively,

we discretized the full 2𝜋 phase coverage (which is essential to most optical func-

tionalities) into four 90-degree intervals for each state, so that every point along an

arbitrary phase mask will be mapped to one of these four steps. For arbitrary recon-

figurability, it is required that for each step in one state, there must be a structure

that can assume each of the four steps in the other state. This requires a total of 16

unique structures, which we refer to as a 4-level or 2-bit design. We found an optimal

set of meta-atom structures with a lattice constant of 3 𝜇𝑚, and thickness of 1.1

𝜇𝑚/1.065 𝜇𝑚 for the amorphous/crystalline state, so that the full 2𝜋 phase coverage

can be achieved under both states. We conducted a thorough parameter sweep, con-

sidering three types of resonators including H-shaped (Figure 6-2a), I-shaped (Figure

6-2b) and cross-shaped structures (Figure 6-2c). A sidewall angle of 85 degrees and

3.2% thickness shrinkage (when reconfigured from amorphous to crystalline state)

were applied to the meta-atom models during simulation to account for the impact

of fabrication and annealing processes. As shown in Figures 6-2a-c, each meta-atom

was modeled using four distinct parameters. For each single meta-atom, unit cell

boundary conditions were employed along both x and y axis for the calculation of

transmission amplitude and phase. Open boundaries are applied in both the positive

and negative z directions. X-polarized incident waves are illuminated from the sub-

strate side and propagate in the z direction. Simulated transmission amplitudes and

phases of meta-atoms with different shapes are plotted in Figures 6-2d-e. Through

the combination of these different meta-atom structures, we are able to realize rel-

atively high transmission within the entire 0-2𝜋 phase range under both amorphous

state and crystalline state.

Sets of 16 meta-atoms (i.e. the 2-bit set shown in Figure 6-2f) that provide full

2𝜋 phase coverage in both states are selected from the simulation results plotted in
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Figure 6-2: Schematic top-view of an (a) H-shaped, (b) I-shaped and (c) Cross-shaped
meta-atom design, with x-polarized incidence. (d)-(e) Scatter diagrams of the trans-
mission phase and amplitude derived with the different shaped meta-atoms shown
in (a)-(c), under amorphous state (blue dots, figure (d)) and crystalline state (red
dots, figure (e)), respectively. (f) Schematic top-view of all selected 2-bit meta-atom
designs; (g) simulated phase and amplitude of the 16 meta-atoms under amorphous
state; (h) simulated phase and amplitude of the 16 meta-atoms under crystalline
state.
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Figures 6-2d-e. These sets can be used in designs to generate arbitrary wavefronts

under both amorphous and crystalline states. For each discrete phase under one state,

four discrete phases covering 2𝜋 with about 90∘ phase intervals could be found at an-

other state. More specifically, in Figure 6-2f, phase responses of meta-atoms that are

circled in red (e.g. meta-atoms or cells #1, 5, 9 and 13) are similar under crystalline

state, but are distributed in the 2𝜋 range with a 90∘ interval under amorphous state.

Meta-atoms that are circled in blue (e.g. meta-atoms #13, 14, 15 and 16) are similar

under amorphous states and different under crystalline state.

GSST films were deposited onto a double-side polished 𝐶𝑎𝐹2 (111) substrate (MTI

Corp.) by single-source thermal evaporation in a custom-made system (PVD Prod-

ucts Inc.)[334]. The substrate was held near room temperature throughout the film

deposition process. Thickness of the film was measured with a stylus profilometer

(Bruker DXT) to be 1.09 𝜇𝑚 (a-state) and 1.03 𝜇𝑚 (c-state), indicating 5% volumetric

contraction during crystallization similar to other phase-change materials[335, 336].

The film was patterned via EBL on an Elionix ELS-F125 system followed by reactive

ion etching (Plasmatherm, Shuttlelock System VII SLR-770/734). The electron beam

writing was carried out on an 800-nm-thick layer of ZEP520A resist, which was spin

coated on top of the GSST film at 2000 𝑟𝑝𝑚 for 1 𝑚𝑖𝑛 and then baked at 180 ∘𝐶 for

1 𝑚𝑖𝑛. To avoid the difficulty of ZEP removal after the etching step, we introduced

a thin layer (about 200 nm) of 495 PMMA A4 between GSST and ZEP by spin-

coating the photoresist at 4000 rpm and then baking it at 180 ∘𝐶 for 1 𝑚𝑖𝑛. Before

resist coating, the GSST surface was mildly treated with standard oxygen plasma

cleaning to improve resist adhesion. To prevent charging effects during the electron

beam writing process, the resist was covered with a water-soluble conductive polymer

