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Supplementary Note 1: Additional details on system imple-

mentation

For our prototype, we use a FISBA READYBeam fiber-coupled module with three optically

aligned laser diodes with measured wavelengths of 638.35 nm, 521.16 nm, and 444.50 nm for

red, green, and blue respectively for our light source. To produce our converging illumination,

we linearly polarize and reimage this light source to a focal point 85.6 mm behind our Holoeye

LETO3 phase-only liquid crystal on silicon (LCoS) SLM. The use of converging illumination

in our setup magnifies the holographic content produced by our SLM and replaces the eye-

piece positioned after the SLM in many recent holographic display works.1–3 This illumination

is directed into the benchtop implementation of our compact holographic AR glasses with a

mirror as shown in the labelled photograph of our prototype in Supplementary Figure 1. The

LETO3 SLM in our setup has a resolution of 1080 × 1920 pixels and a pixel pitch of 6.4 µm.

After the out-coupler, we have an additional linear polarizer to clean up the polarization after

the waveguide. Based on the focal length of the converging illumination and diffraction angle

of our SLM, our holographic display can cover a maximum diagonal FOV of 11.83 degrees

and support an eyebox of 5.9 mm by 5.9 mm. Compared to prior benchtop setups, this AR

prototype shrinks down or removes many components of conventional holographic displays.1

There is no bulky Fourier filtering in our system which allows us to position our display panel

Camera

Focus-tunable

lens

SLM

Metasurface

waveguide

Mirror

Polarizer

Supplementary Fig. 1 Labelled photograph of our benchtop holographic display with illus-

trated beam path highlighting the direction of a central ray of light propagating through our

system when a blank phase pattern is shown on the SLM.
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directly against the waveguide, and the propagation after the SLM is folded into the waveguide.

We capture our dataset and results on a benchtop setup using a FLIR Grasshopper3 12.3 MP

color USB3 sensor through a Canon EF 35mm lens with an Arduino microcontroller for focus

control. For the results in our paper, color images are captured as separate exposures for each

wavelength and then merged. To further demonstrate our full color display, we have also in-

cluded laser-synchronized video holograms with all colors captured simultaneously in the same

exposure in our supplementary video (see “Laser-synchronized Video Holograms” section for

additional details). Our LCoS phase SLM can display 180 phase patterns per second enabling

a 7.5 Hz frame rate for these full-color time-multiplexed holograms, but recently MEMs-based

phase SLMs have emerged that can increase this frame rate to 60 Hz for the full-color time-

multiplexed holograms.3 As in prior work,1 we apply a planar homography from the field of

computer vision to align the captured images to the simulated images. Our homography uses

a target binary pattern consisting of 10 × 10 white dots with 80 pixels between the centers of

neighboring dots. Accordingly, the aligned region of interest has a resolution of 800 × 800

pixels.

Along with the compact benchtop prototype, we implement a wearable model of our design

shown in our main paper. To validate that our design decisions simultaneously enable compact-

ness and high image quality, we use the same optical configuration for both our benchtop and

wearable prototypes. In our wearable design, we use a 3D printed frame to hold our SLM and

waveguide together, and the edges of the waveguide are cut down to fit the frame shape. The

prototype figures do not include the equipment for driving and illuminating the SLM, and these

components would also have to be compactly arranged for a fully functional wearable proto-

type. While we did not design a compact illumination path in this work, this could be done with

an additional illumination waveguide as was illustrated by a prior design for VR holographic

glasses.4
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Supplementary Note 2: Additional details on metasurface waveg-

uide

System parameter analysis

This section discusses a general analysis of the diffraction through our waveguide. With this

analysis, we formulate bounds on our system parameters including the waveguide thickness and

field of view (FOV).

The diffraction of light in our waveguide can be analyzed with the Generalized Snell’s Law5

at the metasurface couplers, which can be expressed as

sin(θin) +
λ

Λ
= n(λ) sin(θdiff), (1)

where θin is the incident angle at the coupler, θdiff is the diffracted angle in the waveguide, Λ is

the coupler grating period, λ is the wavelength of light in free space, and n(λ) is the wavelength-

dependent refractive index of our high-index glass plotted in Supplementary Figure 2.

From Eq. 1, we can calculate the diffraction angles of each wavelength across a range of

incident angles. For conventional waveguide design, the upper bound for the FOV can be de-

termined based on which of these diffraction angles propagate within the waveguide with total

internal reflections (TIR). These angles satisfy two conditions regarding (1) critical angles of

TIR and (2) far-field propagation. The TIR condition requires that the minimum diffracted an-

gle is larger than the critical angle. For a minimum incident angle with magnitude, θ−, this can

be expressed as

min

(

λ

Λ
+ sin(θin)

)

=
λB

Λ
− sin(θ−) ≥ 1. (2)

The far-field propagation condition requires that the maximum diffracted angle is less than

90 degrees, so that reflected waves can propagate within the waveguide without becoming

evanescent fields. For a maximum incident angle with magnitude, θ+, this can be expressed

as

max

(

λ

Λ
+ sin(θin)

)

=
λR

Λ
+ sin(θ+) ≤ n(λR). (3)

