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ABSTRACT

Near-to-eye displays act to directly project imagery into a viewer's eye and can range in instanti-
ation from extremely simple (such as an optical viewfinder) to more complex immersive displays
for applications in virtual and augmented reality. Many current schemes for near-to-eye display
employ stereoscopic techniques; however, such instantiations do not consistently present correct
accommodation and vergence cues to the viewer, limiting their potential for seamless, comfortable
augmented reality applications. Recent techniques based around light-field display methods show
promise in the delivery of consistent depth cues although their applicability in presenting scenery
with jointly high spatial and angular resolution is limited.

Electroholographic displays have been shown to provide the highest degree of visual realism and
consistency amongst cues to depth relative to all competing technologies for 3-D display, and
several recent instantiations based around pixelated spatial light modulators have shown their util-
ity for near-to-eye display applications. However, constraints on available space-bandwidth prod-
uct in such pixelated modulators limit the usable system dtendue, resulting in reduced eyebox
or field of view. In contrast, waveguide spatial light modulators offer the potential for displays
with extremely high space-bandwidth product, compact form factors, and full-color operation via
frequency-division multiplexing.

This dissertation aims to assess the feasibility of waveguide-based electroholography for near-to-eye
augmented reality display. In particular, such feasibility is assessed through (i) a static set of near-
to-eye holograms computed via iterative Fresnel domain techniques and fabricated via grayscale
electron-beam lithography and(2) the design and analysis of a fully monolithic photonic platform
for transparent, flat-panel holographic display requiring no supporting optics and implemented via
anisotropic leaky-mode coupling in conjunction with integrated Bragg-regime diffractive combiner
optics in lithium niobate. Furthermore, this dissertation presents a fabrication modality for mul-
tiscale, transparent, flat-panel holographic video displays based around femtosecond direct laser
writing. Methods for and results in the integration of anisotropic waveguides, volume Bragg reflec-
tion holograms, and surface acoustic wave transducers in a lithium niobate substrate are depicted.
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INTRODUCTION & BACKGROUND

Near-to-eye displays act to directly project imagery into a viewer's eye and can range in

instantiation from extremely simple (such as an optical viewfinder) to more complex im-

mersive displays for applications in virtual reality. Although they are sometimes found

in monocular configurations for display of two-dimensional imagery, near-to-eye displays

often aim to recreate three-dimensional imagery for a viewer, typically through stereo-

scopic [i] or other multiscopic means (e.g., multifocal or light-field [2] displays). Like all

3-D display systems, near-to-eye 3-D display systems need to meet the challenge of display-

ing imagery such that viewers correctly and comfortably perceive 3-D scenery. In addition,

near-to-eye 3-D displays additionally have to be designed for maximal viewer comfort and

preferably in such a manner that limits bulkiness and weight. Historically, near-to-eye 3 -D
displays have been implemented using techniques such as stereo disparity (employing sim-

ple magnifiers) [i], although more complex schemes for near-to-eye display based around

lenticular imaging [2, 3] or factored light-field techniques [4] have recently emerged.

I.I HUMAN FACTORS CONSIDERATIONS IN NEAR-TO-EYE DISPLAY DESIGN

Depth perception in the human visual system relies jointly on monocular cues - such as

occlusion and linear perspective - and binocular cues, principally motion parallax, accom-

modation, vergence, and binocular disparity. Disparity refers to the notion that each of

the left and right eyes image a slight horizontally offset version of the same scenery, with

the offset dependent on distance from the viewer. Parallax refers to the notion of experi-

encing different vantage points of a 3-D scene with movement. Taken together, disparity

and parallax can be used to create compelling 3-D experiences for users (e.g., ZSpace

Motion Displays [5]), although accommodation-vergence mismatches as described below

limit their potential in several application scenarios.

i..1 Accommodation

Distant focus Close focus

.............

Figure i: Adapted from [6]. Accommodation in the human eye. Ciliary muscles act to stretch or

compress the flexible ocular lens to adjust its optical power for varying focal distances. For

instance, focusing on distant objects or at infinity necessitates a low optical power and

ciliary muscles stretch the lens; similarly, focusing on closer objects necessitates higher

optical power and ciliary muscles act to contract the lens.
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20 INTRODUCTION & BACKGROUND

Accommodation refers to the ability of the human eye to adjust the optical power of its
lens via the action of ciliary muscles in response to the environment (see Fig. i). As a prin-

cipal cue to depth, accommodation (in conjunction with stronger cues to depth) allows
for some degree of depth perception, especially for objects at close distances (i.e., < i m)
to the eye. However, the range of available optical powers is constrained by physiological
limitations and therefore objects in close proximity to the eye (i.e., outside the accommo-

dation range) are perceived as defocused by a viewer.

Unlike other displays, near-to-eye displays face a particular challenge because of the accom-

modation range of the human eye. This means that, e.g., unaided microdisplays, cannot
be resolved by the human eye at very close distances unless supporting optics are used.
Simple lenses have often been used in conjunction with microdisplays to create virtual
images at focus planes falling at resolvable accommodation distances from the eye (see Fig.
2 (a), in which a magnified virtual image is created at a longer distance from the eye than
the microdisplay); however, magnification of pixelated displays creates undesirable image
artifacts due to decreased spatial resolution.

Near-to-eye 3-D displays based on stereoscopic principles, such as the consumer-grade
Oculus Rift and Microsoft's Hololens, typically deal with accommodation range issues
via the use of simple magnifiers. More complex near-to-eye 3-D displays (usually based
around light field reconstruction principles) act to create the appearance of a virtual scene
at scene distances that are resolvable by the eye via integral imaging [2, 3] or compressive
display [4] techniques, regardless of the actual distance of the display system to the eye.

1.1.2 Vergence

Vergence refers to the triangulation, or inward and outward rotational motion between
both eyes when viewing an object at some distance away in order to maintain binocu-
lar vision. For instance, the inward rotation of both eyes is small for distant objects (and
zero for extremely distant objects or for a focus at "infinity") and becomes progressively
larger for closer objects. Because the vergence angle necessarily maps to object depth, it is
a prominent cue to depth. In most ordinary viewing situations (i.e., for natural reality),
accommodation is directly coupled to vergence.

1.1.3 Accommodation-Vergence Conflicts in 3-D Display

In typical glasses-bound stereoscopic, autostereoscopic, and automultiscopic displays, the
accommodation-vergence confict refers to the notion that a viewer's eyes are focused at the
distance of the screen while they are converged upon the distance to an apparent 3-D ob-
ject (see Figs. 3 and 4 (a)). This mismatch often causes issues such as visual discomfort,
fatigue, and distorted depth perception for the viewer [71. In many current see-through
near-to-eye displays for augmented reality applications, there exists an accommodation-
vergence mismatch between the real-world scenery and the displayed imagery (which is
typically presented on a flat 2-D surface) [3]. The viewer is often made to accommodate
on displayed imagery and also to accommodate and converge upon objects in reality (see
Fig. 4 (b)). This is typically difficult because the accommodation distances of the displayed
imagery and the object in reality are far apart such that simultaneous accommodation on



I.1 HUMAN FACTORS CONSIDERATIONS IN NEAR-TO-EYE DISPLAY DESIGN

Virtual Image
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Figure 2: Virtual image formation in microdisplay-based near-to-eye displays and holographic
near-to-eye displays. (a) Virtual image generation from a microdisplay via a simple lens.
Light rays reflected off a microdisplay located at distance de + do from the eye are incident
upon a plano- or bi-convex lens located at de from the eye (i.e., eye relief distance), which
acts to create a magnified virtual image of the microdisplay at a distance di + de from the
eye, where di = fdo/(f + do) and the magnification is M = di/do = f /(f + fo).
While the original distance of the microdisplay de + do is not within the accommoda-
tion range of the eye, the virtual image distance di + de > do + de does fall within
the accommodation range and the virtual image is therefore resolvable. (b) Virtual image
generation from a near-to-eye hologram. The hologram itself recreates a wavefront of the
desired image plane at an perceived image distance di + de from the eye, without the
need for any additional optics. Note that the distance of the virtual image from the eye
falls within the accommodation range and the virtual image is therefore resolvable.

both is impossible. For stereoscopic displays, a viewer focusing at the plane of the dis-
play will perceive all imagery - regardless of the apparent distance intended - as being in
focus [8]. In addition to an accommodation-vergence mismatch, the utility of accommo-
dation for depth perception - a moderately strong cue for objects closer than 1 m to the
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22 INTRODUCTION & BACKGROUND

Fo

Focus -
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Figure 3: Adapted from [7]. (a) Matched accommodation and vergence distances in normal view-
ing, in which a viewer's eyes are both made to focus and converge at the distance to a real
object. (b) Accommodation-vergence mismatch in a typical autostereogram, in which a
viewer's eyes are made to focus at the physical screen distance but converge upon the
apparent location of an object.

_ - - - - --_ _ _ _ ... .. .
Plane (Real Object)

Accomrnmodatbn
PlagePsayed

Imnagery)M M Accomfmodation

Pane)

(a)

Figure 4: Accommodation-vergence mismatch scenarios in near-to-eye augmented reality displays.
(a) Accommodation-vergence mismatch resulting from the display of synthetic 3-D im-
agery by presenting disparate views to both of the left and right eyes, in which the eyes are
forced to accommodate on the screen plane but converge upon the apparent depth of the
synthetic 3-D object. (b) Accommodation-vergence mismatch between, e.g., a displayed
2-D plane of imagery at some apparent depth and a real-world object, in which the eyes
are forced to accommodate on the displayed plane of imagery but converge upon the
perceived depth of the real-world object.

eye - is greatly diminished in this situation.
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1.2 TECHNIQUES FOR NEAR-TO-EYE 3-D DISPLAY

Unlike other displays, near-to-eye displays additionally face a particular challenge because
of the accommodation range of the human eye. This means that, e.g., unaided microdis-
plays, cannot be resolved by the human eye at very close distances unless supporting optics
are used. Simple lenses have often been used in conjunction with microdisplays to create
virtual images at focus planes falling at resolvable accommodation distances from the eye

(see Fig. 2 (a), in which a magnified virtual image is created at a longer distance from the
eye than the microdisplay); however, magnification of pixelated displays creates undesir-
able image artifacts due to decreased spatial resolution.

1.2 TECHNIQUES FOR NEAR-TO-EYE 3-D DISPLAY

Immersive near-to-eye displays block out normal reality and are therefore appropriate for
application in virtual reality whereas see-through near-to-eye displays act to augment a
viewer's normal viewing of reality with overlaid content.

1.2.1 Binocular Stereoscopic Display

Stereoscopic 3-D displays rely principally on binocular disparity, and in some instantia-
tions, motion parallax, to deliver the perception of depth to a viewer. Binocular stereo-
scopic display systems are typically implemented via microdisplays or LCD panels [9] in
conjunction with magnifying lenses. Consumer products such as the Oculus Rift [io]
employ basic stereoscopic principles in order to create the illusion of depth in displayed

3 -D scenes and therefore suffer from accommodation-vergence mismatches common to
stereoscopic 3-D displays [8].

1.2.2 Binocular Light Field Display

Light field display systems act to reconstruct plenoptic functions [ii] (i.e., the set of all
rays and associated intensities, typically as a function of spatial position, polar angles, and
wavelength) corresponding to 3-D scenes for a viewer. Typical implementations include
parallax-barrier and integral imaging display setups [12]. Light field display systems typi-
cally offer some subset of cues to depth for a 3-D viewer - principally vergence, motion
parallax, and binocular disparity - and some recent light-field displays offer consistent
accommodation cues, either via super-multiview [13] or compressive techniques [4, 14].
Recently, near-to-eye instantiations oflight field displays have been demonstrated to miti-
gate vergence-accommodation problems associated with stereoscopic near-to-eye displays.
These instantiations include prototypes based upon integral imaging techniques for im-
mersive [2] and see-through [3] display and multi-layered LCD panels [4].

1.2.3 Holographic Display

Holographic display systems act to reconstruct light wavefronts emanating from 3-D scenes
for a viewer and are naturally capable of handling all principal cues to depth - accommo-
dation, vergence, motion parallax, and binocular disparity - in a visually and perceptually
consistent manner [15]. Such affordances are principally due to the wavefront reconstruct-
ing nature of holography, thereby presenting all spatial and angular information of 3-D
scenes. Fig. 5 depicts a general pipeline for holographic video display systems, comprised

of 3-D data sourcing, computation pipelines, light modulation, and light processing [16].
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Figure 5: General pipeline for a holographic video display system.
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1.2 TECHNIQUES FOR NEAR-TO-EYE 3-D DISPLAY

Recent work has shown the potential of holographic display technologies in improving per-

ceptual performance over competing techniques for 3-D display [17]. Because of naturally-

matched accommodation and vergence cues and high reconstruction fidelity with correct

or near-correct wavefront curvature, holography is well-poised as a contender for future

near-to-eye 3-D displays.

Incident
Illuminatio

S
L
M

PBS

Amplitude-
Modulated

Beam

Figure 6: Architecture for LCoS-based holographic display.

Figure 7: Adapted from [18, 19]. Artifacts in an LCoS-based holographic display system.

Holographic video display systems are built around spatial light modulators, which act to

modulate either the amplitude or phase of light in some degree of partial coherence. Typ-

ically, such modulators are composed of discrete pixels (such as liquid-crystal-on-silicon

- LCoS - modulators or digital micromirror devices). A typical scheme for LCoS-based

light modulation is shown in Fig. 6, in which incident laser light is spatially modulated in
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amplitude via the use of a polarizing beamsplitter. Because pixelated spatial light modula-
tors diffract in the Raman-Nath regime, many diffractive orders in addition to the desired

diffractive reconstruction order are formed as shown in Fig. 7, including conjugate orders,
orders due to hologram quantization, and orders due to the pixelated microstructure of
the spatial light modulator [19]. Additionally, such architectures are often limited in either
field of view, spatial extent, or both due to the limited space-bandwidth product available
to such modulators (this is discussed in detail in Section 1.4 below). Holographic dis-
play architectures based around acousto-optic modulators, including the MIT Mark I and

Mark II systems [2o], have employed scanned-aperture holography [2 1]in using the high
temporal bandwidth of AOMs in combination with persistence of vision to increase the

effective spatial extent and field of view of holographic displays.
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Figure 8: Sample architecture for LCoS-based see-through holographic display, in which the mod-
ulated light from a pixelated spatial light modulator is demagnified through an optical
telescope and then viewed through a field lens. Ambient light passes through the optical
path via a beamsplitter.

Recently, several groups have investigated the potential of holographic displays for near-
to-eye display applications in virtual and augmented reality. Recent work by Hong, et.
aL [22] and Moon, et. a. [23] has investigated the use of de-magnified, relayed images
of LCoS spatial light modulators (see Fig. 8) for near-to-eye electroholography. Ambient
light enters the optical path through a transparent beamsplitter and the final output is
viewed through a field lens. Although this architecture is intuitive, constraints on the size
of the usable eyebox, field of view, and overall bulkiness of the system limit the potential
of the system in a headset application.

Other groups have investigated near-to-eye holographic displays via the use oflight diffracted
from pixelated spatial light modulators relayed through a transparent waveguide system
(see Fig. 9). In such an approach, phase-modulated light from the Fresnel diffracted field
of the displayed computer-generated hologram on the LCoS microdisplay encounters a
volume reflection Bragg grating that acts to couple the light into a transparent waveguid-

V
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1.3 SPACE-BANDWIDTH PRODUCT CONSIDERATIONS
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Figure 9: Adapted from [24]. Architecture for LCoS-based see-through holographic display, in
which the modulated light from a pixelated spatial light modulator is relayed into a trans-
parent waveguide via a volume holographic in-coupling grating. The light propagates
down the guide until encountering a second volume holographic grating, which outcou-
ples the light from the waveguide into the viewer's eye.

ing layer. The modulated, guided light then propagates through the waveguide until en-
countering a second volume reflection Bragg grating that acts to outcouple the light from
the waveguide into a viewer's eye. These so-called holographic waveguides are transparent
to the ambient light, and due to the fact that the coupling gratings operate in the Bragg
regime, the ambient light is unaffected as it passes through the grating. In particular, Yeom
et. aL employed this approach with an LCoS spatial light modulator alongside correction
for possible astigmatic focusing introduced by the volume holographically-recorded cou-
pling gratings [24].

In order to deliver a convincing and comfortable experience for the viewer of a near-to-eye

3-D display, all cues to depth should be presented in a visually consistent manner in order
to minimize viewer discomfort and fatigue. In particular, near-to-eye 3-D displays face the
unresolved challenge of minimizing the accommodation-vergence mismatch in order to
maximize viewer comfort and minimize fatigue. Furthermore, ensuring proper placement
of virtual scenery or augmented information at depth planes in order to satisfy the accom-
modation limits of the human visual system (while retaining small and lightweight form
factors for the overall head-mounted unit) poses an additional challenge. Light field and
holographic display techniques are well-poised to meet the challenges posed by delivering

3 -D imagery to a viewer by a near-to-eye display; future advancements in these display
techniques can reasonably be expected to help near-to-eye 3-D displays develop into a
mature, market-ready technology.

1.3 SPACE-BANDWIDTH PRODUCT CONSIDERATIONS

The space-bandwidth product of a spatial light modulator dictates the achievable angular
field-of-view and spatial extent for the output of a holographic video display built upon
it. Briefly, this unitless number is typically a function of the number of pixels and the
pixel pitch (which dictates the maximal diffracted angle, as mapped from maximal spatial
frequency as Omax = sin-1 (fmaxA), where A is the operating wavelength) for a pixelated
spatial light modulator (such as an LCoS or DMD device) or a function of the temporal
operating bandwidth for an analog acousto-optic modulator. Alternatively, one can con-
sider directly the space-bandwidth required of a holographic display to support a viewing
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configuration for a given viewer-display distance, viewer rotation angle, and desired field
of view[26].
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Figure 10: 2-D light field distribution and 2-D Wigner distribution function for a space-
bandwidth product of a I-D holographic line.
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Figure 1I: Adapted from [26]. Diagram depicting spatial and angular considerations on the requi-
site space-bandwidth product for a holographic display. (a) Spatio-angular diagram for
a non-translating, non-rotating viewer. ZH is the distance of the spatial light modulator
from the eye, min is the minimum required spatial extent of the spatial light modu-
lator, and 6max is the first order, half-cone maximal diffracted angle from the spatial
light modulator (or equivalently, the ocular field of view). (b) Spatio-angular diagram
for a non-translating, rotating viewer. la is the additional required spatial extent of the
spatial light modulator given an eye rotation angle of OR.

