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Holographic Waveguide Display With Large Field of
View and High Light Efficiency Based on Polarized

Volume Holographic Grating
Yuchen Gu, Yishi Weng, Ran Wei, Zhongwen Shen , Chuang Wang, LiXuan Zhang, and Yuning Zhang

Abstract—We propose a polarization multiplexing structure
based on multilayer reflective polarized volume holographic grat-
ings(PVGs) to improve the field of view and brightness of the aug-
mented reality waveguide display. The multilayer structure forms
the splicing of different response bandwidths by stacking PVGs
with different periodic components, and realizes the expansion of
the wavelength (angle) bandwidth. The polarization multiplexing
structure controls the polarization of the diffracted light by con-
trolling the rotation direction of the liquid crystal pitch in the liquid
crystal material, so that both left-hand and right-hand circularly
polarized light are diffracted to enhance efficiency. Based on these
two structures, the wavelength bandwidth of PVG is increased by
40 nm, the angular bandwidth is increased by 10° and the diffrac-
tion efficiency is nearly doubled. In order to verify the feasibility of
these two structures, we use the holographic waveguide display with
OLED as the image source. The demonstrated waveguide prototype
shows a complete display with a diagonal field of view of 55°. The
brightness of virtual image was measured as high as 1100 cd/m2

with a transparency of 72% for ambient light.

Index Terms—Augmented reality, polarized volume holographic
grating, field of view, light efficiency.

I. INTRODUCTION

W ITH the development of new technologies such as 5G
communications, big data, cloud computing and arti-

ficial intelligence, the application scenarios of visual displays
have become more diversified, and the form of displays is also
constantly innovating. Augmented reality(AR) can superimpose
digital information on real scene, bringing the combination
of virtual world and real world [1]. Many scientific research
institutions and companies have been attracted, and they have
launched research on AR-related technology [2]. As the most
critical and scarce core component of the AR display system,
the optical combiner influences the field of view (FOV), optical
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efficiency, exit pupil size and other parameters, which affect the
performance of the entire display system. Currently, the more
mainstream technical solutions include beam splitting prism [3],
free-form surface [4], Maxwellian display [5], [6] and optical
waveguide [7]. The optical waveguide can obtain a larger eye
movement range while keeping its volume and weight as small as
possible, which is considered to be the most promising technical
solution.

The optical coupling element is the most critical optical
element in the optical waveguide technology. Its function is to
couple the image generated by the image source into the wave-
guide and out of the waveguide. Partial mirror array (PRMA) [8],
volume holographic grating (VHG) [9] and surface relief grating
(SRG) [10] are three common solutions for optical waveguide
technology. PRMA manufacturing process requirements are
extremely high, resulting in a generally low product yield rate.
VHG has problems with FOV and color display due to their small
bandwidth, and SRG has high cost due to the complex process
flow and expensive processing equipment. Compared with these
three, the polarized volume holographic grating (PVG) has the
advantages of large wavelength/angular bandwidth and simple
manufacturing process. Weng et al. reported a PVG and inves-
tigated its diffraction characteristics through simulation [11].
Subsequently, Weng et al. designed and successfully prepared a
color waveguide display prototype based on reflective PVG [12],
which achieved a 35° diagonal color imaging. Kun Yin et al.
prepared PVG on flexible materials(PDMS) and realized PVG
transfer technology [13]. He Z et al. studied the different optical
properties of planar and slanted PVG [14]. Kun Yin et al. report
a reflective chirped polarization volume(CPVG)that can achieve
an angular bandwidth of 54° [15]. Cui et al. simulated and pre-
pared a two-dimensional exit pupil expansion based on reflective
PVG [16]. Tao Zhan et al. reviewed the working principles
of Pancharatnam–Berry phase optical elements(PBOEs) such
as PVG and discussed the application of PBOEs in emerging
display systems [17].

FOV represents the angle range of the actual display screen
(virtual image) to the pupil of the human eye. The monocular
FOV of human eye is about 160° in the horizontal direction, and
the monocular FOV in the vertical direction is about 130°. The
binocular FOV can reach approximately 200° (horizontal) ×
120° (vertical) [18]. At present, the main factors limiting FOV
in optical waveguide technology are the angular bandwidth of
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Fig. 1. LC director profile of (a) PVG. (b) LCOM-PVGs.

the grating coupler and the refractive index of the waveguide
medium. Although PVG has a larger angular bandwidth than
VHG, a single PVG cannot meet the requirements of a large field
of view. Kun Yin et al. simulated and experimentally verified the
feasibility of the multi-layer structure [19]. Xiao Xiang et al.
prepared a two-layer transmissive PVG structure and tested
its optical properties [20]. To the best of our knowledge, the
preparation principle and process of multi-layer reflective PVG
and the application of waveguide display have not been reported
before.