(ESpacer 300Z, Showa Denko America, Inc.)[337]. The EBL writing was performed

with a voltage of 125 𝑘𝑉 , 120 𝜇𝑚 aperture, and 10 𝑛𝐴 writing current. Proximity

error correction was also implemented with a base dose time of 0.03 𝜇𝑠/𝑑𝑜𝑡 (which

corresponds to a dosage of 300 𝜇𝐶/𝑐𝑚2). The exposed photoresist was developed

by subsequently immersing the sample into water, ZED-N50 (ZEP developer), and

isopropanol for 1 𝑚𝑖𝑛 each. Reactive ion etching was performed with a gas mixture
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of 𝐶𝐻𝐹3:𝐶𝐹4 (3:1) with respective flow rates of 45 𝑠𝑐𝑐𝑚 and 15 𝑠𝑐𝑐𝑚, pressure of 10

𝑚𝑇𝑜𝑟𝑟, and RF power of 200 𝑊 . The etching rate was 80 𝑛𝑚/𝑚𝑖𝑛. The etching was

done in three cycles of 5 𝑚𝑖𝑛𝑠 with cooldown breaks of several minutes in between.

After completing the etching step, the sample was soaked in N-methyl-2-pyrrolidone

overnight to remove the residual ZEP resist mask. After optical characterization of

the metalens in the amorphous (as-deposited) state, the sample was transitioned to

the crystalline state by hot-plate annealing at 250 ∘𝐶 for 30 𝑚𝑖𝑛. The annealing was

conducted in a glovebox filled with an ultra-high purity argon atmosphere. By using

the lift-off technique described above, we lithographically defined 200-nm-thick gold

apertures around the metasurfaces.

Fig. 5-9d-e present top-view SEM and optical micrographs of the GSST meta-

surface. Quantitative analysis of the SEM images taken on the metasurface revealed

excellent pattern fidelity of the meta-atoms, with an average size deviation of only

20 nm from design values. The etched GSST meta-atoms have almost vertical side-

wall profiles with a sidewall angle of 86∘. The as-fabricated meta-atoms reside in an

amorphous structural state. Structural phase transition (amorphous to crystalline)

was triggered by annealing the metasurfaces on a hot plate at 250∘C and in an in-

ert gas ambient for 30 mins. While here we used thermal annealing to demonstrate

switching operation of the prototype, the design concept can also be adapted to

reversible electrothermal switching using on-chip micro-heaters to enable compact

optics integration[338, 339].

The focusing performance of the lens was measured using a setup similar to that

used for the visible zoom metalens. A 5.2 𝜇𝑚 collimated laser beam incident at various

angles, ranging from -20∘ to 20∘ in the amorphous state and -2∘ to 2∘ in the crystalline

states, served as a far-field light source. Focal spot images were magnified using a

telescope assembly and projected onto a liquid nitrogen cooled InSb focal plane array.

The recorded focal spots form a crisp image, thereby verifying the change in observed

FOVs and the target 10x zoom (Figure 6-3).
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Figure 6-3: Focal spot profiles of the phase-change reconfigurable zoom metalens at
different AOIs in the (a) wide-angle mode, and (b) telephoto mode. (The scale bars
are 20 𝜇𝑚.)

6.3 Design of continuously tunable varifocal metal-

enses

Metasurfaces furnish a large collection of electrically-driven non-mechanical recon-

figuration mechanisms commensurate with compact on-chip integration. Examples

of these tuning schemes applicable to phase-gradient metasurfaces involve liquid

crystals[10, 140, 340–343], transparent conducting oxides[344–347], multi-quantum

wells[49, 348], phase transition oxides[349], and PCMs.

Most of these demonstrated reconfigurable metasurfaces are only designed to

switch between a handful of discrete states. We note that even though most of

the aforementioned reconfiguration mechanisms supports continuous refractive index

change, this does not readily translate to continuous tuning of phase-gradient meta-

surfaces—for instance continuously changing the deflection angle of a meta-grating or

varying the focal length of a metalens. To illustrate the problem, we consider a vari-

focal metalens with 1 mm diameter operating at 2.08 𝜇𝑚 wavelength. Fig. 6-4a plots

the phase profiles (after wrapping modulo 2𝜋) of the metalens with three different

focal length f = 4 mm, 6 mm, and 10 mm, assuming classical hyperbolic phase func-
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tions. Fig. 6-4b analyzes the corresponding phase variations at three different spatial

locations, r = 100 𝜇𝑚, 300 𝜇𝑚, and 500 𝜇𝑚 from the lens center, as the focal length

is continuously tuned from 4 to 10 mm. We see that the phases at the three locations

evolve almost completely independently during the tuning process, evidenced by the

appearances of multiple 2𝜋 phase discontinuities at largely uncorrelated f values. The

conclusion holds true generally for spatial points across a tunable metasurface of a

macroscopic size, provided that the points are not immediately adjacent to each other.

