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Abstract: A high-speed circular polarization converter (CPC) with a wide field of view (FOV)
and wavelength range is designed and fabricated in this paper. The multi-waveplate combined
structure is applied to constitute the basic configuration of the CPC for broadening the wavelength
range. An electrically suppressed helix ferroelectric liquid crystal (ESHFLC) material with fast
response is used as a medium for dynamic polarization operation. The compensation films are
used to expand the FOV by attaching to the configuration. The simulation results demonstrate that
the optimized CPC structure can achieve over 97% orthogonal circular polarization conversion
efficiency in 300 nm bandwidth at a 90° viewing cone for both working states. Finally, we have
experiments and the results show well consistency with the theoretical results.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

As a new approach to the optical phase and polarization modulation, geometric phase devices
(GPDs) [1] exhibit excellent performance. Benefiting from its excellent optical alignment property,
the planar diffractive LC-based GPD [2—4] has great advantages of high efficiency, dynamic
reconfigurable, and easy fabrication, which is one of the most important types of GPDs. The
cascading combination of high-speed polarization converters and passive GPDs shows promising
application performance in non-mechanical beam steering [5,6], polarization-based stereoscopic
3D displays and AR/VR displays [7-9]. Most optical systems usually require a broad wavelength
range and a large FOV for many situations. The passive liquid crystal polarization elements can
extend the viewing angle or bandwidth by forming a special structural distribution (twisted or
chirped structure). A chirped polarized volume grating structure reported displays a diffraction
efficiency of more than 80% by introducing a gradient pitch along the beam propagation direction
with an angular bandwidth expanded from 18° to 54° [10]. The multi-layer twisted structure
has been successfully applied in various LC-based GPDs to meet the application requirements
of wave band and FOV [11-14]. In addition, the polarization-time multiplexing configuration
can also be used to extend the FOV [15]. Overall, numerous efforts have been focused on the
research of passive polarization elements, but the active liquid crystal polarization device is also
an indispensable part of optical systems. Therefore, the design of dynamic CPCs is also a facing
challenge to solving the restrictions of wave band and FOV for existing polarization elements.
Currently, the twisted nematic (TN) and parallel aligned (PA) LC devices have been reported
polarization conversion. Zhuang et al. [16] proposed an achromatic polarization rotator consisting
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of two PA cells and one TN cell, which could expand the wavelength range to 250 nm in the visible
spectrum, but it is too complex to fabricate. Wu et al. [17] used two uniaxial compensation films to
replace the PA cells, which can further broaden the wavelength range and simplify its manufacture,
but both of them are not switchable. Subsequently, Wang et al. [18] optimized a broadband
polarization switch consisting of an active TN cell and two passive uniaxial compensation films
and achieved a limited FOV of +15°. Most of the polarization converters containing the TN
cell are for linear polarization modulation, and the modulation of circular polarization state
requires the addition of achromatic quarter-wave plates. Xiong et al. [19] introduced a CPC
based on a TN cell and achromatic quarter-wave plates, which has an orthogonal conversion
efficiency of 90% in the 465-630 nm wavelength range and +30° FOV. However, due to the
residual phase retardation caused by the LC layer near the substrates, the FOV performance was
quite different for the two polarization states. FLC cell [20,21] can be regarded as an active
waveplate with a reconfigurable optical axis, which can realize the consistent phase modulation
for two polarization states. In addition, FLC materials have a much faster response capability
than twisted nematic liquid crystal polymer materials, which is very essential for beam control in
many scenarios. As a new type of FLC material, ESHFLC has great alignment quality and a low
unwinding threshold voltage, which has proven its possibility for GPD applications [22].

In this paper, the designed CPC can achieve over 97% circular polarization conversion efficiency
within 300 nm bandwidth at a view cone of 90°. We first briefly introduced its working principle
part, including the basic CPC structure, the dynamic orthogonal polarization conversion process,
and the compensation structure for wave band and FOV. Then we optimize the structure and carry
out experiments. The experimental results show good agreement with the simulation. Finally,
we explain the degradation of conversion efficiency under a large incident angle.

2. Design

The CPC device is used for circularly polarized light conversion and can operate between
switching state and holding state respectively. The basic structure of the device can be simplified
as a reformed QHQ configuration, which includes two quarter-wave plates (Q layer) and one
half-wave plate (H layer) as shown in Fig. 1(a). Each Q layer can be considered as a combination
of “+C film” and “+A film” for FOV and wavelength range compensation. The optical axes of
“+A film” and “+C film” are parallel and perpendicular to the substrate respectively. “+C film”
is selected to compensate for the FOV of the broadband structure mainly because it has consistent
retardation under different incident azimuth angles. Besides, the achromatic performance of the
reformed QHQ configuration at normal incidence is not influenced by the introduced “+C film”
because of the zero retardation. The H layer is an ESHFLC cell located in the middle of the
device and acts as a uniaxial phase retarder with a switchable optical axis. The alignment of the
ESHFLC helix axis is along the x-axis. In this configuration, the CPC device can be equivalent
to an achromatic half-wave plate in the switching state and an achromatic full-wave plate in the
holding state according to the Jones matrix calculation [21], the optical axis distributions are
shown in Fig. 1(b).

