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Abstract

Augmented reality waveguides are designed to have grating regions to in-couple,
out-couple, and propagate light from a light engine to the user. This thesis develops
two reliable systems to qualify manufactured waveguides. The first system determines
grating quality by measuring grating pitch and orientation uniformity across grating
regions. The system uses scatterometry in Littrow configuration and captures both
the reflected zeroth and first order diffracted light. The second system determines
the overall quality of a waveguide by measuring the resolution of the device using a
Modulation Transfer Function, MTF, technique. MTF is commonly measured using
either the line pair method or the slant edge method. This thesis proposes a new
method to measure MTF using single pixel illumination and point spread function.
Results from the two systems are presented, and the capabilities and limitations of
each system are explored.
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Chapter 1

Introduction

In augmented reality devices, waveguides with diffraction grating regions are used
to propagate light from a light engine to the user. In order to transport the image,
the waveguide must have an in-coupling and an out-coupling grating region. The in-
coupling region (IC) allows the image to propagate into the waveguide. Conversely,
image exits the waveguide at the out-coupler (OC), where it reaches the user’s eye.

Users have different interpupillary distances, face shapes, and nose heights. Con-
sequently, given one waveguide device and multiple users, the location of a user’s pupil
within the out-coupler region will change. Therefore, two-dimensional exit pupil ex-
pansion is used to allow for light propagation to the user.

Conventionally, three grating regions are used for two-dimensional exit pupil ex-
pansion. After light couples into the waveguide through the IC, the light propagates to
a second grating region, the exit pupil expander (EPE). As light propagates through
the EPE, light either diffracts and propagates towards the OC or continues propagat-
ing within the EPE, allowing for exit pupil expansion in one direction. At the OC, the
exit pupil is then expanded in the second direction. As light propagates through the
OC, light either diffracts out of the waveguide to the pupil or continues propagating
within the OC. [1] A diagram of a waveguide with three grating regions (IC, EPE,
and OC) is shown in figure [I-1] Multiple eye positions are illustrated in the diagram.
Given any eye position, the perceived image should be the same as the input image.

In this example, the image is a seal icon. Given two-dimensional pupil expansion, a
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user can perceive the full input image regardless of the eye position in relation with

the OC.

Input image (from
light engine)

EPE with horizontal J
pupil expansion IV

1  OC with vertical

Eye </ , /
/ pupil expansion
S

(position 1)

Eye /

(position 2)\

Eye
(position 3)

Figure 1-1: Two-dimensional pupil expansion in a waveguide with three grating re-
gions

The angular uniformity, spatial uniformity, resolution, field of view, and intensity
of the image at the out-coupler are defined by input incident angle, grating parameters
such as pitch (A), orientation (I'), refractive index, duty cycle, and more. These
parameters are optimized during the design process; however, manufacturing barriers

limit the quality of the output image in a device.

The goal of the thesis is to build reliable measurement systems to qualify manu-
factured waveguides and give insights on how to improve within the manufacturing
process. The first system characterizes grating pitch and orientation. The second

measures the resolution of the waveguide’s output image.
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1.1 Motivation

1.1.1 Grating Characterization

High waveguide grating quality is essential for ensuring waveguide functionality,
and two important parameters are pitch and grating orientation. The waveguides
produced in-house have grating regions designed with uniform pitch and orientation.
The pitch is the grating period and defines the distance between grating lines. Grating
orientation is the rotation of the grating lines, relative to one of the grating lines. The
waveguide samples characterized in this thesis are 1D line gratings. Therefore, within
one grating region with uniform orientation, grating orientation should be 0°, and the
grating lines should be parallel. If grating orientation is not uniform, the grating lines
will not be parallel. Pitch and orientation define the angle of light propagating within
the waveguide, which affects display resolution. Therefore, grating manufacturing
needs to be precise. with a uniform grating area, the current target is a pitch error
less than 0.1nm and an orientation error less than 0.15°.

Accurate characterization of gratings can help internally to further develop the
waveguide manufacturing process. By measuring waveguides at different steps in the
manufacturing process, vulnerabilities within the process line can be identified. In
addition, different design parameters can be harder to accurately manufacture, which

can be identified with grating characterization.

1.1.2 Resolution

The resolution of the output image in a waveguide is defined by the resolution
of the light engine and the ability of the waveguide to properly propagate the image
from the light engine to the user. In this thesis, I will focus on the latter.

Measuring resolution qualifies the overall quality of the waveguide, and resolution
is a specification for waveguide functionality given by customers. Therefore, build-
ing a reliable system for waveguide resolution measurement will allow us to qualify

manufactured waveguides and ensure that they meet specifications.
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Another goal is to understand the correlation between grating uniformity and
overall waveguide resolution. Since grating pitch and orientation define the angle
of light propagation within the waveguide, a waveguide with poor grating pitch and
orientation control is expected to have low waveguide resolution.

Given an input light ray and a waveguide with perfect grating pitch and orienta-
tion, the ray will go through two-dimensional pupil expansion, and at the OC, the
expanded rays will exit parallel to the input angle, illustrated in figure[I-1 Therefore,
when injecting a full image into the IC containing rays with different input angles
crossing a large field of view, the output image will consist of rays parallel to the
input rays. In this scenario, the image will appear sharp.

However, if some of the input rays encounter a region where the grating pitch or
orientation is not as designed, the light will then change its propagation angle, and
consequently, when exiting the OC, the rays will no longer be parallel to the input
rays. Therefore, the output ray angles will not map directly back to the input ray
angles, and in this scenario, the image will appear blurry and smeared.

Understanding the correlation between grating uniformity and waveguide resolu-

tion can help define grating uniformity tolerances necessary during manufacturing.

1.2 Prior Methods

Grating pitch and orientation can be measured with scatterometry. The overall

device resolution can be defined by the modulation transfer function, MTF.

1.2.1 Grating Uniformity: Scatterometry

Given incident light of wavelength A and grating pitch A, the incident ray will
diffract when it hits a grating if A < 2A. By detecting the angle of two diffracted
orders, such as my and my, the pitch can be determined following equation [I.1]

(m2 — ml))\

A= (1.1)

sin Oy — sin 64
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Given incident light at angle 6;, the 0/ reflection order (R0) will reflect with angle
—@;. Furthermore, 6; can be set so that the m'*’s diffraction angle, 0,, is reflected
parallel to ¢;. This is defined as the Littrow configuration, where 6; = 6, = 6, and

in this configuration, the pitch equation simplifies to equation

mA in Littrow mA

= " = 1.2
sin 6; + sin 0, 2sin 6y, (1.2)

Using this method, higher diffraction orders will increase precision of pitch grating
measurements [2],[3]; however, higher diffraction orders are negatively affected by
weak intensity, non-uniformity, and asymmetry in gratings [2|. Therefore, in the

current application, the first reflection diffraction order (R1) is chosen.

Littrow Configuration Setup

A schematic for the Littrow configuration setup with R1 is shown in figure[I-2] A
collimated light source and a CCD camera are mounted on one rotating arm set at

the Littrow angle of the gratings to be measured.

Input Light

R1
R1 Detector

X

Y@T—>Z

Figure 1-2: Littrow setup for detecting R1

When the grating lines are set normal to the detecting arm and the rotating arm is
set at the Littrow angle of the gratings, the CCD camera will display a beam spot at
the center of the display. The collimated light source is not infinitesimally small, and

the 488nm laser used has a 2mm by 2mm aperture. Consequently, multiple grating
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lines are covered by a single laser light spot, and the reflected light contains pitch and
orientation information of all the gratings covered by the light spot. If the covered
area is perfectly uniform, the rays will diffract with the same angle and the beam
spot will be perfectly circular, illustrated in figure [I-3al However, if there is variation
within the measured gratings, the beam spot will appear ovular, illustrated in figure
By analyzing the shape of the beam spot, pitch and grating orientation local
variation across the 2mm by 2mm region can be extracted. Pitch and orientation
uniformity of a larger grating area can be measured by implementing a motorized
stage (in the Y-Z plane) which allows for measurements at different 2mm by 2mm

spots in a larger grating area.

(a) Beam spot of uniform gratings (b) Beam spot of non-uniform gratings

Figure 1-3: Beam spot profiles of uniform and non-uniform gratings

During one set of measurements, the incident angle is set constant while the
sample moves underneath the laser beam spot. At each measurement point, the R1
beam spot is captured by the CCD camera. The spatial movement of the beam spot
in the camera translates to changes in the diffracted angle. If the pitch within the
measured grating area changes, the system will no longer be in Littrow configuration.
The R1 beam angle will change by Afg;, and the beam spot will move vertically in
the detector plane. If the grating orientation changes, the beam spot will change by
A¢r1, and the beam spot will move horizontally in the detector plane. By analyzing

the beam spot movement throughout the captured images, pitch and orientation
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uniformity can be measured. In addition, by examining the beam spot shape, the
local variation of pitch and orientation at each measurement point can be measured.

Given a Afr; and A¢g, change in the diffracted beam angle, the pitch A and
orientation I' can be calculated with equation and equation [I.4]

mA
A = 1.3
SiIlQL—i-SiIl (QL—FA@Rl) ( )
A
I = ﬁf“ (1.4)

1.2.2 Resolution: Modulation Transfer Function

Modulation transfer function (MTF) characterizes the resolution and performance
of an optical system by measuring the contrast of images produced after propagating
through the optical system. The image contains information for a set field of view,
determined by the camera’s focusing lens and sensor size, and therefore, the MTF for
different input angles can be measured by analyzing different locations in the image.

There are two main techniques to measure the MTF': line pair method and slant

edge method.