For our system, the bounds on the diffracted angles are stricter based on the geometry of

the waveguide. Here, the minimum incident angle is further limited by the geometric constraint

discussed in the main paper. To have a sufficiently large out-coupler, the lateral displacement

between exit pupils for all wavelengths (l(λ)) should be at least the size of the SLM wavefront

(Lslm) that is coupled into the waveguide. This constraint, which is necessary to out-couple a

single exit pupil, can be expressed as:

min(l(λ)) = l(λB) = 2dwg tan

(

sin−1

[(

λB

Λ
− sin(θ−)

)

1

n(λB)

])

≥ Lslm. (4)
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Similarly, the maximum incident angle is also further limited for our waveguide by the size

of the out-coupler. Specifically the lateral displacement between exit pupils for all wavelengths

should be at most the distance across the waveguide (Lwg) from one end of the in-coupler to the

opposite end of the out-coupler. This constraint can be expressed as:

max(l(λ)) = l(λR) = 2dwg tan

(

sin−1

[(

λR

Λ
+ sin(θ+)

)

1

n(λR)

])

≤ Lwg. (5)

In these formulas, λR and λB are the wavelengths of red (638 nm) and blue (445 nm), n(λR)
and n(λB) are the refractive indices at red (1.798) and blue (1.842), Λ is the grating period (384

nm), Lslm is the size of the SLM wavefront (6.5 mm), dwg is the waveguide thickness (5 mm),

and Lwg is the distance between the far edges of the couplers (30.86 mm).

Field of view of the waveguide

We can rearrange Eqs. 4 and 5 to get the upper bound for the total FOV that our waveguide can

support:

θFOV = θ− + θ+

≤ sin−1

(

λB

Λ
− n(λB) sin

[

tan−1

(

Lslm

2dwg

)])

+ sin−1

(

n(λR) sin

[

tan−1

(

Lwg

2dwg

)]

−
λR

Λ

)

. (6)

When we plug in the parameters for our waveguide, we can see that the upper bound for the

FOV of our waveguide is 11.72 degrees.

Relationship between waveguide thickness and SLM size

The lower bound for the thickness of our waveguide can be related to the size of the wavefront

from the SLM by rearranging Eq. 4:

dwg ≥
Lslm

2 tan
(

sin−1
[

(

λB

Λ
− sin(θ−)

)

1
n(λB)

]) (7)

This arrangement shows that the thickness is limited by the size of the wavefront from our SLM.

A smaller SLM can enable our waveguide design to be thinner in the future.

Further improvements in field of view

There are a number of promising directions that future works could take to increase the FOV of

our waveguide AR system, as discussed in the following.
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Integrating a metasurface lens function into the out-coupler can magnify the FOV outputted

by our holographic display without requiring the waveguide to support a wider FOV. Prior work

has shown that metasurface combiners that do not distort the reality view can be designed to

have a lens function, thereby improving the FOV of AR images.6 However, this approach would

shrink the eyebox of our system.

Increasing the FOV of our system without reducing the eyebox can be done by expanding

the space–bandwidth product for our holographic display with more SLM pixels. Advanced

SLM technology with a better spatial resolution would improve the space–bandwidth product

and with it the achievable FOV (and eyebox size). As mentioned in the Discussion section,

research grade SLMs have already achieved a >6× smaller pixel pitch7 than our commercial

SLM. Moreover, recent nanophotonic approaches to develop SLMs with nanoscale pixels based

on active metasurfaces or semiconductor monolayer materials could be solutions to further de-

crease the pixel pitch.8, 9 In this case, the increased FOV would also have to be supported by

our waveguide. Since the waveguide system is based on total internal reflection, the refrac-

tive index of the waveguide substrate determines the critical angle of total internal reflection,

and the higher the refractive index, the higher-angle light can be trapped inside and delivered

through the waveguide. In this work, we used a high refractive index glass material (SCHOTT

SF6, n ∼ 1.8), which not only has superior transparency but also provides a larger FOV for the

system than typical glass materials (n ∼ 1.5). For AR applications, there is the condition that

the waveguide substrate material must be transparent without distorting the real-world scene, so

the selection of high refractive index materials is limited. However, recent studies on synthetic

materials to obtain optimized refractive index and absorption coefficients could be a promising

solution for this. For example, nanoparticle composite-based metasurfaces have been studied

using a mixture of high-index nanoparticles and low-index resin materials to obtain an opti-

mized refractive index with better fabrication compatibility, and various refractive index values

from 1.5 to 2.1 can be continuously controlled through the weight ratio of high-index TiO2

nanoparticles.10 Additionally, very recent metasurface research reported that coating a very thin

metal layer on the metasurface nanostructure of a polymer material with a low refractive index

amplifies the light-matter interaction, making it possible to obtain an effectively high refrac-

tive index value and high diffraction efficiency.11 In this way, we may be able to achieve a

high refractive index material with great transparency, which could be potentially helpful for

improving FOV of our waveguide system.
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Maximizing the metasurface grating out-coupler range

To determine the maximum valid out-coupler range, we ensure that there is no overlap between

unwanted exit pupils and our out-coupler even with the field spread expanding the exit pupils as

they propagate through the waveguide. Firstly, the horizontal extent of our in-coupler grating

can be denoted as (0, Lslm), where the origin is defined at the start of the in-coupler. Then,

the corresponding horizontal range of our out-coupler grating (OCmin, OCmax) can be defined.

