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Abstract: Augmented reality waveguide displays often suffer from low efficiency, inherently
caused by losses from multiple interactions of incoming light with the in-coupler. These losses
impose a fundamental limitation on system brightness and lead to field-dependent losses (i.e.,
losses that depend on the angle of incidence on the in-coupler). While previous theoretical work
established the field-dependent in-coupling efficiency limit and introduced a multi-zone in-coupler
architecture, that analysis was based on idealized assumptions. We present the first experimental
realization, design optimization, and rigorous validation of a three-zone metasurface in-coupler
that approaches the theoretical efficiency limit for a given waveguide geometry under realistic
operating conditions. Each metasurface zone is individually optimized using rigorous coupled-
wave analysis, guided by a custom feedback loop that incorporates realistic diffraction efficiency
targets based on simulated metasurface performance. This optimization process was adapted
to include real-world factors like material loss and non-ideal coupling efficiency sums. The
metasurfaces are fabricated using atomic layer deposition and are experimentally characterized
via diffraction and reflection measurements. The simulated field-dependent in-coupling efficiency
across the horizontal field agrees well with the measured efficiency, confirming the validity of
our multi-zone optimization strategy for practical device engineering. This study exemplifies
the practical feasibility of metasurface-based in-couplers for waveguide displays and establishes
a critical, experimentally proven pathway toward high-efficiency augmented reality displays,
directly addressing the input coupling efficiency bottleneck.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Augmented reality (AR) head-worn displays, first demonstrated by Ivan Sutherland in 1965 and
revived in the 90s to this day, are a category of technologies that superimpose computer-generated
content onto the user’s field of view (FOV) [1-8]. These systems have been applied across a
wide range of domains, including education, entertainment, engineering, and medicine [9]. A
key element of head-worn AR devices is the optical combiner, which merges virtual images from
the display engine with the real world, enabling users to perceive both at the same time [10,11].
Various designs for optical combiners have been explored, such as freeform mirrors and prisms
[12—-15], birdbath architectures [16], retinal scanning displays [17,18], and waveguide-based
combiners [19-29]. Among these options, currently, waveguide combiners are a favored solution
due to their compact form factor and mature manufacturing methods. Critically, waveguide
displays also provide a large eyebox, which is crucial for ensuring visual comfort during prolonged
usage.
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Waveguide combiners use exit pupil expansion to enlarge the eyebox size while preserving
the FOV. Exit pupil expansion leverages total internal reflection (TIR) to confine light within
the waveguide and replicate the pupil through controlled partial out-coupling. Figure 1 shows
the L-shape waveguide design, which uses an expander and an out-coupler to achieve pupil
expansion in two orthogonal directions. As depicted in Fig. 1, the in-coupler directs incident
light from the display engine into the waveguide by adjusting the angles of the rays to satisfy
the TIR condition. Subsequently, the expander modifies the directions of the rays to propagate
light towards the out-coupler. The light reflection and transmission at each interaction with the
expander are carefully managed to allow each ray to be replicated along the propagation direction,
as shown in Fig. 1. Upon reaching the out-coupler, the directions of rays are altered to break
the TIR condition, allowing light to exit the waveguide and get to the eye. The out-coupling
efficiency at various regions of the out-coupler is similarly adjusted to provide a replication
in the direction perpendicular to the expander before exiting the waveguide. This mechanism
effectively replicates each incident ray into multiple out-coupled rays, thereby expanding the exit
pupil dimensions in 2D.
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Fig. 1. Working principle of AR waveguide display.

The ray angle adjustments can be achieved via diffraction or reflection, leading to two main
types of waveguide combiners, diffractive and reflective waveguides. Diffractive waveguides
usually use surface-relief gratings or metasurfaces as couplers. Metasurfaces, composed of
subwavelength structures, enable precise control over light’s phase, amplitude, and direction
[30-36]. Their compactness and design flexibility make them well-suited for integration into
waveguide systems, offering an alternative to conventional gratings [24,37—41]. Reflective or
geometrical waveguides generally use embedded partial mirrors or prisms, leading to thicker
architecture. Each of these different coupling methods presents trade-offs in terms of efficiency,
spectral bandwidth, and fabrication complexity.