Line Pair Method

A line pair image is a pattern with alternating black and white lines. An example
of a line pair pattern with a spatial frequency defined with 3 pixels bright and 3 pixels
dark is shown in figure [1-4]

For a fixed spatial frequency, the MTF describes the ability to resolve the linepairs,
which is defined as the contrast between the bright and dark regions. The equation to
calculate the MTF at a fixed spatial frequency is described in equation [1.5] where [ is
an intensity value which ranges between pure dark and pure bright. During analysis,

0 is defined as pure dark and 1 is defined as pure bright.

ILinePairbri — Iy i

o ght LinePairdark

MTF(f] = ; - (1.5)
LinePairbright + 1 LinePairdark
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Figure 1-4: Line pair test pattern

Slant Edge Method

A slant edge is a pattern where a pure dark region is separated from a pure bright

region by a slanted edge. An example of a slanted edge is shown in figure [I-5]

The MTF measures the sharpness of the transition between the bright and dark
regions. The transition is defined as the edge spread function, ESF. To calculate the
MTF, the derivative of the ESF, defined as the line spread function (LSF), is Fourier

transformed. The calculated MTF is then normalized to 1 at 0 frequency.

LSF = dif f(ESF)

MTF(f) = F(LSF) (1.6)
w250
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Figure 1-5: Slant edge test pattern

Current Setup

The current setup utilizes both the line pair and slant edge method to calculate
the MTEF.

A diagram of the system setup is illustrated in figure [I-6] In the system, the
waveguide is positioned at the focal plane of the light engine, which is approximately
12mm away from the light engine. The image is then injected into the waveguide’s IC
and then propagated through the waveguide. The setup shown in figure demon-
strates ray propagation of three different input angles inside a waveguide with no
exit pupil expansion. At the OC, a camera is placed to capture the image. The dis-
tance between the camera and the OC is the eye-relief distance, and for this system,
the eye-relief distance is set to approximately 15mm. The camera’s images are then
analyzed to calculate the MTF of the waveguide.

The system’s light engine consists of a LED light source and a digital micro-
mirror display, DMD, to create the line pair and slant edge images. There are three

LEDs (red, green, and blue), and the current driving each LED can be independently
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Light Engine Waveguide

LED Light
[llumination
__________________ Camera
r ____________ I
I |
; Camera :
Sensor :
|

Figure 1-6: MTF setup and ray propagation with no exit pupil expansion

set. This allows for the system to measure the resolution of the optical system with
different colors. The LEDs illuminate the DMD, which creates the test pattern. The
DMD consists of microscopic mirrors arranged in a rectangular array, and the mirrors
correspond to pixels in the projected image. Figure [I-7 shows a DMD composed of
an array of micro-mirrors . The mirrors can be individually rotated to either an
"on" or "oftf" state, allowing for pattern creation. In addition, the DMD can also
create gray-scale pixels by toggling the mirrors between its "on" and "oft" states
quickly, and the intensity of the projected pixel is proportional to the duty cycle of
the "on" and "off" states of the mirrors. During the "on" state, a mirror is set to
reflect the light out of the light engine, making the pixel appear bright. Conversely,
during the off state, a mirror directs the light elsewhere, making the pixel appear
dark. The resolution of the projected image is determined by the size and density of

the rectangular mirror array, and resolution increases with higher mirror density.
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Examples of mirrors in the “on” state

N

Micromirrors

Array of micromirrors

Examples of mirrors in the “off” state

Figure 1-7: Digital micro-mirror display
1.3 Problems

1.3.1 Grating Uniformity: Sample Tilt

The diffracted beam angle is affected not only by non-uniformities in the grating
pitch and orientation but also by system errors such as sample tilt. Sample tilt can be
introduced by a non-balanced stage or by dust particles trapped between the sample
and the stage. With the current Littrow configuration and analysis, the grating
uniformity information cannot be decoupled from the sample tilt, and therefore, the
true pitch and grating orientation uniformity cannot be extracted.

Samples with grating regions are created in-house on wafers, and multiple grating
regions can be produced on one wafer sample. For example, the sample measured in
figure is a 8" wafer with 21 grating regions. The large wafers can be further diced
in order to separate the individual grating regions into smaller samples to measure.

For small samples, the system error does not affect measurements significantly.
However, with large samples, such as an 8" wafer, the sample tilt significantly affects
the measurements. An example is shown in figure [I-8] In this example, the measure-
ments display a strong gradient shift in both pitch and grating orientation uniformity:.
This gradient shift occurs from the sample tilt error, and the sample tilt dominates
the underlying uniformity measurements. Therefore, no meaningful pitch or grating

uniformity information can be extracted.
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One goal of the thesis is to address the sample tilt error and to build a solution

that enables grating pitch and orientation uniformity measurements for large sample

sizes.
Gratings Orientation (deg) Pitch(nm)
Average:0 STD:0.10471 Average:380.0504 STD:0.25719
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o e W o s @ W
0.1

so- i o B O@ @
E N N B N

9 B @ @

Y (mm)
£
E ]
E
.
B »
Y (mm)

o @ B 6 6 g -0 080
100 5% X ok -0.2 -100 | , - .
-100  -50 0 50 100 -100  -50 0 50 100
Z (mm) Z (mm)
(a) Grating orientation uniformity (b) Pitch uniformity

Figure 1-8: Measured grating uniformity on a 8" wafer

1.3.2 Resolution: DMD Mirror Pixel Resolution

Using the line pair image method, MTF measurements are reliable and multiple
field of view angles can be calculated with one image. However, the MTF calculated
is only defined at the spatial frequencies projected, so multiple line pair images need
to be captured. In addition, the MTF frequency measured is limited by the resolution
of the system’s light engine and imaging camera. MTF at frequencies of up to 30 line
pairs per degree (Ippd) are desired. The current setup is limited by the light engine’s
DMD mirror resolution, which allows for a maximum of 11.57 Ippd.

On the other hand, the slant edge method produces a continuous MTF profile
and allows for MTF measurements at higher frequencies. However, in the current
system, the DMD mirrors used to create the test pattern has a significantly lower
resolution than the camera sensor and a fill factor less than 1. Therefore, individual
DMD mirror pixels are detected by the camera, and areas that should appear fully

bright now appears pixilated. An example of the pixilated image is illustrated in
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figure [1-9|

Slant Crop giotated Slant Crop

0
100 tinaiaad 100
200 i 200
300 300
0 200 0 200
(a) Cropped slant edge image (b) Cropped and rotated slant edge image

Figure 1-9: Slant edge image showing pixilation from individual DMD mirrors

When analyzing such an image, the MTF will artificially spike at 22 lppd due
to the frequency of the DMD pixels, shown in figure In addition to the peak
at 22 lppd, there are also harmonics at lower and higher frequencies that affects
the MTF signal. These harmonics dominate the underlying MTF information, and

consequently, the slant edge method cannot work with the setup.

ESF LSF MTF
1.00 - 8
@ 0.10 - ]
5. 0.75 1 S 0.05- o
£ < 0
& i 54
g 0507 5 0.00- g
< Q O
0.25 - & —0.05 1 27 W
: : -0.10 4 . 0 d
0 200 0 200 0 20
Pixel Pixel Line Pair per Degree

(a) Edge Spread Function (b) Line Spread Function, (¢) Modulation Transfer
of Figure derivative of ESF Function, fourier of LSF

Figure 1-10: MTF analysis on a pixilated slant edge image (figure

The second goal of the thesis is to develop a reliable method to measure the MTF

of a waveguide at high Ippd using the current system with DMD mirror pattern
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Chapter 2

Approach

In order to extract accurate grating uniformity information from the current setup,
the sample tilt needs to be simultaneously measured. The first reflection diffraction
order (R1) is affected by both the gratings and the sample tilt. On the other hand,
the specular reflection, the zeroth order reflection (RO), is affected only by the tilt
of the sample and not the gratings. From the specular reflection, the sample tilt
can be measured, and therefore, grating uniformity can be calculated by decoupling
the uniformity information from the sample tilt in the R1 measurements. This new
method is further explained in section [2.1]

To measure a waveguide’s MTF at high lppd, a new method with single pixel
illumination is proposed. By only illuminating one mirror in the DMD display, the
pixilation problem from the slant edge is avoided. The MTF can then be measured

from the profile of the illuminated pixel after propagation through the waveguide.
This new method is further explained in section

2.1 Grating Uniformity: RO Detection

In order to detect the specular reflection, a second detector is added to the setup,
shown in figure -1 The detector is placed on a rotating arm, which is set at the
same but opposite angle as the input light.
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Input Light RO Detector

R1 RO
R1 Detector

X

Y® Z

Figure 2-1: Littrow setup for detecting RO and R1

2.1.1 Angle and Coordinate System Definition

A front view of the Littrow setup with both RO and R1 detectors is illustrated in
figure The stage is motorized to move along the X, Y, and Z axis. X-axis move-
ment represents movement of the stage up and down, and during one measurement
run, the stage’s X position stays constant. The stage’s X-axis is set so that the mea-
sured beam spot is at the rotational center of both RO and R1 arms, and therefore, the
stage’s X-position changes for waveugides with different substrate thickness. During
one set of measurements, the stage will only move in the Y-Z plane. Movement in
the Z-axis represents movement towards the RO or R1 detector, and movement in the
Y-axis represents movement normal to the X and 7 axis.

Due to system error, the sample can have an o and [ rotation. « rotation is
defined as rotation around the Y-axis, either towards or away from the input light
source, and a 3 rotation is defined as rotation around the Z-axis. A balanced system
with no sample rotation will have an v and 3 rotation of 0°.

The reflected beam angle will be characterized by ¢ and 6. ¢ is the angle of the
reflected beam in the Y-Z plane around the X axis, with ¢ of 0° to be in-line with

26



the Z-axis. 6 is the angle of the reflected beam in the X-Z plane around the Y axis,
with 6 of 0° to be normal to the sample and 6 of 90° to be in-line with the sample.

