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Abstract: Volume Bragg gratings (VBGs) have many applications, including filters,
wavelength multiplexing devices, and see-through displays. As a kind of VBGs, polarization
volume gratings (PVGs) based on liquid crystal polymer have the advantages of nearly 100%
efficiency, large deflection angle, and high polarization selectivity. However, previous reports
regarding PVGs did not address high efficiency, tunable periodicity, and flexibility. Here, we
report a stretchable, flexible, and rollable PVG film with high diffraction efficiency. The
control of PVG by mechanical stretching is investigated, while the Bragg reflection band shift
is evaluated quantitatively. Moreover, we quantified the deflection angle change’s behavior,
which has promising potential for laser beam steering applications. The mechanical
robustness under stretch-release cycles is also scrutinized.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Diffraction gratings are dispersive optical elements with periodic index modulations,
generally classified into thin gratings (Raman-Nath regime diffraction) and volume gratings
(Bragg regime diffraction) [1]. The most representative of these two kinds of gratings are
surface relief gratings and holographic volume gratings. Owing to the ability to split and
diffract light into different directions, these gratings are widely used in grating couplers [2],
spectrometers [3], waveguides [4] and monochromators [5].

Due to interference, volume Bragg gratings (VBGs) exhibit stronger selectivity than
Raman-Nath gratings in incident angles and wavelengths. More specifically, VBGs show a
relatively small change in both incident angle and wavelength [1]. With proper organization,
VBGs can achieve nearly 100% diffraction efficiency at designed wavelength. Ascribed to
these unique properties, VBGs are particularly useful for filters, wavelength multiplexing
devices and see-through displays [6].

As a kind of high efficiency and large diffraction angle VBGs, liquid crystal (LC)
polarization volume gratings (PVGs) shed new light on a unique molecular orientation
profile. Following two-dimensional (2D) patterned substrates, the chiral molecules promote
self-organization of bulk LC and an asymmetric helical structure can be formed [7]. This
results in high-efficiency gratings with unique polarization selectivity where only light with
the same chirality as the helical structure will be diffracted by the self-organized grating.
Compared to conventional VBGs, such as holographic volume gratings, PVGs achieve nearly
100% first-order efficiency at a very large diffraction angle, and moreover they only respond
to certain circularly polarized light. The development of reflective PVGs based on LC
materials possesses unique advantages and potentials in diverse areas such as laser beam
steering, optical communication systems and waveguide based augmented reality displays [7—
12].

Besides distinctive optical features, the elasticity of LC polymers [13—-16] grants
stretchability and flexibility to LC-based devices [17], particularly intriguing for soft robotics,
sensing and biomedical science. The elasticity also hints the potential for changing periodicity
of diffractive optical elements, allowing the precise control of diffraction angle and Bragg
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wavelength. This property will be beneficial for sensing, spectroscopy and filters, etc [18,19].
However, with only limited examples of tunable VBGs achieved by mechanical strain [20],
large-angle, high-efficiency, stretchable, flexible and rollable PVGs have not been reported,
to the best of our knowledge.

Although LC polymer itself exhibits elasticity to some extent, achieving good
repeatability especially for a very thin polymer layer is still challenging. Here, we
demonstrate that with the help of elastic substrates possessing good stretchability, flexibility,
chemical stability and reasonable transparency, such as Polydimethylsiloxane (PDMS) [21—
23], a stretchable, flexible and rollable LC PVG is achieved. Through characterizing the
elasto-optic properties, our stretchable PVG reveals a tunable periodicity with high diffraction
efficiency and good repeatability. Moreover, the good adhesiveness of PDMS films enables
the volume grating structure to adhere to the surface of glass or other suitable materials [24].

