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ABSTRACT

P

anoimprinting of surface-relief grating-based waveguides has the potential to result in the best performing Augmented Reality
\R) smart glasses, but there are still many challenges in the design, scaling, and reproducibility of these imprinted waveguides.
e presented a promising path toward mass manufacturing of optical waveguide combiners via large-area nanoimprinting
PIE AR/VR/MR 2022. This alternative route for manufacturing surface-relief gratings on a larger area generated muc
lterest.
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his follow-up paper presents a further optimized design based on the lessons learned from the previous paper, with a particulg
ocus on quality. The complete value chain with partners is involved throughout the process of this iterative update: fro
psign, mastering, and materials to imprinting and metrology, to prove that this method improves not only the manufacturin
Hroughput but also the waveguide quality. We demonstrate that both the replication and image quality is true to the intende
esign using large area, high refractive index (1.9 RI), square (300 x 300mm) glass substrates with high refractive index resin
(1.9 RI). Our objective is to further establish this new approach towards high-volume and low-cost manufacturing @
aveguides based on surface relief gratings as a viable path forward for enabling the Metaverse.
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1. Introduction

>
®

t SPIE 2022, we introduced a disruptive new approach for high-volume manufacturing of AR waveguides [1]. Despite th
veruse of the term ‘metaverse’ and some challenges with the adoption of AR glasses in 2022, it’s clear that Augmented Reality
g here to stay.

o <

t CES 2023, AR was prevalent, being used to showcase products by companies in a range of industries, such as beauty and
bsmetics companies like L'Oreéal, as well as immersive experiences by film makers like M. Night Shyamalan. Additionally,
tomotive companies like Volkswagen featured AR-based Head-up-Displays (HUD) in their vehicles. Consumer electronids
bmpanies like TCL, Vuzix, Sony, HTC, and Canon have also demonstrated their commitment to AR glasses by announcing
ew products in their AR/VR portfolio. This growing market interest has only solidified our resolve as a consortium gf
bmpanies to continue exploring the potential of high-volume and low-cost manufacturing of waveguides based on surface
glief gratings.
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[72]

i this paper, we focused primarily on quality. We aimed to demonstrate the replication fidelity and image quality data acros
He large GEN5-size format, as well as reproducibility over time, by taking more measurements on a larger number of samples.
dditionally, we were able to improve quantity by producing 270 waveguides per imprint cycle on a Gen5-size (1100 x 130
m) substrate by tiling 9 individual 300 x 300mm size, 1.9 refractive index glasses. Together, quality and quantity are require
q meet the potential mass-market demand for cost-effective AR waveguides.

—

>
(=]

=
o

—

We have come together as a consortium of companies to showcase the entire manufacturing process, from design to mastering
q nanoimprinting to characterization, using the appropriate materials for large area manufacturing of optical waveguides with
urface relief gratings and replication on an array of glass substrates. Our objective is not to present the best performing, mogt
d
|

wn

efficient, or smallest form factor AR optical waveguide solution. Instead, we aim to illustrate that an alternative, end-to-en
anufacturing path is already available and capable of producing high-quality products, and is necessary to meet the potentia
mass-market demand for cost-effective AR waveguides.
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stefan.steiner@lighttrans.com

2. Mass manufacturing of optical waveguide combiners via large-area nanoimprinting

2.1.  Waveguide optics design by LightTrans International

s starting point for the design of the waveguide of the demonstrator, a well-known and understood basic layout was chosen:
so-called 1D-1D pupil expansion, which typically consists of three different grating regions (incoupler, exit pupil expandef,
nd outcoupler, see Figure 1). As the name already implies, this particular approach is based on the separation of the directions
F the pupil expansion into two different grating regions. While a uniformly distributed expansion of the light of the desired
eld of View (FoV) and the efficient transport of the light from incoupler to the demanded eye box are the main challenges gf
ery waveguide design, in this approach the actual pupil expander grating is designed to multiply the pupil just in x-direction
nd the outcoupler likewise for the y-direction (see Figure 1). This separation of the pupil expansion allows for the utilizatiop
F 1D-periodic (so-called lamellar) grating structures for all mentioned grating regions, which enable a simpler design procegs
nd feasible and cost-efficient manufacturing as well. While this separation is the main advantage of this approach, it comes gt
He price of a limited maximum FoV. A larger angular spectrum of the light will require an increased extension of the expanding
fating region, and results in higher demands on the grating characteristics in order to achieve an acceptable uniformity.
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Figure 1: Top view of lateral layout of the designed waveguide. The orientations of the grating lines are indicated in green.

