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Abstract 

Augmented reality (AR) displays, as the next generation platform for spatial computing and digital twins, enable users 
to view digital images superimposed on real‑world environment, fostering a deeper level of human‑digital interac‑
tions. However, as a critical element in an AR system, optical combiners face unprecedented challenges to match 
the exceptional performance requirements of human vision system while keeping the headset ultracompact 
and lightweight. After decades of extensive device and material research efforts, and heavy investment in manufac‑
turing technologies, several promising waveguide combiners have been developed. In this review paper, we focus 
on the perspectives and challenges of optical waveguide combiners for AR displays. We will begin by introduc‑
ing the basic device structures and operation principles of different AR architectures, and then delve into different 
waveguide combiners, including geometric and diffractive waveguide combiners. Some commonly used in‑couplers 
and out‑couplers, such as prisms, mirrors, surface relief gratings, volume holographic gratings, polarization volume 
gratings, and metasurface‑based couplers, will be discussed, and their properties analyzed in detail. Additionally, we 
will explore recent advances in waveguide combiner design and modeling, such as exit pupil expansion, wide field 
of view, geometric architectures of waveguide couplers, full‑color propagation, and brightness and color uniform‑
ity optimization. Finally, we will discuss the bottlenecks and future development trends in waveguide combiner 
technologies. The objective of this review is to provide a comprehensive overview of the current state of waveguide 
combiner technologies, analyze their pros and cons, and then present the future challenges of AR displays.

Keywords Augmented reality, Waveguide display, Surface relief gratings, Volume holographic grating, Polarization 
volume gratings, Metasurface devices

1 Introduction
After decades of device innovation, vibrant advances 
in microdisplay technologies and ultracompact imag-
ing optics, together with high-speed digital processors, 
augmented reality (AR) has evolved from a futuristic 

concept to a tangible and pervasive technology [1–4]. By 
seamlessly blending the projected virtual contents with 
the real-world scenes, AR enhances our perception and 
interaction with the environment, opening exciting pos-
sibilities for metaverse [5], digital twins [6] and spatial 
computing [7] that have found widespread applications 
in smart education and training, smart healthcare, navi-
gation and wayfinding, gaming and entertainment, and 
smart manufacturing and assembly, etc.

Since the primitive concept proposed in the 1990s, AR 
has made significant strides, especially the emergence 
and development of waveguide-based AR display [8, 9], 
which enables the wearable system to be lightweight 
and have a slim formfactor, while keeping high optical 
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performance. Essentially, it is a lightguide, encompass-
ing thousands of propagating modes, that possesses the 
power to fold the optical path and replicate luminosity 
from a small light source across an expansive area. This 
interesting idea, initially conceived in realms unrelated 
to display, such as optical clock broadcasting, brilliantly 
achieves the replication of a single incoming beam into 
numerous beams, each with an equal intensity [10]. In 
essence, it mirrors the process of exit pupil expansion 
(EPE). Within the domain of display technology, this con-
cept manifests itself splendidly in edge-lit liquid crystal 
displays (LCDs) [11].

The main objective of this paper is to provide an over-
view on diverse optical combiners utilized in waveguide-
based AR displays. First, we briefly review the present 
status of light engines for waveguide-based AR displays 
and introduce various optical combiners because they 
are the two key components in an AR display. Next, we 
investigate the operation mechanisms and properties of 
different waveguide combiner couplers and discuss their 
technical challenges and possible solutions. Finally, a 
comprehensive review on waveguide combiner design, 
including EPE scheme, field of view (FoV) expansion, 
front geometry design of couplers, full-color displays 
and uniformity optimization will be provided, and their 
underlying physical mechanisms analyzed. Besides, we 
will also discuss the bottlenecks hindering the full poten-
tial realization of waveguide combiner design, which in 
turn may shed light on the areas necessitating further 
development.

1.1  Metrics of AR displays
Irrespective of the specific combiner technique 
employed, there are some universal metrics to evaluate 
the performance of an AR display. They can be broadly 
categorized into two groups: those pertaining to what 
the user perceives, and those concerning how others 
perceive the user when wearing the device. The latter 
group assumes significance in terms of social acceptance, 
aesthetic appeal, and overall cosmetics. From the user’s 
viewpoint, certain metrics lend themselves to straight-
forward definition. These include image quality, FoV, eye-
box, color uniformity, waveguide combiner’s efficiency, 
ambient contrast ratio (ACR), transmittance of ambient 
light, ghost images, possible presence of rainbow effects, 
as well as formfactor and weight.

The quality of the displayed images can be effectively 
characterized through the utilization of modulation 
transfer function (MTF). Imperfections introduced dur-
ing manufacturing process and the presence of stray light 
can jointly degrade the MTF. Additionally, image artifacts 
arising from the rainbow effect can also impact the image 

quality adversely. The ultimate objective is to approach 
the diffraction limit, striving for optimal visual fidelity.

FoV refers to the angular extent of the image that is 
observable to the user. Although the waveguide itself 
might support a certain FoV, vignetting can cause users to 
perceive it differently from the projection system. Taking 
a diffractive waveguide combiner as an example, vignet-
ting largely results from the varied diffraction efficiencies 
of the couplers at different incident angles.

Eyebox [12] on the other hand, represents the spatial 
volume within which the user can view the displayed 
image. It is crucial to provide a sufficiently large view-
ing area within the eyebox to accommodate the natural 
diameter of the human eye’s pupil. Moreover, the eye-
box should also allow for a margin to accommodate nor-
mal eye rotations during typical usage. For commercial 
products, it is essential for the eyebox to accommodate 
a range of interpupillary distances. The waveguide struc-
ture itself can naturally enhance the eyebox size through 
the EPE process. In addition, gradually ascending out-
coupling efficiency plays a key role in achieving a uniform 
eyebox. When utilizing customized designs for a single 
user or incorporating eye-tracking technology, it is pos-
sible to reduce the eyebox requirement.

Uniformity [13] means the ability of a display to pro-
vide consistent color and brightness across the entire 
FoV and eyebox. Besides, uniformity can be compensated 
through electronic correction, albeit at the tradeoff of 
luminance.

The overall efficiency of an AR waveguide display is 
typically measured in nits per watt, representing the 
electrical-to-optical efficiency. It quantifies the electrical 
power required to achieve a specific luminance level in 
the entire system. This efficiency can be further divided 
into two parts: the first part is measured in lumens per 
watt which represents the efficiency of the light engine 
itself, and the second part focuses on the efficiency of the 
waveguide combiners and is measured in nits per lumen. 
This measurement is tied closely to the FoV and eyebox 
characteristics of the display. The overall efficiency is 
the product of these two parts. A waveguide combiner’s 
efficiency can also be expressed as the ratio of photons 
directed into the eyebox compared to those injected into 
the waveguide. This metric is often expressed as a per-
centage, providing insight into the efficiency of directing 
light to the intended viewing area.

From the optics perspective, the formfactor and weight 
of a waveguide-based AR display are primarily deter-
mined by the thickness of the waveguide and the size and 
position of the light engine. A thicker waveguide may 
lower the transmittance of ambient light, but it is benefi-
cial in terms of the EPE process.
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From the observer’s perspective, one of the most sig-
nificant considerations is the occurrence of eye glow, 
which refers to the unintended light leakage from the dis-
play that can be observed by other people in the vicin-
ity. Eye glow can hinder eye contact between the user 
and others, potentially impacting social interactions and 
communications.

ACR [2] is a metric for evaluating how ambient lighting 
affects the contrast of the displayed images. It is deter-
mined by the ratio of the perceived luminance in the on-
state to that in the off-state. This perceived luminance is 
a combination of the display’s luminance and the ambi-
ent luminance transmitted through the waveguide. To 
achieve a 10:1 ACR under bright ambient, a high bright-
ness light engine and an efficient waveguide are needed. 
While a smart dimmer [14] helps lower the brightness 
requirement, it could compromise the ambient light 
transmittance.

Indeed, there are tradeoffs between the metrics men-
tioned above, e.g., efficiency vs. uniformity, and eyebox 
vs. formfactor. The goal is to achieve a proper balance 
between these metrics, while simultaneously striving to 
improve the overall AR performance. Manufacturabil-
ity is another crucial metric to consider when assessing 
the mass production potential of waveguide-based AR 
displays.

2  Optical architecture of AR systems
2.1  Light engines
In an AR system, the employed microdisplays (also called 
light engines) generate image contents that are overlaid 
with physical worlds via the optical combiner. Currently, 
the major competing microdisplay technologies are liq-
uid-crystal-on-silicon (LCoS), digital light processing 
(DLP), organic light-emitting diode (OLED)-on-silicon, 
micro-LED (µLED), and laser beam scanning (LBS). LCoS 
and DLP are light modulation displays. LCoS utilizes the 
voltage-induced liquid crystal reorientations to modulate 
the polarization state of the incoming light, while using 
the pixelated metallic mirrors to reflect the modulated 
light. Pixelated reflectance can be obtained via convert-
ing the phase retardation to amplitude modulation after 
passing through the analyzer or polarizing beam splitter 
(PBS) [15]. Different from LCoS, DLP relies on the tilting 
micromirrors to steer the incident light to two different 
directions corresponding to the on- and off-states. OLED 
and µLED are self-emissive displays and thereby exhibit a 
smaller form factor and higher contrast ratio. In contrast 
to panel-based microdisplays composed of two-dimen-
sional pixel arrays, each pixel of the LBS microdisplay is 
formed in a time-sequential manner. Detailed working 
principles of each microdisplay have been extensively 
reviewed in previous literatures [2, 16–18]. In this review 

paper, we focus on highlighting the emerging research 
trends and recent technological advances.

In a waveguide-based AR system with EPE scheme, 
a small-area in-coupler enables a compact formfac-
tor, which in turn raises stringent requirements for 
light engines: a smaller panel size and a narrower angu-
lar distribution. A smaller panel size helps reduce the 
light engine’s volume including the collimating optics. 
To maintain the same FoV, the focal length of the col-
limating lens should be shortened, and the pixel pitch 
reduced to keep the same resolution for achieving 60 pix-
els per degree (PPD). For example, a 3-µm pixel pitch is 
required to achieve 60 PPD and 50° diagonal FoV if we 
use a commercial diffractive waveguide combiner (Dis-
pelix DPX 50°) whose etendue is 6.2  mm2 sr, and an f/2 
imaging optics [19]. Compound Photonics has demon-
strated 3-µm pixel-pitch LCoS panels. The emerging 
research trend is to achieve 1-µm pixel size to support 
the ~ 0.1-inch LCoS panel with a ~ 2  K×2  K resolution. 
On the other hand, the angular distribution of LCoS is 
determined by the illumination light source. The angu-
lar distribution of LED sources can be narrowed by a 
collimating lens. A more effective solution is to adopt 
laser sources because of their narrower beam spread 
than LEDs, if the speckles can be suppressed. Another 
research trend is to shrink the volume of illumination 
optics via eliminating the PBS. Many companies such 
as Himax [20], Magic Leap [14], and Avegant [21] have 
developed their own versions of compact illumination 
systems, but how to balance the compactness with effi-
ciency remains to be studied. Lastly, a higher frame rate 
[22] is desired to eliminate the color breakup when users 
quickly turn their heads or have a large eye saccade. As 
another kind of light modulation display, the volume of 
DLP microdisplays should be shrunk and the pixel size 
should be further reduced as well.

For µLED microdisplay, it usually exhibits a much 
larger etendue than LCoS because of the Lambertian 
angular distribution. To narrow the angular distribution 
of µLEDs, a straightforward approach is to introduce 
pixel-level collimating microlens array, but the chal-
lenges are twofold: manufacturing process and optical 
crosstalk. Besides, the emission area of µLEDs should be 
much smaller than the pixel area to achieve an efficient 
light collection. Compared with conventional µLED-on-
silicon, nanowire LEDs stand out because of their sub-
micron diameters and directional angular distribution 
[23, 24]. To triple the resolution density, a three-panel 
system using a trichomic prism or vertically stacked 
µLEDs have been demonstrated. For examples, in 2023, 
Jade Bird Display demonstrated a µLED prototype with 
6350 pixels per inch (ppi) by a trichomic prism, and MIT 
unveiled vertically stacked µLEDs with 5100 ppi using 



Page 4 of 34Ding et al. eLight  (2023) 3:24

two-dimensional material-based layer transfer [25]. The 
challenge for the former is that it requires a high-preci-
sion pixel alignment, while the latter reduces the display 
brightness (due to the blue and green absorbers) and 
requires the epitaxy of thin RGB LEDs. Another prom-
ising self-emission display is OLED-on-silicon. However, 
its brightness and resolution density are currently the 
bottlenecks for AR applications.

