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Introduction to the Series

Welcome to the SPIE Field Guides—a series of publications
written directly for the practicing engineer or scientist.
Many textbooks and professional reference books cover
optical principles and techniques in depth. The aim of the
SPIE Field Guides is to distill this information, providing
readers with a handy desk or briefcase reference that
provides basic, essential information about optical princi-
ples, techniques, or phenomena, including definitions and
descriptions, key equations, illustrations, application
examples, design considerations, and additional resources.
A significant effort will be made to provide a consistent
notation and style between volumes in the series.

Each SPIE Field Guide addresses a major field of optical
science and technology. The concept of these Field Guides
is a format-intensive presentation based on figures and
equations supplemented by concise explanations. In most
cases, this modular approach places a single topic on a
page, and provides full coverage of that topic on that page.
Highlights, insights, and rules of thumb are displayed in
sidebars to the main text. The appendices at the end of
each Field Guide provide additional information such as
related material outside the main scope of the volume, key
mathematical relationships, and alternative methods.
While complete in their coverage, the concise presentation
may not be appropriate for those new to the field.

The SPIE Field Guides are intended to be living docu-
ments. The modular page-based presentation format
allows them to be updated and expanded. We are
interested in your suggestions for new Field Guide topics
as well as what material should be added to an individual
volume to make these Field Guides more useful to you.
Please contact us at fieldguides@SPIE.org.

John E. Greivenkamp, Series Editor
College of Optical Sciences
The University of Arizona
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Field Guide to Digital Micro-Optics

The term “digital micro-optics” was introduced in the early
1990s to refer to a specific variety of micro-optics. It is now
widely accepted by industry and academia. Digital micro-
optics can be related to their counterparts in the electronics
realm—-digital electronics,” or “integrated electronics”
(ICs)—in various ways, from design to modeling, from
prototyping to mass fabrication, and eventually system
integration. Historically, the term “digital” in digital
electronics refers to three aspects:

* their digital functionality (binary logic),
* the way they are designed via a digital computer, and

+ the way they are fabricated (through sets of digital or
binary masks).

In digital micro-optics, the term primarily refers to how such
optics are designed and fabricated, similar to digital electron-
ics, through specific electronic-design-automation (EDA)
software packages and sets of digital masks. Traditional
macro-optics, such as telescopes, microscopes, and other
imaging optics, have been designed without complex design
software tools. Digital optics, especially wafer-scale micro-
optics, cannot be designed without specific software and tools.
Digital layouts for wafer-level fabrication of micro-optics are
also often generated by algorithms similar to the ones used in
conventional EDA tools (Cadence, Synopsys, Mentor-Gra-
phics, etc.). Because there is often no analytical solution to the
micro-optics design problem, complex iterative optimization
algorithms may be required to find an adequate solution.

Unlike digital electronics, digital micro-optics can implement
either digital or analog functionality, or a combination thereof.
A typical digital function may be a fan-out beam splitter, and
an analog function may be an imaging task. A hybrid may
result in a complex multifocus imaging lens, a function
impossible to implement in traditional analog macro-optics.

Bernard C. Kress
Google [X] Labs, Mountain View, CA
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Refractive Micro-Optics 1

Digital Micro-Optics

Typical design and fabrication process flows for both
digital electronics and digital micro-optics are
depicted in the following figure.

Digital Electronics
Design by specific
electronic-design ——> | Modelingby VHDL | —»
automation CAD algorithms

tools

Fabrication by IC
wafer-scale-fab
methods

Digital Micro-Optics

Design by specific Modeling by physical -
optical-design __» | optical propagation | v';:fbe rr'f):é:)lg fbgblgr
automation CAD and rigorous EM diamond turnin
tools solver ' urning

Digital micro-optics share many features for both the
design and fabrication steps of digital (micro) electronics,
such as in electronic-design-automation (EDA) tools, numeri-
cal modeling, and IC fab. Although “analog optics” is a term
that is seldom used in industry (unlike analog electronics),
analog optical holography and digital optical holography
refer to very different technologies:

* “Analog” refers to the analog nature of traditional
volume holographic materials and exposure process.

+ “Digital” refers to both the digital nature of thin
holograms made of surface-relief microstructures or
diffractive optics and the way they are designed (by a
specific software) and fabricated (by IC wafer fabrica-
tion, diamond turning, or other).

Digital optics can also be fabricated through nondigital
masks, such as greyscale masks or resist reflow, but are
still referred to as digital optics. Diamond-turned or
freeform-machined micro-optics are also referred to as
digital optics, especially when they are produced in arrays,
such as microlens arrays (MLAs). The term “digital
optics” has been widely used in industry today and is now a
de facto name for a wide spectrum of optical elements,
ranging from wafer scale micro-optics, diamond-turned
optics, waveguide optics, and nano-optics.
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Refractive Micro-Optics

Naming Conventions

General elements

Digital and binary optics
Wafer-scale micro-optics
Phase plates, amplitude and phase coding plates
Micro-opto-electro-mechanical systems (MOEMSs)

Refractive or reflective elements

Micro-optics
Refractive microlens arrays (MLAs)
Refractive diffuser arrays (engineered diffusers)

Diffractive elements

Diffractive optical elements (DOEs)

Kinoforms

Phase masks (as grating exposure masks)

Diffractive microlens arrays (D-MLAs)

Diffractive Fresnel lenses and Fresnel zone plates
(FZPs)

Holographic elements

Computer-generated holograms (CGHs)

Holographic optical elements (HOESs)

Bragg gratings

Digital holography (how the hologram is recorded on a
digital sensor)

Digital holograms (how the hologram is calculated and
fabricated)

Parity-time (PT) symmetry holograms

Subwavelength elements

Subwavelength gratings

Zero-order or nondiffracting gratings

Elements designed by effective medium theory (EMT)
Form birefringent elements

Photonic crystals

Optical metamaterials

Surface plasmon gratings

Micro-antenna flat optics

Hybrid elements

Waveguide gratings
Hybrid refractive/reflective/diffractive elements
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Refractive Micro-Optics 3

Free-Space and Guided-Wave Micro-Optics

The realm of digital optics includes a wide range of optical
elements that all qualify under the term “digital,” as
previously defined (i.e., designed by a specific CAD tool,
such as EDAs in IC fab and fabricated through sets of
binary masks). When fabricated through a lithographical
process, these optical elements are also called wafer-scale
micro-optics. They can be divided into two main catego-
ries: free-space and guided-wave optics.

* Free-space micro-optics constitute the largest
group and combine refractive, reflective, and catadiop-
tric, as well as diffractive and holographic, optics.

* Guided-wave micro-optics primarily comprise inte-
grated wave-guided optics or planar light circuits (PLCs).

It is interesting to note that nano-optics are located on the
boundary between free-space and guided-wave optics and
often have characteristics of both (such as photonic
crystals, metamaterials, surface plasmons, etc.).

Hybrid free-space/guided-wave optics can be found, for
example, in integrated waveguide optics for DWDM telecom
applications, such as echelette-grating and phased-array-
grating (PHASARS) demux modules.

Digital Micro-Optics

T

Free-space digital optics Guided-wave digital optics
Microrefractives Fiberoptics

Diffractive/ holographic

optics
Nano-optics
and metamaterials

Integrated waveguide
optics (or PLCs)
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4 Refractive Micro-Optics

Maximizing the Refractive Effect

Similar to prism arrays (or blazed gratings), a Fresnel
lens can operate either in a refractive mode (in which case
it is called a Fresnel lens) or a diffractive mode (in which
case it is called a diffractive lens). The diffraction efficiency
is tuned by modulating the depth of the grooves; the groove
period and orientation dictate the local diffraction angle.
When using amplitude elements, such as Fresnel zone
plates, the only possible effect is the diffractive effect
because there is no refractive surface available to apply
Snell’s law. The refractive effect can dominate when the
diffractive conditions become weak, and vice versa.

For example, the diffractive phase depth and periodicity
condition for a blazed grating can be reduced by designing
random prisms with random footprints but the same slopes,
so that the refractive effect would be the same for all
prisms, although each would have a different aspect ratio.
The phase condition for diffraction is thus reduced here.

Periodic prism structures (can be tuned for high diffraction)

Random prism structures with the same slope (low diffraction, more refraction)

Itis possible to increase the diffractive effect by carefully tuning
the height (and/or refractive index, if applicable) of the prisms
to have a perfect phase condition for maximum efficiency (see
the following page). It is generally easier to increase the
diffraction effects rather than increase the refraction effects in
a microprism array or any other micro-optical element array.
Pure refractive effects in micro-optics are very desirable mainly
for their broadband operation aspects, but they can be more
complex to design and fabricate.
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Refractive Micro-Optics 5

Maximizing the Diffractive Effect

To increase the diffrac-
tion efficiency in a
specific order, it is intui-
tively desirable to equate

the refractive and dif-
fractive angles to form a
single resulting bending
angle.

The law of refraction at the prism edge (A) and the grating
equation for the fundamental order (B) are given by

sin(a +v) =nsin(y) (A)
sin(B) = 3 (B)

Maximum efficiency is achieved when both angles a and 3
are equal, yielding the following condition of the prism
optimum height A
A N
a=B=>h=————=h=

ny — 1-— nl_l

A A
a=R= hop = = for A < A

2 n—1
- (3)
A
These equations show that the diffraction efficiency is
maximal when the phase shift introduced by a microprism
1s equivalent to \ (or a 27 phase shift for the reconstruction
wavelength). The same result can also be derived from
scalar diffraction theory. Such an optimum depth Ay,
can be modulated further in order to compensate for an
arbitrary incoming beam angle and/or arbitrary number of
surface-relief levels in the fabrication of the prism
structures (see Multilevel Fabrication), or even for operation

over multiple wavelengths (see Harmonic or Multiorder
Elements).
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6 Refractive Micro-Optics

Total Internal Reflection

When light hits a smooth, uniform surface, three optical
phenomena can happen at the same time:

+ Light is refracted by the surface,

+ Light is reflected by the surface, and

+ Light is absorbed by the surface media.
For rough or structured surfaces, other effects might

appear, such as diffraction, scattering, diffusion, etc. In
the following figure, no < n;.

In Snell’'s equation, n determines the speed of light
traveling through the medium (v = c¢/n). If light travels
from one medium incident at a specific angle «;, the
refracted angle is a function of n. The reflected angle is
independent of n and equal to the incidence angle. As a
result, when the refraction angle is greater than 90 deg,
there can no longer be a transmitted ray in the second
medium, and therefore all of the light is reflected by total
internal reflection (TIR). The TIR angle (or critical
angle) can therefore be expressed as

. no
oy = arcsin| —
ny

The TIR effect cannot happen from lower to higher media
(i.e., light can be trapped in glass between air but cannot
be trapped in air between glass unless coatings are used).

Field Guide to Digital Micro-Optics
Downloaded From: https://www.spiedigitallibrary.org/ebooks on 14 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Refractive Micro-Optics 7

Guided-Wave Digital Optics

An optical waveguide consists of two or more different
media (indexes) that confine light in the higher-index core
by TIR. The region in which the light is trapped is usually
referred to as the core, and the region producing the TIR
effect (lower index) is usually referred to as the cladding.
The picture below shows a cross-section of a typical
waveguide (e.g., a step-profile optical fiber) with a central
core and a cladding (other regions around the cladding are
usually a protective layer, jackets, etc.).

Light lost at core/

cladding interface Guided light
LRefractive index
Acceptance/ / ; o
angle /’\
N ny
Light launched
within the N2

acceptance angle N~ r

Light launched
outside the
acceptance angle

Prior to guiding light in a waveguide, the light must be
injected (or coupled) into the waveguide core. When
Snell’s law is applied to that interface and the resulting
refracted light angle is ensured to have an angle larger
or equal to the TIR angle, the acceptance angle or
the numerical aperture (NA) of such a waveguide
(the angle within which the light is coupled and guided in
the core) can be derived. The NA of an optical fiber is thus
defined as

NA = sin(¢) = \/n? — n’

The injection port might be simply butt coupled to a guide
with a similar NA, have a lens-shaped-end tip, or use a ball
lens, a full-pitch GRIN lens, or diffractive lenses (such as
vortex lenses for plastic fiber coupling).
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8 Refractive Micro-Optics

Optical Waveguide Types

There are two main types of optical waveguide structures:
the step index and the graded index. In a step-index
waveguide, the interface between the core and cladding is
an abrupt change of index, producing the TIR effect. In a
graded-index waveguide, the change between the core
and cladding regions is smooth and continuous, therefore
producing a refracted wave rather than a reflected wave.
There are two types of step-index waveguides: multimode
and monomode (single mode). Only a single mode can
propagate in the latter, whereas a multitude of modes (TIR-
reflected angles) can propagate in the former.

Multimode fiber

Graded-index multimode fiber
Cladding|

| Cladding|

Single-mode fiber

When light is confined by coatings rather than by TIR, it
may be referred to as a light pipe rather than a
waveguide. Optical planar waveguides come in various
types, including buried channel guide (graded index), ridge
or strip-loaded channel guide (step index), or even photonic
crystal (PC) waveguide (holey fiber).

Buried channel Ridge channel Strip-loaded channel
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Refractive Micro-Optics 9

Modes in Optical Waveguides

The main parameters of an optical waveguide are the
refractive indexes, the NA, the normalized frequency
(V-number), and the cut-off frequency (the frequency under
which no further propagation is possible), as well as the
number of modes that can propagate down the guide.

Step-Index

Parameter Fiber Graded-Index Fiber

Refractive { nyr<a niy/1—-2A(r/a)*;r<a

index n neir > a neir>a

Numerical 2

aperture (NA) ni —nj n(r)° —ngr<a

Normalized 21'ra 2'rra

frequency (V) NA NA

Cut-off 2.405 2.405\/ 1+2/a

frequency

No. of modes V22 V2a
2(a+2)

a is the core radius, n, and ny are the core and cladding
indexes, respectively, and A is the operational wavelength.
Successive-order modes can propagate down an optical
waveguide, referred to by their respective order indexes m.
The following figure shows the transverse electric (TE)
field for the first three mode orders in a step-index guide.

m=0 m=1 m=2

( o
. IS ). ..... 2__< ______ y._.,
() -

TE TE TE

1 2

The fundamental-mode size width w of a step-index
waveguide (or optical fiber) of normalized frequency
V(0.8 < V < 2.5) is given by

V32 + Ve

1.61 2.
w:2a<065+ 619 879)
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10 Refractive Micro-Optics

Coupling Losses in Optical Waveguides

When considering an integrated optical waveguide system,
it is usually required to couple light from one optical
waveguide to the other, e.g., from a laser diode to a fiber or
waveguide, or from one fiber to another. Losses occur at the
coupling region as an effect of alignment errors. These
losses are referred to as insertion losses (ILs). Typical
alignment errors include lateral offset, tilt, and gap, as
shown in the following figure.

Lateral fiber offset
l d
_______________ »

Fiber gap
—>
________________________________________________________________________ >
9
The resulting ILs are expressed as
d2
2Quiws ¥ 233
offset loss = (%) e wituws
wy + Wy
2wy ws ¥ *24(1;”2“;1102?2
tilt loss = (%) e M(witwi)
wi — Wy
2
w
4( 422 + =L
w3 g\
gap loss = B} B} T 3 where Z = m
w wy+w TNoW1 W2
472( 14— ) + L2
(1+5)+

where w; and w, are the mode sizes of the first and second
waveguides, respectively.
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Refractive Micro-Optics 11

Free-Space Micro-Optics

Free-space micro-optics are optical elements that do not
guide light through their micro- or nano-structures as in
guided-wave optics; rather, they refract/reflect/diffract
light at media interfaces (free space does not necessarily
mean propagation in air and can thus be confined to
multiple adjacent materials).

The following figure shows the wide variety of current
free-space optics, ranging from macroscopic optics to
micro- and nano-optical elements. Note that \ represents
the period of the microstructures constituting the optical

element.
- =
AL > 1000 \ Macro-optics | 2
______________________________ . by
1 | (o]
‘: 100 >A/A > 1000 \ Refractive micro-optics | I
Lo o o o o o o e e e e e e e e e e e e e e e e —
- - - - ES
2SA/N> 100 \ Diffractive micro-optics \ >5
D
(@]
125 Ak > 2 \ Subwavelength gratings \
R ——
12> A0 >1 \ Resonant gratings \
z
> >
1/10> A/L > 1 Artificial index materials 5
1/100>A/L>1/10 | \ Photonic crystals \ .

Free-space optics are often used in combination with
waveguide optics, such as resonant gratings, artificial
index materials, surface plasmons, or PCs.

Guided-wave optics can also be integrated with free-space
optics to produce interesting effects, such as slab wave-
guides and holographic waveguide gratings (Bragg cou-
plers and Bragg reflectors).

When only a few TIR reflections are used in a large
medium (compared to the wavelength), light-guide or light-
pipe systems become relevant.
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12 Refractive Micro-Optics

Graded-Index Micro-Optics

A medium in which the refractive index varies gradually
may be called gradient-index (GRIN) micro-optics. In a
multilevel film stack (see below) with successive homoge-
neous index layers, each with a slightly different index, the
stack becomes a 1D GRIN element as the thickness Ax tends
to zero. When the film matches both the upper and lower
indexes, it becomes an antireflection (AR) layer. When the
substrate is a rod rather than planar, and the index
decreases outward, the element may be a gradient-index
fiber (drawn from a GRIN preform rod) or a GRIN lens.

Graded-index effect

n(x + Ax) H(X/AX)

X
>z
Graded-index fiber GRIN lens AR multilayer coating

There are three main ways the refractive index may vary
inside a rod: axially, radially, and spherically. Gradient-
index fibers use a radial distribution, and GRIN lenses
may use either radial or axial index distributions.

Axial Radial Spherical
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Refractive Micro-Optics 13

GRIN Lenses

GRIN lenses are usually cylindrical, can be produced in
various ways (either with axial, radial, or spherical index
gradients), and can be cut to various lengths to yield a
different optical functionality, such as imaging (focusing),
collimation, or even fractional imaging.

Full-pitch GRIN lens = imaging lens

A similar GRIN rod can implement any such functionality
by simply cutting the rod at a specific length. This is a
unique property of GRIN lenses not achievable with
standard refractive lenses, where the optical functionality
is dictated by the bulk index and shape of the surface
interface rather than the index change.

GRIN lenses have numerous advantages over traditional
refractive lenses:

» Their aspect ratio is constant and not dependent on
the focal length or NA of the equivalent lens.

* They are easily packaged due to their unique form
factor (cylindrical rod).

* They are well suited for fiber coupling because the
fiber core can be simply butt coupled to the entrance
(or exit) GRIN facet without any air gap.

A refractive or diffractive lens may also be formed at the
GRIN end facet to correct for specific aberrations. A tilted
mirror can be used at the end surface to form a circular
fiber (the input fiber is on axis, and the exit fiber is off axis).
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14 Refractive Micro-Optics

Spectral Dispersion in Micro-Optics

Refractive micro-optics can produce spectral dispersion
due to the wavelength dependence of the refractive index,
just like their macroscopic counterparts.

Pz ..
7 P2 .k~
0 ‘f%»j
Green
n() Blue
b

< >
“« >

The spectral resolving power of a microprism is defined as

o 0
R rism — oy b
pris. 8)\ a)\ (n)
In comparison, the spectral resolving power of a reflective
grating in the m'™ order is defined as

No
Rgrating = a = mNO

where N, is the total number of periods considered.
When the prisms are replicated and form a prism array,
such as a blazed grating, on top of the refractive
dispersion, the diffractive dispersion due to the periodic-
ity of the prisms must be considered. Diffraction effects
might be predominant for small periods and shallow
gratings, and refractive effects may be predominant for
large periods and deep gratings, or for random-period
prism arrays (see also Maximizing the Refraction/
Diffraction Effect).

The dispersion due to material dispersion has a sign
opposite that of the dispersion due to the periodicity of the
prisms and is usually much weaker (such as in transmis-
sion echelette or blazed gratings).
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Refractive Micro-Optics 15

Imaging with Microlens Arrays

Refractive microlens arrays (MLAs) can produce
unique imaging or nonimaging effects. Depending on the
incoming field, they can produce single images or com-
pound images, as shown below. The first MLA system is a
2f system, and the second is a 4f system.

2F . 2F
—— >

2t of

Macroscopic lens imaging

Object
N\
- f ooy =N OB fmn e
\ %)
@ Composite upright
images

Other types of MLA configurations with different focal
lengths and signs can yield interesting effects, such as
beam steering, afocal arrays for angle enlargers (an array
of weak-positive and strong-negative MLAs), or refractive
diffuser functions using microlens crosstalk.

Microlens array imaging
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16 Refractive Micro-Optics

Light-Field Cameras

A light-field camera, also called a plenoptic camera, 1s a
camera that uses an MLA to capture 4D light-field informa-
tion about a scene. The first light-field camera was proposed
by Gabriel Lipmann in 1908; it used integral photography as
the underlying technology. In 1992, Adelson and Wang
proposed the design of a plenoptic camera that can be used to
significantly reduce the correspondence problem in stereo
imaging. To achieve this, an MLA is placed at the focal plane
of the camera’s main lens. The image sensor is positioned
slightly behind the MLA. Using such images, the displace-
ment of image parts that are not in focus can be analyzed,
and depth information can be extracted.

This camera system can potentially be used to virtually
refocus an image on a computer after the picture has been
taken. The drawback of such a system is a lower resolution.
Lumsdaine and Georgiev described a new design of a
plenoptic camera, called a focused plenoptic camera, where
the MLA is positioned before or behind the focal plane of
the main lens. This modification samples the light field in a
different way that allows for a higher spatial resolution at
the expense of a lower angular resolution.

Raytrix (Germany) and Lytro (USA) developed the first
commercially available light-field cameras. Shown below
are first- and second-generation Lytro cameras.

A different design using low-cost printed film instead of
MLAs was proposed to overcome chromatic aberrations
and allow for a higher spatial resolution. However, a mask-
based design reduces light compared to MLAs.
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Refractive Micro-Optics 17

Light-Field Displays

Similar to light-field cameras, light-field displays can
be implemented in large-scale projectors for numerous
viewers to single-user personal displays, such as head-
mounted displays (HMDs). In light-field displays, multi-
ple fields from various angles are projected on the same
exit pupil, thus forming an eye box of light fields.

Simulated object
Screen with
directional pixels

Light-field displays are usually assimilated into auto-stereo-
scopic 3D displays, but their 3D functionality is far superior
to those of conventional stereo displays. The directionality
of the projecting elements can be engineered via MLAs (as in
Nvidia’s design) or a combination of projectors (or pico-
projectors) and a diffusion screen (such as a holographic screen
in Holografika’s design). Nvidia developed a light-field-occlu-
sion virtual-reality (VR) HMD by adding an MLA over a high-
resolution OLED microdisplay, creating a light field in the
user’s entrance pupil (shown below with a MLA-based design).

This architecture provides a wide field of view and can also
adjust itself to fit most ophthalmic prescription compensa-
tions solely by software. Completely transparent light-field
displays are currently under investigation for augmented-
reality (AR) HMD applications.
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18 Refractive Micro-Optics

Beam Steering with MLAs

Beam steering with MLAs is a useful way to steer an
incoming beam by laterally moving one MLA with regard
to the other (e.g.,, an afocal inverted telescope). The
following figure shows one such MLA system and its
resulting prism counterpart. The same principle can be
applied to arrays of such lenses in order to produce a thin
but large area to be steered, when thickness is essential.
However, care must be taken with parasitic crosstalk
between neighboring lenses. The resulting deflection angle
for a typical dual-MLA beam-steering system is given by

— avctan( A%
¢ = —arctan daf#

where f# is the f-number of the lens, and Ax is the relative
lateral MLA displacement.