2. Fabrication of PVG film

To create 2D pattern on substrates, brilliant yellow (0.4 wt%) dissolved in
dimethylformamide (DMF) [25] was spin-coated onto a clean glass substrate at 800 rpm for 5
s and then 3,000 rpm for 30 s as photo-alignment layer. The substrate was then exposed on
two-beam interferometer (A = 457 nm) with one beam being left-handed circularly polarized
(LCP) and the other being right-handed circularly polarized (RCP). The angle between two
beams was set at 40°. The PVG precursor consisting of 2.4 wt% chiral agent R5011 (HCCH,
helical twisting power HTP =108 um™), 5 wt% initiator Irgacure 651 and 92.6 wt% photo-
curable monomer RM257 (HCCH) was diluted in toluene. The precursor was spin-coated
onto the exposed substrates then cured with UV light in nitrogen environment. A thin film of
PVG was formed on glass substrate. PDMS was prepared by mixing Sylgard 184 Silicone
Elastomer with the curing agent at 10:1 ratio [23] followed by 30 minutes of degassing in
vacuum chamber. The prepared PDMS precursor was spin-coated onto the PVG and cured for
4 minutes at 110 °C to create smooth and uniform film. Due to the comparatively high
affinity of PVG to PDMS, both films can be detached from the glass substrate and a flexible
PVG on PDMS was obtained.

3. Results and discussions
3.1 Samples and periodicity measurement

As Fig. 1 illustrates, in the regions exposed by interferometer, the LC directors self-organize
into PVGs (red region) [26]. For the unexposed area (yellow region), no in-plane periodicity
was defined, and thus uniform symmetric helix was formed, like a regular cholesteric texture.
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Fig. 1. Schematic illustrations of PVG structure and stretching process of PVG from unstrained
state to strained state. (a) PVG on PDMS without strain. (b) Strained PVG structure.

Figure 2 shows three photographs taken at 50° polar angle, showing the deflection and the
flexibility of a 3-pum-thick PVG fabricated on a 160-pm-thick PDMS substrate. At this
specific angle, the diffracted light from PVG appeared blue. Then we rolled the sample to a
radius of curvature of 3.3 mm, as Fig. 2(b) shows. No change in performance was observed,
showing good rollability of the flexible PVG structure. Furthermore, the sample can be
stretched, bent, and twisted into any shape above this radius. We mount the flexible PVG
between a fixed optical stage and a translational optical stage to observe its behavior under
strain controlled by the displacement of the precision translational stage (Newport 562-XYZ).

(a) (b)

10 mm stretched rolled

Fig. 2. Images of a 3-um thick PVG on a 160-um thick PDMS substrate. (a) To clearly observe
the diffraction, sample was viewed under strain. Blue diffraction of PVG is observed in the
central area where interference exposure occurred. (b) Rolled sample with a radius of curvature
of 3.3 mm. (c) Folded sample.

We first observed the change in horizontal periodicity A, under microscope as depicted in
Fig. 3. The initial length of PVG was 6 mm and we increased the stretch length along
horizontal direction from 0 mm (initial state) to 2.4 mm. The stretching length from Figs. 3(a)
to 3(d) was 0 mm, 1.2 mm, 1.9 mm and 2.4 mm, respectively. During stretching, we found
the periodicity gradually changed from 667 nm to 714 nm, 741 nm and 775 nm, confirming
that lateral stretch causing the increased horizontal period of PVGs.
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Fig. 3. Optical microscope images of PVG fabricated on PDMS under different strain. The size
of each picture is 20 pm x 20 um and stretching was along the arrow labeled in (a). The
periodicity was measured to be: (a) A, =667 nm (b) A, =714 nm (c) A =741 nm (d) A =775

nm.

).
).

3.2 Spectrum and diffraction angle

Next, we measured the first-order diffraction efficiency and central wavelength shifting with
respect to the applied strain. Results are plotted in Fig. 4. As the stretch length increases, the
horizontal periodicity gradually increases and the film thickness decreases, resulting in
blueshift of the reflection band and slightly decreased (from 95.1% to 92.7%) diffraction
efficiency. Here we recorded 5 points during the strain for spectral analysis as shown in Fig.
4(a). When the stretch length exceeds 2.44 mm, the PVG film approaches its elastic limit.
Further stretch would lead to visible cracking of the PVG film. Figure 4(b) depicts the
measured central wavelength of transmission spectra as the strain increases. As the strain
increases from 0 mm (unstrained) to 2.44 mm (40.6% strain), the central wavelength shifts
from 507.5 nm to 474.5 nm, i.e. AL = 33 nm. From Fig. 4(b), the blue-shift (AL) is
approximately linearly proportional to the strain.