In order to illustrate possible space-bandwidth product requirements of a near-to-eye holo-
graphic video display, we consider a field of view of 30, which is consistent with the field
of view in which retinal resolution is highest (i.e., observations are made with foveal acu-
ity) [27]. We also consider only the case in which the viewer can rotate but not translate
laterally or axially relative to the display plane (e.g, the eye can rotate but will be fixed both
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1.3 SPACE-BANDWIDTH PRODUCT CONSIDERATIONS

Space-Bandwidth Product vs. Eye-Display Distance vs. Viewer Rotation Angle
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Figure 12: Space-bandwidth product (base- Iologarithm) as a function of eye-display distance (i.e.,
eye relief) and viewer rotation angle for a fixed field of view 0max = 30 and operating
wavelength A = 600 nm. Note that for a typical free-standing holographic video display
located at close to 1 m from a viewer with an allowable viewer rotation of up to 450, the

SBP approaches values in excess of1013. However, for a typical near-to-eye instantiation
of a holographic video display with an eye relief distance of approximately 15 mm and
eye rotation angle of 15, the SBP takes values between 107 and 108 - several orders of

magnitude lower than that for a typical free-standing HVD.

laterally and axially relative to a head-mounted display) - this scenario is depicted in Fig.

1i. Following the analysis in Onural et. al. [26], the total i-D spatial extent of a spatial

light modulator located a distance ZH away from a viewer (in the near-to-eye case, the eye)

with an ocular field of view ofmax= 30 and allowable eye rotation angle OR = 15° can

be found as

total = 2 ZH tan(Omax + 6 R) ( I)

and the maximal spatial frequency required for that ocular field of view and allowable eye

rotation angle can be found as

Sin(Omax + OR)
fmax- A (2)

where A is the operating wavelength. For the two-dimensional case, the spatial extent

becomes a circle of diameter total in the spatial domain and the bandwidth becomes a
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30 INTRODUCTION & BACKGROUND

circle of diameter 2 fmax in the Fourier domain. Then, the2-D space-bandwidth product

is found as

SBP =[ (total )2] X 2f ax 2 ]

zasin(Omax -|- OR) tan(Omax + OR) 2

[= H ( + A (3)

This expression is plotted against eye-display distance and viewer rotation angle in Fig. 12

for a fixed field of view Omax = 30 and operating wavelength A = 600 nm. Highlighted

are regions of interest for typical near-to-eye holographic video displays and typical free-

standing or tabletop holographic video displays. Note that the SBP requirement is miti-

gated from upwards of1013 for a free-standing HVD to 107 for a near-to-eye instantiation

- and thereby reveals that the problem of near-to-eye holographic video display - while

perhaps not trivially easy - is considerably more manageable, from a light-modulation and

computational perspective, relative to that of free-standing or tabletop HVDs.

Fig. 13 depicts the space-bandwidth product given in Eq. 3 as a function of field of view

angle Omax for a fixed eye relief distanceZH= 15 mm and maximal eye rotation angle

OR= 15. While still remaining relatively manageable (in an order-of-magnitude sense),
the SBP requirement increases monotonically for increasing field of view. One can there-

fore conclude that the most immersive near-to-eye holographic experiences will therefore

require increased capability - both from a light-modulation and computational perspec-

tive - and that FOV should be an important consideration in the design of near-to-eye

HVDs.

1.4 WAVEGUIDE HOLOGRAPHY AND WAVEGUIDE ELECTROHOLOGRAPHY

Waveguide holography typically refers to the use of holographic techniques for the control

of guided-wave light in integrated optical devices (e.g., grating couplers and distributed
Bragg gratings for guided-wave optical filtering) and for general control of guided-wave

light via diffraction. Image display via optically-recorded waveguide Bragg holograms has

been explored[28,29]. Furthermore, computer-generated waveguide holography (CGWH)
has been demonstrated for the generation of free-space spot arrays and for the integrated

implementation of several optical functions [30]. Additionally, holographic optical ele-

ments have been used for near-to-eye wearable displays for the incoupling of microdisplay-

modulated light into guided-wave modes and for the outcoupling of that light towards

a viewer [31]; however, such displays rely on waveguide and holographic coupling tech-

niques to relay the light from a microdisplay to a viewer and do not provide holographic

imagery directly to a viewer.

Recently, a waveguide-based platform for acousto-optic spatial light modulation for holo-

graphic video displays has emerged [18,19] and shows several notable advantages over more

conventional techniques for spatial light modulation for holographic video displays, such

as the potential for no quantization noise or undesired diffracted orders upon reconstruc-

tion and full-color imagery via frequency-division mutliplexing (see Fig. 14). Although

this modulation scheme has only to-date been demonstrated in a conventional scanning-
type holographic display (see Fig. 15), the underlying surface acoustic wave technology
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Figure 13: Space-bandwidth product as a function of field of view angle 0 max for a fixed eye relief
distance ZH = 15 mm and maximal rotation angle of 15 (typical for most viewers).
For more immersive applications requiring wide fields of view, SBP can increase by over
an order of magnitude over a case in which field of view is limited to that of maximal
retinal resolution for foveal acuity.

can be extended to support a display requiring no additional supporting optics, effectively
operating as a transparent, flat-panel holographic display.

It should be noted that acousto-optic spatial light modulators of this type have an extremely
high space-bandwidth product relative to pixelated spatial light modulators because of
their inherently analog nature. As an example, a io8op LCoS spatial light modulator that
can be driven at a 6o Hz update rate can support up to 125 million pixels per second of
information. In contrast, a guided-wave acousto-optic modulator driven with an analog
signal having a 400 MPixel/s pixel clock can support 400 million pixels per second, and
driven in parallel with, e.g., 50 channels on the same substrate, can support upwards of
20 billion pixels per second. This extremely high space-bandwidth product can allow for
viewing geometries simultaneously supporting large eyeboxes and large fields-of-view.

1-5 MOTIVATION

The extremely high space-bandwidth product offered by guided-wave acousto-optic spa-
tial light modulators, in addition to their other advantages for use in diffractive displays,
make them an attractive candidate for use as transparent, flat-panel holographic displays
(see Fig. 16). One such approach has already been depicted by Henrie et. a., to use a leaky-
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Figure 14: Adapted from [18, 19]. Structure of an anisotropic leaky-mode modulator, in which
guided-mode light interacts with and is modulated by a nearly-collinear propagating
surface acoustic wave containing holographic information. The interaction forces the
guided-mode light to outcouple from the waveguide into a leaky-mode, which is then
used as the spatially modulated light in a holographic display optical system.
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Figure 15: Adapted from [18, i9]. Modified Scophony optical geometry employed in the MIT
Mark IV holographic display system.
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Figure 16: Simulated depiction of holographic near-to-eye display requiring no supporting optics.

mode modulator in conjunction with a surface outcoupling grating to direct the otherwise

edge-emitting light to a viewer through the back face of the monolithic device [?]. This

dissertation aims to assess the feasibility of waveguide-based electroholography for transpar-

ent, flat-panel augmented reality display. In particular, such feasibility is assessed through

(i) a static set of near-to-eye holograms computed via iterative Fresnel domain techniques

and fabricated via grayscale electron-beam lithography and (2) the design and analysis of

a fully monolithic photonic platform for transparent, flat-panel holographic display re-

quiring no supporting optics and implemented via anisotropic leaky-mode coupling in

conjunction with integrated volume Bragg-regime diffractive combiner optics (in contrast

to surface gratings) in lithium niobate. Furthermore, this dissertation presents a fabrication

modality for multiscale, transparent, flat-panel holographic video displays based around

femtosecond direct laser writing.

1.6 RESEARCH QUESTIONS AND CONTRIBUTIONS

Having established a motivation for employing waveguide holography for near-to-eye aug-

mented reality display and assessed the feasibility of such a solution from the perspective

of the space-bandwidth product, this thesis aims to address the following research ques-

tions in support of future near-to-eye holographic video display solutions based around

waveguide holography for augmented reality applications:

• How does one effectively compute holograms for the near-to-eye instantiation, given

the limitations of the human visual system and the considerations on space-bandwidth

product resulting from near-to-eye placement?

• How does one design a transparent, flat-panel near-to-eye holographic video display

requiring no supporting optics or discrete microdisplays?

• What can rapid prototyping techniques such as femtosecond laser direct writing

offer with respect to fabrication modalities for scalable integrated optics for trans-

parent, flat-panel holographic video displays?

A
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To address these questions, this thesis presents the following contributions in support of a
near-to-eye holographic video display solution:

• An implementation and analysis ofstatic computer-generated waveguide holograms
for transparent, flat-panel holographic display fabricated via electron-beam lithog-
raphy.

• A design and analysis of a surface acoustic wave device for guided-wave diffraction
capable of operating as a scalable platform for transparent, flat-panel holographic
video display.

• A rigorous model of end-to-end optical field transformations in such an implemen-
tation of near-to-eye transparent, flat-panel holographic video displays.

• Methods for and results in the application of femtosecond laser direct writing to-
wards the goal of scalable, transparent, flat-panel holographic video displays based
around guided-wave acousto-optics.

This document is organized as follows:

• Chapter2 depicts the design and implementation of a static computer-generated
waveguide hologram for transparent, flat-panel image holography.

• Chapter 3 depicts the design of a guided-wave acousto-optic device implemented in
lithium niobate capable of operating as a scalable platform for transparent, flat-panel
holographic video display.

• Chapter 4 depicts a fabrication methodology for rapid prototyping of such the de-
picted integrated optic device based around femtosecond laser micromachining in
lithium niobate.

• Chapter 5 depicts modeling and simulation methodology and results for the collinear
guided-to-leaky acousto-optic mode conversion of holographically modulated light
in proton-exchanged and laser-written waveguides in lithium niobate. Additionally,
it depicts design, modeling, and simulation methodology and results for volume
Bragg reflection gratings in lithium niobate implemented via femtosecond laser mi-
cromachining.

• Chapter 6 depicts systems engineering considerations for the use of the aforemen-
tioned guided-wave acousto-optic device as a transparent, flat-panel holographic
display, including simulated results relating to the use of strobed-source illumina-
tion.

• Chapter 7 depicts computational considerations and architectures for the use of
the depicted guided-wave device as a transparent, flat-panel holographic display,
especially considerations around efficient subsampling and modulation schemes for

full-color displays via frequency-division multiplexing.

• Chapter 8 depicts current results in the integration and fabrication of anisotropic
waveguides, volume Bragg holograms, and surface acoustic wave transducers in
lithium niobate via femtosecond laser micromachining.

• Chapter 9 lays out a path forward for scalability and integration of the depicted
methods for use in transparent, flat-panel electroholography for both near-to-eye

and desktop-class applications and presents conclusions about the current work.



STATIC COMPUTER-GENERATED WAVEGUIDE

HOLOGRAPHY

The information presented in this chapter drawsfrom work initially presented in Sundeep Jolly,
Nickolaos Savidis, Bianca Datta, V Michael Bove, Jr., and Daniel Smalley, "Progress in off-
plane computer-generated waveguide holographyfor near-to-eye 3D display,"Proc. SPIE Prac-
tical Holography XXX- Materials and Applications, 9771, 2016. [32].
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Figure 17: Static waveguide hologram geometry for replay and reconstruction.

Having established basic feasibility of near-to-eye holographic video display from the per-

spective of the space-bandwidth product, this chapter examines techniques for static, waveguide-

based computer-generated holography for near-to-eye display. The schematic for the target

device structure and function is depicted in Fig. 17.

2.1 FRESNEL HOLOGRAM COMPUTATION

For the purposes of the current experiment, the computer-generated holograms we em-

ploy are computed such that the displayed output consists of a2-D plane of imagery. This

geometry is depicted in Fig. 18.

The computation scheme employs the Fresnel-transforming Gerchberg-Saxton method

for phase-only hologram computation [33]. This algorithm produces a phase-only CGH

pattern that generates a desired plane of imagery at some distance from the hologram

plane. A single loop of this iterative process is depicted in Fig. i1. Briefly, the iteration

35
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Image Hologram
Plane Plane

0

ZI= 1m
Figure 18: Diffraction geometry used in generating the CGH pattern. Assuming planar input

illumination, the Fresnel field at the hologram plane is enforced to be phase-only via
the Gerchberg-Saxton algorithm. The desired imagery is generated at a distance zj from
the hologram plane.

loop begins with a complex field consisting of a randomly-initialized phase pattern having

unit amplitude. his phase pattern is Fresnel transformed to yield the propagated field at
the image plane. The Fresnel field arriving at the image plane is Fresnel transformed via

the 2-D Fresnel diffraction integral:

U, (x, y, Az)= ekAz 2+y2)(x',y')t(x', y')

e (X2+yr)e-4 (xx'+yy)dx'dy' (4)

where Uo (x, y, Az) is the Fresnel field arriving at the hologram plane, Ui(x, y) is the plane
wave illumination field with form U(x,y) = Ao exp(jkpo), t(x,y) is the amplitude
transmittance function of the diffracting aperture (i.e., the planar image), k = 27t/A is
the wavenumber, Az is the propagation distance, (x, y) are the spatial coordinates at the

output plane, and (x',y') are the spatial coordinates at the input plane [34]. This inte-

gral is evaluated as a discrete Fourier transform using the Fast Fourier Transform algorithm.

At this point, the first estimate of the approximated intensity profile at the image plane

is found via the squared-modulus of the complex Fresnel field at the image plane. On

subsequent iteration loops, this estimate is compared to the desired image reconstruc-

tion and the results of comparison are used as a basis for ending the optimization (i.e.,

Idesired - lestimate|1 < e, where Idesired is the intensity profile of the desired 2-D im-
agery, 'estimate is the approximated intensity profile arriving at the image plane via Fresnel

transform of the optimized phase CGH pattern, || . ||2 indicates the square of the f-2
norm, and e is a small error threshold). If the criterion for ending the optimization is not
met, the target intensity is used to amplitude-enforce the Fresnel field at the image plane
(i.e., the square root of the target intensity is set to be the new amplitude) and that field
is inverse Fresnel-transformed to find the complex Fresnel field arriving at the hologram

M



2.2 FABRICATION: RAMAN-NATH CGH VIA ELECTRON-BEAM LITHOGRAPHY

plane. In order to meet fabrication constraints, the number of allowable phase levels is set

to 8 and the constrained phase profile is the resulting phase CGH after an iteration. On a

new iteration, the constrained phase profile is equalized with a unit-amplitude plane wave

and that complex field is the input for a Fresnel transform again to the image plane. Here,

another image comparison takes place.

Approximated
Intensity

Equalize with
Unit-Amplitude

Plane Wave

Iq Equalized Fresnel Propagated I
Complex Field at A Transform with A Complex Field at

If Hologram Plane Distance z,   Image Plane P Target
Intensity

Constrain
to 8 Phase

Levels

I Propagated Inverse Fresnel Amplitude-Enforced +
Complex Field at A Transform with A Complex Field at

(P Hologram Plane Distance Image Plane 'P

Phase Hologram

Figure 19: Iteration loop for phase-only CGH computation via the Fresnel-transforming

Gerchberg-Saxton method. Beginning with a random phase profile with unit ampli-

tude, this complex hologram is Fresnel transformed to find the complex field arriving at

the image plane. The intensity profile is compared with the desired imagery, and if the

error criterion is not satisfied, the iteration loop continues as the target imagery is used to

amplitude-enforce the Fresnel field at the image plane. The field is then inverse Fresnel-

transformed to find the field at the hologram plane. After constraining the phase-profile

to 8 phase levels, the resulting phase-only CGH is equalized with a unit-amplitude plane

wave and a new iteration loop begins.

Using target imagery of the MIT Media Lab logo, the Fresnel-transforming Gerchberg-

Saxton algorithm was employed over 50 iterations. The resulting phase CGH profile and

approximated intensity arriving at the image plane are depicted in Figs. 20 and 21.

2.2 FABRICATION: RAMAN-NATH CGH VIA ELECTRON-BEAM LITHOGRAPHY

In order to prototype computer-generated waveguide holograms for near-to-eye applica-

tions, the approach presented here employs electron-beam lithographic techniques to fab-

ricate phase-retarding diffractive patterns in PMMA on quartz substrates. Fig. 22 depicts

a typical fabrication process for such a prototype. After beginning with a quartz (SiO 2 )
substrate, 600 nm poly(methyl methacrylate) (PMMA) is spin-coated on and post-baked.

In order to avoid charging of the substrate via the electron-beam write process, 10 nm of

chrome is deposited on top of the PMMA via evaporation. Using an Elionix ELS-F125
electron-beam lithography system operating at 125 KeV and employing a beam current

of 100 nA, the grayscale phase CGH is written in the PMMA with a base dose of 1400

11
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Figure 20: Optimized phase profile at hologram plane after 50 iteration of the Fresnel-transforming
Gerchberg-Saxton algorithm with desired imagery of the MIT Media Lab logo.
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Figure 21: Approximated intensity of the MIT Media Lab logo arriving at the image plane after

Fresnel-transforming the optimized phase profile in Fig. 20 found after So iterations of

the Fresnel-transforming Gerchberg-Saxton algorithm.
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Figure22: Fabrication process for a static off-plane computer-generated waveguide hologram. (a)
Single-crystal quartz or fused silica is used as the substrate. (b) 600 nm of PMMA is
deposited via spin-coating and post-baking. (c) The PMMA is exposed via grayscale
electron-beam lithography. (d) The exposed PMMA is developed in an IPA:MIBK so-
lution.

pC/cm2 (note the actual dosage varies from that base dose according to the gray level

of the phase CGH). The chrome layer is removed via a chrome etchant and the exposed

PMMA is developed in a solution of 4:1 isopropanol:methylisobutylketone for 30 s. An

SEM image of a portion of an example written CGH in PMMA on top of silicon is shown

in Fig. 23.

The replay process for the written computer-generated waveguide holograms is depicted in

Fig. 24. Briefly, laser light is edge-coupled into the quartz substrate onto which the CGH

is written at an angle higher than the critical angle for the air-quartz interface (for single

crystal quartz with n = 1.54, 0e = sin-1 (1.00/1.54) ~ 40.49). By definition, the

quartz substrate acts as a multi-modal waveguide and confines the illumination light via

total internal reflection. When the totally internally reflected light encounters the written

CGH, it is outcoupled in a similar manner to waveguided light that encounters a grating

outcoupler. The CGH acts as a Fourier sum of many single-frequency grating outcouplers

and is therefore well-suited to outcouple (and spatially phase modulate) the guided light.

The diffracted light from the CGWH then propagates away from the device for viewing.

