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More durable (with high impact force), lighter, and more compact flexible azo dye micropolarizers are attractive candidates
for low-cost, simple polarization imaging systems. The liquid crystal polymer (LCP), as an emerging material developed by
photo-alignment technology, is a potential material for organizing the long-range ordered structure of azo dyes. However,
little research has been done on LCP aligned azo dyes. This paper points out and solves a key problem that restricts the
fabrication of high-precision arrays in guest (azo dye)-host (LCP) systems: the doping of dyes leads to disorder of the LCP
during curing. After solving the problem, the relationship between the thickness of the LCP and the extinction ratio of the
polarizing film was investigated, which effectively improved the extinction ratio. Alignment of azo dye molecules in the range
of 2 μm (0°–180°) and arrays of micropolarizers (0°, 45°, 90°, −45°) with 8 μm × 8 μm pixel pitch was achieved by laser
direct writing technology. The bending cycle test demonstrates the mechanical stability of the ultrathin flexible polarizer.
The flexible patterned polarizer with robust chemical and mechanical stabilities provides a flexible way to capture the
polarization of the light and highly integrated advanced flexible optoelectronic devices.
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1. Introduction

Polarization imaging is one of the most important optical imag-
ing types, which captures information about polarized light
reflected or scattered by objects in a scene. This is conducive
to analyzing the surface and material properties of objects
and is used in remote sensing[1,2], biological imaging[3,4], and
industrial monitoring[5–7]. Micrometer-sized patterned polar-
izers are coated on a metal-oxide-semiconductor (CMOS)
camera to form a polarization imaging system to achieve polari-
zation sensitivity[8–12].
For a high-performance polarized imaging system, polarizers

with high extinction ratios are required. Besides the optical
properties, the high resolution of the elements is also required
in the imaging system. The high resolution can be pixel-aligned
with the camera’s semiconductor device. In addition to enhanc-
ing system performance, the flexible ultrathin polarizer reduces
the weight of the system and makes it easier to integrate, and
another surprising advantage is that the ultrathin flexible optical
element deforms without damage during bending.
A variety of patterned polarizers have been created, including

metal wire grids[13,14], birefringent YVO4 crystals covered with

patterned aluminum films[15], and liquid crystal micropolar-
izers[16–21]. Metal wire grid micropolarizers are widely commer-
cially available. For example, Sony’s new polarizing camera, the
IMX250MZR[22], integrates 0°, 45°, 90°, and 135° pixelated wire
grid polarizer arrays. The three Stokes components (S0, S1, S2)
for each point can be estimated by detecting the light intensity
value of each pixel. The wire wire-grid is a subwavelength metal
strip with a period of 140 nm and a duty cycle of 0.5. To fabricate
patterned subwavelength metal gratings, the subwavelength
metal gratings were patterned with pixel pitch by electron beam
lithography (EBL) and inductively coupled plasma reactive ion
etching (ICP-RIE). Such devices not only involve complex selec-
tive lithography processes—they require expensive equipment.
Moreover, the wire metal grating is very fragile, and it is quite
difficult to package and integrate such devices.
Therefore, azo dye micropolarizers based on photoalignment

technology have received increasing attention from researchers.
Photoalignment technology is a simple, cost-effective, large-area
fabrication technology. In the past, it has been studied to dope
the azo dye as a guest material in the host material (liquid crystal
monomer), and the azo dye will coordinate and arrange in the
direction of the liquid crystal monomer[23].
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Liquid crystal polymers (LCPs) with a well-controlled mole-
cular positioning in all three dimensions attract considerable
attention due to their unusual but very accurately adjustable and
addressable optical, electrical, and mechanical properties[24–29].
Liquid crystal monomers are compounds that combine meso-
gens and reactive monomers. LCPs are formed by photocuring
liquid crystal monomers. The alignment pattern of the liquid
crystal monomers is preserved during the polymerization proc-
ess. LCP as an emerging material developed by photo-alignment
technology, has long-range order and excellent mechanical
properties, and is a potential material for organizing the long-
range ordered structure of azo dyes.
However, the traditional guest-host system has the following