In order to optimize FOV limited by bandwidth, this paper
designs the laminated composite PVGs(LCOM-PVGs) based on
reflective PVG to expand the bandwidth. At the same time, due to
the polarization characteristics of PVG, PVG with a single chiral
rotation as a coupler has a greater efficiency loss to AR display.
To overcome this problem, a polarization multiplexing structure
is designed and prepared to ensure the optical efficiency of AR
holographic waveguide system. Finally, a LCOM-PVGs com-
bined with polarization multiplexing structure was prepared, and
its good performance was demonstrated on the AR display.

II. MATERIALS AND METHODS

As shown in Fig. 1(a), the structure of PVG presents a
slanted structure [21], [22]. In the figure, the period in the
x-direction is called the horizontal period (Λx), and the period

Fig. 2. (a) Propagation mechanism of light beams in waveguide. (b) Schematic
diagram of FOV stitching of LCOM-PVGs.

in the y-direction is called the longitudinal period (Λy), Λb is
the Bragg period, and φ is the slanted angle of the periodical
refractive index planes. According to the geometric relationship,
the relationship between Λx and Λy and Λb is:⎧⎨

⎩
Λb = Λx sinφ
Λb = Λy cosφ
p = Λb

(1)

where p is the pitch of the liquid crystal. At normal incidence,
the Bragg period Λb of PVG and incident center wavelength λb

should satisfy the Bragg condition:

2neffΛb cosφ = λb (2)

where neff is the average refractive index of the anisotropic
medium. Supposing the refractive index of the ordinary light
of the anisotropic material is no and the refractive index of the
extraordinary light is ne, then neff is represented by:

neff =
√
(ne

2 + 2no
2)/3. (3)

In order to expand the response bandwidth, this paper designs
the LCOM-PVGs structure, which stacks gratings with different
slanted angles together. In order to avoid ghosting between
different PVGs under the same waveguide, which will affect
the imaging effect of the waveguide, Λx of each layer of PVG is
required to be consistent. The structure is shown in Fig. 1(b). To
change the tilt angle, we only need to adjust the p. The method
of changing the P will be explained in the device fabrication
section later.

When the Bragg diffraction condition is satisfied, the propa-
gation mechanism of the light beams in the waveguide is shown
in Fig. 2(a) [23]. We can find that the relationship between the
diffraction angle θdiff and the incident angle θin is as follows:

θdiff = 2φ+ θin (4)
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Under non-Bragg conditions, the relationship between the
incident angle and the diffraction angle is as follows:

θdiff = arcsin

(
λ

Λxneff
+ sin θin

)
(5)

The propagation angle of light in the waveguide is limited,
and the minimum diffraction angle θmin is determined by the
total internal reflection angle (TIR):

θmin = TIR = arcsin

(
1

nglass

)
(6)

where nglass is the refractive index of the waveguide medium.
At the same time, in order to ensure the continuity of the exit
pupil of the waveguide system, the maximum diffraction angle
θmax in the waveguide is limited by the following equation:

θmax = arctan

(
Pin

2d

)
(7)

where Pin is the exit pupil diameter in the x direction of the
collimating system, and d is the waveguide thickness.

The waveguide structure based on LCOM-PVGs is shown in
Fig. 2(b). The diffraction angles of PVG1 and PVG2 need to
follow:

θmin ≤ θdiff ≤ θmax (8)

We perform numerical studies of PVGs and LCOM-PVGs
based on the rigorous coupled-wave analysis (RCWA) approach
[24]. In the simulation, the horizontal period is set to 431.1 nm.
As shown in Fig. 3(a), we simulated the wavelength bandwidth
of the single-layer PVG with the center wavelengths of 510 nm
and 550 nm and the two single-layer PVG superimposed LCOM-
PVGs. (Since the later experimental test uses linearly polarized
light, we also set the incident light to linearly polarized light in
the simulation, so the efficiency is below 50%.) It can be clearly
seen from that the wavelength bandwidth of LCOM-PVGs is
approximately 40 nm larger than that of single PVG. And the
wavelength bandwidth after stacking covers the bandwidth of
the single layer. As shown in Fig. 3(b) and (c), we simulated
the diffraction efficiency distribution of PVG and LCOM-PVGs
at different incident angles and wavelengths of incident light
in the waveguide. Since our AR display uses an OLED image
source, we added the normalized OLED spectrum to evaluate
the FOV that the holographic waveguide system can achieve. The
spectral curve of the OLED image source is shown in Fig. 3(b).
The center wavelength of the OLED is 523.52 nm, and the half-
wave bandwidth is 29.68 nm. Fig. 3(c) shows that the incident
angle range of single PVG with center wavelength of 530 nm
(in the waveguide medium) is about 14°. Fig. 3(d) shows that
the incident angle range of LCOM-PVGs (PVGs with center
wavelength of 510 nm at −5.5° and 550 nm at 6.3°) is about
25°, that is, the horizontal FOV can reach 25°, which is about
11° larger than the single-layer PVG in Fig. 3(c). It is not a double
relationship, because we have overlapping parts in the response
range when designing. According to the law of refraction, the
horizontal FOV in the air can reach 50°, which is in line with the
OLED image source with a diagonal field of view of 55° used
in the later experiments.