fter choosing a general design layout, its parameters, i.e., extension and shapes of the grating regions, as well as the requirep
stances, can be calculated by geometrical considerations regarding the desired extent and position of the resulting eyebox.
Dr this particular design task, the physical-optics software “VirtualLab Fusion” was used, which provides versatile tools fq
He design and analysis of such layouts and other complex waveguide systems. In the following step, the required gratin
eriods can be determined according to the used wavelength, the refractive index of the substrate, and the desired FoV. In th
ork, we are showing an exemplary design for 533nm (with a gaussian spectrum and a bandwidth of 60nm) in combinatio
ith the desired FoV of 35°x18°. Taking into account the refractive index of the utilized glass substrate at 533nm (Scho
calView 1.9, thickness: 1mm), the grating periods were designed to 415nm for incoupler and outcoupler, and 293.45nm fo
fe expansion grating. The latter value already includes the rotation of the grating lines by 45° in the plane of the substrat
urface. For choosing a proper lateral extent of the outcoupler the desired size of the eyebox (15mm x8mm) and eye-relie
Jmm) have to be considered (see Figure 1).
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fter setting proper extensions of all grating areas, the design of the specific grating structures was performed. For th
ricoupler, a blazed grating structure was chosen in order to enable a higher incoupling efficiency of the intended diffractio
der (T+1), due to the asymmetry of the structure. The expansion and outcouple grating were equipped with binary gratings
which provide a good trade-off between optical performance and feasible manufacturing. As for the grating material, a hig
r¢fractive index resin was applied (Pixelligent PixNIL SFT1, n=1.88 @ 533nm), which almost matches the index of th
Ubstrate and assures appropriately performing gratings.
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In order to achieve a suitable optical performance, which usually means a good lateral and angular uniformity in combinatio|
with an adequate efficiency of the whole device, the diffraction efficiency in EPE (Exit Pupil Expander) and outcoupler mus
be controlled via a lateral variation of the grating parameters. For this purpose, smooth modulations of grating height and ridg
wiidth (respectively fill factor) were introduced for EPE and outcoupler. Regarding the desired direction of pupil expansion fg
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D

eqch grating region, the modulation was configured horizontally (x-direction) for the EPE and vertically (y-direction) for th
itcoupler (see Figure 2) with a linear slope. This linear and continuous modulation allows for a distinct reduction of the fre
prameters in the optimization, while not limiting the optical performance considerably.
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Figure 2: Depiction of modulation of grating parameters in EPE and outcoupler with results obtained by parametric optimization

In the next step, a parametric optimization was applied to determine the optimal set of parameters of the grating structures
ggarding the desired merit. The following parameters were varied during this step: blaze angle of incoupler, height, and ridge
width for EPE and outcoupler. As for the merit function, the lateral uniformity and efficiency were evaluated for 5 modgs
|
r
X

—

inside the desired FoV (central mode and one of each FoV quadrant (£11°, £5°)). While the uniformity error should be as sma

a$ possible, the efficiencies of the different modes of the FoV are desired to be equal in order to provide a proper angula
upiformity, as well. The design and optimization steps were performed with VirtualLab Fusion physical optics software, whic
enables a full-vectorial and accurate analysis of such complex waveguide systems by propagating electromagnetic waves.
Moreover, the diffraction efficiencies of the gratings are calculated rigorously by RCWA (Rigorous Coupled Wave Analysis),
which also includes polarization effects during the light propagation inside the device. Due to the distinct sensitivity witp
gspect to the polarization state of light for gratings in this range of structure size, the rigorous and local consideration for each
individual interaction allows for very accurate modeling & design of the whole device.
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Table 1: Overview of optimized grating parameters in the different regions of the designed waveguide

Period Ridge Width Height Blaze Angle
Incoupler 415nm 415nm (bottom) 203.1nm 29.9°
Pupil expander 293.45nm 50nm - 163nm 50nm -
Outcoupler 415nm 113nm - 263nm 50nm - 100nm -

—

he result of such optimizations usually exhibits a conflict between high efficiency and good uniformity, hence a design wit
pod uniformity (mean uniformity error: 50.2%) and acceptable efficiency (mean efficiency per FOV mode: 0.8%) for the fiv,
DV modes was chosen. The optimized grating parameters are shown in Table 1.

T Q@
[1%

he simulation results of the optimized system are shown in Figure 3. The designed system exhibits a lateral uniformity errgr
20.2% and an efficiency of 0.86% for the central direction of the FoV (see Figure 3, left). Further, the angle-dependent
ficiency of the designed waveguide is assessed by using a checkerboard pattern, where one rectangle has an angular extension
5° by 6° (see Figure 3, right). In the designed FoV, which is the area of interest, a mean efficiency of 0.62% with an angular
niformity error of 82% is obtained. According to the chosen design approach of a 1D-1D pupil expander, these are adequate
alues. A higher performance would be achievable by exchanging the gratings in incoupler and outcoupler: Slanted grating
ofiles would offer more flexibility in the design but are more complex and expensive to manufacture.