This example epitomizes the challenge toward realizing continuous tuning: to satisfy

the varying phase profile with spatially uncorrelated changes, tuning at the single (or

few) meta-atom level is mandated. While tuning with such spatial granularity has

been implemented in 1-D linear meta-gratings[49, 245, 341, 347, 350, 351], extending

it to 2-D large-scale meta-atom arrays remains challenging due to technical difficulties

associated with electrical addressing, cross-talk, and other complications[346, 352].

Figure 6-4: Ideal phase profiles of varifocal metalens. (a) Phase profiles of the met-
alens with focal lengths of 4 mm, 6 mm, and 10 mm. (b) Phase variations at spatial
locations of 100 𝜇𝑚, 300 𝜇𝑚, and 500 𝜇𝑚 as focal length tuned from 4 to 10 mm.

In this section, we propose a phase-gradient modulation design concept coupled

with direct search optimization to enable continuous tuning of metasurface optics with

a minimal number of tuning elements, and designed a continuous tunable varifocal

metalens based on the concept using optical PCMs. The design concept is generically

applicable to different reconfiguration mechanisms.
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Unlike traditional active metasurface architectures, the phase-gradient modulation

design does not directly tune the phase delay of meta-atom pixels. Instead, electrical

contact pairs are used to generate an in-plane refractive index gradient in between

each pair, which translates to a tunable phase gradient as is illustrated in Fig. 6-

5. A functional meta-optical device is assembled from a multitude of phase-gradient

modulation zones defined by the electrode pairs.

Figure 6-5: Schematic illustration of the varifocal metalens structure. (a) Schematic
depiction (explosive view) of a varifocal metalens capable of continuous focal length
tuning. The meta-atoms are grouped into a set of phase-gradient modulation zones
each assuming a concentric ring shape. Each zone is electrically addressed to tune the
optical phase gradient along the radial direction to produce the varifocal effect. (b)
Cross-sectional schematic of a varifocal metalens based on electrothermal switching.
Each zone contains two heaters at both ends (labeled with different shades). By
adjusting the electric currents passing through the two heaters, variable temperature
gradients can be established across the zone, which translates to an optical phase
gradient.

The entire metalens is divided into several concentric zones, each with variable

width (typically 10 – 100 𝜇𝑚 in our design) depending on the zone position. Isolation

trenches are etched into the buried oxide at the boundaries of each zone. Since

silicon has a thermal conductivity almost 200 times larger than that of silicon oxide,

the isolation trenches serve to effectively block heat transfer between the zones and

minimize thermal cross-talk. Two independently-biased doped silicon heaters are

embedded within each zone as shown in Fig. 6-5b, where each heater comprises a
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number of doped Si conducting channels (shaped as a set of concentric rings) whose

widths and spacings are carefully optimized. Within a heater, a uniform voltage

bias is applied across all of its doped Si conducting channels. When the two heaters

are separately biased, a temperature gradient is established throughout the zone.

For a fixed heating pulse duration, the volume fraction of a PCM meta-atom that

transforms into a crystalline state directly correlates with the local temperature.

The index change, which scales with the crystallization fraction, modifies the optical

phase delay imparted by the PCM meta-atom. Therefore, by adjusting the voltages

applied to the two heaters on two sides of a zone, a tunable optical phase gradient

is established within the zone. Since each zone spans several tens of rows of meta-

atoms and we only need two heaters per zone to tune the temperature gradient

within the zone rather than local temperatures at every meta-atom, the number of

individually controlled elements and hence complexity of the system is drastically

reduced compared to individual meta-atom tuning.

Based on the design concept, the key requirement for the PCM meta-atom is

that as the PCM is transformed from amorphous to crystalline state, the phase delay

imparted by the meta-atom must be tuned over 2𝜋 range while maintaining high

optical transmittance. We again choose GSST as the PCM, taking advantage of

its large refractive index contrast and low optical attenuation in the near-infrared

wavelength range. Moreover, the relatively slow crystallization kinetics of GSST

allows a large reversible switching thickness critical to reaching 2𝜋 phase tuning[353].

We have also experimentally characterized GSST’s optical constant evolution as a

function of crystallization temperature on micro-heaters[2], and here we invoke the

relationship measured at 2.08 𝜇𝑚 wavelength (Fig. 6-6a) to quantify the dependence

of meta-atom phase tuning on local temperature.