For a light scanning microdisplay, LBS can eliminate 
the collimating optics and break the limitation of the 
combiner etendue at the cost of constrained frame rate 
and resolution. For this reason, the flicker and image blur 
(due to raster scan) may be noticeable. High-Q MEMS 
resonators are beneficial to mitigating those issues. Over-
all, LCoS with laser backlight is likely to be a strong con-
tender for achieving high-efficiency and high-resolution 
waveguide-based AR displays. µLED-on-silicon requires 
further development on directional angular distribution 
and small full-color pixel size to pave the way for high-
brightness and high-resolution AR displays. To compete 
with LCoS and µLED, LBS needs significant improve-
ments on frame rate and resolution. For a comprehen-
sive reference, Table 1 summarizes the pros and cons of 
the above discussed five light engines, including their 
research trend, system efficiency, formfactor, resolution 
density, frame rate, and contrast ratio.

2.2  Optical combiners
As another crucial optical component in AR displays, 
optical combiner serves as the interface through which 
user’s eye directly perceives both digital content and 

real-world environment. The optical combiners of AR 
systems can be broadly classified into two types: free 
space and waveguide combiners. Free space refers 
to the case when light freely propagates in space, as 
opposed to a waveguide where light is trapped and 
guided by the total internal reflection (TIR) process 
within a waveguide, which can be glass or plastic. 
Regarding the free space combiner, several configura-
tions have been developed, including a single freeform 
partial mirror, birdbath optics, Auxiliary freeform lens, 
and Maxwellian-type systems. Detailed working princi-
ples of each free space combiner have been extensively 
reviewed in previous literatures [2, 3, 16, 26, 27]. Based 
on the characteristics of couplers, waveguide combin-
ers can be categorized into two types: diffractive and 
geometric. In a geometric waveguide combiner [9, 28], 
the in-coupling process of rays is accomplished using 
a reflective mirror or a refractive prism, and the out-
coupling process is achieved by a partial mirror array 
(Fig.  1a). Regarding a diffractive waveguide combiner 
(Fig.  1b) [8], the couplers are diffractive optical ele-
ments, in most cases, gratings. Four major diffractive 
couplers have been developed: surface-relief grating 
(SRG), volume holographic grating (VHG), polarization 
volume grating (PVG), and metasurface couplers. The 
first two types have been widely incorporated in com-
mercial AR products, such as HoloLens, Magic Leap, 
WaveOptics, Dispelix, DigiLens, and so on. The last 
two kinds of couplers are currently under active devel-
opment, showing great potential for future products 
[29, 30].

Table 1 Comparison of different light engines

Light engine Research trend System efficiency Formfactor Resolution density Frame rate Contrast ratio

LCoS 1. More compact 
(1 μm pixel size 
and without PBS)
2. High efficiency
3. High frame rate

Medium (medium 
etendue)

Small (Himax, Ave‑
gant, Magic Leap 2)

High
8500 ppi (compound 
photonics)

Medium Medium (~ 500:1)

DLP 1. More compact
2. High resolution 
density

Medium (medium 
etendue)

Medium Medium
4700 ppi (Texas 
instruments)

High (30 kHz, 1‑bit) Medium (~ a few 
thousands:1)

OLED‑on‑silicon 1. High resolution 
density
2. High brightness 
(tandem structure)

Medium (large 
etendue)

Small (self‑emissive) Medium
~ 4031 ppi (White 
OLED; Sony)

Medium High (>  104:1)

µLED‑on‑silicon 1. High resolution 
density
2. High efficiency
(collimation)

Medium (large 
etendue)

Small (self‑emissive) Medium
6350 ppi (X‑cube; 
Jade Bird Display)
5100 ppi (vertical 
stack; MIT)

Medium High (>  104:1)

LBS 1. High resolution 
density
2. High frame rate

High (small etendue) Small Low (HoloLens 2) Low (60–90 Hz) High (>  104:1)
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However, as the desired FoV increases, the optical 
module of all combiners becomes larger, bulkier, and 
increasingly difficult to implement due to the etendue 
conservation. This is a major drawback for near-eye dis-
plays, where the headset should be as light and as com-
pact as possible. Furthermore, the eyebox for viewing the 
images in such designs is small. Hence, the performance 
of the optical system is very sensitive to an even small 
movement of the optical module relative to the viewer’s 
eye and is inconvenient for different users with a different 
inter-pupil distance (IPD).

Therefore, different kinds of exit pupil expansion and 
pupil steering methods have been studied and developed, 
especially for Maxwellian displays [31–34] and wave-
guide displays [28, 35, 36]. However, one of the biggest 
issues of Maxwellian displays remains to be solved is the 
aberration when the pupil moves to a different eyebox 
position or when the eye saccades. On the other hand, 
EPE process is very natural for waveguide display as dis-
cussed in Sect. 1. The waveguide combiner can obtain a 
large FoV while keeping a large eyebox size, featuring a 
slim formfactor as well. Therefore, in this review paper, 
we focus on the emerging research trends and recent 
advances in waveguide-based AR displays.

3  Waveguide couplers
Waveguide combiners are based on TIR to propagate the 
entire field within an optical guide, effectively function-
ing as a transparent periscope featuring slim formfactor 
and large eyebox. These distinctive features originate 
from the EPE process that effectively enlarges the system 

etendue. In the EPE process, a portion of the trapped 
light is repeatedly coupled out of the waveguide upon 
each TIR. The effective eyebox is therefore enlarged. 
While the waveguide combiner relies on TIR propaga-
tion, which is governed by the refractive index of wave-
guide, the primary functional components of a waveguide 
combiner are the couplers since the angular and spectral 
properties of the couplers will impact the digital images 
over user’s eyes. In the last few decades, numerous cou-
plers have been developed, such as prisms, mirrors, 
SRGs, holographic gratings, and metasurfaces, etc. Here, 
based on different features, they are basically classified 
into geometric and diffractive waveguide couplers.

3.1  Geometric waveguide couplers
Geometric waveguide coupler mainly consists of refrac-
tive and reflective optical elements, such as prisms and 
mirrors. There is barely chromatic aberration in these 
optical elements, so they are also called achromatic 
couplers.

3.1.1  Mirrors
As one of the simplest geometric optical elements, mir-
rors function very well as an in-coupler or out-coupler. 
In the early design of geometric waveguide combiner [9, 
28], a fully reflective mirror is applied as an in-coupler 
to reflect the projected light from microdisplay into the 
waveguide. After a few TIR cycles inside the waveguide, 
the trapped light reaches the out-coupler, another fully 
reflective mirror, which couples the light out of the wave-
guide into the user’s eye. However, the FoV and eyebox 

Fig. 1 Architectures of waveguide combiners. a Geometric waveguide combiner. b Diffractive waveguide combiner
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are limited by this out-coupler in a thin waveguide [9]. 
To solve this problem, the cascaded embedded par-
tially reflective mirrors with gradient efficiency work as 
an out-coupler, which can replicate and couple the light 
out of the waveguide into user’s eye, as Fig.  1a shows, 
thereby achieving a large and uniform eyebox. Although 
this process seems simple, the variation in coating pro-
cess is tedious and could undermine the overall yield 
[3] because each mirror is deposited with tens of layers 
of coatings to generate a different reflection/transmis-
sion ratio to assure the output light uniformity across the 
whole eyebox.

In addition, other mirrors, like curved mirrors in Epson 
300T and Zeiss Tooz, pin-mirror array in Optinvent 
and LetinAR [1], could also be used as the waveguide 
couplers.

3.1.2  Prisms
Another simple geometric optical element is prism. 
Prisms are usually utilized as in-couplers to equivalently 
replace the reflective mirror (to be discussed in next sec-
tion) [37], but it can also function as an out-coupler to 
couple the light out by TIR, such as in the Oorym wave-
guide combiner [38], thus resulting in a limited eyebox. 
As an in-coupler, the prism may be bounded on top of 
the waveguide as shown in Fig. 1a, or the waveguide itself 
can be cut at an angle, to couple the incident light into 
the waveguide by TIR.

Most of these geometric couplers can also be fabricated 
using a plastic substrate because they do not require a 
high refractive index substrate. For example, Zeiss Tooz, 
Optinvent, and LetinAR are developing plastic geometric 
waveguide combiners.

3.1.3  Issues induced by geometric couplers
Being an achromatic optical element, a geometric cou-
pler does not suffer from color uniformity issue. But the 
major problem of the geometric waveguide combiner is 
the stray light and ghost images caused by the undesired 
reflections on the couplers, which can severely degrade 
the image quality, especially when FoV increases in the 
direction of pupil expansion. Based on previous research 
[37, 39, 40], stray light is primarily generated in three 
ways, as illustrated in Fig. 2a–c.

The first one is caused by the light rays hitting the in-
coupling mirror twice, as shown by the circled area in 
Fig. 2a. In an ideal design, all the light from microdisplay 
only undergoes a single reflection by the in-coupling reflec-
tive mirror as illustrated by the blue arrows. However, the 
undesired second reflection changes the original direction 
of the normal light, thus generating stray light, as depicted 
by the red arrows. To eliminate this type of stray light, an 
equivalent prism with an absorber layer can be applied to 
replace the in-coupling mirror, as shown in Fig. 2d [37]. To 
circumvent the chromatic aberration and distortion caused 
by incorporating the prism, the angle αp of the prism 
should satisfy that the rays in the waveguide coupled by the 

Fig. 2 Issues in geometric waveguide combiners. a Stray light generated by two reflections from the in‑coupling mirror. b Stray light caused 
by undesired reflection from the back surface and c from the front surface of out‑coupling mirrors. The blue arrows represent the desired light 
path, red arrows show the unwanted light path, and black circles indicate where the undesired reflection happens. d Stray light elimination 
on the in‑coupler by replacing the mirror with an absorptive prism. The brown dashed lines represent the replaced mirror. Blue dashed arrows 
and blue arrows represent the beams from light engine when a mirror or an absorptive prism works as the in‑coupler. e Eye glow generated 
by Fresnel reflections. The red dashed arrows represent eye glow towards environment, and blue arrows indicate the desired light path (a–c Are 
redrawn from [39]. d Is redrawn from [37])
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prism coincide with those reflected by the replaced mir-
ror drawn as brown dashed lines in Fig. 2d, thus αp = 2αm , 
where αm is the slanted angle of the mirror. Otherwise, the 
exit pupil of projection optics should be decreased to avoid 
the second reflection [39].

Another two cases occur when the light is incident at 
the front or back surface of the partially reflective mirrors 
from an undesired direction, as shown in Fig. 2b, c. In an 
ideal design, all the light from any unwanted direction 
should pass through the partial reflectors. However, the 
coating may not be perfect, thus stray light is produced 
when these lights are reflected from the front or back of 
them. Optimizing the angular reflection bandwidth of 
the coating would help reduce these two kinds of stray 
lights.

Another issue, eye glow, mainly results from Fresnel 
reflection at the bottom surface of the waveguide as 
shown in Fig.  2e, which can be significantly reduced by 
applying anti-reflection (AR) coating to the bottom sur-
face. Besides, such a reflective waveguide combiner also 
suffers from the louvre blinds effect.

3.2  Diffractive waveguide couplers
As the name implies, diffractive waveguide combiners 
employ diffractive optical elements as couplers. Among 
several diffractive optical elements, gratings are mostly 
employed. Diffractive grating exhibits a self-repeating 
diffractive structure, such as surface modulation on an 
optical component and refractive index modulation 
within its volume or other phase modulation methods, 
such as geometric phase modulation and resonance 
phase tuning. More specifically, diffractive grating cou-
plers are mainly divided into four types: SRGs, VHGs, 
PVGs and metasurface-based gratings. When the inci-
dent light impinges the grating coupler, it is deflected to 
a predetermined direction. This behavior is described by 
the following grating equation,

where nin and nout represent the refractive index of the 
incident and output media, θin and θout are the incident 
and diffracted angles, � is the wavelength, �x is the grat-
ing period, and m is the diffraction order. From Eq.  (1), 
the diffraction angle is wavelength dependent. Conse-
quently, this gives rise to color dispersion. Therefore, 
the in-coupler (folding coupler) and out-coupler in most 
cases are both gratings with symmetric k-vectors (tri-
angular relationship among k-vectors) to cancel the dis-
persion induced by diffraction. In addition to diffraction 
gratings, the in-coupler could also be an off-axis lens, 
which combines the functions of in-coupling grating 
and projection lens, while the out-coupler can also be 

(1)nin sin (θin)+
m�

�x
= nout sin (θout),

an off-axis lens with a small curvature to generate image 
with finite depth, such as the out-couplers employed in 
Magic Leap 1.

3.2.1  Surface relief gratings
When the periodic structure is situated on the surface of 
an optical component, it is called surface grating. Fur-
thermore, if the periodic structure arises from the modu-
lation directly on the surface itself, it is termed as surface 
relief grating. An SRG serves as an exemplary instance 
of a diffractive optical element (DOE). The diffraction 
behaviors of a SRG are governed by several factors, such 
as wavelength, grating line spacing, groove depth and 
slant angle, and the employed materials. An SRG can be 
engineered to exhibit a single diffraction order, as will be 
discussed later. The suppression of high diffraction orders 
relies on the specific SRG configuration. Figure 3a–e por-
tray schematic cross-sectional views of some exemplary 
SRGs, which are created through surface modulation of 
optical elements. A 1D SRG can be conceptualized as 
spatial waveforms intricately embedded within the sur-
face of an optical element. These spatial waveforms can 
assume shapes such as sinusoidal, square, or triangular 
waves. On the other hand, a 2D SRG essentially manifests 
as photonic crystals with lattice structures, exhibiting 
properties across two dimensions.