Regardless of the type of waveguide combiner, the pupil expansion process leads to a decrease
in the brightness of out-coupled rays due to the principles of energy conservation. This is indeed
a major trade-off for waveguide technology. Therefore, optimizing the coupler design is essential
to ensure sufficient out-coupling efficiency to deliver a bright and uniform visual output.

Noted that the in-coupling efficiency fundamentally limits the overall brightness of the system,
as any light lost at the in-coupler cannot be recovered later. However, achieving high in-coupling
efficiency is challenging due to internal losses caused by the multiple interactions of the incoming
light with the in-coupler [24,27,29,42]. As shown in Fig. 2(a), due to the thin profile of the
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waveguide (e.g., 0.5 mm thickness) and the relatively large size of the in-coupler (e.g., 3 mm
square), light that initially enters the waveguide can undergo TIR and re-encounter the in-coupler
[24]. During these secondary interactions, a portion of the light may couple out of the waveguide
in an unintended direction, causing efficiency loss and potential stray light. This problem
exists for both diffractive and reflective waveguide architectures [25]. To maximize in-coupling
efficiency, the sum of the first-order diffraction efficiency for the incident light (Fig. 2(b)) and
the zeroth-order reflection efficiency for the internally trapped light (Fig. 2(c)) must be high
to ensure maximum light is retained within the system for subsequent coupling rounds. Due
to the principles of light reversibility and energy conservation, this sum cannot exceed 100%
[24,27,42].
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Fig. 2. (a) Multiple interactions problem: a ray from the display engine interacts with the
in-coupler (dark grey square), diffracts into the first diffraction order, reflects from the back
surface, and interacts with the in-coupler again, part of the light is diffracted and exits out
(dashed green arrow outside of the waveguide), the rest of the light is reflected and keeps
propagating inside the waveguide (two dashed green arrows inside the waveguide); (b) & (c):
Two interactions that affect the final in-coupling efficiency: (b) the diffraction of the incident
light into first-order with an efficiency nr 1(6), where T means the transmission side, +1 is
the order number, and @ is the incident angle; (c) the reflection of the trapped light with an
efficiency the g 0(6.1), where the 6,1 means the incident angle for this interaction is the
first-order diffraction angle from the interaction in (b); (d) Theoretical coupling efficiency
map; (e) Three-zone in-coupler configuration: the values on top of each zone are the sizes
of each zone, and the values below each zone are the efficiencies required for each zone,
the top rows are the first-order diffraction efficiency required values, and the bottom rows
are the zeroth-order reflection efficiencies. (f) The coupling efficiency map calculated for
the three-zone in-coupler in (e). Panels (d), (e), and (f) are adapted from the theoretical
framework and optimization results presented in Ref. [27].

The multiple interaction problem can be mitigated by either reducing the size of the in-coupler
or exit pupil, or by increasing the thickness of the waveguide to increase the separation between
TIR paths. However, decreasing the in-coupler or pupil size limits the best achievable image
resolution, as the pupil dimension determines the cutoff frequency of the diffraction-limited
modulation transfer function (MTF) [43]. Increasing the waveguide thickness compromises the
compactness of the display and contributes to additional weight, which is undesirable for wearable
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applications. Moreover, the separation between TIR paths corresponds to the spatial separation
between replicated pupils. To preserve high image quality, gaps between these replicated pupils
must be minimized, which requires that the maximum TIR separation be at least equal to the pupil
size, or the in-coupler size if the two are co-planar. Under this constraint, any field with a smaller
TIR separation will inevitably undergo multiple interactions with the in-coupler. Therefore, this
problem cannot be entirely avoided through pupil size or waveguide thickness adjustment [29].

