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Abstract: In this paper, a 4-domain twisted liquid crystal micropolarizer (twisted-LCMP) array
was designed and fabricated enabling linear polarization imaging in the visible band. It contains
a pixelized twisted-LC layer and a polarizer. The optimized twist angles were designed as
+22.5° and +£67.5° for best extinction ratio. A large birefringence LC material was used to fulfill
the Mauguin condition in a wider visible band. Using a digital micromirror device (DMD)
lithography system, the twisted-LCMP array was fabricated precisely using the photoalignment
technique. It exhibited excellent optical performance, which could meet the requirements for
polarization imaging. The measurement error for degree of linear polarization (DoLP) and angle
of polarization (AoP) were less than 1.15% and 0.65°. The proposed twisted-LCMP array has
great potential to be integrated directly into a camera for real-time linear polarization imaging.

© 2021 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Polarization imaging, one of the most important optical imaging methods, provides variety of
information about targets compared with conventional imaging methods. Polarization imaging
offers numerous benefits, not only detecting geometry and surface, but measuring physical
properties which couldn’t be recognized by conventional imaging. It has important application
potential in remote sensing [1,2], interferometry [3,4] and biomedical physics [5,6], and has been
widely studied by scholars around the world.

There are many kinds of imaging polarimeters could be used for polarization imaging [7]:
Division of Time Polarimeter (DJTP), Division of Amplitude Polarimeter (DoAmP), Division of
Aperture Polarimeter (DoAP), and Division of Focal-plane Polarimeter (DoFP). Due to the use
of a micropolarizer array as its core component, the DoFP type is most attractive for its compact
structure, robust and real-time dynamic acquisition [7-9].

Many types of micropolarizer arrays have been studied and used, such as micro-wire-grid
polarizers (MWGP) [9-10], patterned polyvinyl-alcohol (PVA) polarizer [11-12] and liquid
crystal micropolarizer (LCMP) array [13—19]. An MWGP array is usually prepared by electron
beam lithography (EBL) and inductively coupled plasma-reactive ion etching (ICP-RIE). This
requires complex lithography and chemical processing to achieve nanoscale accuracy. For
example, the MWGP proposed in Ref. [10] has a grating period of 140 nm and duty cycle of
0.5. The process is complex and costly, and the uniformity is difficult to ensure. While a PVA
micropolarizer array is usually prepared by etching multilayer PVA polarizers. Therefore, the
overall thickness is large (more than 10 um). This will aggravate the cross crosstalk between
adjacent pixels. And it also requires high-precision etching and alignment [11]. LCMP array,
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by contrast, has the advantages of simple structure, stable performance and cost-effective. The
orientation of LC molecules can be controlled by the photoalignment methods in micron-scale
[20]. Thus, it does not require high-precision exposure etching and complex chemical processes.

For linear polarization imaging, the LCMP can be categorized as either a dichroic absorption
LCMP or a polarization rotator LCMP. A dichroic absorption LCMP with guest dichroic dye
doped in host LC material could form a LC polymer (LCP) guest-host device [15-17,19]. The
dichroic dye molecules are cooperatively aligned with the LC director. It works similarly to a
patterned polyvinyl-alcohol (PVA) micropolarizer array, but thinner. For host-guest LCMP, due
to the limitation of dichroic dyes, its extinction ratio is usually only about 10 to 100, and only
covers a narrow band in visible spectrum. A polarization rotator LCMP [13,14] consists of a
pixelated twisted-LC layer, which serves as a polarization rotator, and a linear polarizer. The
linear polarizer mainly determines the extinction ratio and transmittance of the LCMP array. The
polarization rotator LCMP array can be designed to achieve high extinction ratios (greater than
1000) and cover different bands from visible to infrared. Reference [13] proposed an LCMP
generated 2 polarization analyzers (0° and 90° micropolarizers). Only the first two components
of the Stokes vectors can be obtained, which is not enough for linear polarization imaging.

Based on the structure of polarization rotator LCMP, a 4-domain twisted-LC micropolarizer
(twisted-LCMP) array with high extinction ratio in visible light band is introduced in this paper.
The design, preparation and imaging performance of the device are studied. A digital micromirror
device (DMD) lithography system was used to fabricate the twisted-LCMP array, which avoided
the alignment error caused by multiple masking exposures. The first three components of the
Stokes vector were used to estimate the incident polarization state. The results indicate that the
polarimeter system based on twisted-LCMP has high measurement accuracy and can meet the
requirements of polarization imaging.