Fig. 3. (a) Simulation of wavelength response curve. (b) OLED image source
spectral curve. (c) Simulated angular and spectral responses of single PVG with
center wavelength of 530 nm. (d) Simulated angular and spectral responses of
LCOM-PVGs.

In order to ensure the optical efficiency of the waveguide
display system, the diffraction efficiency of the grating needs
to be improved. Due to the polarization characteristics of PVG,
for a general light source, if only a single-chiral PVG is used,
the light efficiency loss at the in-coupling position will reach
more than 50%, and the final image brightness loss at the out-
coupling position will reach more than 75%. The polarization
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Fig. 4. (a) Schematic diagram of PVG polarization sensitivity. (b) Schematic
diagram of PVG-based polarization multiplexing structure. (c) Simulation of
polarization multiplexing based on PVG.

characteristics of PVG are shown in Fig. 4(a). When the inci-
dent light enters the waveguide vertically, the left-handed PVG
will diffract the left-handed circularly polarized light(LCP), the
right-handed circularly polarized light(RCP) will pass through,
and the right-handed PVG will diffract RCP [11]. When using
a polarized image source, we can add a quarter waveplate at
the image source to change the incident light into circularly
polarized light with the same rotation direction as the PVG, so
that the imaging brightness will be greatly improved. When the
image source is non-polarized, such as an OLED image source,
this paper designs a PVG-based polarization multiplexing struc-
ture. This structure is also applicable to polarized image sources.
The structure is shown in Fig. 4(b). The in-coupling grating is
composed of right-handed PVG and left-handed PVG, which
enter the waveguide at the same diffraction angle. Then we
used the finite element commercial software COMSOL [11] for
simulation to verify the usability of this structure, as shown in
Fig. 4(c). In the simulation, the horizontal period is 431.1 nm
and the tilt angle is 25.97°. Both LCP and RCP diffract in the
same direction with the same diffraction angle.

In order to increase FOV of the waveguide display system
while ensuring optical efficiency, we combine the LCOM-PVGs

Fig. 5. (a) Schematic diagram of exposure device. (b) Schematic diagram of
the relevant parameters needed to use the polarization measuring instrument.

with polarization multiplexing, that is, the left-handed PVG in
Fig. 4(b) uses left-handed LCOM-PVGs, and the right-handed
PVG uses right-handed LCOM-PVGs.

III. RESULTS AND DISCUSSION

A. Device Fabrication

The fabrication procedure we adopted is similar to that de-
scribed by Weng et al. [12]. Brilliant Yellow (BY, Sigma)
as the alignment layer material was dissolved in dimethylfor-
mamide (DMF, Sinopharm Chemical Reagent Co., Ltd.) with
a concentration of 0.6wt.%, as the alignment layer solution.
The solution is spin-coated (800rpm3s, 3000rpm40s) on the
clean glass substrate after ozone cleaning, and then expose.
The exposure device is shown in Fig. 5(a), which exposes the
substrate (the glass substrate spin-coated with the alignment
layer solution) to two beams of left-handed circularly polarized
light and right-handed circularly polarized light with orthogonal
polarizations to generate a polarization interference pattern. The
θr and the laser wavelength λr determine Λx of the PVG:

θr = arcsin

(
λr

2Λx

)
(9)

