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Diffractive optics have increasingly captured the attention of the scientific
community. Classical diffractive optics are 2D diffractive optical elements (DOEs)
and computer-generated holograms (CGHs), which modulate optical waves on a
solitary transverse plane along the direction of propagation. However, potential
capabilities are missed by the inherent two-dimensional nature of these devices.
Previous work has demonstrated that extending the modulation from planar (2D) to
volumetric (3D) enables new functionalities, such as generating space-variant
functions, multiplexing in the spatial or spectral domain, or enhancing information
capacity. Unfortunately, despite significant progress fueled by recent interest in
metasurface diffraction, 3D diffractive optics still remains relatively unexplored.

This thesis presents research on 3D diffractive optics in various aspects. First,
to model and design 3D diffractive optics, two different approaches are presented:
full-volume approach and stratified-layer approach. For each of them we analyze
strengths and weaknesses. Second, to encode and multiplex information, algorithms
are developed to iteratively optimize the volumetric structure to modulate light in the
spatial, spectral, and frequency domains. Third, to realize the engineered devices,
different methods are used including ultrafast laser direct writing, dynamic spatial

light modulator (SLM) implementation, and photolithography.
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Furthermore, I implemented 3D diffractive optics on a 2D SLM for dynamic
operation for the first time. I also encoded multiple pages of information in the
azimuthal dimension of 3D diffractive optics, showing a new type of multiplexing
scheme, named azimuthal multiplexing. I explore active 3D diffractive optics
numerically and experimentally, with the system performance investigated in terms

of efficiency, scaling, and limits.
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Chapter 1

Introduction

1.1 Background

With feature sizes comparable to the electromagnetic wavelength, diffractive
optics offers a unique pathway to light manipulation [1-3]. It expands the capabilities
of conventional optics based on refraction or reflection and in conjunction with free-
form [4,5], graded index [6], and artificial (meta) materials [7,8], provide full access
to the spatial degrees of freedom of light.

Since its invention in 1948 by Gabor [9], holography has attracted tremendous
attention from scientists. However, the majority of efforts in diffractive optics have
been placed on gratings, a well-known optical element that couple an input wave into
different output waves [10]. These planar periodic devices are simple to study because
they essentially change the wave vector only in the transverse plane. Volume gratings
and volume holograms expanded the capability to control light fields selectively. In
1967, Lohmann introduced the first computer-generated hologram (CGH), where an
arbitrary pattern could be obtained without the original object to physically exist [11].

Hence begins a new era of diffractive optics designed by computers. The computer-



generated diffractive optics boosted applications in various fields, as some functions
are very difficult or even impossible for conventional optics. For instance, Joseph
Rosen demonstrated volume holograms optically recorded by CGHs that achieve
multiplexing [12]. Rafael Piestun designed diffractive optical elements (DOEs) using
iterative optimization algorithms to control light field in a three dimensional
space [13]. Brogsmuller and coworkers then stacked the 2D DOEs together to achieve
properties only available in volume hologram such as one diffraction order and
multiplexing [14]. It is not until 2006 that Wenjian Cai developed the first strictly
speaking computer generated volume hologram, also known as CGVH [15].
Therefore, if we divide diffractive optics into thin or thick, and by method optically
recorded or computer generated (Table 1.1), most research has been done in the other

three categories, except computer-generated 3D diffractive optics which is largely

unexplored.

Optically Recorded Computer Generated

2D-thin holographic optical elements (HOEs) | diffractive optical elements (DOEs)

computer-generated

3D-thick volume holograms 3D diffractive optics

Table 1.1 Diffractive optics categorized by thickness (thin and thick),
and by generation method (optically-recorded and computer-generated).

3D diffractive optics expand the capabilities of traditional two-dimensional
elements not only by providing higher diffraction efficiency and higher information
capacity, but also enabling functionalities such as multiplexing and space-variant

functions [16,17]. The capability of controlling multidimensional spatial, spectral,



temporal, and coherence functions of light fields is originated from the multi-subject
nature of 3D diffractive optics involving diffraction, refraction, absorption,
resonances, and scattering.

In spite of being a topic of great interest, 3D diffractive optics have not been
fully investigated due to their physical and mathematical complexity, where the
challenge stems from three aspects: First, the wavefront propagation must obey
Maxwell’s equations, while most arbitrary target patterns do not, causing the
problem to be inconsistent. Second, the finite degrees of freedom due to finite
volumetric space-bandwidth and limited phase/amplitude modulation narrows the
scope of possible solutions. Third, the interaction of novel physical phenomena within
the volumetric optics and the need for multiplexing increasing information calls for
mathematical models where multiple interdependent design metrics are optimized
simultaneously. Moreover, it is often important to distribute the information evenly,
within a relatively small volume under control.

Nowadays, new insight in wave manipulation and the ever-increasing power
of computers enable diffractive optics to generate user-defined wavefronts from
arbitrary inputs, by virtue of degrees of freedom from pixels that can be addressed
individually and independently. As a result 3D diffractive optics become useful
beyond classical applications such as beam shaping [18,19], 3D display [20,21],
information security [22,23], spectroscopy [24], metrology [25], and astronomical
imaging [26], emerging areas include optical tweezers [27,28], novel
microscopies [29,30], coherent control [31,32], quantum information [33,34], neural

networks [35,36], and optogenetics [37,38].



1.2 Active wavefront control

Modern photonic applications call for optical devices that can modulate light
fields in multiple dimensions while changing parameters in real time. For instance,
deformable mirrors create topography modulation with a reflective membrane which
can be selectively distorted by actuators [39]. They are the core components in
adaptive optical systems to correct low-order aberrations in astronomical or
ophthalmic imaging. Electronically tunable lenses are used in 3D imaging where the
focal lens can be controlled by the current[40]. For satellite quantum
communications and light detection and ranging (LIDAR), beam steering and active
control 1s essential. This section provides a brief overview of the state-of-art
technologies for active wavefront control.

Liquid crystal spatial light modulators (SLM) are widely available optical
components capable of modulating light fields with a liquid crystal layer on a silicon
substrate which can be controlled by the voltage applied on it. They have become
critical elements in applications such as beam shaping, optical tweezers,
optogenetics, laser lithography, point-spread function (PSF) engineering, and
dynamic structured illumination, all of which are at the forefront of current optics
research.

The digital mirror device (DMD) consists of a large number of reflective
aluminum micromirrors in an optical micro-electrical-mechanical system (MEMS). It
can operate in high frequency but only in binary fashion. Therefore, they are suitable
for applications in confocal microscopy, hyperspectral imaging, and compressive
sensing [41].

Deformable mirrors are reflective optical devices composed of a membrane that

can be continuously changed by pixelized actuators. With the feedback provided from



wavefront sensors, the topography control by deformable mirrors is capable of
compensating low-order aberrations in real time. The process is called adaptive
optics, which is beneficial for astronomical and ophthalmic imaging.

Freeform optics, originated in the 1990s, is considered to be a revolution in
optical system design [42]. The most commonly used surface in optical devices and
systems is spherical, for the following two reasons. First, spherical surfaces are
simple, which allows straightforward approximate analysis based on geometrical and
paraxial approximations. The analysis of spherical lenses was started early on in
1841 by Gauss. The second reason is that spherical surfaces are easy to manufacture,
which includes cutting, grinding, polishing, and coating of glass. In the machining
process, glasses are pushed towards abrasive tools with curtain curvatures, while
both of them are spinning along different axes. Obviously, this method only works for
spherical surfaces. However, if the beam size and propagation direction are not small
enough to keep the paraxial approximation valid, geometric aberrations would occur.
Meanwhile, optical beams with different wavelength undergo different refractions,
which results in chromatic aberrations. On the other hand, freeform optics has no
translational or rotational symmetry around an optical axis, allowing more degrees
of freedom accessible to the designers. Together with the ever-growing computational
power, optimization designs involving heavy computation are becoming feasible,
enabling freeform optics designed by computers to become capable of compensating
higher order aberrations and thus reducing the number of elements in the optical
system. In 1982, Kodak introduced the first low cost massive production of aspherical
lenses. Today, it is very common to find them in camera lenses and projection lens.
Besides, freefrom optics are also applied in optical see through head-mounted
displays (HMD), confocal photovoltaic (CPV), and augmented reality/virtual reality
(AR/VR). Recently, researchers propose and demonstrate the use of thermal effects

for active wavefront control with freeform optics [43].



Over the past few years, a family of metasurfaces emerged as fundamentally
new pathway for wavefront engineering [44]. Metasurfaces are structured layers with
features sizes below the optical wavelength, which can interact with light fields by
scattering from dielectric nanostructures. As a result, desired phase, polarization,
mode, and spectrum can be obtained. The most commonly investigated metasurfaces
are metalenses. For instance, high NA metalenses are developed for compact
microscopy imaging systems. Doublets metalenses are designed to compensate
aberrations such as coma and astigmatism. Although they only work for a certain
wavelength, like most diffractive optics, efforts have been made to address the
dispersion, and have shown promising results for broadband operation. Metasurfaces
also allow for phase-only or complex encoding, so called metaholograms, which could
avoid recording and fabrication in bulky media as opposed to the traditional
holography. For multi-wavelength operation, several metaholograms can be
intertwined on a single flat surface, each provides full phase control for the
corresponding wavelength [45]. Efforts have also been made to control the
modulation dynamically and arbitrarily, enabling the transformation from passive
metasurface to active metasurface, by applying voltage or physical force on phase
change materials [46]. Reconfigurable matesurfaces are not only capable of tuning
the parameters for a specific operation but also capable of performing completely
different functions. By virtue of this versatility, a number of applications are proposed
including self-driving automobile and dynamic holographic display, both are the new
frontier of the research in the field.

The timeline for major milestones in diffractive optics historic development is

summarized as in Fig. 1.1.
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Figure 1.1 Timeline for major diffractive optics milestones.

1.3 Outline of the thesis

In this thesis, several topics in active 3D diffractive optics are discussed. Each
topic includes a theoretical approach, experimental demonstration, a discussion of
system performance, and conclusions.

Chapter 2 presents the design and implementation of 3D diffractive optics with
full-volume approach. The volume of interest is considered as a whole. Under 3D
scattering theory and Born/Rytov approximation, the reconstructed wave can be
represented on a particular sphere (Ewald sphere) in the frequency domain. By
applying coding/fabrication constraints in spatial domain and target constraints in
frequency domain, the projection onto convex sets algorithm is built where the two

domains are connected via 3D Fourier transforms. The design results show



multiplexing property as predicted. We also design large volumetric space-bandwidth
3D diffractive optics, and shift multiplexing 3D diffractive optics.

Chapter 3 introduces an alternative for the design and implementation of 3D
diffractive optics. Instead of considering the volume as a whole, it can be represented
by multiple thin elements cascaded with optical uniform region in between. We build
physical model and compute the propagation of optical waves with in the 3D
diffractive optics. Using iterative projection optimization algorithm with distribution
on layers method, we design the device showing multiplexing. We also discuss the
system performance and limitations.

Chapter 4 shows how 3D diffractive optics with stratified-layer approach
enables the implementation on spatial light modulators for dynamic operation. With
an imaging system, the stacked layers can be flattened on a 2D plane, while keeping
its 3D features. In particular, angular multiplexing and frequency multiplexing are
achieved with such devices. The system performance and limitations are also
discussed.

Chapter 5 proposes a new multiplexing scheme, namely azimuthal
multiplexing, based on 3D diffractive optics by stratified-layer approach. Multiple
pages of information are encoded and can readout across independent channels by
rotating one or more layers with respect to others. Compared with other multiplexing
techniques, the azimuthal multiplexing is compact, efficient, and easy to implement
without the need to change input parameters. Experimental results are obtained
using photolithography method and are in good agreement with numerical results.
The capabilities and limitations of the azimuthal multiplexing 3D diffractive optics

are also discussed.



Chapter 2

3D Diffractive Optics by Full-volume Approach

2.1 Introduction

In this chapter, we outline an approach for designing 3D diffractive optics that
considers the volume of the device as a whole. The diffractive volume optics are
designed using a projection onto constraint sets optimization algorithm. As a model,
we consider 3D scalar diffraction theory under weak scattering conditions based on
the 1st Born approximation. Hence, the relationship between the volume index
modulation and the scattered far-field is obtained via a 3D Fourier transform. We use
the relationship between these two domains to create an iterative projection
optimization algorithm. In addition, we explore the effect of scaling in volume optics
performance.

Volumetric integrated-optical systems are becoming feasible with the latest
developments in computational power and fabrication techniques. Previously
unavailable design freedom for spatial and spectral functions is provided with the
ability to control the material structure within a volume. For instance, volume
structured materials have been tailored to control light using metamaterial,

disordered media, and photonic crystals [47-49]. While periodic volumetric
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structures have been thoroughly investigated, the domain of computer-designed
aperiodic volumetric devices still remains largely unexplored. Computer-generated
3D diffractive optics enable control of the optical field via individually addressable
voxels that can generate synthetic fields with encoding adapted to the technological
fabrication constrains.

The space-bandwidth product (SW) is fundamental for evaluating the
performance of classical optical systems. The SW of a system is defined as a number
that counts the degrees of freedom of the system [50]. The information content of a
volume optics device can be quantified by the volumetric space bandwidth (VSW),
which is the product of the available space (size) and the available bandwidth in each
dimension. A more rigorous method of counting the degrees of freedom when dealing
with volume electromagnetic structures has been developed to target more
applications [561,52]. The analysis of VSW will help elucidate the fundamental
limitations and opportunities of volume optics in terms of functionality and
scalability. Current volume optics designs and experimental demonstrations contain
218 voxels [563]. While sufficient to prove the potential of multiplexing diffraction
patterns in frequency and spatial (angular domain), it is still lacking for most
applications.