Considering the inevitability of this issue, for a given waveguide geometry and in-coupler size
and shape, we can derive a fundamental limit on in-coupling efficiency, under the assumption
that the combined efficiency of the two interactions shown in Fig. 2(b) & 2(c) totals 100%
[24]. The minimum field efficiency (MFE), defined as the minimum in-coupling efficiency for
the fields within the FOV, is used as a critical performance metric, as it establishes the upper
limit of brightness required for achieving a uniform output. This is because areas exhibiting
low efficiency cannot be digitally brightened, while high-efficiency regions can be attenuated.
Under typical design parameters (N-BK7 waveguide, 0.5 mm thickness, 3 mm x 3 mm pupil size,
532 nm wavelength, and 20° x 20° FOV), and the case that the pupil and the input coupler are
equally sized and co-planar, the theoretical maximum MFE has been calculated to be 29%, as
illustrated in Fig. 2(d).

The losses induced by the multiple interactions with the in-coupler result in a field-dependent
non-uniform irradiance in the pupil plane that manifests in a reduction in image quality. In prior
work, it was shown that splitting the in-coupler into multiple zones with a set of target efficiencies
for each zone can maintain the theoretical maximum MFE, while allowing for a diffraction-limited
image quality for all fields, specifically a diffraction-limited MTF at 30 cycles per degree (a
frequency corresponding to excellent human visual acuity or 20/20 vision) [27]. For the multiple
zones configuration optimization, the first-order diffraction efficiency for each zone, as well as
the corresponding zone width, are the optimization variables, while the zeroth-order reflection
efficiency for each zone can then be determined by the perfect 100% efficiency sum assumption.
The optimization merit function includes the coupling efficiency and the MTF values at 30 cycles
per degree for the worst field (-10°, 0°). Using this optimization method, a three-zone design
with a set of target efficiencies (Fig. 2(e)) was demonstrated for the geometry shown in Fig. 2.
In the current study, we provide the first experimental validation and practical implementation
of the multi-zone in-coupler using metasurfaces for this three-zone configuration. Each zone
was realized with a metasurface, achieving an MFE of 25.3%, which approaches the theoretical
limit of 29%. The design process was guided by a custom optimization framework that explicitly
incorporates realistic efficiency values and accounts for non-ideal efficiency sums and material
loss via a feedback loop for iterative refinement. The fabricated metasurfaces were experimentally
characterized using two separate setups: one for measuring grating efficiency separately and
another for evaluating coupling efficiency. This successful experimental realization successfully
bridges the gap between the idealized theory of Ref. [27] and a real-world AR component,
proving a critical, high-efficiency solution that directly addresses the AR brightness bottleneck.

2. Metasurface in-coupler optimization

To design the metasurface for each zone, photonic simulations were conducted using the rigorous
coupled-wave analysis (RCWA) method in RSoft (Keysight, former Synopsys). Titanium dioxide
(TiO;) was chosen as the meta-atom material because of its high refractive index and low
absorption in the visible spectrum, which makes it an ideal choice for waveguide-based optical
combiners. Each metasurface design consists of periodic arrays of nano-beams and nano-pillars
as illustrated in Fig. 3(a). The grating period is set to 453 nm, which is derived from the system
specification that the smallest diffraction angle for the field (-10°, 0°) is just larger than the critical
angle of N-BK7. As indicated by the target efficiency distribution in Fig. 2(e), each zone requires
two distinct efficiency values that correspond to separate interactions shown in Fig. 2(b) and
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Fig. 2(c). To simplify the metasurface optimization, only the XFOV is scanned to obtain the
diffraction efficiencies since these efficiencies are nearly constant along the vertical directions.
To further reduce computational complexity, equivalent interactions that share the same incident
direction are used in the simulation, based on the principle of light reversibility, as described in
Supplement S1. The light source is TE-polarized green light with a wavelength of 532 nm. The
source is located within the glass substrate, and the incident angle varies from 41.5° to 62.5°,
corresponding to the range of first-order diffraction angles for incident angles spanning from -10°
to 10°, according to the grating equation in transmission given as:
ng sin(8y) = n; sin(0;) + mj/l