disadvantages. The photo-curing process leads to large-area dis-
order in the mixing of LCPs and azo dyes, which affects the
preparation of high-precision patterns of azo dyes[30]. In addi-
tion, a disadvantage of homogeneous guest-host system polar-
izers is the complete miscibility of the dichroic dye and liquid
crystal monomers, which may have limited solubility and result
in phase separation[21,31]. This disadvantage makes the extinc-
tion ratio of dichroic dye polarizers only 10–100[21]. Recently,
the work of Fan et al. has received attention for achieving
broad-band polarization modulation by introducing a black
dye to the liquid crystal system. In addition they achieved a high
extinction ratio of 225 by increasing the thickness of the liquid
crystal cassette (d = 20 μm)[32].
Several high-resolution patterned polarizers based on the tra-

ditional guest-host system were fabricated[21,33]. Conventional
guest-host systems achieve high-precision patterning by using
a wire grid mask for UV-polarized light exposure. The process
of using a wire grid mask in the visible range involves complex
selective lithography processes. Jia et al. proposed 2 × N micro-
polarizer arrays for reconstruction accuracy with a degree of lin-
ear polarization (DoLP)[34]. It is difficult to process complex
multi-angle linear polarizers with high resolution.
To solve the above problems, we propose a technique for fab-

ricating flexible ultrathin high-resolution patterned polarizers
by aligning azo dye molecules on LCPs. The LCP not only serves
as an alignment layer for azo dyes, but also provides a flexible
substrate for micropolarization. The dichroic polarizer has a
polarization efficiency of 99.7%. Direct laser-writing technology
enables the realization of a variety of complexmicrostructures in
a simple, cost-effective way that eliminates the associated align-
ment errors associated with the reticle exposure step. A 2 μm
flexible ultrathin patterned polarizer and 8 μm four-state micro-
array polarizers of 0°, 45°, 90°, and −45° were fabricated for
polarization imaging. The ultrathin thickness and bending
toughness make it easy to integrate into polarized imaging
systems.

2. Experiments and Methods

In this article, we demonstrate the detailed process of manufac-
turing flexible high-resolution patterned polarizers using

noncontact light alignment technology, as shown in Fig. 1
and summarized as follows.
Photo-alignmentmaterial SD1 is dissolved in dimethylforma-

mide (DMF) at a concentration of 0.5% (mass fraction). A clean
piece of glass is spin-coated with SD1 solution at 3000 r/min for
40 s [Fig. 1(a)], and the sample is placed at 100°C for 3 min. The
designed profile is transferred to the transparent glass substrate
with SD1 by a direct-writing system [Fig. 1(b)]. The minimum
resolution of laser direct writing is 0.15 μm. The maximum
exposure area is a circle with a diameter of 25mm. Liquid crystal
precursor of RM257 (95%,mass fraction) and photoinitiator 184
(5%) dissolved in toluene were spin-coated onto the patterned
SD1 films at 4000 r/min for 30 s [Fig. 1(c)]. For the multilayer
spin-coating process, the second layer of liquid crystal was spin-
coated on top of the first LCP layer after it was polymerized by
UV light curing. The upper layer can be made repeatedly
through the spin coating and UV curing. The 5% solution of
the dichroic dyes AD1 in toluene was prepared. The AD1 solu-
tion was spin-coated on the multilayer LCP film at 4000 r/min
for 30 s [Fig. 1(d)]. Despite the inherent elasticity of LCP, it is
difficult for very thin LCPs to be repeated many times. The poly-
dimethylsiloxane (PDMS) has good mechanical flexibility, light
transmittance, and stability, making it an excellent choice for
flexible materials. PDMSwas obtained bymixing Sylgard184 sil-
icone elastomer with the curing agent in a ratio of 10:1 and then
placing it in a vacuum for 30 min[35]. PDMS was spin-coated
onto the azo dye layer at 1000 r/min for 30 s [Fig. 1(e)].
PDMS was cured at 120°C for 1 h. By curing the PDMS, the
strong interfacial adhesion is created between the PDMS and
the AD1/LCP layer, which is effective in separating the LCP
from the glass substrate to form a flexible folded polarizer.
The sample was placed in deionized water for 3 min to obtain
a flexible patterned polarizer [Fig. 1(f)].
Extinction ratio and polarization are two important parame-

ters to describe polarization performance. The extinction ratio is
a metric of a polarizer’s attenuation efficiency for two orthogo-
nal polarization states, and is defined in Eq. (1)[21],

