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In this Letter, we present an electrically tunable holographic waveguide display (HWD) based on two slanted
holographic polymer dispersed liquid crystal (HPDLC) gratings. Experimental results show that a see-through
effect is obtained in the HWD that both the display light from HWD and the ambient light can be clearly seen
simultaneously. By applying an external electric field, the output intensity of the display light can be modulated,
which is attributed to the field-induced rotation of the liquid crystal molecules in the two HPDLC gratings.
We also show that this electrically tunable performance enables the HWD to adapt to different ambient
light conditions. This study provides some ideas towards the development of HWD and its application in

augmented reality.
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Recently, augmented reality (AR) has become a hot re-
search topic, as it can build a bridge between the virtual
world and real world, which enables people to obtain
virtual information while being immersed in the real
environment?. As the key display element in AR, holo-
graphic waveguide display (HWD) based on volume
holographic gratings has attracted a great deal of inter-
est, since it shows some advantages of high see-through
transmittance, small size, light weight, and low cost,
which is suitable for near-eye display2?. Many research-
ers have done excellent work on HWD to improve its
display characteristics, such as full-color display2Y,
color uniformity optimizationZ?, field of view enlarge-
ment?, exit pupil expansion™ and efficiency improve-
ment22, Among these reports, however, no report has
been devoted to solving the problem that is the intensity
mismatch between the display light of virtual informa-
tion and the ambient light of the real environment. It
is well known that the display light generated by a
micro-display source always has a more stable intensity
compared to the variable ambient light24, When the am-
bient light darkens (e.g., driving a car into a tunnel from
open-air), the display light would become relatively
stronger for the human eyes. The excessive intensity con-
trast ratio between display light and ambient light would
not only reduce the merging effect between virtual infor-
mation and real environment, but also lead to viewing
fatigue or even serious visual discomfort, such as head-
aches™. Similarly, when the ambient light brightens,
the display light would become relatively weaker so that
the people can hardly recognize the virtual information.
Therefore, the intensity mismatch between display light
and ambient light will be a serious problem that limits
the application of HWD in AR.
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In this Letter, to solve that problem, we present an elec-
trically tunable HWD based on two slanted holographic
polymer dispersed liquid crystal (HPDLC) gratings, which
are utilized to couple in and couple out the display light,
respectively. The HPDLC grating, formed by photopoly-
merization-induced phase separationd has the merits
of ease of fabrication, rapid and large-area prototyping,
low cost, and electrically tunable capability®. The diffrac-
tion efficiency of the HPDLC grating can be tuned under
the electric field2| because the liquid crystal (LC) mole-
cules in the grating are electro-optical birefringent materi-
als, and their refractive indices can be changed due to the
field-induced rotation??. In the HWD, the output intensity
of the display light is highly dependent on the diffraction
efficiency of the grating®| so the tunable HPDLC grating
provides a method to modulate the display light. Experi-
mental results show that when the input intensity of the
display light is fixed at 374 pW, the output intensity can
be modulated from 199 to 9 pW by increasing the
external electric field. During the modulation process, no
optical apparatuses are moved or altered, but only the elec-
tric field is changed. Therefore, the output intensity of the
display light from the HWD can be modulated actively and
simply according to the variance of the ambient light, and
then the intensity mismatch problem can be solved. It
should be noted that the HPDLC grating has been used
to fabricate the HWD previously2, but the electrically tun-
able performance of HWD and its tuning mechanism have
not been investigated. Therefore, this Letter is the first
time, to the best of our knowledge, that an electrically tun-
able HWD is presented, showing its potential to improve
the environmental adaptability of HWD.