Figure 3a shows a straight binary SRG [43], where the 
width of the arrow represents the relative diffraction 
intensity. Such a SRG consists of a series of grooves on 
the surface, separated by the raised regions called “fill-
ing regions,“ “grating lines,“ or simply “lines.“ The SRG 
possesses a spatial period denoted as �x , a filling factor 
represented by f, and a groove depth indicated as h. The 
filling regions exhibit straight walls and maintain a uni-
form width (w), which is determined by the product of 
the filling factor f and the spatial period �x . Due to the 
perpendicular orientation of the walls to the surface, the 
straight binary SRG induces symmetric diffractions when 
the incident light enters the surface at normal direction. 
As a result, the transmissive + 1 ( T+1 ) and −1 ( T−1 ) dif-
fraction orders have the same efficiency, thereby causing 
the straight binary pattern to solely function as an out-
coupler in most cases.

Figure 3b depicts an example of a slanted binary SRG 
[41, 44], which, like the straight binary SRG, consists of 
grooves and walls in the filling regions. However, in the 
slanted binary SRG, the walls are inclined at an angle β 
relative to the surface normal. This non-zero slant intro-
duces an asymmetry in the diffraction behavior. As a 
result, the diffracted beams, e.g., the T+1 order, traveling 
away from the slant direction exhibit a higher intensity 
compared to their counterparts, such as the T−1 order. By 
increasing the slant angle to an extent, these counterparts 
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can be suppressed to a negligible level. Additionally, the 
zeroth order diffraction efficiency is also diminished due 
to the introduced asymmetry. However, it is crucial to 
note that the suppression and efficiency characteristics 
may significantly depend on the wavelength and the inci-
dent angle of the light.

Different SRG shapes have also been realized. For 
instance, Fig.  3c showcases an overhanging triangular 
SRG, also called blazed SRG [45], which has the capabil-
ity to eliminate both the zeroth order and other diffrac-
tion orders, thereby leaving only the desired diffraction 
order. The above mentioned SRGs can be viewed as spe-
cial cases of trapezoidal SRGs. As shown in Fig.  3e, the 
trapezoidal SRGs provide a more general framework that 
encompasses these various designs and offers a greater 
flexibility in terms of their geometrical parameters and 
diffraction properties. Additionally, the employment 
of multilevel structures, as Fig.  3d depicts, also helps 
enhance the diffraction efficiency of the desired diffrac-
tion order.

Overall, the triangle gratings can achieve a maximum 
diffraction efficiency in some directions, which is well 
predicated by the scalar diffraction theory. Multi-level 
gratings can approximate the triangle gratings, and the 
diffraction efficiency increases rapidly with the number 
of phase levels. A four-phase level grating can achieve 
a diffraction efficiency of 81% and eight levels boost the 
efficiency to 95%. The slanted binary grating can also 
achieve a high diffraction efficiency when the grating 
period is close to the wavelength. In this case, only two 
diffraction orders are present, and empirically they are 
determined mainly by the value of the first Fourier har-
monic of the grating profile [45]. Various degrees of free-
dom in the trapezoidal grating can be used to optimize 
the spectral and angular bandwidths [26].

Besides, the diffraction efficiency of SRGs is mark-
edly influenced by the polarization characteristics of 
the incident light. For instance, the optimal blazing 
condition for a reflective triangular SRG configured in 
the Littrow configuration is exclusively attainable when 
the incident light exhibits the TM polarization, owing 

Fig. 3 Structure and fabrication of various SRGs. a Straight binary SRGs. b Slanted binary SRGs. c Triangular (blazed) SRGs. d Multilevel SRGs. The 
thickness of the arrows indicated the diffracted intensities. e Trapezoidal SRGs. f Replication master and g replicated SRG utilizing nanoimprint 
lithography. h High aspect ratio SRG based on optical interference lithography (e Is redrawn from [1]. f, g Are adapted with permission from [41] © 
The Optical Society. h Is adapted with permission from [42] © 2023 DigiLens Inc.)
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to the presence of a thin metal coating on the grating 
surface. Consequently, only TM-polarized light can ful-
fill the requisite boundary conditions pertaining to the 
electric field at the metallic interface [45]. While blaz-
ing conditions may be viable for other incident angles 
in the TE case, they are inherently incongruent with 
those observed in the TM scenario. Hence, the dif-
fraction efficiency of the SRG is usually sensitive to the 
incident polarization. However, the sensitivity can be 
lowered by operating at a non-blazing condition. For 
example, Liu et  al. [46] proposed a polarization inde-
pendent double-layer slanted SRG.

The fabrication of an SRG can be accomplished by 
various methods on glass substrates, including focused 
ion beam or reactive ion beam etching, electronic beam 
lithography (EBL) [3] and nanoimprint lithography (NIL) 
[1, 47]. The first two methods entail employing a suit-
able microfabrication process, which may involve etch-
ing and/or deposition on a substrate to create the desired 
periodic microstructure, ultimately forming an optical 
component. This optical component can then serve as a 
production master, such as a mold, for the NIL process 
(Fig.  3f, g) [41, 48]. It is important to note that certain 
etching techniques, like e-beam lithography, can be time-
consuming, taking several days to write a single sam-
ple. In contrast, NIL offers advantages of high yield and 
reproducibility for mass production of SRGs, making it a 
more suitable technique in such scenarios. Nevertheless, 
the existing NIL technology still falls short of meeting 
the requirements for mass production of SRGs [49, 50]. 
The process remains costly, primarily due to the rapid 
degradation of both the master and soft stamps due to 
mechanical contact. Also, mechanical contact limits the 
feasibility for achieving high aspect ratio and large slant 
angle SRGs, which in turn restricts the ability to reduce 
eye glow and to enhance the waveguide efficiency.

Therefore, a non-NIL replication process is highly 
desirable to address the limitations of current technolo-
gies [49, 51]. Optical interference lithography presents a 
promising alternative as it eliminates the need for mas-
ter gratings, thereby avoiding mechanical contact during 
the process. This method, when coupled with organic 
dry resist development, allows for the fabrication of 
large slant angle and high aspect ratio SRGs at a lower 
cost. For example, DigiLens has fabricated an SRG with 
a 10:1 aspect ratio using optical interference lithogra-
phy. Furthermore, by implementing atomic layer deposi-
tion (ALD) coating on top of the SRG, the effective index 
can be increased, leading to an improved performance 
and reliability of the gratings. This coating technique 
enhances the functionality of the SRGs and contributes 
to their overall effectiveness.

3.2.2  Volume holographic gratings
VHGs are a type of holographic optical elements that 
employ recording materials with sensitivity to the inten-
sity of the interfering field [52]. VHGs can be classified 
into amplitude and phase holograms. Amplitude holo-
grams transfer the intensity information of interfer-
ing lights into transmittance modulation, while phase 
holograms modulate the wavefront based on the refrac-
tive index modulation of the medium [53]. VHGs can 
be designed as either transmissive or reflective gratings, 
depending on whether the two interfering beams are on 
the same side or opposite side with respect to the record-
ing medium.

Photopolymer-based VHGs (PPVHGs) have garnered 
significant attention as waveguide couplers due to their 
advantages in high resolution, low cost, low scattering, 
and simple fabrication process [54–57]. The record-
ing process of PPVHGs relies on the light-intensity-
dependent polymerization rate and monomer diffusion. 
When exposed to the high-intensity regions as depicted 
in Fig.  4a, the monomers undergo polymerization by 
absorbing photons. This leads to monomer diffusion from 
dark regions to bright regions, resulting in an increased 
density and refractive index in the bright areas and then 
generating index modulation between dark and bright 
regions, thus forming gratings. Another type of holo-
graphic material, called holographic polymer-dispersed 
liquid crystal (HPDLC), operates on a similar principle 
of monomer diffusion and polymerization, along with 
dynamically switchable LCs [58, 59]. During the forma-
tion process, the monomers diffuse to bright regions and 
subsequently polymerize, while the LC molecules migrate 
to dark regions, forming droplets with random director 
orientations, as illustrated in Fig. 4b1. This represents the 
voltage-off state of the grating modulation. Applying a 
voltage aligns the LC directors inside the droplets along 
the electric field direction as shown in Fig.  4b2. When 
the refractive index of the polymer matches the ordinary 
refractive index of the LC, the entire structure becomes 
transparent. The utilization of switchable HPDLC grat-
ings as active couplers offers an enhanced design flex-
ibility. Further details on this topic will be discussed in 
Sect.  4.2. However, haze is a concern of HPDLC [60], 
which results from the LC droplets. Therefore, decreas-
ing the LC droplet size helps to improve the transparency 
and uniform modulation. Lately, DigiLens has substan-
tially suppressed the haze with their Reactive Monomer 
Liquid Crystal Mix [61], and implemented such HPDLC 
gratings with a large index modulation (0.17) into wave-
guides as couplers.

When VHGs are employed as waveguide couplers, 
their spectral and angular responses play a pivotal role 
in determining the final waveguide image performance, 
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including field of view, efficiency, and color uniformity. 
Here, we investigate the spectral and angular responses 
of PPVHGs and HPDLC gratings using rigorous cou-
pled-wave analysis (RCWA). In our simulation model, 
the horizontal grating period �x is set at 450  nm for 
both PPVHGs and HPDLC. The index modulation (δn ) 
is chosen as 0.02 for PPVHGs and 0.07 for HPDLC grat-
ings, respectively. The input and output media are both 
glass substrates with a refractive index of 1.58. The spec-
tral and angular responses of the reflective PPVHGs and 
HPDLC, under different device thickness, are plotted in 
Fig.  5a–d. In both cases, a thinner device will lead to a 
broader spectral and angular bandwidth, albeit at the 
cost of lower diffraction efficiency. Furthermore, a com-
parison between Fig. 5a, b and Fig. 5c, d reveals that the 
VHGs with a larger index modulation also exhibit a wider 
bandwidth. Besides, it is notable that VHGs possess the 
unique capability of recording multiple holograms into a 
single film [62], which is usually called phase multiplex-
ing. This feature provides an enhanced design flexibility 
when utilized as a waveguide coupler. Moreover, VHGs 
can also be fabricated on a plastic substrate by the roll-
to-roll process. The manufacturing process of VHG-
based plastic waveguide combiners has been discussed in 
[3, 63].

3.2.3  Polarization volume gratings
PVG is a polarization-type holographic optical element 
that records the polarization information of interfering 
beams composed of righthanded circularly polarized 
(RCP) and lefthanded circularly polarized (LCP) lights 
[64–68]. Currently, photoalignment material is widely 
used for recording the polarization holography [69, 70], 
and its basic principle is illustrated in Fig.  4c. When 
RCP and LCP lights interfere, the electric field on the 
plane exhibits a sinusoidal polarization pattern along 
the x-axis, duplicating in the y-direction. This patterned 
photoalignment layer is later used to align the LC mate-
rial placed on top, resulting in the formation of PVGs as 
depicted in Fig.  4d. Detailed fabrication process can be 
found in [3, 52]. PVGs exhibit a slanted cholesteric liquid 
crystal (CLC) structure, where the LC directors rotate 
along the helical axis. The gray lines connecting the short 
axes of the LC directors represent the Bragg surface. 
Both transmissive and reflective PVGs can be achieved, 
depending on the slant angle of the Bragg structure, 
which determines the grating vector ( kG ) in conjunc-
tion with the horizonal grating pitch Λx [71]. The slant 
angle ( α ) can be regulated by the concentration of the 
doped chiral dopant, where a higher concentration leads 
to a smaller slant angle. Reflective PVGs are classified as 

Fig. 4 Schematics of VHGs and PVGs. a structure of a PPVHGs. b structure of an HPDLC. b1 Schematics of local molecular rotation and distribution 
at zero voltage and b2 at field applied. c Interference of LCP and RCP light to produce a sinusoidal linearly polarized pattern. d Formation of PVGs 
(a–d Are redrawn from [52])
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having an α angle below 45°, while α > 45◦ leads to trans-
missive PVGs. Reflective PVGs are favored in waveguide 
couplers due to their wider angular bandwidth and sim-
pler fabrication compared to transmissive PVGs. In the 
following, we will focus on the reflective PVGs and dis-
cuss their optical performance and design as waveguide 
couplers.

Reflective PVGs follow the polarization-selectivity rule 
of CLC. They selectively respond to the circular polari-
zation state that possesses the same handedness as the 
helical twist of the CLC, while remaining transparent to 
the orthogonal polarization state as shown in Fig. 4d. To 
further investigate the characteristics of PVGs, we simu-
late their spectral and angular responses by varying the 
device thickness using RCWA. In our simulation model, 
the horizontal grating period is set at 450  nm and the 
birefringence ( �n ) of PVG is set at 0.2. Both input and 
output media are glass substrates (n = 1.58). Figure 5e, f 
depicts the spectral and angular responses, respectively, 
as they depend on the device thickness. Like VHGs, 
reducing the PVG device thickness results in a broader 
spectral and angular bandwidth, but at the cost of a lower 
diffraction efficiency. In addition, a broader bandwidth 
implies to a more uniform response to a wider range of 
incident wavelengths and angles. Besides, a higher �n 
LC material will also lead to a wider angular and spectral 
bandwidth based on the geometric explanation in [72].

