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Unlocking Scalable SRG Waveguides
for Mass Market AR/MR Displays

ALEXHONG, Senior Field Application Engineer, Onto Innovation

An integrated process control solution tailored for high
volume manufacturing of surface relief gratings is presented

ROM CONSUMER PRODUCTS TO
F industrial applications, aug-

mented reality (AR)/mixed re-
ality (MR) technology is one of the most
innovative interactive technologies on
the market today. By overlaying digital
information onto the physical world,
AR/MR technology improves how
people see, understand, and interact
with their environment in real time. The
industrial applications alone are cause
for celebration, whether this technology
is being used for training, assembly, or
troubleshooting.

Be that as it may, one of the most
significant challenges facing AR/MR
lies in manufacturing the photonic
components that control how light
is generated, diffracted, guided, and
delivered to the human eye.

An AR display usually consists of a
light engine and an optical combiner.
The light engine serves as a display
image source, while the combiner
delivers the displayed images to the
viewer’s eye and transmits environment
light (FIGURE 1). Surface relief
grating (SRG) waveguides play a role
in these optical combiners by coupling
display light into, expanding it within,
and diffracting it out of a transparent
substrate toward the eye of the intended
viewer. This component must deliver
precise diffraction behavior while
remaining transparent, lightweight, and
scalable for high-volume manufacturing
(HVM).

Balancing optical performance and
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Figure 1. Diagram of SRG waveguide-based AR display.

manufacturability, however, places
significant demands on fabrication and
process control. Faced with this ob-
stacle, device makers require solutions
capable of addressing any negative
impacts to launch timelines, unit costs,
and OEM qualification.

In this article we will discuss ways
SRG manufacturers can address these
challenges with an integrated process
control solution tailored for the HVM
of SRG. The solution combines optical
critical dimension (OCD) metrology
for the critical parameters of SRG such
as grating depth, slanted angle, and pe-
riods; picosecond ultrasonic technology
for the metal film thickness mea-
surement; image-based overlay (IBO)
for precise overlay control in HVM
specialty devices; and an automated
optical inspection for defects integrated
throughout the entire manufacturing
process.

With these tools combined in a

closed-loop process control strategy,
manufacturers have a framework that
enables the consistent manufacturing
of full-color SRG waveguides capable
of meeting the stringent optical and
mechanical requirements of next-gener-
ation AR/MR devices.

Navigating the ramp to HVM

By coupling light into and out of a
transparent substrate through pre-
cisely engineered diffraction gratings,
SRG waveguides can deliver wide
field-of-view, high brightness, and
compact form factors. Unfortunately,
manufacturers of SRG waveguides
must face a host of challenges arising
from multi-layer and often double-sided
fabrication, with sub-100nm alignment
tolerances across large-area substrates,
if they hope to transition to HVM. The
impact of these challenges, however,
only grows as the manufacturing
process goes on, increasing yield
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variability and making it difficult
for makers of SRG components to
meet the requirements expected
by tier-one AR/MR customers.

To begin with, let’s turn to
grating geometry. Manufac-
turers must control for period,
depth, and slanted angle to
ensure diffraction efficiency
and uniformity across the field.
Additionally, makers of these
components must maintain
proper thickness uniformity to
avoid phase errors and color
shifts; as such, thin-film pro-
cesses like mask deposition
and etching must maintain
exceptional thickness uniformity.
Third, manufacturers must also
maintain overlay accuracy be-
tween lithography steps, and they
must do so within a fraction of
the design tolerance to preserve
red, green, and blue (RGB) multi-period
grating registration and double-sided
alignment. Finally, defect control is
essential in the manufacturing process.
After all, particles, scratches, and etch
anomalies can cause scattering, reduce
optical efficiency, and degrade image
quality. Not surprisingly, the manu-
facturing process features a number of
consequential steps (FIGURE 2).

In many cases, the process begins
with the deposition of a chromium (Cr)
hard mask on a SiO, substrate, followed
by spin coating a resist layer. For master
fabrication, electron beam lithography
or deep ultraviolet lithography is used to
pattern the grating structure. The resist
pattern is then transferred to the Cr
layer using a dry etching process, after
which the residual resist is removed,
leaving the Cr layer to serve as an
etching mask for reactive-ion beam
etching (RIBE). During RIBE, ionized
argon beams are directed toward the
substrate at an oblique angle to form the
slanted grating profile. Once the target
etch depth is achieved, the Cr layer is
removed by chemical wet etching,.

For HVM, the fabricated master
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grating is replicated using nanoimprint
lithography (NIL) production due to
its low cost and high throughput. In
this process, the master pattern is first
transferred into a polymer film to form
a soft working stamp, which is then
used to imprint a high refractive index
(RI) resist layer. After imprinting, the
pattern in the high-RI resist retains the
same orientation as the original NIL
template.