Figure 1 shows the fabrication process of the proposed
HWD. Two indium tin oxide (ITO)-coated glasses were
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Fig. 1. Fabrication process of the proposed HWD.

combined to form a sample cell, where the cell gap was
controlled by Mylar spacers at 10 pm. The thicknesses
of the glass substrate and ITO layer were 1 mm and
30 nm, respectively, and the refractive index of the
glass substrate was 1.516. Then, a uniform mixture of
the HPDLC pre-polymer syrup, composed of nematic
LC TEB30A (n, = 1.522, n, = 1.692, 33.0 wt.%,
Slichem), acrylate monomer phthalic diglycol diacrylate
(PDDA, 54.6 wt.%, Sigma-Aldrich), and photo-initiators
(12.4 wt.%), was injected into the sample cell via capillary
action in the dark. The refractive index of the pure poly-
mer formed by monomer PDDA was 1.525 measured by an
Abbe refractometer. The detailed material composition
of the photo-initiators can be found elsewhere?. To
ensure the diffracted light through grating can be totally
reflected off the air—glass interfaces and propagate in the
waveguide, two K9 right-angle prisms were used here to
fabricate the slanted HPDLC grating22), Two coherent
recording beams from a 532 nm neodymium-doped
yttrium aluminum garnet (Nd:YAG) laser were directed
perpendicularly on the hypotenuse and one leg of the
upper prism, respectively. Considering that the pre-
polymer syrup had a similar refractive index to the glass
substrate and prism, the angle of the two recording beams
in the pre-polymer syrup was about 45°. Therefore, a
slanted HPDLC grating with a period of 455 nm and
slanted angle of 22.5° with respect to the normal of the
glass substrate can be achieved after exposure. The
obtained HPDLC grating was composed of alternating
polymer and LC layers'?. In addition, the lower prism
was used to avoid the trapping of the recording beam
due to the total internal reflection (TIR) on the glass sub-
strate, and the refractive index matching oil was used to
fill up the air gap between the glass substrates and prisms.
During the exposure process, two masks were used to

cover the unrelated area. When the first grating was done,
the second grating was recorded in the other end of the
sample cell by mirror operation. After recording the
two gratings, the sample cell was exposed to a single re-
cording beam to form a polymer dispersed LC (PDLC)
layer between the two gratings. The PDLC had homo-
geneous optical characteristics2, and its refractive index
was 1.543 measured by an Abbe refractometer. The scat-
tering loss of the PDLC layer was also measured to be only
5%, which was attributed to the small thickness and low
LC concentration (33 wt.%), so the scattering effect of the
PDLC would not have significant impact on HWD perfor-
mance. Finally, the HWD based on two slanted HPDLC
gratings was obtained. It should be noted that the struc-
ture of this proposed HWD is a little different from the
one of a conventional HWDE, because the two slanted
HPDLC gratings need to be kept in the sample cell that
can provide a vacuum environment to fix the flowable LC
molecules. Moreover, the waveguide core layer is com-
posed of two glass substrates and one PDLC layer.
Although the composition is complex, the small thickness
of the PDLC layer and the similar refractive index be-
tween the glass substrate and PDLC layer can ensure that
there is efficient light propagation in the waveguide
core layer.

To determine the LC molecules orientation in the
slanted HPDLC grating, which was crucial to the electri-
cally tunable performance of the HWD, the diffraction ef-
ficiency of the grating under different polarization states
was measured, as shown in Fig. 2(a). A combination of a
spatial filter and collimated lens was used to expand the
laser beam from a 532 nm Nd:YAG laser into a collimated
light, which was then directed perpendicularly on the
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Fig. 2. Experimental setups to (a) measure the diffraction effi-
ciency of the slanted HPDLC grating and (b) test the electrically
tunable performance of the HWD. The inset in (b) shows the
orientation of the LC molecule under an electric field.
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sample cell. The laser polarization state was modulated by
a polarizer, in which the polarizer angle of 0° corresponded
to the s polarization, which was parallel to the y axis, and
90° corresponded to the p polarization, which was parallel
to the z axis. A K9 right-angle prism was used to lead out
the diffracted light. By measuring the intensities of the
transmitted and diffracted lights, respectively, the diffrac-
tion efficiency of the slanted HPDLC grating can be ob-
tained. Considering that the two gratings were mirror
symmetrical, measuring one grating was enough.