where ny and n; are the refractive indices of the medium on the diffraction and incident sides,
respectively. 8, and 6; are the diffraction and incident angles, m is the diffraction order, A is the
wavelength, and d is the grating period.
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Fig. 3. Metasurface designs for a three-zone in-coupler configuration: (a)-(c) metasurface
geometries for zones 1-3, respectively; (d)-(f) efficiency curves for metasurface designs
(a)-(c), where the red curves represent the first-order diffraction efficiency as a function of
incident angle from -10° to 10°, and the blue curves represent the zeroth-order reflection
efficiency as a function of secondary incident angle from 41.2° to 62.5°, and the black curves
are the sum of the two efficiencies.

The design variables consist of the width of the nano-beam, the diameter and thickness of the
nano-pillar, the separation between the nano-beam and nano-pillar, and the unit cell size along
the y-direction. For each simulation, the outputs include the first-order diffraction efficiency and
the zeroth-order reflection efficiency. The merit function is defined as the deviation between
these simulated efficiencies and the respective target values. Optimization is performed using the
Multi-Variable Optimization and Scanning Tool (MOST) in RSoft to minimize this deviation and
achieve the desired performance.

The target efficiencies shown in Fig. 2(e) assume the ideal scenario where the sum of the two
interaction efficiencies equals 100%. However, absorption and additional diffraction orders exist
in practical applications for real gratings, resulting in a combined efficiency of less than 100%
(see Supplement S1). These actual values must be updated within the optimizer to re-optimize
the efficiency distribution for the three-zone architecture to get a more realistic target for the
metasurface optimization. The complete optimization workflow is detailed in Supplement S2.
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Following this workflow, the optimized metasurface geometries for each zone are presented in
Fig. 3(a)-3(c). All three designs share the same thickness, which is a constraint imposed to
accommodate fabrication. In zones 2 and 3, the nano-pillars display partial circular shapes as the
pillar dimensions were allowed to exceed unit cell boundaries during optimization.

The first-order diffraction efficiencies as functions of the horizontal field of view (XFOV) are
shown in Fig. 3(d)-3(f) for the three metasurface designs. In Fig. 3(d), the diffraction efficiency
of zone 1 is non-uniform across the XFOV, showing a high value at the left end and a gradual
decrease toward the right end. This trend is similar to the performance observed in a single-zone
metasurface in-coupler discussed in our previous study [24]. The optimization merit function is
adjusted to balance the efficiencies at both ends of the XFOV, attaining a high efficiency at the left
end (-10°, 0°) and preventing the efficiency at the other end from dropping too much due to the
limited angular bandwidth. In contrast, zones 2 and 3 demonstrate much flatter efficiency curves,
although they are optimized only for the —10° field angle. This suggests that the designs for zones
2 and 3 inherently provide broader angular bandwidths than zone 1. These results also emphasize
a trade-off between peak efficiency and angular bandwidth in this class of metasurfaces.

3. Metasurface evaluation using a ray tracing model

A simplified AR waveguide display is modeled in non-sequential ray-tracing software (LightTools
from from Keysight, former Synopsys) to evaluate the performance of the designed metasurface
in-coupler. As shown in Fig. 4(a), the left portion of the system includes the display engine,
which consists of a light source, two ideal lenses serving as a collimator, and a linear polarizer.
The polarizer is used to ensure that the incident light is TE-polarized, as the metasurfaces are
optimized for this polarization state. The metasurface in-coupler zones are defined by their
bidirectional scattering distribution function (BSDF). The out-coupler is modeled as an ideal
grating with 100% efficiency to extract the trapped light from the waveguide. An additional
perfect lens is positioned to focus the collimated light from the out-coupler onto the detector
plane for final assessment.