Ideally, the interference pattern obtained by using standard
circularly polarized light to orientate is the best choice, but
if the polarization of the beam is not precisely adjusted, the
final beam on the substrate material is likely to be elliptically
polarized rather than circularly polarized. Therefore, in order
to obtain the final circularly polarized light, it is necessary
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to use a polarization measuring instrument to help determine
the polarization characteristics of the circularly polarized light.
During the experiment, the polarization measuring instrument
we used is Thorlabs PAX1000. We need to determine the power
split ratio (psr) of the beam emitted through the quarter wave
plate that has not yet reached the sample, and use formulas (10)
and (11) to calculate:

tanη =
b

a
= cos θr (10)

psr =
1

2
(1 + cos 2θ · cos 2η) (11)

The meaning of each parameter in the formula is shown in
Fig. 5(b), θ represents the angle between the long axis a of the
ellipse and the x-axis, and θ is always 0° in this paper, η is
expressed by the ratio of the short axis b to the long axis a, and
represents the polarization direction of the beam. η > 0, η <
0, and η = 0 respectively represent right-handed polarization,
left-handed polarization, and linear polarization. In this paper,
λr is 457 nm, θr is 32°, psr is 0.53 and the exposure dosage is
1 J/cm2.

After exposure, the sample was placed on a heating table
and heated at 80 °C for 2 min. After cooling, the liquid crystal
mixture solution (LCMS) was spin-coated with the parameters
of 800 rpm for 5 s and 3000 rpm for 40 s. The solvent of
LCMS is Toluene (Sinopharm Chemical Reagent Co., Ltd.).
The solutes of LCMS include liquid crystal monomer mate-
rial RM257(Jiangsu Hecheng New Material Co., Ltd.), chiral
agent R5011/S5011(Jiangsu Hecheng New Material Co., Ltd.)
and photoinitiator IRGACURE 651 (for UV curing, Shanghai
yuanye Bio-Technology Co., Ltd). R5011 is used to prepare
right-handed PVG, S5011 is used to prepare left-handed PVG.
As the main material in the solutes, RM257 mainly determines
the thickness of the liquid crystal layer, and the concentration
generally does not exceed 20%. P is determined by the HTP of
R5011/S5011 and the concentration c[25], [26]:

p = (HTP · c)−1 (12)

The desired p for each PVG were generated after the spin-
coating of prepared chiral-dopant LCMS. Therefore, we only
need to change c to prepare LCOM-PVGs. Then, the sample
was heated at 80 °C for 3 minute. This heating step is an
indispensable step, which affects the arrangement of the liquid
crystal molecules, as shown in Fig. 6, the arrangement of the
liquid crystal molecules after heated (A) and unheated (B) was
photographed with a polarizing microscope (Nikon, LV100N).
The bright stripes in Fig. 6(a) are parts where the liquid crystal
molecules are not completely aligned. Meanwhile, we can find
in the Fig. 6 that the horizontal period (430 nm) prepared is
basically equivalent to the designed value of 431.1 nm. Finally,
the coated substrate was cured with 365 nm UV light in a
nitrogen environment.

Fig. 7 shows the polarization multiplexed waveguide structure
based on LCOM-PVGs. In the actual preparation, we prepared
the right-handed LCOM-PVGs and left-handed LCOM-PVGs
on different waveguides, then sprayed spacers with a thickness
of 5 μm on one of the waveguides, and then packaged them with

Fig. 6. Polarizing microscopy images of the liquid crystal molecules after
(a) heated (b) unheated.

Fig. 7. (a) Schematic diagram of the polarization multiplexed waveguide
structure based on LCOM-PVGs. (b) The appearances of the waveguide with
LCOM-PVGs in an indoor white luminance environment (left). Photo taken
through the waveguide that shows good transparency for the fabricated LCOM-
PVGs (right).

curable optical glue matching the refractive index of the grating,
as shown in Fig. 7(a). Fig. 7(b) represents the appearances of
the waveguide with LCOM-PVGs. We can observe a bright
grating diffraction in an indoor white luminance environment
with different view angles and good transparency of the wave-
guide. According to (8), the refractive index of the waveguide
medium determines the lower limit of the diffraction angle. The
larger the refractive index, the larger the range of the propagation
angle, and the larger the field of view that can be supported. The
upper limit of the propagation angle is determined by Pin and
the waveguide thickness d. Since the diagonal field of view in
the air supported by the AR machine used in the experiment is
55°, in order to ensure that the propagation angle range is large
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Fig. 8. Experimental diffraction efficiency spectra for (a) the LCOM-PVGs.
(b) the polarization multiplexing structure with normal incidence.

enough, optical glass with a refractive index of 1.8 is selected as
the substrate, Pin is 20mm, and d is 0.7 mm, so the maximum
diffraction angle is 85.99°.