T < c 0o ® o —

I 17: Iradiance Distribution Central FoV Mode | =0 Bl ) <. 7: Angle-Dependent Efficiency =R

Radiometric Data (Irradiance) Numerical Data Array (Equidistant)

Diagram  Table  Value at fxy)

Efficiency [5]

137
w
= 0.685
7
o
0
-20 =il3 -10 = 0 5 10 15 20

Angle X [7]

10

Y (mm]
0

Angle Y [

Figure 3: Left: Irradiance distribution in the eyebox for the central mode of the FoV (0.86% efficiency, 20.2% lateral uniformity error
obtained by physical optics modeling in a real color view. Right: Angle-dependent distribution of the efficiency of the designed
waveguide in the whole FoV (area of interest) and beyond, evaluated by a checkerboard pattern in angular coordinates (0.62% mean
efficiency, 82.0% angular uniformity error).
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2.2.  Surface relief grating waveguide master made by NIL Technology

The Surface Relief Grating (SRG) waveguide master is made in silicon by Electron Beam Lithography (EBL) and dry etching.
This approach is chosen for the master fabrication to ensure the highest possible quality of the SRGs. As detailed in Figure 4
a|design with binary pupil expander and output gratings and a blazed input grating was chosen to facilitate easy replicatio
ee section 2.1). The EBL is performed by a Jeol JBX-9500FSZ gaussian shaped 100 kV EBL tool. For the blazed inpy
rating a unique proprietary NIL Technology process is applied to ensure the highest possible quality of the blazed surfaces.
he blazed grating period is defined by EBL and the blazed grating is formed by dry etching. The binary pupil expander and
ulti-depth output gratings are defined by EBL and etched by multiple ICP etching cycles with additional lithography step
n-between.
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he use of EBL to define all SRGs ensures a high accuracy on the grating periods and lateral dimensions. The use of dr
{ching to form the gratings in silicon ensures a high structure fidelity and precision of etch depths. After pattern transfer, th
master is cleaned and a first-generation sub-master is generated by replication in Ormostamp on glass for subsequer
gcombination and fabrication of the waveguides.

D
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order to achieve the best performing SRG waveguides it is important to consider the entire process flow from design to final
aveguides. The design parameters in the presented SRG waveguide are well within the fabrication rules of the silicon mastgr
well as the replication process. NIL Technology also offers more complex SRGs like slanted gratings and more advance(d
nary gratings. All these types of gratings can be combined on the master with total design freedom on relative placement and
otation of the individual gratings.
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Figure 4. A: Complete AR master with blazed input grating (1), fill factor modulated pupil expander grating (2) and depth and fill
factor modulated output grating (3). B: AFM scans of Output grating showing both fill factor modulation from 17% (top) to 56%
(bottom) and depth modulation from 72 nm (top) to 92 nm (bottom). C: AFM scan of blazed input grating showing the sharp profile
with 29 degrees blaze angle.
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2.3. Large area nanoimprinting of waveguides by Morphotonics

With the sub-master available, the next step is to replicate the surface relief waveguide optic component from the sub-mastey.
Tp ensure mass manufacturing at high accuracy, the Roll-to-Plate (R2P) Nanoimprint Lithography (NIL) technology @
Morphotonics has been used. The advantage of this imprint technology is that its scalability to larger substrate sizes, beyon
W
Vi
H

O =k

afer-scale, while maintaining good replication fidelity (preserved texture shape) and dimensional stability (no track pitc
ariation). Multiple rigid wafers can be imprinted in one pass, each containing a multiple-up of products adjacent to each othef.
ereby, mass volume production is enabled.

=)

—

he process starts with the scaling of the sub-master, containing one waveguiding eye-piece, to a scaled-up sub-master. With
he Morphotonics proprietary upscaling process, an array of waveguiding eye-pieces is made. In this demo effort, the squarep
t
t

c

pscaled sub-master contains 6 rows of each having 5 eyepieces for a total of 30 eyepieces, as shown in Figure 5. Heigh
ariations between the different waveguiding products as well as the height and width of the seam in between the differer
aveguiding products have to be tightly controlled. Height variations result in a varying imprint pressure close to the sean.
(ith the controlled Morphotonics’ upscaling process the area next to the seam with deviations in imprint quality is minimized

S <= s

a a few mm. This small ‘bleeding’ area is outside the active area and is removed in the singulation of the eye-pieces.