The designed display engine over-illuminates the in-coupler area due to the circular shape
of the exit pupil, while the in-coupler has a square geometry. To address this mismatch, a
spatial filter is used to collect the portion of light that enters the square in-coupler region. A
more efficient solution would be to reshape the circular exit pupil into a square geometry at
the in-coupler using freeform optics. [15,44]. Based on the measured light distribution at the
detector, the coupling efficiency is calculated as the ratio of the irradiance at the detector to the
irradiance from the input source after filtering. As shown in Fig. 4(b), the MFE for the three-zone
metasurface in-coupler is 25.3%, occurring at an XFOV of —10°. The efficiency drop observed at
positive incident angles for zone 1 [Fig. 3(d)] does not lower the MFE. Instead, it contributes to a
more uniform coupling efficiency distribution across the entire field of view. To better align with
the measurement method mentioned below for coupling efficiency measurement, the prism-based
out-coupling is also simulated, as shown in Fig. 4(c). A detector is positioned right after the
prism to capture the out-coupled light. An array of point sources is used as the light source, and
they are activated individually to sample the XFOV. The measured coupling efficiency dots are
shown in Fig. 4(d), and they match well with the XFOV cross section of Fig. 4(b).

4. Metasurface fabrication

The aspect ratio of the designed metasurfaces, one for each zone, defined as the ratio of the
structure’s height to its lateral size in the x-y plane, reaches up to 2.5 for the nanobeams in zone
3. For this aspect ratio, both etching and atomic layer deposition (ALD) methods are suitable for
fabrication. In this study, the ALD method is selected due to its ability to produce TiO, films
with a higher refractive index compared to the sputtered TiO, used in etching processes.
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Fig. 4. LightTools evaluation of the three-zone metasurfaces in-coupler: (a) geometry
modeled in LightTools for evaluating coupling efficiency; (b) simulated coupling efficiency
map using the metasurfaces as the three-zone in-coupler, exemplifying uniformity; (c)
geometry modeled using a prism as out-coupler; (d) simulated coupling efficiency using the
prism compared with the cross section along XFOV in Fig. 4(b).

Figure 5(a) outlines the fabrication steps using the ALD method. First, a diluted PMMA
(MicroChem), which is a positive electron beam lithography resist, is spin-coated onto an N-BK7
substrate at 1800rpm for 60 seconds. This step produces a 300 nm-thick resist layer, which is
thicker than the height of the TiO, structures to account for material loss during descumming
and over-etching. The resist is then baked at 170 °C for 15 minutes. To reduce the charging
effect during electron beam exposure, DisCharge H20x2 (DisChem) is spin-coated at 2000rpm
for 60 seconds. Pattern exposure is then carried out using a 100 kV JEOL 9500 electron beam
lithography system. After exposure, the sample is rinsed in deionized water for 30 seconds to
remove the discharge layer, then developed in a 1:3 MIBK/IPA solution for 45 seconds, rinsed in
IPA for 30 seconds, and dried with nitrogen gas. A 20-second Argon plasma descum step follows
to remove residual resist. In the next step, a TiO, layer is deposited using a Cambridge Savannah
200 ALD system with TDMAT and water as precursors. Each cycle includes a 0.1-second
TDMAT pulse, a 25-second delay, a 0.015-second water pulse, and another 25-second delay. The
chamber temperature is kept at 85 °C, and the TDMAT precursor is held at 70 °C. This process
results in a deposition rate of approximately 0.065 nm per cycle. Next, reactive ion etching is
performed using an inductively coupled plasma (ICP) system (PlasmaTherm) with BCl3/Cl,/Ar
gases (30/2/7 sccm), at an RF power of 50 W and an ICP power of 800 W. The etching rate is
approximately 66 nm/min. Finally, oxygen plasma is used to remove degraded resist, and the
remaining resist is dissolved in acetone overnight.
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Fig. 5. Metasurface fabrication: (a) fabrication workflow of the ALD method; (b)-(d) SEM
images showing the top views of the fabricated metasurface zones 1-3, respectively. The
insets provide a zoomed-in view of the metasurfaces, with a scale bar of 200 nm.

