Received: 16 February 2021 Accepted: 12 March 2021

W) Check for updates

DOI: 10.1002/jsid.1011

SPECIAL SECTION PAPER

WILEY

Polarization-independent liquid crystal-based refractive

index sensor

Zhiyong Yang, SID Student Member |
Shin-Tson Wu, SID Fellow

College of Optics and Photonics,
University of Central Florida, Orlando,
Florida, USA

Abstract

Correspondence

Shin-Tson Wu, College of Optics and
Photonics, University of Central Florida,
Orlando, FL 32816, USA.

Email: swu@creol.ucf.edu

Funding information
Intel Corporation

KEYWORDS

1 | INTRODUCTION

Liquid crystals (LCs) have been widely used in flat panel
displays? and phase-only spatial light modulators®° due
to their electrically tunable, large optical and dielectric
anisotropies. In addition, their high sensitivity to the
temperature, chemical environments, and pressure
makes LCs a strong contender for sensors.” Among most
of the sensing platforms, the LC-based waveguide is a
promising method. The guided-mode resonance (GMR)
can be excited when a diffracted order is phase matched
to a leaky mode of the waveguide.® Such a resonance con-
dition is very sensitive to the refractive index (RI) change;
therefore, an LC-based RI sensor with a high sensitivity
can be obtained.

However, most GMRs are polarization sensitive
because of the different propagation constants for the
transverse electric (TE) and transverse magnetic (TM)
guided modes. Therefore, it poses limitation to the
LC-based sensor where an unpolarized light source
is used. Many efforts have been devoted to realizing
polarization independence based on two-dimensional
(2D) and one-dimensional (1D) gratings. Peng and
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A polarization-independent refractive index (RI) sensor with a sensitivity of
50 nm/RIU is demonstrated. The proposed RI sensor simply consists of a liquid
crystal (LC) polymeric polarization grating film and one glass substrate. The
wavelength shift over the RI of the surrounding medium is investigated
through anisotropic rigorous coupled-wave analysis. Such an LC-based
polarization-independent RI sensor not only enables the usage of an unpolar-
ized light source but also manifests a high sensitivity, offering great potential

for the integration with display systems.
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Morris theoretically investigated and experimentally
demonstrated the resonant anomalies in 2D gratings
and polarization-independent narrowband GMRs.”'°
Mizutani et al.'’ proposed a rhombic grating structure
whose symmetric plane coincided with the incident
plane to realize polarization-independent GMRs at an
oblique incidence. Although a 2D grating can provide
more degrees of freedom than its 1D counterpart, its
geometrical structure and fabrication process are more
complicated. Ding and Magnusson'” designed a
polarization-independent reflector based on a 1D
single-layer waveguide grating with a large modulation
depth, but the spectral bandwidth for the TE and TM
polarizations was considerably different.

In this paper, a novel structure based on 1D LC
polarization gratings (PGs) is proposed to realize the
polarization-independent RI sensor. Compared with
previous RI sensors, our method stands out due to its
polarization independence and a relatively simple device
structure. Specific structural parameters to realize the
polarization-independent RI sensor are investigated and
optimized, and an LC monomer is selected to present the
polarization-independent RI sensor.
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2 | POLARIZATION-
INDEPENDENT RI SENSOR

The proposed RI sensor is simply composed of an
LC-polymeric PG film on a glass substrate, as depicted
in Figure 1. For a nematic LC, its anisotropy axis is
along the direction of the LC directors. The propagation
vector k lies in the x-z plane, and A and d are the
grating periodicity and thickness, respectively. For a
specific direction of the LC directors, the dielectric
tensor [¢] is given by"?

n2+ (n2—n2)cos’p (n2—n2)singcosp 0
e= | (n2—n?)singcosp n%+ (n2-n2)sin’p 0 |, (1)
0 0 n;

o

where ¢ is the azimuthal orientation angle between the
x axis and the projection of the LC directors on the x-y
plane, the pretilt angle of the LC directors is assumed to
be zero, and n, and n, is the LC ordinary and extraordi-
nary RI, respectively. The LC directors periodically vary
along the x axis in Figure 1, which can be mathematically
expressed as ¢(x) = we/A.