Fig.25 depicts the edge-coupled laser light in the quartz substrate, the outcoupling via the

CGH towards a screen, and the formation of strongly-scattered diffracted orders. Note

that this diffraction results from a non-image forming CGH and is intended to depict the

outcoupling performance of a CGWH. Fig. 26 depicts the optical reconstruction of the

phase CGH depicted in Fig. 20. Aside from some strong zero-order diffracted scatter, the

reconstruction presents good discriminability and verifies the computational and fabrica-

tion processes.
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Figure 23: Scanning electron micrograph of a sample lithographed phase-only CGH in PMMA
resist on silicon substrate. Square pixels are 500 nm in dimension.
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SiO2

Edge-couple laser light
into substrate at modal angle

Guided-mode confined via
total internal reflection

Light outcoupled via diffraction
from phase CGH

Figure 24: Replay process for a static off-plane computer-generated waveguide hologram. (a) Laser

light is edge-coupled into the glass substrate at an angle higher than the critical angle. (b)

The coupled light is confined into a guided-mode via total internal reflection. (c) The

coupled light encounters the CGH and is outcoupled from the substrate and modulated

with the holographic information, enabling reconstruction.

Figure 25: Diffractive outcoupling from edge-lit computer-generated waveguide hologram, de-

picting total internal reflection of edge-coupled illumination light and the formation of

strongly-scattered diffracted orders on a screen.
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Figure26: Diffractive reconstruction of phase-only CGH computed using the Fresnel-
transforming Gerchberg-Saxton algorithm and fabricated in PMMA on a quartz sub-
strate via e-beam lithography.

I
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NEAR-TO-EYE ELECTROHOLOGRAPHY VIA GUIDED-WAVE
ACOUSTO-OPTICS: OPTICAL PRINCIPLES

The information presented in this chapter drawsfrom work initiallypresented in Sundeep Jolly,
Nickolaos Savidis, Bianca Datta, Daniel Smalley, and V Michael Bove, Jr., "Near-to-eye
electroholography via guided-wave acousto-optics for augmented reality," Proc. SPIE Practi-
cal Holography XX Materials andApplications, 10127, 2017 [35].

Near-to-eye electroholography refers to the creation of dynamic, three-dimensional imagery
for a single viewer via the use of a head-mounted display system that reconstructs light
wavefronts via diffraction. As of the time of this writing, only a very small number of such
systems have been prototyped, all of which reconstruct imagery via the use of a single [36]
or binocular pair [22-24, 30] of pixelated spatial light modulators. Furthermore, while
some investigations into optimizing optical geometries for near-to-eye holographic dis-
play systems [30] and optimizing computational techniques for the generation of CGHs
for near-to-eye display geometries [22], the generation of near-to-eye holographic displays
with large space-bandwidth product, large field of view, and high visual acuity has so far
been limited. Furthermore, recent advances in integrated optics for holographic video dis-
plays [18,19] have not yet been investigated for their potential in near-to-eye display sce-
narios.

The system explored in this thesis employs a guided-wave acousto-optic platform imple-
mented in lithium niobate (LiNbO 3) in order to realize a fully-monolithic, transparent,
flat-panel holographic video display. Such a system can be viewed as the direct dynamic
analog of aforementioned waveguide holograms for static display[29,37].

3.1 BASIC OPTICAL PRINCIPLES

The optical design utilizes several concepts that have already been explored in other con-
texts: (1) the use of anisotropic guided-wave acousto-optics for spatial light modulation in
holographic video displays [18,i9] via a guided-to-leaky mode transition in birefringent
LiNbO3 [38, 39], (2) the use of a Bragg grating to introduce illumination into a waveg-
uide [41], (3) the use of beam strobing in order to "freeze" the acousto-optic pattern and
eliminate the need for de-scanning the propagating acoustic wave [42], and (4) the use of a
volume holographic Bragg reflection grating in order to reflect the leaky diffracted toward
a viewer with high efficiency [44,45]. Note that all elements - including the in-coupling
grating, anisotropic waveguide, and output volume hologram - can be realized within a
single LiNbO3 substrate without the need for any additional supporting optics. Therefore,
the proposed platform provides a path towards a fully monolithic, integrated optic plat-
form for transparent holographic video display for near-to-eye display.

Figs. 27 and28 depicts the basic structure of the proposed guided optical wave surface
acoustic device. Note that for x-cut LiNbO3 , the z-axis is the extraordinary axis. The in-
cident light is linearly polarized in the TE orientation and is reflected off a surface Bragg
grating which couples it into the anisotropic waveguide. The waveguide has an extraor-
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Figure 27: x - y cross-section (side view) of proposed guided optical wave SAW device with inte-

grated Bragg gratings.
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Figure 28: z - y cross-section (top view) of SAW Device. For x-cut uniaxial LiNbO3 , the z-axis
is the extraordinary axis.
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dinary index perturbation of Ane relative to the substrate but no ordinary index change.

When excited by an RF signal containing the holographic information, the interdigitated
electrodes (pictured in Fig. 28) launch a surface acoustic wave. The guided-mode light in-

teracts with the SAW and is mode-converted into a diffracted TM mode which exits the

waveguide as a leaky mode. Upon entering the substrate region, the leaky mode is incident
upon a reflection mode volume holographic Bragg grating with grating vector nearly par-
allel to the center wavevector of the incident leaky mode's angular fan. Due to the volume
hologram's wide angular acceptance range (see the analysis in Chapter 5 and Fig. 57 in par-

ticular), the leaky mode is reflected to exit the substrate through the waveguide towards

the viewer. In Fig.28, §guided is the propagation constant of the guided-mode TE light

in the waveguide andgrating is the acoustic grating's wavevector. Note that established

frequency-division mudiplexing schemes for full-color operation [18, 19] can similarly be
applied to the depicted device (this is expounded upon in Ch. 8). It should also be noted

that the device depicted here can also be operated for use in a scanning retinal display [46].

Fge'1 2ot
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Figurezq: xm- y cross-section (side view) of multi-elementSAWdevice.

OTSAW Ur AW re
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Figure 30: z- y cross-section (top view) of multi-element SAW Device.

The integrated optic device depicted here can be employed for the generation of both real

and virtual image points via the use of positively or negatively chirped acoustic gratings.
This functionality is depicted in Fig. 3'.

Note that the device pictured in Figs.27and28 represents asingle acousto-optic element

capable of modulating only some portion of aholographic image (i.e., inan elemental

hologram sense). This is due to the fact that the surface acoustic wave has only a lim-

ited interaction length with the guided-mode light before the efficiency of the interaction

approaches zero. Therefore, placement of several acousto-optic transducers on the same

waveguide is necessary in order to obtain a longer holographic line in a scaled-up device.

This type of scheme is depicted in Figs. 29 (side view) and 30 (top view). Structurally,
a multi-element device is comprised of multiple elements depicted in Fig.27. Guided-

mode light that is undiffracted by a surface acoustic wave continues to propagate in the

waveguide and is available for diffraction for subsequent surface acoustic waves. Multiple

SAW transducers are positioned along the waveguide axis and interact progressively with

guided-wave light in a resonant fashion.Volume holographic Bragg gratings are positioned

for reflection of every leaky mode exiting the waveguide.
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Figure 31: Real and virtual image points generated by depicted architecture.

3.2 SYSTEMS ENGINEERING
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Figure 32: Timing diagram for pulsed laser illumination of SAW devices.
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3.2 SYSTEMS ENGINEERING

Strobed operation has been presented as a solution to overcoming non-stationarity in
acousto-optic modulators when used for beam shaping applications [42]. Note that such
a scheme can be used in place of polygonal mirror scanning techniques that have been
applied previously for scanned-aperture holographic video displays based around acousto-
optic modulators [18-21]. An example timing diagram for strobed operation of the pro-
posed device is depicted in Fig. 32. Tfill is the time duration over which the aperture
is filled by the acoustic pixel stream and Tpixel is the time duration over which a single
pixel is acoustically drawn. The duty cycle is then D = Tpixe /fi;;. Tfii; can be found
as Tfill = l/v, where I is the interaction length and v is the velocity of the propagating
surface acoustic wave. For x-cut LiNbO3 , v = 3909 m/s; assuming an interaction length
I = 1 cm, 7;i = 2.558 ps. For a 400 Mpixel/s pixel clock from a modern graphics
processing unit, Tpixel = 1/400 Hz = 2.5 ns. Note that each illumination pulse would
be tied to the length taken for the graphics processing unit to output one filled aperture's
worth of pixels; this can readily be set to be one horizontal line on the GPU framebuffer
and hence the pulses can be triggered on the GPU's hsync pulses (depicted in Fig. 33).

T bW k g IDT SAW OT SAW VT SAW

Figure 34: z- y cross-section (top view) of multi-element, multi-channel SAW device.

Each waveguide (being driven with either asingle or multiple SAW transducers) is respon-
sible for delivering asingle horizontal parallax-only holographic line to the viewer. In order
to deliver imagery with greater vertical resolution, multiple such holographic lines are re-

quired in the output. Scanned-aperture displays based around bulk-wave acousto-optic
modulators [20, 21] or guided-wave acousto-optic devices [18, 19] employ scanning gal-
vanometers to optically scan multiple holographic lines within the persistence time of the
human eye. However, aflat-panel holographic video display requires that no supporting
optics be used. Therefore, increased vertical resolution can only be achieved via the use of
additional waveguide channels [18]. Such ascheme is depicted in Fig. 34. In this scheme,
light is coupled into all waveguides simultaneously via in-coupling Bragg gratings that are

positioned on top of each waveguide. As inFigs. 29 and 30,multiple SAW transducers
and reflection Bragg gratings are positioned along the length of each waveguide.

In order to electrically drive the entire multi-element, multi-channel device depicted in
Fig. 34 with holographic information with the limited temporal bandwidth available from
modern GPUs, it isproposed that each column of SAW elements spanning multiple waveg-
uides be driven by asingle analog output channel of agraphics processing unit in atime-

sequential fashion. This would allow for the possibility of coherence amongst surface acous-
tic waves generated by multiple SAW transducer elements on asingle waveguide (i.e., all
the holographic information spanning multiple SAW transducers on asingle holographic
line is drawn at the same time) as well as reduce the number of analog GPU channels
needed. Such ascheme can be implemented via the use ofan analog RF demultiplexer as
shown in Fig. 35. Here, the output analog signal from the graphics card (containing holo-
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Figure 3 5: Electrical path for GPU signal output, RF up-conversion and amplification, and switch-

ing amongst holographic lines for driving multiple holographic lines in sequence.

graphic information) is appropriately up-converted to the RF frequency operating band

of the SAW transducers and amplified. This up-converted, amplified signal is input to a

1-to-2N RF de-multiplexer, which acts to switch the input signal to one of 2 N outputs

depending on a control input. Because the input signal should be switched based on the

index of the current holographic line being written, the control input is the output of a

counter that accumulates the number of hsync pulses output from the GPU. This control

scheme necessitates that the holographic information driving a single transducer is con-

tained on a single framebuffer line in the GPU's memory. During the duration between

hsync pulses, the holographic information for the ith holographic line is drawn; after draw-

ing is completed, the GPU fires a hsync pulse, incrementing the pulse counter, and thereby

switching the output to a transducer on the next holographic line. After all lines have been

switched to and drawn, the counter is reset upon receiving a vsync pulse from the GPU

and the de-multiplexer is therefore reset to output to the first holographic line's transducer.

Note that all independent sequential transducers per holographic line would be addressed

by independent GPU channels and de-multiplexing hardware. In this way, multiple trans-

ducers per holographic line are addressed in a parallel fashion while separate holographic

lines are addressed in a serial fashion.

3.3 RADIOMETRY, STAGE-WISE EFFICIENCIES, AND EYE SAFETY

It is expected that a multi-element, multi-channel SAW device of the type pictured in Fig.

34 will be optically illuminated with a coherent laser light source. It is important that the

perceived brightness of the displayed imagery is calibrated for comfortable viewing and

that the total optical power entering the eye conforms to published safety standards [47].
The power of a source should be chosen such that the output power entering the viewer's

eye meets such criteria after all losses in the system are accounted for. Employing the anal-

ysis in [48] and [49), as a starting point, 50 pW is assumed as a desirable time-averaged

display optical power entering the eye.
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To characterize typical losses in the SAW device, a total optical efficiency qtota; can be

calculated. Assuming an input grating coupling efficiency of qc = 0.5, a guided-to-leaky

mode coupling efficiency of MC = 0.05, and a diffraction efficiency of qR = 0.95 for

the Bragg reflection grating, qtotal = 'CJ|MCR = 0.0238 for a single transducer per

waveguide. For multiple transducers per waveguide (i.e., a multi-element configuration),

JMC applies per transducer. The total efficiency of all N transducers per waveguide (i.e.,
the ratio of the power of all diffracted light from all transducers on a waveguide channel

to the total power input to that waveguide) is a geometric series as:

qMC,N =

qMC + q1-VMC) q1MC + (1 - 1MC ) (1 - 1|MC qMC + .- + (I - 1|MC ) N -1MC

N-1 1- (1- JMC)N (
= lJMC ( (1- 1MCY= 1/MC 'MC _1 -- 1G- lMC) ()N

i=0 INMC

qtotal,N for a single channel with, e.g., N= 5 transducer elements is then total,N

qCqMC,NqR =1|CVR(1 - (1- qMC)N) 0.1075. For M waveguide channels, the

total input power is split evenly amongst all waveguide channels, and therefore for a

given inputpower put, the power entering each channel is Pciannel = Pinput /M. The

total output power from the composite M-channel, N-element device is then Pout =

MPchannel11total,N= Pinput1total,N. Note that the total efficiency does not depend on the

number of waveguide channels but only on the number of transducer elements.

For a desired output power entering the eye of Pout = 50 pW, Pin = 0.46 mW for a

5 transducer element device. Lasers at such output power levels and operating in pulsed

configurations are readily available.

3.4 TRANSDUCER DESIGN AND TEST PATTERNS

The information presented in this section drawsfrom work initially presented in Bianca Datta,

Nickolaos Savidis, Michael Moebius, Sundeep Jolly, Eric Mazur, and V Michael Bove, Jr.,

"Direct-laser metal writing ofsurface acoustic wave transducersfor integrated-optic spatial light

modulators in lithium niobate," Proc. SPIE Advanced Fabrication Technologies for Micro/-

Nano Optics and Photonics X, 10115, 2017P[9].

Interdigital transducers are utilized to excite propagating surface acoustic waves in piezo-

electric materials and are commonly employed for guided-wave acousto-optic devices [41.

Fig. 36 depicts a schematic for an interdigital surface acoustic wave transducer excited by

an RF electrical source. A series of interdigitated "fingers" are evenly spaced for a desired

transducer period A and a total number of fingers N. In combination, these parameters

influence the acoustic response of the transducer, chiefly dictating its acoustic center fre-

quency and bandwidth as:

fc = va/A (6)

where fc is the acoustic center frequency of the transducer, va is the acoustic wave speed of

the piezoelectric substrate, and A is the transducer period. The effective range of RF excita-
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Figure 36: Schematic of an interdigital surface acoustic wave transducer. A uniform, interdigitated

SAW transducer is comprised of a series of spaced "fingers," each of which has width

A/4 and inter-finger spacing A /4. The overall period of the transducer A and the num-

ber of finger pairs N dictate the transducer center frequency and acoustic bandwidth.

The transducer is excited by an RF electrical source as shown.
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tion frequencies over which the transducer produces an acoustic response is approximately
given by:

Af ~ fe /N (7)

where Af is the RF and acoustic bandwidth and N is the number of finger pairs in the
transducer [41]. As an example, a sample design for a transducer with A = 50 im and
N = 10. For x-cut, y-propagating geometries of LiNbO 3 , the acoustic propagation ve-
locity is va = 3909 m/s [38, 39]. The designed transducer then has fe = 78.1 MHz and
Af = 7.8 MHz around the center frequency. It should also be noted that other transducer
geometries, such as those with linearly-chirped transducer periods along the active length,
can be designed to enable other acoustic passband functions for the RF excitation [41].





METHODS IN FEMTOSECOND LASER MICROMACHINING

The information presented in this chapter drawsfrom work initially presented in

1. Nickolaos Savidis, Sundeep Jolly, Bianca Datta, Michael Moebius, Thrasyvoulos Kary-
dis, Eric Mazur, Neil Gershenfeld, and V Michael Bove, Jr., "Progress infabrication of
waveguide spatial light modulators viafemtosecond laser micromachining,"Proc. SPIE
Advanced Fabrication Technologies for Micro/Nano Optics and Photonics X, 10115,

2017[50].

2. Sundeep Jolly, Nickolaos Savidis, Bianca Datta, Thrasyvoulos Karydis, Will Langford,
Neil Gershenfeld, and V Michael Bove, Jr., "Progress infabrication ofanisotropic Bragg
gratings in lithium niobate via femtosecond laser micromachining," Proc. SPIE Ad-
vanced Fabrication Technologiesfor Micro/Nano Optics and Photonics X, 10554, 2018
[51.

In recent years, direct laser writing has emerged as a promising alternative for the genera-
tion of embedded passive and active photonic structures within various optically transpar-
ent media [54]. The use offemtosecond laser micromachining in LiNbO 3 has recently been
proposed for fabrication of index-structures including waveguides [55,63,70], multiplex-
ing and de-multiplexing architectures [64], diffraction gratings [65-68], and active metal
layers [69], and volume holographic elements. For the purposes of rapidly prototyping
integrated optic devices for spatial light modulation, femtosecond laser micromachining
offers a compelling alternative to traditional lithographic processing because of the ease
with which fabrication parameters can be adjusted. he integrated optic device described
in Chapter 3 can be fabricated entirely via a femtosecond laser micromachining process,
and in particular, volume Bragg gratings with arbitrary fringe geometries are more readily
rapidly-prototyped using direct laser writing rather than conventional holographic record-
ing. In this chapter, methods for the integration of refractive index features and for the
metal patterning of interdigitated transducers and channel waveguide masks are presented.

4.1 INTEGRATION OF DENSIFIED REFRACTIVE INDEX FEATURES IN LINBO3

Traditional processing schemes for the generation of integrated photonic structures within
LiNbO3 substrates have typically included conventional resist-based photolithographic
and electron-beam lithographic techniques alongside wet- [57] or dry-etching [58]. Fur-
thermore, ion-diffusion techniques such as titanium indiffusion [59] and proton exchange
[6o] are commonly used to create high-contrast anisotropic waveguides for the generation
of active integrated acousto-optical [61] and electro-optical [62] devices.

Femtosecond laser structuring of transparent media is widely used to create2-D and 3-D
profiles in refractive index within the volume of transparent media [54 ](see Fig. 37 for
a depiction of this processing), subject to limitations imposed on resolution and achiev-
able modulation by the diffraction-limited waist size of the focusing objective and material
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Figure 37: Femtosecond laser-based volumetric index perturbation in transparent media. The fem-

tosecond beam is focused through an objective into the volume of the transparent media,

creating a localized effect. Depending on the beam energy density, localized changes in

refractive index can occur via densification.
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Figure 3 8: Adapted from [52]. Energy regimes in femntosecond laser micromachining. Depending

on the energy density of the focused femntosecond beam at the focal region, densification,
photoionization, or ablation can occur in the medium.