The meta-atom structure is schematically depicted in Fig. 6-6a inset, consisting

of a GSST cylinder with a thickness of 380 nm and a diameter of 580 nm sitting

on an SOI substrate. The SOI layer has a thickness of 40 nm and the buried oxide

thickness is 3 𝜇𝑚. The meta-atoms are arrayed in a square lattice with a pitch of

1.3 𝜇𝑚. RCWA method is used to analyze the meta-atom response[354–356]. The
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Figure 6-6: GSST meta-atom design. (a) Refractive index and extinction coefficient
of GSST at different crystallization temperatures. Inset shows a schematic illustration
of the meta-atom structure. (b) Transmittance and phase delay of the meta-atom as
a function of crystallization temperatures. Figure a is reproduced from ref.[2], AIP
Publishing AG.

transmittance and phase delay of the meta-atom at 2.08 𝜇𝑚 wavelength are presented

in Fig. 6-6b, showing near 2𝜋 phase tuning range as the meta-atoms are progressively

transformed from amorphous to crystalline state[204].

As we discussed before, the two heaters within each zone are designed to generate

a variable temperature differential when biased at different voltages. Since the crys-

tallization temperatures of GSST fall in the window of 280 ∘C to 360 ∘C according to

Fig. 6-6, the two heaters should be designed to produce arbitrary and spatially uni-

form temperature gradients within the temperature range. Intuitively, the voltages

applied to two heaters define the extremum temperatures at the edges of the zone,

and a smooth temperature gradient in between is established via optimization of the

doped Si channel widths and spacings, which we address in the following.

The heater layout is schematically illustrated in Fig. 6-7. The entire metalens

is divided into 23 zones with decreasing widths from the center to the edge. The

positions of the zones are listed in Tab. 6.2, which correspond to the Fresnel zones of

a lens with same size and 2.5 mm focal length. As one example, Figs. 6-7b-c show the

heater design in zone 12, which covers a radial range of 16 𝜇𝑚 around r = 348 𝜇𝑚.

Fig. 6-8a plots the doping profile along the radial direction in the zone. There are a

total of 10 doped conductive channels divided into two groups of 5 heaters, each group
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connected in parallel to the same voltage bias forming one heater. It is also possible to

use more than one doping concentration to further improve the temperature control

although it is outside the present scope of this chapter. By applying different voltages

of 𝑉1 and 𝑉2 at the two heaters, steady-state temperature profiles between 280 ∘C -

360 ∘C with varying gradients can be attained, with three examples shown in Fig.

6-8b. In this design, we used only one doping concentration, and thus the heaters

can be formed within a single lithographic patterning and ion implantation step.

The widths of the doped channels were optimized such that the temperature profiles

closely follow linear trends. In Fig. 6-8c, the temperature deviations from the ideal

linear profiles are quantified for the three voltage 𝑉1 and 𝑉2 combinations shown in

Fig. 6-8b. The root-mean-square (RMS) deviation of 1.2 K translates to an average

optical phase error of 6∘, which has a minimal impact on the lens performance. The

doped regions are listed in Tab. 6.3

Figure 6-7: (a) Schematic illustration of the varifocal metalens with different zone
areas. (The orange line represents the zone shown in Figures (b)-(c)). (b) Top and
(c) cross-sectional view of the heater design in one zone area.
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Figure 6-8: (a) Doping profile of the heaters. (b)-(c) (b)Temperature profiles and
(c)temperature deviation from the ideal linear profiles across the zone with three
different pairs of voltages applied to the two electrodes.

Table 6.2: Position of the zone edges
Zone number 1 2 3 4 5 6
Inner radius [𝜇𝑚] 0 103 144 177 205 229
Outer radius [𝜇𝑚] 103 144 177 205 229 251
Zone number 7 8 9 10 11 12
Inner radius [𝜇𝑚] 251 270 290 307 324 339
Outer radius [𝜇𝑚] 270 290 307 324 339 355
Zone number 13 14 15 16 17 18
Inner radius [𝜇𝑚] 355 369 384 396 410 422
Outer radius [𝜇𝑚] 369 384 396 410 422 436
Zone number 19 20 21 22 23
Inner radius [𝜇𝑚] 436 447 459 471 481
Outer radius [𝜇𝑚] 447 459 471 481 493

Table 6.3: Doping profile of the optimized heaters
Doped region number 1 2 3 4 5
Start radius [𝜇𝑚] 339.1 340.7 342.4 343.7 345.2
End radius [𝜇𝑚] 340.6 342.1 343.4 345.0 346.1
Doped region number 6 7 8 9 10
Start radius [𝜇𝑚] 346.3 348.2 349.6 351.4 353.0
End radius [𝜇𝑚] 348.1 349.5 351.3 352.7 354.6
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The optical phase profile of the varifocal metalens does not assume the classical

hyperbolic function; instead, it is numerically optimized at each focal length by ad-

justing the applied voltage on each heater (and hence the optical phase gradient in

each zone). Temperature distribution of the metalens is determined by the 23 temper-

ature pairs 𝑇𝑖,𝑗, where i denotes the index of the zone, j=1,2 denotes the temperature

at the inner (j=1) and outer (j=2) edges of the zone. A linear temperature gradient

is assumed within the zone area, which is fulfilled by the heater design with varying

doped channel widths. Therefore, the temperature distribution in zone i is expressed

as follow.