The Poincaré sphere is used to visualize the polarization evolution process under different
wavelengths and FOVs. The red dash path S;-A-B-S, in Fig. 2(a) shows the polarization transition
trace from the right-handed circularly polarization state S; (North Pole) to the left-handed
circularly polarization state S, (South Pole), corresponding to the switching state. The path
Si-A-B’-S,’ shows the polarization transition trace from the right-handed circular polarization
state S; (North Pole) to the right-handed circular polarization S,” (North Pole), corresponding to
the holding state. The rainbow arcs A, B, B’, S,, and S’ indicate the dispersion generated during
the polarization evolution. The length of S, and S,’ represents the final dispersion performance.
As is shown in Fig. 2(b), the polarization evolution process denotes the output polarization in
different azimuths at a certain wavelength and incident angle. The closed curves L-1Q, L-2 H,
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Fig. 1. (2) Ilustration of the CPC design. (b) Optical axis distribution. @1 = ¢3, represents
the optical axis angle of uniaxial film; @2 and @2/ represent the optical axis angles of two
working states.

and L-3Q indicate the polarization states for all azimuth angles during the switching process.
The size of the closed curve L-3Q represents the final FOV performance.

Fig. 2. Polarization evolution process on the Poincaré sphere. (a) Polarization state transition
of different wavelengths. (b) Polarization state transition of different FOVs.

3. Simulation and experiment

Simulations and experiments are carried out to verify the proposed CPC configuration. The
finite element method (FEM) is used to analyze the proposed CPC device and the nonlinear
constraint-optimization algorithm is used to optimize its structure parameters. The conversion
efficiency 7 is defined according to Stokes parameter S for evaluation:

1¢S3
2

. (1)
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represents the switching state, and “+” represents the holding state. Stokes parameter S3 is the
circular polarization component of polarized light. Then the merit function can be expressed by:

K N M S3( A0 |
k=i ( i=1 (ijl |1 - %| ))

F
NxM-1

@)

F is a wavelength-dependent and FOV-dependent function, A, 0; and ; represent the
discrete wavelength, incident angle, and azimuth angle used for evaluation respectively. 460 nm,
530 nm, and 630 nm wavelengths are selected as the optimized central wavelengths during the
visible spectrum. The dispersion of the 5-layer structure in the simulation is considered as
An =0.08423 + 5961/A2. The angular optimization of the incident angle is considered from 0°
to 45° and the azimuth angle is from 0° to 360°. By the discrete numerical calculation of the
merit function in the angular interval above, we optimize the cumulative loss function until
~107%. The FOV performance of two working states calculated within +45° incident angle for
three wavelengths is portrayed in Fig. 3. The simulation results manifest that the design can
achieve over 97% conversion efficiency, and both operating states present almost the same optical
performance of the wave band and the FOV.

(a) (b) (c)

Conversion Efficiency Conversion Efficiency Conversion Efficiency

30 1.000 330 30 1.000 © 30 1.000

30
20

0.9960 0.9960 0.9960

09920 10 0.9920 10 0.9920

09880 19 09880  10- 0.9880

0.9840 0.9840 0.9840

- 150 0.9800 210 150 ~L 0.9800
180

0.9800

Conversion Efficiency Conversion Efficiency Conversion Efficiency

0 0
30 1000 30 1.000 330 30 1.000

0.9960 30

09960 30 0.9960

09920 19 0.9920 10-_ 0.9920

0.9880

09880 19 0.9880

0.9840

0.9840 0.9840

0.9800 40

0.9800 0.9800

180 180

Fig. 3. Compensation results of the large FOV and broadband CPC. Switching state: (a)
460 nm. (b) 530 nm. (c) 630 nm. Holding state: (d) 460 nm. (e) 530 nm. (f) 630 nm.