Figure 5. Imprint from the 30-up sub-master

—

he flexible stamp used in the large-area R2P imprint steps can contain multiple scaled-up sub-master areas, imprinting op
ultiple wafers placed on a carrier. In this demo work, the replication is made on a squared 300x300 mm wafer. With the us|
f the Morphotonics Portis NIL600 imprint module, handling up to 600 x 800 mm substrates, 4 wafers can be imprinted in on
mprint cycle. The Morphotonics Portis NIL1100 can imprint up to a size of 1100 x 1300 mm, containing 9 wafers on a carrief.
ith 30 surface relief waveguiding optics on one wafer, 270 waveguiding components are made per imprint run. Typica
ACT times (rate at which you need to complete a product) are around 6 minutes given the manual handling. In automate
roduction, using the Morphotonics Aurora 1100 production line, the TACT can be further reduced.
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Figure 6. Replication of the 30-up scaled-up sub-master on 9 single wafers producing 270 waveguides in one imprint pass.

D

the replication process, there are several key parameters: the re-usability of the flex stamp, the dimensional stability, th
gplication fidelity into resins with high refractive index and the layer thickness uniformity.

=

o  The re-usability of the flexible stamp is important to ensure a reproducible process at lowest costs. With each imprirt
having the same imprint quality, limits the quality control step significantly. The Morphotonics flexible stamps have
a re-usability of more than 500 times, proven in volume production with different customers. This is confirmed by
the results of OptoFidelity showing reproducible results over the first 100 imprints.

—

o The track pitch of the different optical elements must remain constant within an imprint as well among differer
imprints. The flexible stamp is not allowed to be stretched due to the applied forces or thermal or humidity changes.
To ensure this dimensional stability Morphotonics uses a High Dimensional Stability (HDS) stamp. This HDS flexibl
stamp is designed for its stability, having thermal expansion coefficients of 5 ppm/°C. The Littrow measurement
performed by OptoFidelity confirm the stability of the stamp in a production run.

[ ]

—

o Ahighrefractive index resin has been used to match with the high refractive glass obtaining highest FOV. The solver
free resin has been co-developed and supplied by Pixelligent (Pixelligent PixNIL SFT1). The RI is 1.89 at
wavelength of 550 nm, with a viscosity of 575 CPs. The transmission of a 12-micron thick layer is over 94% with
very low haze. The refractive index of the PixNIL SFT1 has not yet been fine-tuned to the RI of the Schott glass.
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o A uniform imprint, without variations in residual layer thickness, is required for best contrast and lowest waveguid
losses. Lowest layer thickness variation is achieved with lowest residual layer thickness. The thickness of the residua
layer is determined by the imprint process and resin characteristics. With the current solvent-free high-RI resin,
layer thickness of around 8 micron is obtained. Further development in solvent-free high-RI resin with lowere
viscosity is needed to achieve minimal residual layer thicknesses.

O 9% — D

—
=

he results in this paper arise from a combined effort of pioneering partners with limited time for optimization. The productio|
nain has not been adjusted for deviations in the master process, sub-master up-scaling process or the different replicatiol
teps, nor have the materials used been fully optimized. As an example, the texture height has only been corrected by
bproximation for the shrinkage of the resin.
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2.4.  Waveguide glass materials by SCHOTT

Glass is the backbone of SRG waveguides fabricated by nanoimprint lithography. SCHOTT RealView® wafers, typicall
ound shaped with diameters of 100, 150, 200 or 300 mm and with a thickness between 0.3 and 1mm, have been widel
established in NIL manufacturing processes. They are available in a broad variety of refractive indices with index-matchin
rgsins, usually from 1.7 up to 2.0. For the application in high volume manufacturing, we demonstrated that it’s possible
dbricate even larger square and rectangular wafers made from high-index glass that comply to the tight AR specifications. Th
bstrates processed in this consortium are RealView®1.9 wafers with the dimensions 300 x 300 x 2mm.

—_
b ¢ O < <

w

The properties of the glass substrate play a crucial role for the performance of an AR device. First of all, the material propertie
refractive index and transmission are limiting factors for FoV and battery lifetime. A compact form factor and low weight ha
become very important particularly for those devices targeting the mass market. Weight can be directly influenced by materig
density and wafer thickness. However, reducing the thickness has a significant impact on the image quality as the number @
bpunces of the rays in the waveguide increases accordingly. More bounces correspond to higher risk of light losses an
deflection by accumulation of angular errors. Hence, a very high flatness level is needed to meet the requirements of the AR
industry.