𝑇𝑖(𝑟) =
𝑇𝑖,1 · (𝑟𝑖,2 − 𝑟) + 𝑇𝑖,2 · (𝑟 − 𝑟𝑖,1)

𝑟𝑖,2 − 𝑟𝑖,1
(6.1)

The temperature distribution is mapped to phase delay and transmittance utilizing

the phase response of GSST meta-atom shown in Fig. 6-6b in the main text. Finally,

Kirchhoff diffraction integral is used to calculate the FOM, which is defined as the

on-axis intensity at the focal plane.

DS algorithm is used to optimize the temperature pairs 𝑇𝑖,𝑗 to obtain the optimum

focusing performance of a certain focal length. To start with, temperatures in the

280 ∘C - 360 ∘C range are divided into 40 discrete values with 2 ∘C resolution. All

pairs 𝑇𝑖,𝑗 have the temperature randomly selected from these values as the initial

distribution. The algorithm then iterates through all the pairs, every time randomly

selects one pair i that has not been optimized before, searches through all the 40×40

possible candidates of 𝑇𝑖,𝑗=1,2, and keeps the ones that yields maximum FOM. This

process is repeated several times until the improvement per iteration falls below 0.1%.

By controlling the voltages applied to each heater, the focal length 𝑓 of the active

metalens can be continuously tuned in the range of 4 – 10 mm. Fig. 6-9 uses 𝑓 = 6𝑚𝑚

as an example to illustrate the design. The optimized radial temperature distribution

and corresponding phase profile of the metalens are plotted in Figs. 6-9a-b, where the

phase profile is inferred from the temperature distribution using data from Fig. 6-6b.

The Kirchhoff diffraction integral is used to simulate the transverse intensity profile
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on the image plane and along the optical axis, as shown in Figs. 6-9c-d, respectively.

The focal spot has a full-width-at-half maximum (FWHM) of 13.2 𝜇𝑚. The focusing

efficiency, defined as the encircled power of the focal spot within a diameter equaling

to 5 times the focal spot FWHM, is 50.4%. In the efficiency calculation, we take into

account the transmittance of the GSST meta-atoms according to their crystallization

fraction following Fig. 6-9b. The Strehl ratio, defined as the ratio of the peak intensity

on the focal plane to that of an ideal aberration-free lens with the same f-number and

total bulk transmission power, is 0.79.

Figure 6-9: (a, b) Optimized (a) temperature and (b) phase delay profiles of the
varifocal metalens when tuning to a focal length of 6 mm. Linear temperature gradient
is assumed within the zone area. (c, d) Intensity profiles of the focal spot along the (c)
transverse and (d) longitudinal directions. The focal spot profile of ideal aberration-
free lens with same size and focal length is also shown for comparison. (Scale bar:
100 𝜇𝑚).

Using similar procedures, we further characterize the focusing performance of the

varifocal metalens across the entire 4 – 10 mm focal length range. The FWHM, focus-

ing efficiency, and Strehl ratio are plotted in Fig. 6-10 as red dots, which confirms near
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diffraction-limited performance of the lens across the varifocal tuning range. Several

examples of transverse and longitudinal intensity profiles of the focal spots at differ-

ent focal lengths in the 4 – 10 mm range are shown in Fig. 6-11. To understand the

possible pathways for further performance enhancement, the plots also include the fo-

cusing performance of an ‘ideal’ varifocal metalens (blue dots) with 100% meta-atom

transmittance and linear optical phase profiles within each zone but an otherwise

identical design. The comparison indicates that considerable performance improve-

ment is expected with streamlined meta-atom designs tapping into more geometric

degrees of freedom[202], reduced material absorption, and larger optical thickness, as

well as more sophisticated heater architectures to better approximate the linear phase

profiles.

Figure 6-10: Focusing performance characterization of the varifocal metalens. (a)
FWHM, (b) focusing efficiency, and (c) Strehl ratio of the metalens as a function of
the focal length. (Red dots: actual meta-atom design; blue dots: perfect meta-atom
design with unity transmittance and linear phase delay gradient in the zone area.)