B. Response Bandwidth Test

The wavelength bandwidth of LCOM-PVGs was measured
with a fiber optic spectrometer(Shanghai Ideaoptics Corpora-
tion, R1), as shown in Fig. 8(a). Since the incident light is linearly
polarized during the measurement, the efficiency is less than
50%. The experimental results are basically consistent with the
simulation results. The wavelength bandwidth of single-layer
PVG with center wavelengths of 510 nm and 550 nm is around
60 nm, and the wavelength bandwidth after stacking can reach
100 nm. In addition, the diffraction efficiency is lower than the
simulation result, the possible reason is that some disturbed
alignment would decrease the diffraction efficiency [15].

We also measured the diffraction efficiency using the polar-
ization multiplexing structure, as shown in Fig. 8(b). It can be
seen that compared with a single left-handed LCOM-PVGs or
right-handed LCOM-PVGs, the efficiency of the polarization
multiplexing structure has increased by nearly two times, in-
dicating that the use of this structure can indeed enhance the
optical efficiency of the waveguide structure.

C. AR Display Application

We measured the light luminance from a D65 light source
before and passing through the out-couplers area and obtained
a 72% transmittance. The good transparency is conducive to the

Fig. 9. (a) Physical image of holographic waveguide display module. (b) Input
image. (c) Actual display effect picture in a bright indoor environment based on
PVG and LCOM-PVGs.

ambient light transmittance of the waveguide display system
and meets the requirements of the combination of virtual and
real in AR applications. In order to verify the performance
of the grating coupler we fabrication, the grating coupler was
placed on the AR display module as shown in Fig. 9(a), which
contains a high-brightness silicon-based OLED microdisplay, a
collimating optical lens group and a waveguide sheet. The AR
display module was designed to provide a max diagonal FOV
of 55°. Fig. 9(b) shows the input image of the image source.
Fig. 9(c) compares the display effect of the waveguide based
on LCOM-PVGs and PVG. The camera employed to capture
the output image was placed in front of the out-coupler with
the designed eye-relief of 18 mm. We can see that the complete
output within the range of 55° diagonal FOV cannot be achieved
using a single PVG. However, the image was fully and clearly
observed without significant color shift and distortion using
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LCOM-PVGs. Furthermore, we use AR/VR lens with ProMetric
I8 camera (Radiant Vision Systems) to test the actual FOV of
the prototype. The test results show that the horizontal FOV is
43.6°, the longitudinal FOV is 34°, and the diagonal FOV is
55.3°, which is basically consistent with the design values.

From Fig. 9(c) it can be found that the imaging brightness
is not uniform. The reason for the phenomenon is that the first
exit pupil is higher due to the high efficiency of the out-coupling
grating, and the rear exit pupil is lower. In the following work,
this problem can be improved through efficiency distribution
control.

In this paper, we also use the nine-point method [27] to test
the brightness Ld of the silicon-based OLED microdisplay and
the virtual image brightness Lw of the holographic waveguide
display module. First, the brightness of nine points in the display
screen of OLED microdisplay is tested with a spot luminance
meter CS-200, and then the average brightness of the OLED
microdisplay is calculated to be 7648 cd/m2, and then measure
the brightness of the virtual image with the same method.
The brightness of the virtual image without the polarization
multiplexing structure is 596 cd/m2, while the polarization mul-
tiplexing structure is 1100 cd/m2. The optical imaging efficiency
is Lw/Ld. According to calculation, the imaging efficiency of the
module without the polarization multiplexing structure is 7.8%,
and the imaging efficiency with the polarization multiplexing
structure is 14.3%. Similarly, we can build a colorful holographic
waveguide display by using polarization multiplexing structure
based on LCOM-PVGs. Compared with the previous work
[12], [16], both the brightness and the field of view have been
significantly improved.

IV. CONCLUSION

In this paper, the structure of LCOM-PVGs is proposed to in-
crease the bandwidth of PVG, and the polarization multiplexing
structure based on PVG is proposed to enhance the optical effi-
ciency, and the feasibility is verified through experimental prepa-
ration. Next, we prepare a polarization multiplexing structure
waveguide based on LCOM-PVGs, the wavelength response
bandwidth can be increased by 40 nm, and the efficiency can
be increased by nearly twice. We also demonstrated the display
performance on the AR display. The results show that images
with a diagonal FOV of about 55° can be clearly displayed, and
the measured total optical efficiency is as high as 14.3% with
a transparency of 72% for ambient light. This work verifies the
effectiveness of laminated gratings in improving the response
bandwidth of PVG, and provides a practical technical route for
holographic waveguides to achieve large field of view and high
brightness.
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