3.2.4  Metasurface‑based couplers
Similar to conventional diffractive couplers, metasur-
face-based couplers can also work as both in-coupler 
and out-coupler, such as metagratings, but with more 
functionalities and better optical properties due to their 
superior light modulation capabilities [29]. In metasur-
faces, the diffractive nature can be understood through 
the Huygens principle. Each constituent meta-atom acts 
as a secondary wave emitter, producing light with specific 
phase, amplitude, or polarization. By arranging the meta-
atoms in a designated array, various functionalities can 
be achieved through local or nonlocal modulation of the 
phase of light using the meta-atoms.

Common mechanisms for local phase modulation 
include resonant phase, propagation phase, and geometric 
phase as shown in Fig. 6a–c. Resonant phase refers to the 
phase shift experienced by transmitted or reflected light 
due to the resonant mode of the meta-atoms when excited 
by an incident light. Early studies primarily focused on 
phase modulation using plasmonic resonances [77, 78]. A 
well-known example is the V-shaped golden resonators in 
Fig.  6a [73], which support two intrinsic resonant modes 
for two orthogonal polarization states. The resonant phase 
can be adjusted by changing the geometrical parameters 
of these resonators, such as the opening angle and arm 
lengths, which determine the resonant conditions of the 
two modes. However, metasurfaces utilizing plasmonic 

Fig. 5 Diffraction properties of reflective VHGs and PVGs. Spectral responses at incident angle θ = 0◦ under different sample thickness of a PPVHGs, 
c HPDLC, and e PVGs. Angular responses at � = 532 nm under different sample thickness of b PPVHGs, d HPDLC, and f PVGs. The index modulation 
(δn) used in PPVHGs and HPDLC is 0.02 and 0.07, respectively. The birefringence (�n) of PVGs is 0.2
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resonances suffer from low efficiency due to ohmic loss 
and weak interaction with incident light. Alternatively, 
dielectric meta-atoms based on Mie resonance have been 
proposed [79]. By controlling the intrinsic properties of 
electric and magnetic resonances in these meta-atoms, 
phase modulation can also be achieved. The advantage of 
using dielectric materials is their lower loss, resulting in 
significantly higher efficiency. Furthermore, integrated-
resonant units have been developed [80, 81], incorporating 
multiple resonant modes into one supercell. This approach 
offers an additional design freedom for more sophisticated 
functionalities.

While resonant phase modulation relies on resonant 
conditions to alter the output phase, propagation phase 
refers to the phase shift that occurs when light propa-
gates through a dielectric meta-atom [81–83]. In this sce-
nario, the meta-atom is treated as a truncated waveguide 
(Fig.  6b), and as light passes through it, it accumulates a 
phase shift as:

where λ is the wavelength of incident light, neff  and H are 
the effective refractive index and the height of the meta-
atom, respectively. It is worth noting that the effective 
refractive index in Eq.  (2) is determined by several fac-
tors such as the fill-factor, lattice spacing, and constitu-
ent material of the meta-atoms. Consequently, phase 
modulation can be achieved by adjusting the geometrical 

(2)∆φ =
2π

�
neff H ,

parameters of the meta-atoms, like the modulation of 
resonant phase. Propagation phase modulation typi-
cally offers a high transmission efficiency when transpar-
ent materials are used as constituents. Moreover, it can 
respond to both polarized and unpolarized light, making 
it a convenient method for constructing metasurfaces.

Geometric phase, also known as the Pancharatnam–
Berry (PB) phase, is a special and widely used phase 
modulation technique in metasurfaces. It occurs when a 
circularly polarized light interacts with anisotropic meta-
atoms, resulting in an output phase shift that is exactly 
twice the in-plane rotational angle of the meta-atoms [75, 
84]. In this case, metasurfaces can be constructed using 
an array of anisotropic meta-atoms with the same geom-
etry but different in-plane rotational angles as illustrated 
in Fig. 6c. Geometric phase-based metasurfaces offer the 
advantage of high efficiency, but they only respond to cir-
cularly polarized input light.

Recently, nonlocal phase modulation mechanisms 
(Fig. 6d) have introduced new possibilities for light mod-
ulation. An example of this is metagratings with non-
intuitive nanoscale patterns obtained through inverse 
design [76]. These metagratings support not only the 
typical Bloch modes but also many spatially overlapping 
optical modes. By achieving strong constructive interfer-
ence between the out-coupled modes in the desired dif-
fraction channel, large angle deflection can be achieved 
with high efficiency. Another intriguing method is the 
utilization of quasi-bound states in the continuum 

Fig. 6 Different phase modulation mechanisms in metasurfaces. a Resonant phase modulation. b Propagation phase modulation. c Geometric 
phase modulation. d Nonlocal phase modulation (a Is adapted from [73] with permission from AAAS. b Is adapted with permission from Feng 
et al. [74]. Copyright © 2022, American Chemical Society. c Is adapted from [75] with permission from AAAS. d Is adapted with permission from Sell 
et al. [76]. Copyright © 2017, American Chemical Society)
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(quasi-BIC) geometric phase [85, 86]. This is accom-
plished by leveraging the collective responses of identical 
meta-atoms with spatially varying orientation angles. The 
meta-atoms responsible for this phase modulation usu-
ally consist of a pair of anisotropic nanoposts oriented 
perpendicular to each other. These meta-atoms perturb 
the symmetry-protected BIC, inducing radiation in free-
space or in-plane.

The versatile methods of phase modulation offer a 
broader angular bandwidth and higher coupling effi-
ciency [87, 91] for metasurface-based couplers com-
pared to conventional couplers. This improved angular 
efficiency response of metagratings allows for the FoV 
expansion in waveguide-based AR systems. It also makes 
metagratings highly suitable for meeting the efficiency 
limits (Fig. 7a), thereby opening the possibilities for more 
efficient waveguide-based AR displays.

In addition, metasurfaces also offer the ability to couple 
light by manipulating its polarization states. It is easy for 
a metasurface to control the polarization states since the 
meta-atoms can be designed to have various anisotropic 
geometries. This distinct feature allows the metasurfaces 
to easily achieve unique functionalities by multiplex-
ing polarizations that the conventional optics is difficult 
to do. For instance, a geometric-phase-based metagrat-
ing in-coupler, combined with two surface-relief grating 

out-couplers, provides a compact platform for creating 
stereoscopic AR vision (Fig.  7b) [88]. The polarization 
states can be multiplexed in a metagrating to enlarge the 
FoV by doubling the channels in a waveguide (Fig.  7c) 
[89]. Besides, the metasurface-based couplers also offer a 
unique capability of coupling light by multiplexing wave-
lengths [90]. The metagrating could be inverse designed 
to couple two different wavelengths into waveguide with 
opposite directions (Fig. 7d).

The fabrication of metasurface-based couplers aligns 
well with microelectronic processes. Electron Beam 
Lithography (EBL) is extensively employed for its 
remarkable fabrication precision; however, its time-con-
suming writing process renders it unsuitable for mass 
production. In this context, the utilization of Extreme 
Ultraviolet (EUV) or Deep Ultraviolet (DUV) lithography 
steppers is strongly recommended for achieving produc-
tive and highly accurate fabrication [92]. Additionally, 
alternative fabrication techniques such as nano-imprint 
[93] self-assembly [94], and laser writing [95] are also 
gaining prominence as preferred methods for creating 
specific designs efficiently.

3.2.5  Issues induced by diffractive waveguide couplers
While diffractive optical elements serve as high-per-
formance couplers for waveguide displays, they also 

Fig. 7 Unique optical properties of metasurfaces applying to waveguide‑based AR displays. a High in‑coupling efficiency. b Polarization 
manipulation with geometric phase to generate stereoscopic AR. c Polarization multiplexing to expand FoV in waveguide display. d Wavelength 
multiplexing to generate holographic images (a Is reprinted with permission from [87] © The Optical Society. b Is adapted with permission from Liu 
et al. [88]. Copyright © 2021, American Chemical Society. c Is reprinted with permission from [89]. © 2018 SPIE. d Is adapted with permission 
from Liu et al. [90]. Copyright © 2023, American Chemical Society)



Page 14 of 34Ding et al. eLight  (2023) 3:24

introduce certain challenges, such as rainbow effect, light 
leakage at in-coupler, light leakage at out-coupler (eye 
glow), ghost images, and phase distortion, etc. In this 
section, the mechanisms of these issues will be analyzed, 
and some possible solutions will be discussed.

One of the most noticeable issues for users is the dif-
fraction of external light source, usually called rainbow 
effect, which results in the appearance of a rainbow 
streak of light in the user’s see-through field of view. 
Such an external source includes the room light (ceil-
ing light) and the sunlight. This rainbow effect is an 
unwanted distraction to the user experience in an AR 
display system. As shown in Fig. 8a, the external sources 
may be backwardly or forwardly diffracted towards the 
eye by the out-coupling grating, causing a multicolored 
glare in a see-through view. The rainbow effect mostly 
results from an external source having a large incident 
angle because such light may be diffracted to the eye by 
the out-coupling grating. To reduce the rainbow effect, 
a straightforward way is to use a larger grating k-vector 
by sacrificing the FoV or using a higher index waveguide 
substrate [2]. With a higher refractive index, the wave-
guide could accommodate larger grating k-vectors. The 
enlarged k-vectors would therefore diffract the external 
sources to a large angle, leading to a decreased rainbow 

light into the see-through FoV. Alternatively, an optical 
filter (e.g., angularly selective gratings, or polarizer) could 
be laminated to the waveguide for suppressing the rain-
bow effect [97, 98]. Such an optical element may deflect 
the large incident angle via any suitable mechanisms, 
such as reflection, diffraction, scattering, or absorption, 
etc. Besides, a switchable out-coupler also helps suppress 
the rainbow effect [99].

One of the most serious issues that annoy social inter-
actions of AR users is the light leakage at out-coupler 
or eye glow effect, which refers to the out-coupled light 
going outwards to the environment from the micro-
display, as Fig.  8b illustrates. Aside from decreased effi-
ciency, the light leakage also brings an unnatural ‘cyborg’ 
appearance of the user’s eye and privacy issues, which 
dramatically impede our interactions with real world 
[96]. In an SRG-based waveguide combiner, optimiza-
tion of the grating structure like geometry of SRG may 
reduce the leakage. For example, when the straight binary 
SRG is used as an out-coupler, the T−1 diffraction effi-
ciency is almost equal in magnitude to the desired reflec-
tive −1 ( R−1 ) diffraction order. Using a slanted structure 
or extra coatings, this effect can be lessened. When SRGs 
are operated in the thin grating regime [96], a relatively 
high diffraction efficiency persists with the T−1 order, 

Fig. 8 Issues induced by diffractive couplers and solutions. a Rainbow effect. b Eye glow. c Top view of a tilted waveguide at wrap angle α . d Side 
view of a tilted waveguide at pantoscopic angle α , wherein the light engine is hidden (a, b Are adapted from [2], and c, d are redrawn from [96])
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particularly when compared to PVGs and VHGs. For 
example, Dispelix has reduced the eye glow by 20% and 
achieved an efficiency over 1000 nits/lm (~ 2.1%) by 
optimizing the structure of slanted binary SRGs [100]. 
Alternatively, a pantoscopic or/and wrap tilt waveguide 
combiner could be used to mitigate the eye-glow effect 
[96, 101]. As illustrated in Fig.  8c, d, when the wave-
guide is tilted at a wrap or pantoscopic angle α , the light 
engine will tilt 2α (the light engine is hidden in Fig. 8d) to 
make sure the light coming straight into the eye and the 
eye glow turning towards ground or side by 2α. Besides, 
Fresnel reflection at the bottom surface of the wave-
guide also contributes to the eye glow effect in a diffrac-
tive waveguide combiner, which can be mitigated by AR 
coatings.