2. Twisted-LCMP array design

The twisted-LCMP array consists of a pixelated twisted LC layer and a uniform linear polarizer,
shown in Fig. 1. The LC layer modulates the polarized light in different directions, and the
linear polarizer analyzes the final polarization state. Each unit (called a superpixel) contains 4
sub-pixels with different twist angles. They rotate the polarization direction of incident linear
polarized light with four different directions into the same direction parallel with the linear
polarizer. On the bottom side, the LC molecules have a constant orientation parallel to the
polarization direction of linear polarizer. The pixelized orientation of LC molecules was achieved
by the photo alignment technique on the top side. To get an excellent rotation performance, every
sub-pixel should meet the Mauguin condition [21] under the same thickness.
r 7w An(A)d 2n
u= B A > 1; where I’ = 7 An(A)d. N

Where u is the Mauguin parameter, I, @, and d are the phase retardation, twist angle and the
thickness of LC layer, respectively. An(2) is the birefringence of the LC material and A is the
wavelength.

Equation (1) shows that we need to reduce the twist angle @ and increase And to satisfy the
Mauguin condition. Next, we analyze how we face these requirements.

For linear polarization detection with high signal-to-noise ratio, the optimal configuration is to
detect four different linear polarization measurements uniformly distributed from 0° and 180°
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Fig. 1. Schematic diagram of a superpixel of the proposed twisted-LCMP array.

[22]. Thus, the LC orientation interval between each sub-pixel should be 45°, shown in Eq. (2).

0° < @ < 45°
Dy — D) = 45°,(45° < Dy < 90°);
|D3] — @y = 45°,(—90° < P53 < —45°);
|D3| — |D4| = 45°,(-45° < D4 < 0°).

@)

In such a condition, 22.5°, 67.5°, —67.5° and —22.5° is the combination of the twist angles
with minimum absolute values that can be achieved. For other orientations, there will always be
a twist angle greater than 67.5° (|®@| > 67.5 °) in the superpixel, as shown in Fig. 2.
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Fig. 2. Relationship between the four twist angles @. When @; takes 22.5°, for
|@;| = D3| =67.5° and |P4| =22.5°. This is the twist angle combination with minimum
absolute values that can be achieved.

We use a LC material (LC-4k) with large birefringence (Anpc- 4x =0.404, @ 589 nm)
synthetized in our laboratory [23,24]. It is a mixture of several compounds with fluorinated (F)
and isothiocyanato (NCS) groups, and shows a good photo and thermal stabilities [25]. LC-4k
has a wide range of LC phase temperature (melting point Ty, and clear point is about —29.32
°C and 108.91 °C, respectively). Its birefringence An (tested at 25 °C) can be expressed by the
extended Cauchy Equation:

44790 0.1978
+ _—
A2 A4

Ai’ch_4k(/l) = ne(/l) - no(/l) =0.275+ . 3)



Research Article Vol. 29, No. 26/20 Dec 2021/ Optics Express 43229 |

Optics EXPRESS 7 N

To better fulfill the Mauguin condition, the thickness of LC layer should be increased. But
the increased thickness will aggravate the crosstalk between adjacent pixels. To get the best LC
thickness, the relationship between the LC thickness and its polarization rotation efficiency is
studied. The polarization efficiency PE [16] and extinction ratio EXR are used to evaluate the
performance:

T -T T 1+ PE?
L 100%, EXR = - = —F

PE = = .
TW+T. T, 1 - PE?

“

Where T and T, represent the transmittance of the twisted-LC polarizer when the polarization
direction of incident beam is parallel or perpendicular to the LC director at the entrance plane,
respectively, which can be derived from the Jones matrix [21]:

s02
X
T =1—¢2%, T, = ¢

sin?X )
X2’

Ia 2
with X = ¢2+(E)' )

__To better describe the broadband characteristics of the device, the average polarization efficiency
PE shown in Eq. (6), is used.

N
PE(d) = ]%] (Z PE(A;, d)) : (©)
i=1

It is assumed that the light intensity is equal for the whole visible band (400-800 nm, N=401),
the PE relationship for 22.5° and 67.5° twist angles is shown in Fig. 3(a). The results show that
PE changes little when the thickness is greater than 4 um for 22.5° twist angle. While for 67.5°
twist angle, when the thickness is less than 6 um, PE increases rapidly, and when the thickness is
greater than 7 um, PE changes little. For the 67.5° twist angle, there are two maxima of PE at
the thickness of 4.3 um and 6.6 pm. In Fig. 3(b), we show the bandwidth and the percentage of
the whole 400 nm bandwidth that gives a PE higher than different values represented in different
colors. As shown in Fig. 3(b), when the thickness is 6.6 um, PE is higher than 0.99 (EXR > 100)
in most (91.8%) wavelengths; and PE is higher than 0.998 (EXR > 500) in nearly half (47.1%) of
the whole visible band.
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Fig. 3. (a) The relationship between the average polarization efficiency PE of the 22.5°
and 67.5° twisted LC polarizer and the thickness d of the LC layer in the visible band
(400-800 nm). (b) The 67.5° twist angle at the thickness of 4.3 um and 6.6 pm was analyzed.
The polarization efficiency PE is greater than 0.990, 0.995, 0.998 and 0.999 band widths AA,
respectively.
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In summary, utilizing the large-birefringence LC material made in our laboratory, LC-4k,
the optimized twisted-LCMP array was found to have the following parameters: twist angles
@ =+22.5° and +67.5° for sub-pixels; the thickness d =6.6 um. The fabrication process and
characterization of the twisted-LCMP array are described in the following section.