Here, we expand the size of the aperiodic volumetric devices up to 223 voxels.
We investigate the diffraction efficiency and relative error as functions of index
contrast and thickness. The numerical calculations show that computer-generated
3D diffractive optics with higher spatial bandwidth product can have higher
diffraction efficiency, lower relative reconstruction error, and greater capability for

multiplexing information due to their angular and frequency selectivity properties.
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2.2 Theory and simulation

The idea behind 3D diffractive optics by full-volume approach is to consider a
refractive index distribution in three-dimensional space. The index distribution is
designed by computer such that when a wave propagates through, it will be shaped
to generate a desired pattern on the reconstruction plane or volume. The schematic

is shown in Fig. 2.1.

n(x,y,z) ; cee ‘

Figure 2.1 Schematic of 3D diffractive optics by full-volume approach.

Previous studies show that by extending the diffractive optics from 2D to 3D,
many advantages can be realized such as enhanced design degrees of freedom, larger
encoding capacity, increased diffraction efficiency, improved frequency and angular
selectivity which can be used for multiplexing and easy integration to optical systems.

The diffractive volume optics are designed based on a 3D scattering approach
and using a projection-onto-constraint-sets optimization algorithm [54,55]. The
projection optimization algorithm is related to but more general than the phase
retrieval algorithm [56,57], super-resolution algorithm [58,59], and the iterative
Fourier transform algorithm [60]. While convergence is proven if the constraint sets
are convex (for instance, continuous amplitude and phase), convergence to an
acceptable solution can be realized even if the constraint sets are non-convex (for

Instance, binary amplitude, binary phase, discrete phase, or continuous phase) [61].
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Given the wave nature of light, the Maxwell’s equations set the foundation of

classical electromagnetism and classical optics. They provide a mathematical model

to analyze and synthesize wavefront distribution in 3D space.

(. 0B
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where J and p are electric current density and electric charge density, respectively.

The electric/magnetic field (E/H) and flux density (D/B) are linked by the
constitutive equations

l_)) = (":O(SE
B = ﬂoﬂﬁ (2.2)
J = oE

Substituting B into the second Maxwell’s equation and taking curl on both
sides

2.
c ot 0 2.3)

Taking the derivative of the first Maxwell’s equation and substituting for D

1 . e 02E
VX|-VXE|+—=5===0 24
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Substituting D into the third Maxwell’s equation, and use mathematical

identities

. eud%E

2 2372 + (gradlnu) x V x E+ grad(E) . gradlng) 0

(2.5)
Consider a monochromatic wave incident on a scattering medium

VZE(r,w) + k?e(r,w)E(r,w) + grad[E(r, ) - gradlne(r,w)] =0 (2.6)
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Assume &(r, w) varies slowly and set

F(r,w) = %kz[nz(r, w) — 1]

V2U(r,w) + k*U(r,w) = —4nF(r,0)U(r, w)
Ulr,w) =UD(r,w)+ U9 (r w)
(V2+kDHUD(r) =0

where F is the scattering potential, and U® and U®) are the complex amplitude of

the incident wave and scattered wave, respectively. We obtain
(V2 + kDU (r,w) = —4nF (r, w)U(r, w) (2.7)
Defining the Green’s function as

(V2 +kD)6(r—1r",0) = —415®(r —1r")

then
US(rw)=| Fr',o)UG@', 0)G(r — 1, w)d3r'
v (2.8)
1 G(r—1r'",w AU (r' w
S [ O el Gl L) R SR L UL PP
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If we choose
eik|r—r'|
GCor—7,w) =
(r—r,w) ]
and
U(i) (T, w) — eikso-r
we finally obtain the integral equation for the scattering potential
] ik|r—r'|
U(r,w) = etksor +f F(r',w)U(r', w) d3r’ (2.9)
1% IT - rll
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2.2.1 Born approximation

We start from a random index structure n(r, k,), which is constrained to non-
absorbing binary form (for fabrication) and fundamental physical limits. Consider
three-dimensional scalar diffraction theory under weak scattering conditions based
on the first Born approximation, the scattering potential can be expressed as:

F(rk )—ikz[nz(rk )-n?] (2.10)
o) 4 ° "o 0 :
/4
where k, is the magnitude of the wave vector in free space and n, is the refractive

index of the material used. Next, using 3D Fourier transform to obtain the scattering

potential in frequency domain:

E(k)ﬂﬂ:(r) (2.11)

The far-field scattered wave is defined by a particular sphere (Ewald sphere)
within the Fourier transform of the scattering potential, and can be extracted by
o ~

Us(k, )= —F(k k) (2.12)

wherek andk are wave vectors for scatted and incident waves, respectively. When

multiplexing, two or more Ewald spheres are considered, with their positions
depending on the direction of the incident wave (angular multiplexing), and their

radius depending on the wavelength (frequency multiplexing), as shown in Fig. 2.2.
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Figure 2.2 The radius of the Ewald sphere is related to the wavelength
of the incident beam, which can be implemented for frequency multiplexing
and angular multiplexing.

Hence, the relationship between the volume index modulation and the
scattered far-field is obtained. We use the relationship between these two domains to
create an iterative projection optimization algorithm. From equation (2.10) to (2.12),
the far-field scattered wave can be computed from the initial index structure. The
amplitudes are then updated to match the target through parallel projections, while
the phases are kept. The new scattering potential is then obtained via an inverse 3D
Fourier transform, where the coding and fabrication constraints are imposed. The
optimization loop will iterate until a satisfactory result is reached. Fig. 2.3 shows the
flowchart of multiplexing design algorithm.

[3 Fourierransfom o st dom@ Moy Evald hers ]
RE) 25 R —— R (R = o) = O (K ky)

Far-field
Reflected wave transmitted wave

Transmitted wave

Apply desilgn constraints 2D extraction Apply target constrai‘nts

Far (1) = -k [n = ng] — Tt (K y) = €0 (e Ky Y Pemks)
F(k)
Reflected wave
Define an initlial scattering potential 3D Fourier transform to frequency domain 2D el e el gl
jler
F(r ko) = I3[0, ko) = 2] R 2 F(R) U () = SRR - )
Figure 2.3 Flowchart of the iterative projection optimization algorithm

for multiplexing design with 3D diffractive optics by full-volume approach.
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We present the design results as a demonstration of principle. We use “CU”
logo as our target. The 3D diffractive optics has 128%x128x128 voxels, with the size of
1X1%5 um for each voxel. The mean refractive index is 1.5, where the modulation is
in binary fashion with index change of 10-3. In frequency multiplexing, the letter “C”
1s encoded with 458nm illumination, and the letter “U” i1s encoded with 800nm

1llumination, both under normal incidence. The results are shown in Fig. 2.4.

458nm 800nm

Figure 2.4 Simulation results for frequency multiplexing. Left:
reconstruction image under 458nm illumination. Right: reconstruction image
under 800nm illumination.

Figure 2.5 shows the diffraction efficiency of both letters as a function of
iteration number. The algorithm converges to an acceptable solution, even though not

necessarily to global optimum, only after a few iterations.

o
o

—"C" with 458nm illumination
- -"U" with 800nm illumination

e
o

diffraction efficiency

o

0 10 20
iteration number

Figure 2.5 Convergence of diffraction efficiency for the iterative
projection optimization algorithm.
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Since the optimization algorithm starts from a random point, the design
results would be slightly different each time the algorithm is executed. To find the
more optimal solution, one can run the algorithm multiple times and select the best
result. In general, the convergence to an acceptable solution does not depend on the
starting point, namely if the algorithm converges the first time, it would converge
when repeated. The factors affecting the convergence are the available degrees of
freedom versus the task complexity, as discussed later in this thesis.

In angular multiplexing, we use a beam with wavelength of 532nm, and encode
the letter “C” with incident angle of 0°, and encode the letter “U” with incident angle

of 15°. The results are shown in Fig. 2.6.

15°

Figure 2.6 Simulation results for angular multiplexing. Left:
reconstruction image with incident angle of 0°. Right: reconstruction image
with incident angle of 15°.

We use the beam propagation method (BPM), which computes the propagation
of a light beam in inhomogeneous media with diffraction and refreaction, to verify
and assess the designs. BPM i1s a more accurate technique where there is no weak

scattering assumption [62].
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2.2.2 Rytov approximation

The first Rytov approximation is a method to implement volume scattering
theory by representing the total field as a complex phase to approximate the scattered
field. Compared to the first Born approximation, which assumes weak total
scattering, the Rytov approximation requires weak incremental scattering. Thus, the
Rytov approximation is more robust on thicker device sizes while rather limiting on
smaller scale.

In 3D scattering theory, the total field for the Rytov approximation is

represented as:
U (7) = e®r(®) (2.13)
where its phase 1s the sum of the incident phase and the scattered phase

Pr(7) = ¢i(7) + ¢p(7) (2.14)

It is related to the Born approximation as

Ug(¥)
N =27 2.15
¢R (T) Ui (F) ( )
The far-field wave scattered from the volume optics can be derived as

R Jr
U, (K,) = exp eTF(kS — k) /U 2.16)

where F is the scattering potential.

The above equation links the volume index modulation with the far-field wave
that scattered from it. We use the relationship between these two domains and create
an iterative projection optimization algorithm to design the 3D diffractive optics. The

far-field scattered wave is defined by a particular sphere (Ewald sphere) within the



19

Fourier transform of the scattering potential. For frequency multiplexing, the Ewald
sphere is a function of the index of refraction and the wavelength.

We implement frequency multiplexing using Rytov approximation. The design
has feature size of 1X1X10um. The voxel number is 128%128 in the transverse plane
and 256 in the longitudinal direction. The letter “C” in the “CU” logo is projected for
458nm 1llumination, and the letter “U” for 800nm illumination. The simulation

results from POCS algorithm under Rytov approximation are shown in Fig. 2.7.

458 nm 800 nm

)

Figure 2.7 Far-field wave scattered from 3D diffractive optics using
Rytov approximation under (a) 458nm illumination and (b) 800nm
1llumination.

The diffraction efficiency is measured with the BPM to be 0.24% and 0.11%,
respectively. The index contrast is extremely low at 3x10-13. Notice that the low index
contrast is necessary to obtain the designed images using the Rytov approximation.
Compared to the typical index contrast in the Born approximation (~10-3), the Rytov

approximation might be more restrictive with respect of the choice of index contrast.
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2.3 Large space-bandwidth 3D diffractive optics

We use two factors that evaluate the performance of the volume optics:
diffraction efficiency (DE) and relative mean square error (MSE). Both factors are
calculated from BPM. The diffraction efficiency describes how much proportion of the
total input intensity being diffracted towards the target area. In algorithm, the

definition is:

I A R G X o

[V, (k. 0)‘2dkxdky

R\ 'x’ "y’
where Us(kx,ky,oo) is the scattered wave in the far-field, vb(kx,ky) is the target magnitude

in binary form, and UR(kx,ky,O) 1s the incident wave (or reconstruction wave) at the

input plane. The relative mean square error is used to evaluate the uniformity in the

target area and the background noise, which is defined as:

H”US (kX’ky’oo) 2 _va(kX’ky )‘dex dky /Jj[l_vb(kX’ky )}dkxdky
SE =

[0l (ke e o), (ke k, )rdkx dk, / [[v,(k,k, )dk,dk,

(2.18)

where c is the weighting factor to minimize MSE in the optimization and ensure the
algorithm converge. The relative error is normalized by the number of pixels in both
target area and the background such that the evaluation is independent of the
designed pattern.

In frequency multiplexing case, the letters “C” and “U” are addressed with two
normally incident plane waves with wavelength of 458nm and 532nm, respectively.
Fig. 2.8 shows the diffraction efficiency and relative error changes as a function of

index contrast and thickness.
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Figure 2.8 (a) Diffraction efficiency as a function of index contrast and

thickness. The blue line is the diffraction efficiency of pattern C under 458nm
illumination and the dashed red line is the diffraction efficiency of pattern U
under 532nm illumination. (b) Relative mean square error as a function of
index contrast and thickness. The blue line is the MSE of pattern C under
458nm illumination and the dashed red line 1s the MSE of pattern U under
532nm illumination.

The refractive index contrast changes in log scale from 102 to 10>, and the
number of layers changes from 32 to 512 on the power of 2 to achieve fastest
computing speed in FFT algorithm. As the volume optics become thicker, the
diffraction efficiency for both patterns “C” and “U” are increasing, while the peaks
are shifting towards the smaller index contrast end. The reason is that the design
uses the first Born approximation which assumes weak total scattering. When the
index contrast is too large, the weak scattering condition is not satisfied. On the other
hand, if the index contrast were too small, the scattering effect would be too weak to
diffract the incident beam into to the designed area. In addition, when the volume
optics is small in thickness, the maximum diffraction efficiency occurs at larger index
contrast. When the thickness increasing, the efficiency peaks move to smaller index
contrast to keep the total scattering weak. The efficiency peak which corresponding

to the shorter wavelength moves more because the index contrast affects more on
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light with shorter wavelength. Thus, for the same thickness, the amount the two
peaks separating depends on the wavelength spacing.