OCmin is set to exclude the light from the wavefront that has not reflected within the waveguide

enough times, and OCmax is set to exclude the light from the wavefront that has reflected within

the waveguide too many times. This blocks additional copies of the wavefront from being out-

coupled since that would prevent the SLM wavefront from having the degrees of freedom to

flexibly control the full out-coupled wavefront. The resulting mathematical expressions for

OCmin and OCmax are below:

OCmin : dwg (NTIR − 1) tan (θmax) + Lslm

OCmax : dwg (NTIR + 3) tan (θmin) (8)

where θmin and θmax are the minimum and maximum diffracted angles in the waveguide, and

NTIR is the wavelength-dependent desired number of total internal reflections between the in-

coupled wavefront and the desired out-coupled exit pupil. Note that, to maximize the valid

out-coupler range, we plug in the range of incident and diffracted angles covered by our SLM

which is a symmetric subset of the full FOV supported by the waveguide.

To work with three color channels, we set our out-coupler range as the intersection of the

out-coupler ranges determined for each color.

OCmin = max {OCmin,red, OCmin,green, OCmin,blue}

OCmax = min {OCmax,red, OCmax,green, OCmax,blue} (9)

These equations bound the out-coupler area that we fabricate.
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Optimization process of metasurfaces

The simulation and optimization of the inverse-designed metasurface couplers are obtained us-

ing the PyTorch-based Rigorous Coupled Wave Analysis (RCWA) solver.12 The metasurfaces

are assumed to have the thickness of 220 nm and the x-axis period of 384 nm. In the RCWA

simulation, the simulation space is set to 384 nm by 200 nm in the xy plane in which the

x-axis period comes from the waveguide system design and the y-axis period is designed to

have no diffraction order in the y-direction and is set small for computational efficiency. Both

x- and y-axis have periodic conditions. The refractive indices of high-index glass (SF6 glass,

SCHOTT) for the operation wavelengths of red (638 nm), green (521 nm), and blue (445 nm)

are 1.798, 1.818, and 1.842, respectively, as presented in Supplementary Figure 2. The see-

through efficiency for unpolarized light in Figure 2e is obtained after calculating the zero-order

transmission efficiencies for both x- and y-polarized incident light. The transfer functions of

the metasurfaces are obtained from calculating the +1 order diffraction efficiencies with respect

to incident angles.

For optimization, we set up the RCWA simulation to calculate the first diffraction order for

each color, and the 2D geometry of the metasurfaces in the xy plane is updated during iterations.

The loss function, L, in the optimization is designed to maximize the first diffraction order

efficiency (T+1) for each color, while minimizing the standard deviations (σ) of the diffraction

efficiencies for different incident angles (θ), ranging from −5◦ to 5◦, which can be expressed as

L = −
∑

λ

(

∑

θ

T+1(ρ, λ, θ)− β · σθ(T+1(ρ, λ, θ))

)

, (10)

where ρ is the 2D geometry of the metasurface and λ is the wavelength of light in free space.

The coefficient (β = 1/3) is the relative weight on the loss components. The learning curve

of the loss function is illustrated in Supplementary Figure 3a, and the metasurface geometries

for initial, intermediate, and final stages are presented from top to bottom in Supplementary

Figure 3b. We also show the evolution of the metasurface geometry throughout the optimization

as a supplementary video.

In our optimization, we started from a randomized initial state for the refractive index profile

and pushed the optimization process for the inverse-designed metasurface to have a fabrication-

friendly profile by the end of the optimization. Since metasurface nanostructures have a con-

strained index profile (e.g., from 1 for air to the refractive index of the metasurface materials),

constraints on the refractive index must be applied to the optimization to obtain a practical or

fabrication-feasible metasurface profile. While considering the fabrication feasibility of large-

area metasurfaces, it is also important to select the pattern resolution to have sufficient lithogra-

phy writing speed. The geometric profiles of inverse-designed metasurfaces sometimes produce

very challenging profiles that require a few nanometer resolution, which is not practical for real

applications with large-area metasurfaces. Therefore, we added constraints to the optimization

process for realistic fabrication conditions. Specifically, x-axis symmetry is enforced as there
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is no diffraction in the y-axis with a periodic condition, and a Gaussian blur kernel with σ = 20
nm is applied at every iteration before the optimized refractive index profile is clipped to the

feasible refractive indices of air and the metasurface material. These optimization conditions to

achieve fabrication feasibility may hinder the solver’s ability to converge in a smoothly decaying

manner, introducing sudden jumps of the FOM and slowing down the optimization in the early

stages, but ultimately this procedure provided us with a fabrication-friendly high performance

geometric profile for our metasurface.

Supplementary Figures 4 and 5 show the 2D complex-amplitude transfer functions of the

diffraction efficiency of the inverse-designed metasurfaces and conventional grating, respec-

tively. Here the conventional grating is defined as a single-lined grating with a fill factor of 0.5

under the same period, height, and material conditions. These transfer functions correspond to

Figure 2f in the main text, showing the uniform diffraction efficiency of our metasurfaces re-

gardless of the incident angle compared to the conventional grating. The 2D complex-amplitude

transfer functions are used to build our learned physical waveguide model to account for the op-

tical responses of the in- and out-couplers. Supplementary Figure 6 shows the 2D transfer func-

tions of the see-through efficiency for the inverse-designed metasurface and the conventional

grating, illustrating that the see-through transmittance of our metasurfaces is also uniform re-

gardless of the incident angle as opposed to conventional gratings.
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Supplementary Fig. 2 Refractive index profiles for the glass utilized in the prototype fabri-

cation. The plot illustrates the wavelength-dependent refractive index for two types of glass.