2.1.2 Effect of Sample Tilt on RO

Because the specular reflection is not affected by the gratings, the system’s sample
can be modeled as a mirror.

During one set of measurements, the input light is set to 8, and the R0 detector is
set to —0. Given no sample tilt, the beam focuses to the center of the detector, and
this pixel represents the reference R0 pixel. The reflected beam angle is characterized
by Oro = 01, and ¢ry = 0°, and this is the reference RO beam angle.

An « rotation will change the RO reflection angle in the X-Z plane, and therefore,
the beam spot will move vertically in the RO detector plane, affecting the reflected 6
beam angle by Afg,. Conversely, a § rotation will change the RO reflection angle in
the Y-Z plane, and the beam spot will move horizontally in the RO detector plane,
affecting the reflected ¢ beam angle by A¢go.

o Rotation

With an « rotation, the incident angle with respect to the sample changes to 0, —a.
The RO beam will then reflect with angle 6, — 2a, illustrated in figure On the
CCD camera image, the RO beam spot will focus to a different pixel corresponding

to 2a degrees away the reference RO pixel.

£ Rotation

With § rotation, the sample is tilted around the Z-axis, and the amount by which
the reflected beam angle changes is dependent on both  and the input angle 6;.

First, two extreme angles are examined, ¢; = 0° where the input angle is normal
to the sample, and 0; = 90° where the input angle is in-line with the sample. When
0; = 90°, the reflected beam @, is constant regardless of the sample 3 tilt, and
6, = 90°. When 6; = 0°, the reflected beam’s ¢ angle will change by 25. Given
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Figure 2-2: Effect of o wafer tilt on the RO diffraction angle

these two extremes, it can be intuitively understood that the effect of 5 rotation on

the reflected angle decreases as 6; increases.

The sample’s § tilt is expected to be small, and therefore, with small-angle ap-
proximation, the reflection matrix of a sample with a  rotation and no « rotation is

defined as M, in equation [2.1]

—-1+p* =28 0
M,=| —28 1-52 0 (2.1)
0 0 1

Given an input angle of 6;, the input light can be represented by vector k;, shown

in equation [2.2] The resulting light vector after hitting the tilted mirror is k,, shown

in equation [2.3

k; = 0 (2.2)
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—1+p8% —28 0| |—coso, (1 — B?)cosb;
ko=Miki=| =26 1- 0| | 0 |=| 28coss, (23)
0 0 1 sin 0, sin 0;

To determine the change in the reflected angle, k, needs to be compared to the
output vector given a system with g = 0°. k, is rotated by 6; — 90°, and therefore,
when § = 0°, the light only propagates in the Z-direction. The rotated output vector
k. is shown in equation [2.4 R,  refers to the rotation matrix of #; — 90° over the

Z-axis.

— 32 cos §; sin 6;
ko’ - Rz’ko = 25 COS 91 (24)
1 — % cos? 0;

From £/, the reflected beam angle difference, A¢ry and Afgy can be calculated.
Adry is represented in equation [2.5] and Afgg is represented in equation AN
is very small and considered negligible.

ko, 23 cos b;

AgbRO = arctan /{jo/z = m (25)

ko,  —f(?cosb;sin;
ko, 1 —B2cos?6;

Afgg = arctan (2.6)

2.1.3 Pitch Calculation

Given an input angle of ;, to a sample with no « rotation, the RO beam will reflect
with angle #; back in the same direction. When the grating’s pitch deviates from the
ideal value, the diffraction angle equation changes by Afg;. Therefore, §; = 6, and
0, = 0; + Afg,. An illustration of R1 diffraction given a sample with an a rotation
is shown in figure [2-3|

When the sample is tilted by an « rotation, the reference coordinate system with

which to apply the diffraction angle equation changes, and the coordinate system also
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Figure 2-3: Effect of a wafer tilt on the R1 diffraction angle

tilts by «. Therefore, given the pitch equation shown in equation [I.2] 6; = 0, — a,
and 0, = 0, — Afr; — «, shown in equation

O +a = Abgr +0f,
(2.7)
QT/ = HL _AeRl —

Therefore, given the RO and R1 beam angles, Afgy and Afr; are extracted, and
the grating’s pitch can be calculated by equation 2.8

Ao
4T

.- (2.8)

A pu—
sin (0, — «) 4 sin (0, — Abgr; — )

2.1.4 Grating Orientation Calculation

The model for the R1 reflected angle difference is similar to the one derived for
the RO reflected angle difference. However, in the Z-direction, the beam is reflected
back towards the input light source, and therefore, the sign of the last matrix element

which corresponds to the Z-direction in M, changes sign. The modified M, is shown

in equation [2.9]

-1+8 =28 0
M,=| —28 1-5% 0 (2.9)
0 0 -1

Therefore, A¢pr; and Afg; of the R1 beam has the same magnitude but opposite
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signs as the relationship of A¢ry and Afgy of the RO beam. A¢r; and Afg, are
defined in equations and respectively. Like Afgg, Afg; from S rotation is

small and considered negligible.

—2( cosb;

APmp =T ag o2 6] (2.10)
2 qin O-

Ay — (% cos 0; sin 6; (2.11)

1 — 32 cos? 6,

Grating orientation can be calculated by first isolating the A¢g;, of the grating
orientation from the sample § tilt, illustrated in equation Grating orientation
information can then be measured from the R1 phi angle beam change of the grating

orientation, illustrated in equation [2.13]

A¢R1 = A¢R1,grating - A¢R1,/3’

(2.12)
Adr1 = APRri grating + Adro
I = Agle,297‘ating
2.13
r— Aopri — Adro ( )
2

2.1.5 Local Variation Calculation

The local variation of a 2mm by 2mm region is measured by the shape of the R1
beam spot.

Given uniform pitch and orientation, the rays will all diffract with the same angle,
creating a symmetric circle. The radius of the beam spot circle is determined by the
width of the detecting laser’s beam.

With non-uniform pitch, the rays will no longer diffract at the same 6 angle, and
the beam spot can expand or contract vertically. With non-uniform orientation, the
rays will not diffract with the same ¢ angle, and the beam spot will expand or contract
horizontally.

To quantify variation, the beam spot’s horizontal and vertical full width at quarter
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maximum (FWQM) is compared with a reference width. The reference width refers
to the FWQM of a beam given perfect uniformity within a 2mm by 2mm region,
and the reference width for both ¢ and 6 are the same. The widths are measured

from the beam spot images, and the unit of widths are in pixels. The pixel values

degree

Dinel and is

can be converted to angles using a constant, C'. This constant has unit
measured during calibration. Because the variation is measured using FWQM, it is
essential for the beam spot to not oversaturate in the detector. If the beam spot is
oversaturated, the variation calculated will be artificially high.

The orientation variation can be calculated by equation [2.14. The pitch variation
can be calculated by equation . Opizeires corresponds to the reference pixel value
of the beam center when detecting a region with uniform pitch values. Opizeriese and

Opizei right corresponds to the two pixel values where the measured beam spot reaches

25% of the beam maximum.

va‘mtion = C‘FWQMbeam - FWQMref‘ (214>
FWQM,.,
a = C[(epiwel,ref - *) - Hpixel,left]
FWQM,,
b= C[<9piwel,ref - Cg f) - epixel,right]
mA
Aot = .
left sin (0, — a) +sin (0, —a — «) (2.15)
mA

A . —
"M sin (0, — o) + sin (6, — b — )

Avariation = |Aleft - Am‘ght‘

2.2 Resolution: Single Pixel Illumination

The optical transfer function (OTF) can be described as the Fourier transform of
a point spread function, PSF [5|. The OTF is a complex-valued function, shown in
equation [2.16] By definition, the modulation transfer function (MTF) is defined as
the absolute value of the OTF, and the phase transfer function (PhTF) is defined as

the complex argument of the OTF.
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OTF = MTFehTE
MTF = |OTF)| (2.16)
PhTF = arg(OTF)

When using single pixel illumination, only one DMD pixel is illuminated in a
pattern. This single DMD pixel is first propagated through the light engine, where
the pixel is convoluted with the light engine’s PSF. Then, the image propagates
through the waveguide, where it is convoluted with the waveguide’s PSF to produce
the output beam spot detected by the camera. The relationship between the input
DMD pixel and the output beam spot is described in equation [2.17, where by, is
the waveguide’s output beam spot, p is the DMD pixel, PSF g is the point spread

function of the light engine, and PSFyy is the point spread function of the waveguide.

The Fourier transform of the waveguide’s PSF defines the waveguide’s OTF, and
therefore, the MTF can be calculated by equation [2.18]

Fp)F(PSFLz)

MTF = |F(PSFy)| = |

The beam spot image captured by illuminating the camera directly from the light
engine, by, describes the DMD pixel convoluted by the light engine’s PSF, px PSF .
The beam spot image captured after the waveguide describe the final beam spot
output, by,. Therefore, the MTF can be calculated by comparing the light engine’s
and the waveguide’s beam spot, shown in equation [2.19]

F(bw)
F(brr)
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2.3 Experimental Results

2.3.1 Grating Uniformity

Like the original scatterometry setup, the setup uses a 488nm wavelength laser
with a 2mm aperture as the input light. The modified scatterometry setup includes
two CCD cameras, one to detect the RO beam spot and another to detect the R1
beam spot. Due to limitations in the mounting configurations, the two cameras are
mounted 90° from each other, and therefore, the ¢ and 6 directions are different for

the RO and R1 beam images.

For the RO beam images, A6y, which results in vertical movement in the detector
plane, causes the beam spot to move up and down in the image. Conversely, A¢ro,
which results in horizontal movement in the detector plane, causes the beam spot
to move right and left in the image. For R1 beam images, Afg;, which results in
vertical movement in the detector plane, causes the beam spot to move right and left
in the image. Conversely, A¢r1, which results in horizontal movement in the detector

plane, causes the beam spot to move up and down in the image.