The flatness on a global level is usually described by the total thickness variation (TTV) of the wafer. As a rule of thumb, |t
should be below 1 um to produce high-performance waveguides for AR. Although TTV values tend to increase with larggr
slibstrate sizes, it is in fact the local thickness variation (LTV) on an eye piece level that directly impacts the image quality gf
the AR device. Those values are well below 1um for the panels used here. Another rule of thumb states that the surfacg
oughness should be below 1 nm to avoid stronger scattering effects. This could also be realized for the panels.

AT LT =y = N N

—

nally, there is the question how large those panels could potentially become. Via the technical glass route, it is possible f
5e a continuous melting technology like overflow fusion or downdraw. The latter is comparably flexible with respect t
fferent material compositions. The molten glass directly enters a hot-forming device, in which the glass is drawn through
Dzzle into a large thin format. The resulting glass ribbon can be cut into sheets in-line. This is very cost-efficient and larg
anels can be directly assessed. The hot forming process, however, requires glass types with a slow crystallization behavio
hich is not the case for typical high-index glasses. Furthermore, TTV values are usually in a range of 5 um. Even though th
Qute does not seem to be an option now, it might become accessible to the AR industry through continuous innovation in thg
eas of high-index glass melting and TTV reduction.

o O O
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The alternative is the optical glass route that provides access to a variety of high-index glasses. The melting process takes place
in a melting tank with thoroughly controlled reaction conditions. This becomes particularly challenging with increasing
refractive index of the target glass. The liquid glass is poured into strips and annealed. Those strips are drilled and sliced down
into the desired format. By a well-elaborated lapping and polishing process, the wafers are brought into their final ultra-flat
shape to meet the tough requirements of the AR industry.

us]

asically, the strip width obtained from the melting process is the limiting factor for one panel axis. As a matter of fact, wit
ricreasing refractive index, it gets more demanding to produce strip widths >300mm. The strip length is very flexible by
eviation from the square shape results in rising wafer flatness inhomogeneities from the lapping and polishing process. Th
resent 300x300 mm demonstrator already shows the potential of the technology and, with further development of the lappin
nd polishing process, larger rectangular substates seem to be accessible.

o =
Q0 —~ S5

-]

2.5.  Waveguide optics metrology by OptoFidelity

The fabrication quality of the replicated samples is evaluated with two complementary measurement methods: image qualit
measurement and a Littrow diffractometer. Littrow measurements provide direct feedback regarding the homogeneity ang
rgproducibility of the fabrication process [2,3]. With this method, one can precisely measure the grating period and relativj
ofientation of grating lines.

=<

D

Qn the other hand, image quality measurements can be used to assess the optical functionality of the replicated waveguides.
Fpr the end user of an AR device, the image quality produced by the waveguide is naturally the most important part of the usg
e
c

| m—

perience. The accuracy of the fabrication process can ensure such demanded image quality. Here in this work, checkerboar
bntrast ratio and luminescence uniformity of the diffractive waveguides are evaluated and compared. Furthermore, modulatio
transfer function (MTF) measurement is used as another tool to assess the optical performance of the replicated samples [4-7].
This method provides a precise and quantitative measure of resolution in waveguides and help manufacturers pinpoint subtl
d|fferences in fabrication quality.

-

D

—

ttrow Measurement Results:

D

Littrow diffractometer is used to evaluate the fabrication uniformity through measuring the grating period and relativ
rientation of the grating lines. This is done by determining the so-called Littrow angle of the grating. For achieving an optima
erformance of diffractive waveguide gratings, it is necessary to have very high accuracies in the fabrication of the grating’
eriod and orientation. That is why our Littrow diffractometer is designed and calibrated to measure with an accuracy in th
gale of picometers and arcseconds reliably and repeatably.

T T O b
DA

[%2]

ur lab setup is equipped with a very stable and high-quality collimated laser beam, operating at 405 nm wavelength. The lasd
eam is pointed to the sample and the sample surface is calibrated to be perpendicular to the laser beam. This is checked b
acing a beam splitter directly in front of the laser beam and using a monochrome camera to see the reflected beam in th
entre of the sensor. For controlling the sample’s yaw and roll we are using two very high-accuracy rotary stages on top g
ach other. These stages are used to move the sample until we get Littrow diffracted beam back to the sensor. Consequently
e can calculate grating’s period by using the diffraction equation below:

. =

£ ® 0o o

2dsin(a) = mA
D
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here d is the grating period, o is the yaw angle of the rotary stage, m is the diffraction order and A is the laser beam’
avelength.