The red line represents the lead-containing glass used for the fabrication, exhibiting a higher

refractive index across the visible spectrum in contrast to typical glass, depicted by the blue

line. This higher refractive index allows for total internal reflections at shorter wavelengths,

making it particularly suitable for our compact waveguide design. The unique refractive index

characteristics of the high-index glass significantly contribute to the effective operation of the

metasurface waveguide system.
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a b

Supplementary Fig. 3 Optimization process of the inverse-designed metasurfaces. (a) Graph

depicting the Figure of Merit (FOM) evolution over the course of optimization iterations. The

y-axis indicates the FOM, while the x-axis represents the number of iterations. To consider the

fabrication feasibility of the electron beam lithography, x-axis symmetry and Gaussian blur are

applied in each iteration. (b) Geometry of the metasurfaces in the xy plane at the initial state

(top), intermediate state (middle), and after optimization (bottom). The color bar represents the

refractive index at a wavelength of 521 nm. These visuals illustrate the effective progression

from a random initialization state to a highly optimized metasurface design, evidencing the

successful operation of the optimization process.
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Supplementary Fig. 4 Simulated 2D transfer functions of the diffraction efficiency for the

inverse-designed metasurfaces. The amplitude (top) and phase (bottom) of the complex-

amplitude transfer functions for the red (left), green (middle), and blue (right) are presented.

Supplementary Fig. 5 Simulated 2D transfer functions of the diffraction efficiency for conven-

tional single-lined gratings. The amplitude (top) and phase (bottom) of the complex-amplitude

transfer functions for the red (left), green (middle), and blue (right) are presented.
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Supplementary Fig. 6 Simulated 2D transfer functions of the see-through efficiency. The am-

plitude of the complex-amplitude transfer functions is presented for conventional single-lined

gratings (top) and our inverse-designed metasurfaces (bottom) at the red (left), green (middle),

and blue (right) wavelengths.
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Definition and discussion of angular uniformity

This subsection provides more detailed definitions and discussions of angular sensitivity and

uniformity of our metasurfaces. The angular sensitivity in this context refers to how much the

diffraction efficiency and phase delay (i.e., the transfer function) changes when light with a spe-

cific wavelength is incident on the metasurface gratings as the angle of incidence changes. For

example, nanophotonic devices including metasurfaces diffract light with high efficiency for

normal incidence but may have lower diffraction efficiency for oblique incidence, and this can

lead to performance degradation such as reduced image quality or vignetting in imaging/display

applications, such as ours, which consider a wide range of incident angles. Most prior works

on metasurface gratings have focused on maximizing diffraction efficiency for a specific an-

gle, usually normal incidence, but in our work, we optimized the metasurface gratings to have

high diffraction efficiencies for both normal and oblique angles to achieve invariance of diffrac-

tion efficiency to the angle of incidence. Figure 2f shows the transfer function in the one-

dimensional domain. There, we see how much the transfer function changes depending on the

angle of incidence with a comparison between normal gratings and our inverse-designed meta-

surface gratings, which shows ours has a more uniform transfer function with a smaller variance

over the incident angles at the RGB wavelengths. Furthermore, we provide an evaluation met-

ric called “uniformity” to quantitatively evaluate the invariance of the transfer function with

respect to the angle of incidence for each color, which is defined as the ratio of the minimum

and maximum amplitudes within the viewing angle range. As represented in Figure 2g, the

inverse-designed metasurface has high uniformities of 61.7%, 91.2%, and 98.3% for red, green,

and blue color channels, respectively, whereas conventional gratings achieve much lower uni-

formities of 58.9%, 47.7%, and 88.8%, showing that our inverse-designed all-glass metasurface

couplers provide better angular uniformity and higher see-through efficiency in the entire visible

range than conventional gratings.

Intuitively, the reason why our inverse-designed metasurface is more “angle” independent

than conventional gratings is that ours is able to utilize more diverse electromagnetic resonance

modes inside the nanostructures. For example, the two gratings composing our double-lined

metasurface gratings can produce different electromagnetic resonances, and the two can re-

inforce each other, improving diffraction efficiency or reducing angular dependency through

constructive interferences to each other. Additionally, while our inverse-designed metasurface

is composed of a high-index glass material with high transparency and sufficient light–matter

interactions to manipulate light inside the double-lined nanostructures, in the future, it may be

possible to enhance the light–matter interaction further by using higher refractive index dielec-

tric materials or plasmonic materials.13
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Discussion on metasurface design and diffraction efficiency

For our metasurface, the diffraction efficiency of red is slightly behind the efficiencies of green

and blue. To improve diffraction efficiency for a specific wavelength, we could consider de-

signing nanophotonic grating structures that achieve stronger electromagnetic resonances for

the desired wavelength. In the limit, by designing a dielectric nanostructure to have both elec-

tric and magnetic dipole resonances of equal intensity for a specific wavelength, a metasurface

with maximized diffraction efficiency, called a Huygens’ metasurface, can be designed.14 Struc-

tural perturbations in nanostructures to engineer spectral resonances could be another solution

to further engineer the diffraction efficiency of our metasurface.15 These approaches could be

applied to push up the diffraction efficiency of red but would come at the cost of reducing the

efficiency of other colors.