An example of a RO and R1 beam spot taken from the modified scatterometry

setup is illustrated in figure

Orientation

Orientation

(a) RO beam spot (b) R1 beam spot

Figure 2-4: Littrow images to be analyzed

34



2.3.2 Resolution

The single pixel illumination method requires illuminated single pixel images from
the output of the waveguide and the output of the light engine. Like line pair analysis,
the MTF at multiple field of view angles can be calculated with one image capture
if there are single pixel illuminated beam spots at different regions of the image. To
maximize the amount of beam spots that can be analyzed, a grid of single pixels are
illuminated, spaced far enough apart so that each pixel is isolated.

The system setup for images from the output of the waveguide is displayed in
figure [I-6] The system setup for images directly from the output of the light engine
is displayed in figure 2-5]

Camera
Light Engine >\
e

Figure 2-5: MTF system setup for obtaining light engine beam spot output

An example of illuminated beam spot images from the light engine and waveguide
is illustrated in figure [2-6| Figure describes br g, and figure describes by .
As expected, the beam spots from the light engine are smaller than the beam spots
from the waveguide. The wider the beam spots in the waveguide images, the lower

the expected MTF.
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(a) Light engine: grid of illuminated green single pixel beam spots

(b) Waveguide 1: grid of illuminated green single pixel beam spots

Figure 2-6: MTF images to be analyzed
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Chapter 3

Analysis

3.1 Grating Uniformity

3.1.1 Image Analysis on Experimental Results

During analysis, one set of RO and R1 images is used as the reference. For most
measurements, the RO and R1 images taken at the center of the grating area are used
as the reference images. The RO center and R1 center pixels are used as the reference
pixels and angles for analysis.

The other beam spot center pixels are compared to the reference. When mounting

the cameras, the image pixels per degree was calibrated and measured. The R0 image

has 1439 d;gge, and the R1 image has 1768 d;g;;. By comparing the center pixel values
of the current set of image to the reference image, Afgry, Adro, AbBr1, and A¢rg can
be obtained.

The local grating orientation can be calculated with equation [2.13] and the local
pitch can be calculated with equation 2.8 In addition, the local variation of pitch
and orientation is calculated with equation and The R1 detector is more
sensitive to ambient light and noise at the bottom of the detector, and therefore, the
raw background intensity increases at the bottom of the detector. This increase in

background intensity with the presence of a beam spot is shown in figure [3-Ta] With
this beam spot profile, the measured FWQM is artificially high at 1875 pixels. In

37



order to accurately measure the FWQM of the beam spot, the underlying background
intensity has to be removed. The beam spot profile after the background intensity
is removed is shown in figure [3-Ib] and with the removed background intensity, the

measured FWQM is more reasonable at 155 pixels.

16000 T T T T 12000

14000 - b 10000 - ,\
[ | 1' | Peak:877(pixel)

12000 [ ‘ \ b 8000 ‘ \ Threshold: right-left:155(pixel)
[ B

10000 - ’ | * 6000 [ ’ \‘

Peak:877(pixel) ‘4 \

8000

2000 [

I Threshold: right-left:1875(pixel) 4000 |
| \\WHMW i f \%
6000 |- | | N /
4000 ww M WW i 0 WW‘M MWMWMWV

#

2000 : 3 : 3 2000 : 3 : 3
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
(a) Rising background intensity: (b) Removed background intensity:
FWQM = 1875 pixels FWQM = 155 pixels

Figure 3-1: Effect of removing background intensity on FWQM for local variation
calculation

Uniformity and variation analysis is performed, and the analysis code produces a
text file that includes the pitch and orientation mean and local variation for every
beam spot measurement. An short snippet of an example text file produced is shown
in appendix and [A.4] The information within the text file can be used to create
a two dimensional measurement map in order to easily visualize and synthesize the

data. Examples of measurement maps to visualize the grating pitch and orientation

uniformity is shown in figure [(3-3|

3.1.2 Results

Given grating samples on a 8" wafer, analyzing only the R1 beam spot yields
results with a strong gradient shift of pitch in the Z-direction and grating orientation
in the Y-direction, shown in figure [I-8

By detecting the RO beam spot, information of the underlying sample tilt can be
measured. The « and § tilt of the sample is illustrated in figure [3-2l There is a
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gradient « tilt in the Z-direction, which corresponds to the gradient pitch measure-
ments taken from only the R1 beam spot. Similarly, there is a gradient 3 tilt in the
Y-direction, which corresponds to the gradient orientation measurements taken from

only the R1 beam spot.

Alpha (deg) Beta (deg)
100 | o Gl ‘ Son 100 & v ‘
0.05
5 B @@ e 006
() o E
£ o D oal : DB O e ]
S 0 >
A B080 -
0.0 -0.05
100 - 9 100 B B =
0 50 100 50 0 50 100
Z (mm) Z (mm)
(a) Alpha tilt (b) Beta tilt

Figure 3-2: Measured o and  sample tilt from RO

With the new analysis, the sample v and f tilt is accounted for, and the grating
uniformity measurements no longer display any gradient shift. The new uniformity

measurements are displayed in figure [3-3|

Pitch(nm) Gratings Orientation (deg)
Average:379.9831 STD:0.014365 Average:0 STD:0.0050492
Max-Min:0.076708X Max-Min:0.02§X466
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(a) Grating orientation uniformity (b) Pitch uniformity

Figure 3-3: Measured grating uniformity from RO and R1 beam spots
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The grating local variation for these measurements are shown in figure The
local variation measurements taken from only the R1 beam spot show no gradient

shift, and those taken with the new analysis also show no gradient shift.

Local pitch variation(nm) Local gratings orientation variation(deg)
Maximum:0.10491 Mean:0.087125 Maximum:0.012903 Mean:0.0048263
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(a) Local orientation variation (b) Local pitch variation

Figure 3-4: Measured grating local variation variation from R0 and R1 beam spots

3.1.3 Simulation Validation

To validate the new analysis, a model of the two camera scatterometer system
was created in LightTrans. The model, as setup in LightTrans, is composed of four
subsystems: the input light path, the sample which the light reflects from, the R1
detection path, and the RO detection path. The model, as created in LightTrans, is
shown in figure [3-5| The distances between these subsystems are shorter than that

of the physical system in order to speed up simulation.

Setup

The sample used is a waveguide with gratings. The grating period and orientation
can be specified during simulation. The waveguide substrate is 0.6mm thick with a
1.8 refractive index. Ideal gratings are used so there is only front side reflection from
the gratings, with 50% light directed to R0 and 50% light directed to R1. With ideal

gratings, backside reflection and higher diffraction orders are suppressed.
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Figure 3-5: LightTrans system path

The input light path includes a 488nm gaussian wave light source with a 2mm by
2mm diameter. The R1 detection path includes a detector of size 20mm by 20mm
placed 80mm away from the sample. The detector has a resolution of dictated by
8192% sampling points. Both the input light path and the R1 detection path are set
at the Littrow angle of the sample gratings.

The RO detection path includes a detector placed 80mm away from the sample.
Like the R1 detector, this detector is 20mm by 20mm and has a resolution dictated
by 81922 sampling points. The RO detection path is placed at the opposite but equal
angle of the R1 detection path and the input light.

An example of a system with grating period 380nm and Littrow angle 39.95° is
shown in figure An example of the R1 detector output is shown in figure [3-7
With no wafer tilt and the detectors placed at the Littrow angle, the beam spot

location should be at the center of both detectors.

Simulation and Analysis

To mimic the wafer tilt, the sample’s a and 3 angles are changed independent of
positions and angles of the other subsystems. To mimic grating non-uniformities, the
pitch and grating orientation are altered independently without affecting the original

angles of the other subsystems. For example, given an ideal grating period of 488nm
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Figure 3-7: LightTrans R1 beam spot image

42



and grating orientation of 0°, the subsystems are set at the Littrow angle, 30°. The
grating period is then swept £0.2nm, the grating orientation is swept from 0° to
0.05°, and a and ( angles are swept from 0° to 0.1°.

Grating orientation cannot be set explicitly on LightTrans. Instead, the angled
direction with which the grating orders get directed to can be set. However, this
angle is not equal to the orientation of the pitch, and the orientation of the pitch is
equal to half of the set grating order output orientation. For example, a grating order
output of 30° represents grating orientation of 15°.

Within LightTrans, the beam spot image centers can be obtained. These image

centers can then be analyzed similar to that in the physical scatterometer setup.

Results

The results from a «, [, pitch, and grating orientation parameter run with an
ideal pitch of 380 nm and orientation of 0° is attached in appendix

The analysis produces grating measurements attached in appendix [A.2] With
the analysis, the o and ( angles calculated has a maximum error of 0.004564°. The
calculated grating orientation, I', has a maximum error of 0.009408°, and the pitch,
A, has a maximum error of 0.068nm. These errors are within the allowed system’s

margin of error.

3.2 Resolution: MTF

3.2.1 Image Analysis on Experimental Results

During analysis, the beam spot grid images from the light engine and waveguide
images are analyzed. From the images, individual beam spots are cropped. The
horizontal MTF is calculated by analyzing the horizontal cross section of the beam
spot, and the vertical MTF is calculated by analyzing the vertical cross section of the
beam spot.

Analyzing beam spots at different locations in the images allows for the waveg-
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uide’s resolution at different input angles to be measured. The images taken have a
total field of view of 8° vertically and 13° horizontally. During analysis, the grids of
beam spots are separated into nine sections, which each section representing a differ-
ent input angle. For example, given a system setup with normal incidence, the nine
sections will correspond to a horizontal input angle of —3.25°, 0°, and 3.25° and a
vertical input angle of —2° 0°, and 2°.