The deflection angle of PVG is directly determined by its horizontal periodicity A, and
therefore it is subject to change under strain. The measurement setup was shown in Fig. 4(c).
A 532 nm laser diode was used to characterize the change in diffraction angle at normal
incidence. Upon diffraction, the beam spot was projected onto a screen set parallel to the
probe laser, and from trigonometric relation the first-order diffraction angle was calculated
for different applied strain, as shown in Fig. 4(d). The diffraction angle, as expected,
decreases at higher strain. As the stretch length increases from 0 mm (unstrained) to 2.44 mm
(40.6% strain), the angle changes from 35° to 46.5°, setting the tuning range of 11.5°. The
continuous control of diffraction angle holds promising potential for laser beam steering
applications. The angle control through strain was recorded in Visualization 1. In addition, the
bandwidth of the PVG film is about 25 nm for keeping high diffraction efficiency, as shown
in Fig. 4(a). For a fixed incident wavelength, such as 532 nm, the deflection angle has a large
tunable range, but the diffraction efficiency will gradually decrease if the Bragg band is
shifted far away from the incident wavelength.


https://doi.org/10.6084/m9.figshare.7594715

Research Article

Vol. 27, No. 4 | 18 Feb 2019 | OPTICS EXPRESS 5818

Optics EXPRESS

(a) (b)
1.0 T T T T T T
——0mm | _ 510} 4
- —05mm | E
E 08 —1.2mm| £
@ —
G ;2 mm E 500 |- - i
— _——zZ4mm | D)
E 06 1g
c © L ] i
5 \ s 490 .
‘g 04| Unstrained | 2 -
£ {0 mm) w480 | i
— =1
B2 1E -
N . Q
Increasing strain o 70
A—— - i
0.0 . . L L L L |
400 450 500 550 600 (d) 10 20 30 20 50
(G) Wavelength (nm) Strain (%)
- 60 T T T T T
o
2
955 Fom g
s L
o
D50 - J
< =
! ¢ -
2 -
=
L}
g5t .
=
o | |
40 1 1 L L L
0 10 40 50

20 30
Strain (%)

Setup

Fig. 4. (a) Measured stretch-induced first-order diffraction spectra and efficiency. Curves from
right to left correspond to the stretched length as indicated. (b) Measured central wavelength of
diffraction spectra as a function of stretched length, starting from the initial state. (c) Image of
experimental setup. The diffraction angle (0) was marked with green dashed lines (see
Visualization 1 for details). (d) Measured diffraction angle at A = 532 nm under different
stretched length, starting from the initial state.

3.3 Theoretical analysis

We also analyzed the changing behavior of A and A, in stretchable PVGs. Since Ay is
directly related to the diffraction angle 0, we can calculate A, through:

A
LC (1)

. b
sin @

A, =
where ;¢ corresponds to the wavelength in liquid crystal. Interestingly, Ay is not linearly
dependent on the strain, as illustrated in Fig. 5(a). The dependence is fitted by:

Ay @

=(S+1)°,
X0
where Ay is the horizontal periodicity without strain, S is the strain and a = 0.49 is a fitting
parameter. On the other hand, A, can be determined by:
2 9 __2
2A, cos (E) =4,. 3)
Combining the measured Bragg central wavelength (Ag) and diffraction angle, A, can be

calculated, as depicted in Fig. 5(b). Ay is inversely dependent on the strain and can be fitted
by:
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where Ay is the vertical periodicity without strain and b = 0.49 is a fitting parameter. We
noticed that the two fitting parameters a and b are the same, which ensuring that the product
of Ay and Ay is a constant, as Eq. (5) shows. Similar nonlinear periodicity changes in

stretchable LC gels has also been reported [17].
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Fig. 5. (a) Derived horizontal periodicity from the measurements and the fitting line with Eq.
(2). (b) Derived vertical periodicity from the measurements and the fitting line with Eq. (4).