=

i the Littrow configuration the grating lines will be vertical, so the roll stage directly gives the relative grating angle. Becau
ne measurement is done at a specific location on the grating, also XY -stage is used to move the laser. This enables us
easure any point on the grating or the whole grating area which is usually the most beneficial way to characterize the gratin

niformity. However, this method is time-consuming because measurements are done in a single location at a time. Therefore,
He larger the grating area or denser the sample rate the more time it will cost. That is why Littrow diffractometer is mainl

sed to measure the master before replication and the produced replicas that have failed image quality test. But it can also be
sed to test random samples’ reproducibility and uniformity.

& o =+t c 3O

n this work, we measured input, pupil expander, and output gratings for 9 different samples, as shown in Figure 7.
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Figure 7. Homogeneity (H1, H2 and H3) and Reproducibility (R1-R6) test waveguides.
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e measured 45 points on the outcoupler grating, 47 points on the expander grating and 5 points on the incoupler grating t
bt optimal sample rate, but also managing strict time constraints. Example of one outcoupler period measurements have bee
llustrated in in Figure 8.

«Q
=)
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Figure 8. Example of outcoupler grating period uniformity for one sample.

—

We measured two different groups of samples, the Homogeneity (H1, H2 and H3) and Reproducibility (R1-R6) te
aveguides. The average period with standard deviation and standard deviation of the relative orientation for each grating ar
esented in Figure 9.

=
D

i=]
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Figure 9. a-c) Average period with standard deviation of each grating. The graph shows that the average period is similar from sample
to sample. d-f) Standard deviation of the relative orientation of the grating lines. Incoupler SD presents a low reliability due to small
number of measurement points

rom these results we can conclude that the uniformity for all the gratings is excellent. For example, the designed gratin
eriod for outcoupler was 415 nm and 90 degrees for the orientation. We measured average of the outcoupler grating period t
e 414.99 nm with the standard deviation being +20 pm and the relative orientation standard deviation to be £5 arc seconds.
his implies that the manufacturing process is very high quality, and the reproducibility is excellent for high-volum
roduction.

(S -]

- 4 oo T
D

nage quality measurements:

=

e evaluated homogeneity and reproducibility of the fabricated diffractive waveguides by performing image quality
easurements. To do this, we project a test pattern through the waveguide, and by using image processing methods, we analyze
He checkerboard contrast ratio and luminescence uniformity of the waveguide. The projection should be done by a reference
3
t

= = 3

ight engine. Typical pico-projectors used in commercial headsets are not the best choice for characterizing the waveguides, a
hey typically suffer from a lack of stability, uniformity and/or contrast. A stable and uniform light source with high contrag
nd low distortion optics as well as a large field of view (FOV) is required for an accurate metrology.

Q

standard WG-IQ tester, designed and developed by OptoFidelity, is used to characterize the target samples. This tester cap
naracterize diced and wafer-based waveguides in both transmission and reflection modes at desired wrap angles ang
antoscopic tilts. A uniform light engine (OptoProjector) of the tester is used to project test patterns with a maximum field gf
ew (FOV) of 72°x42°. The projection lens, OptoEye 2.0 by OptoFidelity, images the reticles to infinity and also creates aph
ternal exit pupil for illuminating the input grating of the waveguide. It is equipped with a motorized iris which makes the

© < T O >
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it pupil diameter adjustable from 1 to 3 mm. Furthermore, the included motorized polarizer of the lens gives us th
bportunity to set the polarization state of the projected light at a desired angle between -180° and +180°.

(=]

—

he used test patterns are solid and checkerboard reticles with FOV of 45°x30°. They are printed on a diced piece of glass
ubstrate using a photomask lithography method. These reticle patterns are pre-distorted to compensate for the projection lensTs
stortion and therefore form a non-distorted image at infinity. The passed light through the diffractive waveguide is detected
after the outcoupler grating in the eyebox of the waveguide by another OptoEye 2.0 lens. However, this lens is without ja
plarizer, and it has a fixed iris and like the OptoProjector lens, the output OptoEye 2.0 lens is focused into infinity. This lens
f
t
e
n

o wn

QT

bmes with a 3 mm external entrance pupil, mimicking the average human pupil size, and can be moved to scan the eyebox @
He waveguide. The large 100-degree diagonal FOV of this lens allows us to see the full image of the test pattern withod
echanical tilting of the camera. Both projector and camera lens optical axes are placed normal to the waveguide over th
riput and output couplers, respectively. The projected image of the reticle on a monochromatic camera sensor is measured wit
nd without the waveguide and analyzed to assess waveguide image quality.