The low efficiency of diffractive waveguide combin-
ers is the major blame. A main reason stems from light 
leakage at in-coupling grating. When a diffractive grat-
ing is used as an in-coupler, the waveguide combiner 
suffers from significant light loss because of multiple 
interactions with in-coupling grating, even if the in-
coupling grating has a high diffraction efficiency. The 
reduced brightness decreases the ambient contrast 
ratio of the virtual images. These multiple interac-
tions at in-coupling gratings are not easy to solve. As 
shown in Fig. 9a, if the width W of the in-coupling grat-
ing is arranged to be larger than 2dtanθ , where d is the 
thickness of the waveguide and θ is the minimum TIR 
angle of the light inside of the waveguide, then the in-
coupling light may interact with the in-coupling grating 

two or multiple times. Here, the second interaction of 
the light with the in-coupling grating is undesirable, 
because this causes a significant portion of the light to 
change propagation direction or diffract out the wave-
guide. In other words, this part of light cannot travel 
forward inside the waveguide based on the original TIR 
angle. According to the analysis of recent research [87], 
the light loss may exceed 71% after in-coupling grat-
ing at an extreme FoV as depicted in Fig.  9b. A most 
straightforward solution is to decrease the width W 
of in-coupling grating, but this strict demand may be 
challenging to realize by the light engine, because it 
would require a small emission cone and a small f-num-
ber projection lens to boost the light collecting power. 
Therefore, it would be highly desirable to have a way 
around the above-described limitations related to the 
width W of the in-coupling grating. This issue may be 
mitigated by a polarization converter and a polariza-
tion dependent in-coupling grating, either transmis-
sive or reflective grating [102]. In Fig. 9c, the polarized 
light (e.g., TE) from light engine interacts with in-
coupling grating and diffracted into waveguide. When 
the diffracted light travels downwards and upwards 
(or upwards and downwards for transmissive gratings) 
through the polarization converter layer, its polariza-
tion could be totally rotated to an orthogonal one (e.g., 
TM), so the energy loss may be mitigated at the second 
interaction by optimizing the polarization response 
of the in-coupling grating. Besides, a light recycling 

Fig. 9 Issues induced by diffractive waveguide couplers and solutions. a Light leakage at in‑coupler. b Theoretical in‑coupling efficiency 
after the in‑coupler. c Enhanced in‑coupling efficiency by QWP. d See‑through ghost images generated by the out‑coupler (a, c Are redrawn 
from [102], b is reprinted with permission from [87] © The Optical Society, and d is redrawn from [2])
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system in the in-coupling region could also enhance the 
in-coupling efficiency [103, 104].

Diffractive waveguide combiner also suffers from 
ghost images. Ghost images typically arise from out-
coupling gratings that exhibit higher-order diffractions, 
but this can be mitigated by utilizing a single-order 
grating like PVG and VHG, or by optimizing the SRG 
structure. For multiple layer waveguides, the cross-
talk between each layer’s out-coupler may also cause 
ghost images [1]. Another ghost is the See-through 
ghost, which is formed by consecutive in-coupling 
and out-coupling caused by the out-coupling gratings, 
as sketched in Fig.  9d. After the consecutive interac-
tion with out-coupling grating, a real object with finite 
depth may produce a ghost image with shift in both 
FoV and depth. Generally, an out-coupling grating with 
higher efficiency suffers more see-through ghost. For 
polarization dependent grating, the ghost image could 
be suppressed by a polarization filter, such as a reflec-
tive polarizer, but such device may decrease the optical 
transparency of the waveguide combiner.

Besides, phase distortion at couplers edge is also a seri-
ous issue in diffractive waveguide combiner. Gratings can 
introduce undesired phase distortions in the light field as 
it traverses through the waveguide, particularly when the 
wavefront encounters the edges of the gratings. While 
gratings may induce amplitude variations due to non-
uniform diffraction efficiency, the impact of phase distor-
tion is more severe in terms of image quality. Ideally, light 

from the same pixel should propagate in a plane-wave 
manner. However, due to phase distortions, the light may 
diffract during propagation, leading to a degraded image 
quality. To better understand this phase distortion, let 
us take SRGs-based waveguide combiner as an exam-
ple [105]. Figure 10a portrays a side view of a waveguide 
showcasing two grating elements, G1 and G2 , which may 
serve as in-coupling, folding, or out-coupling gratings, 
etched onto its surface. These gratings are separated by 
an unadorned region designated as B , wherein the altera-
tion of phase during TIR diverges among the distinct 
regions. The phase change within region B is denoted as 
ϕ0 , while the phase adjustments on G1 and G2 are denoted 
as ϕ1 = ϕ0 −�ϕ1 and ϕ2 = ϕ0 −�ϕ2 , respectively. Con-
sequently, the resulting phase distribution of reflected 
beams within the waveguide exhibits a staircase-like 
function, as depicted in Fig. 10b. The phase jumps in this 
distribution can cause unwanted diffraction and result in 
beam spreading, further exacerbating the effects of phase 
distortion.

To mitigate the phase discrepancies arising from the 
reflections at G1 , G2 , and the blank TIR surface B, com-
pensatory adjustments can be made by introducing 
height offsets, denoted as ∆h1 and ∆h2 , on G1  and G2 , 
respectively, relative to the reference TIR surface. This 
is illustrated in Fig. 10c, d. Each height offset is carefully 
chosen to ensure that the additional optical path length 
introduced by the offset aligns with the phase difference 
between the reflection from the corresponding grating 

Fig. 10 Phase distortion in SRGs‑based waveguide combiner. a Side view of a waveguide with two gratings G1 and G2. b Phase mismatch 
among grating G1 , G2 and waveguide. c Side view of a waveguide with two phase matched gratings G1 and G2 . d Phase match among gratings G1 , G2 
and waveguide (a–d Are redrawn from [105])
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region and the TIR process. The additional optical 
path length is determined by the product of the wave-
guide’s refractive index (n) and the additional distance 
that light travels due to the height offset. It is important 
to note that obtaining precise phase matching is not 
always necessary to achieve acceptable image quality. 
The phase changes induced by the grating and TIR are 
dependent on factors such as angle of incidence, wave-
length, and polarization, implying that achieving ‘fully’ 
optimal performance is only possible for specific cases. 
However, in terms of image quality, a less-than-perfect 
performance may still be deemed acceptable.

4  Waveguide combiner design
4.1  Exit pupil expansion
Relative to conventional AR systems, waveguide displays 
offer a significant advantage through the implementation 
of an EPE scheme, which results in a desired eyebox. This 
innovative approach allows for an enlarged etendue of 
the system while maintaining a thin profile.

4.1.1  1D exit pupil expansion
As the horizontal eyebox is often the most crucial fac-
tor in accommodating large IPD percentiles, a 1D EPE 
may be sufficient. In Sect. 3, we have described the basic 
working principle of 1D EPE. For geometric waveguide 
combiners, this scheme has been extensively developed 
and applied in Lumus AR display since it was proposed 
by Amitai [9]. In Fig. 1a, it only requires one-dimensional 
cascaded partial mirrors as an out-coupler. On the other 
hand, such expansion technology is also implemented 
in diffractive waveguide combiners by 1D gradient effi-
ciency out-coupler as shown in Fig.  1b and Fig.  11a, 
such as Sony SED 100  A waveguide combiner. In order 
to obtain a deeper sight of EPE process, it is imperative 
to introduce the concept of the normalized k-vector dia-
gram. Within a 3D k-vector diagram, each point repre-
sents a wave vector with components kx , ky and kz . These 
components must adhere to the following dispersion 
relation:

Fig. 11 Schemes of exit pupil expansion. a Schematic of 1D EPE. b Corresponding normalized k‑vector diagram of the 1D EPE scheme, 
where Ḡin and Ḡout represent the normalized k‑vectors of the in‑coupling grating and out‑coupling grating in a, respectively. c Schematic 
of 2D EPE based on two consecutive 1D EPEs. d Corresponding normalized k‑vector diagram of the 2D EPE scheme, where Ḡin , Ḡf , and Ḡout 
represent the normalized k‑vectors of the in‑coupling grating, folding grating, and out‑coupling grating in c, respectively. The coral regions in b 
and d correspond to all normalized k‑vector within the system FoV. Black dashed arrows in b and d indicate the normalized grating vectors (a Is 
redrawn from [106])
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where k0 is the wave vector in vacuum and n is the refrac-
tive index of the medium. From Eq.  (3), we can obtain 
the full k-vector information from any arbitrary cross-
section diagram of the k space. For example, the 1D EPE 
scheme for diffractive waveguide combiner could be 
completely illustrated by the normalized kx–ky diagram 
(normalized k-vector diagram without specific mark-
ings) as shown in Fig. 11b. For the light propagating in air 
with wavenumber k0 , its possible normalized k values in 
x and y directions ( kx/k0 and ky/k0 ) fall within the circle 
with radius 1. When the light is trapped into waveguide 
by TIR, kx/k0 and ky/k0 are outside the circle with radius 
1 and inside the circle with radius n , where n is the refrac-
tive index of the substrate. kx/k0 and ky/k0stay unchanged 
in the TIR process and are only changed in diffraction 
processes. The central quasi-rectangular box in Fig. 11b 
indicates all normalized k values within the system FoV. 
After the in-coupler, the k values are added by the grat-
ing k-vector Gin , shifting the normalized k-value into TIR 
region. When the light encounters the out-coupling grat-
ing, the out-coupling grating then applies a symmetric k
-vector Gout  and shifts the normalized k-values back to 
the propagation region in air.

Such an EPE scheme offers high efficiency and good 
imaging and color uniformity over the eyebox in com-
parison with 2D EPE. However, to generate a sufficiently 
large eyebox in the nonexpanded direction, the entrance 
pupil produced by the light engine needs to be quite large 
in the unexpanded direction, even larger than the exit 
pupil in the expansion direction, as shown in Fig. 11a. In 
many cases, a tall aspect ratio entrance pupil may require 
a tall aspect ratio emission cone, thus leading to a large 
projection optics system [1].

4.1.2  2D exit pupil expansion
Drawing from the preceding discussion, it becomes evi-
dent that in order to achieve a large eyebox while employ-
ing a compact light engine and projection optics system, 
a 2D EPE emerges as the preferred approach within such 
a diminutive formfactor architecture. Over the last few 
decades, various types of 2D EPE have been proposed 
and developed. The simplest 2D EPE consists of two con-
secutive 1D EPEs with different directions [28, 35, 36], 
which has been developed in Lumus Z-Lens, Magic Leap 
2, HoloLens 2, etc. In a diffractive waveguide combiner, 
this EPE method usually includes three regions, an in-
coupling grating, a folding grating, and an out-coupling 
grating [35, 36]. In the scheme sketched in Fig. 11c, the 
first EPE occurs in the folding grating, where the light is 
duplicated in x direction and turned into y direction at 

(3)k2x + k2y + k2z = n2k
2

0,
the same time. The light rays then encounter the out-
coupling grating and are expanded in the y direction. To 
better understand this process, the normalized k-vector 
diagram is given in Fig. 11d. Here, the default represen-
tation is for a single color, unless otherwise specified or 
indicated. The coral regions represent the normalized k 
vector of system FoV in air or waveguide, the arrows cor-
respond to the size and direction of normalized grating 
k-vctors  Ḡin, Ḡf , and Ḡout . However, due to the eten-
due conservation between field of view and eyebox, the 
areas of folding grating and out-coupling grating will also 
increase as the field of view increases. Thus, such a design 
is relatively bulky and costly.

To overcome the above-mentioned drawbacks, 
WaveOptics [107] proposed a 2D EPE scheme with two 
crossed 1D gratings overlaid on waveguide as shown in 
Fig. 12a. This optical scheme combines the functions of 
folding and out-coupling gratings to provide simultane-
ous vertical and horizontal expansion, and light extrac-
tion while reducing the grating real estate. Such a scheme 
can allow more efficient use of space in an optical device 
because 2D expansion can be provided within the same 
area of the waveguide. Thus, this approach helps reduce 
the manufacture cost. In the overlaid cross-gratings, one 
of them directs received light rays from the in-coupling 
grating towards the other grating in the overlaid pair. The 
other grating can then couple light out of the waveguide 
and into the user eye. Preferably, this is a symmetrical 
arrangement so that each of the overlaid gratings can 
direct received light towards the other for outward cou-
pling, which is better described in normalized k-diagram 
in Fig. 12b, where coral regions represent the normalized 
k-vector of system FoV in air or waveguide, the black, 
green and red arrows separately correspond to the nor-
malized grating k-vctors, Ḡin , Ḡc1 and Ḡc2 . Likewise, the 
utilization of a 2D grating as an out-coupler presents a 
viable means to attain a comparable outcome [107].

In the above two 2D EPE designs, the first EPE coupler 
typically limits the diagonal FoV that can be supported 
by an optical waveguide combiner, as will be discussed in 
next section. To enlarge FoV, Microsoft introduced a but-
terfly scheme [108] in HoloLens 2, as depicted in Fig. 12c. 
The apparatus comprises an in-coupling grating, first and 
second folding gratings, and an out-coupling grating. The 
in-coupling region, composed of two gratings with sym-
metric k-vector Gin1 and Gin2 on both surfaces of wave-
guide, is configured to couple light with a corresponding 
FoV into the waveguide and split the FoV into the first and 
second portions. The first portion, corresponding to the 
first portion of FoV, is diffracted toward the first folding 
gratings with k-vecor Gf 1 , and the second portion of light, 
representing the second portion of FoV of image, is dif-
fracted toward the second folding grating with k-vector 
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Gf 2 . The two folding gratings are configured to diffract 
these two parts of FoV toward out-coupling grating with 
k-vecor Gout and realize pupil expansion at certain direc-
tions. Finally, the out-coupling grating combines the light 
corresponding to the first and second portions of the FoV 
and couples the light out of the waveguide to user’s eye. 
Beneficially, the combined FoV is greater than a maxi-
mum FoV that each of the folding grating can support on 
their own, which could be better understood in normal-
ized k-vector diagram in Fig. 12d, where the coral regions 
represent the normalized k-vector of system FoV in air 
or waveguide, the arrows correspond to the normalized 
grating k-vctors Ḡin1, Ḡin2, Ḡf 1, Ḡf 2 , and Ḡout.