3.4 Robustness test

(b)

0 20
Sretech-release cycles

Fig. 6. (a) Measured horizontal periodicity of PVG as a function of stretch-release cycles,
starting from the initial state. Inset: The film was fixed on the electrical holding stages at
completely unstrained state. The stretch length was defined by the increased distance between
the clamps. Then repeat the stretch-release cycles from unstrained state to 2 mm (see
Visualization 2 for details). (b) Optical microscope images of PVG fabricated on PDMS
without strain, Ay =667 nm. After 10 stretch-release cycles, Ay =690 nm. And after 20

stretch-release cycles, Axzo =740 nm.
To test the mechanical robustness of the stretchable film, we replace the manual translational
stage with a precision motorized translational stage (ESP300, Newport) as shown in Fig. 6(a)
insert. Before stretching, the film was measured at a periodicity of 667 nm, and then we
increased the strain to 33.3% (2 mm stretch length) and released the film, and then repeated
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this stretch-release cycle. We measured the periodicity after each 10 cycles. Figure 6(b)
shows the optical microscope images with initial state (Ayo =667 nm), 10 cycles (Axjo =690
nm) and 20 cycles (A, =740 nm), respectively. After more than 20 stretch-release cycles, we
observed a change in periodicity at 0% strain from 667 nm to 740 nm, and yet the PVG on
PDMS did not show any crack or wrinkle. This suggests that the PDMS film underwent
permanent deformation after 20 cycles but PVG was still within its elastic limit. Further
stretching cycles did not change the periodicity at 0%, as shown in Fig. 6(a). Therefore, a pre-
strain treatment or a modification in formulation of PDMS was required for better mechanical
robustness. The whole process of more than 100 stretch-release cycles was recorded by video
(Visualization 2).

4. Potential applications

In this section, we discuss three potential applications of our PVG for laser beam steering
[27,28], waveguide coupler in an augmented reality display system, and curved optical
element.

4.1 Laser beam steering

As shown in Fig. 4(a), our PVG film has certain bandwidth. For example, if a PVG film is
optimized at a central Bragg wavelength Az = 507 nm, without strain its bandwidth is about
25 nm for keeping diffraction efficiency over 90%. In principle, we can optimize the Ag of our
PVG film for a specific wavelength within the entire visible spectrum by controlling the
initial periodicity. To prove concept, here we fabricated another sample for laser beam
steering at Ag = 405 nm. Figure 7 shows the PVG film without strain, in which 6 = 30°. As the
strain increases, both Ag and diffraction angle will decrease gradually, as Figs. 4(b) and 4(d)
depict.

Fig. 7. Image of sample without strain. The diffraction angle (6) was marked with purple
dashed lines. The central wavelength is 405 nm.

4.2 Augmented Reality (AR) waveguide coupler

Compared to conventional volume gratings, PVG film can achieve high efficiency (=95%) at
a large diffraction angle. These optical properties make PVG an excellent candidate for AR
optical waveguide couplers. Such a film is quite thin so that it can be easily laminated to a
smooth surface, such as planar glass waveguide. Figure 8 illustrates the application of the
PVG film in a see-through near-eye system. The light from the display is collimated by
optical lenses and then coupled into the waveguide by the PVG film. Based on the total
internal reflection (TIR), the incident light propagates in the glass slab and then is coupled out
of the waveguide toward human eye. In this system, we can simply adhere the PVG film on
the waveguide (glass slab) to replace conventional input and output couplers [29].
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Fig. 8. PVG films used as waveguide couplers in AR see-through near-eye system.
4.3 Curved surface structure

Furthermore, our flexible PVG film can also be laminated onto a curved surface as long as the
curvature is not too large, as shown in Fig. 9(a). To demonstrate feasibility, we attached our
PVG film on a convex lens whose focal length is 10 cm. No bubble or scattering was
observed. As Fig. 9(b) shows, such an integrated optical element combines two functions
(collimating lens and input coupler grating) together to achieve a more compact AR system
[30]. Moreover, fabricating a uniform optical element on a curved surface is challenging. Our
approach provides a new possibility for fabricating PVG or other complex structure on a
curved surface.

(a) (b)

(\ PVG film
\/

Lens or other curved surface

Fig. 9. (a) The concept of combining PVG films with curved surface. (b) The image of lens
attached with PVG film.

5. Conclusion

In this paper, we have experimentally demonstrated a stretchable, flexible and adherable PVG
based on PDMS substrate with tunable periodicity and high diffraction efficiency. The central
wavelength of diffraction spectra shifts from 507.5 nm to 474.5 nm due to the mechanical
stretch. The deflection angle can be modulated from 35° to 46.5° with a tuning range of 11°.
The flexible PVG has reasonable robustness and can be further improved by chemical
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engineering. This thin film opens new possibility for laser beam steering, AR optical systems
and fabricating complex structure on a curved surface.
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