Fig. 1. Schematic diagram of the preparation process of a flexible high-
resolution patterned polarizer. (a) Photoalignment layer is spin-coated onto
a quartz substrate. (b) Regions of the photoalignment layer are aligned using
laser writing. (c) Liquid crystal precursor is spin-coated on top of SD1. (d) Spin-
coated AD1s solution; (e) spin-coated PDMS; (f) flexible patterned polarizer.
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where Ik and I⊥ are the transmitted light intensities of unpolar-
ized light passing through two polarizers that are parallel and
perpendicular, respectively. The optical performance of a single
polarizer is expressed by the polarization efficiency, which is
expressed as[30]

PE =
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ER� 1

r
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where ER is defined in Eq. (1).

3. Results and Discussion

We first investigated the influence of the guest-host system on
the arrangement of azo dyes. To align the AD1 molecules, the
SD1 film is illuminated by linearly polarized light. Figures 2(a)
and 2(b) show photographs of the typical mixture film viewed
between a pair of crossed polarizers. The LCP layer is uniformly
aligned before photo-initiated polymerization in Fig. 2(a). After
photocuring, the mixture of liquid crystal molecules and azo
dyes is disordered in a large area, and two different arrangement
regions appear in Fig. 2(b). This hinders the preparation of high-
precision patterned polarizers.
Through the separation of LCPs and azo dye molecules, the

disorder of molecular arrangement disappears. When the
direction of the AD1 molecules is parallel to the polarizer axis
[Fig. 2(c)], a perfectly bright state is obtained, which means that
the optic axis of the molecular aggregates is parallel to the ana-
lyzer axis of the analyzed polarizer. By rotating the direction of
polarization of the analyzed polarizer, the minimum brightness
is achieved when the polarization direction of the polarizer is 90°
[Fig. 2(d)]. The physical map shows that the arrangement and

morphology of AD1 molecules on the LCP remain stable with-
out any macroscopic perturbation of the morphology. AFM
analysis is conducted to investigate the surface topology of
the AD1 film on the fine-scale in Fig. 2(e). Its root mean square
(RMS) roughness is estimated to be 0.205 nm. As expected, the
patterned AD1 on the LCP substrate shows a relatively smooth
surface morphology. To obtain a cross-sectional view of the
structure, scanning electron microscopy (SEM) was used, as
shown in Fig. 2(f). From the image, a uniform azo dye layer
(700 nm) on top of the LCP (4.2 μm) could be observed. The
number of layers of the test sample LCP is six.
To determine the polarized characteristics of the dichroic lin-

ear polarizer, its extinction ratio was tested. The test equipment
is shown in Fig. 3(a). The light source wavelength was 450 nm.
The transmitted light intensity is plotted in Fig. 3(b) as a func-
tion of the angular rotation of the analyzed polarization axis. It
can be seen from Fig. 3(b) that when the polarization direction of
the analytical polarizer is parallel to the AD1molecular direction
(0° and 180°), the transmittance reaches the maximum value,
and when the polarization direction of the analytical polarizer
is perpendicular to the AD1 molecular direction, the transmit-
tance reaches a minimum value. The transmission extinction
ratio for both polarization states is 336. The maximum polari-
zation efficiency (PE) value of 99.7% at 450 nm, indicates that
this film can be used as a linear polarizer.
We found that the extinction ratio of the azo dye polarizer is

related to the thickness of the LCP. Figure 3(c) shows that the
extinction ratio of AD1 increases with the number of LCP layers
and then saturates. The extinction ratio is 336 when the number
of LCP layers is five.
We compared microscopic polarized optical images of AD1

unidirectionally arranged with different LCP layer numbers
[Figs. 4(a)–4(f)], all other conditions being kept the same.
When the number of LCP layers is one, the surface of the azo
dye film shows a schlieren texture, indicating a slightly random
arrangement of molecular order and showing the presence of
light leakage in the blank areas, as shown in Fig. 4(a). The polar-
izer with more than three LCP layers has a uniform surface, and