Figure 2(b) shows the experimental setup to test
the electrically tunable performance of the HWD. A
532 nm Nd:YAG laser was used as a display source.
The laser beam was expanded into a collimated light by
a combination of a spatial filter and collimated lens and
directed perpendicularly on the sample cell. The sizes of
the HPDLC grating and PDLC film were measured
to be 13 mm x 20 mm and 6 mm x 20 mm, respectively.
A photo-mask with a designed pattern was placed in the
light path to generate an input image by modulating the
shape of the collimated light, which can be seen as a sim-
plified method to simulate the image generation process of
LC on silicon (LCo0S)2. The first slanted HPDLC grating
coupled the display light of the input image into the wave-
guide in a TIR condition because the diffracted light had a
propagation angle of 45° with respect to the normal of the
glass substrate, which was beyond the TIR critical angle of
41.3° [arcsin(1/1.516)]. After several times of TIR, the dis-
play light was coupled out by the second slanted HPDLC
grating. A background board was placed behind the out-
coupled HPDLC grating region to test the see-through ef-
fect of the HWD. The input and output intensities of the
display light were detected by two detectors and labeled as
I; and I,, respectively. In order to enable the electrical
modulation of the HWD, a square-wave voltage of
1 kHz frequency was output by a signal generator and ap-
plied on the sample cell.

Figure 3 shows the diffraction efficiency of the slanted
HPDLC grating as a function of the polarizer angle, in
which 0° (180°) and 90° correspond to s polarization
and p polarization, respectively. It can be seen that when
the probe light turns from s polarization to p polarization,
the diffraction efficiency increases gradually, and the
highest value of 82.8% is achieved at the polarizer angle
of 90°. This polarization-dependent performance is attrib-
uted to the LC molecules orientation in the HPDLC gra-
ting under the anchoring effect of polymer filaments'2. In
our material system, the refractive index of pure polymer
n, (1.525) is much closer to n, (1.522) rather than n,
(1.692); so, if the polarization state of the probe light is
more parallel to the long axis of the LC molecule, then
a higher refractive index modulation An of the grating
can be obtained. Moreover, according to the coupled-wave
theory for the volume holographic grating?!, a higher An
can lead to a higher diffraction efficiency. Therefore, on
the basis of the above analysis and the experimental re-
sults shown in Fig. 3, it can be concluded that the LC mol-
ecules orientations in the two slanted HPDLC gratings are
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Fig. 3. Diffraction efficiency of the slanted HPDLC grating as a
function of polarizer angle. 0° and 180° correspond to s polariza-
tion; 90° corresponds to p polarization.

preferentially parallel to the grating vector [Fig. 2(a)],
which is in good agreement with previous reportsZZ.
After determining the LC molecules orientation in the
slanted HPDLC gratings, a preliminary test of the HWD
was performed with no electric field applied. To ensure
that the two gratings have the highest diffraction efficien-
cies, the display source (532 nm collimated Nd:YAG laser)
was set to be p polarized. The pattern of the photo-mask
was chosen to be the Arabic numeral “7”; whose size was
measured to be 3 mm x 4 mm. The display light carrying
the information from the photo-mask was directed perpen-
dicularly on the first grating and coupled into the wave-
guide. After several times of TIR, the display light was
coupled out by the second grating and captured by a cam-
era, as shown in Fig. 4. The green Arabic numeral “7” is
the display image that is produced by the display source
after passing through the HWD, and the white board with
black texts “3+4 =" 1is the background content.
Through the out-coupled HPDLC grating region, both
the display image and the background content can be
easily distinguished and clearly seen simultaneously,
showing a good see-through effect of the HWD. The
size of the display image is measured to be about
3.5 mm x 4.6 mm, which is a little bigger than the
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Fig. 4. Display image of HWD and the background content.
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photo-mask size, because the display image has some blur,
which is caused by the surface unevenness between the
holographic material and glass substrates?). Moreover,
the intensities of the input light I; and output light I,
are measured to be 374 and 199 pW, respectively, which
indicates that the system efficiency of the HWD is
about 53.2%.