®» = 3o

—

he designed waveguides for this study have a FOV of 32°x18° which is smaller than the FOV of our standard test pattern
(45°x30°). Accordingly, as it is shown in figures 3(a) and (b), our analyses are done in the region of interest which is the FO
of the replicated waveguides. Note that this can have a detrimental effect on the results, especially for contrast, as ou
umination angles exceed the design specifications of the waveguides. However, for analyzing the homogeneity of the sampl
gt, this should have no influence. The problem could be avoided be designing a custom reticle for these samples.

D = N D

[%2]

—

he test waveguides were carefully positioned with respect to the project and camera to achieve repeatable and reliable results.
he input grating is centered at the 3 mm exit pupil of the OptoProjector. A green LED is used for lighting as the waveguid
§ optimized to work at that spectral range. The camera OptoEye lens is placed in the transmission mode at the waveguide’
yebox center within an eye relief distance of 5 mm.

—
[1°]

D =
2]
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Figure 10. The region of interest for analyzing the waveguide images based on the FOV of the test waveguides are shown as red frame
for both (a) checkerboard (b) solid reticles. For both groups of the Homogeneity (H1-H3) and Reproducibility (R1-R6) waveguides, th
analysis results of the checkerboard contrast and luminescence uniformity are presented in panels (c) and (d), respectively.

[’]

—

he analysis results of the checkerboard contrast for both sample groups of the Homogeneity (H1, H2 and H3) an
eproducibility (R1-R6) test waveguides are presented in in Figure 9(c). The checkerboard contrast is calculated by analyzin
He detected checkerboard image at the center of the eyebox of the waveguide. First, the dark current of the camera sensor i
suibtracted. By dividing the gray level of the center white square by the average gray level of the surrounding black square
ohe can calculate the local checkerboard contrast of the illuminated waveguides. The very high inherent contrast value of th
QOptoProjector (180:1) guarantees a reliable contrast measurement for the designed waveguides. The insignificant fluctuatio
0
a

= 0

< o0 b »n o O O

f the contrast values around their mean value for both groups of the test waveguides confirms the presence of homogeneit
nd reproducibility in the replication process.

—

ypically, the largest challenge for diffractive waveguides is luminance uniformity. Any imperfection in the fabrication process
an result in a remarkable quality drop in the luminance uniformity of the diffractive waveguide. Therefore, the assessment gf
His parameter can be considered a qualitative assessment for the fabrication process. In this study, the luminescence analysis
e
n

- = O

g done based on IEC 63145 standard using thirteen spots distributed across the waveguide FOV in an ANSI13 pattern [8]. Th
Yminance value for each spot with the same area is the average luminance. The projecting system should have a very hig
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niformity to validate the achieved qualitative analysis based on this approach. Our designed OptoProjector provide
hiformity values higher than 96% at the FOV range of the waveguide. The analysis reports the luminescence nonuniformity
terms of percentage. Then the luminescence uniformity is calculated based on the acquired nonuniformity.

5 c

LuminesenceUniformity(%) = 100(%) — LuminesenceNonuniformity (%)

(2)

—

he nonuniformity is calculated based on the acquired normalized luminescence mean value deviation of the selected ning
pots from their averaged maximum luminescence value.

w

MaxLuminance — MeanLuminance

Nonuniformity(%) = x 100(%)

MeanLuminance

3

n

gure 10(d) shows the evaluated uniformity of both groups of the test waveguides and compares the calculated values wit
heir mean value. As it is evident in this figure, the negligible fluctuations of this parameter from the mean value for th
omogeneity waveguides (H1-H3) confirm the expected fabrication uniformity of the diffractive waveguides. On the othg
and, a very slight difference between the uniformity of R1 to R3 samples and their mean value validates the existing replicatio
1] the physical and optical properties of the fabricated waveguides.

= > T =
= = O =2

vg)
<

oth the checkerboard contrast and luminescence uniformity results are supportive evidence for the presented Littro
easurement results and, consequently, for the accuracy, repeatability, and reproducibility of the proposed large-are
aveguide fabrication method.

3
[<5)

=

<

odulation Transfer Function Results:

—

he industry-standard way of quantifying the achievable imaging resolution of an optical system, for example, a camera leng,
g the so-called MTF. It is a measure of the ability of a system to reproduce fine spatial details, with higher values indicating
gher image quality.