There are other potential directions to improve the diffraction efficiency across all three col-

ors with further development of the metasurface design or material composition. For example,

since higher refractive index materials can have stronger light-matter interactions to produce

higher diffraction efficiency, we can consider other dielectric materials such as poly-Si which

has a much higher refractive index (n ∼ 3.5) than our high-index glass material (n ∼ 1.8)

or typical glasses (n ∼ 1.5). However, silicon has absorption loss for visible light, leading

to reduced see-through efficiency, which is a common phenomenon for materials with a high

refractive index in the visible range.

For comparison, we designed and numerically analyzed metasurface gratings with three

different materials: typical glass (SiO2), our high-index glass (SCHOTT SF6), and poly-Si.

Supplementary Figure 7 shows amplitude parametric designs with the amplitude of diffracted

light for our target RGB wavelengths for different height and width configurations of the meta-

surface grating. Consequently, we can find that the silicon metasurface grating achieves over

30% of the diffraction efficiency while our high-index glass gratings and typical glass gratings

have 10% and 1%, respectively. Notably, we see the largest increase in diffraction efficiency

for red. The typical glass, high index glass, and silicon metasurface gratings achieve 1.64%,

6.86%, and 42.95% diffraction efficiency for red respectively. Therefore, it can be concluded

that at the cost of reduced see-through efficiency we can enable higher diffraction efficiency,

especially for red, by increasing the refractive index of the metasurface structure. As discussed

in the Supplementary subsection “Further improvements in field of view”, recent studies on

nanophotonics and metasurfaces have shown that refractive index engineering with composite

materials or nanophotonic structures can be achieved. In the future, we believe that this mate-

rial engineering could enable the diffraction efficiency of metasurface gratings to be improved

without sacrificing see-through efficiency.
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Supplementary Fig. 7 Simulation results on metasurface gratings with three different materials,

including typical glass, our high-index glass, and silicon. The silicon metasurface grating can

achieve over 30% diffraction efficiency while our high-index glass gratings and typical glass

gratings have 10% and 1%, respectively.
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Supplementary Note 3: Additional details on fabrication

The design and geometry parameters of the metasurface waveguide system is illustrated in

Supplementary Figure 8a. The location and dimensions of the metasurface in- and out-coupler

are designed to transfer the holographic wavefront from the in-coupler to the out-coupler for

the red, green, and blue wavelengths. The dimensions of metasurfaces are 6.5 mm by 6.5 mm

for the in-coupler and 6.5 mm by 6.92 mm for the out-coupler. The prototype sample is shown

in Supplementary Figure 8b. The fabrication process of the metasurface waveguide system is

described in the Methods of the main text and illustrated in Supplementary Figure 9.

Supplementary Fig. 8 Design of the proposed metasurface waveguide system. (a) Top view

of the waveguide system, illustrating key dimensions and distances within the structure. The

image includes the positions and dimensions of the metasurface in- and out-couplers on the glass

substrate. This schematic view provides a comprehensive understanding of the overall system

design. (b) Corresponding images of the fabricated sample as captured by a camera. The image

showcases the real-world implementation of the system, validating the design specifications.
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Supplementary Fig. 9 Fabrication process for the metasurface waveguide system as detailed in

the Methods section. The schematic elucidates the sequential steps of the procedure: the initial

preparation of a custom glass substrate with a high refractive index, followed by coating the

substrate with a 30 nm thick layer of Cr film using an electron beam evaporator. Subsequent

steps include electron beam lithography, which encompasses spin coating of positive electron

beam resist (950 PMMA a4) and charge dissipation layer (e-spacer), electron beam exposure,

resist development, and cleaning. Multiple dry etching procedures are used to transfer the

metasurface patterns of the PMMA layer to the high-index glass substrate: (1) Cr etching with

a patterned PMMA mask using inductively coupled plasma reactive ion etching (ICP-RIE) with

a gas mixture of Cl2, O2, and Ar. (2) Glass etching with a patterned Cr mask using reactive ion

etching (RIE) with a gas mixture of CHF3, CF4, and Ar. Due to the low etching rate of the lead-

containing high-index glass, this etching process requires a very long etching time, so the entire

process consists of repeated cycles of etching and cooling (2 min etching and 1 min cooling,

12 times) to minimize thermal damage to the Cr mask. The cooling process includes N2 gas

exposure on the sample and Helium backside cooling. (3) Etching of the remaining Cr mask

using ICP-RIE again. The progression of images in this figure provides a visual comprehension

of the intricate and sequential fabrication process of the metasurface waveguide system.
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Transparency and rainbow effect of the metasurface gratings

For evaluation purposes, we fabricated additional metasurface samples composed of the same

high-index glass with our designed metasurface grating as shown in Supplementary Figure 10.