The MSE for all thicknesses are always large for larger index contrast where
the weak scattering condition cannot be satisfied. In particular, the MSE at z=32 is
high due to the crosstalk. As index contrast become smaller, the relative error
decreased. For the same index contrast, the relative error is further decreased as
number of layers increased because there are more layers to minimize the MSE. It
goes up a little as index contrast approaching to 10-5, because the scattering is too
weak to produce any designed patterns.

Fig. 2.9 shows the intensity of the scattered wave in the far field with varying
index contrast when the number of layers is 32, 128, and 512. All the images are
scaled at the same. The weakly scattering assumption is invalid for index contrasts
on the order of 0.01, resulting to speckle filed (Fig. 2.9d, h, 1). The efficiency at z=128
reaches maximum of 15.29% when the index contrast of 10325 (Fig. 2.9g), but its
relative error is still high at 27.13%. As the index contrast lowers down to 10-3-85 (Fig.
2.9f), the error decreases to 13.54%, but the efficiency also decreases to 3.99%.
Meanwhile, when we increase the number of layers to 512 (Fig. 2.9j), the maximum
diffraction efficiency reaches to 23.93%, and the relative error is still as low as 7.06%.
As the index contrast decreasing to 10-5, we can hardly see any diffracted pattern in
the far field (Fig. 2.9a,e) except a very week pattern “C” at z=512 (Fig. 2.91). In
particular, the error for z=32 is always high due to crosstalk (Fig. 2.9b-d). Figure 2m-
o shows the calculated diffraction efficiency as a function of index contrast at z=32,
128, and 512. Thus, by increasing the number of layers, we can obtain higher
diffraction efficiency with lower relative error by shifting the DE peak towards the

smaller index contrast regime.
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Figure 2.9 Far-field reconstructions modeled with a beam propagation
method for a specific volume device with varying index contrasts. The number
of layers are 32 (a)-(d), 128 (e)-(h), and 512 (1)-(I). The index contrasts are
sampled at 102, 10-3-25, 10-3-85, and 10-5. All the far-field images are scaled at
the same. The calculated diffraction efficiency and relative error are plotted
for z=32 (m), 64 (n), and 512 (o).

2.4 Shift multiplexing 3D diffractive optics

Shift-multiplexing is a holographic technique first proposed by Psaltis et al. in

1995 [63]. They use a fan of plane waves as reference beam to interfere with the object
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beam. As a result, multiplexing can be achieved by shifting the hologram with respect
to the reference beam. In this work, we design the first computer-generated 3D
diffractive optics to realize shift multiplexing.

The design schematic is shown in Fig. 2.10a. At the front focal plane of the
lens, P1 and P2 are two point sources placed symmetrically off the axis. As a result,
the device placed behind the lens is illuminated by two plane waves tilted with
opposite angles. In 3D scattering theory under weak scattering conditions based on
the first Born approximation, two corresponding Ewald spheres within the Fourier
transform of the scattering potential define the far-field scattered wave. The two
spheres in frequency domain are off axis by the same amount and the overlap area
(Fig. 2.10b) can be used to create an iterative projection optimization algorithm to

achieve multiplexing.
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Figure 2.10 Schematic of shift multiplexing 3D diffractive optics: (a) real
space representation, (b) in Fourier space representation.

The “CU” logo is implemented on the two Ewald spheres by parallel
projections. Unlike angular multiplexing, the far-field image cannot be distinguished
for each of the two incident waves (Figure 2.11a, 2.11b). However, the letter “U” in
one of the Ewald spheres is set to be m radians out of phase from the other, whereas
the letter “C” is in phase in the two Ewald spheres. Since the far-field pattern is the

coherent superposition of the two scattered waves, when the device is at the center of
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the optical axis, the letter “C” is obtained by constructive interference, whereas the
letter “U” is eliminated by destructive interference (Figure 2.11c). As the device shifts
normal to the optical axis, the induced phase change is different for the two incident
waves (depending on the direction of the movement). When the phase change equals
to m (or an odd number of w radians), the letter “C” will be destructively interfered

and the letter “U” will appear by constructive interference (Figure 2.11d).

normal incident

5 degree incident

center shifted

Figure 2.11 Simulation results for the far-field pattern with (a) normal
incident only, (b) 5° incident only, (¢) simultaneously incident without the
device shifting, (d) simultaneously incident with the device shifting to induce
a  phase change.

It should be noted that: 1. The amount of the shift of the device to induce a «
phase change can be derived from simple geometrical considerations (not shown
here). 2. The crosstalk between multiplexed images is due to the speckled nature of

the far-field pattern. 3. The number of functions that can be multiplexed into the 3D

diffractive optics is determined by the number of point source being considered.
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2.5 Conclusion

We have shown numerically that large space-bandwidth frequency/angular
multiplexed volume optics rapidly improve efficiency, pattern quality, as well as
frequency/angular selectivity with thickness, while still satisfying the weakly
scattering approximation. While the widely used coupled mode theory sufficiently
predicts the diffraction efficiency as well as the tolerance for the deviation of the
incident angle and/or wavelength used for reconstruction in periodic optically-
recorded volume holograms, there is no such a theory that can analytically describe
the performance of aperiodic computer-generated 3D diffractive optics. For accurate
results, case-by-case studies are more appropriate. Although the general behavior can
be derived from the related theories of volume holography, our numerical analysis
provides a confirmation of the scaling laws as well as a design methodology. The
fabrication of larger scale volume optics while challenging is within reach in the near
future. This study should help guide the investigation in terms of the requirements
and opportunities available with diffractive volume optics and help establish a
roadmap towards implementation in application such as spectral imaging and

quantum control.



Chapter 3

3D Diffractive Optics by Stratified-layer Approach

3.1 Introduction

In this chapter, we present an alternative approach to design and implement
3D diffractive optics, namely stratified-layer approach. Instead of the full volume
design demonstrated in the previous chapter, the 3D structure is represented by
multiple cascaded diffractive optical elements which are spatially separated by short
distances in optically homogenous medium.

Diffractive optical elements (DOEs) and computer-generated holograms
(CGHs) are 2D optical elements capable of modulating light fields in essentially
arbitrary fashion within the fundamental limits imposed by the wave nature of
light [11,13]. They are superior to optically recorded holograms in terms of
customized wavefront generation from arbitrary wavefront illumination, which is due
to the degrees of freedom offered by individually addressable pixels and possible
optimization for a target metric. As a result, remarkable advances have been achieved
in application fields including optical tweezers [64,65], beam shaping [18,19],
holographic display [20,66], novel microscopies [67—69], optogenetics

excitation [30,37,38,70], and femtosecond laser micromachining [71,72].



28

Previous work shows that additional degrees of freedom can be acquired by
extending the diffractive optics from 2D (thin) to 3D (thick). Accordingly, system
performance metrics are improved such as enhanced diffraction efficiency [73], better
angular or frequency selectivity [74], and capability to generate space variant
functions [75,76]. To fully take advantage of the ever-increasing computational
power, procedures have been developed for the design and implementation of 3D
diffractive optics, mainly through the following two approaches. One is by
implementing full volume design with 3D scattering theory and projection-onto-
convex-sets (POCS) algorithm, as demonstrated in the previous chapter. The other is
by cascading of multiple 2D diffractive optics. The design is fulfilled with a
distribution-on-layers algorithm, and experiments demonstrate that the diffraction
efficiency is increased and two diffraction patterns are angularly multiplexed.

Here, we first introduce an approach for designing 3D diffractive optics with a
stratified-layer model. We then design 3D diffractive optics composed of multiple
diffractive layers using a POCS algorithm, which is a more general version of the
well-known Gerchberg-Saxton iterative optimization algorithm. We theoretically
investigate multilayer devices in terms of diffraction efficiency and spatial/spectral

multiplexing properties.

3.2 Stratified-layer 3D Diffractive Optics Theory

3.2.1 Physical Model

Stratified-layer 3D diffractive optics consists of multiple thin layer DOEs,

which are spatially separated and evenly distributed in optically homogenous
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medium. As light propagates through the 3D optics, the amplitude and phase are
modulated by each DOE and diffraction occurs in the intermediate homogeneous
regions (Fig. 3.1). This model also applies to volume optics that continuously reshape
light on propagation by considering infinitely thin homogenous layers [16]. If we
consider only one single layer, it exhibits Raman-Nath characteristics because the
thickness is infinitesimal. However, the 3D diffractive optics altogether shows Bragg-
like behavior as a result of the diffraction in multiple DOEs and buffer layers. This
property can be used for multiplexing, both in frequency and angular domains and to

generate space variant systems.
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Figurer 3.1 Schematic illustration of a stratified layered 3D diffractive
optics.
For simplicity, we consider the scalar approximation to be valid under the
assumption that the feature size is large relative to the wavelength of operation. The

complex transmittance function of each thin DOE can be expressed as

he(x,y) = |h (x, y)lexpljdy (x, y)] (3.1

where k is the layer number. To achieve maximum efficiency, we consider pure phase
modulation, with the amplitude term always unity. Under the thin-element

approximation, the effect of a single DOE layer on the complex amplitude is
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E(x,v,z) = hi(x, y)E(x,y, 2;) (3.2)

where z; and z; indicate the planes immediately before and after the kth layer DOE,
respectively. The wave-field evolution between adjacent DOEs layers can be
described by angular spectrum propagation in free space. Therefore, the relation
between the complex amplitude after the k-th layer and the wave-field before the k+1-

th layer can be expressed as

—i k2 —k2—Kk2-Az
E(x,y,20,,) = F! {e T ko kie—kyh -f[E(x,y,z,j)]} (3.3)

where 1 is the design wavelength, Az is the layer separation. If a Fourier lens is placed
one focal length after the last DOE layer, the complex amplitude at the reconstruction

plane satisfies
R(ky ky, ) = F{E(x,y,25)} (3.4)

Hence, the relation between the 3D diffractive optics and the far-field
reconstruction is obtained. The propagation process is also numerically reversible,

namely waves can be back-propagated from the target R(k,, k,, ).

3.2.2 Design algorithm

While different design strategies can be anticipated, here we design the
multiplexing 3D diffractive optics using a POCS algorithm with a distribution-on-
layers method. To calculate a 3D diffractive optics layer by layer, we first start by
setting all of them to have a random phase and unit amplitude. Then we calculate
the transmission function of the layer r by first calculating the wave-field before the

layer r, E(x,y,z;), r € [1,---,N]. This process starts from the input E(x,y,z;) and
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follows equations (3.1)-(3.4). For backward propagation, we start with the desired
reconstruction field ﬁ(kx,ky, ©), and use the inverse propagation (conjugate of
equations (1)-(4)) to calculate the wave-field after the rth layer, E(x,y,z ). The
transfer function for layer r is then obtained as follows

E(x,y.z{)

hr(xr Y) = E(x,y,Z;)

(3.5)

h,.(x,y) is a complex function, so we extract its phase by projecting onto the set of

phase-only functions,
h,.(x,y) = arg{flr(x, y)} (3.6)

If we perform forward propagation through the 3D diffractive optics, it is
mostly likely that the field on the reconstruction plane will no longer match the
original target. Hence we employ a generalized projection algorithm, which iterates
between each layer and the reconstruction plane, applying equations (3.1)-(3.4) and
their conjugate forms. The algorithm keeps running until the deviation from the
reconstruction plane and target is acceptable.

This process provides the transmission function for one layer of 3D diffractive
optics. The remaining layers are calculated following the same process. The layers
can be calculated in sequential form, random fashion, or in parallel. As a result, the
encoded information is evenly distributed among all the layers. This can significantly
increase the design degrees of freedom and coding capacity of the 3D diffractive

optics.
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3.2.3 Design Algorithm for Multiplexing

Volumetric optics enables methods of multiplexing which can be implemented
by design in 3D diffractive optics. Compared to 2D DOEs, the 3D counterparts exhibit
strong angular or wavelength selectivity, i.e. different uncorrelated outputs can be
achieved with different inputs in a single 3D diffractive optics. For instance, one can
change the initial condition E,(x,y,z;) to reconstruct different predefined images

R,(ky ky, ), respectively. The input can be addressed via wavelength, angle of

incidence, or phase pattern.

Aexp {j fosin(pp}, angular muliplexing
E,(x,y,27) = 4 Aexp {j i—"}, frequency multiplexing p=12,...K  (3.7)
7
Aexp{jgbp (x,y)}, phase multiplexing

where K is the total number of pages to be multiplexed. For each input and its
corresponding reconstruction, the transmission function of every single layer is
calculated by the same procedure described above. Finally, to take all the multiplexed

information into account, we apply parallel projections as follows

k
1 -
b6, y) = expije e D Frp(x,9) (3.9)
p=1

where ¢, 1s a coefficient to facilitate algorithm convergence. Every layer of the 3D
diffractive optics is calculated in this fashion, thus concluding one iteration. The
generalized projection algorithm runs until a satisfactory result is reached. The

overall flow chart of the algorithm is summarized in Fig. 3.2.
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Figure 3.2 Flowchart of projection onto constraint sets with a
distribution-on-layers algorithm. A1, h2, ..., hn are layers to be designed, and
are set random prior to the computation. Rl(kx,ky, 00), Rz(kx,ky, 00), cees
RK(kx,ky, 00) are user-defined output multiplexed fields with the
corresponding input multiplexing fields E;(x,y,z7) , E,(x,v,z7) , ...,
Ex(x,v,z7). The input field and output field are forward and backward
propagated respectively to the field before and after the layer to be designed.
The modulation function is updated during several iterations for each
multiplexing pair and for each layer in the 3D diffractive optics. The process
is followed by a parallel projection to ensure all the information is being
encrypted and evenly distributed among all the N layers. The optimization
algorithm ends when the target quality or the preset iteration number is
reached.
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3.3 Design Results

To illustrate the principle, we present the design of a two-layer 3D diffractive
optics. The pixel number in each layer is 128%x128, with pixel size of Sumx8um. The
layer separation is set to be Az=486pm. Those parameters are chosen to adapt to the
SLM used in the experiment, as shown in the next chapter.