4.1 INTEGRATION OF DENSIFIED REFRACTIVE INDEX FEATURES IN LINBO3

thresholds for densification and available dynamic range (see Fig. 38 for a depiction of en-
ergy thresholds in focal regions, as a function of beam attenuation depicted via an external
Pockels cell intensity modulator). Previous studies of femtosecond laser micromachining
in lithium niobate have focused on the integration of embedded photonic structures on the
surface or within the volume of the crystalline substrate, usually by means of a permanent
change of birefringent refractive index via lattice densification [55], although techniques
exploiting volumetric photorefractive modifications have also been utilized [56].

4.1.1 Direct Laser Writing of Volumetric Features in LiNbO 3

UNbO3 UNb03 UNbO3

(a) (b) (c)

Figure 39: Volumetric grating structures achievable in LiNbO 3 via femtosecond laser processing.
(a) Volume Bragg gratings having arbitrary fringe geometries, (b) Volume Bragg gratings
having optical power (e.g., spherical-beam or cylindrical-beam volume holograms), (c)
Aperiodic optical structures having arbitrary modulation of refractive index at each voxel
location.

Permanent refractive index modulation via densification in lithium niobate is often classi-
fied into two types of modifications: Type I, in which the extraordinary index is decreased
but the ordinary index is unchanged via a femtosecond pulse train, and Type II, in which
both uniaxial indices are decreased via a pulse train with pulse durations over 1 ps [70]. Pre-
vious studies have indicated the feasibility of fabricating Raman-Nath and volume Bragg
gratings in LiNbO 3 [66-68]. Although volumetric grating structures are achievable via
photorefractive recording in LiNbO3 , the recording of arbitrary fringe geometries in an-
gle and periodicity is often cumbersome due to the sometimes extreme propagation angles
required of either beam in two-beam holographic recording. In contrast to optical holo-
graphic recording, femtosecond laser micromachining offers the ability to embed arbi-
trary fringe geometries without the need to adjust optical paths for two-beam interference,
diffractive lenses having optical power, photonic crystal structures, or completely aperiodic
volumetric structures in refractive index (see Fig. 39).

4.1.2 Direct Laser Writing of Channel Waveguides in LiNbO3

Similar to the process for inducing permanent volumetric changes in refractive index,
femtosecond laser micromachining can be used to induce slightly sub-surface features
in LiNbO 3 and therefore can be used for the creation of waveguides. This process has
been explored by Burghoff et. al., who report a possible index variation on the order
of Ane 10-3 [55, 70] (see Fig. 41). Note that while the proton exchange process in
LiNbO 3 increases the extraordinary index (see Fig. 42) while decreasing the ordinary in-
dex (Ano ~ 10-2) (Ane ~ 10-3), femtosecond laser micromachining can induce only
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Figure 40: Index ellipsoids for uniaxial lithium niobate. (a) Unperturbed LiNbO 3 . (b) Proton
exchanged LiNbO3 - (c) Femtosecond laser photo-perturbed LiNbO 3.
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Figure 41: Anisotropic index changes in direct laser-written waveguides in uniaxial lithium nio-
bate.
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Figure 42: Anisotropic index changes in proton-exchanged waveguides in uniaxial lithium niobate.
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4.2 DIRECT LASER METAL PATTERNING ON LINBO3 SUBSTRATES

a smaller increase in extraordinary index only (Ane ~ 10-3) (see Fig. 40) when creating
so-called Type I waveguides [55, 70]. We theoretically examine the role of such reduced
index contrast for the performance of the acousto-optic application in direct laser-written
waveguides in Ch. 5.

4.2 DIRECT LASER METAL PATTERNING ON LINBO3 SUBSTRATES

With respect to metal patterning, two separate approaches have been explored as part of
this work: i) femtosecond laser-induced forward-transfer, and2) ablative patterning of
thin films. These methods are described here.

4.2.1 Femtosecond Laser-Induced Forward Transferfor Interdigitated Transducers

Support Target
Substrate Substrate

fs Beam

Metal
Film

Figure 43: Femtosecond laser-induced forward transfer. A femtosecond beam is focused through
an objective into a donor substrate coated with a thin-film of metal. The focused energy
thermally ablates the metal, causing it to be transferred onto a target substrate placed in
contact with the donor.

Laser-induced forward transfer is a method wherein a transparent donor substrate, coated
with a thin film of metal, is placed in contact with the receptor target substrate onto which
the metal is to be patterned. The femtosecond beam is focused through the volume of the
donor substrate and focused on the metal thin film, causing the metal to thermally ablate
and transfer locally onto the target substrate (see Fig. 43 [79]. We have experimented
with laser-induced forward-transfer for the fabrication of SAW transducers [79], and some
sample results and discussion are presented in Ch. 8 of this thesis.

4.2.2 Ablative Fabrication of Interdigitated Transducers

Because of issues related to transducer morphology, roughness, and metal-substrate adhe-
sion, we have additionally examined laser ablation of aluminum as an alternative for the
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fs Beam

Metal
Film

Figure 44: Process for femtosecond laser ablation of aluminum.

fabrication of surface acoustic wave transducers. Such a technique has also been previously
explored by Gertus et. al. [69].

Fig. 44 depicts a process for femtosecond laser ablation of aluminum for the fabrication
of surface acoustic wave transducers. Here, a femtosecond laser beam is focused through
an objective onto a deposited thin film of aluminum on a carrier substrate of LiNbO 3.
The metal in the region of sufficient femtosecond pulse energy density in the vicinity of

the nominal beam focus position is ablated off the carrier substrate, and thereby, raster
writing an "inverse" pattern relative to the desired remaining metal pattern will leave only

the desired pattern while preserving the original thin film's morphology, thickness, and

adhesion to the substrate. This thesis presents ablative fabrication of IDTs as a preferred

method, and sample results of their fabrication are presented in Ch. 8.

4.2.3 Ablative Fabrication of Channel Waveguide Masksfor Indifusion

Using the process depicted in Fig. 44, it is also possible to create channel masks for an
indiffusion process for fabricating indiffused-waveguides in LiNbO3 . This method has

the advantages of retaining the higher index contrast achievable with indiffusion while
eliminating the need for conventional lithographic patterning.

4.3 EXPERIMENTAL METHODOLOGY

4-3.1 Experimental Setupfor Laser Micromachining

The setup presented here for femtosecond laser micromachining is depicted in Figs. 45 and

46. A femtosecond beam from a Yb:KGW femtosecond laser source (Light Conversion
Pharos 1 5W, fundamental operating wavelength A = 1030 nm with available harmonics
at A = 515 nm and A = 343 nm) is input to a polarizer and A/2 plate for control of
beam attenuation. The beam is input to a periscope and reflected off a beamsplitter into the
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Periscope Beamsplitter

7 (1
Yb:KGW Pharos
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3-D Nanopositioning
Stage

White Light
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Figure 45: Setup schematic for femtosecond laser micromachining.

Figure 46: Setup for femtosecond laser micromachining.
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entrance pupil of a microscope objective (Mitutoyo ioX NA=o.28 infinity-corrected plan
apochromatic for features with diffraction limited spot size d = 1.22A /NA = 2.25 jm
for A = 515 nm, or Mitutoyo iooX NA= 0.7 infinity-corrected plan apochromatic for fea-
tures with diffraction limited spot size d 1.22A /NA = 0.89 pm for A = 515 nm) that
acts to focus the beam into the volume of the LiNbO 3 substrate for volumetric integration,
onto the surface for surface densification or ablation, or onto a thin film for metal ablation
or laser-induced forward transfer. The sample is mounted on a computer-controlled 3-axis
nanopositioning stage (SmarAct, GMBH) with 1 nm resolution and repeatability < 200
nm To control the grating exposure, interfaces to both the laser and stage are controlled
via custom software that triggers the beam on while the stage is moving along an area to
be densified or ablated and off in other regions during the stage translation.

A white light source is added underneath the transparent sample in order to use the objec-
tive along with a CCD camera for imaging simultaneously with writing within the medium
with the femtosecond beam. For non-transparent media, the white light illumination is
condensed through a condenser lens and launched through the objective for parfocal, epi-
illumination.



4.3 EXPERIMENTAL METHODOLOGY

4.3.2 Fabrication Parameters and Considerations

4.3.21.1 Refractive Index Modulation

For the purposes of writing gratings and directly-written waveguides, x-cut LiNbO 3 wafers
with thickness of 1 mm are used. The femtosecond laser source lases with an operating
wavelength at the fundamental A = 1030 nm, and we observed best results for a repeti-
tion rate of 100 kHz, a > 700 nJ pulse energy, and with the stage translating at between i
mm/s and 5 mm/s while writing any particular grating finger.

Because of focal shift issues associated with writing inside the volume of high-index media,
the actual depth at which the stage is translated should be adjusted by a factor nair /nsAz,
where n, is the refractive index of the lithium niobate, nair is the refractive index of air,
and Az is the desired depth inside the volume for writing.

Note that direct laser writing in birefringent media is highly sensitive to the polarization
angle of the writing beam relative to the crystal's c-axis [70]; for the current experiments,
we achieved the highest modulation for beam polarizations parallel to the LiNbO 3 z-axis.
This polarization direction is tunable with the inclusion of a half-wave plate in the writing
setup.

4.3.2.2 Ablative Metal Patterning

In our trials, we employ a 200 nm thick layer of aluminum, deposited on the LiNbO 3 sub-
strate by electron-beam evaporation. A pulse energy in excess of 1.5 pJ using an NA=0.28
microscope objective with a stage translation velocity of 1 mm/s is sufficient to ablate alu-
minum in this configuration. For best ablative quality, slowing down the stage translation
velocity to 0.1 mm/s can provide better results.
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PHOTONIC MODELING: DEVICE PHYSICS

In this chapter, a comparative analysis of the collinear acousto-optic interaction in both
proton-exchanged waveguides and direct laser-written waveguides on LiNbO 3 is presented
along with an analysis of volume holographic gratings in LiNbO 3 for the volume reflection
application.

5.1 COLLINEAR GUIDED-TO-LEAKY MODE ACOUSTO-OPTIC INTERACTION

Typical guided-wave acousto-optic devices implemented in LiNbO 3 employ anisotropic
waveguides that are fabricated using indiffusion processes such as proton exchange, which
results in a large increase in extraordinary index relative to the substrate. Because femtosec-
ond laser micromachining is a new modality for fabrication of channel waveguides, it is
of interest to theoretically examine the mode-coupling interaction efficiency for a laser-
written waveguide relative to that of a proton-exchanged waveguide. Chiefly, the princi-
pal difference between a proton-exchanged guide and a laser-written guide is one of index
contrast, with proton-exchanged guides exhibiting an extraordinary index increase on the
order of 10-1 and direct laser-written waveguides exhibiting an increase in the extraor-
dinary index on the order of 10-3 - a relative difference of two orders of magnitude. In
addition to the influence on waveguide propagation losses, the index contrast differences
also dramatically affect the efficiency of the guided-to-leaky mode-coupling interactions.

.1.1 Allowable Transition Frequencies

figuided

/3leaky K4 Zr aing

kleaky

Figure 47: Adapted from [19]. Conservation of momentum in a nearly collinear acousto-optic
guided-to-leaky mode transition.

Fig. 47 depicts a conservation relationship between the guided-mode and leaky-mode
wavevectors (conservation of momentum), where §guided is the guided-mode effective
wavevector in the waveguide, Kgrating is the counterpropagating acoustic grating wavevec-
tor, §leaky is the leaky-mode effective wavevector collinear to the acoustic grating and
guided-mode effective wavevector, and kleaky is the leaky-mode total wavevector. Note
that kleaky represents an outcoupling from the waveguide at an angle 7 relative to the
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64 PHOTONIC MODELING: DEVICE PHYSICS

waveguide axis. From this geometrical picture, the relationship between the guided-mode

momentum and the leaky-mode momentum is as follows:

(8)Pguided - Kgrating =P leaky = kleakynsy

where ns is the substrate bulk index for lithium niobate for the TM polarization and ordi-

nary ellipsoid axis [40]. From this relationship, it can be observed that the mode-coupling

only occurs for #leaky <= konog, where nog is the refractive index in the waveguiding

region.

x107 Pleaky vs. acoustic frequency, proton exchanged guides, m = 2 mode

2.4

350 400 450 500 550
acoustic frequency (MHz)

Figure 48: Range of acoustic frequencies for which TE->TM conversion is allowable in proton
exchanged waveguides on x-cut lithium niobate. Bold lines represent the upper limit of

Pleaky per wavelength for which mode-coupling conversions are allowed.

In Figs. 48 and 49, the bold lines represent konog and the light lines represent leaky. Based

on these results, TE to TM conversions are allowable for more frequencies in DLW guides

than in proton exchanged guides.
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Figure 49: Range of acoustic frequencies for which TE->TM conversion is allowable in laser-
written waveguides on x-cut lithium niobate. Bold lines represent the upper limit of

leaky per wavelength for which mode-coupling conversions are allowed.
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5.1.2 Field Overlap Integral

The propagation ofsurface acoustic waves is governed by the following mechanical coupled

mode equations describing Rayleigh wave propagation [39]:

and

a2Uk a2,p a2
Cijkl 5-- kjxix 2Cijl~ ek~aXiaXk= dt2

ea2Uk a 2,
eiki- - eik = 0

axiax, aXkx

(9)

(10)

where Cijkl are the elastic stiffness coefficients, Uk is the strain field, eijkt are the material

piezoelectric tensor coefficients, ik are the dielectric permittivity coefficients, and 0 is the

electric potential. Following Matteo et. al., the SAW-induced permittivity change can be

derived and is utilized in the calculation of the overlap integral between the guided-mode

and leaky-mode optical fields below.

8
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Figure So: Adapted from [72]. Depth dependence of modulation amplitude for AeTE/TM for vir-
gin LiNbO3 and proton-exchanged lithium niobate HxLil-xNbO3
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5.1 COLLINEAR GUIDED-TO-LEAKY MODE ACOUSTO-OPTIC INTERACTION

For the purposes of the current analysis, we adapt the earlier modeling of Rust et. al. [72]
for numerical values of the modulation amplitude of the permittivity tensor ATE/TM in
proton-exchanged guides shown in Fig. 50. For the case of laser-written guides, empirical
data about the effect of the laser-written index perturbations on the mechanical properties
of the LiNbO 3 substrate is not readily available, so in this analysis, we assume that the
the modulation amplitude of the permittivity tensor closely approximates that of virgin
LiNbO3 . Then the comparative analysis of the mode-coupling efficiency presented here is
based solely on index contrast of the laser-written guides and neglects possible effects of
the femtosecond laser-induced perturbations on the mechanical properties of the LiNbO 3 .

Following Marcuse et. al. [96] and Matteo et. al. [40, the overlap integral between the
guided-mode and leaky-mode optical fields is given by:

Kg W 6 JUi(x)A[e(x)]Ug(x)dx (11)

where Kg; is the coupling coefficient between guided and leaky modes, W is the acoustic
frequency, eo is the free-space permittivity, U(x) is the leaky mode field, Ug(x) is the
guided mode field, and Ae(x) is the depth dependence on permittivity modulation in-
duced by the propagating surface acoustic wave. This overlap integral dictates the amount
of energy transferred between the guided-mode field and the leaky-mode field due to the
interaction of the surface acoustic wave with the guided-mode optical field.

With respect to modeling the leaky-mode interaction over the device interaction length,
the radiative decay coefficient is given by:

az = IKgI 2 cot -dx (12)

where -is the angle of the exiting leaky mode, and its influence on overall device diffraction
efficiency is provided as:

qD = 1 - e 2aRL 

(

where L is the interaction length between the guided-mode optical field and the surface
acoustic wave [40].

Based on Eqs. i1 and12, the radiative decay coefficients for the mode-coupling interaction
as a function of acoustic frequency, for both proton-exchanged waveguides (solid lines) and
for laser written waveguides (dotted lines) for three separate wavelengths are computed (see
Appendix A for MATLAB code) and plotted in Figs. 51 and 52. This is a key metric for
looking at overall device efficiency, and the relative efficiency of the interaction for proton-
exchanged waveguides vs. laser-written waveguides is related to the overall device efficiency.
Note that the peak value of the radiative decay coefficient across the considered acoustic
spectral range is roughly one order of magnitude higher for PE waveguides relative to laser-
written waveguides. This implies roughly an order of magnitude lower device efficiency
based around the negative exponential relationship for device diffraction efficiency, even
at the acoustic frequencies for which the device performance peaks. Furthermore, note
for DLW guides, all three wavelengths of interest peak in efficiency over a wider range of
acoustic frequencies - this is in contrast to the case for proton exchanged guides, in which
it is possible to engineer different acoustic spectral ranges that correspond to distinct peaks
for the separate wavelengths being considered. This phenomenon is the basis of frequency-
division multiplexing in proton exchanged guides used in earlier guided-wave devices [19],
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a vs. acoustic frequency, proton exchanged guides, m = 3 mode
3.5 1 -6 i i I I i

350 400 450 500 550
acoustic frequency (MHz)

600 650 700

Figure 51: Radiative decay coefficient for proton-exchanged waveguides in x-cut LiNbO 3. Thick
lines represent the wavenumber boundary below which TE-to-TM mode transitions are
allowable.

x10-
7 aR vs. acoustic frequency, laser-written guides, m = 3 mode

350 400 450 500 550
acoustic frequency (MHz)

Figure 52: Radiative decay coefficient for laser-written waveguides in x-cut LiNbO 3 . Thick lines
represent the wavenumber boundary below which TE-to-TM mode transitions are al-
lowable.
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5.2 PHOTONIC MODELING: LASER-WRITTEN VOLUME PHASE HOLOGRAPHIC GRATINGS

and therefore this analysis predicts that exploiting the same phenomenon for color displays
based around direct laser-written guides is less manageable due to the lower waveguide
index contrast achievable.

5.2 PHOTONIC MODELING: LASER-WRITTEN VOLUME PHASE HOLOGRAPHIC GRAT-

INGS

The information presented in this section drawsfrom work initially presented in

i. Sundeep Jolly, Nickolaos Savidis, Bianca Datta, Daniel Smalley, and V Michael Bove,
Jr., "Near-to-eye electroholography via guided-wave acousto-optics for augmented real-
ity," Proc. SPIE Practical Holography X :Materials and Applications, 10127,2017

[35].