As shown in Supplementary Figure 10a, the metasurface samples are highly transparent with

high see-through efficiency without significant color distortion. We also measure the see-

through efficiency in the entire visible range and the diffraction efficiency at the target RGB

wavelengths using the measurement setup illustrated in Supplementary Figure 12. The mea-

sured results are represented in Figures 2e and 2f compared with the simulation results, showing

high see-through efficiency in the entire visible range.

Diffraction gratings, including conventional surface relief gratings and also our metasurface

gratings, diffract/reflect not only the displayed signal but, to a much lesser extent, also external

light from the physical scene in front of it. The diffraction or reflection of external light may,

in rare instances, cause a rainbow effect. This effect is inherent to all diffraction gratings and,

despite the potential artifacts this effect causes, diffraction grating-based waveguides are the

industry standard for OST-AR displays. Indeed, our approach is less prone to this effect than the

waveguides used by commercial solutions. Metasurfaces offer unique abilities in this context by

tuning gratings to increase see-through efficiency and decrease reflectance or other diffraction

orders, which is an interesting avenue for future work. To be more specific, one advantage

of our metasurface gratings is that the transmission from the glass substrate to air is free of

diffraction modes due to the subwavelength grating periodicity. For example, the period of our

metasurface grating is 384 nm, which is smaller than the wavelength of visible light in air, so

light transmitted through the metasurface, from glass substrate to air, cannot be coupled into

diffraction modes in air while the metasurface can still diffract the visible light in the glass

substrate with a high refractive index. This allows selective control of the diffraction mode

depending on the propagating material (e.g., air or glass). For this reason, our gratings have a

smaller rainbow effect by the absence of transmitted diffraction orders through the metasurface

while there are still small amounts of rainbow effect from direct reflections from the sample.

For an experimental demonstration of the rainbow effect, real-scene images with and with-

out the metasurface samples are captured to demonstrate transparency and the rainbow effect

under sunlight. As shown in Supplementary Figure 11, our inverse-designed all-glass metasur-

faces still provides a very clear image without significant color distortion.

There are orthogonal lines of work which have sought to mitigate this effect with nonlocal

metasurface gratings, which have strong angular or spectral dependency.16 The core of the

nonlocal metasurface is that the metasurface grating periodicity is subwavelength, so in addition

to our advantage of being able to selectively control the diffraction order, we can further reduce

the rainbow effect by providing additional angular/spectral selective properties to the grating

nanostructures. In the future, it would be interesting to integrate those techniques into our

metasurface design.
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a b

Supplementary Fig. 10 Captured images of a fabricated metasurface sample. The metasur-

face sample is composed of a high-index glass substrate and a single metasurface grating with

a dimension of 5 mm by 5 mm. The metasurface samples are highly transparent with high

see-through efficiency, as shown in (a), but for particular light source locations and viewing

directions, the direct reflections of ambient light show a rainbow effect common for all grating-

based AR waveguides, as shown in (b). The images were captured (a) inside the laboratory and

(b) outside during the day.

20



w/o metasurfaces with metasurfaces

Supplementary Fig. 11 Captured real-scene images (left) without or (right) with the meta-

surface sample. The images were taken outside during the day using a smartphone camera.

The image without the metasurface sample was captured directly with the camera, and the im-

age with the metasurface sample was captured through the metasurface sample in front of the

camera. The capture image shows very high transparency under sunlight during the day and

demonstrates that the proposed metasurface waveguide system is suitable for AR applications.
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Supplementary Fig. 12 Schematic diagram showing the measurement setup for the see-through

efficiency and transfer function of the inverse-designed metasurfaces. (a) See-through efficiency

measurement using white LED light source and spectrometer. (b) Transfer function measure-

ment using laser light source and prism attachment. Note that it is not possible to directly

measure the signal from the metasurface sample because the diffraction angle of our inverse-

designed metasurfaces is very high and the diffracted light is trapped inside the waveguide

system by total internal reflections, so a high refractive index prism (n = 1.79, Thorlabs) and

index matching oil (n = 1.7, Norland) are used to out-couple the light inside the waveguide.

The input laser source is a fiber-coupled laser with the target RGB wavelengths.
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Supplementary Note 4: Additional details on waveguide model

Deriving the Frequency-Dependent Waveguide Transfer Function

In our waveguide model, the transfer function, Hwg, models the full phenomena within the

waveguide as a set of complex-valued frequency-domain coefficients. Firstly, these coefficients

include the frequency-dependent coupling efficiencies of our designed gratings as computed by

RCWA simulations, Hout and Hin. Secondly, the coefficients include the phase delay, φreflect,

produced by the NTIR total internal reflections within the waveguide.

φreflect = −2 ·NTIR · arctan
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Next, the coefficients include a phase delay based on the optical path length traversed by each

frequency within the waveguide:
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Lastly, based on the shifting property of the Fourier Transform, the transfer function includes

a frequency-dependent phase ramp, φtranslate to translate the coordinates of the wavefront from

the in-coupler to the out-coupler (where twg is the distance between the centers of the couplers):

φtranslate = 2πfxtwg

Putting together the coupling efficiencies, the total internal reflections, the optical path

length propagation, and the coordinate translation, we get the full expression for the frequency-

dependent coefficients of the transfer function through the waveguide:

Hwg = HoutHine
i(φreflect+φprop+φtranslate)
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Bandwidth considerations of waveguide model

One major consideration for implementing our proposed image formation model is the amount

of sampling required to model the wavefronts without aliasing and the padding required to

model the propagations without circular convolutions.