The design in general exhibit a trade-off between the number of phase-gradient

modulation zones and the focusing performance. Understandably, more zones allow

more degrees of freedom in phase profile tuning to attain better performance, albeit at

the expense of more complicated metasurface switching architectures. We also notice

that the varifocal lens tends to perform better at longer focal length (i.e., larger f-

numbers). This is because lenses with smaller f-number require Fourier components

with a wider range of spatial frequencies to synthesize, which become more difficult

with a fixed number of phase-gradient modulation zones.
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Figure 6-11: (a-c) Transverse intensity profiles of the focal spots with focal length
of (a) 4 mm, (b) 8 mm, and (c) 10 mm. (Red lines: optimized lens; black lines:
ideal aberration-free lens of same size and focal length). (d-f) Longitudinal intensity
profiles of the focal spots with focal length of (d) 4 mm, (e) 8 mm, and (f) 10 mm.
(Scale bar: 100 𝜇𝑚).
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6.4 summary

This chapter has explored the potential of utilizing PCMs to design reconfigurable

metasurfaces. By leveraging the unique properties of PCMs, such as their reversible

phase transitions and tunable optical properties, it has been possible to achieve dy-

namic control over the electromagnetic response of metasurfaces.

Leveraging the proposed non-mechanical zoom lens architecture in the last chap-

ter, we further developed and experimentally realized phase-change metasurfaces to

achieve optical zoom at mid-IR wavelength. The same 10x zoom ratio can be realized

through the switching of GSST between amorphous and crystalline states.

We then challenge the conventional wisdom that continuous tuning of metasur-

faces necessitates individual tuning of meta-atoms by demonstrating a new tuning

scheme modulating the phase gradient rather than single-point phase values. The

paradigm was numerically validated with a continuous tunable varifocal metalens de-

sign based on optical PCMs. The design leverages doped silicon heater pairs to gen-

erate desired temperature differentials in a set of concentric zones, which translates

to variable optical phase gradients within the zones. The design further leverages

only 23 phase-gradient modulation zones to achieve continuous varifocal tuning in

a metalens containing almost half a million individual meta-atoms and 385 rows of

meta-atoms along the radial direction. The phase-gradient modulation concept there-

fore opens up a new route to realize active reconfigurable metasurface devices with

vastly simplified control architectures for their robust practical deployment.

The findings and insights obtained through this work contribute to the growing

body of knowledge in the field of metasurface engineering and provide a solid foun-

dation for future advancements and applications. The ability to dynamically control

electromagnetic wave manipulation opens up exciting possibilities for the development

of advanced devices and systems that can adapt and respond to changing conditions,

paving the way for innovative solutions in areas ranging from communication and

sensing to imaging and beyond.
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Chapter 7

Summary and future work

7.1 Summary

In this thesis, we describe our work on the design and optimization of flat optic archi-

tectures for imaging and sensing applications. The design process involves building

up metalens configurations and the optimization of metasurface phase profiles, which

can be performed through analytical analysis or direct search algorithm. Based on

the design concept and the optimization platform, we proposed a variety of metalens

architectures for imaging and sensing applications, aiming to improve image quality,

depth sensitivity, and better integration capability.

7.1.1 Wide field-of-view metalens

In Chapter 3, we describe the design technique for WFOV metalenses. We start

with proposing an analytical solution to optimize the phase profile of the WFOV

metasurface, we then mathematically prove that telecentric configuration reduces

image aberration, and relates image quality to the configurational parameters of the

structure.

Based on the analytical optimization platform, we experimentally demonstrate a

WFOV metalens working in the 10.6 𝜇𝑚 wavelength LWIR band using all-Si meta-

atoms fabricated with photolithography and DRIE. The metalens shows diffraction-
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limited performance across the designed FOV of 140∘. We further prove that the

metalens shows broadband imaging performance through ambient thermal heating.

We then demonstrate a metalens that features both WFOV and broad bandwidth

imaging capability in the near-infrared. The phase profile of the metasurface was

optimized through the DS algorithm. The proposed metalens shows near-180∘ FOV

in the 1 - 1.2 𝜇𝑚 wavelength range with minimal longitudinal and transverse focal

shifts.

Finally, we replace the front aperture of the WFOV metalens with a metasurface of

cubic phase to improve the DOF of the imaging system. The EDOF WFOV metalens

doublet shows near-180∘ FOV and EDOF in the object distance of 3 - 10 𝑚𝑚.

7.1.2 Metalens for 3-D depth sensing

Chapter 4 summarizes metalenses for 3-D depth sensing. Both passive and active

depth sensing techniques have been discussed, which are suitable for different scenar-

ios. For passive depth sensing, we start with designing two identical WFOV met-

alenses working in the visible following the design concept in Chapter 3, we then

mount the two metalenses along the horizontal direction to construct stereo camera.