Figures 5(b)-5(d) show top-view scanning electron microscope (SEM) images of the fabricated
metasurfaces for different zones. The insets provide zoomed-in views. The fabricated meta-atom
shapes closely match the simulation results, and the variations are within £20 nm, as shown in
Table 1. However, as shown in the insets of Figs. 5(c) and 5(d), the sharp corners of the partially
circular structures in zones 2 and 3 appear slightly rounded.

Table 1. Comparison between designed and measured geometries for zone 1-3

metasurfaces
Zone 1 Zone 2 Zone 3

Bar Pillar Bar Pillar Pillar Bar Pillar Pillar

width diameter width diameter width width diameter width

Designed 110 100 110 170 156.5 100 196 160.5
value (nm)

Measured 110.5 97.98 110.3 156.9 136.4 100.1 190.2 149.5
value (nm)

5. Metasurface measurements
5.1. Diffraction and reflection efficiencies measurement

The first-order diffraction efficiency of the fabricated metasurface in-coupler was measured using
the experimental setup illustrated in Fig. 6(a). A green laser is first coupled into a single-mode
fiber, with the output end connected to a fiber collimator (Thorlabs CFS18-532-FC), producing
a collimated beam with a diameter of approximately 3.5 mm. To measure the efficiency of
individual metasurfaces, three metasurfaces are fabricated at separate locations for each zone,
each with a size of 800 um square. A pinhole with a diameter of 800 um is placed below the
collimator to ensure that the incident beam size is smaller than that of the metasurfaces, and a
linear polarizer is positioned to generate TE-polarized incident light. The collimator, pinhole,
and polarizer are mounted together on an arm of the rotational stage to allow control over the
angle of incidence.

The sample is mounted on a custom-built stage that includes three-axis translation (x, y, z)
and a tip-tilt mechanism, providing the full range of motion required for precise alignment.
Diffraction efficiency measurements are performed over incidence angles ranging from -10°
to 10° with a step of 2°, corresponding to the system’s horizontal field of view (XFOV). A
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Fig. 6. Metasurface interaction efficiency measurements: (a) experimental setup for first-
order diffraction efficiency measurement; (b) experimental setup for zeroth-order reflection
efficiency measurement; (c)-(e) measured first-order diffraction efficiency for zones 1-3,
respectively; (f)-(h) measured zeroth-order reflection efficiency for zones 1-3, respectively.

N-BK?7 prism is used to extract the diffracted light and is attached to the waveguide using a BK-7
matching liquid (Cargille). A photodiode is positioned after the prism to collect the power of the
diffracted light. The photodiode also measures the incident power just before the metasurface to
determine the diffraction efficiency. The zeroth-order reflection efficiency is measured similarly,
as shown in Fig. 6(b), by placing the illumination arm on the opposite side of the waveguide.
For this reflection efficiency measurement, the incident angle is adjusted to vary from 39.22° to
72.17° in air, which corresponds to the first-order diffraction angle range of 42.5° to 62.5° in
N-BK7 glass.

The measurements for the first-order diffraction efficiencies are shown in Fig. 6(c)—6(e). For
all three zones, the measured efficiencies display a similar trend as a function of incident angle
compared to the simulation results, with slight offsets in the efficiency values. For instance,
there is an efficiency drop on the left side of the XFOV for the zone 1 metasurface compared
to the simulation result. Additionally, there is an efficiency increase in the middle XFOV for
the zone 2 and 3 metasurfaces. The measurements for the zeroth-order reflection efficiencies
are shown in Fig. 6(f)-6(h). The measured efficiencies also exhibit the same trend as a function
of incident angle when compared to the simulation results. For the zone 1 metasurface, the
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measured reflection efficiencies are consistently greater than the simulated reflection efficiencies
across the incident angle range. In contrast, for zones 2 and 3, the measured reflection efficiency
is lower than the simulated reflection efficiency at the left end of the FOV but converges to match
it as the incident angle increases.