In order to reduce mirror to mirror variation and system noise, multiple beam
spots which fits a specified intensity criteria within each of the nine beam spot image
sections are averaged. The beam spot intensity criteria and beam spot averaging are

further discussed below.

After averaging, a Fourier transform is applied to both the horizontal and vertical
beam spot cross section. Given the limited resolution of the imaging system, the beam
spot images must first be zero-padded to obtain higher resolution in the frequency
domain after Fourier transformation. After performing the Fourier transformation to
both the light engine and the waveguide beam spots, a complex division between the
waveguide and the light engine is performed, which yields the OTF. The MTF is then
calculated by taking the magnitude of the OTF.

Beam spots are not symmetrical, and an extreme example is shown in figure [3-§
The horizontal MTF is defined by both the profile of the beam fading from the center
to the left and from the center to the right. In this example, the beam fades slower
to the left than to the right, and therefore the horizontal MTF from the center to the
left (MT Fjs) will be lower than the horizontal MTF from the center to the right
(MTF,ignt). To account for this, the final horizontal MTF is the average of MT Fj.p;
and MTF,;g. Similarly, for vertical MTF, the vertical MTF from the center to the
top and the vertical MTF from the center to the bottom are averaged.

When computing the analysis using Python, the output is a list of MTF values,
and the line pair per degree with which each of the MTF value corresponds to is
defined by both the individual beam crop size and the zero-padding factor. Given a
crop size of s and a zero-padding factor of z, the length of the output MTF value list

is s % z. The list of line pairs per degree with which the MTF values correspond to is
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Figure 3-8: Non-symmetrical waveguide beam Spot

calculated in equation [3.I} A horizontal cross section of the camera’s output image

contains 4028 pixels and spans 13°, and therefore, the constant defining %ﬁi“; is %3’8.
Ippd = [1,2,3,..., 5% 2] § 4028 pixels] § l[line.pairs] (3.1)
Sk z 13 “degree” 2° pixel

Beam Spot Intensity Criteria

The intensity of the individual beam spots, after propagating through the waveg-
uide, is dependent on the waveguide’s efficiency. A waveguide with low angular uni-
formity can lead to a beam spot image grid with varying beam spot intensities.

Beam spot oversaturation in the camera will lead to a cutoff in the beam spot
profile, which affects the Fourier transform. Conversely, if the efficiency of the beam
spot is too low, a higher portion of the beam spot profile will be cutoff by the camera
sensor’s threshold. Consequently, the amount of pixels containing beam spot infor-
mation decreases, and there will not be enough information for a reliable Fourier
transformation.

Therefore, during analysis, oversaturated and extremely undersaturated beam
spots need to be ignored, and only beam spots with maximum intensities between
100

256 and

255

526 are analyzed. Given one image, there can be some angles with no beam

spots which fit the beam spot intensity criterion. In these cases, the MTF for some

angles cannot be calculated.
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Beam Spot Averaging

Performing a Fourier transform on a beam spot is highly sensitive towards noise
or fluctuations in the system. These fluctuations occur from noise spikes in the CCD
camera, DMD mirrors, and the refresh rate of the imaging system. To suppress
variations and increase reliability, beam spot images are averaged over 10 captures.
Figure |3-9| illustrates the affect of averaging over 10 captures. The graph on the left
is a cross section of three beam spots with only 1 capture per image while the graph
on the right is a cross section of three beam spots from an average of 10 captures.
The graph on the right shows a smooth intensity profile while the graph on the left

shows a more ragged intensity profile which comes from fluctuations in the system.
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Figure 3-9: Comparing beam spots from one capture and from the average of ten
captures

In addition, to further reduce mirror to mirror variation and system noise, multiple

beam spots are averaged together.

3.2.2 System Setup

In order to achieve maximum beam spot output intensities between % to %,
several system parameters can be tuned: the LED current, camera sensor gain, and

the duty cycle of the DMD mirrors.
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Camera Gain

Changing the camera’s gain controls the amplification of the signal from the cam-
era sensor, and the gain of the system can be set from 0 to 100. Gain amplifies the

whole signal, including the associated background noise.

An experiment was run to see the reliability of changing the gain in a system.
Given one wafer and a single beam spot location, the beam spot was captured at
different gains with a DMD duty cycle of 100% and a current of 200 mA. The raw
profile of the horizontal cross-section of the beam spot is shown in figure [3-10a]
Ideally, once normalized, the beam profiles will be identical, thus producing the same
MTF. However, the normalized profile of the horizontal cross-section shows that the
higher the gain, the wider the normalized beam spot, illustrated in figure [3-10b] The
gain effect on the signal is non-linear, and the gain more significantly affects lower
intensities. The change in beam spot profiles will lead the measured MTF to decrease
as the gain increases. Since the same beam spot is being measured across the different
gains, the change in MTF is artificial. Therefore, across all measurements, the same

gain factor must be used.
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Figure 3-10: Beam spot profiles at different gains
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LED Current

Changing the current of the LEDs changes the intensity of the incoming light
signal, and the currents of the system’s LEDs can be tuned from 0 to 500 mA.

An experiment was run to see the reliability of changing the current in a system.
Figure shows an individual light engine beam spot at two different currents: 200
mA and 500 mA. High currents, such as the one in figure lead to ghosting of
the pixel. The ghosting effect occurs with varying degrees for different LED currents
and color. For blue and green, the ghosting becomes visibly noticeable at currents
> 300 mA, and for red, the ghosting becomes visibly noticeable at currents > 500
mA.

(a) Current 200 (b) Current 500

Figure 3-11: Beam spots at different LED currents

For the proposed single pixel analysis, the light engine beam spot images are
assumed to be the input to the waveguide. If the currents for the light engine and
waveguide beam spot images are different, then the light engine image is no longer the
input to our waveguide. Therefore, the current across the light engine and waveguide
measurements must be constant. In order to reduce variability, the current across all
measurements, even with different waveguides, are set to be constant for each color.

The ghosting effect is non-symmetric, and with higher ghosting, the Fourier trans-
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form of the beam spot decays faster. If the light engine FF'T reaches 0, then the MTF,
defined as the waveguide’s FF'T divided by the light engine’s FFT, will approach infin-
ity. Therefore, having a high Fourier transform for the light engine is ideal. Therefore,
not only should the current be constant across all measurements, the ghosting effect

should also be minimized, which is achieved by using lower current values.

Final System Parameters

The camera’s gain and LED current of the system must be set constant across
all measurements in order to fairly compare the MTF across different waveguides.
Because of the inefficiency of waveguides, high currents and gains are preferred. How-
ever, current needs to be set low to avoid beam spot ghosting. Therefore, for green
and blue, the LEDs are set to 200 mA, and for red, the LED is set to 500 mA. The
red LED is much weaker than the blue and green LEDs, and therefore, the red LED
needs to be driven by a higher current. With these current values, the gain needs to
be set high so that the intensity of the output beam spots are in a valid range. At
gains > 25, the amplification of the background noise becomes significant, causing
"haze" in the background. This haze affects the calculated MTF. Therefore, the gain
is set safely below 25 at 20.

However, in efficient waveguides, these parameters will cause the beam spots to
oversaturate. Two methods are used to address oversaturation. The first technique is
to add neutral density filters to the optical light path, and the second technique is to
lower the duty cycle of the DMD mirrors. Adding filters lower the overall beam spots
intensities across a whole image. However, to further tune the intensities, the duty
cycle of DMD mirrors can also be changed. By lowering the duty cycle, the beam
spot intensity will also lower. The duty cycle of individual mirrors can be tuned. This
helps with angular non-uniformity, allowing for more beam spots in the beam spot

grid to be analyzed.
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3.2.3 Results

Single Waveguide Result

The averaged vertical beam spot cross sections at different input angles for a light

engine and waveguide sample are shown in figure [3-12]
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Figure 3-12: Light engine’s and waveguide’s vertical beam spot profile

The vertical MTFs of a waveguide sample at different input angles, given the
beam spot cross sections shown in figure [3-12, are illustrated in figure [3-13| For
several angles, the MTF at higher Ippd artificially rises. One extreme example occurs
with input angle (—3.25° 2°), and the MTF rises after 25 lppd. This occurs because
of the low light engine Fourier transform values at high lppd. This phenomena limits
the range of Ippd with reliable MTF measurements, and with the current results, the
range for reliable MTF measurements is 0 to 20 Ippd.

The averaged MTF across all FOV angles calculated using the single pixel illu-
mination method is compared to the averaged MTF calcualted using the line pair
method. A table with the MTF values at lppd 11.57, 5.78, and 3.86 are shown in
table [3.1, With this example, the maximum error between the two methods is < 5%,

which occurs at 11.57 lppd.
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Figure 3-13: Light engine and waveguide Fourier transform and corresponding MTF
for beam spot profiles in figure [3-12]

Ippd | Single Pixel Illumination MTF | Line Pair MTF
3.86 | 0.924393 0.926581

5.78 | 0.853135 0.835765

11.57 | 0.631428 0.66241

Table 3.1: MTF comparison between line pair and single pixel illumination method
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Waveguide Comparisons

When using the set system parameters, MTF results from different waveguides can
be fairly compared, and the MTF of four different sample waveguides illuminated with
green beam spots are compared in figure |3-15| To easily compare MTF efficiencies
across different waveguides, the MTF curves for multiple input angles are averaged.