=5 =

n the context of AR devices, MTF measurements are essential because they provide a quantitative assessment of how well the
evice can display objects requiring high angular resolution, such as text or small graphics. This is essential for ensuring that
He AR content being displayed is clear and easy to read or interpret for the user. In an AR headset, the projector’s resolution
g the main factor dictating the achievable MTF. However, even slight imperfections in the glass waveguide or the diffractive
ratings can also cause stray light, ghosting, and other effects that can severely limit the MTF performance of the headsef.
iven the extremely low tolerances of the gratings for fabrication errors, accurately assessing the MTF of the waveguides i
itical.

o Qe = o
(2]

Z

TF measurement systems typically use small field-of-view collimators to project test patterns with very high angulg
gsolution through the tested optical system. Multiple collimators or tilting mechanics are needed to investigate a range @
ricidence angles. The test patterns, often cross or slanted rectangles, are imaged on the other side of the tested system using
ameras with telescope objectives. The collimators and telescopes are as close to the diffraction limit as possible to ensure that
He measurement system is not limiting the resolution. The measurements are typically repeated at multiple wavelengths tp
sess spectral performance.

- 0 = =
=+

QD
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Measuring the MTF of AR waveguides requires modifications to a traditional MTF measurement system. The significant
d|fference is the requirement of pupil matching, as the projector exit pupil needs to be at the input grating of the waveguide,
and correspondingly the camera input pupil must be placed in the eyebox where the user's eye would be. Also, some waveguides
are designed to work in reflection mode, requiring that the camera and the projector are placed on the same side of the
waveguide, which can cause mechanical difficulties.
B. B
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g —a— H2
= 48 H3 | [
5 80 el e
s R2 3.0 e o @
[ —a— R3 L o o o M _____f_
.g 60 —=— R4 g * ..-' Mean Value b ®
5 R5 w27 i J
Eogod o N MR E /
.5 MTF 40 line = -
] 2.4 i
g 20- ) |
= @® Homogeneity
2.1 ["® Reproduchbility| ]
0 . , = = ———
0 3 6 ° 12 15 18 Hi H2 H3 R1 R2 R3 R4 R5 R6
Spatial Frequency (cy/mm) Samples

Figure 11. (a) MTF graphs for all samples vs. Spatial frequency, H1 to H3 are selected tiles from single imprint number 1, and R1 to
R6 are imprints 2, 11, 50, 70, and 101. (b) MTF of 40% is shown for all imprints and tiles for a closer comparison.

(@)

ur measurement setup is designed specifically for AR waveguides. The sample can be mounted at an arbitrary angle betwee
collimator and a telescope. An adjustable iris controls the projected exit pupil size to match the waveguide's input grating.
he central wavelength of the illuminating LED is 530 nm. The setup uses a negative crosshair reticle to produce target line
horizontal and vertical), which are used to calculate the MTF. The effective focal lens of the collimator is 152 mm, and th
eam diameter was set to 2 mm. The beam was focused on the incoupler side (input grating). After the perpendicular alignmer,
F the waveguide, the beam was collected from the outcoupler (eyebox) on the opposite side of the waveguide. The image @
He reticle is formed on the monochrome camera sensor. This image is processed, and MTF is calculated for the varioy
flequencies.

-+t 0 T/ o
N =h ~ DO O -

—

he results of the MTF measurements for all samples versus spatial frequency (cycles/mm) are presented in Figure 11(a), an
He MTF values for 40% contrast for are presented in Figure 11(b). In figure 11(a), MTF graphs show a good agreemer
etween all samples of H1 to R4. In other words, not only do tiles in single imprints for H1, H2, and H3 show a close correlatio|
F MTF values, but also the reproducibility of imprints is closely correlated. In R5 and R6, a slight decrease in MTF can b
gen, possibly related to minor reproducibility issues after 100 imprints. In Figure 11(b), the spatial frequency where MT
fops to 40% is shown for all imprints and tiles for a more detailed comparison.

o 9 O T =
T (0 5 —~ O
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3. Conclusions

=

ill the high-volume manufacturing of AR waveguide optics help trigger the ubiquitous adoption of Smart glasses, making
them the ‘next big thing’ and helping to pave the way towards the ‘metaverse’? Time will tell how quickly the industry wi
gke the necessary steps towards this objective.

—t+
—

AJ

n the interim, we have demonstrated in this paper that for a successful transition to high-volume manufacturing of A
waveguide optics, a display-oriented, high-quality focused, large-area manufacturing mindset is not only needed, but is als
already available. The array of high-index squared glass enables the increase in production volume of AR waveguide optics.
ogether with the complex design, the high-end mastering and the in-depth quality inspection capabilities available, the large
ea nanoimprinted demo proves that the mass production route is feasible.

j=)

—

job]

n

nally, an end-to-end supply chain and cooperation between different disciplines is also key. As a consortium of pioneers, w|
ere able to iterate based on a robust design, excellent mastering, using unprecedented materials and proven large-are
anoimprinting, topped with the unique metrology capabilities. We hope this exemplary work will inspire the industry to tak
He necessary steps to help fulfill the promise of Smart glasses.

S5 =
o
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