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Abstract: We demonstrate a high-efficiency achromatic, wide-view Pancharatnam–Berry phase
deflector (PBD) based on a three-layer multi-twist structure. A practical method to measure
the thickness and twist angle of liquid crystal (LC) polymer films is developed based on Jones
matrix of twist-nematic liquid crystals. With the help of this new measurement method, we
fabricated a three-layer multi-twist PBD. The imaging performance and the angular response of
the achromatic wide-view PBD are also characterized. Potential application of PBD for near-eye
displays is foreseeable.
© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1.

Introduction

Polarization grating is a device modulating the polarization state of an incident light in angular
dimension, and it can separate the incident light into two outgoing beams with orthogonal
polarization states [1,2]. Right-handed circularly polarized light (RCP) and left-handed circularly
polarized light (LCP) are two polarization eigenstates, if such a grating is fabricated by polarization
holography based on continuous Pancharatnam–Berry (PB) phase changing in one dimension
[3–6]. In this case, the polarization grating is also called as PB deflector (PBD), which can
achieve polarization selectivity with high efficiency and compact size. Recently, PBDs have
found widespread applications in astronomy, telecommunication, beam steering, and near-eye
displays such as foveated imaging and resolution enhancement [7–11].
A PBD can be regarded as a patterned half-wave plate (HWP), whose operation principle can
be explained by following Jones matrix [12]:
J±0

1
=√
2


 cos 2φ


 sin 2φ



sin 2φ 


− cos 2φ 






 1 
 1  ±2iφ

 = √1 
e
.




2  ∓i 
 ±i 





(1)

For a LCP input light, the output changes to RCP with an extra phase 2φ, where φ is the azimuthal
angle. Once the HWP is patterned with grating profile, then the azimuthal angle will be a linear
function along the direction of grating wave vector. This also achieves continuous phase change
without introducing discontinuity at the boundary of 2π and 0 modulation as in conventional
diffractive optics.
Liquid crystal (LC) exhibits some interesting properties, such as optical and dielectric
anisotropies, self-assembly, and the directors can be reoriented by an external field. These
properties make LC an outstanding candidate for fabricating patterned HWP using photoalignment technique [12,13]. In order to create the desired LC orientation pattern, different
methods have been developed, including direct writing [14], projection lithography [15] and
interference exposure [12]. Direct writing and projection lithography could achieve high
resolution patterning, but are time consuming for large-size fabrication. Here in this paper, we
fabricate PBDs by the interference of RCP and LCP beams on a photo-alignment layer, which in
turn replicates the alignment to the over-coated LC layer.
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Device design

In most applications, PBDs with high diffraction efficiency, broad spectral bandwidth, and wide
acceptance angle are highly desirable. Taking the advantage of self-aligning property of LC,
broadband retardation control with a compact form factor based on multi-twist structure has been
demonstrated [16]. Dual-twist achromatic PBD shows a much broader spectral bandwidth than
the single-layer non-twist PBD [17], but its angular response is worse, as discussed in [18]. Very
recently, biaxial polymeric LC film is employed to widen the angular response of PBD, but the
broadband performance has not been achieved yet [19]. Here, we propose a three-layer multi-twist
grating structure, which can achieve high efficiency in the visible spectral range and large incident
angle. The device structure is shown in Fig. 1. We apply the rigorous coupled-wave analysis
method [20,21] to simulate the three layer multi-twist grating structure. In the optimization, the
grating period was fixed. The thickness of each layer was set from 0 to 3 µm, and the twist angle
of each layer was set from − 2π to 2π. Four optimization algorithms, genetic algorithm, particle
swarm optimization, adaptive simulated annealing and differential evolution, are interchangeably
used to optimize the grating parameters. The optimization results show the thickness of the three
LC layers is d1 =0.9 µm, d2 =1.32 µm and d3 =0.88 µm, and the corresponding twist angle is φ1 =
−69.4°, φ2 =3.7° and φ3 =64°, respectively.

Fig. 1. Three-layer multi-twist PBD structure

3.

Experiment

In this section, a new method to measure the thickness and twist angle of reactive mesogen
is developed. High precision thickness and twist angle control play an important role to the
performance of our three-layer multi-twist PBD.
3.1.