The proposed structure can function as a sensing
device based on the mode matching: the real part of a
mode propagation constant in a periodic leaky waveguide
approaches the tangential propagation constant of a
diffracted order, and strong resonance can result in a nar-
rowband reflection peak. Incident waves can be coupled
into certain waveguide modes due to the transverse
momentum additionally provided by the grating; how-
ever, guided modes are not stable and thus become leaky
due to the presence of the whole grating layer. The RI of
surrounding medium can impact the mode propagation
constant and thus determine the location of peak wave-
length. Therefore, the variation of peak wavelength can
be used for detecting a small change of RI.

In our device structure, the LC-polymeric PG acts as
both a waveguide layer and a phase-matching medium.
The LC-polymeric PG layer can be approximately
treated as a uniform layer with an effective RI denoted by
neg. Thus, this periodic anisotropic waveguide can be
regarded as a three-layer homogeneous waveguide. Due
to the grating diffraction, each diffracted order has a
corresponding tangential propagation constant deter-
mined by the grating equation. When a diffracted order is
phase matched to a leaky mode in the waveguide, the
grating periodicity A, incident wavelength 1o, and
incident angle ;. are constrained by

2 [ 1< 2w o 2 < 2 2)
—max(n,n —ny sin Oype —M—| < —Neft,
)VO 1 2-0 1 inc A /10 eff

where n, is the RI of the glass substrate, which is set to
be 1.52, n is the RI of the surrounding medium, and m is
the diffraction order. Here, the target incident angle 0;,
is 0°. The geometrical parameters of the LC-polymeric
PG are listed as follows: grating periodicity A = 400 nm
and thickness d = 1.591 pm. A diacrylate LC monomer
RM257 is selected as an example to illustrate our novel
polarization-independent RI sensor. The ordinary and
extraordinary refractive indices of RM257 are 1.508 and
1.687 at Ao = 589 nm, respectively.’* To study the polari-
zation dependence of this RI sensor, the polarization
state of the incident light at normal incidence is
expressed using Jones vector:

J:[ cosa } 3)

sina - &

where tan(a) represents the amplitude ratio of E), to E,
and f is the relative phase angle between E, and E,. For
each polarization state, the corresponding reflectance can
be obtained via anisotropic rigorous coupled-wave

Surrounding medium (22)

FIGURE 1
mode resonance (GMR)-based refractive index

Device structure of the guided-

(RI) sensor
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analysis (RCWA).'>!® The calculated reflectance at
normal incidence is polarization independent, as shown
in Figure 2.

Due to this polarization independency, unpolarized
light sources can be employed. The RI of the surrounding
medium is originally assumed to be equal to that of the
glass substrate. When the unpolarized light is normally
incident on the RI sensor, the peak wavelength of the
reflected light can be detected, which is 625.42 nm as
indicated by the green curve in Figure 3. The green curve
also manifests a narrow bandwidth of A4 = 0.208 nm. As
the RI of surrounding medium varies, for example, due
to the movement of biomolecules, the resonance wave-
length also shifts. To quantify the performance of such a
sensing device, the sensitivity and figure of merit (FOM)
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FIGURE 2 The reflectance for normally incident light with all
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FIGURE 3 The wavelength shifts over the refractive index of

the surrounding medium

are introduced via S = dl/dn and FOM = S/A4, respec-
tively.'” The sensitivity describes the peak wavelength
shift per RI unit with the unit of nm/RIU, thus a higher
sensitivity allows for detecting a smaller RI change. The
optimal sensitivity is dependent on the spectral band-
width; therefore, FOM represents the maximum sensing
capability or potential. According to Figure 3, the peak
wavelength shifts 0.1 nm as the RI changes a step of
0.005. Thus, the sensitivity S =20nm/RIU and
FOM = 96.