We built up the custom algorithm to calibrate the distorted image from the fisheye

lens, and the WFOV object depth can be inferred from the lateral shift between the

two captured images. We then show a single element DH metalens for monocular

passive depth sensing using polarization-multiplexing, which we elaborate in Chapter

5.

For active depth sensing, we propose both single-layer metasurface and meta-

surface doublet dot projectors optimized through analytical solutions. We mathe-

matically prove that the optimum phase profile of the single-layer metasurface dot

projector in the small light source divergence angle limit adopts a quadratic phase

profile. We then use both diffraction integral and ray-tracing techniques to analyze

the quality of the projected beams. Assuming the divergence angle of VCSEL to be

20∘ and wavelength of 940 𝑛𝑚, the projected beam shows diffraction-limited perfor-

mance across the 140∘ FOV. However, the projection angle with the VCSEL position
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adopts a sine relationship, and therefore the projected pattern shows large distortion

at the edge of the projected pattern.

We then prove that the relationship between projection angle and VCSEL position

can be customized through the utilization of metasurface doublet. We optimize the

phase profiles of the two metasurfaces through an analytical solution, and characterize

the quality of the projected beams through a similar approach. In the same condition

as the single-layer metasurface, the projected beam of metasurface doublet shows near

diffraction-limited performance across the 120∘ FOV. The projection angle adopts a

linear relationship as the VCSEL position, and therefore the projected pattern shows

vanished distortion.

7.1.3 Reconfigurable metalens

In Chapter 5 and Chapter 6, we detail our reconfigurable metasurface design for

imaging and sensing in both visible and near IR. Chapter 5 elaborates on the tuning

mechanism of polarization-multiplexing, where polarization-dependent phase delay

response is achieved through tailoring the dimensions of rectangular meta-atoms.

Based on the design concept, we first show a metalens with DH PSF, the phase

profile of the metalens was optimized using DS algorithm. Through polarization-

multiplexing, two independent DH features can be integrated into a single metasurface

with DH PSFs rotating in the opposite direction under orthogonal polarized incident

light. Through image deconvolution, depth information can be inferred by comparing

the rotation angle of the PSFs in two polarization states. The DH metalens design

serves as another type of passive depth sensing technique, and we experimentally

implement it at 635 𝑛𝑚 wavelength with the depth sensing range of 45 - 212 𝑚𝑚 and

rotation angles of up to 80∘.

We then demonstrate a reconfigurable parfocal zoom metalens using metasurface

doublet. Two independent phase profiles of each of the metasurface with converging

and diverging focusing power in different polarization states can be realized through

polarization-multiplexing in the visible. The design concept was experimentally con-

firmed through the implement of a zoom lens working at 670 𝑛𝑚 wavelength, the
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zoom lens shows 10x zoom ratio with 4∘ FOV in telephoto mode and 40∘ FOV in

wide-angle mode, both of them have near diffraction-limited performance across the

entire FOV.

In Chapter 6, we introduce another reconfiguration mechanism through utilization

of phase change materials GSST. Large refractive index difference and low absorp-

tion are featured when switching between amorphous and crystalline states, the GSST

meta-atoms therefore exhibit entire 0 - 2𝜋 phase tuning range with high transmit-

tance, and the phase profile of the metasurface can be controlled through the heating

of meta-atoms. We demonstrate two metasurface architectures for different appli-

cations in the mid IR. The first design is a reconfigurable parfocal zoom metalens

based on the same concept as in Chapter 5, but the tuning mechanism and working

spectrum range are different. As a proof of concept, we show a GSST zoom lens with

5.2 𝜇𝑚 incident beam and 10x zoom ratio. Effectiveness of the concept was validated

through the focal spot characterization in both states.

Finally, we present a varifocal zoom lens with continuously tunable focal length

in the 4 - 10 𝑚𝑚 range. The entire metasurface is divided into 23 zones, each

zone has silicon heater beneath with optimized doping profiles. By controlling the

voltage applied to the two electrodes connected to each of the heater, arbitrary linear

temperature gradient can be established within each zone area, which can be used

to control the optical phase gradient of the GSST metasurface within the zone. The

phase profile of the metasurface in each focal length states can be optimized through

a revised version of DS algorithm by optimizing the voltage applied to each electrode.

The varifocal metalens shows diffraction-limited focusing performance and continuous

tunability in the entire tuning range.
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7.2 Future work

7.2.1 Metasurfaces for two photon polymerization

Apart from imaging and sensing, the arbitrary wavefront control of the metasurface

can be utilized to substitute the conventional refractive lens in various technologies.