Thickness and twist angle measurement

During the fabrication of broadband wide-view polarization grating, a key factor is to precisely
control the thickness and twist angle of each layer. The film thickness can be measured by a
profilometer or atomic force microscope, however, these contact approaches could damage the
surface of the polymer film. To overcome this problem, we develop a new method to measure the
thickness and twist angle of the polymer film without mechanical engraving. The measurement
system setup is shown in Fig. 2(a). The sample is sandwiched between two parallel linear
polarizers. The white light source is a broadband halogen lamp.
The structure can be seen as a 0° transmissive twist-nematic (TN) cell. Similar to a transmissive
90° TN cell [22], the transmittance of our device structure can be derived by Jones matrix method
as:
Φ
Γ sin X
T// = ( sin Φ sin X + cos Φ cos X)2 + [
cos(Φ − 2β)]2 ,
(2)
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Fig. 2. (a) LC film thickness and twist angle measurement setup, (b) measured and fitted
transmission spectra at five β angles for first layer measurement, and (c) comparison between
simulation and experiment for three layer structure testing.

where Φ is the twist angle, β is the angle between the polarization axis and the front LC director,
Γ is the retardation angle, and Γ = 2πd∆n/λ, in which d is the LC film thickness, ∆n is the LC
birefringence, λ is the input light wavelength, and X = [φ2 + (Γ/2)2 ]1/2 .
When using a broadband white light source as input, the output spectrum is wavelength
dependent. By using a spectrometer, the transmission spectrum T k (λ; β, Φ, d) can be recorded,
in which λ is the scanning wavelength, while β, Φ, and d are the fitting parameters. In order to
make the fitting process more robust, we change the sample orientation four times with 10° step,
so that five transmission spectra T k (λ; β + 10◦ ×i, Φ, d) (i = 0, 1, 2, 3, 4) are recorded. During
the fitting process, we use all the five recorded transmission spectra, so that the error caused by
the external parameter β which depends on how we orient the sample, can be reduced and more
accurate fitting can be achieved for the internal parameters Φ and d, which depend on the LC
film structure. The fitting results are shown in Fig. 2(b), whose average fitting error is less than
1%. The fitted twist angle Φ is − 70.2° and thickness d is 0.901 µm. In comparison with the
designed parameters (Φ1 = −69.4° and d1 = 0.90 µm), the agreement is good.
In order to test the thickness and twist angle of the three-layer multi-twist LC film, we still
apply the system structure shown in Fig. 2(a), but the linear polarizer and analyzer are replaced
by two left-handed circular polarizers. If the sample is an ideal PBD, then all the incident LCP
should be converted to RCP and blocked by the analyzer. Thus, the lower the transmission, the
higher the efficiency of PBD. In Fig. 2(c), the three layer test result is targeted to the structure we
designed. As Fig. 2(c) depicts, the maximum difference between simulation and experiment is
less than 6% in the 430-700 nm range, which means our measurement method is reliable and the
three-layer structure meets our design target.
3.2.

Multi-twist PBD fabrication

In experiment, we fabricated a three-layer multi-twist PBD. In order to form the grating pattern,
photo-alignment method was adopted. A thin photo-alignment layer was spin-coated on the glass
substrate. The photo-alignment layer consists of brilliant yellow and dimethyl-formamide (DMF).
The ratio and the spin speed are listed in Table 1. After the spin-coating process, the alignment
layer was exposed under the polarization holography setup depicted in Fig. 3. The setup is a
Mach-Zehnder (MZ) interferometer, but one beam directly passing through two polarizing beam
splitters without reflection, while the other is reflected by two polarizing beam splitters and two
mirrors. With this modification, it is easier to build the MZ interferometer, because only one
beam demands fine alignment. In the setup, a collimated laser beam (λ = 457nm) is split into two
orthogonal components by the first polarizing beam splitter (PBS). TM component transmits
through the PBS while TE component is reflected. The ratio between TE and TM components
can be adjusted by a HWP, which is placed after the laser source. The orientation of dielectric
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mirror M3 can be adjusted to introduce linear phase difference between two optical paths along
x axis. The second PBS combines two beams and then makes the two optical paths merging
together at the position where the substrate locates. Between the second PBS and substrate, there
is a quarter-wave plate (QWP), whose purpose is to convert the two linearly polarized beams
to LCP and RCP, respectively. In order to get good pattern exposure, the intensity of LCP and
RCP should remain the same at the front surface of the substrate. The photo-alignment layer was
exposed to the laser output at 15 mW/cm2 for 20 min to get the designed grating pattern.