Examples of an individual beam spot in the beam spot grid array for each of the
four samples are shown in figure [3-14D] [3-14d 3-14d] and [3-14¢] An example of the
light engine beam spot is shown in figure Given the full beam spot grid, the

analysis produces MTF results shown in [3-15|

Sample 3 shows the biggest beam spot, indicating that this waveguide’s point
spread function is the widest. Therefore, the MTF of this sample is the lowest,
demonstrated in the green in figure[3-15] In addition, all sample beam spots showcase
an ovular shape, with the beam spot longer in the vertical than in the horizontal
direction. Therefore, the vertical MTF is consistently worse than the horizontal MTF.
In figure 3-15] the vertical MTF is represented as dashed lines while the horizontal
MTF is represented as solid lines, and the dashed lines are consistently lower than

the solid ones.
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Figure 3-14: Individual beam spots from light engine and measured samples
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Chapter 4

Discussion

In this chapter, the limitations of the two new analysis methods for grating uni-
formity and waveguide resolution measurements will be discussed. Further work to

extend the application and reliability of both analysis methods will be explored.

4.1 Grating Uniformity

4.1.1 Limitations

Camera Alignment Sensitivity

The analysis requires the ability to decouple horizontal and vertical beam move-
ment. In the current analysis, the horizontal and vertical beam movement, which we
can define as the X’-Y’ coordinate system, is assumed to be aligned with the CCD
camera’s X-Y coordinate system, and therefore, accurate CCD camera rotational
alignment is crucial.

The CCD camera rotational alignment is set during system calibration. During
calibration, a grating sample is placed on the stage, and both RO and R1 CCD camera
arms are set to 7, (the input angle will also be set at 61). The input angle will then
be stepped from 6 — 2° to 0, + 2°. While stepping through the angles, the RO and
R1 rotational alignments are continuously adjusted until the beam spot only moves

along one axis during input angle rotation. In the R1 CCD image, the beam spot
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should move horizontally, and in the RO CCD image, the beam spot should move
vertically.

However, between calibrations, the camera’s rotational alignment will drift. There-
fore, the beam movement’s X’-Y’ coordinate system will drift away from the image’s
X-Y coordinate system. Consequently, the ability to decouple the horizontal and
vertical beam spot movement also decreases, degrading the measurement’s reliability.

This problem can be addressed by taking one additional set of beam spot images.
At the beginning of each measurement run, an additional RO and R1 image where the
input light source is rotated slightly off of 6, such as 6, + 0.5°, should be captured.
It is essential that the stage’s Z-position is set so that the sample gratings are placed
at the center of the rotating arms. Therefore, the beam spot area being measured
at the two input angles, 6, and 6, + 0.5°, are identical. Afterwards, the input angle
must be set back to 8, before continuing with the measurement run. By comparing
the beam spot positions of one grating area at input angle 6y, and 6, + 0.5° will allow
the analysis to properly define the X’-Y’ coordinate system to decouple horizontal
and vertical beam movement. Therefore, the measurements can still be reliable even

after the CCD camera’s rotational alignment drift.

Beam Spot Interference Bands

There are multiple ray paths for the RO and R1 diffraction orders. The first is
reflection from the top side of the grating sample. The second is reflection from the
bottom of the sample. When first interacting with the top side of the grating sample,
some light continues to transmit through the grating and is then internally reflected
within the substrate. Once these light rays hit the gratings, the rays will diffract
back to the RO or R1 camera. Ray paths demonstrating reflection from the top and
bottom of the grating sample is shown in figure [4-1|

The differences between the light paths are given by the refractive index and
thickness of the waveguide substrate, and with some waveguide samples, interference
can occur resulting in constructive or destructive interference bands in the RO and

R1 beam spot. Figure illustrates two examples of RO beam spot with destructive
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Figure 4-1: Ray paths for RO and R1 with front-side and back-side reflection

interference. Interference bands changes the beam spot profile and analyzed beam

spot center, which negatively affects the measurements.

a) Example 1 b) Example 2

Figure 4-2: RO beam interference examples

Two techniques can be applied to address the interference bands within the beam
spot. The first technique is to increase the exposure of the camera, allowing for the
image to oversaturate. The second is to post-process the beam spots with blurring
and dilation. By reducing the affect of interference bands, these two techniques help
with accurate beam spot center detection.

For the RO beam spot, only the center of the beam spot is needed for analysis.
Therefore, these two techniques can be applied to the RO beam spots.

For the R1 beam spot, both the center and FWQM need to be measured in
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analysis. The first technique of over-saturating changes the beam spot profile; the
FWQM increases, causing the local variation to also artificially increase. Similarly, the
second technique of blurring and dilation will also change the beam spot profile and
increase the beam profile’s FWQM. Therefore, the two techniques cannot be applied
to the R1 beam spot. Further methods need to be explored to reduce the affect of

beam spot interference bands while still allowing for local variation measurements.

4.1.2 Further Work

Analyzing Beam Spot Intensity

In the R1 CCD camera, the beam spot intensity represents the local R1 efficiency.
R1 efficiency is affected by grating parameters such as pitch, fin height, and duty
cycle.

When measuring a grating sample area with uniform pitch and given constant
camera settings such as exposure and gain, locations where beam spot intensity sig-
nificantly increases or decreases indicates boundaries where grating parameters such

as fin height or duty cycle changes.

4.2 Resolution

4.2.1 Limitations
Low Efficiency Waveguides

The camera’s gain and LED currents are set constant across all measurements.
Given a waveguide with high efficiency, the duty cycle of the DMD mirrors can be
changed to lower the output beam spot intensity. However, given a waveguide with
low efficiency, the gains and LED currents cannot be increased to raise the output
beam spot intensity. Therefore, the MTF of low efficiency waveguides cannot be
measured.

Given a more stable light engine where raising the LED currents will not lead
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to higher beam spot ghosting, the LED currents can be increased, allowing for more

samples to be measured.

Chromatic Aberration

Both the light engine and the imaging lens display chromatic aberrations.

This is shown from line pair MTF measurements taken directly from the light
engine. Figure [I-3] shows line pair images from a system focused to green. In this
example, the pixilation is most prominent in the green line pair image because of the
focus, and the blue and red line pair images are less pixilated. The more focused the
system, the higher the MTF, and the MTF, measured using the line pair technique,
of all three colors given this focus is shown in figure [{-5a] As expected, the green
MTF is higher than both the red and blue MTF.

Conversely, an example where the system is focused to blue is shown in figure [4-4]
In this example, the pixilation is most prominent in the blue line pair image, and the
pixilation decreases in green and further decreases in red. The MTF for this system
is shown in figure [4-5b The MTF of blue is the highest, followed by the green MTF
and then the red MTF.

(a) Red (b) Green- o (c) Blue

Figure 4-3: Green focused line pair images

Given the current analysis method, it is important for the camera to be focused.
A poorly focused camera will lead to a light engine Fourier transform which decays
more sharply, thus decreasing the usable Ippd range of the calculated MTF. Figure
[4-6) shows the calculated MTF from one camera lens focus. In this example, the lens

is focused to the red, and the lens is least focused to the blue. Consequently, the
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Figure 4-5: Line pair MTF for systems focused to green and to blue
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usable lppd range for red is approximately 0 to 30 lppd. The usable lppd range for
green decreases to approximately 0 to 20 Ippd, and the usable lppd range for blue
further decreases to approximately 0 to 10 lppd.

MTF
1.0 \
0.8
0.6 -
L
0.4
0.2 -
— Red
— Green
= Blue
DC' T T T T T
0 5 10 15 20 25 30
|ppd

Figure 4-6: Red focused single pixel illumination MTF

Therefore, the focus of the camera must be changed to compensate for chromatic
aberration. However, constantly focusing the camera adds extra variability between
measurements, which decreases the reliability and reproducibility of the measure-

ments.

Entrance Light Aperture Size

The focus of the light engine system is 12mm, so the waveguide is placed at
the focal plane to ensure the sharpest image gets propagated into the waveguide.
However, with the current setup, the illuminated image spot (after focusing) and the

1C’s size are not matched.
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If the incoming image is bigger than the IC, some light will be illuminated to the
EPE. However, this is not expected to affect the MTF as the light reaching the EPE
should not be coupled into the waveguide. In addition, an aperture can be added
between the light engine and the waveguide’s IC, thus limiting the incoming image
size to match the IC.

During waveguide design, the IC’s size is set so that the entirety of the EPE and
the OC can be utilized. When the incoming image is smaller than the IC, the entire
IC is not illuminated and the entirety of the EPE and OC will not be utilized. This
can lead to lower angular and spatial uniformity in the output image, and this can

also affect the measured MTF.

4.2.2 Further Work
Multiple Eye Box Measurements

The current setup only measures one eye box in the out-coupler. The size of the eye
box measured is defined by the distance of the camera from the out-coupler. Every
user will use a different eye box in the out-coupler, given the user’s interpupillary
distance, face shape, and more. Therefore, the MTF for the entire out-coupler region
needs to be measured.

There are two methods that can be used to measure the MTF from the entire out-
coupler region. The first is to move the camera further away from the out-coupler.
The second is to motorize the camera’s position, allowing for efficient eye-box MTF

scan given one in-coupler alignment and input angle alignment.

Pattern Creation with Reticles

The current system, which employs the DMD mirrors for pattern creation, allows
for line pair analysis at low frequencies, < 11.57 lppd. However, the system does not
allow for reliable slant edge method because of low DMD fill factor and resolution,
causing pixalation.

One way to enable both slant edge and line pair analysis with the current system

62



is to replace the DMD mirrors with reticles. To best fit with the light engine sys-
tem, positive reticles should be used, and in positive reticles, highly-reflective chrome
patterns placed on clear substrates are front illuminated.

In addition, when creating the reticles, line pairs with frequency greater than 11.57
lppd can be created, increasing the robustness of the line pair method.

An example of a reticle which allows for both slant edge and line pair MTF method
is shown in figure @I and can be purchased through Thorlabs |]§[]

18 LP-NN 28 LP-sNN

v+

Figure 4-7: L-shaped 5° slant edge and ronchi rulings MTF reticle with four cross
patterns for alignment [@I
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Chapter 5

Conclusion

The goal of this thesis was to build reliable measurement systems to qualify manu-
factured waveguides. For this thesis, two measurement systems were developed. The
first system measures grating uniformity across large grating regions designed with
uniform grating pitch and orientation. The second system measures the resolution of

a waveguide’s output image.