While the butterfly design could achieve a larger FoV, 
it occupies too much waveguide real estate because it 
includes more grating regions. To reduce the over-
size of the waveguide combiner while keeping a large 
FoV, DigiLens released its integrated dual axis (IDA) 
waveguide architecture which combines the tech-
nologies from HoloLens’ butterfly and WaveOptics’ 

cross-gratings [109]. As shown in Fig.  13a, the pupil 
expansion and light extraction are accomplished using 
a pair of crossed folding gratings with k-vecor Gf 1 and 
Gf 2 (referred to as Multiplexed Grating 1 and Multi-
plexed Grating 2). A leftward propagating portion of 
FoV injected into the waveguide by the in-coupling 
grating is folded and expanded horizontally by Multi-
plexed Grating 1 while Multiplexed Grating 2 expands 
the beam vertically and extracts it from the waveguide 
to the eyebox. The rightward propagating portion of the 
FoV is handled in a similar fashion with Multiplexed 
Grating 2 now folding and expanding the beam hori-
zontally and Multiplexed Grating 1 expanding the beam 
vertically and extracting it to the eyebox. An important 
benefit of IDA architectures is the large achievable FoV 
according to normalized k-vector diagram in Fig.  13b, 
where coral regions represent the normalized k-vector 
of system FoV in air or waveguide, the black, red and 
green arrows separately correspond to the normalized 
grating k-vctors Ḡin, Ḡf 1 and Ḡf 2.

Fig. 12 Scheme of 2D EPE. a Schematic of 2D EPE based on a pair of cross out‑coupling gratings. b Corresponding normalized k‑vector diagram 
of the 2D EPE scheme, where Ḡin , Ḡc1 and Ḡc2 represent the normalized k‑vectors of the in‑coupling grating, cross out‑coupling grating 1 
and cross out‑coupling grating 2 in a, respectively. c Schematic of butterfly 2D EPE. d Corresponding normalized k‑vector diagram of the butterfly 
2D EPE scheme, where Ḡin1, Ḡin2, Ḡf 1, Ḡf 2 and Ḡout represent the normalized k‑vectors of the in‑coupling grating 1, in‑coupling grating 2, folding 
grating 1, folding grating 2, and out‑coupling grating in c, respectively. The coral regions in b and d correspond to all normalized k‑vector 
within the system FoV. Black dashed arrows in b and d indicate the normalized grating vectors (a, b Are redrawn from [107], and c, d are redrawn 
from [108])
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The butterfly and IDA configurations can give the AR 
display a helmet-like appearance since the in-coupler 
is always at the top center of the waveguide combiner. 
Alternatively, by rotating the above two designs 90◦ , 
light is in-coupled from the side, resulting in a more 
compact glasses-like design. However, the user per-
ceives an expanded vertical FoV, which is typically less 
preferred for human perception.

When combing these two designs together, i.e., utiliz-
ing four grating sequences [110], it is possible to expand 
the FoV in both horizontal and vertical directions. An 
example of this configuration is depicted in Fig.  13c. 
While the grating layout may resemble the first option of 
the butterfly design, it can be decomposed into one but-
terfly design and one IDA design as shown in Fig. 13d, e, 

each expanding the FoV in the vertical direction. Each 
of them could also be better understood in k-vector dia-
gram as shown in Fig. 13f, g, respectively. Finally, by com-
bining the FoV of each individual design, the overall FoV 
is then expanded in the horizontal direction.

Instead of gratings, the 2D EPE scheme in geometric 
waveguide combiners is achieved through two cascaded 
partially reflective mirror arrays with different expansion 
directions [28]. Similarly, this could also be explained by 
the k-vector diagram. However, in contrast to the k-vec-
tor diagrams in diffractive waveguide combiners, the 
shape of FoV area in that of geometric waveguide com-
biners does not remain constant during reflection pro-
cess on mirrors. Because reflections can occur in the x
–y , x–z or, y–z planes, the k vectors are not constrained 

Fig. 13 Scheme of 2D EPE. a Schematic of IDA 2D EPE. b Corresponding normalized k‑vector diagram of the IDA 2D EPE scheme, 
where Ḡin , Ḡf 1 and Ḡf 2 represent the normalized k‑vector of the in‑coupling grating, folding grating 1, and folding grating 2, respectively. (c) 
Schematic of 2D EPE utilizing four grating sequences. d Schematic of the first 2D EPE and FoV expansion in c. e Schematic of the second 2D 
EPE and FoV expansion in c. Corresponding normalized k‑vector diagram of the f first and g second 2D EPE scheme and FoV expansion. Black 
dashed arrows in b, f and g correspond to the normalized grating k‑vector. The coral regions in b, f and g correspond to all normalized k‑vector 
within the system FoV (a, b Are redrawn from [109], and c–g are redrawn from [110])
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within an annular region in the kx–ky diagram. Besides, 
the impact of mirrors will be visualized using a symmet-
ric axis in the k-vector diagram instead of arrows repre-
senting gratings k vectors. While a single cross-section k
-vector diagram contains complete vector information, 
the symmetric axis can lie in any plane. Consequently, 
k-vector diagrams in the kx–kz , kx–ky, and ky–kz planes 
are all necessary to visualize the 2D EPE process. As 
illustrated in Fig. 14, for the sake of simplicity, only one 
central FoV point and four corner FoV points are plot-
ted. Figure  14a represents the k vector states after the 
initial refraction from air to the waveguide. The three 
subsequent reflections on in-coupler, folding coupler and 
out-coupler occur sequentially in the x–z , x–y and y–z 
planes, as shown in Fig. 14e–g, which correspond the kx
–kz , kx–ky, and ky–kz planes, as illustrated by the dashed 
blue box in Fig. 14a–d. The symmetric axes in reflections 
on the in-coupler and out-coupler are complementary to 
each other. Additionally, the aspect ratio of FoV is flipped 
due to a 45° symmetry axis in the reflection on folding 
coupler. These successive reflections and the correspond-
ing symmetric axes play a crucial role in determining the 
behavior of the k vectors and the resulting FoV in geo-
metric waveguide combiners, facilitating a comprehen-
sive understanding of the EPE process.

4.2  Enlarging field of view
As one of the most intuitive optical parameters for users, 
FoV shows how large the image is displayed in front of 
users’ eye. In a waveguide combiner, FoV is mainly lim-
ited by two aspects. The first one stems from the refrac-
tive index of waveguide substrate, which is the essential 
cause of limited FoV in either geometric or diffractive 
waveguide combiners. A waveguide display relies on TIR 
propagation inside waveguide, in which the minimum 
TIR angle depends on the refractive index n of waveguide 
as follows:

From Eq. (4), a higher refractive index leads to a wider 
range of TIR angles to propagate the light inside the 
waveguide, which in turn expands the FoV. For diffractive 
waveguide combiners, this can also be explained by the 
normalized k-vector diagram, shown in Fig.  11b, where 
the radius of outer circle is refractive index n . The size of 
quasi-rectangular region (FoV) is mainly limited by the 
width of TIR region. To accommodate a larger FoV, the 
outer circle of TIR region needs to be expanded, which 
corresponds to an increased n . Although the theoretical 
maximum

(4)θc = arcsin

(

1

n

)

.

TIR angle is 90◦ , in practice, it can only reach about 70◦ 
because of eyebox discontinuity as shown in Fig. 15a. To 
keep the eyebox continuous, the distance between two 
consecutive TIR should be smaller than the sum of the 
pupil size Dpupil and beam size (entrance pupil size) Din 
as explained in Eq. (5):

where θmax stands for the maximum TIR angle. Both geo-
metric and diffractive waveguide combiners rely on TIR 
propagation, but their FoV limits are different because 
their couplers are based on refraction and reflection for 
the former, and diffraction effect for the latter. Diffraction 
usually causes spectral dispersion following the grating 
diffraction equation (Eq. 1), which dramatically decreases 
the FoV of diffractive waveguide combiner.

To widen the FoV of diffractive waveguide combiner, 
multiple approaches have been developed. For exam-
ple, directing RGB colors into three waveguides. Details 
of the full-color waveguide display will be discussed in 
Sect.  4.4. In contrast to diffractive waveguide display, 
there is almost no spectral spread (dispersion) in geomet-
ric waveguide combiner, which can accommodate RGB 
colors in one waveguide. However, if both waveguide 
combiners have the same refractive index n, then the FoV 
of the geometric waveguide combiner will be generally 
larger than that of the diffractive waveguide combiner, 
even for a single-color waveguide display. This is because 
the occupied k space can be compressed during the 
reflection process on mirrors in a geometric waveguide 
combiner. Figure 15b represents the k-vector diagram in 
the kz–kx plane, where the central FoV point (represented 
by the red vector) is designed to maintain the same angle 
after both reflection and diffraction. In Fig. 15b, the FoV 
occupies a length h in the kx direction before EPE. Dif-
fraction does not change this length as Fig.  15c shows, 
but reflection can compress the length to h /2 when the 
angle β ( β = 2α, where α is the slanted angle of the in-
coupling mirror in a geometric waveguide combiner) is 
60° as depicted in Fig. 15d, suggesting that the FoV can be 
doubled in a geometric waveguide combiner. This con-
clusion can also be understood from the angular space. 
In a geometric waveguide combiner, the angles before 
and after reflection are directly mapped to each other by 
symmetry. However, in a diffractive waveguide combiner, 
only the tangential component of the k vector is con-
served. By considering the first two terms in the Taylor’s 
expansion of the sine function at middle point, the grat-
ing equation leads to:

(5)2dtan(θmax) < Dpupil + Din,

(6)cos
(

θ1,avg
)

∆θ1 = cos
(

θ2,avg
)

∆θ2.
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In Eq.  (6), θ1 and θ2 represent the angles before and 
after diffraction, and θ1,avg  and θ2,avg are the average 
angles of θ1 and θ2 , respectively. Taking the example 
of in-coupling light with θ1,avg = 0o and θ2,avg = 60◦ , 
we find that ∆θ1 = ∆θ2/2 . This implies that the FoV 
is compressed by a factor of 2. Thus, the FoV of a geo-
metric waveguide combiner is approximately twice as 
large as that of a diffractive waveguide combiner with 

the same refractive index. Without any special design, 
a geometric waveguide combiner can achieve 50◦ FoV 
if the refractive index is 1.6 [111, 112]. In comparison, 
the diffractive waveguide combiner can only realize 70◦ 
even the waveguide index is as high as 2.0 (Magic Leap 
2).

Besides, some special designs can also enlarge the FoV 
of the system, such as butterfly architecture [108] and 

Fig. 14 Working principle of 2D EPE for geometric waveguide combiner. Normalized k‑vector diagram in the kz–kx , kx–ky, and kz–ky planes a 
after the initial refraction from air to the waveguide, b reflection at the in‑coupling mirror, c reflection at the folding mirror and d reflection 
at the out‑coupling mirror. Light paths before and after reflection on e in‑coupling mirror, f folding mirror array, and g out‑coupling mirror array 
in a geometric waveguide combiner with 2D EPE at normal incidence. Once the reflection happens, the coordinate will be rotate 180◦ . The 
dashed black lines represent the reflection symmetric axes (normal to the mirror’s surface). The dashed blue boxes correspond to the planes 
where the reflection takes place. Blue arrows represent light path in waveguide
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IDA architecture [61]. In accordance with the normalized 
k-vector diagram, both methods rely on achieving a large 
FoV through top-down pupil expansion while also split-
ting the FoV in the horizontal direction. Here, let us take 
the butterfly design in Fig. 12c as an example. Compared 
to traditional 2D EPE scheme in Fig.  11c, the butterfly 
design possesses a much larger FoV limit at 16:9 aspect 
ratio, compared to conventional two consecutive 1D EPE 
scheme at aspect ratio 1:1, as illustrated in Fig.  15e. As 
the aspect ratio increases, the FoV limit of the butterfly 
design will also increase.

Although the FoV limit is contingent to the refractive 
index of the waveguide, another crucial factor restricting 
the practical FoV is the angular response of the couplers. 
Therefore, another method to enlarge FoV is to expand 
the angular bandwidth of the waveguide couplers. As dis-
cussed in Sect. 3, different couplers exhibit distinct opti-
cal properties. Consequently, it is essential to examine 
the methods for expanding the angular response of cou-
plers individually.