EAZ /

,,,,, — T s
— - .,
— - _,

Small lateral offsets can produce large angular deflections.
When aligned, such arrays are also known as afocal angle
enlargers, enlarging the incoming beam angle by the
magnification ratio of the MLA system. If the MLAs are
diffractive, spectral dispersion and diffraction efficiency
must be addressed. Angular shifts of tens of degrees can be
achieved by micrometric lateral shifts.
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Refractive Micro-Optics 19

Beam Shaping/Homogenizing with MLAs

MLAs and ﬂy’s-eye Lenslet array Field lens
arrays are effective beam
homogenizers. Such ele-
ments are widely used in
digital projectors (front

and back), located after { |8 B T >

the light engine to pro-

duce uniform illumina-

tion on the microdisplay. <t <t
Incoming beam Output beam

. i fil
MLASs can also be effective profile protile

beam-shaper systems that

. . Lenslet array Free-space
Shape an mcoming beam j propagation into
. e . the far field
into a specific far-field N

pattern defined by the
geometry of the aperture
of each lens in the array.
For example, if the lens

aperture is rectangular or

hexagonal, the resulting <
far-field pattern may be Incoming beam

1 h 1 profile Output beam
rectangular or hexagonal, profile

respectively.

MILASs are used in a multitude of applications: beam shapers and
beam homogenizers, light-collection increasers in digital image
sensors and LCD projectors, optical fiber array collimators/
couplers, stereoscopic displays, plenoptic cameras, etc.

Refractive MLAs are often preferred to diffractive MLAs when
using broadband illumination to prevent parasitic spectral disper-
sion and spectral efficiency modulation. Such beam shapers are
insensitive to the incoming beam profile, unlike diffractive beam
shapers. Pseudo-random microrefractive element arrays can be
arranged in a specific way to yield more-complex near-field or far-
field intensity patterns (beam shapers). Such pseudo-lens arrays
are usually called engineered diffusers and operate over a very
wide spectral bandwidth, unlike diffractive beam shapers.
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20 Diffractive Micro-Optics

Digital Diffractive Optics

The realm of diffractive optics may be divided into five
different categories, chronologically:

1. Holographic optical elements (HOEs) are holo-
graphically exposed like traditional volume holograms.
The object beam can, however, be produced by an
optical element, such as a lens, a diffractive element
(CGH), or even a spatial light modulator (SLM) rather

than by a real amplitude object.

. Analytic diffractive elements (such as DOEs) can be
designed or calculated analytically, whereas numeric
diffractives require numeric optimization through
iterative algorithms because there is no analytical
solution to the diffraction problem (see point 3).

. Numeric diffractive elements (such as CGHs).

. Subwavelength diffractive elements can be either
analytic or numeric, and they are often nondiffracting
due to their subwavelength periods (zero-order
gratings).

. Dynamic diffractive elements have three different
types: reconfigurable, tunable, and switchable.

Free-space diffractive optics

Type 1:

Type 2: Type 3: Type 4: Type 5:

Holographically [Dynamic diffractives

generated
diffractives

Analytic
diffractives

Numeric
diffractives

Subwavelength
diffractives

(reconfigurable/
tunable/switchable)

l l Typical design lmelhods l l
. . . Rigorous
Conyentlonal Conlvenuonal Itler:l:mvg electromagnetic Scalar theory
optical CAD optical CAD optimization theory of diffraction
software software algorithm (RCWA/FDTD)
l lTypicaI fabrication l techniques l l
Diamond turning/ruling Deep UV lithography| MEMS/MOEMS
Holographic Conventional Conventional Direct e-beam write LC/H-PDLC
exposure lithography lithography Holographic Grating light valve
Greyscale lithography exposure (GLV)
l l Typical l applications l l
Phase gratings MLAs Beam shapers/ . . .
for DWDM Freshe! lenses diffusers/ Phxgmlc rfcwstals: Multiorder gratfngs
Binary gratings for OPU|| ~ Beam shapers || pattern generators suriaces Spectral shaping
Holographic diffusers DWDM echelette Spot array Zero-order gratings| |Variable attenuators|
Anticounterfeiting DVDs| gratings generators

Embossed holograms

Fourier filters
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Diffractive Micro-Optics 21

Analytic and Numeric Diffractives

Analytic elements are often designed by external
optical-design software based on ray tracing because a
phase profile may be defined analytically over an
infinitely thin interface (such as a substrate or lens
surface). Typical analytic elements are lenses, gratings,
and interferograms, which can be single elements or
combined with refractive/reflective elements to produce
hybrid optics.

Numeric elements are usually calculated iteratively as a
“black-box” element. An incoming wavefront is specified as
well as the desired output wavefront. The incoming
wavefront is usually a specific amplitude and phase
function, and the output field is usually an amplitude-only
function, located either in the near or far field. An iterative
algorithm aims to reduce a specific cost or merit function
that could be the diffraction efficiency in a given order, the
uniformity of the reconstruction, the SNR, or the rms error
between the desired reconstruction and the actual recon-
struction.

Typical numeric elements are a diffuser, beam shapers,
beam splitters, spot array generators, CGHs, arbitrary
pattern generators, Fourier filters, etc.

Analytic elements : Numeric elements

Diffractive element ¢ Diffractive element ¢

: i ~ i : —i —ip
3 Ale A |_JE|::> A2€ V2 3 Ale l(p‘ A3€ s
Input wavefront i Output wavefront Input wavefront l Output wavefront
i . 3 N.M -,
eﬁ(p(x,y) 3 zzw A4, where 4, —>1.0
Analytical expression Numerical expression
Gratings Diffusers and Fourier filters
DOEs : Beam shapers and beam splitters
Interferograms CGHs
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22 Diffractive Micro-Optics

Fresnel and Fourier Diffraction Regimes

A Fourier diffractive element is an element that
reconstructs the desired wavefront in the far field. An
example of a simple Fourier element is a grating. The far-
field distance is a function of the wavelength, aperture size,
and microstructure size. It can range from a few milli-
meters to a few meters, depending on the parameters. It is
usually defined as the Rayleigh distance (see also Near-
and Far-Field Regions).

Fourier element Fourier transform lens

. Far field (angular spectrum)
< ... or long distance Fourier plane

Alx, y)€f¢.()r- »

Near field (focal plane)

Fresnel element .
Fresnel region

A x, y)eim(x, ¥

i;(x, y)
A(x,y)e

A Fresnel diffractive optical element is an element
that reconstructs the desired wavefront in the near field.
The term “near field” refers to a distance smaller than the
Rayleigh distance. A simple example of a Fresnel element
is a diffractive lens.

The far-field pattern (Fraunhofer regime or angular
spectrum of plane waves) can be brought into the near
field by using a Fourier transform lens. For example, if the
illumination beam is collimated, the angular spectrum is
brought back into the focal plane of the Fourier lens.
However, any aberration of such a lens will change the
geometry of the original far-field pattern (for example, off-
axis beams will yield field curvature and coma when using
a spherical lens as a Fourier lens).
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Fourier and Fresnel Diffractive Optics

Diffraction through a Fourier element

A linear grating (periodic structures) produces sets of
symmetric diffraction spots (with various efficiencies
depending on the grating structures) visible in the far field.

Fourier or far-field pattern
(angular spectrum)

Binary
gratlng * +2
i
/ i Positive
V" e +1 orders
[ i
—— i
,,,,,, b Bt ®
[N
R

,,,,,,,,,,, o<
Y ><\ ;
_:_;_;_L \ . -1 Negative

orders

Planar wavefront

Diffracted beams

-1 All orders are “focused” in the far field
(planar wavefronts)

(same frequencies, i.e., collimated)

Diffraction through a Fresnel element

A diffractive lens (nonperiodic structure) produces various
spots, located symmetrically on the optical axis, in the near
field. For example, a binary diffractive lens can simulta-
neously be a converging and a diverging lens with the same

efficiency.
Fresnel or near-field plane
+1 (focal plane)
Diffractive
Incoming lens 2 !
plane wave +1

i
(collimated) :

-1

Only the negative orders are focused;
zero order is the image of aperture;
- ositive orders are virtual images;
Positive orders, . P '
. - real focal spot images i i
virtual spot images P g negative orders are real images.

Positive orders,
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24 Diffractive Micro-Optics

Analytic Diffractive Elements

Analytic elements are elements that can be expressed in
an analytic way, for example, by developing an analytic
expression of a phase function (such as a polynomial),
solving an integral analytically, or deriving an analytical
expression. This is how micro-optics were designed before
the advent of computers.

Optimizing an analytic phase function through heavy CPU
ray tracing also produces an analytic element. Refractive
micro-optics are analytic elements because their surface
profile can be described by an equation. Diffractives, on the
other hand, can be either analytic or numeric. There are
three types of analytic diffractive elements: gratings,
DOEs, and interferograms.

Analytic elements

o | T

Gratings DOEs Interferograms
Binary amplitude Cylindrical/conical lenses Cylindrical
Binary phase Toroidal/helicoidal lenses Conical
Multilevel phase Fresnel zone plate Toroidal
Blazed gratings Spherical lens Helicoidal
Sawtooth gratings Aspherical lenses
Echelette gratings Wide-band lenses
Deep-groove gratings Extended DOF lenses
Holographic gratings Vortex lenses
Concave gratings Beam-shaping lenses
Dammann gratings Null lenses
VIPA grating

Tilted operation lenses
Circular gratings

Chirped gratings

Grating-type analytical elements are periodic in one or
more dimensions, DOEs are aperiodic elements, such as
Fresnel lenses or beam shapers, and interferograms are
calculated as sinusoidal interference patterns (see Inter-
ferograms).
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Reflective Gratings

Reflective gratings were the first analytic elements to
be implemented in a product due to their strong spectral
dispersion in high diffraction orders (spectroscopy appli-
cations or wavelength mux/demux in DWDM systems).
This figure depicts
the most-common
reflective grating:
a blazed grating.
Depending on the
blaze angle and
opposite  sidewall Reflective
angle, this grating P@sedgrating
can also be also

considered to be an

echelette grating.

Ao A Mg
P Mg

Grating equation: m\ = A(sina + sinf)

Angular dispersion D 0B m  sina+sinf
of a reflective grating: T ON Acosp \cosP

where A is the period of the grating, m is the considered
diffraction order (a function of the depth of the grooves), a
is the incoming angle, B is the diffracted/reflected angle,
and N is the reconstruction wavelength. The spectral
resolution R of a reflective grating is

A NoA(sina + sinf)

= — = N =
on Yo N

where Ny 1s the number of grooves illuminated by the
incoming beam. The maximal resolving power of such a
grating is R,.x = CQW)/\.

The free spectral range F of such A

. : Fy = A\ = %
a grating for a specific wave- m

1 1
length is A AN = m + Ay
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26 Diffractive Micro-Optics

Amplitude Gratings

A binary amplitude grating is a periodic succession of
opaque and transparent stripes; each stripe couple forms a
single period of the grating. Such a grating can be fabricated
as a chrome-on-glass plate with a single lithographical step-
and-wet-etching process.

Zero order

Negative Positive
orders orders

The diffraction efficiency of such a grating is very low: most
of the reflected and transmitted light is held in the
respective zero orders. Interestingly, this grating has
symmetric diffraction configurations in reflection and
transmission, which is ideal for a few specific applications.

The Fourier expansion of such a grating can be written as

1 if mA<x<ec+mA
a(x, y) = =

0 elsewhere

. C

+o00 mce\ S1IN| M — X

c —im(—— ( ) im

awy) =3 D e <A)TcAez A
m=—0c -

A
The diffraction efficiency of such a grating for a specific
duty cycle ¢ can be written as

Duty cycle ¢ Symmetric
sin(m C) ’ sin(mﬂ) ’
. o
M = | A M = | N2/
mm mm

where m is the diffraction order, and A is the grating period.
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Binary Phase Gratings

A binary phase grating is similar to a binary amplitude
grating, in which the opaque regions are replaced by etched
grooves in either transmissive or reflective media. In
amplitude and phase binary elements, the polarity of the
structures can be reversed without altering the optical
functionality (from Babinet’s theorem). Both produce
multiple diffraction orders, as shown below.

Positive
orders

Negative
orders

By decomposing the grating profile in a
Fourier coefficient expansion, the effi-

2
ciency in each order (strength of each sin(m)
Fourier coefficient) can be computed nﬁ)’,: miq]-y
assuming that the optimal groove depth N

produces a m-phase shift to the incoming
normal wavefront.

By detuning the phase condition (nonoptimal groove
depths, operational wavelength drift, incoming beam tilt),
the resulting efficiency can be described as follows:

N |sin(n(m —«) sin("57) 2
mo Sin(ﬂme K>> Tm

where k is the detuning factor (proportional to the groove-
depth change, wavelength drift, or tilt angle). The perfect
condition would mean no detuning (i.e., k = 1). In many cases,
the application calls for a nonmaximum efficiency because the
zero order may also be part of the desired signal.
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28 Diffractive Micro-Optics

Multilevel Diffractives

Binary diffractives are the

simplest to fabricate and rep-
licate. However, they also
produce the largest number

of diffraction orders. In many
applications, it is preferable
to increase the efficiency in a
specific order; other applica-
tions might require many
different orders that have Binary phase grating
the same efficiency. Alterna- l

; A E

tively, only two orders might
be required: symmetric in the
far field, such as in on-axis m=—1 m=+1
binary Fourier elements, or )
of opposite vergence in the >
near field, such as in a binary e
lens.

Diffraction efficiencyisa [, |
mathematical description of | |
how much light is coupled
into a specific order. This is
not usually how application-
oriented efficiency is calcu- l

lated. For example, if the

task is to produce a far-field m=—1

symmetric pattern, the two

fundamental orders of a

binary Fourier element can

be overlapped, thus produc-

ing 81% efficiency (the sum

of the 40.5% efficiency of | A
both fundamental orders). | '
Diffraction efficiency is not
a universal concept; rather,
it is an application-oriented
concept.

Blazed phase grating
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Diffractive Lens Surface Profiles

There are many ways to design and fabricate the same
diffractive element (here, for example, a diffractive on-axis
spherical lens). Each has its own specificity in terms of
diffraction efficiency, number of orders, fabrication costs,
etc. A few such examples are listed below. The two values
for efficiency correspond to the theoretical and typical
experimental values, respectively, that are most commonly
achieved by current fabrication technologies.

Element type Fabrication

Refractive
(100% - 100%)

Polishing
/ Gray scale litho.

Blazed
(100% - 90%)

Diamond turning
/ Gray scale litho.

Saw-tooth
(90% - 85%)

Diamond turning

Amplitude Conv. Litho.
(<10%% - <8%)
Binary Conv. Litho.
(40.5% - 35%)
Quartenary Conv. Litho.
(81.0% - 70%)
Sinusoidal Holographic

(33.3% - 25%) exposure
Lithographic fabrication techniques—such as binary, multi-
level, or direct—and binary grayscale lithography can be used
to fabricate low- (binary) to high-efficiency (multilevel or
analog surface relief) diffractive lenses. Diamond turning
may be used to fabricate diffractives with larger periods,
directly as analog surface-relief elements. It is often desirable
to produce binary structures rather than multilevel struc-
tures, especially if the application calls for multiorder
diffraction or high diffraction angles (or subwavelength
diffractives). Holographic exposure lithography may be used
to produce lenses with (low-efficiency) sinusoidal profiles in
resist, which can then be etched down as binary structures
through overexposing resist and RIE.
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Diffraction Efficiency

The following table summarizes the diffraction efficiencies
in the main diffraction orders for various fabrication techni-
ques. All numbers are percentages.

Physical mode 0 +1 -1 +2 (-2 | +3 | -3
Binary amplitude 251101101 |0 | 0 |11 |11
Sinusoidal amplitude | 35 6 6 00 5 5
2 phase levels 0 | 405|405 | 0 | O | 45 |45
4 phase levels 0 81 0 0|0 0 10
8 phase levels 0 | 94.9 0 0|0 0 0
16 phase levels 0 | 98.7 0 0|0 0 0
Blazed phase 0 | 100 0 0|0 0 0
Sinusoidal phase 32| 34 34 0|0 0 0

Amplitude elements have the lowest efficiency. If an
amplitude element consists of half absorbing and half
transmission patterns (such as an FZP), then only
transmission orders are generated. If the amplitude zones
are reflective rather than absorbing, the same number of
orders (including the zero order) will be diffracted in both
directions (transmission and reflection). Such a lens would
simultaneously converge, diverge, reflect, and transmit,
thus forming a total diffracted field of ~50% (the other 50%
1s lost in both reflection and transmission zero orders). The
conjugate fundamental order continues the fundamental in
the opposite direction, e.g., the positive reflective is the
conjugate transmission order.

Multilevel elements approximate a continuous analog
surface-relief profile, and thus their efficiency converges
toward the efficiency of an analog surface-relief element.
Sinusoidal phase elements are usually interference pat-
terns in resist, exposed holographically. They yield equal
efficiency in the zero and both fundamental orders. An
interferogram-type diffractive would have such a profile
and such efficiencies.
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Diffractive Fresnel Lens

An on-axis diffractive Fresnel lens consists of concentric
zones that can be either amplitude (FZP) or phase (binary,
multilevel, or blazed lens, either reflection or transmission).
The location of the zones (for a spherical or aspheric lens)
produces local grating structures that diffract light in the
direction dictated by the local grating period and orientation.
The following figure shows a phase-only blazed diffractive
lens with groove depths for reflection or transmission modes.

Transmissive mode:

Different techniques may be used to calculate the position
of the successive rings for such a lens:

* The rays at each local grating period can be traced,
and the optical path difference (OPD) from one ring to
the other can be increased by 2w for the design
wavelength.

* The Fresnel rings can also be considered as slices of 27
cut from the continuous phase profile.

The following figure shows how a continuous phase profile
is sliced into 2 slices and reset on the same surface to form
the Fresnel rings. The phase profile is expressed over a
planar or curved surface and is not a refractive profile. The
phase profile is imprinted on the wavefront at that surface
(at least in the fundamental diffraction order).
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Diffractive Lens Profile Descriptions

In a diffractive lens,
the desired continuous
phase profile is o [n(k) - 1]
imprinted on the wave- A (o) -1

front at the desired sur-

face. For a spherical lens, the phase profile ¢(r, \) for each
successive Fresnel groove i is shown here (where a 1s called the
detuning coefficient). In many cases, a more-complex phase
profile might be required to address specific aberration
corrections. A general aspheric phase profile can be described
through the sag equation and an astigmatic polynomial series:

2 Cr? N .
0(r) = — +y . Cir*
=5 <1 +VI-A+ 1)r202> i1

VR f
Ao

¢(r,}\):2wa<i7 ),riﬁrﬁriﬂ

where A is the conic constant, and C is the curvature at the
vertex. Note that these phase profiles are described over a
target surface that is then converted into a real surface-relief
profile as a function of the index and/or the design wavelength.

Fabricating an aspheric diffractive lens, unlike a conven-
tional refractive lens, at the wafer scale has the same cost
as fabricating a simple spherical lens. Optical CAD tools
based on ray tracing can describe various general phase
profiles, such as the rotationally symmetric phase profile
(even or odd aspheres):

0(r) = Z:;Z Cirt

This profile can be fabricated by single-point diamond
turning. For off-axis or anamorphic profiles, a nonsymmet-
ric phase profile or even an arbitrary profile described by a
polynomial in x and y is often needed:

0(x, y) = Z]ril Z?:l Cix' - ijj

Microlithography techniques (binary, multilevel, or grey-
scale) can fabricate such profiles, as can diamond-tool CNC
machining (or freeform diamond machining), but when the
base surface is not planar, e.g., hybrid optics, lithography
might be difficult (wafers are usually flat).
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Microlens Parameters

* fnumber of a microlens: f# = f/ID, where D is the
aperture diameter of the lens.

* Numerical aperture (NA) of a diffractive microlens:

NA = sin(opax) = ﬁ = sin (arctan (2f)> = 2%[
where A is the smallest period of such lens.
+ Smallest feature 8 in a diffractive lens:
R S
PNA  p
where p is the number of phase levels of the lens.
* Depth of focus (DOF) of a microlens:

DOF = 2\f#*

+ Shift in focal length as a function of wavelength in a
diffractive microlens (longitudinal chromatic aberration):

Nofo
Y

2

b(x) = exp (—mfo—f) =) =

Nofo = constant

« Abbe V numbers for refractive and diffractive
microlenses:

1 _
Vier = oY) A1 = 486.1 nm
3 \o = 587.6 nm
Var =573, = 73452 [ \; = 656.3 nm

The Abbe numbers (spectral dispersion powers) have
opposite signs for refractives and diffractives (50-60 for
traditional refractives, and —3.5 for diffractives). A reflec-
tive (nondiffractive) microlens yields no dispersion.

Opposite Abbe numbers enable the design of achromatic
singlets formed by hybrid refractive/diffractive profiles in
which the refractive power is usually much stronger than
the diffractive power (related to the spectral dispersion
power ratio in both surfaces).
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Spectral Bandwidth of Diffractives

A diffractive lens derived from a continuous phase profile
over 27 slices can yield high diffraction efficiency at that
specific wavelength but rather poor efficiency at all other,
larger wavelengths. Diffraction efficiency is maximal for
harmonics of that wavelength (shorter wavelengths). By
designing derivative diffractives from phase slices that
yield different 2w[n2m] phase shifts for various specific
wavelengths, the resulting compounded efficiency may
become much stronger over a wider spectrum between
wavelengths for which the efficiency is maximal.

The following figure shows a same phase profile from which
can be derived either a narrow-band diffractive lens (left,
shallow fringes with a phase shift of 2w[0]) or a multiorder,
broadband diffractive lens (right, deeper fringes with a
phase shift of 2w [n27]). The structures are deeper and wider.

Refractive phase profile

Harmonic DOE

Conventional DOE o1

When the design wavelengths are close to each other, the
optimal depth may become too deep for fabrication,
especially when the lens already has small periods (a fast
lens). It is thus wise to choose wavelengths that are wider
apart to yield groove depths that are easier to fabricate
(litho/etching or diamond turning). Such elements are also
referred to as harmonic lenses because they produce a 2-
period phase shift for multiple wavelengths.
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Broadband Diffractives

A diffractive lens might be used over more than a single
wavelength with high efficiency. Although it is possible to
design and fabricate diffractives that yield high efficiency over
multiple wavelengths, it is difficult to do so and achieve a
uniform efficiency over a wide spectral band, such as the visible.
The design phase profile can be sliced to produce multiples of 27
phase shifts for different wavelengths (multiorder or harmonic
diffractive lenses). For example, to design a diffractive lens with
high efficiency over \;, Ag, and A3, the following equations
should be solved to find the optimal groove depth:

Nl)\l Ng)\z Ng)\g
HT(mOd(Z'rr)(A(P 27‘-)) ( — 1) (n — 1) (n — 1)
Nihi_ Nohs N3k

2 2 2

where Hrp is the groove depth in transmission, and Hy is
the groove depth in reflection. A reflective multiorder
diffractive lens is more desirable because the depth is much
less than the transmissive counterpart and thus easier to
fabricate (due to a lower groove-aspect ratio).

The focal length of the multiorder lens of broadband order p in
diffraction order m is f(\) = (p/m)(\ofo/ N). The efficiency in order
k for a broadband order p diffractive lens can be written as

n = sinc(w(py + k))° \ )
No n(\) —1 énzsinc(*rr()\op+k)>

Hg(mod gm) (A = 2m)) =

w‘n@@fl' A\
Design Reconstruction Efficiency

p Ao (nm) k A (nm) M (%)
-8 700 99
-8 650 93
-9 600 99

10 550 -10 550 100
-11 500 100
-12 450 98
-14 400 98
-16 350 97
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Achromatizing Hybrid Lenses

Because the Abbe numbers of refractive and diffractive
lenses have opposite signs, it is possible to achromatize
such hybrid singlets (compensate spectral drifts). The
following figure shows a (a) refractive and (b) diffractive
lens and a (c) hybrid refractive/diffractive singlet reducing
chromatic aberrations (i.e., spot shift).

refractive ; ’ N{
only
(@ \é4222;>/

diffractive _—] R G B

only

(b)

refractive | — |
diffractive hybrid I G
C
© >
B
¥

. Nmed — 1
Refractive Abbe number: Vit =—=% — x50
Nghort — Nlong

A
Diffractive Abbe number: Vaig = _tmed o~ 35
Nshort — )\long

By equating both dispersion values, the chromatic aberra-
tion can be nulled out, as follows:
C; (G
ﬁ+W:QWMNQM:Q+@
1 1

e
f doublet f ref f dif

Both surface powers have the same sign, unlike traditional
achromatic doublets (no power waste).