For angular multiplexing, we use the letter “C” and “U” from the CU logo (Fig.
3.3a) as the target images for incident angles at 7° and 10°, respectively. The
wavelength of the incident beam is 633nm. The reconstructed image is shown in Fig.
3.3c. For frequency multiplexing, we use the same two patterns with the incident
angle fixed at 7°, and the wavelength of illumination 633nm for “C” and 532nm for

“U”. The reconstructed image is shown in Fig. 3.3e. The phase patterns for the above

two cases are shown in Fig. 3.3b and 3.3d, respectively.

Figure 3.3 Simulation results for multiplexing 3D diffractive optics. (a)
The letters “C” and “U” in the CU logo are the target images. (b) Phase
patterns designed for angular multiplexing. (c) Reconstructed images with
incident angle at 7° and 10° showing angular multiplexing. (d) Phase patterns
designed for frequency multiplexing. (e¢) Reconstructed images with 633nm
and 532nm illumination showing frequency multiplexing.
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3.4 System performance

We use diffraction efficiency (DE) and relative error (Err) to evaluate the
performance of the designs. The diffraction efficiency is defined as the ratio of the
intensity in the target area to the intensity of the input beam, and can be calculated

by the following equation:

(ko) v, (k.o )k

e

(3.9)
(x,y,zf )‘2 dxdy

where Uy is the reconstructed field in wave-vector coordinates, and v, (kx,ky) is the

target region in binary form, i.e. the target domain. The relative error is used to
measure the quality of the reconstruction relative to the total light intensity directed

on target:

_U”U (k,.k,.0) civb(kx,ky)zdkxdky

M

where ¢ 1s a weighting factor that changes with iteration number i to ensure the

(3.10)

. (kx,ky,oo)‘ v, (k,.k, ) dk,dk,

algorithm converges.

The diffraction efficiencies for C and U in the angular multiplexing example
are 54.2% and 59.1%, respectively, while the relative errors are 0.13 and 0.10,
respectively. For frequency multiplexing, the efficiencies are 62.5% and 65.5%,
whereas the relative errors are 0.16 and 0.14.

Next, we investigate the relations between diffraction -efficiency and
parameters such as number of pixels, number of layers, and layer separation. We use
the scheme for frequency multiplexing. First, we expand the number of layers to 16

at the increment of 2 with 128x128 pixels in each layer. The diffraction efficiency for
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“C” under 633nm illumination and “U” under 532nm illumination are plotted in Fig.

3. 4a. Then we with two layers, we change the number of pixels to 1024x1024, at the

increment of 128x128. The diffraction efficiency for “C” under 633nm illumination

and “U” under 532nm illumination are plotted in Fig. 3. 4b. Both the number of pixels

and number of layers are positively related to the degrees of freedom of the device.

Therefore, with all other parameters unchanged, the diffraction efficiency can be

enhanced by increasing the number of pixels or the number of layers. A longer

computation time is required, which at some point can make the problem intractable.

For example, the calculation of 16 layers with 2048x2048 pixels is beyond the

computational power of a 2.8GHz quad-core CPU with 12Gb memory and could be

tackled with parallel computation.
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Figure 3.4 Diffraction efficiency as functions of layer number and pixel

number in frequency multiplexing with two functions. (a) Diffraction
efficiency as a function of layer number. (b) Diffraction efficiency as a function
of pixel number.

Second, we study the effect of pixel and layer number on wavelength

selectivity. The results are shown in Fig. 3.5. We start with 2 layers of 128%128 pixels,

and reconstruct the 3D diffractive optics with wavelength from 500nm to 660nm. The
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diffraction efficiency of “C” and “U” are recorded respectively. Then we use 4 layers
with 1024x1024 pixels and record the data in the same way. We observe that both
the diffraction efficiency increases and the wavelength selectivity improves with

additional degrees of freedom.
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Figure 3.5 Wavelength selectivity for the letters “C” and “U” as a
function of the number of pixels and the number of layers.
Third, we analyze the diffraction efficiency as a function of layer separation,
shown in Fig. 3.6. We change layer separation from lum to 1mm, for two-layer
elements of 128x128 pixels. We observe little effect of layer separation on diffraction

efficiency.
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Figure 3.6 Diffraction efficiency of the letters “C” and “U” as a function
of layer separation.

Fourth, we study the effect of layer separation on wavelength selectivity. The
layer separation is selected to be 50um, 486um (used in the design and experiment),
and 1000um for two layers of 128%128 pixels. The wavelength in the reconstruction
beam is changed from 500nm to 660nm in all three cases, as shown in Fig. 3.7. We
observe a moderate increase in selectivity as the effective thickness of the element
increases. The effect can be explained by the fact that the buffer layer is where the
propagation effect of diffraction occurs so a wavelength deviation of the input leads
to a larger effect for longer distances. Similar tendencies are observed for angular

multiplexing.
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Figure 3.7 Wavelength selectivity of the letter “C” and “U” at layer
separation of 50um, 486um, and 1000um.

3.5 System limits

First, we show the results of a design for a 16-layer 3D diffractive optics using
the procedure described in section 3.2. Frequency multiplexing of 2 functions, namely
the letters “C” and “U” from the “CU” logo, is implemented with 633nm and 532nm
illumination, respectively. Fig. 3.8 shows the designed phase patterns, which
improves the diffraction efficiency of the two far-field images to reach 77.4% and

81.8% from 62.1% and 65.4%.
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Figure 3.8 Phase patterns of 3D diffractive optics with 16 layers. The
device 1s designed to multiplex “C” and “U” in frequency. The pixel number in
each layer 1s 128x128, and the phase values are 8 bits.

Last, it is interesting to analyze the limit of angular or frequency multiplexing
in layered 3D diffractive optics, namely the smallest angle or wavelength interval
between multiplexed reconstructions that avoids information crosstalk. While the

selectivity plots of Figs. 3.5 provide a sense of the multiplexing performance, a more
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specific metric consists of the reconstruction error as a function of the
angular/frequency separation of the different information channels. Accordingly, we
design 3D diffractive optics for angular multiplexing with changing angular intervals
and plot the normalized reconstruction error as a function of the angular separation.
For demonstration, we use 4 layers with 128%x128 pixels on each. In angular
multiplexing, we vary the angular interval in angular multiplexing, from 0.02° to 1°,
and plot the normalized error as a function of angular interval. Fig. 3.9a shows the
plot and reconstructed images, from which we conclude the smallest angular interval
to avoid severe crosstalk is ~0.2°. Similarly, for frequency multiplexing, we use the
same parameters for the 3D diffractive optics, and encode “C” at 633nm while
changing the encoding wavelength for “U” from 632nm to 583nm. The normalized
error and reconstructed images for designs at selected wavelength intervals are
shown in Fig. 3.9b. We conclude the smallest wavelength multiplexing interval to
avoid severe crosstalk, with these same parameters, is ~20nm. The multiplexing
interval in wavelength and angle are limited by the degrees of freedom available in
the device. Thus, they can be improved by increasing the layer number or pixel
number in each layer. With that, more functions can be encoded in the 3D diffractive

optics.
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Figure 3.9 Crosstalk measurement for angular multiplexing and

frequency multiplexing. (a) The reconstructed images are displayed for
designs at selected angle intervals. (b) Normalized error in angular
multiplexing as a function of angular interval between the two
reconstructions. (c) The reconstructed images are displayed for designs at
selected wavelength intervals. (d) Normalized error in wavelength

multiplexing as a function of wavelength interval between the two
reconstructions.
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3.6 Conclusion

We proposed a stratified-layers approach to design 3D diffractive optics.
Angular and frequency multiplexing is achieved, and the fundamental opportunities
and limitations are analyzed.

3D diffractive optics not only enhance the design degrees of freedom and coding
capacity, but also enable properties unique to volume (thick) holograms, such as
having only one diffraction order, improved efficiency with lower crosstalk, and
capability for angular and frequency multiplexing, as demonstrated numerically and
experimentally. It is worth pointing out that our approach is different from the
traditional use of multiple planar diffractive elements to encode amplitude and phase,
but rather a carefully designed arrangement of diffraction, imaging, and propagation
that provides the functionality of a volumetric structure, namely space variance,
multiplexing in wavelength and spatially, and large information capacity, among
others.

The 3D diffractive optics design implements a POCS algorithm with
distribution-on-layers to spread information among multiple thin diffractive optical
elements. The approach further contributes to the field of inverse problems by solving
the nonlinear inverse problem of finding the 3D diffractive optics that achieves a
given task without the need to assume weak scattering structures. From a
fundamental point of view, the design of 3D diffractive structures mitigates the
dimensionality mismatch inherent to the control of multiple dimensions of light fields
(spatial, spectral, temporal, and coherence function) beyond what is possible with 2D

devices.



Chapter 4

Dynamic Implementation of 3D Diffractive Optics on

a Spatial Light Modulator

4.1 Introduction

In this chapter, we introduce an approach for 2D implementation of 3D
diffractive optics that enables dynamic control of high volumetric bandwidth
elements. We design multiple phase-only modulation layers using a projection-onto-
constraint sets algorithm with distribution-on-layers optimization. The design is
implemented on a single liquid crystal based spatial light modulator (SLM), which
enables dynamic and multi-level phase modulation. The SLM is spatially divided to
accommodate different layers, and each layer is diffraction propagated using a
concave mirror. We theoretically and experimentally investigate multilayer devices
in terms of diffraction efficiency and spatial/spectral multiplexing properties.

Cascaded 2D diffractive optics have been demonstrated with experiments
showing improved diffraction efficiency, angular multiplexing of two diffraction
patterns [14], and fiber mode multiplexing [77]. Full volume designs have been

implemented applying 3D scattering theory and projection onto constraint sets
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(POCS) algorithms. Experiments have demonstrated both angular and frequency
multiplexing [16]. However, 3D lithographic methods still limit the implementation
to relatively low space-bandwidth devices and mostly to binary form, which restrict
the design degrees of freedom and performance. Further, once the devices are
fabricated, no dynamic changes are allowed due to the permanently induced material
modification. Volumetric spatial light modulators (VSLM) with capability to
modulate micro-voxels would provide a wunique opportunity to this field.
Unfortunately, to the best of our knowledge, a viable device has never been conceived
or demonstrated.

Liquid crystal based SLMs are dynamic 2D wavefront shaping devices with
high efficiency and high resolution. They allow switching rates of hundreds of hertz
enabling dynamic 2D diffractive optics. However, the phase patterns displayed on
SLMs are two-dimensional; hence, they only work optimally for a certain wavelength
due to diffractive and material dispersion. A simple solution for display applications
1s to use spatially or time multiplexed 2D phase patterns on a single or multiple SLM,
with each phase pattern corresponding to a different color [78—80]. While these
methods are appropriate for display, they cannot implement the space or frequency
variant functionality of volume diffractive optics.

Previous approaches aimed at multi-wavelength operation of 2D diffractive
optics are based on multiple-order diffractive optics, namely devices implementing
phase delays beyond 27. They are based on surface-relief fabrication or liquid-crystal
SLM [81-85]. However, these methods are capable of a limited spectral bandwidth
selectivity, enabling independent control of two or at most three-color bands, making
them inappropriate to control a large number of spectral bands as possible with
volumetric optics. Latest investigation of diffractive optics incorporating sub-
wavelength structures, also called meta-surface optics, provides interesting

opportunities for multifunctional devices [44,86—88].
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4.2 2D implementation of 3D diffractive optics

3D diffractive optics consists of, or can be represented by, multiple thin,
cascaded DOEs, which are spatially separated by short distances, in optically
homogenous medium. As light propagates through the 3D optics, the amplitude and
phase are modulated by each DOE and diffraction occurs in the intermediate
homogeneous regions (Fig. 4.1a).

Therefore, to emulate a 3D diffractive optical element, we consider stratified
layers separated by a short distance Az. The transformation by diffraction between
layers, namely free-space propagation through a distance Az is equivalent to imaging
with unit magnification followed by free-space propagation of Az (Fig. 4.1b). This
equivalence enables physical separation among layers while achieving the same
functional form as a 3D optical element. Hence, existing planar (2D) diffractive
technology can be implemented to generate 3D diffractive optics functionality.

Furthermore, this approach is also amenable to implementation in folded
systems, for instance by substituting the lens by one or several concave spherical
mirrors. As a result, the 3D design can be implemented on a single 2D plane (Fig.
4.1c), enabling display on a single phase-only DOE or a liquid-crystal SLM, which is

spatially multiplexed to display the different layers.
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concave spherical mirror

Figurer 4.1 3D diffractive optics implementation via 2D optics. (a)
Decomposition in stratified layers. (b) Equivalent cascaded system using
imaging optics. (¢) 3D diffractive optics folded implementation on single
spatially multiplexed DOE (e.g. SLM) with spherical mirrors.