For example, metasurfaces can be used as the objective lens in the two photon poly-

merization (TPP) system, and therefore dramatically reduces the size and cost of the

TPP setup. Moreover, DS algorithm can be utilized to tailor the shape of the PSF,

and therefore arbitrary-shaped structures can be written in a single shot instead of

scanning back and forth in the in-plane direction, which improves the speed of the

TPP writing process.

In general, the raising of metasurface technology can be used to substitute con-

ventional optical system in many aspects, the integration of multiple functions into a

single-layer metasurface can reduce the element count and complexity of the system.

Arbitrary wavefront control also foresees non-intuitive designs not possible previously,

which widens the applicable scenarios of the optical systems.

7.2.2 Free-form metasurface and inverse design algorithm

Metasurfaces are well-known to be restricted by the narrow bandwidth. Different

from refractive lens where phase delay is accumulated from the propagation inside

high index material, conventional metasurfaces have abrupt phase change in a thin

layer, and the phase profile is controlled by the ‘zone’ area where meta-atom size

goes from the largest to the smallest. Since the zone position only depends on the

geometry configuration, the phase profile of the metasurface is mostly determined

by the meta-atom distribution, the phase variation within the zone area at different

wavelengths contribute to the aberration and the transverse/lateral focal shift.

Free-form metasurface can be utilized to increase the operational bandwidth com-

pared to the conventional metasurface design. Instead of using regular meta-atoms

and constant period, free-form metasurface sets no limit on the meta-atom shape
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and their 2-D distribution. Therefore, the phase profile of the entire metasurface can

be varied continuously across a large wavelength range to increase the operational

bandwidth. Due to the extremely large DoF, special algorithms are implemented to

design the metasurface, instead of searching meta-atoms in the predefined library for

each of the unit cell as in the traditional metasurface design process. The design

concept can be used in various metalens structures proposed in the thesis to improve

the bandwidth coverage. Recently, inverse design algorithms have been implemented

to optimize the shape of the free-form metasurface based on calculating the gradi-

ent of a few optical parameters. However, free-form metasurfaces only have tens of

micro-meters size restricted by the current computational resources. Improvement

of algorithms or computational technology is required to implement the design of

millimeter scale metasurfaces.

7.2.3 Meta-atom coupling effect analysis

All meta-atom designs in the thesis use the unit-cell approach, where the cylindrical,

rectangular, or free-form meta-atoms have a fixed period, and the lateral dimensions

of the meta-atoms are used to control the optical phase delay. In the approach,

periodic boundary condition is assumed in the RCWA/FDTD simulations to obtain

the phase delay of the single meta-atom. This assumption, however, deviates from

the actual case where the neighboring meta-atoms are usually of different sizes.

The deviation of the periodic boundary condition depends on the strength of

the coupling effect. Therefore, the fill-factor of the meta-atom is usually set away

from unity to reduce the coupling effect. It becomes more significant when comes to

large NA metalens, as the phase gradient and the meta-atom size gradient increases

with diffraction angle. This coupling effect can be taken into account by analyze

the local distribution of the meta-atoms, where the phase delay of the meta-atom

not only depends on its shape and period, but also depends on its nearest or even

second-nearest neighbors. However, considering the extremely large number of meta-

atoms on the metasurface, this analysis is restricted by the computational resources,

and cannot be performed over the entire metasurface. Some approximations can

158



be implemented though, for example, Arbabi et al [357] proposed a grating average

method to take into account the coupling effect and increase the efficiency of high NA

metalenses. Similar procedure can be applied to the metalens architectures introduced

in the thesis when efficiency is considered a critical factor.

7.2.4 Angular response of meta-atoms

In the thesis, the amplitude and phase delay of the meta-atoms are simulated under

normal incidence. While the phase variation as a function of incident angle is weak

for most applications, the incident angle in air for WFOV metalens configurations

can be as large as 90∘, where the angular response of meta-atoms is non-negligible

and contributes to phase deviation. Fortunately, light with different incident angles is

separated by the aperture and incident onto different proportions of the metasurface.

Therefore, for a specific metasurface position, the meta-atoms only cover a small

incident angle range, and can be optimized accordingly.

Apart from incident angle, diffraction angle also plays the role of varying the

amplitude and phase delay response of the meta-atoms. Since periodic boundary

condition is applied in the simulation, the obtained optical response corresponds to

the zeros order with normal diffraction angle. This again deviates from the actual

situation where the first order diffraction is critical if regarding the metasurface as

the stitching of group of gratings. In this sense, the angular response of metasurface

is another aspect of the coupling effect, and similar procedures as in the last section

can be utilized to improve the diffraction efficiency.
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