Fig. 2. Photograph of a mixture film of liquid crystal and azo dye observed
between a pair of crossed polarizers. (a) Before UV curing and (b) after
UV curing. The physical picture of the polarizer when the polarization direction
of the analyzed polarizer is (c) 0° and (d) 90°. The arrow indicates the direction
of polarization of the analyzed polarizer. (e) Surface topography of the AD1 thin
film with a thickness of 700 nm; the RMS of the roughness in a 2 μm × 2 μm
area is 0.205 nm. (f) Cross-sectional SEM image of the polarizer on a glass
substrate.

Fig. 3. (a) Extinction ratio test equipment for the dichroic-oriented polarizer.
(b) Transmitted light intensity dependence on the rotation angle of the ana-
lyzing polarizer shows an extinction ratio of 336:1 for the aligned AD1, as indi-
cated by the blue diamonds, with solid lines representing the cos2 fit.
(c) Extinction ratio of polarizer versus number of LCP layers.
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the light leakage feature disappears in Figs. 4(c)–4(f). This indi-
cates that the order of azo dyemolecules on LCP films withmore
than three layers is higher than that on one layer. The thickness
of the three-layer LCP is about 2 μm. The experimental results of
optical microscopy are consistent with the results of the extinc-
tion ratio test. The experimental results show that the polariza-
tion efficiency of the dichroic dye polarizing film strongly
depends on the order parameters of the dichroic dye, and the
order parameters are affected by the number of layers of the
LCP. These results illustrate that when the AD1 solution con-
centration is too large, the anchoring strength of the one LCP
layer to the AD1 interface is insufficient tomaintain themolecu-
lar distribution in the region near the AD1–air interface. The
multi-liquid crystal polymer layers enhance the molecular inter-
actions between LCP and azo dyes. During spin coating, the
number of liquid crystal mesogens is regulated by the concen-
tration of the liquid crystal precursor solution and the rotational
speed. Obviously, by tuning concentration and rotational speed,
the corresponding extinction ratio can be freely tailored.
The accuracy of the pattern has an important influence on the

application of the patterned linear polarizer. The 2 μm grating
structure [Figs. 5(a)–5(d)] linear polarizer was realized.
The direction of the azo dye in polarization grating can be
described by

φ =
πx
Λ

, (3)

where φ is the orientation angle relative to the x axis (the peri-
odic direction) and Λ denotes the grating period. In the case
of four different angles of the linear polarization analyzer, the
area marked by black lines exhibits different light intensities
in Figs. 5(a)–5(d). It shows that a variety of dye molecular
arrangements can be realized in the range of 2 μm. The resolu-
tion of the micropolarizer is 2 μm, which is comparable to the
accuracy of the wire grid polarizer arrays on the market[33].
We fabricated micropolarizer arrays capable of extracting all

partial linear polarization information. A micropolarizer array
with pixels [Figs. 5(e) and 5(f)] as small as 8 μm × 8 μmhas been

fabricated. The pattern area of the sample is 10 mm by 10 mm.
Each fabricated array presented 2 × 2 patterns, including 0°, 90°,
45°, and −45°. To examine each micropolarization domain, the
fabricated micropolarization array samples were exposed to a
light source (450 nm), and the polarizer was rotated to provide
two different polarization inputs: 0° linear polarization and 90°
linear polarization. Note that the 90° and 0° micropolarizers
appear dark, and the 45° and −45° remain unchanged as
expected when the input (450 nm) is linearly polarized at 0°
and 90°, respectively. The pixel size is 8 μm, which canmatch the
pixel size of 10–50 μm on a commercially available CMOS[16].
The optical properties after applying cyclic deformation are