The computation of wave propagation within the stratified-layer 3D diffractive

optics is described in Chapter 3. In particular, eq. (3.1)-(3.4) apply for forward
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propagation, where their conjugate forms apply for backward propagation. It should
be noticed that the wave-field picks up a quadratic phase term after a single lens or
upon reflection from the spherical mirror. Therefore, there is a difference in the
relation between the complex amplitude after the kth layer and the wave-field before

the k+1th layer. In this case, it can be expressed as
_-/ 2 g2 k2. 2m _
E(,y, zip) = F71 {e TR g [E(x,y,zli) LT Zf]} (4.1)

where A is the design wavelength, Az is the layer separation, and fis the focal length

of the lens or spherical mirror.

4.3 Experimental results

4.3.1 Experiment setup

The experimental setup is shown in Fig. 4.2. We use a supercontinuum fiber
laser (Fianium FemtoPower 1060) to generate a tunable source covering spectral
bandwidth from below 400nm to beyond 900nm. The beam is sent to a computer-
controlled acousto-optic tunable filter (AOTF) to provide a narrowband output with
bandwidth of 2nm to 4nm at the desired wavelength. The AOTF features a fast
switching mode with less than 5 us rise time, which is sufficient for real-time
applications such as generating real time color holographic projection. A linear
polarizer i1s used to ensure the polarization of the incident beam is parallel to the
orientation of the liquid crystal on the SLM panel (horizontal in our case), even

though the output from the AOTF is already linearly polarized at that direction. We
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include a neutral density (ND) filter after the polarizer to adjust the intensity of the
laser beam. To improve the uniformity of the beam profile, a spatial filter system is
employed consisting of a microscope objective (20X, 0.25NA) and a pinhole (50pm
diameter). A doublet achromatic lens (LL1) is used to collimate the beam while
avoiding chromatic aberrations. An iris adjusts the beam diameter for optimal
1llumination on the active area of the SLM (Holoeye HEO1080P, with 1920x1080
pixels and 8um pixel pitch).

If we divide the SLM into two parts side by side, the largest beam size allowed
could be up to 4.32mm, and the pixel number of each single layer could be up to
540 % 540. If more layers are designed, and a single SLM is still used, both the beam
size and the design dimension will have to shrink. Accordingly, the beam size is
adjusted to 1.5mm and 3mm for each case. To control the incident angle, a flat mirror
(M3) mounted on a rotation stage is used. It diverts the beam at 7° respect to the
normal of the SLM panel. In angular multiplexing, a flipped mirror (M4) is inserted
at the proper position along the beam path to obtain an incident angle of 10°. The
laser beam illumination setup is indicated by the orange square in Fig. 4.2.

In order to match the beam profile while suppressing the background of light
unaffected by the SLM, the designed layers are first padded with tilted blazed
gratings, as shown in Fig. 4.3. Then they are implemented on a single high-resolution
SLM, which is horizontally divided in two sections. The beam incident on the right
part (far side with respect to M3) displays the first layer. It is then imaged by a
concave spherical mirror (SM) with focal length of 200mm at a small distance in front
of the left section (near side with respect to M3), where the second layer is displayed.
Based on these parameters, the distance between layers turns out to be 486um.

Since the incident angle is small, we use a wedge with 10° beam deviation
(Thorlabs PS814) to separate the output from the input. An achromatic doublet lens

(L2) with focal length of 300mm is followed to yield a Fourier plane (equivalent to the
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far field of the output form the diffractive optics) where a camera is installed to
capture the reconstructed image. Considering the beam is diverging after incidence
on the SLM for the second time, the Fourier plane is located farther than one focal

length after the lens.

PC

camera

super-continuum
source

ND

Figure 4.2 Experimental setup for 2D implementation and
characterization of a dynamic 3D diffractive optics. A super-continuum source
together with an acousto-optic tunable filter (AOTF) provide narrowband
laser output in the visible spectrum. The designed layers are implemented on
a single high-resolution liquid crystal SLM, which is spatially divided into
two sections. The first layer is imaged at a small distance in front of the
second layer, with an imaging system formed by a concave spherical mirror
with focal length of 200mm. A color CMOS sensor is placed on the
reconstruction plane after a Fourier lens to record the image.



Figure 4.3 Designed layers for frequency multiplexing with 7
wavelengths. The continuous phase patterns are padded with tilted blazed
gratings to match with the beam profile (indicated by red dashed circle) while
suppressing the background of light unaffected by the SLM.

4.3.2 Angular multiplexing demonstration

To illustrate the principle, we use the design of a two-layer 3D diffractive optics
presented in Chapter 3. The pixel number in each layer is 128x128, with pixel size of
8umX8um. The layer separation is set to be Az=486um. Those parameters are chosen
to adapt to the SLM used in the experiment.

For angular multiplexing, we use the letter “C” and “U” from the CU logo (Fig.
3.3a) as the target images for incident angles at 7° and 10°, respectively. we set the
output wavelength to be fixed at 633nm, and we use a monochromatic camera (Point
Grey CMLN-13S2M) to record the reconstructed image. The results are shown in Fig.
6. When the flip mirror is down, the incident angle is at 7°, the letter “C” shows up
on the reconstruction plane (Fig. 4.4a). As we switch the flip mirror up to get an
incident angle of 10°, we see the letter “U” on the camera (Fig. 4.4b). The diffraction
efficiencies are 50.5% and 52.1% for “C” and “U”, respectively. We also notice a weak
twin image on the camera which does not appear in the design simulation. This is

attributed to imperfections of the SLM and non-ideal experimental conditions. To
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verify the design is successful, we illuminate only one layer of the 3D diffractive
optics, and a random speckle pattern is obtained (Fig. 4.4c). This indicates that the

encryption is distributed among the layers of the 3D diffractive optics.

Figure 4.4 Experimental results for angular multiplexing. (a)
reconstruction image with incident angle at 7° (b) reconstruction image with
incident angle at 10°. (c) Speckle field with one layer blocked, indicating the
3D encryption is successful.

4.3.3 Frequency multiplexing demonstration

To demonstrate frequency multiplexing with high number of degrees of
freedom, we multiplexed 7 functions with different colors. Specifically, each letter in
the word “boulder” is encoded with wavelength 460nm, 496nm, 532nm, 568nm,
600nm, 633nm, 694nm, respectively.

There are three issues that had to be addressed in the experiment. The first
one 1s coding capacity. Since there is more information to be encoded, we expand the
pixel number in each layer from 128x128 to 256%256 to ensure the algorithm
converges with acceptable crosstalk on the reconstruction plane.

The second issue is target scaling due to different diffraction angles at various
wavelengths. In effect, the letters designed for shorter wavelength appear

proportionally smaller on the reconstruction plane than the ones designed for longer
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wavelength. This can be compensated by resizing the letters by a scaling factor before
running the design algorithm. For example, without resizing, the letter “b” is scaled
by 633/460=1.38 with respect to the reference wavelength (633nm), “0” is scaled by
633/496=1.28, and “r” is scaled by 633/694=0.91.

The third issue is phase shift compensation. This issue arises from the fact that
the phase shift induced by each SLM pixel depends on both the applied voltage and

working wavelength, as is given by the following equation:

@(U,/l):%n(u,/l) (4.2)

where d is the thickness of the liquid crystal, 1 is the working wavelength, n is the
refractive index, and V is the applied voltage, which changes the orientation of the
liquid crystal molecules, thus producing various optical path differences for the
selected wavelength. The voltage is generated by the SLM’s control circuit board,
which converts the 256 phase patterns (0~2m) uploaded on the computer to (8 bit)
electronic signals. Normally, a lookup-table (LUT), either provided by the
manufacturer or experimentally measured, is built in the control circuit to establish
a linear, or quasi-linear, relation between the addressed grey phase level and the
actual phase delay. Therefore, for the same phase value of the DOE, the phase
modulation on the SLM shifts by a constant coefficient as the working wavelength
deviates from the designed one. For each layer of the 3D diffractive optics, we have N
individual phase patterns ¢;; (x,y) calculated from the design algorithm. The task is
to combine these independent phase patterns into one phase pattern while displaying
the corresponding phase value for each predefined wavelength. We first convert all
the phase patterns to the reference wavelength 633nm, for which the SLM is
calibrated. The conversion is done by simply multiplying a scaling factor £;; =

4;/633nm to each individual phase pattern, where A; is its corresponding wavelength.
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This linear compensation is sufficient in many cases, as the experiments below show,
even though the nature of the material dispersion of the liquid crystal is nonlinear.
Supplementary Fig. S2b shows that, in general, nonlinear phase deviations can still
yield a good reconstruction with somehow reduced diffraction efficiency. If needed,
though, the specific material dispersion can be included in the design process for
optimal results. We then obtain the design in each iteration by a modified parallel

projection, with the phase shift compensation being taken into account:

1 N
br(x,y) = NZ Bridai(x,y) (4.3)

where N is the total number of wavelengths used for frequency multiplexing. Fig. 4.3
shows the design results and experimental implementation. The reconstructed (4.3)
1s recorded with a color CMOS sensor (Canon 5D Mark II). The results are shown 1n
Fig. 4.5. The experimental diffraction efficiency for each reconstruction image is
38.2% (40.2%), 38.0% (38.9%), 38.5% (39.4%), 35.9% (38.2%), 41.1% (43.5%), 44.9%
(47.0%), and 29.8% (30.7%), respectively, with values in simulation provided in the
bracket for comparison. The efficiency is not as high as in the angular multiplexing
example, because the information of each page decays as more functions are
multiplexed. Other factors affecting the diffraction efficiency include the relatively
broad spectrum of the laser source and imperfections of the SLM. However, we

observed negligible crosstalk among the reconstructions.
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460nm 496nm 532nm 568nm

_+_

600nm 633nm 694nm

Figure 4.5 Experimental results for frequency multiplexing with 2-layer
diffractive optics implemented on a single SLM. The letters in the word
“boulder” are reconstructed with wavelength 460nm, 496nm, 532nm, 568nm,
600nm, 633nm, and 694nm, respectively.

4.4 System performance

3D diffractive optics has several interesting advantages relative to thin DOEs
in terms of diffraction efficiency, spectral/angular selectivity, as well as new
functionalities such as synthetic 3D spatial-temporal wavefront encoding, engineered
space-variant functions, and space-time pulse shaping. Here we show the diffraction
efficiency can be controlled and enhanced by proper design, due to the additional
degrees of freedom provided by the third dimension, compared to 2D DOEs.

The system parameters of importance are the number of layers, N, layer

separation, Az, pixel sizes in the x and y directions, Ax and Ay, and number of pixels
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in the x and y directions, Nx and Ny. For the examples shown here, Ax = Ay = 8um,
Az = 486um. We change N =2, 4, 6, ..., 20, Nx = Ny = 256, 1024.

We implement a frequency multiplexing scheme with two wavelengths, 633nm
and 532nm, to encode two desired reconstruction functions. For the purpose of
investigating diffraction efficiency, the target images are two off-axis spots at
different locations. The first (second) spot, which corresponds to the 633nm (532nm)
illuminating wavelength is located halfway (three quarters) from the center to the
edge of the far-field grid used.

The 3D diffractive optics are designed with the POCS algorithm with
distribution-on-layers optimization. The two spots are reconstructed as designed,
namely the first spot (left) shows up for 633nm wavelength reconstruction, and the

second one (right) for 532nm. The diffraction efficiency of both spots as functions of

the number of layers and the number of pixels are shown in Fig. 4.6.

1 -

-©-spot1 256pixels

0.6 spot2 256pixels
-0-spot1 1024pixels

spot2 1024pixels

Diffraction Efficiency

0_5 L I L L J
2 4 6 8 10 12 14 16 18 20
Number of Layers
Figure 4.6 Diffraction efficiency as functions of the number of layers and

the number of pixels in each layer. The solid red line is the diffraction
efficiency of the first spot as a function of the number of layers with 256x256
pixels. The solid green line is the diffraction efficiency of the second spot as a
function of the number of layers with 256x256 pixels. The dashed red line is
the diffraction efficiency of the first spot as a function of the number of layers
with 1024%x1024 pixels. The dashed green line is the diffraction efficiency of
the second spot as a function of the number of layers with 1024x1024 pixels.
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It takes less than 1 minute to finish the design at two layers with 256x256
pixels, on a 2.8GHz quad-core CPU with 12Gb memory. The diffraction efficiencies
for the two spots are 64.55% and 66.68%, respectively. As the number of layers
increased to 20, the diffraction efficiencies increased to 70.28% and 72.07%,
respectively. As we use 1024x1024 pixels in each layer, the diffraction efficiencies for
the two spots are 74.11% and 75.16%, respectively, when the number of layers is 2.
The numbers increase to as large as 83.26% and 84.77%, respectively, as 6 layers are
used in the design. Designs with more layers are beyond the computational power of
a personal computer but are still possible with more powerful hardware.

This result, like all other results, confirms the hypothesis that 3D diffractive
optics indeed provides additional degrees of freedom to enhance system performance
such as diffraction efficiency. One would expect further improvements in diffraction

efficiency with more layers and more pixels.

4.5 System limits

4.5.1 SLM deviations analysis

SLMs are common devices for light manipulation purposes. In particular,
reflective SLMs are more popular because of shorter response time and higher fill
factor. The ideal phase-only reflective SLM addresses arbitrary phase profiles onto a
coherent light beam. However, the reflective display panels usually suffer deviations
between the applied voltages and the designed phase values, due to the non-ideal

production process [89-91]. Those distortions could lead to performance degradation.
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Here, we investigate the effect of SLM phase drifts on 3D diffractive optics in terms
of diffraction efficiency and relative error.