5.1 Achievements

5.1.1 Grating Uniformity

The original scatterometer set in Littrow configuration used to measure pitch and
orientation mean uniformity and local variation only captures the first diffraction
order, R1. This setup was unable to measure grating pitch and orientation on large
sample sizes due to sample tilt from a non-balanced stage.

A second camera which simultaneously captures the zeroth refractive order, RO,
was added to the system. By doing so, the system is enabled to accurately measure
grating pitch and orientation mean uniformity, even with large sample sizes. However,
the current system still suffers from beam interference, creating constructive and de-
structive interference bands in the imaged beam spots. Consequently, the system and

analysis needs to be further developed and refined to enable accurate local variation
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measurement.

Scatterometers set in Littrow configuration are commonly used to measure grating
pitch, and the main innovation with this thesis’ scatterometer system is speed. In
most scatterometers, the angle of the arm with which the R1 detector is mounted
onto is used to calculate local grating pitch mean. Therefore, across a grating area,
for every new beam spot, the arm angle is continuously rotated until the beam spot
directly hits the center of a detector. Not only is this time consuming, it also requires
precise readings of arm angle. The measurement setup and analysis used in the thesis
eliminates the need to constantly rotate the arm angle for every measurement in the
grating area, significantly reducing measurement time. Instead, the setup analyzes
the beam spot movement in the CCD images to measure grating pitch and orientation.
In addition, the RO and R1 beam spots are captured simultaneously, and therefore,

the new addition of capturing the RO beam spot does not increase measurement time.

5.1.2 Resolution

The original resolution measurement system uses line pair and slant edge methods
to measure a waveguide’s MTF. The problems with the system stem from the DMD
mirrors, and therefore, commercial MTF measuring system use reticles for pattern
creation. However, using DMD mirrors for pattern creation is worth pursuing be-
cause display systems in AR light engines also create images using pixels. Therefore,
measuring resolution with DMD mirrors rather than reticles more accurately mimic
real AR machines. In addition, DMD mirrors, as compared to reticles, are cheaper
and more flexible which allows for multiple test patterns to be simply and quickly
created without having to physically change any components in the system. Multi-
color patterns can also be created using DMD mirrors, allowing for the possibility of
measuring the resolution of all three colors with one image.

In the thesis, a new method is proposed to analyze MTF by only illuminating
individual pixels in the DMD mirror. This single pixel illumination method yields
promising results, and the MTF measurements roughly align with those taken using

the line pair method. Using this method, MTF at higher lppd can be calculated,
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and multiple input angle measurements can be obtained from one captured image.
However, the MTF at 30 Ippd can not be calculated, and instead, the MTF can only
be calculated to roughly 20 Ippd.

The major disadvantage of this method is its sensitivity to lens focus, and a poorly
focused system reduces the range of Ippd that the MTF can be reliably measured.
Due to the chromatic aberration in both the light engine and the image lens, the
focus of the camera lens needs to be manually focused when measuring the MTF at
different colors. There is no automatic method to focus the camera lens, and the
focus is done manually by eye. Therefore, the reproducibility of the measurements
are low, and the system and analysis needs to be improved to decrease the method’s

sensitivity to lens focus.

5.2 Further work

One main goal for measuring waveguide resolution was to study the correlation
between grating uniformity and resolution. However, due to limitations in time and
in the available waveguides available for measurement, a correlation between grating
uniformity and resolution could not be determined. Based on preliminary analysis,
there is a trend of higher resolution values with waveguides with more uniform grat-
ings. However, this trend is weak and does not apply to all waveguides measured.
Upon further exploration, it appears that factors other than grating uniformity also
significantly affect waveguide resolution.

Not only does grating uniformity affect waveguide resolutions, other factors such
as substrate thickness and haze, refractive index matching between the grating fins
and substrate, and additional grating coatings also affect resolution. In the waveguide
samples measured for the thesis, these variables are not controlled, and therefore the
relationship between waveguide resolution and grating uniformity cannot be explored.

In order to further explore the relationship between resolution and grating uni-
formity, more waveguide samples with varying grating uniformity control need to be

manufactured. In addition, understanding of how other factors affect the resolution
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needs to be explored.
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Appendix A

Tables
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System Parameter Input

LightTrans Output

Afnm] | T[] | o [?] | B[] | Xno [wm] | Yro [pm] | Xp [pm] | Yii [pm]
379.8 0 0 0 1.2207 1.2207 -24.414 0
379.8 0 0.1 0 106.2 1.2207 258.79 0
379.8 0 0 0.1 1.2207 81.787 -24.414 217.29
379.8 0 0.1 0.1 106.2 81.787 258.79 219.73
379.8 0.05 | 0 0 1.2207 1.2207 -24.414 173.34
379.8 0.05 | 0.1 0 106.2 1.2207 258.79 173.34
379.8 0.05 | 0 0.1 1.2207 81.787 -24.414 393.07
379.8 0.05 | 0.1 0.1 106.2 81.787 258.79 390.63
380 0 0 0 1.2207 1.2207 26.855 0

380 0 0.1 0 106.2 1.2207 314.94 0

380 0 0 0.1 1.2207 81.787 26.855 217.29
380 0 0.1 0.1 106.2 81.787 312.5 219.73
380 0.05 | 0 0 1.2207 1.2207 26.855 173.34
380 0.05 | 0.1 0 106.2 1.2207 173.34 173.34
380 0.05 | 0 0.1 1.2207 81.787 24.414 393.07
380 0.05 | 0.1 0.1 106.2 81.787 312.5 395.51
380.2 0 0 0 1.2207 1.2207 95.215 0
380.2 0 0.1 0 106.2 1.2207 371.09 0
380.2 0 0 0.1 1.2207 81.787 95.215 217.29
380.2 0 0.1 0.1 106.2 81.787 371.09 219.73
380.2 0.05 | 0 0 1.2207 1.2207 95.215 173.34
380.2 0.05 | 0.1 0 106.2 1.2207 371.09 173.34
380.2 0.05 | 0 0.1 1.2207 81.787 95.215 397.95
380.2 0.05 | 0.1 0.1 106.2 81.787 371.09 393.07

Table A.1: LightTrans output with ideal A = 380nm and I' = 0°
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System Parameter Input

Analysis Output

Afpm] | TP | ]| BT | A[nm] I [ a[7] s
379.8 0 0 0 379.864761 | 0 0 0

379.8 0 01 |0 379.856907 | 0 0.095436 | 0

379.8 0 0 0.1 379.864761 | -0.000812 | 0 0.09554
379.8 0 0.1 |0.1 379.856907 | 0.000001 | 0.095436 | 0.09554
379.8 0.05 |0 0 379.864761 | 0.05778 0 0

379.8 0.05 101 |0 379.856907 | 0.05778 0.095436 | 0

379.8 0.05 |10 0.1 379.864761 | 0.057781 | 0 0.09554
379.8 005101 |01 379.856907 | 0.056968 | 0.095436 | 0.09554
380 0 0 0 380 0 0 0

380 0 01 |0 380.005226 | 0 0.095436 | 0

380 0 0 0.1 380 -0.000812 | 0 0.09554
380 0 0.1 |0.1 379.998777 | 0.000001 | 0.095436 | 0.09554
380 0.05 |0 0 380 0.05778 0 0

380 0.05 101 |0 379.932 0.05778 0.095436 | 0

380 0.05 | 0 0.1 379.993557 | 0.057781 | 0 0.09554
380 0.05 101 |0.1 379.998777 | 0.058595 | 0.095436 | 0.09554
380.2 0 0 0 380.180578 | 0 0 0

380.2 0 01 |0 380.153742 | 0 0.095436 | 0

380.2 0 0 0.1 380.180578 | -0.000812 | 0 0.09554
380.2 0 0.1 |0.1 380.153742 | 0.000001 | 0.095436 | 0.09554
380.2 0.05 | 0 0 380.180578 | 0.05778 0 0

380.2 005101 |0 380.153742 | 0.05778 0.095436 | 0

380.2 0.05 |0 0.1 380.180578 | 0.059408 | 0 0.09554
380.2 0.05 101 |01 380.153742 | 0.057781 | 0.095436 | 0.09554

Table A.2: Analysis from LightTrans output shown in
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Coordinate | Pixel Values

X Y (bpeak: <I>left (I)right ®peak @left @right
-62 | -108 773 712 | 826 859 808 | 917
-62 | -102 763 707 | 819 860 807 | 920
-62 | -96 756 699 | 813 859 807 | 917
-56 | -108 772 713 | 825 872 816 | 928
-56 | -102 764 706 | 822 873 816 | 929
-56 | -96 760 701 | 817 873 814 | 930
-50 | -108 773 712 | 830 875 822 | 935
-50 | -102 770 707 | 823 877 823 | 938
-00 | -96 757 700 | 812 876 826 | 936
-6 -108 7T 722 | 837 943 885 | 1003
-6 -102 773 715 | 830 944 893 | 1004
-6 -96 765 704 | 823 951 890 | 1009
0 -108 778 724 | 838 951 898 | 1012
0 -102 774 713 | 833 960 901 | 1017
0 -96 764 705 | 821 962 903 | 1020
6