The RI sensor is also sensitive to the angle of
incidence. Thus, its peak wavelength also shifts with the
incident angle. Figure 4 manifests a narrow spectral and
angular width, within which the reflectance is very high.
Away from normal incidence, a degenerate reflectance
versus wavelength curve is split into two branches, which
means there are two wavelengths corresponding to the
reflectance maximum at a fixed angle. This splitting
phenomenon is predicted by Equation 2. To explore the
origin of this polarization independence, the field distri-
bution is also investigated via anisotropic RCWA. The
field distribution in Figure 5A shows that when the light
is incident from the bottom glass substrate (z < 0), the
electric field within the subwavelength LC-polymeric PG
(0 <z<d) is enhanced more than 20x due to the
coupling between =+1 diffraction orders and evanescent
waves. Due to normal incidence, two counterpropagating
diffraction orders can be simultaneously excited, generat-
ing a standing-wave pattern along the x direction,'® as
illustrated in Figure 5A. When the incident wavelength is
620.00 nm, which is away from the resonance wave-
length of 625.42 nm, Figure 5B depicts a rather weak
resonant process where the electric field enhancement
within the LC-polymeric PG is much less than that in
Figure 5A. Thus, the field distribution in Figure 5B is
almost equivalent to that in a single-layer uniform film
sandwiched between two glass substrates.
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FIGURE 5 The relative electric field |E/E,|
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In Figure 5, the mode type is still unknown because
the field components are not revealed. Due to off-
diagonal elements in the dielectric tensor, it is not
possible to split the modes into a pure TE or TM mode,
and thus, the modes are hybrid."”” Figure 6 shows that
right-handed circularly polarized (RCP) light and
left-handed circularly polarized (LCP) light are coupled
into the same HE, (TE, is dominant) hybrid mode. This
polarization-independent coupling to the hybrid mode
gives rise to the polarization-independent resonance
location and bandwidth. 0 04 08 12 1.6

X (pm)

3 | IMPROVEMENT OF THE RI
SENSOR

According to mode matching, the +1 diffraction orders
can be phase matched to several hybrid leaky modes at
different resonance wavelengths.”® For higher order
modes, more beams will interfere with each other due to
more reflection times at a given propagation distance.
Thus, the spectral bandwidth corresponding to higher
order modes becomes narrower. If a higher order mode
: : 0 04 08 1.2 1.6
is employed to detect a small RI change, a higher FOM
can be obtained. Figure 7 shows the reflectivity verses X (um)
the wavelength ranging from 611.5 to 614 nm as the RI
is changed via a step of 0.005. Compared with Figure 3,
a narrower bandwidth of 0.0588 nm is obtained, and the
enlarged peak wavelength shift is 0.25 nm. Thus, the
sensitivity S is 50 nm/RIU, and the FOM is as high as
850. To identify this corresponding higher order mode,
the field analysis is conducted, and Figure 8 manifests
that this mode has two minimum values, corresponding
to the second-order mode. The mode type remains the
same as the HE hybrid mode, and thus, the mode can be
called HE,. 0 04 08 1.2 1.6

Considering making a real device, the detailed X ( / Lm)
fabrication process has been reported previously.”* Here,
we only briefly outline the procedures. The first stepis o prGURE 6  The relative electric field of (A) |Ey/Ey|, (B) | E,/Eq,
spin coat a PAL on a cleaned glass substrate. Next step is  and (C) |E,/E,| for right-handed circularly polarized (RCP) and
to expose the PAL using a linearly polarized light  left-handed circularly polarized (LCP) lights at a resonance
with spatial-variant polarization directions. Then, an  wavelength of 625.42 nm
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1 T T T T enhancement due to the electric field enhancement.
0.9F g Traditional LC-based display devices can also be applied
08k n=1510| ] for sensing applications with a high sensitivity and
o7k g Il polarization independence.
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FIGURE 8 The relative electric field |E/E,| generated by
rigorous coupled-wave analysis (RCWA) with light polarized along
the x axis at a resonance wavelength of 612.94 nm

LC-reactive mesogen precursor is prepared by mixing sol-
vent, monomer, photoinitiator, and surfactant together.
The mixture is spin coated on the patterned PAL to align
the LC directors. Finally, an ultraviolet light is used to
polymerize the mixture. The same steps can be applied
for depositing more polymerized layers to achieve a
thicker film.

4 | CONCLUSION

A polarization-independent RI sensor has been demon-
strated, which frees from the limitation for a polarized
illumination light source. The sensitivity of this RI sensor
can be further increased by employing higher order
modes. The RI sensor can be also used for fluorescence
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