In an SRG-based diffractive waveguide combiner, due 
to the high freedom of SRGs’ geometry as shown in 
Fig. 3e, the angular bandwidth of the SRG coupler can 
be expanded by the grating structure [1]. These param-
eters include the front and back slant angles, grating 

fill factor, potential coatings, grating depth, and period. 
Moreover, the refractive index of the grating structure, 
grating base, grating coating, and grating top layer are 
additional material parameters contributing to the 
device optimization. For instance, increasing the refrac-
tive index of the grating while simultaneously reducing 
the back slant angle and increasing the front slant angle 
can lead to a wider angular response. Further optimiza-
tions across an extended section of the grating can be 
implemented, such as depth modulations, slant modu-
lations, or duty cycle modulations. These techniques 
aim to achieve an expanded angular bandwidth over a 
large and uniform eyebox.

In an VHG-based diffractive waveguide combiner, 
which is also called holographic waveguide com-
biner, the angular bandwidth of an VHG coupler usu-
ally relies on the index modulation  (δn) as discussed 
in Sect.  3.2.2. A straightforward method is to use a 
material with a larger index modulation (δn) , for exam-
ple, using a higher effective refractive index of liquid 
crystal in HPDLC. Moreover, a fundamental property 
of any phase grating is that for a given index modula-
tion, a thinner grating has a larger angular bandwidth 
(this works for PVGs too), except its lower efficiency, as 
Fig.  5b, d  depict. Another way to increase the angular 

Fig. 15 Analysis of FoV limit in diffractive and geometric waveguide combiners. a Eyebox discontinuity in waveguide display. The k‑vector diagram 
in the kz–kx plane b before diffraction or reflection, c after diffraction in diffractive waveguide combiner or d after reflection in geometric waveguide 
combiner. e Relationship between diagonal FoV limit and waveguide refractive index at single wavelength for butterfly design at aspect ratio 16:9 
and traditional 2D EPE design at aspect ratio 1:1, respectively. The maximum TIR angle in these two designs is 75◦  
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bandwidth of the VHG coupler is the rolled k-vector of 
gratings [56, 113] (this also works for SRG and PVG), 
as shown in Fig. 16. Usually, all the light from different 
directions will be injected onto the in-coupling grating 
with only one Bragg plane, which corresponds to a sin-
gle angular bandwidth as shown in Fig.  16a. However, 
if the light from different directions is configured to 
incident on different positions of the in-coupling grat-
ing (which is natural for LBS), then the grating could 
be configured to have a continuously varying slant 
angle as a function of spatial positions, while the sur-
face period of the grating is held constant. Because the 
Bragg diffraction efficiency changes with the slant angle 
according to Eq.  (7), the angular bandwidth is thereby 
expanded effectively as shown in Fig. 16b:

where neff  represents the effective refractive index of the 
medium, �B is the Bragg period, �b is the Bragg wave-
length, θ is the incident angle, and φ is the slant angle of 
the Bragg plane.

In a PVG-based diffractive waveguide combiner, the 
angular bandwidth is proportional to the employed bire-
fringence (�n) . Thus, choosing a large �n LC material 
would increase the angular bandwidth. Besides, owing to 
the self-assembly of liquid crystals, multi-layer structure 
of PVGs is also feasible to enlarge the angular response 
[114–116]. As depicted in Fig. 16c, each layer of the PVG 

(7)2neff�Bcos(θ + φ) = �b,

has the same horizontal period, but with different slanted 
angles, leading to different response bands, like the blue 
and red bands in Fig. 16d. The green band represents the 
expanded angular response of a two-layer PVG. Besides, 
polarization multiplexing also helps to expand the FoV 
because the PVG is polarization dependent [117, 118] 
(this also works for metagratings [89]).

In a metasurface-based diffractive waveguide com-
biner, metasurfaces share a very similar diffraction 
nature to expand the angular bandwidth. However, since 
the metasurfaces have a higher flexibility and versatil-
ity of wavefront modulation, a large angular bandwidth 
with high efficiency can be achieved more easily. As dis-
cussed in Sect. 3.2.4, the metagratings with nonintuitive 
nanoscale patterns not only induces the local modes for 
basic modulation of phase, but also excites the nonlocally 
interplaying modes for coupling light into the designated 
diffraction channels [76]. In this case, the diffraction effi-
ciency maintains high and uniform across a wide range of 
deflection angles, leading to a large enough angular band-
width. Although nonlocal optical modes are difficult to 
precisely design, the topological optimization could offer 
great convenience to design these metasurfaces [119]. 
Based on the aforementioned principles and algorithms, 
both 2D metagratings [91] and slanted titanium dioxide 
 (TiO2) metagratings [120] have been reported to exhibit 
a broad angular bandwidth and high efficiency, which is 
promising for expanding the FoV of AR couplers.

Fig. 16 Methodology of expanding angular bandwidth for VHGs and PVGs. a Spatial invariant (traditional) in‑coupler design and its diffraction 
property. b Rolled k‑vector in‑coupler design and its corresponding diffraction property. c Two‑layer structure of PVGs. d Diffraction properties 
for single‑layer PVGs with slanted angle 26.7◦ , 24.2◦ and two‑layer PVG at horizontal period 450 nm (a, b Are redrawn from [113] and c, d are redrawn 
from [114])
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In addition to the flexible manipulating of optical 
modes, by incorporating the modulation of polarization 
states, the FoV can be further expanded by metagrat-
ings as shown in Fig. 7c. For example, the polarization-
dependent metagratings capable of encoding the left and 
right halves of the FoV into two orthogonal polarization 
channels with minimal crosstalk [89]. The meta-atoms in 
these metagratings are carefully designed with different 
slanted angles, heights, and refractive indices, allowing 
them to selectively diffract transverse electric (TE) and 
transverse magnetic (TM) polarized light to their corre-
sponding halves of the FoV. As a result, an overall hori-
zontal FoV of 67◦ at λ = 460 nm is achieved.

In a geometric waveguide combiner, the FoV limit is 
naturally large (almost doubled) compared to a diffractive 
waveguide combiner. Therefore, the practical FoV may 
strongly depend on the couplers. Since the key coupler 
element is the partially reflective mirrors with certain 
reflective and transmissive angular bandwidth, using a 
better coating material or optimizing the angular band-
width of coatings on these partial mirrors helps enlarge 
the FoV.

Besides, electrically switchable couplers like LC-
based PVG [99], HPDLC [61, 121], LC-infiltrated SRGs 
[122, 123], and LC-filled metasurface [124] can also be 
employed to expand the FoV. For instance, one approach 
is to increase the FoV through temporal sub-FoV stitch-
ing at a doubled refresh rate [121].

4.3  Front geometry of waveguide couplers
Unlike other optical combiner architectures, waveguide 
combiners are desirable since their thickness is barely 
impacted by the FoV. However, the frontal dimensions 
of waveguide couplers are closely related to the size of 
the FoV and the eyebox. To determine the couplers lay-
out, especially diffractive waveguide couplers, the light 
incident from an extreme angle is considered, visualized 
with the normalized k-vector diagram, where the nor-
malized k-vectors represent the propagation direction of 
the lights in air or waveguide. Here, we take the 2D EPE 
design in Fig. 11c as an example. The largest coupler area 
requirement is usually the out-coupler element, aiming at 
processing all FoV and building up the entire eyebox. Fig-
ure 17a shows how the layout of the out-coupler is dic-
tated by the FoV and eyebox. As FoV and eyebox increase, 
the out-coupler region will get larger, but the efficiency of 
waveguide combiner decreases due to the stronger pupil 
expansion.

Owing to the 2D EPE, the in-coupler area (entrance 
pupil) is relatively small as discussed in Sect.  4.1. It is 
mainly dictated by the light engine (microdisplay) and 
the projection optics, as sketched in Fig. 17b, where the 
entrance pupil of the waveguide usually matches the exit 

pupil of the light engine and the projection lens. If the 
light engine is an LBS, the work distance and FoV will 
jointly determine the size of the in-coupler, as illustrated 
in Fig. 17c. As discussed in Sect. 3.2.4, the entrance pupil 
should be small enough to avoid multiple interactions 
between the coupled lights and the in-coupler, which 
helps increase the in-coupling efficiency. Moreover, fur-
ther reducing the in-coupler size also helps to decrease 
the waveguide thickness.

Once the relative position and size of the in-coupler 
and out-coupler is established, the layout of the folding 
region can be determined [125]. For example, based on 
the normalized k-vector diagram in Fig.  17d, the light 
k1/k0 coming from the in-coupling grating and the light 
k2/k0 exiting to the out-coupling gratings form a paral-
lelogram overlapping region on the folding grating, as 
shown in Fig. 17e. Combing all the light from the over-
lapping region for an extreme incident angle, the bound-
ary of the folding grating can be traced out as depicted 
in Fig.  17e. Moreover, the gradient efficiency design for 
the folding grating and the out-coupling grating could 
also be determined by this ray tracing process. One may 
observe in Fig. 17e that some pupil expansion in the fold-
ing and the out-coupling regions will never be coupled to 
the user’s eye, thus decreasing the waveguide combiner’s 
efficiency. While this ray tracing process is for 2D EPE 
design in Fig. 11c, it works equally well for the diffractive 
waveguide combiners.

4.4  Full‑color waveguide displays
In a geometric waveguide combiner, since all the couplers 
are either refractive or reflective elements, there is almost 
no spectral spread (except material dispersion) when 
the incident RGB colors interact with the couplers. As a 
result, a single waveguide can accommodate both RGB 
colors simultaneously. However, as discussed in Sect. 3.2, 
spectral spread (dispersion) takes place when a diffrac-
tive optical coupler is employed. To compensate for the 
spectral spread induced by diffraction, a straightforward 
method is to use a symmetric in-coupler and out-coupler 
configuration or couplers with k-vectors satisfying the 
triangular relationship.

Although the spectral spread can be compensated by 
the symmetric grating configuration, it is evident from 
Fig.  18a that the light of different wavelengths is spa-
tially displaced at the out-coupler, which will induce a 
strong color nonuniformity over the eyebox. Thus, strong 
exit pupil replication, such as decreasing the distance 
between two consecutive TIR by reducing the wave-
guide thickness or decreasing the maximum TIR angle, 
is required to smoothen out the color nonuniformity. 
However, this may reduce the FoV over which all the RGB 
colors can propagate by TIR [126]. When the RGB colors 
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propagate in one waveguide, like in Fig. 18b, the FoV in 
the pupil expansion direction is usually bounded by the 
maximum and minimum TIR angles ( θmax; θmin ), and the 
refractive index ( ng ) of the waveguide medium as follows:

nairsin(−θair)+
�min

Λx
= ng sin θmin

nairsinθair +
�max

Λx
= ng sinθmax

In Eq.  (8), nair is the refractive index of air, and 
�min and �max represent the minimum and maxi-
mum wavelength guided in the waveguide. The mini-
mum TIR angle θmin can be the critical TIR angle 
as shown in Eq.  (4). Here, let us take R = 630  nm, 
G = 532  nm, and B = 457  nm as an example, the FoV 
at the pupil expanded direction can reach 30.3o for 
ng = 2.0  and  θmax = 90◦ , as shown in Fig.  18c. How-
ever, considering the eyebox continuity discussed in 

(8)

FoV = 2arcsin

(

ng sinθmax −
ng�max

�min + �max
(sinθmax + sin θmin)

)

.

Fig. 17 Working principle of waveguide couplers shape design. a Relationship of eyebox, FoV and out‑coupler size. b Relationship of microdisplay, 
projection lens and in‑coupler size. c Relationship of LBS and in‑coupler size. d Normalized k‑vector diagram of the 2D EPE based on two 
consecutive 1D EPE, where the black arrows k1/k0 and k2/k0 represent the propagation directions of a certain FoV angle inside waveguide. e 
Corresponding ray tracing process of the certain FoV angle inside waveguide, where deep blue, orange and green regions represent the effective 
pupil expansion regions for this FoV angle (a Is redrawn from [1] and d, e are redrawn from [125])



Page 27 of 34Ding et al. eLight  (2023) 3:24 

Sect.  4.2, θmax should be kept at about 70◦ , thus the 
FoV is only about 25◦ . Although the FoV in the pupil 
expansion direction is small, a larger diagonal FoV (or 
FoV at pupil unexpanded direction) could be achieved 
if the top-down pupil expansion is applied, because the 
aspect ratio of the microdisplay panel is usually larger 
than 1:1. For instance, if a 16:9 aspect ratio is applied, 
the diagonal FoV can reach 50◦ at the top-down pupil 
expansion. This phenomenon can be understood from 
the normalized k-vector diagram shown in Fig. 18d, e, 
which also explains why the butterfly and IDA archi-
tectures can realize a large FoV [127]. However, this 
approach requires the gratings to be efficient over a 
large spectral band and angular band to cover the entire 
RGB colors.

To overcome the spectral spread and maximize the 
RGB FoV in a diffractive waveguide combiner, a com-
mon solution is to use three stacked waveguides with 
a proper air gap, e.g., Magic Leap and HoloLens, as 
sketched in Fig.  19a, where the RGB lights are guided 
by three different waveguides, respectively. There-
fore, each waveguide coupler needs to be specifically 
designed and optimized for a single color to achieve a 
large FoV, which means the FoV limit can be the same 
as the single-color waveguide display discussed in 
Sect.  4.2. To better understand this architecture, one 
can observe from Fig.  19a that RGB colors propagate 
inside the waveguide at same TIR angle, which means 

three colors have exact same normalized k-vector dia-
gram. Besides, it is also noticed that an air gap between 
all plates is required to produce the TIR condition.