2. Sundeep Jolly, Nickolaos Savidis, Bianca Datta, Thrasyvoulos Karydis, Will Langford,
Neil Gershenfeld, and V Michael Bove, Jr., "Progress infabrication ofanisotropic Bragg
gratings in lithium niobate via femtosecond laser micromachining," Proc. SPIE Ad-
vanced Fabrication Technologiesfor Micro/Nano Optics and Photonics XI, 10554,2018

5.2.1 Kogelnik Analysis in Volume Phase Holography

K

k2 2y, k,

r = 2nn/A

(a)

r=i

r = 2nn/A

k2

(b)

Figure 53: Conservation of momentum in Bragg (a) transmission and (b) reflection gratings.

The fabrication of a volume Bragg grating with desired diffractive behavior is dependent

on the grating vector Kg that dictates the input and output beams. This relationship is
depicted on the Descartes sphere (shown in 2-D for simplicity) for transmission and re-
flection volume holographic gratings in Fig. 3. Due to conservation of momentum, the

relationship Kg = k2 - k1 dictates the diffracted output wavevector k for a given Bragg-

matched input wavevector k2 and grating vector Kg. From a geometrical perspective, the
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70 PHOTONIC MODELING: DEVICE PHYSICS

Bragg angle can be backcalculated from the grating period for a given illumination wave-
length as 'YB = sin-'(A/2A).

According to Kogelnik's coupled-wave theory [44,73,75], we present several analyses of
the the influence of overall grating thickness on device performance in both transmis-
sion and reflection geometries for LiNbO 3 with an average unmodulated refractive index

nav = 2.28 and assuming a maximal achievable femtosecond laser-induced index modu-
lation of An = 5 X 10-4 (as is consistent with bounds reported in the literature [55,70]).
Figs. 54 and 55 depict the influence of the angular incidence relative to the fully Bragg-
matched condition on diffraction efficiency for transmission and reflection volume grat-
ings, respectively. For femtosecond laser micromachined gratings in LiNbO 3 , the effect
of the number of grating layers (having axial thickness of 5 ym) on the diffraction effi-
ciency of the reflection grating is depicted in Fig. 56. Note that the axial thickness used
for this simulated result is consistent with those expected with typical objectives used in
the experimental setup.

so
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Figure 54: Diffraction efficiency for an unslanted volume transmission grating with A 10 pm
as a function of Bragg mismatch angle for A = 532 nm illumination and t =50 ym,

t = 100 ym, and t = 250 ym.
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Figure 55: Diffraction efficiency for an unslanted volume reflection grating with A = 10 pm as
a function of Bragg mismatch angle for A = 532 nm illumination and t = 50 pm,
t = 100 pm, and t = 250 ym.
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Figure 56: Influence of number of micromachined grating layers on diffraction efficiency for an

unslanted volume reflection grating with A = 10 ym and for A = 532 nm illumina-

tion, assuming a 5 ym axial resolution in the writing spot.
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Figure 57: Diffraction efficiency for red, green, and blue wavelengths vs. angular deviation from

the Bragg angle for a reflection-mode volume holographic Bragg grating with A = 1

pm and thickness of800 pm as indicated by Kogelnik's coupled-mode theory.

Fig. 57 depicts the calculated diffraction efficiency for red, green, and blue wavelengths vs.

angular deviation from the Bragg angle for a reflection-mode volume holographic Bragg

grating with A = 1 ym and thickness of 800 pm as indicated by Kogelnik's coupled-

mode theory [44,73]. Note the wide angular acceptance range, which allows for the total

angular extent of a leaky mode to be reflected with high efficiency. Furthermore, wave-

length mutliplexing of several Bragg holograms can enable full-color operation [74].
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Figure 58: Maximum diffraction efficiency observed in the Bragg selectivity curve as a function of
index contrast and grating thickness for a A = 1 pm grating.
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Figure 60: Angular acceptance range observed in the Bragg selectivity curve as a function of grating
thickness for a A = 1 pm grating with An = 10-4.
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Figure 61: Angular acceptance range observed in the Bragg selectivity curve as a function of grating
thickness for a A = 1 pm grating with An = 10-3.

Fig. 57 depicts the diffracted efficiency as a function of the incidence angle's deviation from

the Bragg (i.e., nominal reference beam) angle of a slanted volume holographic Bragg grat-

ing having maximum index contrast relative to bulk index of An = 10-3, A = 1 Ym,

and thickness of800 pm in undoped lithium niobate, considering diffraction of polarized

light of wavelengths A = 473 nm, A = 532 nm, and A = 633 nm experiencing an

ordinary index of n = no + An(x,y, z), where no = 2.28. Note that diffraction effi-

ciencies above 90% are observed for so-called Bragg incidence (i.e., the incident angle of

the replay light equals the Bragg angle of the volume holographic grating) and for a wide

range of angles around Bragg incidence. This is the angular acceptance range of the volume
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holographic grating; for incidence angles falling within the angular acceptance range, light
will be reflected with very high diffracted efficiencies. These efficiencies fall off sharply at
the edges of the angular acceptance range. The plot depicted in Fig. 57 is often termed the
angular Bragg selectivity of the volume grating.

It should be noted that the shape of the angular Bragg selectivity curve depicted in Fig.

57 varies widely as a function of both the thickness of the grating as well as the maximal
index contrast. Fig. 58 and Fig. 59 provide some intuition as to how these parameters
influence the maximum achievable diffraction efficiency and the achievable angular accep-
tance ranges. In Fig. 58, the maximum diffraction efficiency of the Bragg selectivity curve
is plotted as a joint function of the index contrast and grating thickness. Note that the
highest diffraction efficiencies are observed for thicker gratings (e.g., t > 500 pm) and
high index modulation values (e.g., An > 7 x 10-3). In Fig. 59, the full-width at half-
maximum of the Bragg selectivity curve (i.e., the angular acceptance range) is plotted as
a joint function of the index contrast and grating thickness. Note that the highest ranges
are observed for high index contrast values but for low thickness (i.e., the volume gratings
are increasingly angularly selective with increasing thickness). Fig. 6o and Fig. 61 depict
cross-sections in index contrast of Fig. 59 (plotting angular acceptance range vs. grating
thickness) and this increasing selectivity is readily observed. Viewed in combination, Fig.

58 and Fig. 59 indicate that a grating with high angular acceptance and high diffraction
efficiency necessitates both a high index modulation and a moderate grating thickness.

5.2.2 Multiplexingfor Angular Acceptance Range Increase
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Figure 62: Ewald sphere for multiplexed gratings.

It should also be noted that volume holographic multiplexing [74,76] can also increase an-

gular acceptance range while maintaining a uniform diffraction efficiency. This is depicted

in momentum space in Fig. 62, where the different colored grating vectors correspond to

Bragg matching conditions at different incident angles. These grating vectors are superim-
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Figure 63: Simulated diffraction efficiency for multiplexed gratings.

posed into the same volume of material. Sample computed diffraction efficiency plots for

superimposed gratings are depicted in Fig. 63. Note that the overall angular acceptance

range exhibits uniform diffraction efficiency over a much wider range relative to the sin-

gle grating case. It should be noted that such a multiplexed structure can be computed

and written in the volume of the integrated device via femtosecond laser micromachin-

ing [100, 102, 103].
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PHOTONIC MODELING: SYSTEMS ENGINEERING
CONSIDERATIONS

The information presented in this chapter drawsfrom work initially presented in SundeepJolly,

Nickolaos Savidis, Bianca Datta, Daniel Smalley, and V Michael Bove, Jr., "Progress in trans-

parent, flat-panel holographic displays enabled byguided-wave acousto-optics,"Proc. SPIE Prac-

tical Holography XII: Displays, Materials, and Applications, 10558,2018 [77].

In this chapter, an analysis of the beam-strobing drive scheme to provide intuition as to

achievable resolution, expressible depth, and overall expected image quality is presented.

Furthermore, an analysis of expected addressable angular volumes is presented.

6.I STROBED ILLUMINATION AND NYQUIST-LIMITED KERNEL BLUR

Due to the non-stationarity of traveling acoustic modulation signals, holographic display

architectures based around acoustic-optic modulators have historically employed temporally-

modulated de-scanning elements, such as polygonal mirrors, to produce stationary image

outputs for the viewer. In order to eliminate the need for discrete de-scanning elements,

our display architecture employs strobed illumination to enforce some degree of image

stationarity in the display output. Such operation has been presented as a solution to over-

coming non-stationarity when acousto-optic modulators have been used in beam shaping

applications [42]. An example timing diagram for strobed operation of the proposed de-

vice is depicted in Fig. 32. Tfill is the time duration over which the aperture is filled by

the acoustic pixel stream and Tpixel is the time duration over which a single pixel is acous-

tically drawn. The duty cycle is then D = Tpixe /fi; - Till can be found as T;ill = l/v,

where I is the interaction length and v is the velocity of the propagating surface acous-

tic wave. For x-cut LiNbO3 , V = 3909 m/s; assuming an interaction length I = 1 cm,

Tfill = 2.558 ys. For a 400 Mpixel/s pixel clock from a modern graphics processing unit,

Tpixel = 1/400 Hz = 2.5 ns. Note that each illumination pulse is tied to the time taken

for the graphics processing unit to output one filled aperture's worth of pixels.

Given a pixel time Tpixei = 2.5 ns, the effective spatial pitch of an acousto-optically in-

duced pixel is p = V X Tpixel = 3909 m/s x 2.5 ns = 9.77 pm. Note that this value

influences the number of effective acoustic pixels that fit within the interaction length of

a single transducer and therefore imposes a bound on the best possible resolution (system

MTF) achievable as well as imposing a bound on achievable angular sweep on a per-hogel

basis; it should be noted that the pixel clock of the driving signal (i.e., the RFNyquist rate)

dictates the cutoff spatial frequency. The pulse duration and timing has also influence over

the effective display resolution (i.e., perceptible image blur). As pulses are triggered when

the acoustic aperture has been fully filled, the effective perceived intensity results from

the eye's integration of all diffracted Fresnel field intensities over the time window of the

illumination pulse (as depicted in Fig. 64) [43]. More precisely, the perceived intensity

pattern as integrated by the eye resulting from illumination of a traveling acoustic signal
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with an illumination pulse of finite duration can be expressed via the superposition of

Fresnel-diffracted intensities as

(X) =J/ e *X2 { f(v * tjetxr2ezxx'dx' dt
J-r/2 jAz (14)

where I(x) is the perceived one-dimensional intensity, t is time with t = 0 dictating the
time that the aperture has been fully filled, T is the pulse duration, v is the acoustic prop-
agation velocity, f(x) is the spatial (temporally-variant) acousto-optic modulation signal,
z is the observation distance, X' is the space of all positions, and A is the illumination
wavelength.

Traveling Acoustic
Chirp

Temporal
Superposition of PerceivedKern

Intensities Blur
el

Figure 64: Kernel blur when illuminating a traveling acousto-optic chirped grating with a pulse of
finite duration.

In addition to bounds on system resolution due to the RF Nyquist rate of the driving
signal, the limited interaction length available for the coherent aperture, and the non-

infinitesimal pulse duration of the illumination, our display architecture is also limited in

achievable resolutions as a function of the depth at which a scene point is reconstructed
by the display. Effective PSF "broadening" occurs as the depths at which points are recon-

structed increases relative to the hologram plane; this phenomenon is depicted in Fig. 66,
in which the PSF is "baseline-limited" due to the RF Nyquist rate of the driving source for
points close to the hologram plane, then broadens as the chirped lenslets required for pro-

gressively deeper points begin to "overfill" the available spatial aperture and are low-pass
filtered.

To provide intuition for display performance, diffraction from an acousto-optically driven

chirp signal is numerically considered here. Fig. 65 depicts the effect of an increased RF

Nyquist rate on achievable display resolutions. Fig. 66 depicts increasing broadening of

the diffractively-generated point-spread function with increasing point depth due to the
limited 5mm interaction length of the device. Fig. 67 depicts the increasing broadening
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Figure65: Full-width at half-maximum of the intensity point-spread function of a diffractive chirp
lenslet as a function of maximal pixel clock.
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Figure 66: Full-width at half-maximum of the intensity point-spread function of a diffractive chirp
lenslet as a function of chirp focal length.
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fWHM of perceived blur kernel vs. pulse duration for f=1cm chirp
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Figure 67: Full-width at half-maximum of the perceived intensity spread function of an acousto-
optically driven diffractive chirp lenslet with focal length 1cm as a function of pulse
illumination duration, for a drive signal with pixel clock 400 Mpixel/s (pixel time 2.5
ns). Note that this function represents the temporal integral taken by the viewer's eye in
Eq. 14.
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Figure 68: Full-width at half-maximum of the perceived intensity spread function of an acousto-
optically driven diffractive chirp lenslet as a joint function of chirp focal length and pulse
illumination duration, for a drive signal with pixel clock 400 Mpixel/s (pixel time 2.5

ns). Note that this function represents the temporal integral taken by the viewer's eye in
Eq. 14.
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6.2 DISPLAY ASTIGMATISM 83

of the effective intensity spread perceived by the eye over its integration time as a func-

tion of illumination pulse duration for an acoustically-traveling diffractive chirp lenslet in

LiNbO3 . Fig. 68 depicts the effective intensity spread perceived by the eye over its inte-

gration time as a joint function of illumination pulse duration and point depth. It should

be noted that the best achievable resolutions are jointly provided for short illumination

pulses, scene points close to the hologram plane, and high RF pixel clock rates. The choice

of display parameters is likely to be scene- and application-dependent, and should be in-

formed by constraints on required resolution for particular depth ranges, light throughput,

and tolerable fidelity.

6.2 DISPLAY ASTIGMATISM

Horizontal Rays
Vertical Rays

Figure 69: Origin of astigmatism in HPO holographic display systems. Horizontal rays converge
to a point at the specific focal distance due to Fresnel diffraction, while vertical rays
diverge due to Fraunhofer diffraction from the vertical rectangular aperture.

Horizontal-parallax only (or vertical-parallax only) displays are naturally astigmatic due

either to the use of cylindrical optics or i-D line holograms to form points in depth. For

HPO holographic displays, this phenomenon is depicted in Fig. 69 in which horizontal

rays from the diffractive chirp converge to a point due to Fresnel diffraction and vertical

rays diverge away from the rectangular aperture due to Fraunhofer diffraction.
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6.3 SPACE-BANDWIDTH PRODUCT CONSIDERATIONS FOR TILED DISPLAY

The multi-hogel, multi-line instantiation of a holographic display device depicted in Fig.

34 can be envisioned as being implemented as part of a larger, "tiled" display architecture
system, in which each "tile" - hereafter referred to as a modulation unit - has some ad-
dressable region in both spatial position and angular spectrum over the composite field
of view and eyebox. Individual hogels within a single modulation unit can address angles
corresponding to and consistent with their individual frequency passbands and necessarily
have passband cutoffs. Furthermore, individual hogels within a single modulation unit are
separated by spatial gaps due to the limited interaction lengths of the AO interaction. In
order to analyze the effects of tiling and gaps on the jointly addressable space/angle space
for the 3-D display application, we employ a phase-space description depicted in Figs. 70,
71, 72, and 73.

Hogel Light Field Hogel Ray Diagram

Hogel SBP Hogel

Hogel Light Field Evolution

f/O

x

Figure 70: Single hogel space-bandwidth product in phase-space, with associated ray diagram.

In Fig. 70, the "Hogel Light Field" space-bandwidth product is depicted in ray phase-space
in which the shaded pink region depicts addressable regions in angle and spatial extent. At
the hogel plane, this region is rectangular - indicating that all angles within the angular
passband are addressable at every point along the hogel active area. The "Hogel Ray Dia-
gram" indicates the addressable angular and spatial regions of the composite device as light
propagates away from the device plane. After propagation away from the device plane, the
SBP shears to indicate that the contributions to the composite angular spectrum are no
longer uniformly distributed over the spatial extent of the overall optical field, as shown
in the "Hogel Light Field Evolution."

In Fig. 71, several hogels with inter-hogel gaps are considered together in the joint light
field space. The ray diagram reveals that after a certain distance of propagation, the indi-
vidual hogels' angular subtense begin to overlap with each other. This is also indicated in
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Modulation Unit Light Field
Hogel SBP Hogel Gap

Modulation Unit Ray Diagram
Hogel Hogel Gap

Modulation Unit Light Field Evolution

Figure 71: Single modulation unit space-band
diagram.
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Figure 72: Multiple modulation unit space-bandwidth product in phase-space, with associated ray
diagram.
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Hogel SBP Hogel Gap Inter-MU
ModulationUnitSBP Gap

f/8

f/e

A x

Figure 73: Multiple modulation unit space-bandwidth product in phase-space after propagation.

the light field evolution picture, depicting that the same spatial regions start to become
addressable by multiple hogels. The "gap" regions in the light field evolution picture indi-
cate regions of jointly unaddressable space and angle due to the physical limitations on the
modulation unit device hogel spacing. Fig. 72 depicts similar behavior in the ray picture
when multiple modulation units are tiled together, and Fig. 73 depicts similar behavior in
the phase-space after evolution.

Sample MATLAB code for analyzing the evolution of the light field under different in-
stantiations of hogel and modulation unit arrangements is provided in Appendix A.
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COMPUTATIONAL METHODS FOR NEAR-TO-EYE AND
WAVEGUIDE HOLOGRAPHIC DISPLAYS

7he information presented in this chapter draws from work initially presented in S. Jolly, D.
E. Smalley, J. Barabas, and V M. Bove, Jr., "Computational architecture forfull-color holo-

graphic displays based on anisotropic leaky-mode modulators,"Proc. SPIE Practical Holography
XVIII, 9006, 2014. [78].

((b)

Figure 74: Computational considerations for "double-window-based" display architectures for
near-to-eye binocular holographic video displays. (a) Full Fresnel hologram. (b) Win-
dowed Fresnel holograms.

In a general holographic viewing scenario, rays emanating from a single Fresnel hologram
or holographic stereogram enter both eyes according to the spatial-spectral distribution
of the CGH. In a near-to-eye viewing scenario, however, each eye is effectively perceiv-
ing only a small "window" of a larger hologram distribution but the viewer still needs to
perceive the correct 3-D distribution. This scenario is depicted in Fig. 74, in which both
(a) the presentation of a full Fresnel hologram in a near-to-eye viewing configuration and
(b) the presentation of a truncated version of the same Fresnel hologram "windowed" to
mirror near-to-eye display geometries. This consideration applies to the computation of
computer-generated near-eye holograms over "windowed" regions corresponding to the
display eyebox available for each eye. Such windowed holograms per eyebox can be com-
puted either by truncating a larger Fresnel hologram encompassing both eyeboxes, selec-
tively computing said hologram in the eyebox regions of interest, or alternatively, using-
perspective rendering techniques to selectively sample the scene rays subtended by the eye-
boxes and using such subtense to compute the selected holograms via ray-based CGH
techniques.