5.2.  Coupling efficiency measurement

The coupling efficiency of the fabricated metasurface three-zone in-coupler was measured using
a similar experimental setup compared to the measurement of the above efficiencies, as illustrated
in Fig. 7(a). The fiber collimator (Thorlabs F810FC-543) is different, producing a larger beam
diameter of approximately 6.4 mm. The pinhole has been replaced with a custom square aperture
with a size of 3 mm by 3 mm. The in-coupler is aligned to the center of the rotary arm, so it
can stay still while the arm is rotating to change the angle of incidence. The N-BK7 prism is
now positioned on the side of the in-coupler and is used to extract the light guided within the
waveguide.
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Fig. 7. Measurement of coupling efficiency for the metasurface in-coupler: (a) experimental
setup for measuring coupling efficiency; (b) coupling efficiency measured along the XFOV.

The measured coupling efficiency along the XFOV for the fabricated metasurface in-coupler
is shown in Fig. 4(b). The simulation result using the out-coupling prism is represented as the
dots in the plot, while the measured data is indicated by the error bars. This data aligns closely
with the simulation results, except for the field (-10°, 0°). The simulated coupling efficiency for
the (-10°, 0°) field is 25.3%, whereas the measured coupling efficiency is approximately 17%.
This drop in efficiency can be predicted by the measured efficiency results in the section above.
For zone 1, the measured first-order diffraction efficiency is lower than the simulated result at
the field (-10°, 0°), while the zeroth-order reflection efficiency is higher, and the sum of the
two efficiencies is close to 1. In zones 2 and 3, although the measured first-order diffraction
efficiency is the same as or slightly higher than the simulated results, the zeroth-order reflection
efficiency is much lower, causing a decrease in the coupling efficiency for that field. When these
measured efficiency data are used to calculate the coupling efficiency, using the same method as
the theoretical coupling efficiency limit [24], the result is 17.7% for field (-10°, 0°), which is
close to the measured result. The maximum offset between the measured reflection efficiency
and the simulated reflection efficiency at the field (-10°, 0°) for both zones 2 and 3 might be due
to the alignment error of the measurement, since the simulated reflection efficiency drops quickly
when going further to the left of the XFOV. For the coupling efficiency drop at the same field, the
alignment error might be one cause, and another reason might be that the diffraction angle for
this field is just larger than the critical angle. If there are fabrication errors causing a grating
period mismatch, the diffracted light won’t be trapped inside the waveguide.
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6. Conclusions

We have demonstrated the design, fabrication, and experimental validation of a three-zone
metasurface in-coupler that approaches the theoretical in-coupling efficiency limit for AR
waveguide displays. This work successfully translates the idealized multi-zone theory into a
practical, realized AR component. Each metasurface zone was independently optimized using
RCWA simulations, supported by a custom feedback workflow that incorporates realistic, as-built
efficiencies and accounts for non-ideal efficiency sums and material loss. The metasurfaces
were fabricated using ALD and experimentally characterized, with field-dependent coupling
efficiency measurements showing strong agreement with simulation across most of the field of
view. The average measured efficiency is 30%, closely matching the simulated average of 31%,
confirming consistency across the central field. Minor discrepancies were observed at the edge
of the field (—10°, 0°), where the measured coupling efficiency is 17%, compared to a simulated
efficiency of 25%. We interpret the reasons as fabrication imperfections and angular sensitivity.
Overall, the results validate the metasurface designs and, more importantly, confirm the viability
of the multi-zone approach under realistic operating conditions. This successful experimental
demonstration establishes a practical and scalable pathway for implementing high-efficiency
metasurface in-couplers in compact AR waveguide displays, directly addressing the major
brightness and power-efficiency bottleneck in next-generation AR systems.
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