Reducing the number of waveguides without deterio-
rating the image quality while propagating at the maxi-
mum FoV is highly desirable because it reduces the 
weight, size and complexity of the combiner and make 
it also less prone to MTF reductions due to waveguide 
misalignments [1]. Both lateral and longitudinal wave-
guide misalignments, and waveguide surface roughness 
will degrade the MTF established by the light engine.

Therefore, a simple two waveguides architecture is pro-
posed [128]. In such a scheme, one waveguide supports 
the whole FoV of red light while the blue and green lights 
are guided in another waveguide because blue is closer to 
green in terms of wavelength. While this two-waveguide 
combiner configuration reduces one-third the weight and 
size of the traditional three-waveguide combiner, its FoV 
is narrower. In [1, 126], another two-waveguide com-
biner has been investigated to realize the same FoV limit 
of three stacked waveguides as shown in Fig. 19b, where 
the green FoV is shared between the top and bottom lay-
ers. Specifically, one waveguide supports the entire FoV 
for the blue light and a portion of FoV for the green light, 
while the bottom waveguide propagates the whole FoV 
for the red light and remaining part of FoV for the green 
light. We can have a better understanding of this scheme 
based on the normalized k-vector diagram in Fig.  19c, 
d. However, achieving good color uniformity when 

Fig. 18 Schematics of spectral spread in diffractive waveguide combiner. a Spectral spread in single diffractive waveguide scheme. b Boundary 
condition of FoV for full‑color display in this scheme. c Relationship between FoV limit in pupil expansion direction and refractive index ng 
under different maximum TIR angles for this scheme. d Top‑down 1D EPE scheme and e right–left 1D EPE scheme under 16:9 aspect ratio (a, c Are 
redrawn from [126] and d, e are redrawn from [127])
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combining the green light over the out-coupler neces-
sitates a precise efficiency control at two waveguides to 
seamlessly merge these two parts of the FoV. Moreover, it 
is important to address the potential overlap between the 
two FoV parts, as it can result in a poor field uniformity 
at the stitching region.

An alternative approach to avoid the issues induced 
by a multiple-waveguide display is to use the multiplex-
ing ability of VHG [129, 132] or stacking multiple VHG 
layers together [133]. For example, three different peri-
ods, corresponding to RGB, can be multiplexed onto 
a single waveguide, as shown in Fig.  20a, but it needs 
to optimize the coupler parameters to avoid the ghost 

images induced by crosstalk. To reduce the crosstalk, one 
waveguide could be multiplexed for blue and red colors 
while another waveguide works for green color [129]. 
Besides, the disadvantage of phase multiplexing is its low 
efficiency.

In a metasurface-based waveguide coupler, the above 
stacked waveguide strategies could be used as well. 
However, owing to the high design freedom of metasur-
face couplers, it becomes possible to realize achromatic 
couplers. In metasurfaces, chromatic aberration arises 
from the dispersive nature of meta-atoms and the rapid 
phase wrapping, causing inherent diffractive dispersion. 
The dispersion can be quantitatively characterized using 
a Taylor expansion of the phase response, which can be 
expressed as follows:

(9)
ϕ(r,ω) = ϕ(r,ω0)+

∂ϕ(r,ω)

∂ω

∣

∣

∣

∣

ω0

(ω − ω0)+
∂2ϕ(r,ω)

2∂ω2

∣

∣

∣

∣

ω0

(ω − ω0)
2
+ · · ·

Fig. 19 Full‑color display in multiple diffractive waveguides. a Full‑color display with three waveguides. b Full‑color display with two waveguides, 
where green light propagates in both waveguides but with a different FoV, blue and red light is guided in two waveguides separately. The 
normalized k‑vector diagram of the two‑waveguide combiner for c top waveguide and d bottom waveguide. The in‑coupler and out‑coupler can 
be a diffractive coupler (a–d Are redrawn from [1])
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In Eq.  (9), the first term on the right side represents 
the phase response of the meta-atoms at the designed 
frequency  ω0 , which can be controlled using various 
methods such as propagation phase [134, 135], geomet-
ric phase [136, 137], and resonant phase [138, 139]. The 
derivatives in the second and third terms represent the 
group delay and group delay dispersion, respectively, 
which govern the dispersive response of the meta-
atoms. To correct chromatic aberration, the group 
delay needs to vary as the frequency deviates from ω0 to 
compensate for the difference in wave packet arrival 
time, while the group delay dispersion ensures that the 
outgoing wave packets are identical.

Based on this principle, broadband achromatic metas-
urface-based devices have been designed and fabricated 
by using coupled waveguides as phase-shift elements, 
which exhibit linear structural dispersion through the 
visible spectrum, and incorporating the geometric 
phase through the rotation of the structure to tailor the 

wavefront [140–142]. Especially, Shrestha et  al. ana-
lyzed that the achromatic bandwidth, maximum radius 
of the metalens, numerical aperture,  and other optical 
properties are trading off with each other, as they are 
limited by the range of phase dispersion covered by the 
meta-atoms [142]. This conclusion is generally applica-
ble to other metasurface-based devices, indicating that 
achieving a broadband achromatic meta-device is often 
constrained by its size. For instance, an achromatic 
metasurface-based coupler with large-angle coupling 
covering the full visible spectrum would be limited to a 
few hundred micrometers in size, which is too small to 
be applicable for AR display.

However, achieving broadband achromatism is not 
necessary for AR displays, because the light engines are 
primarily tricolors. Thus, it is adequate to correct the 
chromatic aberration at these specific wavelengths. This 
approach is referred to as “multi-wavelength achro-
matic” or “RGB achromatic”. By considering the central 

Fig. 20 Schematics of achromatic display in a single diffractive waveguide. a Achromatic waveguide display using phase multiplexing VHGs. 
b Diffraction property and structure of nine‑layer achromatic metagratings made of TiO2 and SiO2 . c FDTD simulation result of such achromatic 
metagratings. d Structure of achromatic metagratings made of Al, Ag, and Au (a Is redrawn from [129], b, c are reprinted with permission from [130] 
© The Optical Society, and d is reprinted with permission from [131] © SPIE)
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wavelengths (�R, �G , �B) emitted from a light engine and 
their corresponding bandwidths ( ��R,��G ,��B ), the 
total achromatic bandwidth can be obtained by summing 
up these individual bandwidths. This strategy is applica-
ble to AR displays that utilize a wide color-gamut light 
engine based on LEDs, OLEDs, lasers, or other sources 
with narrow bandwidths. Since the total achromatic 
bandwidth is much smaller than the entire visible spec-
trum, it enables a sufficiently large-size waveguide cou-
pler to be fabricated, while still effectively correcting the 
chromatic aberrations.

Based on the above strategy, several attempts have been 
made to develop multicolor-achromatic metagrating-
based waveguides. One example is a metagrating-based 
coupler constructed with stacked layers, employing pre-
cisely designed nanoridges of titanium dioxide ( TiO2 ) 
and silicon dioxide ( SiO2 ) [139] as depicted in Fig.  20b. 
These couplers are designed in an inverse manner using 
physics-driven deep neural networks to ensure high cou-
pling and decoupling efficiencies. The simulated out-
come is shown in Fig. 20c. Another approach [131] is to 
streamline the fabrication process by reducing the meta-
structure to three layers composed of aluminum (Al), sil-
ver (Ag), and gold (Au), as shown in Fig. 20d.

Both above instances rely on the multi-layered struc-
tures to deflect the RGB beams at angles surpassing the 
TIR threshold. Nonetheless, fabricating such multi-lay-
ered dielectric metagratings remains quite challenging. 
Recently, dispersion-engineered metagratings is intro-
duced, which is capable of concurrently achieving broad-
band and polarization-insensitive properties, resulting in 
a remarkable diffraction efficiency up to 90% [143]. This 
advancement offers a potential for producing achromatic 
metasurface-based couplers on a single layer, circum-
venting the need for resource-intensive simulations and 
intricate fabrication procedures.

4.5  Uniformity optimization
In a waveguide-based AR display, good image uniformity 
in the eyebox can be achieved by varying the diffraction 
efficiency of folding couplers and out-couplers spatially, 
e.g., changing the height and the duty cycle of SRGs, 
modulating the slanted angle of VHGs, and adjusting the 
polarization state in PVGs, etc. [2]. Based on the metrics 

of AR display described in Sect. 1, there are two types of 
uniformity issues: color uniformity and brightness uni-
formity. The former indicates the color reproduction 
accuracy of an AR display across the FoV and the eyebox. 
Reflective waveguide combiners barely have the color 
nonuniformity issue with glass substrate because they 
are based on refraction and reflection. Recently, Lumus 
reported the color uniformity of their Maximus wave-
guide combiner; the color shift Δu′Δv′ < 0.02 around 
the D65 white point across the entire 50°  FoV, which is 
indistinguishable by human eye [144]. On the other hand, 
in a diffractive waveguide combiner, the diffraction opti-
cal component, such as SRG, causes a strong angular 
spread and spectral dispersion, which in turn leads to a 
degraded color uniformity across the entire FoV and the 
eyebox. Therefore, the three-waveguide approach (one 
for each color) is commonly used; each layer having its 
own grating parameters optimized for a specific color. 
This reduces the color nonuniformity across the eyebox. 
However, when RGB LEDs are used in the light engine, 
each emission band has its own full width at half maxi-
mum (FWHM ≈ 30  nm). Thus, the color nonuniform-
ity can be minimized by the optimization process but 
cannot be eliminated completely. As a result, geometric 
waveguide combiners should exhibit a significantly better 
color uniformity than diffractive waveguide combiners. 
Although the color uniformity of a diffractive waveguide 
combiner can be improved by electronic correction, the 
tradeoff is the compromised optical efficiency [145].

Besides, brightness uniformity over the entire FoV 
and eyebox is also difficult to achieve due to the strict 
manipulation of diffraction (or reflection) efficiency and 
bandwidth in the folding couplers and out-couplers [146, 
147]. It can also be mitigated through electronic correc-
tion with a slightly compromised optical efficiency. The 
detailed brightness uniformity comparison between geo-
metric waveguide and diffractive waveguide remains to 
be investigated.

5  Conclusions and perspectives
In this review, we investigate recent advances in wave-
guide-based AR displays and discuss the prospects 
of two existing geometric and diffractive waveguide 
combiners. In Table 2, we summarize their key optical 

Table 2 Comparisons of different waveguide combiners

Waveguide combiners Efficiency FoV (diagonal) Form factor Major challenges

Diffractive waveguide Low (400–1000 nits/lm for FoV 30◦ , 
up to ~ 2.1%)

Medium for SRGs 
( 70◦ at ng = 2 ), small 
for VHGs

Small (single waveguide), 
medium (multi‑wave‑
guide)

Color uniformity, effi‑
ciency, eye glow, rainbow 
effect

Geometric waveguide High (650–1000 nits/lm for FoV50◦ , ~ 5% 
for 2D EPE, ~ 15% for 1D EPE)

Potentially large
(50◦ at ng = 1.6)

Small Stray light, fabrication
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performances. Generally, geometric waveguide com-
biners exhibit advantages in potentially large FoV (e.g., 
50◦ at ng = 1.6 [111, 112]), good uniformity, negligi-
ble eye glow, and high efficiency (5% for 2D EPE and 
50◦ FoV [111, 112]), but with more complicated fabri-
cation process and low yield. Therefore, high quality 
coating technology should be developed. In contrast, 
diffractive waveguide combiners have a relatively low 
efficiency (up to ~ 2.1% for 30◦ FoV [100]), a smaller 
FoV (e.g., 70◦ at ng = 2[14] ), and they also suffer from 
other issues, such as color nonuniformity, eye glow, and 
rainbow effect. All these issues remain to be overcome. 
Particularly, color uniformity and optical efficiency are 
two major challenges in a diffractive waveguide com-
biner. Therefore, how to improve diffractive waveguide 
efficiency while keeping a reasonably good uniform-
ity will be the most important task in the future. The 
rapid development of various EPE designs, fabrication 
methods, and materials performance of diffractive cou-
plers, like optical interference lithography for SRGs and 
HPDLC with a large index modulation, could improve 
the performance of diffractive waveguide combiners to 
be comparable to that of geometric waveguide combin-
ers. However, current index modulation of VHGs is still 
inadequate to extend the FoV beyond 50◦ . Low-cost and 
high-quality manufacture process remains to be devel-
oped for SRGs. Besides, a novel diffractive coupler, 
PVG, offers distinct features such as dynamic modu-
lation ability, to increase the functionality of wave-
guide-based AR displays. At the same time, emerging 
metasurface-based couplers provide extensive design 
freedoms, thus enabling novel functionalities, like the 
achromatic characteristics. Further advances in device 
engineering and manufacturing process are expected to 
boost the performance of PVGs and metasurface-based 
couplers for AR displays.
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