7.1 COMPUTATIONAL METHODS FOR FULL-COLOR DISPLAY

The display architecture depicted in Ch. 3 (accounting for considerations on per-wavelength,
acoustic frequency-dependent radiative decay coefficients) can be engineered to be amenable
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to full-color display via frequency-division multiplexing, akin to earlier anisotropic leaky-
mode devices exhibiting such capability [19]. Here, we present computational techniques
for single-sideband modulation of computer-generated holograms also applicable to the
near-eye instantiation of anisotropic leaky-mode modulators described here.

Simultaneous and superimposed modulation of red, green, and blue light is accomplished
via a frequency-division multiplexing scheme, in which three non-overlapping, multiplexed
Fourier-domain sidebands contain the holographic fringe information corresponding to
each color channel. This approach requires the generation of single-sideband modulated
fringe patterns per color and their Fourier-domain multiplexing in forming an analog sig-
nal appropriate for input to the leaky-mode device.

7.2 SINGLE-SIDEBAND MODULATION FOR A FULL-COLOR GENERAL CGH

Holographic fringe information per color channel is appropriately band-limited and trans-
lated in frequency to match the multiplexed passbands. We will note that in this context,
"band-limited" refers to a computed holographic fringe pattern in which spatial frequen-
cies above a certain threshold (corresponding to the bandwidth of a color passband in the
mode-coupling frequency response) are rejected or otherwise not computed. Assuming
that this criterion is met during the computation of a general (Fresnel or other interference-
based) CGH for display on a leaky-mode modulator supporting frequency division mul-
tiplexing, the requisite analog signal for input to the electronic subsystem is formed via
single-sideband modulation per color channel and frequency-division multiplexing. The
overall process is depicted in Fig. 75.
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Figure 75: Depiction of single-sideband modulation process and frequency-division multiplexing
scheme for generation of appropriate signal for input to a leaky-mode modulator in the
case of a general Fresnel CGH.
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897.3 SINGLE-SIDEBAND MODULATION FOR A FULL-COLOR DIFFRACTION-SPECIFIC COHERENT PANORAMAGRAM

For a one-dimensional fringe pattern t(x), the single-sideband modulated form tSb(x)
with carrier frequency f0 is given by

tssb(x) = t(x) cos(2nfox) - I{t(x)} sin(2nfox) (15)

where N denotes Hilbert transformation. The Hilbert transform N{t(x)} is defined as

1 tP '
N{t(x)} = - p.v. ,dx' (16)

where p.v. denotes the Cauchy principal value. Note that Eq. 16 can be expressed as a con-

volution of the signal t(x) with the kernel 1/rx. Because of numerical issues associated

with directly computing the integral in Eq. 16, software-based implementation of single-

sideband modulation is often accomplished via a Fourier-domain method in which the

Hilbert transform operator cJ = F{1/nx} = jsgn(27f) (where sgn is the Signum

function) is multiplicative upon the Fourier transform of t(x). Therefore,

F [N{t(x)}] = jsgn(27rf)F{t(x)} (17)

where F denotes Fourier transformation and

tSSB(x) = t(x) cos(2nfox) - F1 jsgn(2nf).F{t() 1sin(2nfox) (18)

where F-1 denotes inverse Fourier transformation. 'his modulation scheme is amenable

to software implementation via the Fast Fourier transform.

For computed fringe patterns corresponding to red, green, and blue color channels (e.g.,

tR(X), tG(x), and tB(x), as shown on the left side of Fig. 75), single-sideband modu-

lation with carrier frequencies corresponding to the lower cutoff frequencies of the color

passbands in the mode-coupling device frequency response (e.g., fR, fG, and fB) produces

the correctly translated passbands (e.g., tSSB,R(X), tSSB,G(X), and tSSB,B(x)). Summa-

tion of these three single-sideband modulated fringe patterns as tFDM(X) = tSSB,R (X) +
tSSB,G (x) tSSB,B(x) then produces the composite, frequency-division multiplexed fringe

signal for input to the electronic subsystem, as shown on the right side of Fig. 75.

7.3 SINGLE-SIDEBAND MODULATION FOR A FULL-COLOR DIFFRACTION-SPECIFIC

COHERENT PANORAMAGRAM

Diffraction-specific stereogram approaches to hologram computation employ hologram

discretization in space and spectrum, commonly utilizing holographic elements (or hogels)

as primitives. Such a primitive is an analytical or pre-computed i-D chirped grating (or

2-D Fresnel zone plate, in the case of full-parallax) that is modulated with view informa-

tion corresponding to the luminance of a scene over the angle space; a fully-populated

light field representation of a scene is therefore readily converted to a diffraction-specific

holographic stereogram.

The diffraction-specifc coherent panoramagram is a diffraction-specific approach to multi-

view holographic stereogram generation that retains a high degree of the wavefront curva-

ture of a given 3-D scene [94]. The algorithm uses scene depth information, either from
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wavefront element
wafel

Figure 76: Adapted from [94]. Comparative affordances of the pixel, direl, hogel, and wafel.

a synthetic graphics model or captured via a rangefinding camera [95], to select appro-
priately chirped holographic gratings for modulation with scene luminance information.
Such an approach generates wavefront element primitives, or wafels. The comparative af-
fordances of the wafel relative to those of the pixel, direl, and hogel are depicted in Fig.

76. Relative to conventional holographic elements (hogels) which are limited to produc-
ing planar wave curvature with intensity variation per view direction, wafels can produce
a higher degree of wavefront curvature per view direction.

Following our earlier derivation [94], the equation specifying the transmittance function
t(x) of an unmodulated, chirped holographic grating defining a wafel is

t(x) = cos (x x 0)2 +z- x0 + x sin r)] (19)

where x is the position on the composite hologram transmittance function, (xo, zo) is the
position of a scene point to be reconstructed, and 0r is the angle of the reconstruction
beam relative to the normal of the hologram plane. Examination of this function reveals
that the square root term produces a chirped frequency distribution along x whose chirp
rate of /ax depends on zo, the x0 term produces a phase shift such that t(x) has zero
phase at x = xo, and that the x sin6 r term produces a constant frequency dependent on
the angle of the reconstruction beam r.

Because the holographic grating is defined by a single cosine functional composition, trans-
lating the positive and negative halves of the frequency spectrum by ifo can be accom-
plished by the addition of an xAfo term in the cosine argument. The single-sideband
modulated form of the chirped grating is then

tSSB(x) = cos ( (x - xO)2 + z - xo + x(sin 0r + Afo) (2o)

Computation of the overall wafel proceeds in the normal diffraction-specific fashion, with
the wafel's transmittance computed as the multiplication of the single-sideband chirped
grating tSSB(x) with a view modulation function m(x). A full-color, frequency-division
multiplexed wafel for is computed via a summation as tFDM(x) = MR (x) ° tSSB,R (x) +
mG(X) - tSSB,G(x) + MB(x) - tSSB,B(X), where tSSB,R (X), tSSB,G(x), and tSSB,B(x) are
single-sideband modulated chirped gratings computed for the appropriate illumination

XX



7.4 SINGLE-SIDEBAND MODULATED HOGEL DERIVATION

wavelengths A and (as above, in the case of a general CGH) employing carrier frequen-

cies corresponding to the lower cutoff frequencies of the color passbands in the mode-

coupling device frequency response (e.g., fR, fG, and fB). mR (x), mG(x), and mB(x)

are view modulation functions per color. Many such frequency-division multiplexed wafels

are then spatially multiplexed to form a composite holographic line.

It should furthermore be noted that the process for computing a FDM, full-color wafel de-

picted above and in Eq. 20 is significantly less computationally expensive than the Hilbert

transform method described in the preceding section, and additionally, almost equivalent

in computational complexity to the operations required for a non-modulated chirp. The

additional benefit of modulation is therefore, almost "free," from a computational perspec-

tive.

7.4 SINGLE-SIDEBAND MODULATED HOGEL DERIVATION

The transmittance function of an unmodulated, chirped holographic grating defining a

wafel aperture is given as

t(x) =cos I (x -xxo)2+z - +x sinOr (21)

where x is the position on the composite hologram transmittance function, (xo, zo) is the

position of a scene point to be reconstructed, and 0 r is the angle of the reconstruction

beam relative to the normal of the hologram plane.

We derive the single-sideband modulated form of this chirped grating with carrier fre-

quency fo from the viewpoint of the analytic signal representation. Given the transmit-

tance function t(x), the analytic signal ta(x) is given by

ta (x) = t(x) + j{t(x)} = A (x)ejf(x) (22)

where A(x)e'P(x) is the phasor representation of ta(x) (comprised of an instantaneous

amplitude A(x) and instantaneous phase O(x)) and W denotes Hilbert transformation.

We note that this representation allows the Hilbert transform of the signal t(x) to be

interpreted as the imaginary part of the phasor ta(x) and that the relationship

Lta(x) = p(x) = tan- 1  (23)

allows for Wf{t(x)} to be expressed as

71{t(x)} = t(x) tan O(x). (24)

Noting that the instantaneous phase O(x) of ta (x) is already provided in closed form as

(x) = argt(x) = ( x - XO)2+Z - xo+x sin ,r (25)
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N{t(x)} can be written as

7 ={t(x)} cos (x xo)2+z x + x sin r

tan (x- xo) 2 + z x + x sin (26)

This reduces to

N{t(x)}sin (x -XO)2+z - xo + x sin r. (27)

Given a signal t(x), the single-sideband modulated form tSSB(X) with carrier frequency

fo is given by

tSSB(x) = t(x) cos(2nfox) - W{t(x)} sin(2nfox). (28)

Substituting, the relationship becomes

tSSB() Cos x)2 + z xO + x sin0,r cos(2fox)--

sin I((x - xo) 2  z-- x) + x si sin in(27rfox)

which simplifies into the final form of a single-sideband modulated wafel chirp

tSSB(X) Cos ((X -XO)2 + Z - xo + x(sin 0r + Afo) . o(30)
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8.I VOLUME BRAGG GRATINGS IN GLASS AND LITHIUM NIOBATE

8.1.1 Embedding Multilayer Gratings in Glass
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Figure 77: Adapted from [5o]. Angular characterization of a single grating layer fabricated in glass.
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Figure 78: Adapted from [50]. Angular characterization of multilayer gratings fabricated in glass.
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As a first order validation of our approach to volumetrically integrate multilayer gratings

in transparent media, we integrated volume modifications into glass rather than LiNbO 3 ,
with varying inter-layer spacings and number of layers overall, to examine whether a mul-

tilayer approach to generating a volume grating is feasible for approximating Bragg-like

behavior from an optical volume hologram [50. These results are depicted in Figs. 77 and

78.

8.1.2 Embedding Surface and Volume Phase Gratings in Lithium Niobate

F I c mic

Figure 79: Optical micrograph of surface grating with A=10ym fabricated on LiNbO 3 surface.
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Figure 8o: Optical micrograph of volume phase grating with A =10 pm and thickness t =50

pm fabricated 150 pm below the LiNbO3 surface.
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Fig. 79 depicts an optical micrograph of a surface grating with A = 10 Pm and Fig. 8o

depicts the top surface of a volume transmission phase grating with A = 10 pm and

thickness t = 50 ym fabricated 150 pm below the LiNbO 3 surface, with layer thickness

chosen to be 5 pm to correspond to a longer axial spot size. The 1/e2 lateral spot size

emerging at the focus of the objective is measured to be 2.5 pm.

20 pm

Figure 81: Fabricated volume Bragg gratings with A = 2 pm, N = 20 layers, and layer spacing
2.5 pm.

For the current experiments, we operate the fs laser at the operating wavelength A = 515

nm, with a pulse repetition rate of 100 kHz, a pulse energy of 2 pJ (average laser power

P = 200 mW), and a stage translation velocity of 5 mm/s. For finely pitched gratings

(e.g., A < 5 pm), a high-resolution NA=.7 microscope objective is used. For volume

Bragg gratings, grating layers are spaced in depth by 2.5 im, and gratings are fabricated

100 pm below the LiNbO 3 surface.

Figs. 81 and 82depict fabricated volume Bragg gratings, with A = 2 ym. These gratings

are comprised of 20 layers, written in a bottom-to-top fashion, with a nominal "line" fea-

ture dimension < 1 ym (dictated by the nominal diffraction-limited spot size indicated
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-AK
900 nm

Figure 82: Fabricated volume Bragg gratings with A = 2 pm, N 20 layers, and layer spacing
2.5 pm.

I
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8.1 VOLUME BRAGG GRATINGS IN GLASS AND LITHIUM NIOBATE

by the numerical aperture of the writing objective).

Figure 83: Bragg grating characterization with laser beam incident at Bragg angle and result-

ing asymmetric diffraction profile, depicting very strong energy transfer into the +1st

diffracted order at the expense of energy transferred into other orders.

Fig. 83 depicts characterization of the fabricated Bragg gratings, showing asymmetric ef-

fects in volume diffraction when a laser beam at A = 633 nm is incident upon the grating

at the Bragg angle '-7 = sin- 1 (2) = 9.10. Note that the diffraction pattern observed

is strongly asymmetric at Bragg incidence for the input beam direction, consistent with a

thick grating exhibiting diffraction in the Bragg regime.
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8.2 SAW TRANSDUCERS

8.2.1 LIFTandAblation Morphology Results

Figure 84: Optical micrograph of a gold transducer deposited via LIFT

Fig. 84 depicts a fabricated transducer using laser-induced forward transfer with a gold
alloy as the thin film to be transferred. Note that the metal edges are relatively ill-defined,
and regions between adjacent laser passes appear somewhat disjoint, possibly affecting the
functionality of such a device. In practice, the use of LIFT generated structures with poor

adhesive properties to the acceptor substrate with a tendency to fall off when probed [791.

Fig. 85 depicts a fabricated transducer using femtosecond laser ablation. Here, the trans-
ducer period is A = 25pm. Note that, in contrast to using LIFT-based methods, this
transducer has excellent surface morphology and retains good adhesion to the carrier sub-
strate.
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Figure 8 5: Optical micrograph of an ablated aluminum transducer on lithium niobate.
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8.3 WAVEGUIDES
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Figure 86: Adapted from [50]. Femtosecond laser micromachined waveguides in lithium niobate.

Fig. 86 depicts results of waveguides directly patterned in x-cut lithium niobate [p]. De-
tails of the fabrication methodology are presented in Savidis, et. a.,, but it should be
noted that we did not directly measure index contrast. The results indicated for surface
and volume gratings above are also indicative of the index contrast and waveguide channel
morphology achievable with this fabrication methodology (as a single grating line can be
interpreted as a waveguide channel).



CONCLUSIONS AND FUTURE WORK 9
This thesis has presented a new modality for transparent, flat-panel electroholographic dis-
play requiring no supporting optics and has depicted motivations and methodologies for
fabricating scalable displays of this manner via femtosecond laser micromachining. In this
chapter, a discussion of current results and avenues for future work with respect to device-
scale feature integration, validation, and systems-level scale-up is presented.

9.1 DISCUSSION ON FEMTOSECOND LASER MICROMACHINING TECHNIQUES FOR

DEVICE FABRICATION

9.1.1 Components- Direct Laser Writing Not Useful or Practical

I. LIFT-based metal transfer. Our experimentation with the LIFT process has shown
that the patterned structure morphology is easily damaged, making electrical con-
tact with the written structures via wirebonding or other contact methods extremely
difficult or impossible [79]. Furthermore, although this work does not present exper-
imentation for validation, the poor surface adhesion may influence the electrome-
chanical coupling performance of the IDT for SAW transduction. Lastly, LIFT for
aluminum (the preferred material for IDTs) patterning is usually problematic due
to oxidation.

2. Laser-written waveguides. Our analysis of the mode-coupling performance of laser-
written waveguides, assuming the highest achievable index contrast reported in the
literature, indicates several disadvantages of directly-written guides vs. those fabri-
cated via proton exchange methods: i) a roughly order-of-magnitude decrease in the
radiative decay coefficient, and thereby much less theoretically-predicted diffraction
efficiency in the guided-to-leaky mode transition, and2) an overlap of the acoustic
frequency-dependence of the coupling coefficients for red, green, and blue light -
making earlier proven frequency-division multiplexing techniques impractical for
laser-written guides.

9.1.2 Proven Success or Promise

I. Ablative metalpatterning. We have successfully demonstrated the ablative metal pat-
terning of aluminum via the femtosecond laser process, with good morphology in
IDTs with periodsup to 25 pm. However, smaller features for ablation are currently
unproven - either in this work or in the existing literature - using femtosecond lasers
having a minimum pulse duration> 200fs. The initial experimentation with using
higher-NA objectives for smaller feature dimensions in the metal patterning proved
unsuccessful, with the ablated surfaces exhibiting poor morphology. It should be
noted that since metal ablation is largely a thermal process, the pulse duration has
a strong effect on the precision of the ablated region [107] and it is possible that
our current experimental setup is limited in its ability to achieve smaller ablated
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features due to the 210fs minimum pulse duration of the Pharos laser used. Fur-

ther optimization of ablated metal features will require a detailed study of the influ-

ence of pulse duration and peak energy on the ablation performance. Also note that

acoustic frequency ranges most efficient in mode-coupling interactions for proton-

exchanged waveguides are on the order of several hundred MHz, and therefore ne-

cessitate a transducer period A < 15pm - smaller than the proven period of ablated

transducers in this thesis and elsewhere in the literature [69].

2. Volume Bragg gratingfabrication. Direct laser writing, aside from two-beam holo-

graphic recording, is a key method for integrating refractive index features into the

volume of transparent media, like LiNbO3 . We have demonstrated the volumetric

integration of simple, planar volume gratings in lithium niobate via femtosecond

laser micromachining, and our results indicate a strongly asymmetric angular spec-

trum response. It should be noted that direct laser writing for volume gratings in

this fashion is not restricted to planar gratings, however; as shown in Fig. 39, arbi-

trary (even aperiodic) structures can be fabricated in this fashion, opening up the

possibility for several post-processing optical functions, such as pupil expansion or

polarization mode-selection.

3. Proton-exchanged waveguides. Because of the superior index contrast and smooth

profile achievable with proton-exchanged waveguides, mode-coupling performance,

waveguide losses and field confinement, and in-guide scattering are all greatly im-

proved relative to direct laser-written guides. We therefore make the argument that

while direct laser ablation can be used to generate a suitable metal mask for pattern-

ing the channel waveguide prior to the indiffusion process, it is much less advanta-

geous to use direct laser writing for the waveguide contrast directly.