Effective focal length of a singlet:
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Athermalizing Hybrid Lenses

Athermalization can be achieved in a hybrid singlet in a
way similar to that of achromatic singlets (thermal spectral
drifts have opposite signs in refractives and diffractives,
similar to spectral dispersion characteristics).

* The optothermal expansion coefficient x. for a
refractive lens of focal length f, curvature ¢, and index
n can be written as

ol (N (1o
T (n—1c Pt \f)or " \n-1)0T
The focal-length variation for a diffractive lens as a
function of the temperature is given by

Ay =T0n L2 g ATy
B 2m)\0 B 2m7\0 mn e 0

* The optothermal expansion coefficient x5 for a
diffractive lens can be written as

o 1 8f - 1 8n0
= (7) gr =2+ () 37

Inverse to spectral dispersion, the amplitude of the
thermal expansion of diffractives is much smaller than
the amplitude of the thermal expansion of refractives:
[ xfaie]l << |%pyetl

By equating both values, it is therefore possible to design
an athermal lens (a hybrid singlet refractive/diffractive
athermal lens) in which the focal length does not vary with
temperature as it would for individual refractive or
diffractive lenses: xfdoublet = Xfmount-

Although a typical hybrid achromatic singlet lens would
have most of the power on the refractive surface, a typical
hybrid athermal singlet will have most of the power on the
diffractive surface. This makes it difficult to design and
fabricate hybrid refractive/diffractive lenses that are
simultaneously achromatic and athermal.
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Hybrid-Lens Surface Descriptions

Optical-design CAD tools, such as Zemax™, offer various ways to
represent a diffractive, holographic, or hybrid refractive/diffrac-
tive surface.

Zemax™ Surface

Model Index Description

Binary optic 1 Uses 230-term polynomial to define phase
Binary optic 2 Uses radial polynomial to define phase

Binary optic 3 Dual-zone aspheric and diffractive surface
Cylindrical Fresnel Polynomial cylindrical Fresnel on a polynomial

cylindrical surface

Diffraction grating Ruled grating on standard surface

Elliptical grating 1 Elliptical grating with aspheric terms and polynomial
grooves

Elliptical grating 2 Elliptical grating with aspheric terms and grooves
formed by tilted planes

Extended Fresnel Polynomial Fresnel on a polynomial surface

Extended toroidal Aspheric toroidal grating with extended polynomial

grating terms

Fresnel Planar surface with refractive power

Generalized Fresnel XY polynomial Fresnel on an aspheric substrate

Hologram 1 Two-point, optically fabricated transmission hologram

Hologram 2 Two-point, optically fabricated reflection hologram

Lenslet array Arrays of microlenses

Radial grating Diffraction grating with radial phase profile

Toroidal grating Ruled grating on a conic toroid

Toroidal hologram Toroidal substrate with a two-point, optically fabri-

cated hologram

User defined General surface that uses an arbitrary, user-defined
function to describe the refractive, reflective, diffractive,
transmissive, or gradient properties of the surface.

Zone plate FZP model with annular rings of varying widths

A hybrid Binary 2 surface can be defined as an underlying
refractive or reflective surface with lens sag defined as

cr?

Tl /i-(rhes
with a diffractive phase profile on such surface defined as
N
d=M> Ap*
=1
where r and p are radial dimensions.

+ (x1r2 + 0(2)"4 + (xng + 0L4r8 + 0L5r10 + a6r12 + 0L7r14 + ugr16
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Hybrid Refractive/Diffractive Lens

The following example shows how a hybrid refractive/
diffractive singlet has a front surface that is a pure
refractive (usually spherical) and a second refractive
surface (usually aspheric) with an aspheric diffractive
profile of weaker power. Such a lens thus has three
surfaces: two refractives and one diffractive.

The various aspheric coefficients describing both the second
aspheric refractive and aspheric diffractive profiles are listed
below, as well as the expression of the first refractive profile.

Spherical refractive surface

Aspheric refractive + aspheric
diffractive surface

Description of a hybrid spherical gu:ace_;ndez(. ;
refractive/aspheric refractive + aspheric Ruf acgﬁ YRS il
diffractive lens as a Zemax™ Extended Leen;a%r!n‘ilt:-_pro S T3
Fresnel surface type Paraxial_curvature_(x 106): 76335.88
. X Conic_constant_(x 106): 0.00
Physical_type: 2 Phase_units: 1
Operation_mode: 1 Nb_of _coefficients: 0
Design_wavelength_(nm):  587.60 Lens. radius_(mu): 8000.0
Nb_of_phase_levels: 1 - -
Index_of_refraction: 1.49166657
Hybrid_optical_element
Nb_of_surfaces: 2
Surface_index: 2
Surface_type: 4
Refractive_profile
Lens_units: 1000

Paraxial_curvature_(x 106): —72463.77
Conic_constant_(x 106): 0.00

Phase_units:

Nb_of_coefficients: 1
Coefficient_index: 1
Coefficient_order: 4
Coefficient_(x 106): 275.00
Lens_radius_(um): 8000.0

Optical designers must be very careful with the dimensions
and conventions used to express such aspheric coefficients
(waves, radians, microns, millimeters, etc.) and the fact
that the lens pupils might be normalized.
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Aberrations in Micro-Optics

Refractives and diffractives have very different chromatic
dispersions and thermal drift characteristics and can thus
be achromatized or athermalized as hybrid singlets. The
following tables list some of the aberrations that occur in
either pure diffractive or pure refractive lenses.

Parameter Refractive Lens
SPherical s o (e g B 4 BT )
202
—y*0°H 1 2 1
Coma S = 24 nt E+ nt T
2 n(n—1) n
Astigmatism S = H?0
Petzval Seo — H?%9
V="

curvature
Distortion Sy =0
Bending g-9te
parameter €1~
Conjugate pott W _m+l
parameter u—u m-1

Parameter Diffractive Lens

herical 404
Spherica Sy = yTe (1+ B? + 4BT + 3T?) — 8\By*
202
—y“0°H

Coma Sy = yT (B+2T)

Astigmatism S = H?6

Petzval Sy =0

curvature

Distortion Sy =0

Bending B_ 2Ceub

parameter 9

Conjugate utd m+1

parameter T= u_u m-1
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Aberrations in Micro-Optics (cont.)

Although on-axis systems with low NAs may produce
decent optical imaging qualities with spherical surfaces,
off-axis and higher-NA systems may require more-complex
aspheric surfaces. Such surfaces may be described as odd
or even aspheres, toroids, anamorphic, or even freeform
surfaces. It is usually more complex to fabricate a highly
aspheric refractive or reflective surface than a spherical
surface. This is not the case for diffractives, at least when
they are fabricated via microlithography. For diffractives, a
general polynomial (X/Y cross-linked terms) may bear the
same lithographic fabrication burden as the fabrication of
simpler linear or spherical surfaces.

While designing such aspheric surfaces, care must be taken
when unleashing higher-order coefficients in the optimiza-
tion process (in CAD tools): this may not necessarily yield
fewer aberrations if the cost function has not been designed
to prevent the divergence of higher aspheric polynomial
coefficients. For example, diffractives produce stronger
coma aberrations than similar refractives; such coma can
be reduced by fabricating the diffractive on a curved
surface rather than by optimizing a higher-order aspheric
diffractive phase profile.

Although it can be conceived that imprinting the phase
profile instantaneously on the incoming wavefront might be
an advantage (such as in diffractive optics or HOEs), it is
usually an inconvenience that yields more aberrations,
which might require fabricating the diffractive or hologram
on a curved surface or combining it with refractive elements
to form a hybrid optical element.
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Beam-Shaping Lenses

Diffractive analytic beam shapers may be designed by
deriving a phase profile for a simple geometrical transfor-
mation, such as Gaussian-to-top-hat. Such an element can
be fabricated as a refractive profile (very difficult to
produce refractively due to its arbitrary profile).

The following expression

o(x1, ¥1) = @u(1) + ¢y (1)
T 5 2ma x1V2 o 2%
@y(x1) = _)\—fxl - E—f x1Erf - [1 _ e

(o)

describes such an element as a phase profile that can be
implemented either as a refractive or a diffractive element.
In this case, it is a Gaussian-to-top-hat beam shaper, where
a 1s the output-square top-hat dimension, o is the beam
waist of the Gaussian incoming beam, and f is the focal
length of such a beam-shaper lens).

Although this phase expression is separable in the x and y
axes, it might be difficult to fabricate such a phase profile
as a refractive element but easier as a diffractive (via
microlithography). The following image shows such a
diffractive beam shaper fabricated over eight phase levels.

Similar to a Fresnel
diffractive lens, the
fringes have decreasing
periods from the optical
axis toward the outer
regions of the lens.
Unlike numeric, dif-
fractive  beam-shaper
lenses, the phase pro-
file here does not show
any phase dislocations
(see Beam-Shaping
CGHs).
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Vortex Microlenses

Vortices are universal and robust states that exist in all
realms of physics and, therefore, also optics. Diffractive
vortex lenses have unique optical functionalities suitable
for special applications. Although it is difficult to implement
a vortex lens as a refractive or reflective element, it is easy
to fabricate one as a planar diffractive. The fringes
composing such lenses are not circular but rather helicoidal.

Vortex DOE lens of order 1 Vortex DOE lens of order 2 Vortex DOE lens of order 3

Vortex lenses create a vortex of k vectors propagating within
a tore of light around the focus plane. Such a tore is different
from the tore produced by conventional toroidal lenses. The
following figure shows the longitudinal intensity and phase
maps at the vicinity of the focus of a second-order lens and
the lateral phase maps (the focus plane is on the fourth
reconstruction form from the left). Note the phase vortices.

%\)ﬁ&ﬁf///////a
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Vortex lenses are currently used in numerous fields,
ranging from metrology to interferometry to plastic fiber
coupling.
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Extended Depth of Focus Microlenses

One of the advantages that diffractive lenses have over
their refractive/reflective counterparts is that they can
implement complex phase profiles without being more
complex to fabricate. An example of the versatility of
diffractive lenses is the DOF-modulated lens, a kind of
extended depth of focus (EDOF) lens. A conventional
diffractive lens with a single focus is modulated either
radially (left) or circularly (right).

Radial DOF modulation Circular DOF modulation

In both cases, a sinusoidal modulation of the focal length
(amplitude Af centered over fy) has been imprinted on the
original circular fringes over N periods. Although radial
modulation does not affect the shape of the fringes but
rather the periods of the consecutive fringes as they move
along from the optical axis, circular modulation affects the
shape of the fringes and produces wavy patterns. Such
lenses have a spatially localized focal length varying from
fo —=Af to fo + Af by N times, either radially or circularly.

Although such modulation will affect the imaging quality of
the lens, optimal applications might be found in laser
material processing (compensating for work-piece location
and/or planarity), optical pick-up units (compensating for
disk wobbling), or specific wavefront coding for digital
imaging applications (e.g., camera phones, IR missile
tracking).
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Aperture and Wavefront Coding

Aperture coding

Traditional cameras use circular apertures and capture
blurred images away from the plane of focus. By creating a
coded aperture within the objective lens, depth information
and all-focus images can be retrieved via signal processing
(shown below: (left) conventional and (right) coded aper-
tures and subsequent PSFs).

Wavefront coding

Wavefront coding, pioneered by Edward Dowski, Jr. and
Thomas Cathey in the 1990s, enhances the depth of field of
imaging systems. It is based on codifying the wavefront to
replace the ordinary PSF with one featuring invariance
properties against defocus. The codification is achieved by
adding a phase mask at the exit pupil of the system.

Digital
‘ () post-processing

F

Detected image
(+ noise)

Scene Optical

system Exit pupil +

Phase plate

Intermediate
image

Commonly used phase masks are cubic distributions
(shown below with subsequent PSFs). The mask is usually
computed using the ambi-
guity function and station-
ary phase method. Dynamic
range is usually sacrificed
to extend the depth of field.
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46 Diffractive Micro-Optics

Spatially Multiplexed Planar Optics

Complex apertures can be implemented in diffractive lenses
to spatially multiplex various lenses or create super-
resolution lenses (by blocking the center of the lens).
DOE lenses are very versatile elements and can be spatially
multiplexed with other elements, such as linear gratings. In
this example, a series of diffractive lenses are fabricated over
a thin slit area flanked by gratings on each side. Such
a transparent element
assumes the task of two
bulk optical elements, a
lens, and an aperture Right
stop (as in optical enco- oeine
ders). A slit is difficult to \
align to alens, but a lens
with slit functionality
already incorporated in

its structures has the
potential to be easily
mass replicated.

Rectangular
apertured
lens

Left
grating

Another example is the spatial multiplexing of two lenses
with two different prescriptions to be used as a dual-focus
lens in optical pick-up units (OPUs) to read CDs and
DVDs with a single “lens.” The spatial multiplexing
architecture chosen here is a complex “dartboard” aperture
that maximizes the
angular and radial
contributions of each
lens to produce opti-
mal Strehl ratios in
both spots (see the
numerical modeling
along the optical axis
on left side. The smal-
ler spot = DVD @ 650
nm for a higher NA,
and the larger spot =
CD @ 780 nm for a
lower NA).
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Diffractive Micro-Optics 47

Diffractive Null Lenses

Diffractive null lenses are used in interferometers to
analyze the quality of a refractive or reflective lens profile,
usually a highly aspheric surface profile. Such null lenses are
also called null CGHs, even though they are analytic
diffractive lenses or phase plates designed through ray tracing
rather than calculated iteratively as typical numeric CGHs.

Such lenses may be described through Zernike polynomials
(Zernike wavefront description) or any other aspheric
phase profile, as listed in “Diffractive Lens Profiles.”

= Zam,nzm,n(ry ¢')

Some of the Zernike orthogonal phase states:

Zoo =1 — piston
Zy,—1 = 2rsin(¢) — tip
Zy,1 = 2rcos(¢) — tilt

Zs,—3 = V/6r’sin(2¢) — astigmatism
Zao=3(2r* — 1) — focus
Zz,g = \/EI‘ZCOS(2(.P)

— astigmatism

Below is an example of a typical astigmatic null lens corrector
(or null CGH) showing the three binary masks used to
produce the final 8-level-phase null CGH via lithography.

8- phase -level null lens Flrst maskmg layer Second masking Iayer Third masking layer

Although a binary-phase null CGH producing 40.5% diffrac-
tion efficiency in the fundamental diffraction order might be
sufficient to be used in an interferometer, lower light in the
conjugate order as well as in the higher orders will increase
the SNR and image contrast in the fringe read-out on the
interferometer (achieved through multilevel fabrication).
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48 Diffractive Micro-Optics

Interferogram Lenses

Interferogram diffractive lenses are similar to standard
diffractive lenses. However, there are a few important
differences. An interferogram lens is calculated as an
interference pattern formed by a reference and an object
wavefront, as in traditional holography. The resulting
interference pattern is a sinusoidal profile:

t(x, y) = ¢+ 2A0(x, y)cos {‘Po(x,y) - sin)\(a) x}

where « is the angle between both wavefronts, and ¢, ¢,
and A are constants.

An off-axis refer-

ence wave is used gy avie
to produce the off-  toroidal
axis power rather diffractive
than setting the lenses

aperture  off-axis,
as in a standard
diffractive. =~ When .

. . Off-axis
setting a toroidal  conical
lens in an off-axis diffractive
position, part of lenses
the lens does not
appear in the aperture (top-right image). Only half of the
focused ring appears in the focal plane when illuminating
such a lens.

)

Conventional DOE

1l

Interferogram DOE Conventional DOE

When setting an interferogram toroidal lens off axis, a
tilted reference beam is introduced and produces a lens
profile (top-left image). When illuminated, the entire light
ring still appears in the focal plane. The bottom figures
show the same effect with conical diffractive lenses.

Because the phase profile is sinusoidal, it yields a
maximum efficiency of only 33%. Such lenses can be used
in off-axis modes so that the converging wave (fundamental
positive order) does not interfere with either the diverging
wave (negative order) or the zero order.
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Toroidal and Helicoidal Planar Lenses

When calculating the conventional diffractive lens phase
profile, the standard phase-profile description, as given by
classical optical design-software tools, is used. When
calculating an interferogram lens for the same phase
profile, a carrier term (as a grating function) can be
included in order to offset the optical reconstruction. The
integration of the carrier is not done over the phase profile
(which would produce a conventional off-axis lens) but
rather in the interferogram fringe pattern (producing the
same offset effect without physically setting the aperture
offset to the actual lens phase profile).

The following example shows the fringe patterns for a

simple toroidal lens and the optically reconstructed pattern

off-axis. Only the interferogram fringes reconstruct the

entire tore of light.

Interferogram toroidallens
J 7

Off-axis
toroidal

DOE diffractive toroid

Off-axis toroidal DOE

Optical reconstruction

Complex shaped lenses can be effective optics for use in
metrology, 3D display, optical telecom, laser material
processing, and optical sensing, but very rarely for
traditional imaging applications. Such lenses include
conical (tilted cylindrical), toroidal, helicoidal, axicon,
vortex, etc.
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50 Iterative Optimization Process

Numerical Optimization

Numeric diffractives are often calculated by iterative
optimization algorithms (such as phase retrieval algo-
rithms) because the optical problem wusually has no
analytical solution. A merit function (or cost function) is
defined over n dimensions as well as a set of constraints.
The algorithm then tries to find a minimum value of the
cost function by modifying various degrees of freedom in
the diffractive (typically a sampled phase profile) while
addressing the various constraints (typically design,
operation, and fabrication constraints).

The following figure illustrates an input and output
wavefront (the wavefront constraints). An added constraint
1s the description of the sampled complex profile, which is
usually a phase-only profile with a limited number of phase
values for each pixel (or phase levels) and a specific
sampling rate (pixel size).
Element to be calculated:
“black phase box”

Input wavefront l Output wavefront

4

AI(X, y) efiw‘ix‘v) . . Ac( X, y) efiwuix‘v)
ACGH(X’ y)e Poan .y)y
where Near or far field
Acar(% y) = 1.0

One important indicator of how easily the element might
be optimized is its space-bandwidth product (SBWP),
related to the number of degrees of freedom the algorithm
can work on:

NM

CxCy

SBWP = P

where N and M are the number of pixels in x and y, C, and
C, are the size of each pixel, and P is the number of phase
levels over each pixel.
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Iterative Optimization Process 51

Numeric Diffractives

Numeric diffractives designed by an iterative algorithm
can produce complex optical functionalities not achievable by
analytic diffractives. They are often not used as imaging
systems, like their analytic diffractive counterparts, but
rather in illumination systems, sensors, and other nonima-
ging optical systems.

Numeric elements

o | T

Complex gratings Fourier CGHs Fresnel CGHs
Fourier filters Far-field projectors Multi-focal lenses
Fan-out gratings Spot array generators Multi-spot lenses
Beam splitters Beam shapers Beam shapers

Diffusers Focusators

Homogenizers
Structured illumination

Because the solution to the optical problem (defined as a black
box between an input wavefront and an output wavefront)
does not need to be analytical, very complex optical
functionalities can be produced, such as custom pattern
generators in the near and far field, from specific input
wavefronts (such as beam shapers, pattern generators, etc.).

Numeric diffractives might reconstruct the desired wave-
front in either the near field (Fresnel element) or far field
(Fourier element). As opposed to analytic elements,
diffractives calculated by iterative algorithms, such as
phase retrieval algorithms, can produce phase dislocations
for either Fourier or Fresnel elements, which might be a
problem in imaging systems.

Fourier diffractives typically yield many more phase
dislocations than Fresnel elements. Phase unwrapping
algorithms can thus be applied more easily to the latter
than the former.
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52 Iterative Optimization Process

CGH Design Constraints

When defining an object constraint for an iterative
optimization algorithm, such as an amplitude (or intensity)
constraint, it is important to prevent diffraction pattern
overlap or instead force multiple diffraction orders to
overlap (e.g., on-axis symmetric Fourier patterns, such as a
top-hat beam shaper or spot array generator).

Design pattern CGH Reconstructed pattern
Binary CGH

5

This is particularly true for binary elements, especially in
the far field (Fourier binary elements). In this case (first
and second example in figure), the object is not symmetric
and both orders are overlapping in the binary phase case.
For multilevel fabrication (next examples), the energy in
the conjugate orders (fundamental and higher) are irrele-
vant, therefore reducing the burden on object constrains
positioning.
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Iterative Optimization Process 53

Merit Function Definition

In an iterative optimization process for a numeric element,
one key issue is to define an appropriate cost function and a
set of constraints. The obvious constraint is the reconstruc-
tion pattern and the incoming field, but others could be the
number of phase levels to be fabricated and the number of
pixels in the sampled element. The cost function is usually
the diffraction efficiency, but it can assume more-complex
roles, such as uniformity in the reconstruction, local SNR
levels, RMS error in the reconstruction, etc.

In many cases, the optimal cost function is a linear
combination of such criteria, with a weighting factor used
for of each of them. The choice of iterative algorithm is
important: although some would not be able to leave a local
minimum (such as direct binary search) over complex
merit functions, others would converge to a lower global
minimum (such as with simulated annealing, shown
below).

Cost function

“ " A
Global minimum. _ _\/_ _—— -

Deterministic optimization Stochastic optimization

The conditions for termination of the optimization
process can vary, such as a specific cost-function limit,
specific optical criteria value (such as diffraction efficiency
or uniformity), target number of iterations, or evolution
rate of the cost function (which is often the most useful
because the best achievable cost-function level is usually
unknown).
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54 Iterative Optimization Process

IFTA Algorithm

The Gerchberg—-Saxton algorithm (also called the
iterative Fourier transform algorithm, or IFTA) is
probably the easiest CGH optimization algorithm to
implement and the fastest to converge toward a solution.
The iterative algorithm is based on sets of constraints in
both the CGH or DOE plane and the reconstruction plane
(which can be the far field or the near field). The
propagation to and from both planes is performed by
either a Fourier transform (far field) or a Fresnel transform
(near field). In each plane, the constraints are set (e.g.,
phase quantization in the CGH plane and amplitude in the
reconstruction plane).

The raw IFTA converges the efficiency very well, but its
uniformity and SNR are lacking. Additional features can
therefore be implemented, such as simple error reinjection
or annealing error reinjection, to improve the convergence
of the uniformity in the reconstruction. The initial guess
can be random or the output of a previous algorithm or
design.

Initial (random)

guess
DOE plane Reconstruction
plane
forward
transform
Set Set
DOE plane reconstruction
constraints constraints

inverse
transform

Optimized DOE
(phase mapping)
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Iterative Optimization Process 55

Direct Binary Search

The direct binary search (DBS), or steepest-descent
algorithm, is a simple, input—output iterative optimization
algorithm. It is fast and easy to implement, but it can be
trapped in local minima, especially if the cost function is a
combination of several criteria, such as efficiency, unifor-
mity, SNR, RMS, etc.

In order to improve the uniformity and SNR in the optical
reconstruction, it is useful to run a fast IFTA algorithm
and then adjust the phase with a slower DBS algorithm.

Initial (random)
guess DOE(i = 0)
v

i=i+1 A i
> Reorganize DOE(i) |
v
[Update reconstruction for DOE(i)|
v
[ Evaluate cost function E(i) |
Keep
< configuration AE <0
of DOE(i)

¢AE20

No Array

processed?

¢Yes

No changes
kept?

No

¢Yes

Optimized DOE(i)
(phase or complex mapping
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56 Iterative Optimization Process

Simulated Annealing

The simulated annealing (SA) algorithm is a powerful
and complex optimization algorithm that, unlike the DBS
algorithm (see previous page), can prevent the cost function
from being trapped in local minima, especially when this
cost function is a linear combination of several criteria. The
annealing of the temperature can be set to be fast or slow,
depending on the complexity of the cost function to reduce.