To determine the amount of sampling required to avoid aliasing, we can look at the angular

ranges spanned by the wavefronts at different points within our propagation pipeline since this

directly corresponds to the frequencies present within the wavefront. To avoid aliasing for

the wavefront at the in-coupler, we reconstruct the wavefront based on the Nyquist-Shannon

sampling theorem to be able to model the maximum deflection frequency of the SLM added to

the maximum frequency of the illumination wavefront. After constructing the wavefront at this

high sampling, this wavefront can be downsampled with anti-aliasing to model only the angular

frequencies that correspond to the optimized FOV of the display. This sampling methodology

also enables our model to explicitly simulate the contribution of higher diffraction orders to the

optimized FOV of our display. While the zero-order undiffracted light is not explicitly modeled

with our physical waveguide model, it can be characterized at this simulation bandwidth with

our learned physical waveguide model.

When this wavefront is propagated through the waveguide, the wavefront must be padded

to avoid circular convolution. To do this, we pad the wavefront to twice the original area and

use the same methodology as the band-limited angular spectrum method (ASM)17 to zero out

frequencies in the transfer function that would be aliased. Here we also zero out frequencies

that would propagate to areas outside our optimized FOV.

To model the free-space propagation in our system, we apply a diverging wavefront, cor-

responding to a simulated imaging lens, that cancels out the focal power of the incident con-

verging wavefront. Then we use ASM propagation to propagate to the desired re-imaged target

distances. When we apply this imaging lens, we must again upsample the wavefront to avoid

aliasing the imaging lens, but we can again antialias blur and downsample the wavefront after

the lens before propagating to the target planes. Additionally, since we already blurred out fre-

quencies that would propagate to areas outside our optimized FOV, we do not need to pad our

wavefront before propagating to all the target planes. This explicit integration of a free-space

propagation model enables our architecture to accurately model long propagation distances.

Our implementation of our learned physical waveguide model, which is built on this physi-

cal model, is not optimized for speed and is trained on eight NVIDIA RTX A6000 GPUs for a

day. This training time could be significantly reduced by optimizing our model using a custom

CUDA implementation. We did not focus on optimizing this part of the pipeline, because it only

needs to be done once, as a one-time, post-fabrication calibration routine. During runtime, holo-

grams are synthesized using standard phase-retrieval-based computer-generated holography al-

gorithms that invert our learned physical waveguide model. In our current implementation, 2D

hologram generation takes 10 minutes per phase pattern, and 3D hologram generation takes

15 minutes per phase pattern. However, prior works have demonstrated that real-time phase
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synthesis networks can be trained to invert forward models for 2D and 3D computer-generated

holography.1, 18, 19
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Ablating the model performance

In Supplementary Table 1, we quantitatively evaluate the accuracy of different wave propagation

models on predicting the output of our holographic AR system. For baselines, we compare our

waveguide models against the ASM model for free-space propagation as well as a recent state-

of-the-art learned propagation model3 designed around free-space propagation. Our physical

waveguide model with no learned parameters performs slightly better than free-space propaga-

tion. Once we fit the spatially varying efficiencies at the gratings, the performance of our model

improves substantially. Our full learned physical waveguide model with CNNs and the param-

eterized gratings performs the best, and significantly outperforms the free-space propagation

models. Additionally, while the learned free-space model can fit reasonably well for our cap-

tured dataset, it fails to generalize well enough to produce high quality images during inference

since it is built around an incorrect physical model. This poor inference performance for the

learned free-space model is shown in additional experimental results in this Supplement.

Supplementary Table 1 Performance comparison of different wave propagation models. All

models are evaluated on 4 planes. Peak signal-to-noise ratio (PSNR) is evaluated for training

and test sets.

Models Train Test

Free-Space Model 23.50 dB 23.12 dB

Learned Free-Space Model3 33.07 dB 32.49 dB

Physical Waveguide Model 24.80 dB 24.25 dB

+ aIC + aOC 30.52 dB 29.54 dB

+ aIC + aOC + CNNIC+ CNNtarget 36.51 dB 35.75 dB
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Supplementary Note 5: Additional experimental results

Additional 2D Comparison of Wave Propagation Models

Supplementary Figure 13 is an additional 2D comparison that highlights the benefits of our

proposed propagation model that pairs physical waveguide modelling with learned components.
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Supplementary Fig. 13 2D holograms optimized for different distances with different models

of propagation. The image quality with the free-space propagation model is poor especially at

closer virtual distances. The learned free-space model3 does not improve image quality since the

model overfits to the training dataset without learning the actual physical propagation through

the waveguide. Across all distances, optimizing through the physical waveguide model pro-

duces better image quality than optimizing through the free-space propagation models. After

adding our proposed learned parameters to this correct physical model of the waveguide, the

resulting image quality is substantially further improved.
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Additional 3D Comparison of Wave Propagation Models

Supplementary Figure 14 is an additional 3D comparison that similarly highlights the benefits

of our proposed pairing of a physical waveguide model with learned components.
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Supplementary Fig. 14 3D holograms optimized with different models of propagation. These

show similar patterns to the 2D captures. The image quality with the free-space prop-

agation models are poor with and without learning. The image quality with the physi-

cal waveguide model is slightly better, and the image quality with our proposed learned

physical waveguide model is best. The target scene is from the Durian Open Movie

project (© copyright Blender Foundation, www.sintel.org) under a Creative Commons licence

(https://creativecommons.org/licenses/by/3.0/).
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Resolution Chart Comparison Between Wave Propagation Models

Supplementary Figure 15 illustrates the improvement in sharpness provided by our proposed

model. Producing sharp content with holography requires distant pixels to interfere accurately,

so precise modeling is required. Our learned parameters enable this.