These manufacturing challenges—
spanning nanoscale grating fidelity,
thin-film uniformity, overlay accuracy,
and defect control—are tightly coupled
and cannot be addressed in isolation
without compromising yield or optical
performance. Achieving stable HVM
requires coordinated visibility into each
step of the SRG process. As it stands,
makers of waveguide components
rely on isolated measurements that
diagnose symptoms without revealing
root causes. In contrast, an integrated,
closed-loop approach connects
thickness, CD, overlay, and defect
data, allowing engineers to correct
process drift before it impacts custom-
er-visible performance. By applying
integrated metal film metrology, OCD

Figure 2. Basic flow in the manufacturing process of the surface relief grating waveguide.

measurement, image-based overlay
control, and advanced defect inspection
to the process flow, manufacturers are
able to establish control and consistent
SRG waveguide manufacturing, im-
proving yield during ramp and reducing
qualification cycle times, an important
win for manufacturers ramping up
HVM.

Tackling thickness non-uniformity
As part of this integrated process
control framework, thickness uni-
formity is a critical variable to address.
In SRG manufacturing, thickness and
uniformity must be precisely measured
and controlled as it directly impacts
downstream etch behavior, grating
geometry, and ultimately optical
performance. Uncontrolled metal film
thickness is a frequent root cause of
profile distortion and yield loss in SRG
waveguides. When combined with CD,
overlay, and defect control, the ability
to measure metal thickness enables
full process visibility across SRG
manufacturing.

After deposition, the hard mask
must be thick enough to remain intact
throughout the entire etching process
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Figure 3. Cr and Al spectra and measurement result mapping.

without being prematurely etched
through. However, excessive thickness
can distort the etched sidewall profile.
Moreover, non-uniform thickness
across the wafer can lead to variations
in etch depth and grating tilt angle. This
degrades diffraction efficiency and
wavefront quality.

To measure thickness, makers of SRG
components can use an inline metal
film metrology tool with picosecond
ultrasonic technology. This tool offers
rapid and precise determination of Al/
Cr thickness across different substrates,
delivering within wafer uniformity
characterization that facilitates the early
identification of process deviations.

In our demonstrations, we used an
inline metal film metrology tool to
gather data. The metrology system can
measure metal film thickness across
the wafer and with repeatable, stable
precision over time, making it suitable
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for tight process control in high-volume
SRG waveguide manufacturing. In
production demonstrations, the results
showed high-precision metal film
thickness measurements with strong
wafer-level uniformity and repeatability
across representative substrates and
multilayer film stacks (FIGURE 3).

In addition, the metal film metrology
tool achieved outstanding dynamic
and static stability, thereby ensuring
compliance with the rigorous demands
of advanced process control as shown
in Table 1. This level of control offered
by the inline metal film metrology tool
directly reduces grating profile drift
between lots, lowering rework rates
and preventing late-stage optical fallout
during customer acceptance testing.

Meeting tight design tolerances
with OCD metrology
In the fabrication of SRG waveguides,
optical performance is highly sensitive
to nanometer scale variations in grating
period, depth, sidewall angle, and fill
factor. Manufacturers of these com-
ponents must adhere to the extremely
tight design tolerances required for
target coupling efficiency, polarization
control, and chromatic uniformity
throughout the manufacturing process.
To accomplish this, manufacturers
can deploy OCD metrology based on
rigorous coupled wave analysis (RCWA)
to continuously monitor grating depth,
CD, and sidewall angle before optical
deviations propagate downstream.
In demonstrations, we used an OCD
metrology system based on RCWA
to decode light scattering signals and
simultaneously extract grating param-
eters across the entire wafer. Two types
of SRGs were targeted: blazed SRGs

Table 1. Cr and Al wafer uniformity and repeatability.

WAFER UNIFORMITY

FILM INFORMATION

REPEATABILITY(10)

AVERAGE STDEV 1o STATIC DYNAMIC
Si/AL3000A 26767 534 200%  0.03%  0.01%
Glass/Resin5000A/ . . .
R 2706.8 522 193%  010%  0.04%
Si/Cr220A 2151 36  166%  0.04%  0.00%
Glass/Ti026004/ 223.2 45  199%  015% 010%

Cr220A
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Figure 4. () OCD mode of blazed SRGs,
matching with reference and dynamic
performance. (b) OCD mode of binary
SRGs, matching with reference and
dynamic performance.

and binary SRGs. Binary SRGs use a
two-level stepped profile for phase or
polarization control, and blazed SRGs
use a slanted or ramped profile to
efficiently direct light into a preferred
direction (FIGURE 4).

Using OCD metrology, measure-
ments of key parameters showed
excellent agreement with reference
metrology in representative SRG
structures, confirming the suitability
of OCD metrology for process control
in SRG manufacturing. This stability
enables tighter process windows and
allows manufacturers to run closer
to design limits without sacrificing
yield, a critical need in situations
where OEM specifications leave little
margin.