6

6

-108 778 725 | 842 963 907 | 1024
-102 775 716 | 835 971 911 | 1026
-96 768 706 | 826 976 914 | 1028
50 -102 771 712 | 830 1055 | 998 | 1115
20 -96 760 700 | 816 1059 | 996 | 1112
o6 -108 779 720 | 839 1072 | 1012 | 1130
o6 -102 770 708 | 826 1067 | 1009 | 1125
56 -96 759 | 695 | 817 1068 | 1002 | 1123
62 -108 74 | 716 | 834 1071 | 1018 | 1135
62 -102 766 705 | 824 1067 | 1015 | 1132
62 -96 748 | 691 | 809 1068 | 1011 | 1127
-118 | -57 665 | 602 | 725 799 742 | 860
-118 | -51 656 | 592 | 713 799 743 | 863
-118 | -45 640 | 577 | 702 800 747 | 864
-112 | -57 665 | 606 | 726 799 745 | 861
-112 | -51 656 | 596 | 715 800 747 | 865
-112 | -45 639 | 579 | 702 812 751 | 867
-106 | -57 673 | 609 | 730 812 747 | 865
-106 | -51 660 | 597 | 718 820 752 | 868
-106 | -45 641 o982 | 704 820 755 | 871
-62 | -57 674 | 611 | 734 855 795 | 913
-62 | -51 661 995 | 719 855 794 | 911
-62 | -45 636 | 580 | 701 855 792 | 909
-56 | -57 675 | 612 | 732 859 805 | 920

Table A.3: Part 1: Sample Matlab output from a measurement run
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Coordinate | I' [°] A [nm)] System tilt [°]

X Y Mean FWQM Mean FWQM 15} Q@

-62 | -108 0.010507 | -0.007097 | 379.975191 | -0.104912 | 0.086682 | 0.022258
-62 | -102 0.00658 | -0.008387 | 379.975995 | -0.094674 | 0.08542 | 0.021935
-62 | -96 0.006272 | -0.007097 | 379.978549 | -0.102354 | 0.083316 | 0.021935
-56 | -108 | 0.009862 | -0.008387 | 379.962138 | -0.097214 | 0.086682 | 0.020323
-56 | -102 0.007225 | -0.005806 | 379.959584 | -0.094655 | 0.08542 | 0.020323
-56 | -96 0.008011 | -0.005806 | 379.959584 | -0.086981 | 0.083736 | 0.020323
-50 | -108 0.010507 | -0.004516 | 379.977977 | -0.094642 | 0.086682 | 0.018065
-50 | -102 0.011096 | -0.005806 | 379.976227 | -0.089522 | 0.08542 | 0.017742
-50 | -96 0.006917 | -0.008387 | 379.978781 | -0.10231 | 0.083316 | 0.017742
-6 -108 | 0.007197 | -0.006452 | 379.982264 | -0.08173 | 0.089627 | 0.000968
-6 -102 0.009666 | -0.006452 | 379.989783 | -0.099598 | 0.087103 | 0

-6 -96 0.008712 | -0.003871 | 379.975264 | -0.079166 | 0.084999 | -0.000323
0 -108 0.005317 | -0.007097 | 379.985336 | -0.091923 | 0.09089 | -0.00129

0 -102 0.007786 | -0.003226 | 379.975782 | -0.086808 | 0.088365 | -0.002581
0 -96 0.008909 | -0.005806 | 379.974031 | -0.08425 | 0.084578 | -0.002903
6 -108 | 0.003634 | -0.005161 | 379.984908 | -0.084243 | 0.091731 | -0.004194
6 -102 | 0.006748 | -0.003871 | 379.974549 | -0.089342 | 0.089207 | -0.005161
6 -96 0.009806 | -0.003226 | 379.965139 | -0.091889 | 0.08542 | -0.005484
20 -102 0.004167 | -0.004516 | 379.991695 | -0.084067 | 0.089207 | -0.027419
20 -96 0.00717 | -0.005806 | 379.978122 | -0.08662 | 0.084157 | -0.027097
o6 -108 0.005962 | -0.003871 | 379.98857 | -0.081493 | 0.09089 | -0.03129

o6 -102 0.006047 | -0.004516 | 379.991267 | -0.086594 | 0.087944 | -0.030323
56 | -96 0.008208 | -0.001935 | 379.971925 | -0.073867 | 0.083316 | -0.02871

62 | -108 | 0.005261 | -0.004516 | 380.007914 | -0.084029 | 0.089627 | -0.032903
62 -102 0.005149 | -0.003871 | 380.011416 | -0.084035 | 0.087103 | -0.032258
62 -96 0.003635 | -0.004516 | 379.995428 | -0.08659 | 0.082053 | -0.030968
-118 | -57 0.005631 | -0.00129 | 379.973976 | -0.081998 | 0.054281 | 0.037097
-118 | -51 0.006557 | -0.002581 | 379.977334 | -0.076869 | 0.050915 | 0.036774
-118 | -45 0.00465 | O 379.981495 | -0.084552 | 0.046707 | 0.036129
-112 | -57 0.005631 | -0.003226 | 379.977334 | -0.087119 | 0.054281 | 0.036774
-112 | -51 0.006557 | -0.003871 | 379.978137 | -0.081988 | 0.050915 | 0.036452
-112 | -45 0.003163 | -0.00129 | 379.954209 | -0.087107 | 0.047128 | 0.035806
-106 | -57 0.008268 | -0.002581 | 379.950853 | -0.081988 | 0.055544 | 0.036129
-106 | -51 0.007455 | -0.002581 | 379.943854 | -0.087105 | 0.051757 | 0.034839
-106 | -45 0.004454 | -0.001935 | 379.947211 | -0.087099 | 0.047128 | 0.034516
-62 | -57 0.008071 | -0.00129 | 379.965263 | -0.081898 | 0.055964 | 0.024194
-62 | -51 0.0081 -0.000645 | 379.961906 | -0.084461 | 0.051757 | 0.024516
-62 | -45 0.003753 | -0.002581 | 379.961906 | -0.084465 | 0.045866 | 0.024516
-56 | -57 0.010399 | -0.003226 | 379.975191 | -0.089559 | 0.055123 | 0.022258

Table A.4: Part 2: Sample Matlab output from a measurement run

73




74



Bibliography

[

13l

4]

[5]

(6]

Rokid, Understanding wavegquide: The key technology for augmented reality near-
eye display (part ii), Sep. 2019. [Online|. Available: https://arvrjourney.com/
understanding-waveguide-the-key-technology-for-augmented-reality-
near-eye-display-part-ii-fed4bf3490fa, (accessed: 08.01.2020).

D. Apostol, C. Udrea, F. Garoi, T. Vasile, and P. Logofatu, “High diffraction
order grating interferometer for pitch measurement,” Optical Engineering - OPT
ENG, vol. 50, Oct. 2011. po1: 10.1117/1.3633332.

D. Apostol, P. Logofatu, S. Florea, V. Damian, I. Iordache, and M. Bojan, “Ac-
curate calibration of grating pitch,” Journal of Optoelectronics and Advanced
Materials, vol. 10, pp. 352-355, Feb. 2008.

Digital micromirror devices enable dynamic stage lighting, Sep. 2018. [Online].
Available: https://www.ledsmagazine.com/leds-ssl-design/microcontrollers/
article/16695785/digital-micromirror-devices-enable-dynamic-stage-
lighting-magazine, (accessed: 01.25.2020).

R. D. Fiete and B. D. Paul, “Modeling the optical transfer function in the imaging
chain,” Optical Engineering, vol. 53, no. 8, pp. 1-29, 2014. por1: 10.1117/1.0E.
53.8.083103. |Online|. Available: https://doi.org/10.1117/1.0E.53.8.
083103l

Slant edge mtf target, 2019. |Online|. Available: https://www. thorlabs.com/
newgrouppage9.cfm?objectgroup_id=7500, (accessed: 12.20.2019).

1)


https://arvrjourney.com/understanding-waveguide-the-key-technology-for-augmented-reality-near-eye-display-part-ii-fe4bf3490fa
https://arvrjourney.com/understanding-waveguide-the-key-technology-for-augmented-reality-near-eye-display-part-ii-fe4bf3490fa
https://arvrjourney.com/understanding-waveguide-the-key-technology-for-augmented-reality-near-eye-display-part-ii-fe4bf3490fa
https://doi.org/10.1117/1.3633332
https://www.ledsmagazine.com/leds-ssl-design/microcontrollers/article/16695785/digital-micromirror-devices-enable-dynamic-stage-lighting-magazine
https://www.ledsmagazine.com/leds-ssl-design/microcontrollers/article/16695785/digital-micromirror-devices-enable-dynamic-stage-lighting-magazine
https://www.ledsmagazine.com/leds-ssl-design/microcontrollers/article/16695785/digital-micromirror-devices-enable-dynamic-stage-lighting-magazine
https://doi.org/10.1117/1.OE.53.8.083103
https://doi.org/10.1117/1.OE.53.8.083103
https://doi.org/10.1117/1.OE.53.8.083103
https://doi.org/10.1117/1.OE.53.8.083103
https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=7500
https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=7500

	Introduction
	Motivation
	Grating Characterization
	Resolution

	Prior Methods
	Grating Uniformity: Scatterometry
	Resolution: Modulation Transfer Function

	Problems
	Grating Uniformity: Sample Tilt
	Resolution: DMD Mirror Pixel Resolution


	Approach
	Grating Uniformity: R0 Detection
	Angle and Coordinate System Definition
	Effect of Sample Tilt on R0
	Pitch Calculation
	Grating Orientation Calculation
	Local Variation Calculation

	Resolution: Single Pixel Illumination
	Experimental Results
	Grating Uniformity
	Resolution


	Analysis
	Grating Uniformity
	Image Analysis on Experimental Results
	Results
	Simulation Validation

	Resolution: MTF
	Image Analysis on Experimental Results
	System Setup
	Results


	Discussion
	Grating Uniformity
	Limitations
	Further Work

	Resolution
	Limitations
	Further Work


	Conclusion
	Achievements
	Grating Uniformity
	Resolution

	Further work

	Tables