Such an annealing algorithm can be a good addition to an
early IFTA optimization task, which would take care of the
efficiency at first and then fine-tune the other criteria.

Initial (random)
guess for DOE (i = 0)

v

— | Reorganize DOE(i) | &
v

[ Compute reconstruction for (i) |

i=i+1 | Evaluate cost function E(i) |

v

AE>0 ™~

et |

P>C, [ Keep configuration of DOE(j) |

| Cool-down T |—
s i=i+1

Optimized DOE(i)
(phase or complex mapping)
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Iterative Optimization Process 57

Beam-Shaping CGHs (Numeric)

A typical beam-shaping CGH, or top-hat generator,
converts a Gaussian incoming field into a uniform-
intensity beam profile with a square section in the far
field and can be designed by any of the previously described
iterative algorithms.

The following figure shows a few such beam shapers
transforming an incoming Gaussian beam profile into
either a full uniform square (top) or into uniform-edge
lines of a square (bottom), for either far-field (left) or near-
field operation (right).

Incoming beam

Fourier CGHs Fresnel CGHs
| |
[ [
Reconstructions CGHs Reconstructions

In the case of near-field operation, the beam shaper would be
a lens element focusing the desired reconstruction at a
unique position after the element. The square edge shapers
can be used for laser material processing (such as cutting or
welding), whereas the full square shapers can be used as
traditional top-hat beam shapers (illumination engines,
sensors, etc.).

Although diffractive beam shapers may provide virtually
any beam-pattern shaping, the uniformity is usually poor
for far-field shapers used with lasers due to pixelation
arising from Fourier plane sampling and speckle.
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58 Iterative Optimization Process

Spot Array Generators

Spot array generators and multifocus lenses can be
designed by any of the previously described iterative
optimization algorithms. The former produce regular or
irregular arrays of spots on the sampling grid of the
reconstruction window, and the latter produce similar spot
arrangements in the near field (focused spots).

The following figure depicts spot array generators (left and
center) and multifocus lenses (right) designed by DBS, GS,
and Ferwerda algorithms (a Ferwerda algorithm is
basically an IFTA working in the near field).

DBS CGH
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Optical reconstruction in the
far field from a GS CGH

A spot array generator (Fourier element) can be easily
distinguished from a multifocus lens (Fresnel element) by
the typical periodic structures in such elements. Previously
described effects of sampling rates and speckle are not an
issue in such elements.

A multifocus lens can also modulate the focus of each spot
rather than the off-axis of each spot, or it can generate a
combination of off-axis and focus distance for each spot by
using an adapted iterative algorithm.
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Iterative Optimization Process 59

MLAs and Multifocus Lenses

The optical reconstructions from an MLA or a multifocus
lens might be similar, but the optical characteristics can be
very different. This table summarizes the NA, f number,
and depth of focus for a diffractive MLA and a multifocus
Fresnel diffractive lens. Whereas MLAs can be fabricated
as refractive or reflective elements (operating over a very
large spectrum), fabricating a Fresnel multifocus lens as a
refractive or reflective element is quasi-impossible due to
the complexity of the surface profile.

Lens Array Fresnel CGH

Physical
layout

Lateral view

f

Desi .
miif;i Analytic Numeric
NAA = sin(max) = A:in NAN = sin(amax) = A:in

NA of DOE D/ b D 5
P | fn(32)) - - on(2) 2

sin (arctan( of %f sin| arctan 3 %f
f-number of Nf I
DOE lens fa=T7 fin=p
Depth of focus 9 9
Of DOE lens DOFA = 2)\f#A DOFN = 2)\f#N

In many cases, multiple imaging is required by sharing (or
dividing) the NA (such as in MLA), and in other cases
multiple imaging over the original NA is required (such as
in multifocus, Fresnel diffractive lenses).
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60 Iterative Optimization Process

Dammann Gratings

Dammann gratings are binary phase or amplitude
diffractives designed to generate arrays of equal-intensity
point sources in the far field. Hans Dammann presented
the first binary phase grating
to produce equal magnitude
orders in the Fourier plane.
The figure here shows a 1 to 6
Dammann far-field beam split-
ter operating in 1D. The far
field is produced at the focal
length of a conventional Fourier
transform lens. Damman grat-

ings can also be designed as 2D I [ [ ] ] ] [ [ ] [
beam splitters (used in optical

computing, structured illumination, and even laser material
processing). Circular Dammann gratings have also been
investigated, yielding circular shape arrays (see below).

Dammann gratings are analog elements, as opposed to
CGHs, which are numeric elements. Both can be used for
beam splitting (fan-out elements), but a CGH may imple-
ment more complex (nonsymmetric and nonuniform) fan-out
architectures. They can also be designed to operate directly
in the near field (such as Fresnel diffractives, as opposed to
Fourier diffractives). Near-field Dammann gratings have
been recently applied to the development of lensless cameras
by using a combination of the Talbot self-imaging effect and
spatially multiplexed near-field Dammann gratings (as with
MLAS).
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Iterative Optimization Process 61

Talbot Self-Imaging

The Talbot effect is a near-field diffraction effect, first
observed in 1836 by Henry Fox Talbot. When a plane wave
is incident upon a periodic diffraction grating of period A,
the aerial image of the grating is repeated at regular
distances from the grating plane. The regular distance is
called the Talbot length, and the
repeated images are called self-
images or Talbot images.

A self-image occurs at half of the
Talbot length, but it is phase-
shifted by half a period. At
smaller regular fractions of the
Talbot length, sub-images can
also be observed. At one-fourth
of the Talbot length, the self-
image appears with half of the
period of the grating. At one-
eighth of the Talbot length, the
period and size of the images is halved again, creating a
fractal pattern of sub-images with ever-decreasing size
(Talbot carpet).

Lord Rayleigh showed that the Talbot effect

was a natural consequence of Fresnel diffrac- 2A2
tion and that the Talbot length Zrcan be found Zr = N
by the following formula:

When the wavelength is close to o N
the period, Rayleigh showed that r= 1 J1- (A)Z
this equation should be used: A

In micro-optics fabrication, Talbot self-imaging may be
used in proximity lithography (e.g., mask aligner) to form
aerial images on the wafer that have periods half of the size
of the periods actually printed on the mask. They may also
be used in conjunction with physical gratings located at the
exact Talbot distance to produce moiré effects for lateral
alignment (or front/back wafer alignment).
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62 From Micro-Optics to Nano-Optics

Subwavelength Optics

Subwavelength micro-optics are micro-optical elements
with structures that are smaller than the reconstruction
wavelength. Because the reconstruction wavelength can be
quite large (a CO4 laser at 10.6 pm) or quite small (an EUV
source at 13 nm), such optical elements cannot be classified
solely by the absolute size of the structures constituting
them but rather as the ratio between the reconstruction
wavelength and their smallest structures (unlike micro-
electronics, where only the absolute size of the smallest
feature is considered: the critical dimension). The following
figure classifies macro-, micro-, and nano-optics along that
ratio.

[ ] micro-0PTICS  [-=---] MACRO-OPTICS
[ nanooPTICS [ | OTHER

100 pm

Micro in IC

Nano inIC

>

I8

100 nm 10 um

When the ratio between the wavelength and period
becomes smaller than unity, major changes occur in the
way the structures interact with the incoming light.
Diffraction in the fundamental mode (and in higher modes)
1s no longer present. However, this is only valid for
wavelength-to-period ratios, not wavelength-to-smallest-
feature ratios (CD). The CD can be much smaller than
the wavelength and still produce strong diffraction in the
fundamental orders as long as the period is larger than the
wavelength.
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From Micro-Optics to Nano-Optics 63

Large- and Small-Period Gratings

Large-period gratings (periods much larger than the
reconstruction wavelength) are considered to operate in the
scalar regime of diffraction and may produce multiple
diffraction orders of energy (or efficiency) that can be
accurately predicted by scalar theory. Both means of
polarizing light diffract in a very similar way.

Multiorder grating

+1 0

Small-period gratings (equal to or smaller than the
reconstruction wavelength) are nondiffracting gratings
because all higher orders are nonpropagating and therefore
produce only a zero order, which can happen in both
reflection or transmission modes.

Subwavelength grating

0
Such gratings are also called zero-order gratings and
have very interesting polarization characteristics.
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64 From Micro-Optics to Nano-Optics

Zero-Order Gratings

A zero-order grating is a nondiffracting grating that
produces only a reflective and transmissive zero order,
which is very dependent on the polarization.

Incident wave | Reflected
g zero order

The condition for having a zero-order grating operation is

A 1

< -
N max{\/e\/Em} + /e sind g,

where g, e, and g are the permittivity of the upper
medium, the effective grating modulation medium, and the
lower medium, respectively; ¢ is the incidence angle on
the grating; A is the period of the grating; and \ is the
reconstruction wavelength.

An obvious application of such a grating is polarization
beam splitting: one polarization direction is reflected, the
other is transmitted, and both are zero-order diffraction
beams.

Although the periods of such gratings might be very small
(and thus difficult to fabricate), it is very unlikely that
multilevel fabrication is needed because it is intended for
larger-period gratings to boost efficiency.
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From Micro-Optics to Nano-Optics 65

Rigorous EM Diffraction Theory

When the ratio between the reconstruction wavelength and
the smallest period constituting the optical element
approaches unity and below, scalar theory begins to fail,
and more-rigorous vector diffraction theories must be
applied, solving Maxwell’s set of time-harmonic equations:

( - oH
curl (E) = B
. OE
curl (H) = S
div (eE) = 0
div (wH) =0

The subwavelength structure is no longer considered an
infinitely thin surface. The interface boundaries must be
precisely defined, as below, for a simple binary grating.

Region | Binary grating profile Interface region

Regionlll .

z

Three regions are considered in this simple example: the
first is the region outside the grating (air), the second is the
surface-modulation region, and the third is the substrate.

Various techniques can be applied to model the diffraction
efficiency of such a grating by solving Maxwell’s equations
analytically (coupled-wave theories) or numerically
(FDTD, etc.).
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66 From Micro-Optics to Nano-Optics

Effective Medium Theory (EMT)

When the minimum period becomes smaller than the
reconstruction wavelength, the incoming light does not reach
the structures but rather “sees” an analog effective index
modulation that is produced by the subwavelength (usually
binary) structures.

The following table shows an example of a blazed grating
profile (local phase ramp) that is physically implemented
by various techniques (analog or multilevel surface ramp,
real index modulation, and effective index ramp through
binary subwavelength structures).

Physical aspect Comments
Ny
n, A) Continuous profiles
A>>\
Ag>> )
e
n B) Multi-level approximation
n, ! -> multi-mask process
n; < n(x) I n, C) Effective medium approach
Ag>> M
el
n D) Single-step planar (binary) technology
ny 1

In this example, the smooth phase profile producing the
blaze is implemented as a pulsewidth modulation
(PWM) along each period of the grating. The structures
are fabricated over a regular grid, and each structure is
slightly smaller, producing a linearly varying sub-grating
duty cycle. Note that one can also use a pulse-density-
modulation (PDM) scheme or even an error-diffusion
algorithm, such as the one used in greyscale laser printing.

Because there is only a single etch depth for EMT structures,
a single lithography and etching step is required. However,
the resulting element behaves as a multilevel or quasi-analog
surface-relief element. This is thus an efficient fabrication
technique when compared to systematic errors (alignment,
etch) that occur in multilevel lithography.

Field Guide to Digital Micro-Optics
Downloaded From: https://www.spiedigitallibrary.org/ebooks on 14 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



From Micro-Optics to Nano-Optics 67

EMT Encoding Schemes

In EMT elements, an analog phase modulation is produced
by subwavelength organization of binary structures,
whereas in scalar theory, analog phase modulation is
produced by multilevel microstructures (e.g., Fresnel diffrac-
tive lenses) or index variation (e.g., volume holographic
gratings).

Although the structures are subwavelength and thus
defined as rigorous diffraction, the resulting synthetic
phase profile can be defined as scalar diffraction (the
resulting periods are larger or much larger than the
reconstruction wavelength).

Various means of organizing subwavelength binary struc-
tures have been used in the industry to produce highly
efficient EMT elements, such as gratings and lenses. The
following are examples of blazed grating profiles produced
by using either a PDM or PWM scheme.

Pulsewidth modulation

Lo

Pulse-density modulation

Note that this technique is very similar to the binary halftone
coding used to produce greyscale images (see Halftone
Greyscale Lithography). In both analog-phase and ampli-
tude-modulation synthesis through PDM or PWM, the aim is
to produce a synthetic analog modulation that is below the
resolution of the system (optical imaging resolution for the
amplitude and optical diffraction for the phase).
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Form Birefringence

Natural birefringence is often a nuisance in optics, but it
can also be a desirable tool for the optical engineer. Because
EMT 1is very polarizing, it i1s thus possible to design
and fabricate synthetic A bolarization boam
birefringent materials by Teqm  siting TEsTM  COmbining
adequately microstructur-
ing an interface. The fol-

lowing example shows / /
polarizing beam splitter/ T \"V' TE \V'
combiner made of a sub-
wavelength grating. Such ™%
gratings are usually repli- VE
cated by nano-imprinting L~

and subsequent dry RIE \
etChing' * 10 1.2 1:;'/1:.5\2.0\2.2 24 26 2.—8

Reflectance (%)

=)
3

Form Birefringence

Material Ao (nm) n An = ngny
Fused silica 630 1.46 -0.084
Photoresist 630 1.64 -0.151
ZnSe 1.5 2.46 -0.568
GaAs 1.0 3.40 -1.149
Si 1.0 3.50 -1.214
Ge 10.0 4.00 —1.543

Natural Birefringence

Material no ne An = ngny
Quartz 1.544 1.553 0.009
Rutile 2.616 2.903 0.287
ADP 1.522 1.478 —0.044
KDP 1.507 1.467 —0.040
Calcite 1.658 1.486 —0.172
Proustite 3.019 2.739 —-0.280
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Antireflection Microstructures

An antireflection surface (ARS) is usually made of
successive thin films that have slightly varying indexes
such that the reflections at each interface are minimized
MgFs, etc.).

Because EMT can produce effective indexes as seen by the
light, it is thus possible to produce AR structures in the
material that act as thin-film AR coatings.

L

By fabricating subwavelength pyramidal structures, a
slightly varying effective index for the incoming light can
be produced exactly as if a real stack of thin films were
coated on the substrate.

The main advantage of a structured AR surface is that it is
part of the same material and cannot be de-laminated.
Such structures can be patterned by nano-imprint and
transferred via dry RIE etching in the substrate.

The duty cycle of each layer of the 2D pyramid grating
slowly increases, going from the top of the pyramid down to
the valleys, and is expressed as follows (the current layer
index 1s 2, located between 1 and 3):

n) =\ /n2(1 - ¢) + nZc (TE)

Teff =
ng =1/\/(1=¢)/nd +¢/n} (TM)

where the optimal grating duty cycles are

_{nl/(nlJrng) (TE)
- n3/(n1+n3) (TM)

Note that a binary grating can already reduce the
reflection coefficient at a glass interface by producing an
effective intermediate layer between the glass and air, with
an effective index between both.
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Parity-Time Symmetry in Optics

The concept of parity-time (PT) symmetry, borrowed from
quantum field theory, has been applied to the design of
novel optical structures. In optics, PT symmetry requires
that the complex refractive index n(¥) = nge(¥) + inm(¥)
obeys the condition n(¥) = n*(—7); in other words, the real
index profile (phase) must be an even function of position,
whereas the gain/loss must be odd, as shown below.

Phase modulation (n,,) Gain/loss modulation (n, )

\ /

| r

Long before the PT-symmetry concept was introduced,
Poladian theoretically showed that if the imaginary
component of the refractive index in a Bragg grating is
periodically modulated, the conventional symmetry in the
contra-propagating mode interaction in these devices may
be altered. This leads to an asymmetrical behavior in the
mode-coupling process; specifically, the Bragg grating can
induce coupling from the forward-propagating mode into
the backward-propagating modes when the light is
launched from one end of the grating, but the same is not
true when the light is launched from the opposite end.

PT-symmetric materials can produce interesting and
unusual optical functionalities, such as double refraction
and “nonreciprocal” diffraction, or unidirectional Bloch
oscillations. In particular, Poladian predicted unidirec-
tional diffraction of reflective-waveguide Bragg gratings
when they combine balanced, periodic modulations of the
refractive index and loss/gain. This zero reflectivity is
combined with an ideal signal transmission thanks to the
grating exhibiting no changes to its phase or amplitude,
thus forming a unidirectional invisible medium. Probing
the same grating from the opposite side produces very
strong back diffraction combined again with perfect signal-
integrity transmission. The concept of unidirectional
diffraction has been experimentally demonstrated.
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PT Grating-Assisted Couplers

A grating-assisted coupler consists of two single-mode
asynchronous waveguides (the propagation constants of
both waveguides are different) that interact over a distance
L via a complex grating coupler that has both index and
gain/loss modulations. The com-

plex grating introduces a pertur- Port
bation to the complex refractive Port A/ Port D
index, as follows:

An = An; cos (kz) — iAay sin(kz)

Results for traditional gratings (phase modulation only,
left side) and for PT-symmetry gratings (phase and gain/
loss modulations shifted by a quarter period, right side) are
shown below.

B2 Lg

Port C

'~ ANV : —— PotA>PotC
—— Port A> PortD
= = N
[=} ) AN
7] n 2 Ty
] 7] ) \‘
% 0.5 5 'l
-4 = \
& £ L
(=4 = t ‘\
i
| (a) ! H (b)
SN PR — —_ ,' -
ol \ g \ . 0 Pty ~ _
1540 1545 1550 1555 1560 1540 1545 1550 1555 1560
WAVELENGTH (nm) WAVELENGTH (nm)

The most noticeable distinction between the two structures
(left: conventional coupler; right: PT coupler) is that the
PT-symmetry design allows coupling the signal into the
neighboring waveguide without depletion. Furthermore, it
1s worth noting that the power transferred from Port A and
Port C is wavelength-dependent. At the same time, the
transmission in the excited channel between Port A and
Port D remains unaffected by the grating. The power
conservation law 1s not violated because the complex
grating 1s an active structure, and power is supplied to
maintain optical gain.
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Nonreciprocal Free-Space PT Gratings

Diffraction asymmetry (also called nonreciprocity or
unidirectionality) is achieved by a phase shift between the
index and the gain/loss in waveguide gratings. The same
effect can be observed in a free-space log period grating
(Raman—Nhat regime). The grating is assumed here to be
composed of the dielectric constant modulation and
modulation of the gain/loss with the same periods but
shifted by a quarter period A/4 in either direction:

n(x) = ny —+ ny cos(Kx) Cos(kx)+isin(kx+)3 5% Cos(kx) —isin(kx)
| 2l 9
a(x) = ap + a; sin(Kx) U :s a | g
. . > > 0
When n; = a5, only diffraction < 0 A\ Ny

. : .- -2
1nto nonnegative or nonpositive

orders occurs, depending on the shift between the gratings
(see below: diffraction efficiencies in the zero and higher
orders for index, gain/loss, and PT gratings as a function of
the grating strength).

Index grating Gain/loss grating Perfectly asymmetric grating

© v T

1 7

‘. ¢ % 3 0 « %

The results for PT symmetric gratings are very different
from traditional index modulation gratings. In addition to
full diffraction asymmetry, the incident wave is unaffected
(light in the zero order = solid horizontal line). The
diffraction efficiency in the first order dominates for small
values of the grating strength before being diffracted into
higher orders. This was obtained for zero average loss/gain
(g = 0); however, ag can be modulated and used to design
particular diffraction patterns of the perfectly asymmetric
gratings. This amplification produces a very convenient
tuning mechanism.
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Surface Plasmonics

Surface plasmon polaritrons (SPPs) are collective
oscillations of free electrons at the surface between a metal
and a dielectric material. Such an oscillation occurs at
resonant frequencies. The SPPs are confined to the
interface between materials with dielectric constants of
opposite signs (e.g., at a metal/glass surface).

z
Air

Metal grating
€n <-1

+++ --- +4++ ---
Substrate

(glass)

The surface confinement of the SPP field to the interface
makes it possible to overcome the diffraction limit encoun-
tered in classical optics. Such a patterned metallic surface
can be excited by an evanescent wave and coupled to the
waveguide through an optical coupling mechanism (prism,
hologram, grating, etc.).

oA

g | i

< /

Etched in- ‘ Metallic grating
coupling grating

Slab guide Substrate

The coupled SPP propagation vector kgpp can thus be
written as
21

21 .
kspp zTﬂsmG—FnT

Nanoscale holes etched into thin metallic films can induce
SPP effects and act as point source arrays. This is a unique
feature that can be used to implement various optical
functionalities in planar waveguides, lensing, grating
effects, or even beam splitting.
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Photonic Crystals

The term “photonic crystal” (PC) is a recent creation, but
it is based on predictions formulated in 1987 by Eli
Yablonovitch at Bell Communications Research (NJ) and
Sajeev John at the University of Toronto. Photonic crystals
are periodic nano-structures that have singularity geome-
tries wherein light may propagate. The light propagates in
a PC similar to the wave function of electrons in crystals.

Another way to describe the light behavior in such
structures is to use the density of optical modes compared
with the density of modes for electrons in solids. The PC
lattice U,(r) produces a periodic dielectric distribution,
which can be written as U,(r + a) = U,(r). Bragg scattering
through this periodic structure provides strong and coher-
ent reflections at particular wavelengths, and it is the
origin of the photonic bandgap. Traditional volume
holograms (such as fiber Bragg gratings or 2D holograms)
can therefore also be considered as partial bandgap PCs.

Light can be localized in a PC at defects (singularities),
which are due to multiple scattering (interferences). The
band structure, or dispersion relation, defines the relation
between the frequency w and the wave vector o = c| k.

w
(o:c‘k‘

k

X 00 0k kk 00
Frequency plot Constant frequency contour

Band diagram along several directions

A plane wave will only scatter to plane waves whose wave
vectors differ by a reciprocal lattice vector. The reflection is
maximal if the Bragg condition is satisfied (as in a
traditional volume hologram):

et =1 o k=m/A

Photonic crystals can assume various geometries (1D, 2D,
and 3D structures, and PC “holey” fiber/waveguide).
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Metamaterials

Richard Feynman predicted in the 1960s that “there is
plenty of space at the bottom” (referring to subwavelength
structures and photonic crystals). It could also be said that
“there is plenty of space below the bottom” when considering
metamaterials. A metamaterial is a composite or struc-
tured material that exhibits properties not found in naturally
occurring materials. Left-handed (negative refractive index)
materials have electromagnetic properties that are distinct
from any known material and are thus metamaterials.

The metallic nanostructures composing a metamaterial
have an active effect on the incident light, rather than the
passive effect they have in photonic crystals, diffractives,
and holograms. The oscillation of the field created by the
light interacting with the material changes how the light
propagates in that same material. Snell’s law is thus
reversed in left-handed materials.

Metamaterial

Therefore, the ray paths can be drawn at the interface of
conventional materials and at the interface of conventional
and metamaterials (left-handed).

Metamaterial

Perfectly flat lenses and optical cloaks (using SPPs) are
among the notable implementations of metamaterials.
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Metasurfaces and Resonant Antennas

Metamaterials remove dependence on the propagation
effect by introducing abrupt changes of optical properties.
Abrupt and controllable changes of optical properties are
achieved by engineering the interac- , -
tion between light and optical scat- SRS
terers (or optical antennas), which s
can take a variety of forms, such as
metallic or dielectric micro-/nano-
particles and apertures opened in
metallic films.

"/_LEL\\*_r'f,--

Arrays of antennas are used with subwavelength separa-
tion and spatially varying geometric parameters (e.g.,
antenna shape, size, orientation) to form a spatially
varying optical response, thus shaping incoming optical
wavefronts into phase profiles designed at will. Such an
optical wavefront can be engineered through the nano-
antennas to produce an effective lens, prism, beam shaper,
beam splitter, DOE, or even CGH or hologram.