The 3D diffractive optics is designed of 2 layers with 128x128 pixels in each
layer. Letter “C” and “U” in a frequency multiplexing scheme, namely “C” with 633nm
illumination and “U” with 532nm illumination. The pixel size is 8umX8um, and the
layer separation is 486um. The simulation yields diffraction efficiencies of 62.5% for
“C” and 65.5% for “U”, with a relative error of 0.16 and 0.14 respectively.

The investigation is conducted in four aspects. First, we test the linear
deviation. This applies to an SLM that is not properly calibrated, or the wavelength
or direction of the incident beam is drifted from the designed value. The result is the
phase modulation from the SLM is linearly shifted from the original by a constant
coefficient. We set the coefficient to be 0.8, 0.6, and the 0.4, as is shown in Fig. 4.7a.
The corresponding diffraction efficiencies for the far-field pattern decrease as the
deviation becomes larger and as more energy being transferred to the DC term.
Accordingly, as expected, the relative error increases.

Second, we test the effect of a nonlinear deviation in the SLM phase. This
occurs when there are errors in the look-up table which is a built-in mechanism in
the SLM’s control circuit to linearly convert the gray level of the input phase pattern
to the resulting phase retardation of the liquid crystal molecule by properly adjusting
the applied voltage. The phase map of the designed layers are converted in a
nonlinear fashion, for the 2nd, 3rd, and 4th order, as is shown in Fig. 4.7b. The
diffraction efficiencies drop more as higher order nonlinear deviations are induced. A
stronger DC term shows up as well as larger errors are being generated.

Third, we add random noise with different levels to the phase map. This is to
simulate irregularities of liquid crystal cells, which cause a spatially varying phase

response of the SLM. Fig. 4.7c shows results for random noise levels of 20%, 40%, and
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60%. The diffraction efficiencies of both patterns are impaired as the noise level
increases, and speckles start to appear in the background.

0.8 0.6 0.4
DE =0.07

Err=11.49
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Figure 4.7 Simulation results for SLM phase deviation analysis. (a)
linear deviation of the phase map of 20% (0.8), 40% (0.6), and 60% (0.4) with
the corresponding reconstructed images. (b) phase map of nonlinear deviation
of 2nd, 3rd, and 4th order with the corresponding reconstructed images. (c)
phase map with added random noise at levels of 20%, 40%, and 60% with the
corresponding reconstructed images.
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Last, we investigate SLM phase deviations in a combined situation. As shown
in Fig. 4.8, a cubic phase deviation is induced, and it comes with positive and negative
linear phase shift. This is more likely to happen in the real world, and the result is

decrease of diffraction efficiency and DC spots show up at the center.
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Figure 4.8 Simulation results for SLM phase deviation in cubic fashion

with positive and negative shift. (left) Phase map indicating all the analyzed
deviation situations. (right) the corresponding reconstructed images with
diffraction efficiency.

4.5.2 Misalignment analysis

We investigate the effect of misalignment between the two layers. The design

1s up-sampled 8 times such that modeling of the layer can be shifted distances as
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small as 1um. Visualization 2 shows the reconstructed pattern under both 633nm and
532nm illumination as the second layer is misaligned from -20pum to 20um. The
corresponding diffraction efficiency and relative error are plotted in Fig. 4.9a. The
results show that with 2 layers, the misalignment tolerance could be up to 1 pixel
(8um) and still yield acceptable reconstructed patterns. Visualization 3 shows the
alignment tolerance in longitudinal direction. In frequency multiplexing scheme, the
second layer is misaligned from -50um to 50um with respect to the 486um layer
separation in the design. The diffraction efficiency and relative error are plotted in
Fig. 4.9b. Acceptable reconstructed patterns are obtained from in the misalignment
range from -25um to 25um. Alignment tolerances become more critical as the number

of layers is increased.
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Figure 4.9 Simulation results for layer misalignment analysis. The
diffraction efficiency and relative error of the two far-field patterns,
corresponding to 633nm and 532nm in a frequency-multiplexing scheme, are
plotted as a function of relative shifting distance between the two designed
layers.
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4.5.3 Multiplexing limits

Angular and frequency multiplexing are the two important functionalities of
the proposed 2D implementation of 3D diffractive optics. Here, we provide a
discussion on the impact of the interval between the multiplexed angles or
wavelengths on the crosstalk of the encoded information. We design 3D diffractive
optics consisting of 2 layers and 4 layers, each layer has 128x128 pixels in frequency
multiplexing. We encode “C” at 633nm while changing the encoding wavelength for
“U” from 632nm to 583nm. The minimum wavelength interval relates to the number
of layers in the 3D diffractive optics. The results are shown in Fig. 4.10. We find

similar trends for angular multiplexing.
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Figure 4.10 Crosstalk measurement for frequency multiplexing with 2
layers and 4 layers. Top left: The reconstructed images are displayed for
designs using 2 layers at selected wavelength intervals. Top right: The
reconstructed images are displayed for designs using 4 layers at selected
wavelength intervals. Bottom right: Normalized error in wavelength
multiplexing as a function of wavelength interval between the two
reconstructions.
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4.6 Conclusion

We proposed an approach to implement 3D diffractive optics on a 2D dynamic
SLM. We analyzed the fundamental opportunities and limitations, while the
experiments confirmed the predicted performance.

The design is implemented on widely available SLMs, which are capable of
switching the phase patterns at relatively high frame rates, thus enabling operation
with multiple wavelengths or codes both simultaneously and dynamically. While we
show possible implementations for more than 2 layers, an alternative implementation
could include a single large spherical mirror, with the addition of properly designed
space-variant quadratic phase factors and blazed gratings onto the SLM to steer the
reflected beam to the desired locations. Furthermore, one could use multiple SLMs to
simplify the geometry and increase the total space-bandwidth product.

The results show that light fields are modulated in multiple dimensions with
a compact and efficient system. Independent information is successfully encrypted
and read out, with high efficiency and low crosstalk. This approach will benefit from
the ever-increasing computational power and advances in SLM technology.

Dynamic 3D diffractive optics could be beneficial for numerous applications
that require independent multi-color operation. For example, for an imaging lens,
chromatic aberrations could be corrected at different wavelengths by pre-shaping the
wavefront with a frequency multiplexing scheme. In optical tweezers, where
attractive or repulsive force is generated from focused laser beams, 3D diffractive
optics could implement multiple dynamic independent focused beams at different
wavelengths, thus achieving manipulation of multiple microscopic objects.
Furthermore, a 3D diffractive optical system could couple multiple modes into a

multimode fiber, each matched in frequency and spatial shape, e.g. modes with
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angular momentum of various wavelengths [32,77]. Likewise, one could use 3D optics
to analyze (demultiplex) the modes coming out of such a system. In a totally different
application, 3D diffractive optics could be used in multi-color single-molecule
localization microscopy with higher efficiency and capacity than what has been
recently demonstrated [92,93]. Other interesting applications include beam steering,

beam shaping, 3D display, and data storage.



Chapter 5

3D Diffractive Optics for Azimuthal Multiplexing

5.1 Introduction

In this chapter, we propose azimuthal multiplexing, by which multiple output
signals are switched upon the relative rotation of one or more layers within the 3D
diffractive structure. We implement the inverse design with an iterative projection
algorithm with distribution on layers. We demonstrate experimentally the principle
with two phase layers fabricated lithographically following the multilevel binary
optics technique [94].

Holographic multiplexing refers to the possibility of encoding multiple pages
of data by changing spatial, frequency, or polarization of the inputs. It is a unique
property of 3D diffractive optics which allows for independent information distributed
throughout the recording medium. Individual signals can be retrieved with minimum
crosstalk, as a result of the engineering of the volumetric refractive index
structure [95]. The reconstruction degrades as the input beam deviates from the
designed values, namely Bragg-like behavior, and this selectivity is mainly

determined by the thickness of the structure [17].
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Angular and frequency (wavelength) multiplexing are the most common forms
of multiplexing. The former one enables additional information to be encoded but
needs extra efforts in alignment, whereas the latter one is easier to arrange but
requires a complicated laser system that can be tuned in broad spectrum. Other
techniques, proposed in optically recorded holography, include peristrophic [96] and
shift multiplexing [97], referring to rotation and translation of the holographic
sample. However, they are limited by the possible 3D fields obtained from the
interference of an object and reference waves inside photosensitive materials.

Early in the 1970s, Alvarez and Lohmann independently proposed composite
lenses whose focal length can be adjusted continuously by shifting laterally two
optical elements with cubic phase profile [98,99]. Recent work improved on this idea
by implementing the tuning mechanism through rotation [100,101]. These devices
are designed analytically to continuously change the optical power of lenses or
axicons.

Here, we propose azimuthal multiplexing, a novel multiplexing technique that
enables recording of multiple output signals switched upon the rotation of one or more
layers with respect to the others, i.e. the information is encoded in the azimuthal

dimension of the 3D diffractive optics.

5.2 Theory

5.2.1 Physical model

We consider a stratified 3D diffractive optical element composed of multiple

2D layers of phase modulation spatially separated by thin homogeneous isotropic
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media (Fig. 5.1). Each layer can rotate with respect to a common axis (the optical
axis). Under the scalar and thin-element approximation, the phase modulation for

coherent illumination can be described by

E(x,y,z,j):exp{jqﬁkﬁ (x,y)}E(x,y,z,;), (5.1)

where E is the complex amplitude, % is the layer number and 6 denotes its rotation
angle. In the homogenous region between adjacent layers, diffraction occurs and can

be described by the angular spectrum propagation in free space

E(x, VoZp ) =z {e'mgk’%k‘3 e -?"[E(x, Y.z, )]}, (5.2)

where Az is the layer separation, “z*’, “z” represent the coordinates immediately
before and after the corresponding layer, and F'is the Fourier transform. The wave
field on the reconstruction plane is calculated using Fresnel or Fraunhofer

propagation [102].

F! {e”k‘%k“zk3 o -?"[E(x,y,z,t, )]}, Fresnel region

Eq(x.y)= : (5.3)

Q[%]V[%]u@"’ [E (x, VsZy )], Fraunhofer region
where @ is the quadratic factor and Vis the scaling factor [55]. zr is the distance from
the last layer to the reconstruction plane, and fis the focal length of the Fourier lens.

The propagation process is also reversible, described by the conjugate forms of the

above equations. Accordingly, the phase for each layer satisfies

_ E(x’y’Z;) 5.4
¢k’9(x,y)_arg{m} (5.4)
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________________________________

Figure 5.1 Physical model of 3D diffractive optics, which consists of N
layer of phase modulation, separated by a short free-propagation distance of
Az. Each layer can rotate with respect to the optical axis while optical waves
are modulated passing through the 3D diffractive optics.

5.2.2 Azimuthal multiplexing design

We design the layer of phase modulation in round shape to ensure it rotates to
an arbitrary angle without redundant pixels or the need to enlarge the beam size,
and we apply bilinear interpolation to keep the number of active pixels constant
during rotation. It is worth noting that the calculation of backward propagation
should apply the following constraints to avoid error caused by zero denominator due
to the zeros outside the aperture

E(xl.,yj,z,j)

5.5
eXp{j¢k,9 (x,.,y_,-)} ( )

Flea) =T (x,7) -
i,j

&2

where x,, y; € circ

where r is the radius of the layer.
With the physical model described in Chapter 3, we establish the connection

between the input E (x,y, z; )and output Ez(x, y) of the 3D diffractive optics.
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Suppose a 3D diffractive optics consists of N layers. In order to calculate the
phase modulation function layer by layer, we start by setting all of them to random
values while the amplitude is a circular function. The input is E(x,y,z;) which
contains the information of wavelength and incident angle, both are constants in this
case. There are m+1 pages of reconstruction patterns to be multiplexed EQ(x,y),
Ei(x,y), ..., El*(x,y), with the corresponding rotation angle of the k-th layer at 0, 6,
e.r, B,,. We design azimuthal multiplexing 3D diffractive optics using an iterative
projection optimization algorithm with a distribution on layers method. This
approach is flexible, as the layer being rotated can be any one or any combinations
from O to IV, and can switch during the encoding process.

Basically, there are three optimization loops embedded in the design
algorithm. The first loop is to optimize one single layer according to the target
metrics. We apply the forward propagating model described by Egs. (1)-(3) from input
to the wave field in front of the k-th layer E(x,y,z;). We then continue to the
reconstruction plane where the amplitude is updated with the pre-defined
reconstruction field EQ(x,y) and the phase is kept unchanged. Next, the backward
propagation described by the conjugate form of equation (1)-(3) is applied from the
reconstruction field to the wave field after the k-th layer E(x,y, z;). Thus the phase
modulation can simply be derived from equation (4). We update gb,(c’,o and iterate until
it reaches a satisfactory solution or a predefined number of iterations is completed.
This is the first loop, which is repeated for all the remaining layers ¢?,, $3,,..., Ppo-

We then rotate the k-th layer to 6,, and repeat the above process except the
reconstruction field is E;(x,y). As a result, we obtain the phase modulation optimized

61 61

for the second target 91, yeens yeens 9 We follow the same procedure until
1,00 ¥2,0 k,04 N,0

all the targets are encrypted in all the layers, and that becomes the second loop.
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To ensure all the multiplexing cases being considered are evenly distributed
among all the layers, we apply a parallel projection, described by the following

equation

1 m ) )
¢j,0 =ZZ¢]H,IOE‘] :()9 L eeey N, (5.6)
i=0

and update the phase modulation functions. All the calculations up to this point
conclude one iteration in the third optimization loop. The algorithm keeps iterating
until the results are satisfactory or the iteration number is reached. The overall

flowchart of the design algorithm is shown in Fig. 5.2.
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Figure 5.2 Flowchart of the iterative projection optimization algorithm

used for the azimuthal multiplexing design. Within each iteration, the wave
fields are forward propagated from the input to the plane right before the k-
th layer to be designed, and backward propagated from the preset target to
the plane right after the k-th layer to be designed.
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It should be noted that the convergence of the algorithm depends on the task
complexity, namely the number of functions to be multiplexed, and degrees of freedom

available, namely the number of layers and number of pixels in each layer.