Preserving full-color performance
through precise overlay
For manufacturers, maintaining overlay
accuracy between successive patterning
steps is a critical determinant of optical
performance. Even small misalignments
can cause coupling efficiency loss,
field-of-view distortion, polarization
imbalance, and chromatic aberrations.
Although a single SRG is typically
formed in one patterning step, wave-
guide processes often require multiple
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patterning steps or the integration of
several functional gratings on the same
substrate. Representative cases include
separate in-coupling and out-coupling
gratings, multiwavelength gratings

for full color operation, where red,
green, and blue gratings of different
periods are overlaid in the same location
via multiple lithography or multiple
nanoimprint patterning steps performed
on both sides of the substrate, and
precise registration with other mi-
cro-optical structures. These scenarios
have stringent requirements. As such,
overlay control at the submicron level

is needed to preserve designed optical
characteristics. Meeting these stringent
alignment requirements in SRG wave-
guide architectures necessitates precise,
wafer-scale overlay metrology. IBO
techniques provide component makers
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with the capability to directly measure
and control cross-layer and double-sided
alignment in transparent substrates.

For our demonstration we used IBO
technology enabling cross-layer and
double-sided alignment in transparent
waveguide substrates by matching
grating pattern features. Using a
bar-in-bar (BIB) mark for full map
overlay measurement, demonstration
measurements showed that the system
achieved a precision of 0.26nm (X)
and 0.18nm (Y) at 36 (FIGURE 5).
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The measured tool-induced shift (TIS)
was -2.63nm (X) and -0.71nm (Y),
with corresponding 3¢ TIS values

of 0.62nm and 0.81nm, respectively
(Table 2). Based on the industry
standard 3¢ definition, the resulting
total measurement uncertainty (TMU)
was 0.83nm in the X direction and
0.92nm in the Y direction. These
results demonstrate that the overlay
platform delivers sub-nanometer
overlay capability and provides
sufficient margin for the alignment
requirements of high precision, full-
color SRG waveguide manufacturing.
In addition, the system provides
correction parameters that can be
directly applied to the lithography tool
to compensate for systematic overlay
errors.
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Figure 5. Bar-in-bar (BIB) and overlay fingerprint.

Detecting submicron defects
Defect inspection is critical to the
manufacturing of SRG waveguides.
Due to the unique nanoscale periodic
structures and the optical sensitivity
of SRG waveguides, even minor de-
fects can lead to reduced diffraction
efficiency, increased stray light,
image non-uniformity, and other
issues. As a result, defect inspection
should be integrated throughout

the entire SRG manufacturing
process. In the mass production of
SRG waveguides using NIL, man-
ufacturers are enabled to detect
organic defects from the photoresist,
cleaning chemical residues, and high
index resin which would normally
escape detection under conventional
brightfield or darkfield illumination
schemes. In HVM, undetected sub-
micron organic defects can propagate
across replicated stamps, turning a
localized issue into a systemic yield
problem.

The automated defect inspection
system we employed provides fast
and reliable inspection for submicron
defects and the option to accurately

Table 2. Overlay measurement statistics.

measure 2D and 3D metrology
features. Equipped with multiple illu-
mination technologies, the inspection
system is capable of capturing
organic defects at or below 1pm.
Standard optical inspection struggles
with features at this size, opening

the door to defect contamination

that would otherwise be invisible but
detrimental.

The continued evolution
of AR/MR technology
With the advent of mass production
and declining costs of SRG wave-
guides, the coming years are poised
to mark a transformative phase for
AR/MR technology. This article
presents an approach for full process
control for the HVM of SRG wave-
guides, encompassing metal film
metrology, OCD measurements
of grating parameters, overlay
alignment verification, and defect
inspection—spanning from incoming
substrate qualification to the vali-
dation of the final product.

The process control challenges dis-
cussed in this article extend across a

broad class of AR/MR optical archi-
tectures, diffractive and meta-optical
devices, and other nano-patterned
optics manufactured at scale.
Beyond SRG waveguides, the same
process-control capabilities extend
across a wide range of optical and
photonic manufacturing applications,
including other AR/MR waveguide
architectures such as volume holo-
graphic and multi-level diffractive
waveguides, as well as diffractive
optical elements and meta-optics
that rely on sub-wavelength pattern
fidelity and precise depth control.
These applications overlap strongly
with optical thin-film stacks and
functional coatings, micro-display
manufacturing, and advanced optical
and silicon-photonics packaging, all
of which demand tight control of CD,
overlay, film uniformity, and defec-
tivity to reach HVM.

For manufacturers evaluating
their next waveguide ramp, the key
question is no longer whether SRG
waveguides can meet optical targets,
but whether their process control
strategy can meet OEM schedules,
cost models, and yield expectations at
the same time. With the right inte-
gration of tools on hand, they can. &
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