Two features distinguish such metasurfaces from con-
ventional optical components. First, wavefront shaping is
accomplished within a distance much smaller than the
wavelength from the interface. Second, metasurfaces
based on optical scatterers enable engineering of the
spatial distribution of the
amplitude, phase, and
polarization, all with sub-
wavelength resolution. b
Multiple wavelength-reso- -
nance nano-antennas can MW
be used to yield broadband Jus
elements; they can thenbe "5t =

Scattering Cross-Section
TM12

—

—

used to produce arbitrary | '

wavefront surfaces, such A | ’
as  dispersionless flat I O |
lenses or color-triggered ' ' .

functionality.
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The Holographic Process

Conventional Real object

recording is the ) Beam splitter ?
aser N

analog process of I:'_ , < -/

recording an |-

interference pat-

tern, whether it Obiject beam

1s an index pro-

file (volume holo- .

grams using |
. >
emulsions, such Miror — \ Holographic plate
as silver halide,
. Reference
dichromated gel- beam

atin, or photopo-

Iymers) or a surface-relief profile (photoresist). The interfer-
ence pattern is created by an object beam and a reference
beam;both are coherent and from the same source. The object
can be real or a display (light valve), or it can be another
analog hologram (or CGH).

Playback of the ?

hologram is done Virual oblect e ‘

by illuminating L

the hologram \ y

with the same ref- “-\ \ Holographic

erence beam used plate

for the recording. =2
This triggers I:'_>
the fundamental
Bragg mode and
produces the
object wavefront

by diffraction.

Reference beam

The hologram can also be illuminated with other colors
and/or under other angles and still produce a full
reconstruction, provided that such a combination of
spectral and angular bandwidth satisfies at least one of
the Bragg conditions of that hologram.
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Gabor and Leith Holograms

Denis Gabor received the Nobel Prize in 1948 for
inventing the principle of holographic recording and play-
back. By using an on-axis reference wave, his recording
technique produced on-axis holograms in which multiple
orders are superimposed, as shown below (this figure
shows the reconstruction of a single spot in the near field,
as in an on-axis Fresnel holographic lens). This technique
was thus adapted only to transparent objects, such as

phase objects.
#3: Diverging wave
from virtual object
» /
Virtual I
image —_— > | #2: Zero

order

Real J
image

#1: Converging wave
to real object

Emmett Leith and Juris Upatnieks later proposed an
off-axis holographic recording technique (using an off-axis
reference wave) that spatially separates the diffraction
orders one from each other as well as from the zero order.
Most current holograms are recorded this way.

—_—
- —

Viewer looking at

real image
Virtual #1: Converging wave
image to real object Z—

#2: Zero
order
i \ #3: Diverging wave
\ from virtual object
T~
~ Viewer looking at
virtual image
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Thin and Thick Holograms

The notion of “thin” and “thick” holograms is related to the
physical thickness of the holographic emulsion. A thick
hologram may incorporate the full Bragg selectivity (both
angular and spectral), whereas a thin hologram would act
more like a surface-relief diffractive element, producing
multiple diffraction orders and being unable to work in
reflection mode without a proper reflective coating.

The quality factor @ of a hologram is expressed as follows:
2m\d
Q=g
nA“cos a
A hologram is considered thin when @ < 1, thick when
@ > 10, and in an intermediate regime in between.

Transmissive thick hologram Reflective thick hologram

Thin volume hologram

v e

A A

Thin holograms operate in the Raman-Nath regime
(similar to the scalar regime for surface-relief diffractives),
whereas thick holograms operate in the Bragg regime.
However, it has been shown that even for thin holograms,
for a weak index modulation, there might only be a single
order diffracting. When the index modulation is stronger,
higher orders might be diffracted, such as in surface-relief
holograms (where the index modulation is n — 1, with n
being the index of the etched material).
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Reflection and Transmission Holograms

The recording geometries to produce either a transmission or a
reflection hologram are listed below.

Point sources | Optical recording Type Optical rectonstructlon
setup setup
sy Real
""""""""" Reflective s,
S, Real
Sy Real o s J—
””””””””” Transmissive
S, Real
B Real
777777777777777777 Transmissive Sy : —3
S, Virtual
EN Virtual cooo--23eSy
777777777777777777 Transmissive I
S, Virtual /
Sy Virtual """:;‘."s‘
) Reflective
S, Virtual

The spectral and angular bandwidth of both reflection or transmission
holograms can be modeled with Kogelnik’s coupled-wave theory.
Kogelnik should be used to determine which hologram thickness and
which (Greek capital Delta)n (material index modulation) should be
used to achieve the desired efficiency (defining the material before
preparing the recording set-up). Although recording holograms with
point sources and/or plane waves (such as depicted in this figure) might
produce sufficient imaging performance to image such points, it is often
helpful to use a CGH to record a more-complex phase map, which
would correct aberrations when imaging an extended-size object (real
object) or account for using the lens in various off-axis positions. The
design and optimization of a CGH phase map is usually done in a
traditional optical CAD tool. The phase profile is then etched in a fused
silica wafer through optical lithography and dry oxide etching. A CGH
can be used to expose a transmissive or reflective hologram.

Note that a reflective hologram might also be transparent to the field,
as would a transmissive hologram. Transparent reflection holograms
are good candidates to implement HUD or HMD combiners. While
silver halide, dichromated gelatin (DCG), or photopolymers can be
recorded as either transmissive or reflective holograms, H-PDLC
holograms are usually recorded as transmissive elements.
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Fraunhofer and Fresnel Holograms

The following figures show the differences between a
Fraunhofer hologram (far-field pattern reconstruction)
and a Fresnel hologram (near-field pattern reconstruc-
tion). Some holograms can be both types simultaneously,
creating a desired pattern in both fields.

Fraunhofer (Fourier) hologram

#1: Far-field pattern

.-|‘ Viewer
é . .. <. Hologram

. #2: Zero
order

»
>

Fresnel hologram

#1: Direct wave

(virtual image) (real image)

- Viewer
‘.|b
& ~"

f
| -~y

S
*o1~_ Hologram

_ #2: Zero
" order

#3: Conjugate wave

Q Viewer
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Holographic Interference

If the object O and reference R beams are produced by the
same source, the complex amplitudes for both beams can be
written as

R — i(x, y, 2) —A ikz

(¥, 2) = r(x 3, z)e' B¢ Where 1= Vi 2422
O(x, y, z) = o(x, y, Z)el¢(x, ¥2) = Agetkr

Thus, the intensity pattern arising from the interference

between both beams is expressed as

I(x,y) = |0+ R> = 00" + RR* + OR* + O'R

The resulting transmittance function 7' (which is related to
the refractive index modulation in a volume holographic
emulsion or a surface-relief modulation in a photoresist
layer) becomes

T = C+¢(|Of + O'R + ORY)

where C is related to the background amplitude, and ( is a
parameter of the holographic and development process
(¢ can be a complex number).

When the hologram is illuminated by a beam R, the
reconstructed wavefront assumes the following form:

R'T = CR' + ¢(OO'R + O'RR' + OR'R)

When the hologram is illuminated by the same reference
beam R as the one used for the recoding process, the
reconstructed wavefront becomes

RT = R(C + ¢OO") + CR?0" + (|R*O

Note that the intensity term of the object wavefront in the
last equation gives rise to the image of the object that was
recorded.

There is usually more than one reference-beam position and/or
reference-beam wavelength that satisfies the Bragg condition
and produces the same object image. (See Floquet’s Theorem
and the Bragg Conditions for how the various Bragg conditions
can be calculated by Floquet’s theorem.)
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The Grating Vector

A Bragg grating (or, more generally, a Bragg hologram) is
a volume hologram that has been recorded as an index-
modulation transmittance function in an emulsion, such as
silver halides, DCG, photopolymers, H-PDLC, or even
photorefractives.

Although a surface-relief grating can also be a true volume
Bragg grating, this is usually difficult to achieve because of
the complexity of fabri-
cating tilted, high-aspect- )f Grating vector
ratio structures.

Consider the following
grating geometry and
illumination, where « is
the incidence angle, ®
is the diffracted angle,
As 1s the projected period
normal to the surface,
and A is the real period Incident ' Diffracted
of the grating. field 9 | field

The grating vector is
then defined as

K = K(cos(®)Z + sin(P)X)
27T

A

n(x, 2) = ng + An(x, 2)

K:

The grating-fringe slant angle, the real period, and the
projected surface period can be expressed as

O =m/2+ (0, —00)/2
A = No/(2no|cos(P — 6,)])
Ag = A/sin(P)
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Floquet’s Theorem and the Bragg Conditions

The Bragg condition sets the reconstruction geometry
and hologram prescriptions yielding maximum efficiency.
Floquet’s theorem is expressed as a function of the
grating vector K, where O is the object vector, and R is the
reference vector.

Floquet's theorem:
—

A O=R-K  *

Bragg incidence Off-Bragg incidence

“On-Bragg” means that the reconstruction wavelength and
angle are set to the exact optimal conditions.

The following figure shows the various Bragg conditions for
a same volume grating (or volume hologram) with various
wavelengths and various incidence angles.

Normal to slant

Bragg condition #3 Bragg condition #4

A6

Parallel to slant

Slanted transmission hologram ™+

Bragg condition #1 i
i Bragg condition #2
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Grating Strength and Detuning Parameter

The parameter v,, known as the “grating strength,”
defines the “strength” of the physical grating as a function
of the index modulation (larger is better) and thickness
(thicker is better) for s-polarization. It is a parameter
linked directly to the type of holographic recording
material used:

. wAnd
¥ N/CrCs

where ¢, and ¢, are the obliquity factors defined as

¢ = cos(a) — <nOLA> cos(®)

¢, = cos(a;)

where a;1s the incidence angle, and @ is the grating angle. The
detuning parameter ( (alsocalled the dephasing parameter)
is a function of the recording geometry as well as the
illumination geometry and is a useful parameter describing
how far one is from a Bragg condition (i.e., “on-Bragg”):

Kd KX\
(= <2_Cs) <|cos(<I> — )| — 41m0)

where K is the grating vector, d is the emulsion thickness,
@ is the diffraction angle, «; is the incident angle, and nq is
the base index of the emulsion.

For example, when the detuning parameter becomes zero,
the Bragg condition is present (or on-Bragg). When
Floquet’s theorem is satisfied, the detuning parameter
also becomes zero. The theorem can be satisfied for multiple
angle/wavelength conditions (multiple Bragg conditions).

The grating strength, obliquity factors, and the detuning
factor are key parameters for the Kogelnik two-wave,
coupled-mode-theory model for volume holograms (see
next page).
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86 Holographic Micro-Optics

Kogelnik Theory for Volume Holograms

Herwig Kogelnik derived a two-wave coupled theory in
1969 at Bell Labs. His model gives the best results in the
Bragg incidence angle and for a single diffraction order.
Any order other than 0 or 1 in reflection or transmission is
considered as evanescent. Kogelnik’s model is only valid for
sinusoidal index modulations for slanted Bragg planes
(ideal for volume holograms). The model is also valid for
both transmission- and reflection-mode holograms.

The limitations of Kogelnik’s model are that it is only valid for
small index variations and near-Bragg incidence. Boundary
reflections are also not considered. The diffraction efficiency
in the fundamental order in transmission mode is given by

2
sin(y/v? + C2>

Nt = :
1+

where v, is the grating strength for s-polarized light, and
¢ 1s the detuning (or dephasing) parameter.

Similarly, the diffraction efficiency in the fundamental
order in reflection mode is given by

1
()
sinh( vZ— §2>2

The spectral and angular bandwidths, i.e., range of operation
within the Bragg regime, is quite different when considering
a reflection or a transmission volume hologram. Kogelnik’s
theory predicts the diffraction efficiency but does not provide
information about the behavior of the hologram as an optical
element; if the latter is important (e.g., with an HOE lens),
ray tracing or physical-optics propagation might be useful.

MR =

1+

Rigorous coupled-wave analysis (RCWA) is also a
coupled-wave model, but it gives more-accurate results by
considering more modes. Whereas the Kogelnik model
provides simple analytical expressions for efficiencies,
RCWA usually requires numerical solving algorithms.
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Angular and Spectral Bandwidths in Holograms

The angular and spectral bandwidths of volume
holograms can be calculated by Kogelnik’s theory and are
summarized in the following table.

{ Transmission

hologram 100

Reflection !
hologram H100

The angular bandwidth of a transmission hologram is
typically narrower than that of a reflection version, but its
spectral bandwidth is wider, which is why a reflective
hologram is preferred for fine spectral filtering.
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Two-Step Holographic Recording

In many cases, an optical functionality, such as a lensing or
beam-shaping effect, is desired over the classic 3D display
recording. It is therefore essential to produce the optical
functionality to be recorded in the holographic media. It is
often impossible to produce such a functionality from
classical optics, but it is possible with diffractive optics that
have been designed by a computer and fabricated by
lithography (such as CGHs and DOEs).

The following figure shows the recording process of a
volume hologram by using a single diffraction order
produced by an intermediate digital hologram or CGH.

Recording of CGH functionality into a HOE

/" ” HOE
p3
Original CGH has many 4 7 HOE :
" playback:
diffraction orders Reference ,’ V4 Only one order present
/
= 7 > +1
> —_— /
NR LT
Object X ><
/_x ~
- ~
Q__\____\.‘___. /+1
\\ N ~ >
~,
caH v S N - HOE
\
NI
AY ~a

An optical system must
be inserted in the object N
wavefront (Fourier \
transform lens) “

A DOE or CGH is usually fabricated as a binary or multi-
level element via microlithography, and because of limited
levels and fab errors, they produce a zero order and various
higher and/or conjugate orders. In many applications, it is
very desirable to have only a single order, in addition to an
additional Bragg selectivity. When recording a single
diffraction order from a CGH producing a complex optical
functionality—such as a spot array generator, a beam
shaper, a beam homogenizer, or an aspheric/off-axis lens
from a CGH-—it is possible to produce a single-order
volume hologram with such a functionality.
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Surface-Relief Holograms

In many applications, it is desirable to produce a thin
hologram with surface-relief modulation rather than index
modulation (thick volume hologram), e.g., mass-production
constraints of plastic embossing, injection molding, or roll-
to-roll embossing. In this case, the Bragg selectivity is
usually partially lost, and the element will not function as
a reflective hologram (Bragg planes parallel to the
substrate).

The following figure shows the exposure process of a
surface-relief hologram in a photoresist and the subse-
quent transfer into the underlying substrate via propor-
tional, reactive ion-beam etching.

Exposure Smusou}ial mt_en‘erence
pattern in resist
Sinusoidal surface relief

Development grating in resist

22 R ERE R R R R

EtChing - Proponional e

This is a sinusoidal surface-relief grating (in transmission
or in reflection, with a reflective coating). A sinusoidal
grating will not produce a single order but rather two
conjugates and a zero order with similar efficiencies.
Although the holographic exposure always produces a
sinusoidal intensity profile, it is possible to etch a binary
grating in the substrate by over-developing the resist layer
and using a hard etch-stop layer, such as a metal (Cr, Al,
etc.) that can be wet etched before RIE.

-

T

-
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Holographic Recording Media: Applications

There are two main application categories for holograms:

+ art (3D display), using DCG or silver halides, and

*+ security holograms and HOEs integrated in consumer
electronics (such as optical disk readers, optical scan-
ners, and data-storage media) that rely mostly on
photopolymers—such as Dupont, Bayer, or DNP materi-
als (for thick reflection or transmission holograms)—and
surface-relief elements (for thin holograms), similar to
DOEs, embossed in plastic or etched into fused silica

after recording into photoresist.

Material | Type Hologram Type Application
Thin resist | Thin (structures | Diffractive optics/
(+ or —) normal to sub- lithographic
strate surface) patterning
Photo- .
resist SU-8 resist | Slanted struc- HUD, golar,
tures, replicated | LCD diffusers,
by UV casting / | phase masks,
nano-imprint etc.
Silver Volume First-gen holo-
halides grams
Films DCG Thick volume High-selectivity
applications
(optical storage,
DWDM)
Passive Thin Anti-counterfeit-
(Dupont) ing
Photo- .
PDLC Volume Displays, tele-
polymer
com, datacom,
storage
Photo- Very thick Various
refractive volume
Crystals AO modules Volqme Bragg Beam-lnpens1ty
grating modulation and
(Raman—Nath beam steering
regime)
Bacteria Rhodopsin Th}n (surface Gratings
relief
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Holographic Recording Media: Advantages
and Drawbacks

Material Type Advantages Drawbacks
Thin resist | Simple process; Low efficiency
(+ or —) resist pattern due to resist
can be etched by | modulation
Photo- RIE in substrate
resist SU-8 resist | Bragg planes Difficult to
from air to replicate; uses
plastic (highest | complex fringe
An of 0.5) writers
Silver Inexpensive Thin; low
halides selectivity; low
efficiency
Films DCG Inexpensive; Long-term sta-
strong angular bility (animal
and spectral gelatin — pork
selectivity or chicken)
Passive Mass replication | Low resolution;
(Dupont) unavailable
outside Dupont
Photo- A -
il PDLC High 1r}dex, high Long-fnerm
p An; switchable stability
through grey (polarization
levels; fast issues)
Photo- Erasable / Expensive;
refractive rewritable polarization
issues
Crystals | AO modules| Fast re-configur- | Only linear
able grating gratings; needs
angle piezotransdu-
cers
Bacteria Rhodopsin High efficiency Complex
formulation

regimes.

Other holographic materials include switchable H-PDLC
materials, which are discussed in the next pages. These
holograms can operate in either Bragg or Raman-Nath
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92 Dynamic Micro-Optics

Dynamic Micro-Optics

Dynamic optical elements are versatile components that
enable new types of consumer electronics. They can be
grouped into three categories:

1. Switchable optics, where the optical functionality
can be switched from one state (e.g., transparent
window) to a specific but unique functionality (a lens
or a grating). Only the efficiency can be tuned in a
switchable optic.

2. Tunable optics, where the optical functionality can
be tuned, for example, by varying the focus of a lens,
the deflection angle of a prism, the period, and/or the
orientation of a grating.

3. Reconfigurable optics, where the optical element
can be arbitrarily reconfigured to any optical func-
tionality, e.g., from a lens to a grating function:
MEMS, phase LCOS, etc.

Such elements were
first used in optical
telecom applications
(tunable  gratings),
then in digital projec-
tion displays (reconfi-
gurable CGHs, des-
peckelers), and more
recently in digital
1Imaging products
(tunable lenses and
computational optics). Dynamic optics

Switchable
optics

Tunable
optics

Reconfigurable
optics

A special case of tunable optics involves computational
optics in digital imaging systems, in which the desired image
1s computed rather than directly sensed (see the pages on
Aperture and Wavefront Coding and on Light-Field Imaging).
Computational optics (or imaging) can be used in plenoptic
cameras, single-pixel cameras, or even lensless cameras.
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Liquid-Crystal Optics

Liquid crystals, both ferroelectric and twisted-nematic,
can be implemented in a variety of microdisplay
architectures—from transmission displays (TFT LCD) to
reflection displays [LCOS or ferroelectric liquid crystal on
silicon (FLCOS)]. Whereas ferroelectric LCs switch within
100 ps, nematic LCs switch within 10 ms. PDLCs can be
used for faster switching (<50 ws).

The following figure shows a typical LCOS pixel used as an
optical valve. Without an analyzer, the LC pixel can be
used as a phase modulator, thereby producing phase pixels
that can implement phase maps, such as in CGHs or
reconfigurable diffractives.
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When the (ITO-coated) electrode plates constituting the
inner surfaces of the LC plane are not parallel but rather
tilted or etched in such a way to produce diffractive or
refractive microstructures (in a 1D or 2D array), it is
possible to tune the refraction angle or the diffraction
efficiency by modulating the effective index of the LC
material. For example, if the LLC material is incorporated in
a prism array structure, an analog beam steerer can be
built, the deflection angle of which is a function of the index
change.

The effective index of a PDLC material is not a bulk index
modulation but rather an effective index produced by a

subwavelength (nondiffracting) grating (see Effective
Medium Theory).
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Liquid-Crystal Microdisplays

Liquid-crystal microdisplays are currently the preferred
microdisplay technology used in compact devices such as pico-
projectors or HMDs. Transmission-mode TFT microdisplays
(Kopin) and reflection-mode LCOS (or FLCOS) displays
(Microvision, Himax, etc.) can be made thin, which suits
applications where space is limited. However, the efficiency of
such microdisplays is usually low (2-4%). They are both
polarized displays and can be used either in color sequence
mode (RGB LEDs) or with color filters and a single white
LED. Although color sequence may produce color breakup
when the display is moving in front of the eye (e.g., HMDs),
the efficiency is higher due to the absence of color filters.

Backlight illumination engines can be used for TFT LC
microdisplays (using BEF/DBEF and diffuser sheets), and
polarization beamsplitter (PBS) cubes can be used to
illuminate LCOS displays. Novel, thin frontlight (as opposed
to traditional backlight) illumination engines can also be
used in thin-form-factor LCOS displays.

=
-

The left-most figure uses a curved laminar PBS film that
simultaneously serves as a condenser lens and a broadband
(and broad-angle) PBS. The middle figure is the standard
PBS-cube-LCOS version with a LED backlight on the right
side. The right-most figure is the more-compact frontlight
illumination architecture, which uses a transparent edge-
coupled LED extractor suitable for small-footprint applica-
tions. Frontlight extractors are more complex than their
backlight counterparts and have their own issues (unifor-
mity, efficiency, ghosts, etc.).
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OLED Microdisplays

An organic light-emitting diode (OLED) is an LED in
which the emissive electroluminescent layer is an organic
film that emits light in response to an electric current. This
layer of organic semiconductor is located between two
electrodes; one of them is typically transparent. Patterned
OLED matrices are used in digital displays (TVs, computer
monitors, tablets, smartphones). There are two main
families of OLEDs: those based on small molecules, and
those employing polymers. A major area of research is the
development of white OLED devices for use in solid-state
lighting. The flexible nature of OLED displays allows new
screen architectures that can be curved (concave or convex)
to create new viewing experiences or relax design con-
straints in compact, off-axis imaging systems.

Active-matrix OLEDs (AMOLEDs) require a thin film
transistor backplane to switch each individual pixel on or
off, which allows for higher resolutions and larger display
sizes. OLED microdisplays are built on silicon backplanes
and allow for smaller pixel pitches (<5 wm), which make
them well suited for applications such as near-to-eye
displays. However, it is not yet possible to directly pattern
individual color OLEDs at such a high resolution—color
filters are still required, which reduces the efficiency of the
display. All major foundries (Microled, e-Magin, Sony) are
working toward directly patterning OLED pixels at pitches
below 5 wm without color filters). Because OLED displays
are emissive displays (no backlight), they provide a higher
contrast.

Although the Lambertian emission cone of typical OLED
pixels might have an advantage over smaller cone angles
created by typical LED backlit microdisplays, a smaller
cone angle might be needed to efficiently use the flux, as in
HMDs. Bidirectional OLEDs have been investigated, which
include emissive pixels as well as detection pixels (based on
CMOS sensor technology). Such bidirectional OLED panels
might be well suited for compact eye-tracking functionality
In near-to-eye displays.
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Quantum-Dot Displays

Most displays create an image by combining the three additive
primary colors (RGB). LCD displays use either color filters or
color sequencing. Plasma displays use phosphors (similar to
CRT tubes). OLEDs use either color filters or phosphors.
Color-filter LED LCDs use blue LEDs, coated with a yellow
phosphor, to create “white” light. Although they are reason-
ably efficient compared with CCFL LCDs and plasmas, they
waste spectral bands. For example, orange is blocked by the
color filters (red and green are combined instead).