Then we fabricated a CPC device to experimentally verify the reliability of the optimization.
During the process of fabrication, the compensation films and the ferroelectric liquid crystal layer
are assembled with equivalent simulated retardation values above. The materials involved in the
experiment of “+A film” and “+C film” are polycarbonate and liquid crystal polymer respectively.
FD4004N (from Dai-Nippon Ink and Chemicals) was used as the switchable layer material. Two
optically flat indium tin oxide-coated glass plates having enough conducting area were used as
electrodes for preparing a sandwich-type sample holder with a cell gap needed. Nylon 6 was
deposited on the substrate by spin-coating with 3000 rpm for 2 mins. Soft baking at 100°C for
10 mins and hard baking at 180°C for 1 hour were followed then. Later, both the substrates
were rubbed unidirectionally and assembled to make the FLC cell. After that, we attached the
compensation films to both sides of the prepared ESHFLC cell according to the optical axis angle
of the simulation parameters, and the Refractive Index (Matching) Liquids were used to fill into
the interlayer gap between surfaces to reduce interlayer reflection. Table 1 shows the optimized
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thickness parameters and the experimental retardation parameters at 550 nm of the CPC design.
The optical layout of circular polarization conversion efficiency measurement with a profile
display of the CPC device is shown in Fig. 4. In the measuring optical path, the achromatic
quarter-wave plate (AQWPO5M-580) was used to generate the incident circular polarized light.
The combination of the achromatic quarter-wave plate (AQWP05M-580), polarizer (P), and
optical power meter (OPM) was used to detect the polarization state after the light passes through
the CPC device. For the entire FOV performance measurement, a two-dimensional rotator has
been used to change the incident angle from 0° to 45° and the azimuth angle from 0° to 360°.
The experiment results demonstrated in Fig. 5 exhibit well agreement with simulations when the
incident angle is no more than 30°. The circularly polarized conversion efficiency degradation
at larger incident angles than 30° is discussed subsequently. In addition, we measured the
switching time as shown in Fig. 6. The dynamic CPC can achieve an average switching time of
approximately 150ps driven by an AC voltage of 10 V amplitude at 500 Hz.

PBS : polarized beam splitter
o [\ NDF : neutral density filter
lem AQW : achromatic quarter-wave plate
: CPC P : polarizer
e OPM : optical power meter
A
CPC

- —

Laser PBS NDF AQW1 AQW2 OPM

Fig. 4. Circular polarization conversion efficiency measurement setup.
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Fig. 5. Conversion efficiency of the CPC. Switching state: (a) 450 nm. (b) 532nm. (c)
633 nm. Holding state: (d) 450 nm. (e) 532 nm. (f) 633 nm.

As for the incident angle of 45°, the conversion efficiency degradation is mainly caused by
the alignment deviations among different layers, especially for the dynamic switching layer.
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Fig. 6. Switching time between two working states. T, is the response time from the
switching state to the holding state, and T is the response time from the holding state to the
switching state

Table 1. Large FOV and broadband CPC Design

Layers L-1C L-2A L-3FLC L-4C L-5A
Thickness d(um) 1.08 1.23 2.43 1.17 1.22
Azimuth Angle ¢(°) - 0 -43/-90 - 0
Retardation I'(nm) 112 128 253 122 127

Theoretical simulation at 460 nm illustrates that the optical axis deviation of the ferroelectric
liquid crystal layer (H layer) has the greatest influence, as demonstrated in Fig. 7(a-b), and the
same is true at other wavelengths. The relationship between the conversion efficiency (PV value
of curves in Fig. 7(a-b) and the optical axis deviation is shown in Fig. 7(c-d), which indicates that
the angular deviations have a greater influence on the switching state. The angular deviations
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Fig. 7. Optical axis angle deviations of the switchable layer. (a) conversion efficiency
calculation of the switching state at 460 nm. (b) conversion efficiency calculation of the
holding state at 460 nm. (c) PV values of the switching state. (d) PV values of the holding
state.
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should be controlled within the deviation range of +1° in case of the conversion efficiency
degradation is less than 4% for the switching state and 3% for the holding state respectively.
Besides, the simulation shows that conversion efficiency at a long wavelength will decrease if
retardation bias are existing, as shown in Fig. 8, the impacts on the two operating states are
significantly different, it is obvious to see that the switching state is more sensitive to the bias
than the holding state.
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Fig. 8. Retardation bias of the CPC. (a) Switching state. (b) Holding state.

4. Conclusion

We experimentally and theoretically demonstrated a high-speed broadband wide-view CPC design
in this paper, which is mainly achieved by mutual phase compensation among all the retardation
films. It can operate with a sub-millisecond response time and keep over 97% conversion efficiency
within a 300 nm wavelength range at a 90° view cone and the experiments show consistency with
the theoretical simulations. Furthermore, it has almost the same optical performance for two
working states. The CPC structure can also be applied in different application fields by changing
optimized parameters. The properties of achromatism, wide-FOV, and high-speed switching
exhibit excellent cooperation of GPDs and CPCs, and make the combination greatly promising in
beam modulation for the futural optical system.
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