9.2 FUTURE WORK

This thesis has laid out a motivation for considering near-to-eye holovideo displays for

augmented reality and depicted a sample guided-wave acousto-optic architecture for re-

alizing such a display in a completely monolithic fashion requiring no discrete elements

like lenses, projectors, or pixelated spatial light modulators. Additionally, it depicts the-

oretical examinations into device and system performance and presents a sample device

fabrication modality based entirely around femtosecond laser micromachining. However,

the complete demonstration of the monolithic device scale integration is unproven at the

time of this writing.

Based on the fabrication recommendations above, future work should encompass device-

level integration of all features using a mix of conventional techniques (electron-beam

lithography for IDT patterning and proton exchange for waveguide indiffusion, as de-

picted in [19]) combined with direct laser-write techniques (femtosecond structuring of

volume gratings inside the volume of the media, and possibly for patterning of masks

for the waveguide indiffusion process). It should also be noted that this thesis does not

definitely recommend against the use of ablative metal femtosecond writing for IDT fabri-

cation, but that a more careful study of ablative performance in resulting IDT morphology

based on e.g., pulse duration, is required.



9.3 CONCLUSION

After hogel-level device performance has been validated, future work should include inves-

tigations into systems integration depicted in Ch. 3 of this thesis, including: optimization

of illumination, drive schemes for large-scale displays, monolithic fabrication oflarge-scale

displays, and optimization of power consumption and display uniformity.

9.3 CONCLUSION

Figure 87: Simulated depiction of holographic transparent flat-panel display requiring no support-
ing optics.

Electroholographic displays have the potential to alleviate vergence-accommodation con-

flicts in near-to-eye display systems. Of competing enabling technologies for near-to-eye

electroholography, guided-wave acousto-optics with face-emitting, holographically recon-

structed outputs can potentially provide the requisite space-bandwidth product required

for a comfortable viewing eyebox and large field-of-view while simultaneously reducing

overall system bulk and complexity by employing completely monolithic platforms for

light modulation and processing.

In this work, we have depicted, theoretically analyzed, and laid out a path for scalable fab-

rication of such a face-emitting platform for spatial light modulation in electroholography,

having several key advantages over edge-emitting or other face-emitting instantiations.

It is hoped that the work presented in this thesis will eventually lead to progress in the

development of scalable, transparent, flat-panel holographic displays in a variety of instan-

tiations, including desktop-class displays of the type pictured in Fig. 87.
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MATLAB SCRIPTS FOR ANALYSIS AND DESIGN

A.I FRESNEL-TRANSFORMING GERCHBERG-SAXTON ALGORITHM

Listing I: Fresnel-Transforming Gerchberg Saxton Algorithm

close all; clear all;

lambda = 532e-9;

k = 2*pi/lambda;

% Define hologram plane + pupil windows
pixelPitch = 5e-6;

pixelsPerHologramX = 8192;
pixelsPerHologramY = 8192;
totalSamplesX = pixelsPerHologramX;
totalSamplesY = pixelsPerHologramY;
totalArray = zeros (totalSamplesY, totalSamplesX);
Tx = totalSamplesX * pixelPitch;

Ty = totalSamplesY * pixelPitch;

xDomain = - (Tx/2) :pixelPitch: (Tx/2-pixelPitch) ;
yDomain = -(Ty/2):pixelPitch:(Ty/2-pixelPitch);
fxDomain = (-1/Tx * totalSamplesX/2):(l/Tx):(1/Tx * totalSamplesX/2 - 1/Tx);
fyDomain = (-1/Ty * totalSamplesY/2):(1/Ty):(1/Ty * totalSamplesY/2 - 1/Ty);

% Define object point cloud
planel = (imread('logol.png'));
plane2 = (imread('logo2.png'));
plane3 = (imread('logo3.png'));
planelRescale = imresize(planel,0.5);
plane2Rescale = imresize(plane2,0.5);
plane3Rescale = imresize(plane3,0.5);
paddedPlanel = padarray(planelRescale,[(totalSamplesY-size(planelRescale,1))

/2,p ceil((totalamples(plane RescalampsY-sizepae,2))1/2)],'both');
paddedPlane2 = padarray(plane2Rescale,[(totalSamplesY-size(planelRescale,1))

/2,dceil ( (totalSamplesX-sizec(planeRescale,2))s/2)z],' neboth'e)e;
paddedPlane3 = padarray(plane3Rescale,[(totalSamplesY-size(planelRescale,1))

/2,ceil((totalSamplesX-size(planelRescale,2))/2)],'both');
paddedPlanel = paddedPlanel(:,1:8192);
paddedPlane2 = paddedPlane2(:,1:8192);
paddedPlane3 = paddedPlane3(:,1:8192);

numIterations = 100;

zPlanel = 0.3333333;
zPlane2 = 0.6666666;
zPlane3 = 1;

initPhase = (rand(pixelsPerHologramX, pixelsPerHologramY)*2*pi)-pi;
complexFieldPlane3 = exp(j.*initPhase);
complexFieldPlane3 = fresnelProp(complexFieldPlane3,0,lambda,fxDomain,fyDomain

,0);

hologramPhaseVideoObject = VideoWriter('hologramPhaseEvolution.avi');
intensityPlanelVideoObject = VideoWriter('intensityEvolutionPlanel.avi');
intensityPlane2VideoObject = VideoWriter('intensityEvolutionPlane2.avi');
intensityPlane3VideoObject = VideoWriter('intensityEvolutionPlane3.avi');
hologramPhaseVideoObject.FrameRate = 10;
intensityPlanelVideoObject.FrameRate = 10;
intensityPlane2VideoObject.FrameRate = 10;
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intensityPlane3VideoObject.FrameRate = 10;

open(hologramPhaseVideoObject);

open(intensityPlanelVideoObject);

open(intensityPlane2VideoObject);

open(intensityPlane3VideoObject);

for iterationIndex = 1:numIterations
disp(['Computing iteration ' num2str(iterationIndex) '...'];
complexFieldPlane3 = double(paddedPlane3).*exp(j. *angle(complexFieldPlane3

disp('Backpropagating to plane 2...');

complexFieldPlane2 = fresnelProp(complexFieldPlane3,-abs(zPlane3-zPlane2),
lambda,fxDomain,fyDomain,1);

disp('Done!');

disp('Amplitude enforcement at plane 2...')

complexFieldPlane2 = double(paddedPlane2).*exp(j.*angle(complexFieldPlane2

));
disp('Done!');

disp('Backpropagating to plane 1...');

complexFieldPlanel = fresnelProp(complexFieldPlane2,-abs(zPlane2-zPlanel),
lambda,fxDomain,fyDomain,1);

disp('Done!');

disp('Amplitude enforcement at plane 1...');

complexFieldPlanel = double(paddedPlanel).*exp(j.*angle (complexFieldPlanel

)H);
disp('Done!')

disp('Backpropagating to hologram plane...');

complexFieldPlaneH = fresnelProp(complexFieldPlanel,-abs(zPlanel),lambda,
fxDomain,fyDomain,1);

disp('Done!');

disp('Equalization at hologram plane...');

complexFieldPlaneH = exp(j.*angle(complexFieldPlaneH));

disp('Done!');

figure(1); imagesc(xDomain,yDomain,angle(complexFieldPlaneH)); xlabel('x(m
)'); ylabel('y(m)'); title('Phase distribution of optimized hologram');
colormap gray;

disp('Forward propagating to plane 1...');

complexFieldPlanel = fresnelProp(complexFieldPlaneH,abs(zPlanel),lambda,
fxDomain,fyDomain,1);

disp('Done!');

% Compute statistics @ plane 1, save intensity to file
figure(2); imagesc(xDomain,yDomain,abs(complexFieldPlanel).^2); xlabel('x
(m)'); ylabel('y(m)'); title('Intensity arriving at plane 1'); colormap
gray;

disp('Amplitude enforcement at plane 1...');
complexFieldPlanel = double(paddedPlanel).*exp(j.*angle (complexFieldPlanel

disp('Done!');

disp('Forward propagating to plane 2...');

complexFieldPlane2 = fresnelProp(complexFieldPlanel,abs(zPlane2-zPlanel),
lambda,fxDomain,fyDomain,1);

% Compute statistics @ plane 2, save intensity to file

figure(3); imagesc(xDomain,yDomain,abs(complexFieldPlane2).^2); xlabel('x
(m)'); ylabel('y(m)'); title('Intensity arriving at plane 2'); colormap
gray;

disp('Done!');

disp('Amplitude enforcement at plane 2...');

complexFieldPlane2 = double(paddedPlane2).*exp(j.*angle (complexFieldPlane2

disp('Done!');

disp('Forward propagating to plane 3...');

complexFieldPlane3 = fresnelProp(complexFieldPlane2,abs(zPlane3-zPlane2),
lambda,fxDomain,fyDomain,1);

% Compute statistics @ plane 3, save intensity to file
figure(4); imagesc(xDomain,yDomain,abs(complexFieldPlane3).^2); xlabel('x
(m)'); ylabel('y(m)'); title('Intensity arriving at plane 3'); colormap
gray;

disp('Done!');

saveas(1,['hologramPhase_' num2str(iterationIndex) '.png']);

saveas(2,['intensityPlanel_' num2str(iterationIndex) '.png']);
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saveas(3, ['intensityPlane2_' num2str(iterationIndex) '.png']);
saveas(4,['intensityPlane3_' num2str(iterationIndex) '.png']);
writeVideo(hologramPhaseVideoobject,getframe(1));
writeVideo(intensityPlanelVideoObject,getframe (2));
writeVideo(intensityPlane2VideoObject,getframe(3));
writeVideo(intensityPlane3VideoObject,getframe(4));
disp(['Done with iteration ' num2str(iterationIndex) '!']);

end

close(hologramPhaseVideoObject);
close(intensityPlanelVideoObject);
close(intensityPlane2VideoObject);
close(intensityPlane3VideoObject);

hologramPhaseNormalized = (angle(complexFieldPlaneH) - min(min(angle
complexFieldPlaneH)))) ./ max(max((angle(complexFieldPlaneH) - min(min(
angle(complexFieldPlaneH))))));

imwrite(hologramPhaseNormalized,'hologramPhaseNormalizedGS.png');

function [outField] = fresnelProp(inField,z,lambda,fx-u,fyu,s)
H = zeros(size(inField));
for indexl = 1:size(inField,l)

for index2 = 1:size(inField,2)
H(indexl,index2) = exp(li*2*pi*(z/lambda)*sqrt(l.-(lambda.*fxu(

index2)).^2-(lambda.*fy_u(index1))^2))
end

end

if s==0
fft-field=fftshift(fft2(inField));

else
fftfield=fft2(inField);

end
h=H.*fftfield;
for indexl=l:size(inField,1)

for index2=l:size(inField,2)
% check for evanescent wave components
constraint=sqrt(fx-u(index2).^2+fyu(indexl).^2);
if constraint>(1/lambda);

h(index1,index2)=0;
end

end
end
outField=ifft2(h);

end
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A.2 MODE COUPLING ANALYSIS

Listing 2: Mode-Coupling Analysis

clear all; close all;

epsO = 8.85e-12; % F/m, vacuum permittivity

mu0 = 4*pi*le-7; % N/m^2, vacuum permeability

c = 2.998e8; % m/s, free space speed of light

v = 3909; % x-cut, y-propagating

lambda = [476e-9 532e-9 633e-9);
nAir = 1;

nLeaky = 2.28; % substrate ordinary index

nExtraordinary = 2.20; % substrate extraordinary index

nGuidedPE= 2.32; % waveguide extraordinary index, proton exchange

nGuidedDLW= 2.32; % waveguide extraordinary index, laser writing

nGuidedOrdinaryPE= 2.24; % waveguide ordinary index, proton exchange

nGuidedOrdinaryDLW= nLeaky; % waveguide ordinary index, laser writing

w = 2.5e-6; % waveguide depth

acousticFrequency= 300e6:le6:700e6; % temporal acoustic frequencies

acousticWavevector= 2*pi/v.*acousticFrequency;

numGuidedModes = 4; % arbitrary

L = 50e-3; % dummy interaction length

K = zeros(length(acousticFrequency),numGuidedModes,length(lambda),2);
alpha = zeros(length(acousticFrequency),numGuidedModes,length(lambda),2);
betaLeakyArray = zeros(length(acousticFrequency),numGuidedModes,length(lambda)

,2);

numSamples = 1000;

depthVector = linspace(0,w,numSamples);
permittivityModulationSAWPE= linspace(0,-0.3,1000).*10^-

4 ; % comes from Rust

/Strake
permittivityModulationSAWDLW= linspace(0,-0.3,1000).*l0^-4;

for lambdaIndex = 1:3 % iterate over wavelengths

kLeaky= 2*pi*nLeaky/lambda(lambdaIndex);

omega = 2*pi*c/lambda(lambdaIndex);

for waveguideIndex = 1:2 % compute for both PE and laser-written

waveguides

if waveguideIndex == 1

nGuided = nGuidedPE;

nGuided0rdinary = nGuidedOrdinaryPE;
permittivityModulationSAW = permittivityModulationSAWPE;

else

nGuided = nGuidedDLW;
nGuidedOrdinary = nGuidedOrdinaryDLW;
permittivityModulationSAW = permittivityModulationSAWDLW;

end

kGuided = 2*pi*nGuided/lambda(lambdaIndex);
for mIndex = 1:numGuidedModes

nGuidedEffective = nGuided*sin(acos(mIndex*lambda(lambdaIndex)/(2*

nGuided*w))); % waveguide effective extraordinary index

betaGuided = 2*pi*nGuidedEffective/lambda(lambdaIndex);
kyGuided = sqrt(kGuided^2-betaGuided^2);
guidedangle = asind(kyGuided/kGuided);

kappaAir = sqrt(betaGuided^A2-(2*pi*nAir/lambda(lambdaIndex))^2); %

Marcuse 1.2-15

kappaSubstrate = sqrt(betaGuided^2-(2*pi*nExtraordinary/lambda(
lambdaIndex))^2); % Marcuse 1.2-14

wEffective = w+/kappaAir+l/kappaSubstrate;

betaLeaky= abs(betaGuided-acousticWavevector);

betaLeakyArray (:,mIndex,lambdaIndex,waveguideIndex) = betaLeaky;

qLeaky = sqrt(kLeaky^2-betaLeaky.^2);

gamma = acosd(betaLeaky/kLeaky);
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guidedField = cos(kyGuided.*depthVector);
guidedFieldNormalized = guidedField.*sqrt(omega*muO/(betaGuided*

wEffective)); % Marcuse 1.3-47

for betaIndex= 1:length(betaLeaky)
DeltaAir= sqrt((2*pi*nAir/lambda(lambdaIndex))^2 - betaLeaky(

betaIndex)^2); % Marcuse 1.4-7
sigmaGuide = sqrt((2*pi*nGuidedOrdinary/lambda(lambdaIndex))^2

- betaLeaky(betaIndex)^2); % Marcuse 1.4-8
rhoSubstrate = sqrt((2*pi*nLeaky/lambda(lambdaIndex))^2 -

betaLeaky(betaIndex)^2);
normalizationFactor = sqrt( ...

(4*omega*epsO*nGuidedOrdinary^4*nLeaky^2*nAir^4*
rhoSubstrate^2*sigmaGuide^2/(pi*abs(betaLeaky(betaIndex)))) * conj(
betaLeaky(betaIndex))/betaLeaky(betaIndex) * -1 * ...

(nGuidedOrdinary"4*rhoSubstrate^2*(nAir^2*sigmaGuide*cos(
sigmaGuide*w)-nGuidedordinary^2*j*DeltaAir*sin(sigmaGuide*w))^2 + ...

nLeaky^4*sigmaGuide^2*(nAir^2*sigmaGuide*sin(sigmaGuide*w)
-nGuidedOrdinary^2*j*DeltaAir*cos(sigmaGuide*w))^2)^-l ...

); % Marcuse 1.4-36
leakyFieldH = cos(qLeaky(betaIndex).*depthVector);
leakyFieldNormalizedH= leakyFieldH.*normalizationFactor;
leakyFieldNormalized= betaLeaky(betaIndex)/(nLeaky^2*omega*

epsO).*leakyFieldNormalizedH; % Marcuse 1.3-51
F = guidedFieldNormalized.*(permittivityModulationSAW).*

leakyFieldNormalized;
K(betaIndex,mIndex,lambdaIndex,waveguideIndex) = omega*epsO/4*

trapz(depthVector,F); % Matteo 11.1
alpha(betaIndex,mIndex,lambdaIndex,waveguideIndex) = abs(K(

betaIndex,mIndex,lambdaIndex,waveguideIndex))^2*pi*cotd(gamma(betaIndex))
% Matteo 21

end
end

end
end

eta = (1-exp(-2*alpha*L))*100;

%%% Plot results
acousticFrequency = acousticFrequency./10^6;

for mIndex = 3:3

%%% Jointly plot results for laser-written and PE waveguides
figure;
plot(acousticFrequency,betaLeakyArray(:,mIndex,1,1),'b');
hold on;
plot(acousticFrequency,repmat(nGuidedOrdinaryPE*2*pi/lambda(1), [1 length(
acousticFrequency)]), 'b','LineWidth',2);

hold on;
plot(acousticFrequency,betaLeakyArray(:,mIndex,2,1),'g');
hold on;
plot(acousticFrequency,repmat(nGuidedOrdinaryPE*2*pi/lambda(2), [1 length(
acousticFrequency)]),'g', 'LineWidth',2);
hold on;
plot(acousticFrequency,betaLeakyArray(:,mIndex,3,1),'r');
hold on;
plot(acousticFrequency,repmat(nGuidedOrdinaryPE*2*pi/lambda(3), [1 length(
acousticFrequency)]),'r','LineWidth',2);
xlabel('acoustic frequency (MHz)');
ylabel('\beta_{leaky} (\Mu m^{-1})');
title(['\beta_{leaky} vs. acoustic frequency, proton exchanged guides, m=

' num2str(mIndex) ' mode'])

figure;
plot(acousticFrequency,betaLeakyArray(:,mIndex,1,2),'b');
hold on;
plot(acousticFrequency,repmat(nGuidedOrdinaryDLW*2*pi/lambda(l), [1 length
(acousticFrequency)]),'b','LineWidth',2);
hold on;
plot(acousticFrequency,betaLeakyArray(:,mIndex,2,2),'g');
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hold on;
plot(acousticFrequency,repmat(nGuidedOrdinaryDLW*2*pi/lambda(2), [1 length

(acousticFrequency)]),'g','LineWidth',2);
hold on;
plot(acousticFrequency,betaLeakyArray(:,mIndex,3,2),'r');
hold on;
plot(acousticFrequency,repmat(nGuidedOrdinaryDLW*2*pi/lambda(3), [1 length