Quantum dots (QDs) have recently been introduced to
produce a better color gamut and narrower spectral band-
widths in LED-backlit LCD displays (such as Amazon’s
Kindle Fire). A QD is a nano-crystal made of semiconductor
material. The QD excitons are confined in all three dimen-
sions, and their electronic properties are between those of
bulk semiconductors and discrete molecules. The QD band-
gap determines the frequency of the light emission and is
inversely related to its size. A blue LED can be used without a
phosphor coating. The blue light passes through a sheet of red
and green QDs inside the backlight. The blue LEDs have a
double function: creating blue light and energizing red- and
green-emitting QDs to produce red and green light.
700

2
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Approximately two-thirds of the light created by the blue
LEDs is used to excite the QDs. The rest is used to produce
red and green. Companies currently developing QDs are
Nanosys, QD Vision, and Nanophotonica.
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H-PDLC Switchable Hologram

Holographic-polymer dispersed liquid crystals
(H-PDLCs) can effectively produce a switchable optical
element in either diffraction or refraction mode by holo-
graphically recording Bragg-regime volume gratings or
subwavelength effective medium gratings, respectively.

Conventional PDLC Holographlc PDLC

LC droplets are
much larger than the
wavelength

H-PDLC droplets are —|
one order of
magnitude smaller
than regular LC
droplets, and can be
organized in nearly
continuous planes
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Bragg grating planes

The initial monomer with dispersed LC droplets (one order
smaller than traditional L.C droplets, and thus faster to switch)
1s exposed holographically to produce a series of Bragg planes.
The bright interference fringes polymerize the monomer and
push the LC droplets into the dark fringes of the interference
pattern, thus producing a switchable hologram by creating
an index change between the fringes. The hologram can be
wiped out by equalizing the indexes. The efficiency can
therefore be modulated in real time, but the optical function-
ality cannot be changed (neither tuned nor reconfigured).

When recording a subwavelength grating, a fast bulk index
modulator can be produced in order to create fast
polarization rotators, tunable refractive micro-optics, or
large-period diffractive elements by shaping the inner
surfaces of the LC bottles. Both polarizations can be
affected by using a quarter-wave plate between two
sandwiched gratings.
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H-PDLC Recording and Playback

The following figure shows the principle of the recording
and playback of H-PDLC switchable holograms sand-
wiched between ITO plates.

1 2 Laser Object
Beam
Glass or Computer
Plastic i Generated
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a Element (F:ringes
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Layer Liquid Reference,

Crystal & Beam
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Incident Light

The Bragg planes (fringes) are created by the polymeri-
zation of the monomer during holographic exposure. The
LC microdroplet are pushed into monomer regions and
depleted in polymerized regions.

The Bragg planes are attached to the internal walls of the
hologram, which are coated with indium tin oxide (ITO).
Because the LC chains can be long for reflective holograms,
where the Bragg planes are nearly parallel to the internal
ITO surfaces, it is difficult to maintain reflective holograms
in H-PDLC. Transmission H-PDLC holograms are more
stable over time, but as the material properties improve,
they might allow such configurations.

Note that the H-PDLC hologram is in ON (diffraction)
mode when there is no voltage applied and can be turned
OFF (transparent mode) by applying a voltage, thus also
providing the potential of using H-PDLC material as a
conventional static volume hologram.
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MEMS/MOEMS Micro-Optics

2D MEMS arrays have been made popular as reflective
microdisplays by Texas Instruments’ DLP technology,
which is used in many modern front projectors (conven-
tional and pico-projectors). Such mirrors are binary if they
switch the light to a specific direction and then return to
the same stable position.

3D MEMS arrays have been made popular by optical
telecom applications, such as reconfigurable cross-connects
or add/drop modules, whereby the mirrors can be set to a
multitude of angles, sometimes in an analog way. 3D mirror
arrays are more versatile but not suited for displays. The
continuous monitoring of the current mirror angle in 3D
mirror arrays prohibits use in consumer electronics. Such
monitoring is usually done via direct torque sensing.

Mirror

Mirror support post

Landing tips

Torsion hinge

Address

/ g_ electrode 5 s ;V g 75
‘="ﬂ/ SEM view of micromirror arrays

Hinge support post Electrode support post

Metal 3 address pads

Array of 9 micromirrors

Micromirror architecture

Single-mirror scanners or dual X/Y mirror scanners have been
successfully used as ultra-miniature light engines for laser
pico-projectors, as well as HMDs. However, they require laser
light instead of LEDs due to the spatial coherence needed to
deflect the light and produce a far-field image (which
introduces other issues, such as potential speckle).

Field Guide to Di§ital Micro-Optics
Downloaded From: https://www.spiedigitallibrary.org/ebooks on 14 Mar 202
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



100 Dynamic Micro-Optics

MEMS Gratings

Deformable-membrane MEMS gratings have been devel-
oped for both telecom and display applications. They
usually implement a switchable optical element in which
the efficiency can be tuned in greyscales from 0 to a
maximum value (such as in a grating with a fixed period).
The period can sometimes be switched to harmonics by
producing superpixels by modulating groups of pixels
collectively rather than independently.

Such gratings can shape the spectral gain profile of an
EDFA amplifier, and in display applications, such a grating
can produce real greyscale intensity pixels in a specific
direction.

Most of the beam is reflected

Diffraction from parasitic grating
y
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High diffraction angles, symmetric reconstruction 5
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MEMS Display Panels

Apart from standard DLP projection engines, MEMS have
also been used as flat-screen displays in various imple-
mentations:

IMOD MEMS display panels, e.g., Qualcomm’s Mirasol,
are based on arrays of individually controllable (and bi-
stable) Fabry—Pérot filters that filter the incoming ambient
light. Such a panel is thus directly viewable in direct
sunlight. The gap between the moving bottom mirror and
the top semi-transparent film stack defines the frequency
of light that is reflected through the cavity and can
completely absorb light (producing high contrast). Multiple
colors are created by sub-pixels, each designed to reflect a
different specific color. Qualcomm’s smartwatch currently
uses such display technology; no larger panels are
available. When no ambient light is present, a LED edge-
illuminated frontlight illumination layer may be used, but
it is not easy to implement.

Transmissive MEMS panels, e.g., Qualcomm’s Pixtronix,
are integrated as microshutter arrays based on electrostatic
MEMS actuation. Unlike Mirasol displays, Pixtronix
versions do not require complex frontlight illumination
assemblies; they can use standard backlight technologies
instead. The amount of light transmitted by such shutter
arrays can be as high as ten times the light transmitted by
conventional LCD panels, making them well suited for
battery-operated, portable consumer electronics. This tech-
nology is currently applied to 7-in panel displays.
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MEMS Laser Scanners

A single MEMS mirror and dual X/Y MEMS mirrors have
been used as compact light engines in laser pico-projectors.
The mirror usually vibrates in a resonance mode (Lissajous
pattern), and the laser is synchronized in order to produce
a pixelated image in the near or far field.

MHorizontal Trajectory: Drive vs. Time
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Such laser projectors have various advantages over other
type of microdisplays (TFT LC or LCOS):

* no need for a backlight (or frontlight),

+ small footprint of mirror(s),

+ far-field image generation (no need for an objective lens),
* high color saturation due to laser color, and

+ re-definition of FOV and resolution “on the fly.”

However, they lack in other areas:

+ the laser can produce speckle if the diffuser is in the
optical path, and

+ if full color is required, the package might be larger
due to RGB laser-beam-combiner optics (bulk optics).

<

MEMS embedded PicoP

In many cases, an intermediate aerial image and a diffuser are
required to form a decent eyebox for applications, such as HUDs
or HMDs. This reduces the appeal of such technology because
relay lenses are required, and the presence of a diffusing
element in the optical path may cause speckle to appear.
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Holographic Backlights and Displays

The use of holographic structures is promising for the
development of efficient edge-lit systems for either laser/
LED backlight or display applications. Surface-relief holo-
grams, as well as index-modulation volume holograms, may
be used as efficient color-specific Bragg extractors from an
underlying waveguide. Multiple applications have been
investigated: optical clock broadcasting in a planar wave-
guide, dynamic gain equalizers in EDFA fiber amplifiers,
optical combiners in HMDs and viewfinders in SLR cameras,
and holographic backlights for LED and laser display panels.
The following figure shows an example of a holographic HMD
combiner based on reflection-grating Bragg in- and out-
couplers (three stacked holograms are used for RGB).

Out-coupling hologram In- coupllng hologram

R \~c Collimator
3 Optical engine
Micro-display

The following figure (left) shows a chirped-waveguide
Bragg coupler used to spectrally equalize gain after an
EDFA amp, and (right) a dual LED color holographic slab
waveguide viewfinder (the holograms are recorded through
a mask to pattern the light shapes to appear).

If the holograms can be switched (e.g., patterning with
H-PDLC and electrodes), the spectral correction and/or
viewfinder patterns may be changed at will. Holographic
laser illumination backlights are ideal for applications
where directivity of the light is essential. Due to their off-
Bragg transparency, such holographic backlights can also be
used as efficient frontlights (e.g., IMOD and LCOS panels).
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104 Dynamic Micro-Optics

Tunable Moiré Micro-Optics

Tunable diffractive lenses can also be implemented as two
sandwiched, static diffractive elements with specific phase
functions, such as in a moiré DOE (M-DOE). The following
figure shows such an M-DOE where the focal length is
tuned by rotating one DOE in regard to the other.

First phase plate Second phase plate

o= -75° o=-35°
~

Negative-power MDOE Positive-power MDOE

The power shift in the M-DOE presented here can vary
from negative to positive (diverging to converging beam),
going through zero power. However, aberrations of such
mechanically tunable lenses are quite large, and thus
imaging might not be the optimal application for such
elements. More-appropriate applications range from opti-
cal tweezers to optical material processing (cutting,
welding, surface treatment, etc.). Other implementations
of mechanically tunable lenses through rotation or trans-
lation include helicoidal lenses or axicon lenses used off-
axis, with the help of an aperture stop or a primary
Fourier-type diffractive element (beam shaper element).
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Dynamic Micro-Optics 105

Liquid Micro-Optics

In an electro-wetting lens—or liquid lens—a refractive
surface profile (power surface) is produced at the interface
between two different, nonmixing liquids (e.g., water and
oil). The surface tension can be changed by applying a
voltage, thereby changing the nature of such surfaces
(hydrophobic or hydrophilic) and thus the contact angle.

No voltage Voltage increased Voltage further increased

The liquid interface surface also changes, producing an
optical power change. A typical electro-wetting lens
architecture is shown below (Varioptic).
VON
[ _
Electrostatic pressure
Wate
S b )
S
Oil

7

—

Electrodes <_| ’i
=

Such lenses may be cost effective with low power
consumption and are polarization insensitive (unlike LC-
based tunable or switchable lenses). Although the range of
effective surface curvatures that can be produced may be
wide (from negative to positive) when compared to other
technologies, the surface profile at the liquid interface
cannot be controlled very accurately, and the modulation
speed remains slower than their LC switchable-lens
counterparts, thus limiting the range of applications. Such
lenses might be a best fit for integrated optical sensors and
lower-resolution/low-power cameras with (relatively) fast
focus-control needs.
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106 Dynamic Micro-Optics

Electroactive Polymer Microlenses

Electroactive polymers (EAPs) can be used to implement
various switchable or tunable micro-optics. These so-called
“artificial muscles” can undergo a large amount of deforma-
tion while sustaining large forces. Whereas today’s piezoelec-
tric actuators only deform by a fraction of a percent, EAPs can
exhibit a strain of up to 380%. Dielectric EAPs (DEAPs) are
driven by an electric field: when a voltage Vis applied between
two electrodes sandwiching a dielectric elastomer, an electro-
mechanical thickness strain S is induced by electrostatic force.
Assuming that the thickness compression results in an
equibiaxial planar strain, the strain can be expressed as

S = ; — 1 Voltage off Voltage on
2

1—¢&&)—5 Compliant

"0y electrodes

Elastomer

where ¢ is the thickness, Y is the elasticity modulus, g is the
permittivity of free space, and ¢, is the dielectric constant.

Optotune’s (CH) tunable lenses are shape-changing lenses
based on a combination of optical fluids and a polymer
membrane. The core element is a container filled with an
optical liquid and sealed with a thin, elastic polymer
membrane. A circular ring that pushes onto the center of
the membrane shapes the tunable lens. The deflection of the
membrane (and the radius of the lens) can be changed by
pushing the ring toward the membrane, by exerting pressure
on the outer part of the membrane, or by pumping liquid into
or out of the container.

Cover glass
Positive lens Negative lens  Pos. & neg. lens Double fluid lens variations

di A A d
dijy {
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Diffraction Modeling Theories

Various theories have been proposed to predict the
diffraction efficiency and diffraction pattern arising from
micro- and nanostructures. The following figure includes
the most prevalent theories and their corresponding ratio
of the smallest period to the wavelength.

10 5.0 1.0 0.5
| | |

1
1
Ray tracing 1
1

’ Scalar theory model ‘
1

>

’ Extended scalar theory model ‘
1

1
1

| ’ Rigorous EM theory models (RCWA, FDTD, EMT, ...)
1 T

1 1

T T
| |

Scalar theory can provide information about both the
diffraction pattern and diffraction efficiencies in various
orders for periods larger than a few wavelengths. It does
not provide information about polarization effects.

When the period becomes close to or smaller than the
reconstruction wavelength, rigorous electromagnetic mod-
els should be used, and numerical implementations, such
as finite-difference time domain (FDTD), rigorous coupled-
wave analysis (RCWA), or EMT can be derived.

* FDTD can be applied to the diffraction through any
pattern, not necessarily subwavelength and not
necessarily repetitive. It is, however, a CPU-intensive
numerical algorithm. Typical numerical window
dimensions range within a few hundred wavelengths.

* RCWA is a coupled-wave model that requires a
repetitive pattern and is well suited for gratings or
holograms. Whereas FDTD gives information about
both the efficiency and complex field, RCWA only
provides values for efficiency.

* EMT may be used when attempting to create a quasi-
analog phase profile from subwavelength binary
structures.
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108 Micro-Optics Modeling Techniques

Ray Tracing through Diffractives

Various modeling techniques have been applied to diffrac-
tive optics. Most of them rely on ray tracing, such as the
equivalent refractive-lens model with an infinite index:

. Incoming beam Outgoing beam
Multi-level DOE Analog DOE Analog phase profile “ERL DOE” g g g ; % § g

the Sweatt model:

Multilevel DOE Analog DOE Analog phase profile ERL DOE

O —
nﬂ

ray
tracing

or the local grating approximation (LGA):

DOE Linear grating local “grating” simulation

Most current optical-design software use the LGA as their
main modeling tool for diffractives. In the LGA, the
diffractive is locally assimilated to a linear grating, at
which point the grating equation is applied to find the
various diffraction angles, and scalar diffraction theory is
applied to find the efficiency in the various diffraction
orders.
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Fresnel and Fourier Approximations

The Rayleigh—-Sommerfeld diffraction integral can be
written as follows:

—l lkrm
U1, 51, Z1) // cos(i, Fo1)ds

|To1]

where rg; 1s the vector from one point of the diffractive
element to one point in the reconstruction space, and n is
the vector normal to the diffractive surface.

The Fresnel (B) and Fourier (A) approximations of the
Rayleigh—Sommerfeld formulation of diffraction can be
expressed as follows:

U, v) = / U, y)e 25 ) dydy (A)

e () e Py

The Fourier expression is thus limited to a simple 2D
Fourier transform (Fraunhofer diffraction in the angular
spectrum of plane waves), and the Fresnel expression (in
the near field) can be written either as a direct Fresnel
integral (Fourier transform of the incoming field multiplied
by a spherical wavefront expression):

U, ) = (5

zkd

)e%d +y /U x, y exdx+y 7z—x’x+yy dxdy

or as a convolution:

Lkd
U,y) = (zkd)/nyeAdxx yydxdy

where d is the near-field distance, \ is the reconstruction
wavelength, " and y' is the coordinate system in the near
field, x and y is the coordinate system in the plane of the
diffractive element, and u and v is the frequency-dimension
system in the angular spectrum.
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Near- and Far-Field Regions

When using Fresnel (near field) and Fourier (far field)
propagators to accurately model diffraction effects from
diffractive elements or even refractive micro-optics, it is
useful to know where the terms “near field” and “far
field” can be applied. The minimum reconstruction distance
from which one can use scalar propagators in the near field
1s usually given by

1
Zmin & Nc——— o« 5Nc¢
2(B—a)
Similarly, the minimum distance at which a region can be
called far field (Fourier or Fraunhofer regime) is usually
given by the Rayleigh distance:

The following figure depicts the validity regions for the
scalar near field and far field. Note that these regions are
described by cones and not planes because of the paraxial
approximation constraint of the maximum diffraction
angles (scalar regime), even when the area of interest is
located beyond Z,;,.

[ Incident field > Near field > Far field >
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FFT-Based Physical Optics Propagators

In order to propagate a complex wavefront (from either
analytic or numeric elements, or even from a refractive
element) into the near or far field, a simple set of FFT-based
propagators can be used:

U'(un, vy) = FFT[U (0, ym)] (A)
i ]

2 2
— (x5, +
Ul(x/lns y/lm) _ e)\d( 1in yln)

FFT

! 2

oxd ™ ”")” (©)

Propagator (A) is simply a 2D FFT transform that
propagates the incoming complex wavefront modulated
by the optical element’s phase and amplitude profiles into
the far field (angular spectrum of plane wavefronts).

The second (B) and third (C) are both FFT-based means of
propagating a complex wavefront into the near field. Propaga-
tor (B) is based on a single Fourier transform, and propagator
(C) is a convolution-based process. They do not yield the same
numerical results because the scaling of the reconstruction
windows is different (d is the reconstruction distance).

U'(xy,, Yo,,) = FFT1 | FFT U (xn, ym) | FFT

* Oversampling the element can provide more-accurate
information about the fabrication technology to be used
(e.g., a square fabrication pixel defined by four design
pixels organized in a square). The resulting reconstruc-
tion will thus show higher diffraction orders.

* Embedding the sampled element in a field of zeroes in
amplitude (thus increasing the number of pixels without
changing the sampling rate) can increase the resolution
of the reconstruction (e.g., to preview speckle).

The oversampling and embedding ratios can be combined
to produce very accurate numerical reconstructions that
have realistic phase and intensity profiles that even
depict speckle pattern.
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Oversampling Process in CGH Modeling

If the diffractive optical element to be modeled is fabricated
by square or rectangular (or even other geometry) “pixels,”
such as a CGH, it is possible to visualize the higher diffraction
orders by oversampling the plane of the element.

—D D
—  —

DOE __i N » __ﬁ Nn
S

Basic cell

C

i

|
|

By using large oversampling factors (such as 2, 4, or even
8), it is possible to reconstruct multiple higher diffraction
orders and analyze how these various orders interfere if
they overlap (such as in Fresnel elements).

The following figure shows the oversampling process for a
Fourier element (orders do not overlap).

R YT e Ty r—

T ——
No oversampling 2x oversampling in X and Y 4x oversampling in X and Y

The other effect appearing in the reconstruction plane is
sinc modulation over higher orders, which can dramatically
reduce the intensity at the first and secondary zero
locations of this function (see the right side of figure).
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Physical Optics Modeling: Resolution Increase

Unlike the oversampling process, the embedding process
does not change the sampling rate of the initial optical
element; rather, it adds pixels around its aperture.
Therefore, if using an FFT-based propagator, the number
of pixels in the reconstruction plane is also larger, and the
scaling is unchanged. Therefore, the sampling rate in the
reconstruction window is synthetically increased.
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The following figure shows the results of the embedding
process on the same Fourier CGH as the one used for the
previous oversampling process. An embedding factor of 4
was used in each direction to accurately model the speckle
over the reconstructed intensity pattern.

TN Y Weve——

T e T )

Close-up pattern

No embedding 2x embedding in X and Y

Field Guide to Dl§ztal Micro-Optics
Downloaded From: https://www.spiedigitallibrary.org/ebooks on 14 Mar 202
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
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Physical Optics Modeling with FFT Algorithms

The following image shows the result of physical optics
modeling of the off-axis, binary-phase Fourier CGH
discussed earlier by simultaneously introducing an over-
sampling factor (in order to visualize the higher diffraction
orders and the sinc envelope produced by the square CGH
pixels) as well as an embedding factor (to increase the
resolution over the entire reconstruction window).

ottt .,

Log intensity scale

2D stitched fundamental
and higher-order
reconstruction windows

2D sinc envelope
produced by a square
CGH pixel shape

The various higher-order windows appear here as white
lines. The first and second zeroes of the sinc envelope are
clearly visible (dark lines). Fortunately, they do not
intersect the patterns here (which is not always the case,
depending on the element). Note that the white lines are
independent of the dark lines.

The white lines are paved, fundamental reconstruction
windows, the size of which is a function of the size of the
object pattern window. The dark lines are a function solely
of the size of the individual pixels constituting the
diffractive element (and are not related to the number of
pixels defining the entire optical element area and thus
also a fundamental reconstruction window).
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Replication of CGHs

By replicating Fourier CGHs in the x and y directions, and
by propagating the resulting enlarged pattern via FFT- or
DFT-based propagators, it is possible to increase the
resolution in the reconstruction window (angular spec-
trum) as well as in near-field windows. It is often the case
that a nonreplicated CGH pattern will not show any of the
parasitic sampling effects (energy going from maximum to
zero) observed in the reconstruction plane.

For example, when
designing a beam-shap- Original CGH
ing Fourier CGH, the
numerical  reconstruc-
tion can look smooth,
but the actual optical
reconstruction looks
grainy (such as speck-
led). In order to increase
the resolution further,
an embedding factor
might be used alongside
the replication factor.

Smm———— e ——"

No replication
By replicating the sam-
pled CGH pattern in x
and y directions, it 1is
possible to increase the Replicated |~
dynamic range and show can |
the sampling of the pat-
tern in the far field (as
shown here). Such sam-
pling effects might be
beneficial in some appli-
cations, such as spot
array generators, but
parasitic in others, such
as beam shapers and
pattern generators.

2X replication in X and Y
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Numerical-Reconstruction Windows

Direct far-field reconstruction via a 2D FFT

In this case the angular spectrum is scaled by the maximum
diffraction angle that can be achieved by the smallest
grating possible (with a period defined by two pixels):

U(xn’ ym) = A(xn, ym)e‘P(xn,ym)
U/(un, Um) = FFT[U(xn, ym)] = A (un,Um)e‘Pl (ttnyUm)

N M c —Earcsin N
and
U, = ¢, nfg U = C, mfy 2 1 A
n — Cu 2 B m — Cu 9 CU:MaI‘CSIIl(TCy)

Direct near-field reconstruction via a 2D FFT

where

This reconstruction produces scaling that can be dramatic
and not include the entire reconstruction in the near field:

U (%ns ym) = A(%n, Y )e®EnIm)
Ut (X105 Yim) = AL (% s ¥ )€ 01 im)

= Quads(xy,, ¥1,,) FFT|Quad: (xy, ym)FFT[U (%, ym)]]

N M , )N

Xn = Cx n_E s Ym = Cy m_? clx:Z
and

, , N . , M . N

X1n = Cix n_g v Yim = Cuy m_E Cly:a

Convolution-based near-field reconstruction

where

Unlike the previous direct near-field propagator, the convo-
lution near-field propagator does not change the size of the
reconstruction window; its size is the size of the element:

U(xna ym) = A(xn, ym)e‘P(xmym)
Us (x/Zn’ y,Zm) = A,z(xlzn, y/Zm)e‘Pz(xzwyw

= FFETFFT|Quad: (xn, ym)|FFT[U (%, ym)]]

N M
Ip=c\n=—5 | Im=g(m-—o

Cop = Cx
where and
/ / N , / M Cy, = Cy
Xop = Cox n’_§ ’ y2m:c2y m_? Y
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Numerical-Reconstruction Window Scaling

The following figure summarizes the scaling of numerical
reconstruction windows when using FFT-based propa-
gators in the near and far fields.
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FFT-based propagators are very fast, even for arrays over
several million pixels. However, the rigid scaling of such
numerically reconstructed planes is a severe constraint
that often prevents the optical designer from accurately
modeling local or global effects because it is impossible to
define arbitrary-reconstruction windows with arbitrary
sampling rates.