5.3 Simulation results

To demonstrate the principle, we design a two-layer 3D diffractive optics for
azimuthal multiplexing of 4 functions. The target patterns are arbitrary, and defined
digitally on a computer as the letters “C”, “U”, “B”, “F” (Fig. 5.3b). They are encoded
with 4 rotation angles of the second layer respectively, which are purposely chosen to
be off multiples of 90° at 0°, 88°, 195°, and 287°.

The initial design of a 3D diffractive optics consists of two layers, separated by
1 mm. Each layer has 128%x128 pixels with the pixel pitch of 40 pm. The parameters
are chosen to facilitate the alignment in the experiment in the lab environment. If
that is not a concern, with high precision mounts, more compact devices can be
designed using smaller pixel size, and/or large volumetric bandwidth with enhanced
pixel number.

Under a plane wave normal illumination at 633 nm, the two layers with
continuous phase modulation ranging in 0~2m are designed using the algorithm
described 1in Section 5.2. However, to implement experimentally with
photolithography, we need to discretize the phase distribution. Here we design it to
8 phase levels, because it simplified the experimental implementation without
compromising too much efficiency. There are two approaches. The first one is the
commonly used “hard-cut” approach where at each iteration the phase values are

forced to the allowed ones they are closed to. The second one is the “soft-cut” approach
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which we built in our design algorithm. In this approach, we set regions centered in
the allowed 8 phase values, and if the designed phase value is outside those regions,
it will be expelled to the edge of whichever region it closed to. The allowed regions
shrink with the iteration number until, at the end, there are only 8 phase values
allowed. Compared with the “hard-cut” approach, the “soft-cut” approach helps the
algorithm’s convergence and improves the efficiency of the reconstruction.

Fig. 5.3a shows the two designed layers with 8 phase levels using the “soft-cut”
approach. The numerical reconstruction of the design with the second layer rotated
at 4 encoded angles are shown in Fig. 5.3c. Note that the reconstruction plane is
enlarged twice (via zero-padding of the near field) to avoid wrap-up aliasing and to
take light scattering into account. The diffraction efficiency of the 4 reconstruction

patterns are 43.60%, 42.38%, 47.12%, and 44.83%, respectively.

Figure 5.3 Simulation results of azimuthal multiplexing 3D diffractive
optics. (a) The design of two layers of phase modulation discretized to 8 levels.
(b) Target images of the 4 letters to be multiplexed. (3) Numerical
reconstructions form the 3D diffractive optics while the second layer is
rotated at angles specified by design.
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5.4 Experimental results

5.4.1 Device fabrication using photolithography

In this section, we present experimental demonstration of azimuthal
multiplexing with two-layer 8 phase level diffractive optics. To fabricate the DOEs,
we first convert each of the two layers to three binary amplitude masks, as shown in
Fig. 5.4a. The three binary masks are then arranged together with another mask
defining the aperture and orientation angles on a single wafer with a size of 4 inch
by 4 inch (Fig. 5.4b). It should be pointed out that the second layer is horizontally
inverted, since we etch the two substrates on the edge and place them facing each
other during the reconstruction. It is also crucial that the three binary masks are
aligned at the exact same location during the exposure process. To facilitate that,
several alignment markers, coarse and fine, are embedded around the modulation

area.
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Figure 5.4 Binary amplitude mask designs for 3D diffractive optics. (a)
Each of the two 8-level phase masks are generated by three binary masks. (b)
The three binary masks are arranged on a same wafer with another mask
defining aperture and orientation angles. The design is fabricated using
Heidelberg 66FS mask writer.

The wafer is fabricated with a Heidelberg DWL 66FS (Fig. 5.5a), and the
examination under microscope shows good quality structures (Fig. 5.5b). The DOE
substrate is an uncoated UV fused silica precision window (Thorlabs WG41010), with

1 inch diameter and 1mm thickness. We first coat the substrates with 80nm

chromium using CVC thermal evaporator. Then we use chemical etching to take away
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the parts that define the aperture as well as the orientation. The substrates are then
coated with AZ 4210 for 3um, a positive photoresist, on a spinner at the speed of 3000
rpm for 60s. The photoresist is then pre-baked on a hotplate at 100C for 90s. During
the exposure process on the SUSS MJB3 mask aligner, the pattern on the binary
mask allow the photoresist on substrate to be exposed by UV light. That induces
chemical change in the exposed region which is removed after developing with 1:3
concentration of AZ400K and de-ionized water. The last step is reactive ion etching
(RIE), which is suitable for removing material along the vertical direction. Here we
use a mixture of CF4 for 16 standard cubic centimeters per minute (SCCM) oxygen
for 4 SCCM, which yields an etching rate of 31nm per minute. By proper control of
the etching time, we obtain different etching depths for different exposures. The
whole process is repeated 3 times for each phase mask and an 8 level modulation is

achieved as a result (Fig. 5.5¢).

after Ist etching after 2nd etching after 3rd etching

(<

Figure 5.5 Fabrication of diffractive optical element using
photolithography. (a) Binary masks fabricated by Heidelberg 66FS mask
writer. (b) Microscope images of the fabricated binary masks. The binary
masks are aligned well during each exposure/etching. (¢) Microscope images
of the substrate after each of the three etching processes.
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5.4.2 Reconstruction results

Fig. 5.6a shows the fabricated sample with a microscopic image of the surface
after etching 3 times. We can see each etching step overlaps appropriately with the
help of the alignment markers. The surface profile is examined with a 1D stylus
profilometer, where 8 phase steps are recognizable. In spite of some roughness on the
surface, which is probably due to the non-ideal condition of the RIE, the 3D diffractive
optics samples are robust and the desired reconstructions are still successfully
obtained as shown below. Fig. 5.6b shows the reconstruction setup. We use industrial
grade double-sided tape to attach the two substrates on adaptors, with the etched
sides facing each other (the phase pattern of one layer is mirrored left-right in the
fabrication process). The two adaptors are then secured on two lens mounts, one of
which is mounted on a 3-aixs translation stage to provide control of tip/tilt and
translation in X, Y, Z direction, the other provides control for the same as previous in
addition to rotation (Thorlabs K6XS). Both layers are adjusted concentric and normal
to the incident beam, with a separation distance of 1 mm as in the design. After the
second layer, we place a Fourier lens with a focal length of 300 mm to yield a far-field
plane of the output from the 3D diffractive optics, where a color CMOS sensor (Canon
5D Mark ii) is placed to capture the reconstructed images. With spatial-filtered and
collimated illumination from a He-Ne laser, we obtained the reconstructed images
(Fig. 5.6c) as the second layer is rotated to the designed angles. The measured

diffraction efficiency is 33.65%, 29.28%, 36.46%, and 31.50%, respectively.
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Figure 5.6 Experimental results of azimuthal multiplexing 3D
diffractive optics. (a) One DOE fabricated using photolithography. The
substrate is coated with chromium that contains markers on the periphery
indicating orientation. The aperture encircles the layer of phase modulation
at the center. The phase modulation is achieved by a 3-step exposure and
etching. The plot shows a characterization of the surface profile using a 1D
stylus profilometer. The diffractive optics is robust as the reconstructions can
still be obtained with some roughness on the surface. (b) The setup for
reconstruction. The two layers are attached on adaptors which are secured on
lens mounts, with the etched sides facing each other. Both layers are adjusted
normal to the incident beam, and separated by 1 mm. The layers are adjusted
to be concentric by transverse shifts and can rotate with respect to each other.
(¢) Reconstructed images with threshold value 10% relative to maximum
when the second layer is rotated, with respect to the first layer, at 0 °, 88°,
195°, and 287° (the angles specified by design).

5.5

5.5.1

System performance

Phase quantization methods

There are various ways to implement the designed DOEs. A widely used

method is via spatial light modulators (SLMs), which allows for easy and fast display
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of phase patterns with 8 bit resolution (256 grey levels) on the liquid crystal panels.
However, SLMs are polarization sensitive thus suffer from substantial loss of
energy [103]. Moreover, they are 2D devices thus not suitable for implementing 3D
diffractive optics unless cascaded or creating a folded system [17]. Alternative
methods generate surface relief structures in an optically transparent material such
as glass, quartz, or polymer, and include ion beam etching, direct diamond tuning,
gray-level lithography, and multi-step binary exposure photolithography [104].

In our experiment, each layer of the 3D diffractive optics is fabricated using a
photolithographic method. To approximate a continuous surface profile, the
lithography process is repeated M times to yield a discrete structure with 2M steps.
Here we use 8 phase levels and accordingly 3 amplitude masks are needed for the
fabrication. The phase modulation induced by the depth change is given by

A ¢(x,y)
n(/l) -1 2z

h (x,y) = (5.7

where A is the wavelength of operation and n is the refractive index.

To prepare for the fabrication, we need to discretize the phase values in the
design. In particular, we allow 8 etching depths which correspond to phase values of
0,1/4m, 1/2m, 3l4m, w, 5/4 w, 3/2 w, and 7/4 m. One common quantization method is
“hard-cut” where at each iteration the phase values are compelled to the closest
allowed values. Here, in contrast, we use a “soft-cut” method to improve the coding.
In this method, during the iterative optimization, the design phase values are allowed
in a region around the preset values. These regions shrink after each iteration until
only 8 phases are allowed in the end. In order to evaluate the performance of this
phase discretization method, we design azimuthal multiplexing 3D diffractive optics
consisting of two layers, with 128x128 pixels in each layer. In one case, we multiplex

two functions, namely “C” and “U” with 0” and 90° of the rotation angle of the second
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layer. In another case, we multiplex four functions of “C”, “U”, “B”, “F” with 0°, 88°,

195°, and 287°. The diffraction efficiencies are shown in Fig. 5.7.
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Figure 5.7 Comparison of diffraction efficiency of azimuthal

multiplexing 3D diffractive optics

designs using different phase discretization

methods and number of targets to be multiplexed.

5.5.2 Design with large volumetric space-bandwidth

We show the proposed design method can be extended to obtain results for

large volumetric space-bandwidth devices. We design 3D diffractive optics consisting

of 16 layers, with 1024x1024 pixels in each layer. The device presents azimuthal

multiplexing of four functions representing the letters “C”, “U”, “B”, “F”, each

appearing when the last layer is oriented at 0°, 88°, 195°, and 287°. Fig. 5.8a shows

the 16 design phase patterns with 8 quantization levels. The calculation is completed

within 24 hours on a PC with Intel-Core 17-8700 CPU at 3.2GHz and 16GB RAM. The

diffraction efficiencies are improved to 55.95%, 56.32%, 60.46%, 52.50% for each

reconstructed pattern (Fig. 5.8b).
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Figure 5.8 Demonstration design of azimuthal multiplexing 3D
diffractive optics with large volumetric space-bandwidth product. (a)
Azimuthal multiplexing 3D diffractive optics with 16 layers and 1024x1024
pixels in each layer. (b) Reconstructed patterns when the last layer is rotated
at 0°, 88°, 195°, and 287°.
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5.5.3 Diffraction efficiency characterization

We study numerically the effect of system parameters on the diffraction
efficiency (DE). The diffraction efficiency is defined as the ratio of the intensity in the
target area to the intensity of the input beam. We multiplex 4 functions representing
the letters “C”, “U”, “B”, “F”. We change the number of layers from 2 to 16 and the
number of pixels in each layer from 128 to 1024. We record the mean of the 4
diffraction efficiencies and the result is shown in Fig. 5.9. The diffraction efficiency is
enhanced by either increasing the number of layers or the number of pixels. However,
the rate of improvement of the DE becomes slower with larger parameters, and
saturates at some point. A longer computational time is also required when

increasing the number of layers or the number of pixels.
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Figure 5.9 The mean of the diffraction efficiencies of “C”, “U”, “B”, “F” as
functions of the number of layers and the number of pixels.
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5.5.4 Azimuthal multiplexing limit

We investigate the minimum angular interval to avoid crosstalk. We apply the
azimuthal multiplexing scheme to two functions, namely the letters “C” and “U”. We
change their angular interval from 10° to 0.1°, at decrements of 0.1°. We use the
relative error, defined as the ratio of the intensity outside the target area to the one
in the target area, to evaluate the quality of the reconstructions. The result is shown
in Fig. 5.10(left). The error is higher as we decrease the angular interval, with no
crosstalk, partial crosstalk, and complete crosstalk showing in Fig. 5.10(right). We
obtain a smaller angular interval without crosstalk by either increasing the number

of layers or the number of pixels.