Fig. 3. Polarization holography setup for grating pattern exposure.
Table 1. Coating speed and materials for three-layer PBD fabrication

Alignment layer

Solute

Solvent

Solute : Solvent

Coating Speed

Brilliant Yellow

Dimethyformamide (DMF)

∼1:250

500(5s) + 3000(30s)

Tolune

∼1:4.81

2450(30s)

Tolune

∼1:3.89

800(5s) + 3000(30s)

Tolune

∼1:3.82

700(5s) + 3000(30s)

RM257 (95.2%)
1st layer

Irgacure 651 (2.10%)
Zonyl 8857A (0.92%)
S811 (1.79%)
RM257 (96.9%)

2nd layer

Irgacure 651 (2.18%)
Zonyl 8857A (0.955%)
RM257 (95.4%)

3rd layer

Irgacure 651 (1.39%)
Zonyl 8857A (0.948%)
R811 (1.68%)

According to simulation, the targeted thickness of each layer is 0.9 µm, 1.32 µm and 0.88
µm, and the corresponding twist angle is − 69.4°, 3.7° and 64°. In order to obtain these targeted
values, we spin-coated three layers of reactive mesogen mixture (RMM) onto the substrate. After
spin coating of each layer, UV photo-polymerization process was applied to form stabilized
polymer film. The components in the RMM include reactive mesogen RM257 (from LC Matter),
photo-initiator Irgacure 651 (from BASF), surfactant Zonyl 8857A (from DuPont), and chiral
S811/R811 (from HCCH). The ratio of each components and spin speed are shown in Table 1.
For the second layer, the twist angle is very small. Moreover, in experiment we found that the LC
molecules would not twist when the chiral concentration was too low. Therefore, we did not add
any chiral to the second layer so that the twist angle of second layer was zero. This would bring
negligible error to the efficiency performance according to our simulation.
4.

Results and Discussion

Figure 4(a) shows the image of PBD through a polarization microscope (Olympus BX51). The
grating structure is clearly observed. The grating period was set to a relatively large value, ∼35
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µm, rendering the grating in the Raman-Nath regime. Under normal incidence, the deflection
angle is 0.75°, 0.87° and 1° at 457nm, 532nm and 635nm, respectively. This kind of long-period
polarization-dependent grating is very useful for resolution enhancement in near-eye displays
[11]. We took a picture for testing with this PBD placed between the camera and a keyboard.
The input image is shown in Fig. 4(b) and the output image after the PBD is shown in Fig. 4(c).
The input is unpolarized ambient light, consisting of 50% RCP and 50% LCP. In Fig. 4(c), two
± 1st order diffracted lights are clearly observed. The zero order leakage is negligible, which
means the PBD has nearly 100% diffraction efficiency in the visible spectral region. The PBD
splits the input beam into two outgoing beams, so that the brightness of each order is reduced to
∼50%. However, the transmittance is very high and the grating area is clear. We can see a little
yellowish color of the white alphabets in the output image. This is because the alignment layer
material (Brilliant Yellow) has about 15% absorption in the blue region. There are also other
kinds of alignment layer materials that have negligible absorption to visible light, such as SD1
and PAM-0042 from DIC Corporation. We utilized Brilliant Yellow because it is cost-effective
and commercially available.

Fig. 4. Imaging results of the fabricated three-layer multi-twist PBD: (a) observed grating
structure from a polarization microscope, and imaging performance test (b) input and (c)
output.

The first order diffraction efficiency of the PBD was measured at three primary wavelengths:
R = 635 nm, G = 532 nm and B = 457 nm. Results are plotted in Fig. 5, which are normalized
with the total output power at corresponding incident angle and wavelength, so the influence
of absorption and Fresnel reflection are eliminated. At each wavelength, the angular spectrum
was measured from − 50° to 50° at 10° interval [Fig. 5(b), (c), (d)]. The experimental results
agree with the simulation very well at red and green wavelengths, where the average fitting
error is about 2%. The first order diffraction efficiency varies from 92.3% to 98.1% for red

Fig. 5. Simulated and measured (a) spectral response of the three-layer multi-twist PBD
and its angular response at (b) Red (c) Green (d) Blue wavelength.
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and from 84.1% to 98.0% for green. For blue light, the first order diffraction efficiency varies
from 84.1% to 99.5% by simulation, but the experimental result is from 79.5% to 94.9%. The
average error is around 5% between simulation and experiment. A possible explanation is that
blue light has a larger scattering. By comparing the angular response of dual-twist PBD in
Fig. 5(c), the advantage of three-layer multi-twist PBD is significant at large incident angle. For
dual-twist PBD, the diffraction efficiency is 75.7% at − 50° [18], but the three-layer multi-twist
PBD remains at 87.2% in simulation and 84.1% in experiment.
5.

Conclusion

We have designed and experimentally demonstrated a high efficiency achromatic wide-view PBD,
which consists of three layers of reactive mesogen mixture. The thickness and twist angle of
the LC film can be measured precisely by a newly proposed method. Our PBD indeed exhibits
broadband and wide angular response. Simulation agrees well with experiment. Widespread
application of such PBD for near-eye displays is foreseeable.
Funding
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