FFT-based propagators are especially well suited for use in
iterative optimization algorithms, such as IFTA and
simulated annealing, due to their speed. However, they
are not well suited for accurate modeling of a diffractive or
general micro-optical element. DFT-based propagators
are better suited for such a task.
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DFT-Based Propagators

Previous pages illustrate that the FFT-based scalar
propagators produce various constraints, especially when
scaling the reconstruction plane. In many cases, it is
preferable to arbitrarily define the size and location of the
reconstruction plane, as well as its sampling rate.

DFT-based scalar propagators are directly based on the
Rayleigh—Sommerfeld diffraction integral and not on the
Fresnel or Fourier approximations leading to the con-
strained and rigid FFT-based propagators:

-1 li’rol
U(xl’yl’zl // | COsSs n, 7‘01)d

7"01|

in which the obliquity factor and ro1 vector are defined as

Xp = X}, — Xp

o o iito1 1 ’
cos(7i, Fo1) = =z = where Yr=Y,—Ym
|7i|Fou 1450k
272' Zr = Z;C,l - Zn,m

I 2 2 2 . 1/ —x)® 1 Yi—Yo
\r01|7\/(2’1*20) + (21 — x0)” + (v] —y0)” =21 <1+§(T +2 =

Thus, the expression of a generic DFT-based propagator in
the near field can be written as

V' o 24 nZOmZO<x2 2+ 22) U s Yy 20y (V)
Such a propagator is not limited to 2D planes parallel to
the optical element and can reconstruct 3D volumes or
planes tilted to the element (e.g., reconstruction planes
parallel to a lens’ optical axis).
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Fresnel Propagator Using a DFT

DFT propagators are especially useful for near-field
reconstructions, such as phase and intensity maps along
the optical axis of lenses. The following equations describe
numerical DFT propagators:

i

X +yn
U’ (xp, x1) :e)\d< Y )DFT U(xn, ym)e V( g

im K24y?) N2 ."T

n=-N/2m=—M/2

K
xn:cx<n—g> x’k—c(k——>—xo

with and

_ M ) L
In=o\MmTy X =c, Z_E — Yo

The following figure compares the reconstruction window of
a FFT-based near-field propagator (both cases of direct and
convolution-based Fresnel transform) and the arbitrary size
and sampling of a DFT-based propagator window.
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Arbitrary-Reconstruction Windows

As seen in the previous page, when using DFT propagators, the
reconstruction window location, its size, and its resolution
are not constrained as they are with FFT-based propagators.
In fact, the reconstruction window can be placed virtually
anywhere in the near or far field. Moreover, the window does
not need to be planar, nor does it have to be parallel to the
diffractive window. The following figure shows the various
orientations of far-field windows computed by a DFT propaga-
tor (Fraunhofer regime).
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The next figure shows some of the potential orientations of
such DFT-based propagator windows in the near field
(Fresnel regime).
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DFT-Based Numerical Propagator

The following reconstruction shows how a DFT-based
propagator can arbitrarily increase the resolution of a
reconstruction plane in order to focus on certain details
(e.g., focusing on a speckle pattern). The figure shows the
far-field reconstruction of a binary CGH representing a
logo, with a standard FFT-based algorithm (left side) and
then the same reconstruction using a DFT algorithm in
which the numerical window and the number of pixels
(resolution) have been arbitrarily set (both for intensity
and phase windows). It 1s possible to “zoom in” even more
with a higher resolution (sampling) in order to depict the
speckle pattern inherent to such a reconstruction.

DFT linear scale

Zoom with additional DFT window

DFT log scale

In FFT-based reconstructions, the numerical window has
the same number of pixels as the diffracting plane and is
centered in the optical axis. In a DFT-based reconstruction,
both the window orientation (in 3D) and the number of
pixels can be arbitrary. It is, therefore, theoretically
possible to reconstruct a very precise near- or far-field
pattern (large number of reconstruction pixels) from a CGH
sampled over only a few pixels.
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Physical Optics versus Ray Tracing

The following is a comparison of a FOV modeling for a
hybrid refractive/diffractive lens, performed in Zemax ™
through standard ray tracing (spot diagram) and a DFT
propagator in the near field.

Ray-tracing spot diagrams

005 MM

&

IMA:

“‘\, \\\
\0° 500 N\
A

The different aberrations of the focused spot for various tilts
are very similar when using ray tracing or DFT propagation.
However, DFT propagation shows many more details, as
well as the interferences between higher orders and noise
due to fabrication errors (systematic and random). These
images show longitudinal reconstructions along the optical
axis, which is nearly impossible to perform via ray tracing.

Numerical field propagation

Incoming beam angle
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Lateral scans Location of lateral scan plane

Here, again, one can distinguish local interference patterns
and potential multiple orders that overlap, as well as
effects due to fabrication errors (systematic and random).
One can also distinguish the field curvature of such a
hybrid lens, which is very difficult to display when using
ray tracing in standard optical-design software.
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Fabrication Timeline of Micro-Optics

The following figure summarizes in chronological order the
various techniques used in research and industry to

fabricate digital micro-optics.

BC Scratch-o-grams
1785 Rittenhouse Gratings made of hair
1882 Rowland
Ruling engines
1910 Wood
§ 1948 Gabor In-line holography (phase objects)
£
E, 1962 Leith/Upatnieks Off-axis holography and HOEs
=3
g}, 1969 Lohmann/Brown Synthetic holography (CGHs)
E 1972 D’Auria/Huignard Optical lithography
1975 CNC precision diamond ruling/turning
B 1983 Gale/Knop Direct analog laser write in resist
S 1985 Arnold Direct binary e-beam write
gﬂ g 1989 Swanson/Weldkamp Multi-level optical lithography
g E 1994 Lee/Daschner Direct analog e-beam write
1995 Potomac Direct analog excimer laser ablation
2
© "
i 1998 Canyon materials Greyscale masking lithography
g 2002 DOC Stacked wafer scale (backside alignment)
2004 ucsb LAF greyscale masking
;
-g 2005 Nano-imprint / soft lithography
5 2008 Direct nano-write (fringe writer, two photon, ...)
v

Scratch-o-grams were the first implementation of syn-
thetic diffractive structures (arrays of scratches in glassy
rocks). Ruling engines were used since the 19th century to
carve out up to a few hundred periods per millimeter.

* Analog holography was the precursor for digital
holography and diffractive fabrication, first by Denis
Gabor (on-axis) and then by Leith and Upatnieks (off-axis).

* Binary optical lithography and, later, multilevel
lithography were developed thanks to developments in
the IC fab industry during the 1980s. Greyscale
lithography benefited from a further leap in the
performance of high-efficiency, quasi-analog surface-relief
elements (diffractives, refractives, and MLA arrays).

More recently, advances in nano-replication (soft lithogra-
phy) have made it possible to produce subwavelength
structures at large scale, as well as interference lithography.
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Holographic Exposure and Etching

As discussed earlier, holographic exposure over photo-
resist can produce sinusoidal surface-relief elements. It is
also possible to produce binary gratings through holo-
graphic exposure by overexposure or use of a metal hard
stop below the resist layer (metal wet etch followed by dry
oxide RIE etch), as depicted in the following figure. Binary
gratings have several advantages over surface-relief
sinusoidal gratings (efficiency, zero-order gratings, etc.).

Holographically exposed, ' Holographically exposed,

developed, and hard- | developed, and hard-

baked resist on substrate | baked resist on substrate
R A R R R

Plasma or _ion Proportional transfer by
beam etching ! chemically assisted
: reactive ion beam
etching (CAIBE or RIBE)

Resist stripping

Binary surface relief grating in glass} Sinusoidal surface relief grating in
Typical scalar efficiency: 40%  |glass; Typical scalar efficiency: 35%

Holographically exposed binary grating structures can
overcome some of the issues encountered in traditional
lithography technologies, such as the element-size limita-
tion (produced by the stepper field in i-line or DUV
steppers) or the wafer-size and low-resolution limitation
in contact/proximity mask aligners. Although a stepper can
step and repeat gratings to cover an entire 8- or 12-in
wafer, the typical field-to-field alignment errors prohibit
such gratings from use in demanding applications where
very small field-stitching errors may produce adverse
phase shifting effects, such as large-area binary phase
gratings for the exposure of volume Bragg gratings in
doped waveguides or fibers.
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Multiple Holographic Exposures

Holographic exposure usually produces sinusoidal profiles
in photoresist, normal to the substrate or tilted. However,
more-complex structures are often desired, such as binary-
blazed structures (see previous page) or double-blazed
structures (echelette gratings). They can be produced by
multiple holographic exposures. The resist is devel-
oped only after the last exposure, followed by proportional
RIE etch.

A) Sawtooth surface-profile HOE grating origination

VN N e

Resist
After development Substrate

Resist
After development Substrate

Such multibeam holographic exposure techniques are also
referred to as “interference lithography.” They are com-
monly used to produce periodic structures with critical
dimensions not constrained by the resolution limit of
projection optics (such as with mask aligners and steppers).
One-dimensional structures (such as linear gratings),
curved gratings, and 2D structures (such as crossed
gratings or hexagonal patterns of dots) have been devel-
oped that implement photonic crystal structures via such
techniques. This is usually done on a wafer that is then
further processed as if it were exposed via a traditional
lithography tool.
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Refractive Micro-Optics Fabrication

Due to the continuous surface profile of refractive and/or
reflective micro-optics, their fabrication via lithographic
techniques can be quite challenging. Microlithography has
been optimized for IC fabrication where structures are
binary (binary multilevel fabrication approximates contin-
uous surfaces). However, there are a few fabrication
techniques that rely on binary masks to fabricate micro-
refractive elements, such as MLA: ion diffusion, reflow, and
greyscale lithography.

Diffusion process Reflow process Greyscale process
Mask — — — — — —
Binary mask Binary mask Greyscale mask
Resist lepsa |
Lithography
m‘sa" -
Process Exposure and RIE
lon diffusion Resist reflow and RIE 7
Resulting
element Glass Quartz Quarz
GRIN element Surface profile Arbitrary surface profile

Ion diffusion using molten salt has been used to produce
index-modulated waveguides (with an added field to draw
the ions further inside the substrate) without needing
surface-relief modulation. Such cores usually lie very close
to the surface. Similarly, index-modulated refractive lenses
or even diffractives have been fabricated this way.

Resist reflow is the most popular process to produce
refractive lenses from a single binary lithographic step.
Instead of resist reflow, one can also use another material,
such as BPSG (boron-phosphorous-silica glass), that has a
specific dialed-in index and melts at a lower temperature
than the substrate (fused silica). BPSG is a standard glass-
growth process in IC fabrication to protect CMOS struc-
tures. When using resist reflow, a proportional dry-etch
transfer may be used to produce MLAs in the substrate (or
negative nickel mold electroforming). When using BPSG
reflow, the lens (or lens array) can be used as is.
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Sag Calculations for Microlenses

Microrefractive lenses, such as MLAs, may be fabricated
to operate in air or in the underlying substrate. The key
figure for a microlens (or MLA) fabricated lithographically
is usually the lens sag (i.e., the maximum etch depth
required in the substrate).

Although etch depths of more than 100 pm have been
achieved via wet etching (e.g., HF etch), 30 um can be
achieved via dry etching (CHFs5/CF, for fused-silica
etching). Deep etching usually produces a poor surface
figure, such as roughness. Proportional etching rates of
approximately 1 to 3 (etching depth up to three times the
resist depth) can yield very good roughness figures.

The following figures show both in-wafer and in-air
operation of a refractive microlens and the corresponding
sag calculation expressions for a given focal length and

index.
N . o
N
d Arcsin d Arcsin
L (NA) (NA_)
i Sag ‘ : ;
L | Sag,, Fra i
1 f mat 1
f# = r_ 1 f==7
d 2NA d ~ 2NApa
R=f(n-1)

2

2
Sag =R - R2—(C—i> N
2 Sagmat =R- RZ - <_>
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Diamond Ruling/Turning

Diamond ruling is the de facto fabrication technique for
large-dimension and/or deep gratings, especially reflection
gratings (such as for spectroscopic applications).

Diamond turning Turned material
machines (DTMs) are
well suited to produce
circularly  symmetric
grooves, e.g., refractive
and diffractive Fresnel
lenses and circular grat-
ings, as well as micro-
refractive lenses with
sags deeper than the
ones achievable by dry-etch lithography (see previous page).

Diamond tool

Axis in rotation

For more-complex surfaces, four- or five-axes-of-freedom DTMs
can be used to produce astigmatic lenses and other noncircularly
symmetric elements (five-axes-of-freedom DTMs are usually
also freeform-surface capable, e.g., Precitech or Moore DTMs).
The geometry of the diamond tool’s tip is very important and
must be carefully chosen to cut the desired structures.

Diamond turning lathe and plastic substrate Various diamond tool tips 2 x 10 mm synthetic diamond tool on 55-deg insert

= ,,///////}.‘

i

Diamond tip

********** Desired profile

Diamond tip

Ruled material

Diamond tip not adapted to grating geometry Diamond tip adapted to grating geometry

Metal molds can also be directly ruled or turned and used
as shim inserts in plastic embossing or injection molding.
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Binary Lithography

In many cases, multilevel fabrication is preferred over
binary (two-level) fabrication, producing a higher diffrac-
tion efficiency and smoother profiles. Although multilevel
fabrication produces theoretically better performances, its
complexity also compounds many systematic and random
fabrication errors that can affect the optical functionality of
the resulting element. Binary fabrication is sometimes
preferred over multilevel (see, for example, EMT subwa-
velength optical elements).

e

Binary-profile element Multi-level element

\Jbbieei@oliaod e silolidd )

, ,

H Conventional lithography H
prooemmomemeeooes frommmmrommmmemmmossooooosoosooeso i
E Efficiency (theoretical) 1 40-98% i
brooooonenonnooeee b E
E Efficiency (real) E 30-85% E
g g g B Lk iy )

Analog-profile element

|
E Fabrication

e s
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Multilevel Optical Lithography

Binary and multilevel optical lithography, followed by
dry RIE etching into fused silica or silicon substrates, is a
common technique used to produce high-quality micro-
optics. The following figure shows the fabrication process of
an eight-phase-level element by using three consecutive
binary masking layers followed by three dry etchings.

—

Ry oby oby o by ol oy o, b, uv
Photomask #1

Optical lithography
First iteration: _<

2 phase levels h
' GO EEIYEI Y bbby  Aeonions

N

- uv
Optical lithography
Second iteration: -< ,,,,,,,,,,,,,,,,,,,,,,,

4 phase levels B
" VOUTT YUY et e ey ddy  Aeonions

RIE etching

uv
Photomask #3

Optical lithography

Third iteration: d
8 phase levels

VOt uYvi v vevvvy vyt vy  Asonions
RIE etching
N

In general, n masking layers are required for the production of
2" phase levels, which is why optical microstructures seldom
have an odd number of phase levels. Systematic and random
process errors in multilevel lithography include field-to-field
misalignments and cascaded etch-depth errors in successive
fields. These process errors yield high-spatial-frequency
structures (both negative and positive) and periodic duty-cycle
fluctuations, which will affect efficiency and signal contrast.
However, such process errors do not produce any periodicity
fluctuations if the original element (sets of masks) is periodic,
so absolute diffraction angles are unaffected. Greyscale and
direct-write techniques overcome both the field-to-field align-
ment errors and successive etch-depth errors.
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Etch Depth: Critical Dimension and Groove Depth

In order to get the maximum efficiency for any phase
profile (binary, multilevel, or analog), the depth of the
structures must be designed to yield the optimal phase
shift that, in turn, will produce the highest local-interfer-
ence contrast. The fundamental diffraction order is
considered.

The efficiencies in reflection or transmission modes are
identical if the elements are fabricated with the correct
groove depth. However, because depths in reflection modes
are shallower than in transmission modes, the depth
tolerances in fabrication are more difficult to achieve for
reflection-mode elements.

Total Groove
Depth

Number of Critical (transmissive /

Phase Levels Dimension reflective)

2 (amplitude) Apin / 2 NA

2 Apin/ 2 N A
- / _
2(n—1)" 4

4 Anin / 4 3\ / %
2(n—1)" 8

8 Anin / 8 AN AN
7_/ 16
8(n—-1)" 16

16 Anin / 16 15N / 15\
16(n—1)" 32

Continuous Anin N N

surface (n—1) /§
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Etch Depth: Single-Step Height and Diffraction

Efficiency
Single-Step
Height
Number of (transmissive / Diffraction
Phase Levels reflective) Efficiency
2 (amplitude) NA 10%
2 N N 40.5%
7_/ 4
2(n—1)" 4
4 N /é 81%
4(n—1)"8
8 N N 95%
—1/16
8(n—1)" 16
16 N N 99%
16(n—1)" 32
Continuous NA 100%
surface
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Multilevel Lithographic Fabrication

The diffraction efficiency in the fundamental diffraction order
increases as the number of phase levels increase. When
fabricating a diffractive element, such as the lens described
here, the output tool usually has a limited resolution that
allows only a specific number of phase levels to be fabricated
in each groove. However, in a Fresnel diffractive lens, the
groove periods are large in the center and smaller on
the edges of the lens. It is therefore possible to modulate the
number of phase levels over the entire lens, as follows:

Binary i
lens !y
.0 175 74 351 49
Quartenary . 4
lens i 7 i ;
.0 170.99 351. 48
8-level 1
lens
0.00 173 40 351 41
= [, R
16-level b
“x xN “-f N\N\F
00 175.16 350.39
Analog- B
profile
lens —,
0.00 174.94 350.03"

This behavior has the advantage of using the full capability of
the chosen fabrication tool to produce the highest efficiency.

In many cases, the goal is to modulate the number of phase
levels in each groove—not to meet a fabrication-tool
resolution constraint but rather to apodize the lens
transmission in order to produce specific imaging proper-
ties, e.g., suppression side lobes on the focused spot by
apodizing the lens in a Gaussian way.
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GDSII Mask Layouts

When using microlithography techniques developed for the
microelectronics fabrication industry, one must also use
the layout formats developed for the same IC industry to
represent the shapes to be patterned on the photomask.
Many formats are used: Graphical Data Structure II
(GDSII), Caltech Intermediate Format (CIF), Gerber,
DXF, etc. These are vector image formats, not raster image
formats. The following figure shows how an eight-phase-
level diffractive lens is fractured into three consecutive
vector masks, each in the GDSII format.

8-phase-level
lens

Masking layer #1 Masking layer #3

VL

Masking layer #2

GDSII format compatible with IC industry
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Wafers for Micro-Optics

* Fused-silica (synthetic quartz) wafers are often
used to produce digital optics, either through multilevel
lithography, resist reflow, or greyscale lithography.

+ Although cheaper to produce, glass wafers (borosilicate,
etc.) cannot be dry etched as well as fused-silica wafers
due to their anisotropy. Fused-silica wafers can easily be
dry RIE etched with CHF;5 and/or CF, reactive gases.

+ Silicon wafers can also be used to produce micro-
optics, either in transmission mode for infrared or in
reflection mode with or without added metal coating.

Silicon wafers Fused-silica wafers

The transmission curve of common fused-silica wafers is
shown below.
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Optical Lithography

Optical lithography consists of transferring a pattern
from a mask onto a wafer. A mask aligner can work in
either contact, proximity, or projection mode.

* In contact mode, the mask and the wafer are in soft
or hard (vacuum) contact, which provides high resolu-
tion (down to 0.5 pm) but deteriorates the mask.

* In proximity mode, the resolution is limited to a few
microns, but the tooling does not deteriorate. Proxim-
ity mode is also used for binary greyscale masking and
Talbot self-imaging.

+ Projection mode can be performed at 1x with a
mask aligner or with a demagnification ratio (usually
5x or 4x) in a stepper, where the mask (reticle) field is
reduced and stepped across the wafer.

UV laser *
Condenser
High-pressure mercury lamp
* / \ % m Nx Reticle

Condensers
Projection lens

Photomasks

Contact printing Proximity printing Nx projection printing
\ Proximity gap: 2-20 pm /
Mask aligners Steppers

When the device to be printed is larger than the maximum
stepper field size (typically 20 mm), the only solution is to use a
mask aligner. Mark aligners are retrofitted to be used as nano-
imprint equipment, such as the Karl Suss MA6. Backside
alignment is also a desirable feature in mask aligners, which is
difficult to implement in steppers (such as the MAGBA, in
either visible or IR backside-alignment configurations).
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Step-and-Repeat Lithography

Steppers are high-resolution tools that use reticles at 10x,
5%, or 4x magnification, but they can only print small
fields, such as 20 x 20 mm, typically. When the elements to
be printed are larger than that field, a mask-aligning
lithography tool (1x system) must be used.

Various stepper sys-
tems currently exist
with increasingly smal-
ler illumination wave-
lengths. A stepper can
be one to two orders
more expensive than a
mask aligner, butit can
produce much-smaller
features, though on a
smaller field. Yester-
day’s I-line steppers
can go below 0.5 pm,
today’s deep UV (DUV)
steppers can go below

Condenser lens

Reticle
Amplitude pattern

+2 order

+1 order Condenser lens

0 order

—2 order
Aerial image

Resist

Wafer

100 nm, and tomorrow’s extreme UV (EUV) steppers go below

10 nm.
Year | Source Type A (nm) | NA ki | 3x (pm)
1980 ) 0.28 | 0.96 1.50
1983 G-line 436 035 [ 0.96 | 1.20
1986 Mercury H-line 405 | 0.45 | 1.00 1.00
1989 | arc lamp 0.45 | 0.86 0.70
1992 I-line 365 | 054 | 0.74 | 0.50
1995 0.60 | 0.57 | 0.35
1997 0.93 | 0.50 | 0.25
1999 | UV laser KrF 248 [1.00 | 0.43 | 0.18
2001 0.75 | 0.37 | 0.11
2003 DUV ArF 193 |0.85 | 0.45 | 0.09
2005 laser F, 157 |0.90 | 0.45 | 0.06
2008 EUV X ray (R&D) 13 0.20 | 0.50 | 0.03

Field Guide to Di§ital Micro-Optics

Downloaded From: https://www.spiedigitallibrary.org/ebooks on 14 Mar 202
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



138 Micro-Optics Fabrication

Useful Lithography Parameters

The following parameters are useful when assessing the
quality of a given optical lithography process.

* The diffraction through a reticle in mask aligners
(proximity mode) and steppers obeys the same grating
equation as standard diffractives (where m is the diffrac-
tion order, and A is the period): sin(0) — sin(8;) = (mA)/A.
Therefore, the reconstructed aerial image through a
stepper lens with a finite aperture can be expressed as the
recombination of multiple diffraction orders:

1= 1 -2 3~ 2 i (5 cos () 2

* The minimum feature size resolved in the aerial

image is
1 A
=< ——
* (2) sin(6o)

* The point spread function (PSF) of the lithography
tool through a circular aperture is

toy - 1 (279

* The Rayleigh resolution criterion is
A N
dx=0.61-— =k —
where k; is the resolution factor dependent on the
optics and process (typically from 0.25 to 1.0).
* Because the illumination for many lithography tools is
usually partially coherent, the resolution becomes
N
(0 +1)NA
* The depth of focus of projection optics is
A A
d0z2=+05—5=ks—
© NAZ ~ "*NA?
where k5 1s a parameter with a value between 0.5 and
1.0, depending on the technology used.

8.76:]?,1
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Direct-Write Lithography

Direct write (via e-beam or laser beam), both binary and
analog, 1s a good alternative to costly multilevel lithogra-
phy to produce high-quality masters (after proportional
RIE transfer), which are used as masters for replication
(nano-imprint, embossing, molding) rather than tooling for
lithography (masks, reticle).