A further experiment was carried out to investigate the
electrically tunable performance of the HWD by applying
an electric field on the sample cell. The output intensity I,
under different electric fields was detected and shown in
Fig. 5(a), in which the input intensity I; was kept constant
at 374 uW for all electric fields. It can be seen that when
increasing the electric field from 0 to 17 V /pum, the output
intensity I, can be controlled to decrease from 199 to
9 uW. This electrically tunable performance is attributed
to the field-induced rotation of LC molecules in the two
slanted HPDLC gratings. Figure 5(b) shows the diffrac-
tion efficiency of the slanted HPDLC grating under differ-
ent electric fields. It can be found that the diffraction
efficiency decreases with the increasing electric field. Upon
application of an electric field, LC molecules tend to align
with their long axes into the field direction along the z axis
and rotate in the z—z plane [the inset in Fig. 2(b)]. Such
rotation of LC molecules will decrease their effective
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Fig. 5. (a) Output intensity I, under different electric fields.
(b) Diffraction efficiency of the slanted HPDLC grating under
different electric fields.

refractive indices for the p-polarized display light (polari-
zation state along the z axis) and reduce the An of the
grating. Then, the reduced An will lead to a lower diffrac-
tion efficiency of the grating® and thus a lower output
intensity of the display light from HWD. It should
be noted that the driving electrical field, as shown in
Fig. 5(a), may be a little higher when considering the prac-
tical application. To further reduce the electric field, the
HPDLC grating can be recorded by introducing surfac-
tant2? or fluorine-substituted monomer.

Moreover, by adjusting the ambient light, we will show
how the electrically tunable performance of the HWD sol-
ves the intensity mismatch problem between the display
light and ambient light. Figure 6(a) shows the display ef-
fect of the HWD under a high ambient light condition
while no electric field is applied. The display image (green
Arabic numeral “7”) and the background content (white
board with black texts “3 44 = ") can be clearly seen
simultaneously. Then, the ambient light is turned down,
as shown in Fig. 6(b), and the display light becomes
relatively brighter compared to the weak ambient light.
Actually, when we looked at the display image of the
HWD directly by the naked eye in the experiment, the ex-
cessive intensity contrast ratio between the display light
and ambient light leads to a dazzling viewing experience,
and the background content was hard to distinguish. To
improve the display effect of the HWD, an electric field of
10 V/pm is applied to the sample cell to modulate the dis-
play light, and the result is shown in Fig. 6(c). Tt can be
seen that the display light is decreased to an acceptable
intensity compared to the ambient light, which makes
the HWD suitable for watching. Therefore, as expected,
the intensity mismatch problem can be efficiently solved
because the display light intensity of the HWD can be
modulated electrically according to the variable ambient
light. Moreover, it should be noted that two green Arabic
numerals “7” can be seen in Fig. 6(b), in which the left one
is with low brightness. This left “7” is generated by the
beam expander effect of the grating in the HWDLXL,
which can be easily removed by controlling the dimension
of the out-coupled HPDLC grating region in the sam-
ple cell.

In conclusion, we have demonstrated an electrically
tunable HWD based on two slanted HPDLC gratings.
By determining the LC molecules orientation in the two
gratings, the electrically tunable performance of the
HWD is investigated in detail. Experimental results show

Fig. 6. Display effect of the HWD under different ambient light
and electric fields. (a) High ambient light and 0 V/pm; (b) low
ambient light and 0 V/pm; (¢) low ambient light and 10 V/pm.
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that the output intensity of the display light from HWD
can be decreased by increasing the external electric field,
which is attributed to the field-induced rotation of the LC
molecules in the two HPDLC gratings. This electrically
tunable performance can enable the HWD to modulate
its display light intensity according to the variable ambi-
ent light, which ensures an intensity balance between the
two lights and makes the HWD suitable for watching
under different ambient light conditions. In our further
work, an embedded ambient light sensor will be intro-
duced in the HWD, so the display light intensity of
HWD can be controlled adaptively according to the var-
iable ambient light, which leads to fully automatic modu-
lation. Therefore, we believe the active optical device
HPDLC grating will open a promising way to design
HWD and broaden its applications in the field of AR.
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Promotion Association, Chinese Academy of Sciences
(Nos. 2018251 and 2017264) and the National Natural Sci-
ence Foundation of China (Nos. 11704378 and 61705221).
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