Free-space model

Physical

waveguide model

Learned physical

waveguide model

Supplementary Fig. 15 2D comparison between wave propagation models with a resolution

chart target figure. This comparison further illustrates the benefits of the physical waveguide

model and our proposed learned physical waveguide model.
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Comparison between Different Levels of Time Multiplexing

Supplementary Figure 16 experimentally illustrates the benefits of time multiplexing for pro-

ducing smooth defocus behavior.
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Supplementary Fig. 16 3D holograms produced with different numbers of time-multiplexed

phase patterns. When only a single phase pattern is used, the hologram presents a full view

of the 3D scene. As more phase patterns are time multiplexed, the resulting partially coherent

hologram has reduced speckle and more natural (i.e., incoherent) defocus blur. This echoes the

conclusions in prior work.3 The target scene is provided by peach.blender.org (© 2008, Blender

Foundation) under a Creative Commons licence (https://creativecommons.org/licenses/by/3.0/).
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Comparison between Views from across the Eyebox

Supplementary Figure 17 shows images seen through the waveguide with different amounts of

horizontal camera translation ranging from -2 mm to 2 mm. From these results, it can be seen

that the benefits of our learned physical waveguide model are not overfit to a particular camera

position and enable improvements to image quality across the eyebox.
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Supplementary Fig. 17 Views captured with different camera translations across our eyebox.

The high image quality with our learned physical waveguide model is maintained for different

camera translations.
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Laser-synchronized Video Holograms

To demonstrate the full-color capabilities of our system, we have captured the view of laser-

synchronized holograms from our display. For these video results, all three colors are captured

together in the same exposures without any digital post processing. The synchronization for

these results is performed by operating our Holoeye SLM in color-field sequential (CFS) mode.

In this mode, the SLM rapidly switches between phase patterns for each of the primary colors

at 180 Hz, and the driver board of the SLM outputs three illumination synchronization signals

which we use as an analog enable for our three laser wavelengths. With this configuration, illus-

trated in Supplementary Figure 18, our FISBA READYBeam pulses the colors of illumination

in-sync with the phase patterns displayed on the SLM.

In our Supplementary video, we include multiple video results captured with laser-syn-

Camera / Eye

Waveguide RGB laser
diode

SLM

Synchronization
Module

RGB enable signals from SLM

On

Off

On

Off

On

Off

Period = 16.67 ms
Frequency = 60 Hz

Blue

Green

Red

Supplementary Fig. 18 (Top) Diagram of laser-synchronization configuration. The SLM driver

outputs RGB enable signals to coordinate the timing of the illumination and the displayed holo-

grams. (Bottom) RGB enable signals from our HOLOEYE LETO-3 SLM measured using a

Saleae Logic Pro 16.
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chronized holograms. First, we show a clip of laser-synchronized 2D video results. In these

results, the image quality with the free-space propagation model is poor with low resolution

and vignetting. The image quality with the physical waveguide model slightly improves the vi-

gnetting, but is still poor due to a less accurate look-up table when the SLM is operating in CFS

mode. With our learned physical waveguide model, these aberrations are overcome, and high

image quality is produced. The target video is provided by peach.blender.org (© 2008, Blender

Foundation) under a Creative Commons licence (https://creativecommons.org/licenses/by/3.0/).

We next include a comparison of laser-synchronized 3D video results. These results exhibit sim-

ilar behavior; our full learned physical waveguide model can be used to generate high-quality

holograms. For this 3D video clip, we also show the first phase modulation pattern for the

green channel for each frame. When the 3D video is paused and the camera is changing focus,

the displayed hologram does not respond to the camera’s focus illustrating how the holograms

simultaneously produce the full 3D scene. The target video is from the Durian Open Movie

project (© copyright Blender Foundation, www.sintel.org) under a Creative Commons licence

(https://creativecommons.org/licenses/by/3.0/). We also include 2D and 3D AR results that

demonstrate the high AR image quality with our learned physical waveguide model. In the 2D

AR scene, a real world koala is scanned by a virtual HUD that is produced by our holographic

display. In the 3D AR scene, virtual toys, including a bike, a cube, and a robot, are positioned

around a real world action figure and duck. Our display provides the correct scale of blur on

virtual content for human pupil diameters up to the 5.9 mm eyebox size. As the pupil or camera

aperture grows beyond this size, the blur of the real-world objects continues to grow while the

blur of virtual content does not. Since we capture our results with a programmable focus Canon

lens that has a larger aperture, the blur on the real world content appears large, while the blur of

the virtual content is at the scale that would be perceived through a 5.9 mm pupil. This produces

the deviation in defocus behavior for virtual and real-world content in our AR results.
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