Direct write via dosage modulation

WL
]

Analog dosage
patterning (e- or laser)

8 e ot A0S g e M I Resist after
during patterning: development
8 phase levels

After proportional etch
into the underlying
substrate

Direct write via binary multipass

M Analog dosage

patterning (e- or laser)

Resist after

1st pass
3 binary writings .

wnasessgss |1 LT LI LI
P e U . [ Resist after

e e e e Resist after

3rd pass

After proportional
etch into the
underlying substrate
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Greyscale Masking Techniques

Greyscale masking uses a single optical-lithography step
to produce a multilevel or quasi-analog surface-relief
profile in the resist spun on the wafer. There are two
primary techniques:

* Analog masking requires a mask that has real
greyscale transmission, such as high-energy beam-
sensitive (HEBS) glass, and a contact mask align-
ment or high-resolution stepper projection.

* Binary masking uses traditional chromium-on-glass
masks, in which the greyscale function is encoded as a
binary pulsewidth or pulse-density modulation. The
quasi-analog illumination is produced in the vicinity of
the mask by using the mask aligner in proximity mode
(from a distance of 30—100 pm).

Second step |III . II“ R — e a

Nth step l

.
........................................ e e e
'

Single
step

Multi-level masking i Greyscale masking

In many cases, binary masking is preferred over analog
because of the simplicity of the process and the costs of a
standard mask. However, the resolution of the features
produced by binary masking are large—ill-suited to
diffractive optics but ideal for refractive micro-optics, such
as MLAs, lenticular lens arrays, and refractive beam
shapers.
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Greyscale Lithograhy (Binary)

Binary greyscale masking is similar to the greyscale
image coding used by traditional laser printers. Many
greyscale encoding schemes have been developed, such as
PWM, PDM, and error diffusion. The following figure
shows a four-phase-level grating period encoded as PWM
or PDM in a conventional, binary Cr mask. The resolution
of the mask is much higher than the resolution of the
lithography tool (intentionally reduced in proximity lithog-
raphy, e.g., a 30-pum gap in contact aligners).

Binary photomask \

Resulting exposure at wafer plane

Pulsewidth
modulation

Pulse-density
modulation

a

j Resulting 4 phase steps in resist after development

The following example shows the greyscale pattern used to
produce an analog pyramid array in fused silica.

3 62 121 188
Distance (Microns)
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Greyscale Lithography (HEBS)

Analog greyscale lithography uses a true analog amplitude
mask in which the absorption coefficient can be varied from 0
to 1. Various materials have been tested with mixed success.
Inorganic resists, such as SeGe, silver halides, and, more
recently, HEBS glass, have been used. HEBS glass is
sensitive to both electron-beam and laser-beam exposure.
The figure on the right shows the depth in the resist achieved
after analog two-beam exposure/development. The HEBS-
glass process is a good alternative to multiple binary-mask
exposures, especially when producing thin microstructures,
such as analog surface-relief diffractives. Microrefractives
have also been produced by HEBS glass, as well as hybrid
structures, with limited sag depths of around 50 um after RIE
transfer. The resolu-
tion of the HEBS glass
is reduced by the diffu-
sion process in the
glass. Analog greyscale
glass with smaller dif-
fusion cones has been
developed, such as the
light-absorbing film ; : - 1 g
(LAF) material. Dosage uClom?

400 4

300 1+

Depth in resist after development (nm)

The following figures show an analog surface-relief dif-
fractive lens produced by a HEBS-glass greyscale masking
(left) and a refractive MLA (right) in fused silica.
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Photomask Patterning

Photomask patterning (or reticle patterning) is the first
step for a lithographic fabrication process. After the
GDSII layout is generated, the job deck and the layouts
(tape-out) are sent to the mask shop. The critical
dimension (CD), as well as the tolerance, will dictate
which tool is most suitable for the patterning process
(laser beam or e-beam).

Eyepiece Digital camera

Quad-detector
Z motion table for focus control Focus laser (CD, 780 nm)

Beam expander
AO modulator

780-nm beam cube

Green/UV beam cube

Interchangeable beam shaper e “Green or UV laser
Microscope objective lens

Resist-coated mask blank Cables‘.‘“

XY motion table

for interferometer-
Vibration-isolated »

main mechanical fixture

The price of a mask is e-source

related not only to the 1./

desired resolution and B

target CD dimension at Two stages of electron
K EYE condensers and

1x (mask aligner) or 4— blanking devices

5x (stepper) but also to -

the amount of data in o Aperture

the layout. For micro- o Deflector

optics, the layout' is - Al B . Final lens

usually flat (not a hier-

archy or replication, as e *—— Mask blank

in IC patterns, unless

the optics are set in an

array); therefore, the °| woymes ~
layout can be quite
large (a few gigabytes
of flat GDSII data). The 100,m grd
following chart shows Amalog greyscale my%o-nm grid
typical prices for stan- Bry greytons mask /
dard and greyscale -
masks as a function of SOMb 100Mb  500Mb 1Gb  10Gb Flat GDSII data
the flat-layout data file

size in GDSII.

10-nm grid Binary Cr masks

50-nm grid

Price of mask patterning
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Optical Proximity Correction

Similar to the optical proximity correction (OPC) used
in traditional IC mask layouts, correction is often required
when patterning micro-optics in resist, either by e-beam
lithography or by optical lithography. The following figure
shows OPC applied to binary structures and multilevel
structures typical for a CGH optical element.

2D EPE effects in e-beam resist and numeric compensation

=

Initial design pattern (D and P) Affected pattern (A)
(features washed out)

Resulting pattern

Compensated pattern (C) (better-defined binary
features)

3D EPE effects in e-beam resist and numeric compensation

L2

Initial design pattern (D and P) Affected pattern (A)

(features washed out)

Compensated pattern (C

Resulting pattern
(better-defined multi-level
features)
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Replication Shim

For cost-effective mass production of wafer-scale micro-optics,
a plastic replication process often provides the best results.
The first step is the production of a negative mold that can be
used in either embossing, casting, or molding. A positive
master can be fabricated by traditional lithography/etching or
by diamond turning/milling. This master is then placed in an
electrolytic bath that will grow a thin metallic layer (usually
nickel), which will form the negative mold (or shim).

Positive resist master Silver coating evaporation

L /
::::::l::::nTm Frrr—

Shim electroforming Resist dissolution Shim release

This shim is then replicated and used in the final
replication tool (roll embossing, plate embossing, hot or
UV embossing, UV casting, injection molding, CD-type
injection molding, etc.).

To compensate for mold wear-out, a set of similar molds are
produced from the initial mold. Several positive shims are
then grown (mother shims), and subsequent similar
negative shims are created for the actual replication
process (daughter shims).

When diamond-turning fabrication is used, the shim is
directly turned in a metal and inserted in the final mold
cavity. Turning metal usually provides better surface-
roughness figures than turning plastic or glass. However,
the waviness (peak-to-valley) of the embossed or injected
part is usually worse than the mold itself.

Shrinkage during embossing must be accounted for,
especially in the vertical direction for planar microstruc-
tures. A shrinkage of 5% is common.
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Shim Recombination

Shim recombination is an important process in the
generation of the final embossing/injection mold insert
because it allows the use of larger embossing or molding
widths than the original wafer, thereby reducing the cost.

Basic shim #1 Basic shim #2
T rr | g ]
Shim recombination

|

Shim replication

Negative molds

Negative mold

Nickel master

Negative mold

Mother shim Positive mold

Negative mold

Daughter
shims

Negative mold

Negative mold

|

Such recombination processes are mastered by traditional
holographic film replicators via roll-to-roll embossing, such
as specialized holographic packaging paper. However, the
CD can be as small as a few hundred nanometers with a
standard replication process and a few tens of nanometers
with UV embossing.

When stitching the shims together, it is important to
understand that no matter how precise the stitching may
be, it will never be as precise as the structure’s alignment
during lithogrpahy. For example, if the main pattern is a
high-resolution grating, it might be best to stitch shims
along the grooves rather than along the periods in order to
prevent a moiré effect from appearing.

The recombination process is a very effective way to
produce large shims for use with large-format roll-to-roll
embossing equipment from a small initial master. How-
ever, stitching errors in shim recombination can be large.

Field Guide to Digital Micro-Optics
Downloaded From: https://www.spiedigitallibrary.org/ebooks on 14 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Micro-Optics Fabrication 147

Plastic Replication Technologies

After the shim is produced (through nickel electro-forming
or diamond turning/milling), it can be used in various
different plastic replication techniques, such as the
ones shown below.

Daughter shim

CD injection-molding mold

Hot embossing stamp

Insert for multiple-cavity- l

injection mold
g

UV casting mold

In addition to a shrinkage factor, one must account for
various other artifacts that might appear after un-molding,
including index gradients near injection ports.

For replication tasks, such as injection molding, the mold
inserts can be directly produced by diamond turning of
metal instead of nickel electroforming of shims (see
previous page). Today, diamond turning machines (DTMs)
can directly turn metal molds for simple surfaces (planar,
spherical, or cylindrical), aspherics (toroids, even or odd
aspheres, or off-axis surfaces), or even freeform surfaces
[such as with the Moore 350FG (freeform generator) 5-axis
DTM machine with a slow servo].
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Roll-to-Roll UV Embossing

The roll-to-roll embossing process is a very cost-effective
microstructure-replication process that can incorporate
processes such as coating (reflective-metal AR coatings or
custom dichroic coatings, backside-sticking layers, top
lamination, etc.). The following figure shows a typical
roll-to-roll embossing system.

Foil stitching limit
Lammatlon coating
Back -coating (sticker)

Coollng

Initial film /
Original film
Counter roll Storage roII

The shim produced here is usually recombined to form a
full width of the roll (a few feet). Typical roll materials can
be PET or Mylar, and thicknesses can range from a few
tens of microns to a few millimeters.

The depth of the structures that can be embossed via roll-
to-roll vary from a few tens of nanometers to a few
hundreds of microns (microrefractives). The lateral struc-
tures may vary in size from millimeters to sub-micron.

UV roll-to-roll embossing can also be used if the structures are
sub-micron. It is possible to emboss structures that are tilted to
the substrate, such as subwavelength slanted gratings, which
can yield very interesting diffraction effects similar to the
Bragg selectivity of traditional volume holograms.

Roll-to-roll has been used to produce analog-profile refrac-
tive MLAs, subwavelength gratings, nano-metric moth-eye
structures, AR pyramid arrays, prism arrays (BEF films),
binary diffractive structures, all manner of diffractive and
refractive diffusers, and large-area refractive Fresnel
lenses.
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Plastics: Acrylic and Polycarbonate

The following tables list the various plastics currently used
in the micro-optics replication industry, some as low-
birefringence optical clear materials. These plastics can
also be used as blanks for direct diamond turning or as
plates for thermal embossing (roll-to-roll or plate).

Acrylic Polycarbonate

Properties (PMMA) (PC)
Refractive index: 1.497 1.599
Ny (486.1 nm) 1.491 1.585
Np (589.3 nm) 1.489 1.579
N¢ (656.3 nm)
Abbe value 57.2 34.0
Transmission [%] 92 85-91
(visible spectrum,
3.174-mm thickness)
Detection temp: 214F/101C 295F/146C
3.6 F/min @ 66 psi 198F/92C 288F/142C
3.6 F/min @ 264 psi
Max. continuous service 198F/92C 255F/124C
temp.
Water absorption [%] 0.3 0.15
(in 73 F water for 24 h)
Specific gravity 1.19 1.20
Hardness M97 M70
Haze [%] 1-2 1-2
Coeff. of linear exp. 6.74 6.6-7.0
[ecm x 10~%/cm/C]
dNIdT x 107°/C -8.5 —11.8 to —14.3
Impact strength [ft-1b/in] 0.3-0.5 12-17
(Izod notch)
Key advantages Scratch Impact

resistance, strength,

chemical temperature
resistance, resistance
high Abbe,
low dispersion
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Plastics: Polystyrene and Cyclic Olefin Copolymer

lowest cost

Properties Polystyrene Cyeclic olefin
(PS) copolymer

Refractive index: 1.604 1.540

Ny (486.1 nm) 1.590 1.530

Np (5689.3 nm) 1.584 1.526

N¢ (656.3 nm)

Abbe value 30.8 58.0

Transmission [%] 87-92 92

(visible spectrum,

3.174-mm thickness)

Detection temp: 230F/110C 266F/130C

3.6 F/min @ 66 psi 180F/82C 253F/123C

3.6 F/min @ 264 psi

Max. continuous service 180F/82C 266F/130C

temp.

Water absorption [%)] 0.2 <0.01

(in 73 F water for 24 h)

Specific gravity 1.06 1.03

Hardness M9o M89

Haze [%] 2-3 1-2

Coeff. of linear exp. 6.0-8.0 6.0-7.0

[em x 10~%/cm/C]

dNIdT x 107°/C -12.0 -10.1

Impact strength [ft-1b/in] 0.35 0.5

(Izod notch)

Key advantages Clarity, High moisture

barrier,
high modulus,
good electrical
properties
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Plastics: Cyclic Olefin Polymer and Ultem 1010

Properties Cyeclic olefin Ultem 1010
polymer (PEI)
Refractive index: 1.537 1.689
N7 (486.1 nm) 1.530 1.682
Np (5689.3 nm) 1.527 1.653
N¢ (656.3 nm)
Abbe value 55.8 18.94
Transmission [%] 92 36—82
(visible spectrum,
3.174-mm thickness)
Detection temp: 266F/130C 410F/210C
3.6 F/min @ 66 psi 263F/123C 394F/201C
3.6 F/min @ 264 psi
Max. continuous service 266F/130C 338F/170C
temp.
Water absorption [%] <0.01 0.25
(in 73 F water for 24 h)
Specific gravity 1.01 1.27
Hardness Ms89 M109
Haze [%] 1-2 —
Coeff. of linear exp. 6.0-7.0 4.7-5.6
[ecm x 10~%/cm/C]
dNIdT x 107°/C -8.0 -
Impact strength [ft-1b/in] 0.5 0.6
(Izod notch)
Key advantages Low Impact
birefringence, resistance,
chemical thermal &
resistance, chemical
completely resistance,
amorphous high index
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Effects of Fabrication Errors

There are two types of fabrication errors that can affect
the efficiency of the micro-optics fabricated by lithography
and/or plastic replication: random errors and systematic
errors.

+ Random errors are usually field-alignment errors that
differ from wafer to wafer, as well as etch-depth errors.

* Systematic errors are linked to the optics used for
lithography and are, for example, optical proximity errors.

For microrefractive optics, the results are usually a
deterioration of the imaging qualities of the lens and an
increase in surface roughness.

For diffractive optics, the main result is usually the reduction
of the diffraction efficiency due to etch-depth errors and the
propagation of parasitic orders due to field misalignments.

100% +/—20% depth errors: Unacceptable zone

N
- —

90%

80% +/—10% depth errors: Dangerous zone
70% -
60% -
+/-5% depth errors: Acceptable zone
50% -|

40%

w

o

2
.

Total efficiency loss in fundamental orders
N
o
8
.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, L -

I
0% - T T T N T T T

-40% -30% -20% -10% 1 0 | 410%  +20%  +30%

Etch-depth error in first mask set

Efficiency loss (i.e., an increase in zero-order light) in
diffractives is especially harmful to the application if the
zero order falls into a region that consists of or is close to
the order used in this application. Thus, it is often
desirable to design the element as an off-axis element to
prevent zero-order contamination.
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Micro-Optics in Industry

The micro-optics industry (foundries and product inte-
grators) has shown solid growth in the past decade, with a
compound annual growth rate (CAGR) well into the double
digits. Although wafer-level micro-optic fabrication (etched,
fused silica or silicon in refractives or diffractives) are best
suited for demanding applications in prototypes and low
volumes (optical telecom, high-energy flux, or environmen-
tally challenging applications), polymer micro-optics repli-
cated by either injection molding or embossing (roll-to-roll)
are best suited for high-volume consumer electronic devices
(display, imaging, sensing) or disposable medical devices
(sensors). Such devices should last through typical consumer
electronics lifecycles of no more than 2-3 years.

Optoelectronic Flat displays
components LCD, PDP, OLED, projector, VFD,
LED, LD, CCD, CMOS, PD, solar cell LED displays

Input-output
systems

Scanner, laser printer, copy
machine, fax machine, DSC

Digital
Micro-Optics

Optical storage

Read-only, write-once, rewritable
optical discs and drives

Optical communications| | Optical components
and lasers

Active components, passive components, .
. Lasers, industrial lasers, medical lasers,
equipment Infrared applications, sensors

Although the consumer market quickly adopted polymer
optics—such as MLAs in digital imaging/projection and
OPUs, and diffractives (optical scanners, depth-map
sensors), it has been slower to adopt volume holograms,
primarily due to environmental stability concerns (DCG,
silver halides, etc.). However, recent developments in
environmentally stable photopolymers [by Bayer (Ger-
many), Dupont (US), and DNP (Japan)] have proven that
such materials may be ready. More-specific metamaterials,
nano-antenna optics, surface plasmonics, and photonic
crystals are poised to handle tomorrow’s challenging
applications, and specific nano-replication technologies
are already showing progress towards this goal.
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Applications of Micro-Optics

Digital-optics applications have been relatively slow to
emerge, primarily limited to R&D applications, with some
exceptions being optical security tags, spectroscopy, optical
data storage, and optical telecom.

However, thanks to optical needs for new consumer electron-
ics (gaming, displays, pico-projectors, and, more generally,
mobile or wearable computing), digital micro-optics are
emerging as an important tool in today’s optical engineer’s
toolbox. Low costs and mass replication make them a perfect
candidate for various mobile computing needs. According to
Intel, digital optics is one of the ten technologies that will
meet tomorrow’s constantly evolving computing needs.

A few applications worth noting include Canon’s hybrid
zoom; Microsoft Kinect’s structured-light pattern genera-
tor; wafer-scale-camera objective lenses; and LCD micro-
optics films, such as BEFs, DBEFs, and diffusers.

Digital optics
: Diffractive optical elements
Gratings
Y (DOEs)

Holographic-optical elements

(HOEs) Computer-generated holograms

(CGHs)

=
Fresnel lens Binary optics
Di_gital Kinoforms
Fre micro-
optics Subwavelength elements
(SWL)
Hybrid optics
Corrugated waveguides
Micro-optics
Phase masks
MEMS gratings

Digital holograms

The industry has come a long way from the first
applications of gratings in spectroscopy a few decades ago.
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Equation Summary

Snell’s law and grating equation:
sin(a +v) = nsin(y) (A)
. A
sin(B) = 1 ()

Equating refractive and diffractive angles:

A A
a=PB= hopt = S for A< A

A 2 n—1
-0

TIR angle (critical angle):

. no
a; = arcsin| —
ni

Numerical aperture of a fiber:

NA = sin(¢) = \/n? — n’

Normalized frequency for a step-index fiber:

1.619 2.879
w = 2a(0.65+W+W>

Insertion losses from fiber butt-coupling:

2 27d2
2 i) 2
offset loss = (%) e Wit Wy
wi + wj
) s (Tnaw159)”
. 2 TAN20,2 2
tilt loss = (%) e MN(wi+ws)
2
4(4az2 +51
w g\
gap loss = 3 5 5, Where Z = .——————
azz (14 wy n wi + w;j 2mnowiws
w3 w3

Field Guide to Di§ital Micro-Optics
Downloaded From: https://www.spiedigitallibrary.org/ebooks on 14 Mar 202
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



156

Equation Summary

Spectral resolving power of a prism-
)\

R rism —
Spectral resolving power of a grating:
Ao
Rgrating = a = mNO

Beam-steering angle from lateral MLA displacement:

—arctan Ax
¢ df#t

Angular dispersion of a reflective grating:

8 m  sina+sinf
O\ AcosB \cosB

Di

Spectral resolution of a reflective grating:

R A mNy — NoA(sina + sinf)
S\ A

Maximum resolving power of a reflective grating:

2w
Rmax - T

Free spectral range of a reflective grating:

A
Fy=A\="1
m
1
N AN =T

Fourier expansion of a binary amplitude grating:

1ifmA<x<c+mA
a(x,y) = =

0 elsewhere

too s (%) sin(m*n'%) Ziﬂ%
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Equation Summary

Diffraction efficiency of binary amplitude gratings:

Duty cycle ¢ Symmetric
. C 2 . m 2
I TG N E G
m m m m

Phase profile of a diffractive spherical lens in
successive zones:

b(r, \) = 21 (i - %

«- {:&3)_11]

Sag equation describing aspheric phase profiles:

2m Cr? N .
e = — + . Ci 21
=X (1 T VI-A+ 1)r2C2> i1

Circularly symmetric phase profile description:

o(r)=> " Cir

>arigr§ri+1

General xy aspheric phase profile:
m n ; ;
B y)=3 " > . Ca' Gy

fnumber of a lens:

Numerical aperture of a diffractive lens:

. N . D D
NA = sin(omax) = A sin (arctan (2_f>> = Z_f

Smallest feature size in a diffractive lens:
A o Amin

~pNA p
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Equation Summary

Depth of focus of a spherical lens:
DOF = 2\ f#*
Shift in focal length in a diffractive lens as a function
of wavelength drift:
2
Nofo

b(x) = exp (—m)\’gfj = () ==

Nofo = constant

Abbe V numbers for diffractive and refractive lenses:

Vref - M !
n)\l n)\3
Ao
Vait = VS
Effective focal length of a hybrid diffractive/refractive
singlet:
1 1 1

= — + _
faoublet  fret  faif
Zernike wavefront description polynomial:

(b(r, ‘P) = Z am,an,n(r, ‘P)

Zernike orthogonal phase states:

Zoo— 1 — piston
Zl,—l = ZTSiIl((P) - tlp
Zy,1 = 2rcos(¢@) — tilt

Zy, 9 = V6rsin(2¢) — astigmatism
Zo0 =V3(2r" = 1) — focus

Zs9 = /6r?cos(2¢)
Space-bandwidth product of a CGH:
NM

CxCy

— astigmatism

SBWP = P
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Equation Summary

Zero-order grating condition (no orders diffracted):
A - 1
N max{ /e, /Em} + VensinOmayx

Maxwell’s time harmonic equations:

oH
curl (_)) s
OF
curl (ﬁ ) = S
—
div(eE) =0
—
div (nH) =
Quality factor of volume holograms:
2m\d
Q= nA%cosa

Interference pattern from the interference between
reference and object waves:

I(x,y) = |0+ R|* = 00" + RR* + OR* + O'R

Transmittance function from holographic interference
pattern:
T = C+ (O + O'R + ORY)

Grating vector:

K = K(cos(®)Z + sin(®) ¥)
21
K=7%

n(x,z) = no + An(x, 2)

Grating strength of a Bragg grating:
wAnd
Vg =
Ny/CrCs
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Equation Summary

Strain expression in an active EAP:

S S

V2
\/ 1 —E,@OW

Rayleigh-Sommerfeld diffraction integral:

_l etkrol _} R
U'(x'1,51,7 // | r01|cos 7, ro1)ds

Direct Fresnel integral:

ikd
U(xlyy,) - (fkd> eiﬁ(xlz+y/2)/ U(xay)eiﬁ(xZer e }‘d xlx+yy dxdy

Convolution-based Fresnel integral:

lkd
L)\ (/= —x)? +(& y
U(x,y (lkd)//U x,y)e al( ) dxdy

Minimum distance for scalar near-field description:

1
Zmin ~ Nc——— « 5Nc
2B —a)

Rayleigh distance (far-field limit):

Rayleigh-Sommerfeld integral showing the obliquity
factor:

—l etkron _} R
U'(x'1,5'1,7 // cos( 7, ro1)ds

| 701
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Equation Summary

Obliquity factor in the Rayleigh-Sommerfeld integral:

X =xp— %,

.
nrou 1
cos(ﬁ,?ol) == —  where Ve =51 = Ym
| 7| 701 14+ %4

/
2r = Z k0~ Zn,m

Point spread function of a lithography tool:
2
I(x) = I <2 —Jlix)>

Resolution due to the partial coherence of an
illumination system:

A

o =h i TNA

Depth of focus for a lithographic projection lens:

N A
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