important to determine the mechanical durability of ultrathin
flexible polarizers. The extinction ratio of the flexible polarizer
at 450 nm was tested after 100 consecutive bends of 1 mm bend-
ing radius at 21°C and 43% humidity, as shown in the inset in
Fig. 6(c). When the number of folds increases to 300, the extinc-
tion ratio decreases slightly, and then it stabilizes, as shown in
Fig. 6(c). The small value of I⊥ in the Eq. (1) leads to a significant
change in the extinction ratio. The stable extinction ratio results
in a strong light intensity contrast with little impact on the appli-
cation. Flexible patterned polarizers with chemical and
mechanical stability provide a flexible way to capture the polari-
zation of light and highly integrated advanced flexible optoelec-
tronic devices.
Flexible high-resolution microarray devices have a high

extinction ratio and an ultrathin thickness. The ultrathin thick-
ness substantially reduces signal cross talk between adjacent pix-
els. These optical properties make it a strong candidate for
polarization imaging systems. Such a film is quite thin: the
surface has some adhesion so that it can be easily laminated
to a CCD sensing surface and can be repeatedly integrated
into the package multiple times. It also has potential use in a
wide range of daily applications. It can be used as a flexible

Fig. 4. Polarized optical microscope image of azo dye film on (a) one LCP
layer; (b) two LCP layers; (c) three LCP layers; (d) four LCP layers; (e) five
LCP layers; (f) six LCP layers, respectively. Scale bar, 100 μm. Fig. 5. Microphotographs of the fabricated grating-structured polarizing film

magnified 100 times, with (a) 0°, (b) 45°, (c) 90°, (d) 135° linear polarizer on top;
scale bar, 2 μm. The yellow double arrows show the molecular orientation of
the azo dye, and the black double arrows show the orientation of the analytical
polarizer. Microphotographs of the fabricated checkerboard-structured
polarizing film, with (e) 0° and (f) 90° linear polarizer on top.
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covert carrier of information to protect privacy, etc. Specific
information is carried on dye-based molecular films that can
only be recognized under microscopic or unique viewing condi-
tions. They can be made into wearable devices. The polarizing
thin film has a thickness of just 700 nm, compatible with flexible
substrates, making it perfect for use as a dichroic polarizer in
ultrathin and flexible displays to achieve more compact display
systems. In summary, our approach opens up new possibilities
for fabricating complex structures on the curved surface of
polarization devices. The outstanding features of flexible struc-
tured polarization devices are flexibility and excellent optical
properties, which can be used not only for conventional polari-
zation imaging systems, but also have greater potential for inte-
grated coupling with other new innovative devices.

4. Conclusion

In conclusion, we investigated the azo-dye-independent layering
technique with an LCP. For more material-ordered designs,
objects with complex structures need to be introduced into
the liquid crystal order, such as various functional liquid crystal
materials containing fullerenes, π-conjugated molecules, etc.
However, simple mixing of objects with liquid crystals leads
to phase separation due to low solubility, and therefore the intro-
duction of ordered states of objects fails. Liquid crystals act as
intermediate components to induce order in functional mole-
cules, and this approachmakesmolecular design easier. The film
formation was characterized by atomic force microscopy, and
the azo dyes formed well-aligned azo dye molecular layers.
LCPs with different thicknesses play an important role in the
organization of azo dyes. With this technique, we investigated
the precision of azo dyes under LCP alignment, which can
achieve 0°–180° angular changes within 2 μm. In addition, an
8-μm precision micropolarizer array was realized by laser direct
writing. This method can be used to prepare various high-pre-
cision microstructures of azo dyes with optical properties for

optical applications. Barriers are cleared in the fabrication of
high-performance flexible patterned polarizers. The wide appli-
cation of flexible patterned polarizers in integrated flexible opto-
electronic systems is opened.
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