(acousticFrequency)]),'r','LineWidth',2);
xlabel('acoustic frequency (MHz)');

ylabel('\beta_{leaky} (\mu m^{-1})');
title(['\betaIleaky) vs. acoustic frequency, laser-written guides, m=

num2str(mIndex) ' mode'])

%%% Plot results for PE waveguides only
figure;
plot(acousticFrequency,betaLeakyArray(:,mIndex,1,1),'b');
hold on;
plot(acousticFrequency,betaLeakyArray(:,mIndex,2,1),'g');
hold on;
plot(acousticFrequency,betaLeakyArray(:,mIndex,3,1), 'r');

xlabel('acoustic frequency (MHz)');
ylabel('\beta_{leaky} (\munm^{-1})');
title(['\beta_{leaky} vs. acoustic frequency, proton exchanged guides, m=

' num2str(mIndex) ' mode'])
figure;
plot(acousticFrequency,alpha(:,mIndex,1,1),'b');
hold on;
plot(acousticFrequency,alpha(:,mIndex,2,1),'g');
hold on;
plot(acousticFrequencyalpha(:,mIndex,3,1),'r');
xlabel('acoustic frequency (MHz)');
ylabel('radiative decay coefficient (\alpha)');
title(['\alphaR vs. acoustic frequency, proton exchanged guides, m=
num2str(mIndex) ' mode'])
figure;
plot(acousticFrequencyeta(:,mIndex,1,1),'b');
hold on;
plot(acousticFrequency,eta(:,mIndex,2,1),'g');
hold on;
plot(acousticFrequency,eta(:,mIndex,3,1),'r');
xlabel('acoustic frequency (MHz)');
ylabel('mode coupling efficiency (\eta, %)');
title(['\eta vs. acoustic frequency, proton exchanged guides, m=
num2str(mIndex) ' mode'])

%%% Plot results for laser-written waveguides only
figure;
plot(acousticFrequency,betaLeakyArray(:,mIndex,1,2),'b');
hold on;
plot(acousticFrequencybetaLeakyArray(:,mIndex,2,2),'g');
hold on;
plot(acousticFrequencybetaLeakyArray(:,mIndex,3,2),'r');
xlabel('acoustic frequency (MHz)');
ylabel('\betalleaky} (\mu m^{-l))');
title(['\beta_{leaky} vs. acoustic frequency, laser-written guides, m=
num2str(mIndex) ' mode'])
figure;
plot(acousticFrequency,alpha(:,mIndex,1,2),'b');
hold on;
plot(acousticFrequency,alpha(:,mIndex,2,2),'g');
hold on;
plot(acousticFrequency,alpha(:,mIndex,3,2),'r');
xlabel('acoustic frequency (MHz)');
ylabel('radiative decay coefficient (\alpha)');
title(['\alpha_R vs. acoustic frequency, PE + laser-written guides, m=
num2str(mIndex) ' mode'])
figure;
plot(acousticFrequency,eta(:,mIndex,1,2),'b');
hold on;
plot(acousticFrequency,eta(:,mIndex,2,2),'g');
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hold on;
plot(acousticFrequency,eta(:,mIndex,3,2),'r');
xlabel('acoustic frequency (MHz)');
ylabel('mode coupling efficiency (\eta, %)');
title(['\eta vs. acoustic frequency, laser-written guides, m= ' num2str(
mIndex) ' mode'))

end
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A.3 KOGELNIK ANALYSIS

Listing 3: MATLAB Code for Transmission Kogelnik Analysis

close all; clear all; clc;

thetaDev = linspace(-10,10,1000000);
thetaDevRad= thetaDev .* pi / 180;

t = 50e-6;
centerLambda= 532e-9;

gratingPeriod= lOe-6;

gratingFrequency = 1 / gratingPeriod;

n-av = 2.28;

delta_n = 5e-4;

slantFactor = sqrt (1- ((centerLambda * gratingFrequency) / (2 * n-av))^2);

etal = sin(pi * t * sqrt((delta-n / (centerLambda * slantFactor))^2 +
gratingFrequency .* thetaDevRad).^2)) .^2 ./ (1 + (centerLambda *

gratingFrequency * slantFactor .* thetaDevRad / delta-n).^2);

thetaDev = linspace(-10,10,1000000);
thetaDevRad= thetaDev .* pi / 180;

t = 100e-6;

centerLambda = 532e-9;

gratingPeriod= lOe-6;

gratingFrequency = 1 / gratingPeriod;

n_av = 2.28;

delta_n = 5e-4;

slantFactor = sqrt(1- ((centerLambda * gratingFrequency) / (2 * n-av))^2);

eta2 = sin(pi * t * sqrt((deltan / (centerLambda * slantFactor))^2 +
gratingFrequency .* thetaDevRad).^2)) .^2 ./ (1 + (centerLambda *

gratingFrequency * slantFactor .* thetaDevRad / deltamn).^2);

thetaDev = linspace(-10,10,1000000);
thetaDevRad= thetaDev .* pi / 180;

t = 250e-6;

centerLambda = 532e-9;

gratingPeriod= lOe-6;

gratingFrequency = 1 / gratingPeriod;

n_av = 2.28;

delta-n = 5e-4;
slantFactor = sqrt(1- ((centerLambda * gratingFrequency) / (2 * n-av))^2);

eta3 = sin(pi * t * sqrt((delta-n / (centerLambda * slantFactor))^2 +
gratingFrequency .* thetaDevRad).^2)) .^2 ./ (1 + (centerLambda *

gratingFrequency * slantFactor .* thetaDevRad / deltan).^2);

plot(thetaDev,etal*100,':');

hold on

plot(thetaDev,eta2*l00,'-');

hold on

plot(thetaDev,eta3*100);

legend

ylabel('diffraction efficiency (%)');

xlabel('deviation from Bragg angle (degrees)');
title ({'Kogelnik Coupled-Mode Diffracted Efficiency for Volume', ['Holographic

Bragg Gratings in Transmission Geometry (t = 800 um, Lambda = 1 um)']});

Listing 4: MATLAB Code for Reflection Kogelnik Analysis

close all; clear all; clc;

slantAngle = 0 * pi / 180;
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thetaDev = linspace(-15,15,1000);
thetaDevRad= thetaDev .* pi / 180;
thetaMCenter = 0 * pi / 180;

lambdaDev = Oe-9;

% t = 800e-6;

centerLambda = 532e-9;

gratingPeriod= 5e-6;

gratingFrequency = 1 / gratingPeriod;
n_av = 2.28;

delta-n = lOe-4;
deltaNArray = logspace(-4,-3,500);
tArray = linspace(10e-6,1000e-6,990);
etaArray = zeros(length(deltaNArray),length(tArray),length(thetaDev));
etaMaxArray = zeros(length(deltaNArray),length(tArray));
etaFWHMArray = zeros(length(deltaNArray),length(tArray));

slantFactor = sqrt(-cos(slantAngle - thetaMCenter) .* cos(slantAngle +
thetaMCenter));

for deltaNIndex = 1:length(deltaNArray)
disp(['Computing deltaN ' num2str(deltaNIndex) ' of ' num2str(length(

deltaNArray)) '...']);
for tIndex = 1:length(tArray)

S = (j * pi * tArray(tIndex) * deltaNArray(deltaNIndex)) /
centerLambda .* slantFactor);

zeta = (pi * gratingFrequency * tArray(tIndex) * cos(thetaMCenter)) /
(cos(slantAngle - thetaMCenter) - (gratingFrequency * centerLambda / nav

) * cos(slantAngle)) .* (thetaDevRad .* tan(thetaMCenter) + thetaDevRad
.^2 / 2 + lambdaDev / centerLambda);

etaArray(deltaNIndex,tIndex,:) = (sin(sqrt(zeta.^2 - S.^2)))

.^2 ./ (zeta.^2 ./ S.^2 - (cos(sqrt(zeta.^2 - S.^2))).^2);
etaMaxArray(deltaNIndex,tIndex) = max(squeeze(etaArray(deltaNIndex,

tIndex,:)));

etaFWHMArray(deltaNIndex,tIndex) = fwhm(thetaDev,squeeze(etaArray(

deltaNIndex,tIndex,:))');

end

end

figure; imagesc(tArray,deltaNArray,etaMaxArray); colorbar; colormap jet;
ylabel('\Delta n (unitless)'); xlabel('thickness (m)'); title('Maximum
diffraction efficiency vs. index perturbation vs. hologram thickness');

figure; imagesc(tArray,deltaNArray,etaFWHMArray); colorbar; colormap jet;
ylabel('\Delta n (unitless)'); xlabel('thickness (m)'); title('FWHM of

angular acceptance vs. index perturbation vs. hologram thickness');

figure; imagesc(tArray,deltaNArray,etaMaxArray.*etaFWHMArray); colorbar;

colormap jet; ylabel('\Delta n (unitless)'); xlabel('thickness (m)');
title('Eta-FWHM vs. index perturbation vs. hologram thickness');

figure; plot (tArray,etaFWHMArray(l,:)); ylabel('FWHM of angular acceptance
degrees)'); xlabel('thickness (m)'); title('FWHM of angular acceptance vs
. hologram thickness, \Delta n = 10^-^4');

figure; plot (tArray,etaFWHMArray(500,:)); ylabel('FWHM of angular acceptance

degrees)'); xlabel('thickness (m)'); title('FWHM of angular acceptance vs

. hologram thickness, \Delta n = 10^-^3');
layerArray = tArray ./ le-6;

figure; plot(layerArray,etaMaxArray(l,:)); ylabel('diffraction efficiency');
xlabel('number of layers'); title('Diffraction efficiency vs. number of

layers, \Delta n = 10^-^4');
figure; plot(layerArray,etaMaxArray(250,:)); ylabel('diffraction efficiency');

xlabel('number of layers'); title('Diffraction efficiency vs. number of

layers, \Delta n = 5x10^-^4');

figure; plot (layerArray,etaMaxArray(500,:)); ylabel('diffraction efficiency');
xlabel('number of layers'); title('Diffraction efficiency vs. number of

layers, \Delta n =10^-^3);

layerArray = tArray ./ 5e-6;

figure; plot (layerArray,etaMaxArray(l,:)); ylabel('diffraction efficiency');
xlabel('number of layers'); title('Diffraction efficiency vs. number of

layers, \Delta n = 10-^4);
figure; plot (layerArray,etaMaxArray(250,:)); ylabel('diffraction efficiency');

xlabel('number of layers'); title('Diffraction efficiency vs. number of

layers, \Delta n = 5x10^-^4');
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figure; plot(layerArray,etaMaxArray(500,:)); ylabel('diffraction efficiency');
xlabel('number of layers'); title('Diffraction efficiency vs. number of
layers, \Delta n = 10^-^3');

imagesc(deltaNArray,tArray,etaArray);

plot(thetaDev,eta*100);

ylabel('diffraction efficiency (%)');

xlabel('deviation from Bragg angle (degrees)');

title({'Kogelnik Coupled-Mode Diffracted Efficiency for Volume', ['Holographic
Bragg Gratings in Reflection Geometry (t = 800 um, Lambda = 1 um)']});

hold on;



a.4 WIGNER SPACE ANALYSIS 117

A.4 WIGNER SPACE ANALYSIS

Listing 5: MATLAB Code for Space-Bandwidth Product Analysis

% Space-frequency analysis of hologram diffraction
close all;

clear all;

% Define physical and mathematical constants

eps_0 = 8.85e-12; % Permittivity of free space
c_0 = 299792458; % Speed of light in vacuum (m/s)
e = 2.718281828; % Natural logarithmic base

% Define beam parameters

lambda = 532e-9; % operating wavelength (m)
k = (2*pi)/lambda; % wavevector magnitude (1/m)

% Define grid

Nx = 6000; % number of pixels defined in x-dimension

% Create spatial domain

Txul = 50e-3;

dxul = Txul/Nx;
vxul = -Tx_ul/2:dxul:(Txul/2-dxul);
% Create spatial frequency domain

fx_v_ul = (-1/Txul * Nx/2):(1/Tx-ul):(l/Tx-ul * Nx/2- 1/Tx-ul);
theta-v-ul = asind(lambda.*fx_v_ul);

s = 0; % fftshift initialization parameter

% Set up WDF distribution

wignerHologramPlane = zeros(Nx);

vx-ul = -Txul/2:dx-ul:(Tx-ul/2-dx-ul);
numHogelsPerUnit = 1;

numUnits = 1;

hogelLength = 5e-3;

hogelGap = 500e-6;

unitGap= 5e-3;

unitLength= numHogelsPerUnit.*hogelLength+(numHogelsPerUnit-1).*hogelGap;
unitCenters = [;
hogelCenters = [];

if mod(numUnits,2) == 0

unitNumbers = [-numUnits/2:-l 1:numUnits/2];
else

unitNumbers = [ceil(-numUnits/2):-l 0 1:floor(numUnits/2)];

end

if mod(numHogelsPerUnit,2) == 0

hogelNumbers = [-numHogelsPerUnit/2:-l 1:numHogelsPerUnit/2];
else

hogelNumbers = [ceil(-numHogelsPerUnit/2):-l 0 1:floor(numHogelsPerUnit/2)

];
end

for unitIndex = 1:numUnits

if mod(numUnits,2) == 0 % even case - 1,3,5,...

unitCenter = (abs(unitNumbers(unitIndex)*2)-l).*sign(((unitNumbers(

unitIndex)))).* (unitGap/2+unitLength/2);
else % odd case- 0,2,4,...

unitCenter = (abs(unitNumbers(unitIndex)*2)).*sign(((unitNumbers(

unitIndex)))).* (unitGap/2+unitLength/2);
end

unitCenters = [unitCenters unitCenter];
for hogelIndex = 1:numHogelsPerUnit

if mod(numHogelsPerUnit,2) == 0

hogelCenter = unitCenter+((abs(hogelNumbers(hogelIndex)*2)-l).*
sign(((hogelNumbers(hogelIndex)))).*(hogelGap/2+hogelLength/2));

else
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hogelCenter = unitCenter+((abs(hogelNumbers(hogelIndex)*2)).*sign
(((hogelNumbers(hogelIndex)))).*(hogelGap/2+hogelLength/2));

end

hogelCenters = [hogelCenters hogelCenter];

end
end

hogelDistribution = zeros(1,Nx);
for hogelIndex = 1:length(hogelCenters)

hogelDistribution = hogelDistribution + rectangularPulse(hogelCenters

hogelIndex)-hogelLength/2,hogelCenters(hogelIndex)+hogelLength/2,vx-ul);
end

cutoffFrequency = abs(sind(1)/lambda);

dummy = abs(cutoffFrequency-fx_v_ul);
minDummy = min(dummy);
cutoffFrequencyIndex = find(dummy==minDummy);

clear dummy; clear minDummy;

cutoffIndexLength = abs(cutoffFrequencyIndex-ceil(Nx/2));
hogelWDFdummy = repmat(hogelDistribution,[cutoffIndexLength*2,1]);
hogelWDF = padarray(hogelWDFdummy, [Nx/2-floor(size(hogelWDFdummy,1)/2),0]);
hogelWDF = hogelWDF';

% Plot Wigner distribution of initial SBP
figure(1);

imagesc(vxul,thetavul,abs(hogelWDF'));

xlabel('x (i)');

%ylabel ('u (m^-1)');
ylabel ('diffraction angle (degrees)')

title('Wigner distribution of SBP');

z = 0;

for i = 1:1000

% Propagate modulated field via Fresnel diffraction and find Fourier

% transform

z_Ll = le-4;

% Propagate modulated field via Fresnel diffraction in Wigner space

hogelWDF = wigner-x-shear(hogelWDF',z,lambda,vxul,fx-v-ul);

% Plot Wigner distribution after propagation

figure(1);

imagesc(vx-ul,theta-v-ul,abs(hogelWDF));

xlabel('x (m)');
ylabel ('diffraction angle (degrees)')

title('Wigner distrbution of SBP');

hogelWDF = hogelWDF';

z = z + zLl;

filename = ['./data/singleWDF-' num2str(i) '.mat');

save(filename,'hogelWDF');

end
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A-5 TRANSDUCER DESIGN AND GENERATION

Listing 6: MATLAB Code for Generation of Transducer Design Files

close all; clear all;

inverse = 1;

period = 15e-6;

width = 100e-6;
N = 50;
gapDistance = le-6; % objective resolution

x= linspace(-width*5,width*5,5000);
dx= x(2)-x(l);

periodPixels = ceil(period/dx);
topMargin = ceil(100e-6/dx);

pads = rectangularPulse(-width*3/2,-width/6,x)+rectangularPulse(width/6,width
*3/2,x);

padHeight = ceil((width*3/2-width/6)/dx);
padArray= repmat(pads,[padHeight 1]);

figure; imagesc(padArray);

fingerLeft = rectangularPulse(-width/2,width/4,x) + rectangularPulse(width
*3/8,width/2,x);

fingerRight = rectangularPulse(-width/2,-width*3/8,x) + rectangularPulse(-
width/4,width/2,x);

fingerGap = rectangularPulse(-width/2,-width*3/8,x) + rectangularPulse(width
*3/8,width/2,x);

fingerPair = [repmat(fingerGap,[floor(periodPixels/4) 1]); ...
repmat(fingerLeft,[floor(periodPixels/4) 1)); ...
repmat(fingerGap,[floor(periodPixels/4) 1]); ...
repmat(fingerRight,[floor(periodPixels/4) 1])];

figure; imagesc(fingerPair);
fingers = repmat(fingerPair,[N 1]);
figure; imagesc(fingers);

transducer = [zeros(topMargin,length(x)); ...
padArray; ...
repmat(fingerGap,[floor(ceil(width/dx)/3) 1]); ...
fingers; ...
zeros(topMargin,length(x))]; ...

gapOverlay = ones(size(transducer));

for i = 1:size(gapOverlay,l)
if mod(i,ceil(gapDistance./dx)) == 0

gapOverlay(i,:) = zeros(l,size(transducer,2));
end

end

figure; imagesc(gapOverlay)

if inverse == 0

for i = 1:size(transducer,l)
for j = 1:size(transducer,2)

if (transducer(i,j) == 1 && gapOverlay(i,j) == 0)

transducer(i,j) = 0;
end

end
end

else
transducer = imcomplement(transducer);
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for i = 1:size(transducer,1)
for j = 1:size(transducer,2)

if (transducer(i,j) == 1 && gapOverlay(i,j) == 0)

transducer(i,j) = 0;

end

end

end

end

figure; imagesc(transducer);

imwrite(transducer,'transducerl5-inverse-largeMargin-lum.png');

format long;
dpi = 0.0254 / dx
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