—2 layers, 128%128 pixels
--------- 2 layers, 256x256 pixels |
4 layers, 128%128 pixels

2 2 6 8 10

angular interval (deqg)

Figure 5.10 Left: The relative error of “C” and “U” as a function of angular
interval between the functions. Each point on the plots corresponds to a
different design. Right: Simulated reconstructions for angular intervals equal
to 0.1°, 1°, and 2°, showing progressive reduction of crosstalk.
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5.5.5 Azimuthal selectivity

Azimuthal multiplexing is an important functionality enabled by our proposed
3D diffractive optics. The azimuthal selectivity is the angular interval where the
reconstructed patterns are still recognizable. A direct sense of multiplexing system
performance can be perceived in Visualization 1. For the design described above, we
rotate the second layer 360° with respect to the first layer, and record the diffraction
efficiency of the 4 encoded patterns around their design angles, as shown in Fig. 5.11.
The FWHM of one reconstruction is between 5° to 6°.
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Figure 5.11 Azimuthal selectivity of 3D diffractive optics in the far-field.
The diffraction efficiency as a function of rotating angle of the second layer
with respect to the first layer. The FWHM of each single reconstruction
patterns are between 5° to 6°.

We also investigate the selectivity in the near-field, in non-multiplexing case.
To simplify, we use 4 points as the targets. They are located at the 8th, 24th 40th, and
56th column in the 128 columns target plane. The parameters of the 3D diffractive
optics are the same as previous case, except the reconstruction is at 50 pm after the
second layer. The selectivity of the 4 points as the second layer rotates in a +10° at

the increment of 0.1° is shown in Fig. 5.12. We find the azimuthal selectivity in the
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near-field depends on the location of the target, i.e. the targets closer to the edge have
better selectivity than the ones closer to the center. The reason is that as the layer

rotates, the induced pixel changes is proportional to the radial values.
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Figure 5.12 The azimuthal selectivity in the near-field for 4 point targets
located radially on the target plane. The point closer to the edge has better
selectivity than the one close to the cent, indicating the azimuthal selectivity
in the near-field depends on target location.

5.6 Azimuthal memory effect

The memory effect refers to an interesting physical phenomenon where optical
beams that are sufficiently akin in space or frequency, after propagation through a
scattering medium, produce speckle patterns that are highly correlated to one
another up to a global transformation. It enables imaging through previously
inaccessible environment such as diffusing materials, turbid scatters, or biological
tissues. Other than the already reported memory effect including tilt, frequency, and
shift, we find a new type of memory effect associated in our proposed 3D diffractive
optics. In particular, when we set all the phase modulation layers to be random, a

speckle pattern is obtained on the reconstruction plane. As we rotate one or more
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layers in the 3D diffractive optics, we find that the speckle pattern also rotates along
the same direction in a small angular interval before evolving to a completely new
pattern, therefore exhibiting azimuthal memory effect.

We analyze the relation between the speckle correlation and device parameters
including the number of layers and the number of rotating layers. In the first case,
we set the 3D diffractive optics with 2, 4, and 8 layers, all of which exhibit random
phase modulation. We then record the speckle pattern on the reconstruction plane
and calculate the cross-correlation with the speckle pattern as we rotate the last layer
in a £5° interval with respect to its original orientation. The normalized correlation
as a function of rotating angle is shown in Fig. 5.13a. The azimuthal memory effect
for different number of layers is almost identical. In the second case, we set the 3D
diffractive optics to 8 random layers. We rotate 1, 2, 3, and 4 layers from those 8
layers. The results are shown in Fig. 5.13b. The ranges of azimuthal memory effect

are narrower as more layers are involved in the rotation.
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Figure 5.13 Azimuthal memory effect of 3D diffractive optics. (a) The
normalized cross-correlation as a function of rotation angle, where we fix the
number of rotating layer and change the number of total layers. The blue
plate indicates the layer keeps still in the analyzations while the red plate
indicates the layer is rotated for the angle in a £5° interval with respect to its
original orientation. (b) We conduct the same calculation except the number
of total layers is fixed at 8 and the number of rotating layers changes from 1
to 4.
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The introduced azimuthal memory effect is intriguing for applications such as

information security or imaging through scattering media as discussed in Chapter 6.

5.7 Conclusion

We demonstrated an innovative approach to design and implement azimuthal
multiplexing 3D diffractive optics. This is achieved by a stratified DOEs layout with
iterative optimization algorithms. As a result, arbitrary optical information can be
encoded azimuthally in the 3D diffractive optics and retrieved by rotating part of its
components relative to the others. The designs are not based on weakly scattering or
the Born approximation enabling for multiple forward scattering events while
neglecting the weak backward scattering. This enables higher flexibility and
efficiency through the use of high index contrast diffractive layers. The fundamental
opportunities and limitations were analyzed, while the experiments using
photolithography confirmed the predicted performance.

The results show that extending diffractive optics from two dimensions to three
dimensions enables new multiplexing opportunities. Rather than the traditional use
of cascaded diffractive optical elements to encode amplitude and phase, our proposed
layered 3D diffractive optics is a computationally designed volumetric structure that
enables multiplexing. This is the result of multiple independent spatial mode
channels being established between the input and the output of the system, reducing
the dimensional mismatch essential to the control of light fields in multiple
dimensions (spatial, spectral, temporal, or coherence function). The approach also

provides a different perspective on 3D diffractive optics design and further
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contributes to the inverse problem community by solving the nonlinear inverse
problem to achieve a given task using azimuthally rotating phase layers.

A number of applications of azimuthal multiplexing 3D diffractive optics can
be envisaged that require switching of different outputs without changing the input
and changing the numerical aperture of the system. For instance, information
security is a critical issue in optical communication network systems to prevent data
acquisition from unauthorized personnel. The proposed azimuthal multiplexing could
be applied in information encryption and authentication. The complexity of
deciphering the code would increase exponentially as more layers are employed in
the 3D diffractive optics. In a different application, it is intriguing to analyze the
relation between azimuthal multiplexing and the generation of beams with orbital
angular momentum associated with azimuthal phase functions. Such beams have
been applied in optical trapping [105], quantum key distribution [106], optical

communications [107], and stimulated emission depletion microscopy [108].



Chapter 6

Concluding remarks and future work

6.1 Concluding remarks

Diffractive optics have become critical components in applications such as
adaptive optics, optical tweezers, optogenetics, laser lithography, PSF engineering
and dynamic structured illumination, all of which are at the forefront of current
optics research. However, existing devices cannot access the functionality enabled by
volumetric diffractive optics, such as the capability to multiplex different functions,
to generate space-variant responses, or to implement wavefront coding. 3D diffractive
optics not only enhance the design degrees of freedom and coding capacity, but also
enables properties unique to volume (thick) holograms, such as having only one
diffraction order, improved efficiency with lower crosstalk, and capability for angular
and frequency multiplexing, as demonstrated numerically and experimentally.

This thesis presents the theory of modeling and designing 3D diffractive optics,
by full-volume approach and stratified-layer approach. Further, we present the
implementation of volume diffractive optics functionality on spatial light modulators

that enables dynamic control of high volumetric bandwidth elements. The design
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methodology for 3D diffractive optics follows. We introduce a projection onto
constraint sets algorithm to solve the inverse design problem.

We implement design examples on a liquid crystal SLM, enabling dynamic and
multi-level phase modulation. We theoretically and experimentally investigate the
devices in terms of diffraction efficiency and spatial/spectral multiplexing properties.
The thesis also introduces the concept of azimuthal multiplexing and presents a
design methodology as well as experimental implementation of 3D diffractive optics.
We implement design examples on cascaded DOEs fabricated by photolithography,
enabling azimuthal multiplexing by rotating one layer with respect to the others. We
theoretically and experimentally investigate the devices in terms of diffraction

efficiency, reconstruction fidelity, and multiplexing capacity.

6.2 Future work

6.2.1 3D field controlling

In principle, 2D diffractive optical elements are capable of controlling optical
waves in three dimensions. The applications include information display, energy
distribution, optoelectronic interconnections, and precision measurements. As the 2D
elements upgrade to 3D, a number of new functionalities can be envisaged. For
example, the multiplexing of several 3D fields in a single 3D diffractive optics, namely
different 3D field can be encoded and retrieved with different parameters of the input
beam such as wavelength, phase, or incident angle. With the azimuthal multiplexing
scheme, it is also possible to obtain different outputs by rotating one or more layers

in the 3D diffractive optics.
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Point spread function (PSF) engineering is one of the cornerstones in modern
microscopy. The point spread function is the response of an imaging system to a point
source. Traditionally, a desired PSF can be generated by placing a phase or amplitude
mask in the Fourier plane of the imaging system [109]. Here, with the 3D diffractive
optics, we can conduct 3D PSF engineering such as generation of double-helix point-
spread functions.

Double helix is a powerful 3D PSF for depth estimation with two main lobes
rotating continuously with defocus. With iterative projection optimization algorithm,
each 2D transverse plane of the desired 3D intensity distribution is applied as a
constraint. The iterative optimization procedure enforces those constraints
specifically designed for achieving PSF rotation, as well as enhancing efficiency in
the PSF main lobes and ensuring a phase-only design result. To impose PSF rotation,
the phase pattern can be decomposed into Gauss-Laguerre (GL) modes and multiply
a weight function. This is to boost the modes that lie on a cloud around the line

defining the exact rotating PSF. The cloud weight function can be expressed as:
d(m,n):H,’:’Zl[(m—mk)2+(n—nk)z} (6.1)

where m and n are the indices of the GL modal plane, m; and n; are the m and n
indicies of the k" GL mode along the rotating PSF line, N is the number of modes
selected along the rotating PSF line, and p is a parameter that determines the width

of the cloud. The weight function is directly obtained as:

ng(m,n)=max[d(m,n)]—d(m,n) (6.2)

To improve the efficiency of the main lobes of the entire 3D PSF, we compute
the coherent PSF for a particular defocus value and multiply by a weight function to

boost the main lobes at that position. The weight function consists of two spatially
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separated Gaussians whose locations and widths are the same as those of the main
lobes of the rotating PSF. Due to the continuous rotation of the PSF, the weight
functions need to change values accordingly.

The possibilities of creating arbitrary, complex, 3D PSFs open up new
opportunities in 3D microscopy with super-resolution [110-112], as well as several
other fields such as optical manipulation, optical trapping, 3D display, coherent

control, and nanophotonics.

6.2.2 Wavefront aberration correction using 3D diffractive optics

3D diffractive optics designed by the stratified-layer approach is also capable
of controlling the phase. Generally speaking, the phase control is more difficult than
amplitude. The reason is that when the amplitude is the constraint, the phase is a
free parameter. The amplitude outside the target area provides free parameters as
well. They both enable the algorithm to converge. However, when the phase is the
constraint, the amplitude is uniform by default, which means there are fewer free
parameters.

Here we show an example of wavefront aberration correction. We consider two
beams incident on a plano-convex lens with focal length of 100mm, as shown in Fig.
6.1a. The spot fields at the focal plane are shown in Fig. 6.1b, while the wavefront
aberrations are shown in Fig. 6.1c.

We derive the Zernike coefficients for the two beams and find the terms
described coma to be -2.453 and -4.884, respectively. Accordingly, the phase pattern
and the corresponding PSF can be obtained (Fig. 6.2), and the task is to generate the

conjugate from of the aberrated phase.
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Here we use 4 layers and each layer has 512x512 pixels. Fig. 6.3a shows the
design results and Fig. 6.3b shows the reconstructed phase pattern. We add two more
phase patterns at minus 2.5 degree and 5 degree. This is beyond the capability of
traditional adaptive optics, which can only correct the wavefront aberrations in one

direction.

H1"

H3:

Figure 6.3 Design results for 3D diffractive optics with 4 layers to
compensate wavefront aberration. (a) The designed phase pattern of the 4
layers. (b) The reconstructed phase pattern with incident angle of 2.5° and 5°.

6.2.3 Azimuthal memory effect in 3D diffractive optics

3D diffractive optics can emulate scattering media, when the modulation is set
to be random values. With stratified-layer model, the total number of layers is
positively related to the scattering strength, and the layer separation is similar to the

mean free path. We observe memory effect associated with 3D diffractive optics,
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namely the speckle pattern on the reconstruction plane experiences decreasing
correlation as we change the incident angle or input wavelength.

An interesting work is to explore the effect of the parameters of 3D diffractive
optics on different types of memory effect. For instance, we explore the frequency
memory effect. We use 2 layers, each layer has 256x256 pixels, and they are
separated by 486 um. We set both layers to be phase-only, and in random value, as
shown in Fig. 6.4a. As a result, we obtain speckle patterns when we illuminate the

device with 633nm or 532nm (Fig. 6.4b).

532nm
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Figure 6.4 3D diffractive optics simulate random scattering media. (a)
two layers of phase-only modulation are set to random values. (b) Different
speckle patterns are obtained with 633nm and 532nm illumination.

We then calculate the cross-correlation between these two patterns and repeat
as we change the wavelength for other values in between. Experimentally, this can

be verified with a supercontinuum laser and AOTF. The results are plotted in Fig.
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6.5a. We then repeat the above process for 4 layers and 8 layers. The memory effect
1s plotted in Fig. 6.5b.
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Figure 6.5 Results for frequency memory effect in 3D diffractive optics.

(a) simulation and experiment results with 2 layers of random phase. (b)
memory effect as number of layers to be 2, 4, and 8.

With azimuthal multiplexing scheme, there is a new type of memory effect,
and we call it azimuthal memory effect. Instead of the speckle pattern shifting and
evolving to a new pattern as in angular memory effect, or the speckle pattern scaling
and evolving to a new pattern as in the frequency memory effect, in the azimuthal
memory effect the speckle pattern rotates as we rotate one or more layers of the DOE,
and then evolves to a new pattern. Interestingly, the azimuthal memory effect not
only relates to the total number of layers in the 3D diffractive optics, but also the
number of layers being rotated, and the order of the layer being rotated. This new

type of memory effect is worth exploring as well as its potential applications.
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