3. Twisted-LCMP array fabrication and characterization

The photo-rubbing mixed alignment technology was adopted in this paper to fabricate the
twisted-LCMP array device, shown in Fig. 4(a). By rubbing the polyimide (PI) film along
the edge of the bottom substrate, the LC molecules were aligned planarly along the horizontal
direction (0°). Photoalignment was achieved by irradiating sulfonic azo-dye (SD1) layer with
linearly polarized ultraviolet light (LPUV). The SD1 powder was dissolved in dimethylformamide
(DMF) at a concentration of 0.5% (in weight). The solution was spin-coated at 3000 rpm for
30 s onto the substrates. Afterwards, the coated SD1 layer was annealed at 110 °C over 15
min for complete removal of DMF [26]. To avoid alignment defects, spacers cannot be sprayed
directly onto the substrate. Hence, the two substrates were assembled together using sealant
(NOA-68) mixed with spherical spacers (6.5 pm in diameter, 3% by weight) to keep the cell gap.
By adjusting the width of the sealant and pressing pressure on the substrates, the thickness of the
empty cell was formed with accuracy for 6.6 + 0.1 um.

After the empty cell was prepared, digital micromirror device (DMD) lithography system
[27,28] was used to carry out the pixelated photoalignment for SD1 layer as shown in Fig. 4(b).
Using a 405 nm LED light source, the pattern on the DMD was projected onto the SD1 layer
through an objective. The rotatable polarizer P; was used to generate linear polarized light in
different directions. The reflected beam from the imaging plane passed through the beam splitter
and entered the CCD for fine focusing. The twist angle of each sub-pixel is a crucial factor for
polarization measurement and imaging. The LC orientation interval between each sub-pixel
should be 45° on the SD1 layer and the error of twist angles should be less than + 1°. Thus, it
is important to calibration the direction of the P;. This process is shown in Fig. 4(c). Due to
the orientation of SD1 is perpendicular to the polarization direction of irradiated LPUV light
[29], the direction of polarizer P; should be orthogonal to the rubbing direction, to give SD1 film
initial orientation same as rubbing direction. The polarizer P; was fixed on a rotation stage with
a high accuracy of about + 820 prad, ensuring 45° alignment intervals between each sub-pixel.
The polarizer P, was fixed at 0° above Py on the mechanical structure of DMD system. Rotate
P} by 360° and record the transmission intensity using a power meter. A sine curve fitting was
achieved. The initial orientation of P was fitted to be 124° with an uncertainty of + 0.7°. After
P, was calibrated, P, was replaced with the empty LC cell along 0° with rubbing direction on PI
substrate. The photoalignment process of SD1 layer is shown in Fig. 4(d). Rotate the polarizer
P; to the corresponding angle and project the four mask images onto the SD1 layer respectively
to form the pixelated orientation. For each mask image, the exposure dose is 5 J/cm? to achieve a
strong azimuthal anchoring energy.

As shown in Fig. 4(e), LC-4k material was injected into the empty LC cell at 70 °C after
photoalignment, and ergo epoxy adhesive was used as end-sealing. Then, a dichroic film polarizer
(EXR > 100 for 400 - 500 nm, EXR > 1000 for 500 - 550 nm, EXR > 7000 for 550 - 680 nm) was
manually pasted onto the outer surface of the bottom substrate using a protractor. The axis of the
polarizer was consistent with the rubbing direction, and the orientation error is less than + 0.5°.

The sub-pixel size of the twisted-LCMP was determined by the DMD lithography system.
This method does not need alignment masks, only the rotation of a polarizer and the display of a
different mask in the micromirror device. The DMD used in this system (DLP7000UV, Texas
Instruments Inc.) consists of 1024 x 768 micro-mirrors, with single pixel pitch of 13.68 pym. The
pattern on the DMD can be de-magnified and projected onto the SD1 layer through an objective.
For polarization measurement and imaging experiments, we used a 2x objective and combined
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Fig. 4. Fabrication process of the proposed twisted-LCMP array. (a) Prepare an empty LC
cell. (b) Schematic draw of the DMD lithography system. (c) Calibrate the initial orientation
of polarizer P1. (d) The photoalignment process of SD1 layer (e) Inject LC-4k into the
empty cell and paste the film polarizer on the outer surface of the bottom substrate. (f) Photo
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13 x 13 DMD pixels into one unit for photoalignment exposure. Thus, the twisted-LCMP array
with a sub-pixel pitch of 88.92 pm (13.68 um / 2 x 13) was obtained. This resolution is only
for principle test, it is not an indication of the resolution limit of the proposed twisted-LCMP
fabrication technique. By using high-magnifying objectives and/or by combining less pixels on
DMD, smaller pixel pitch could be achieved easily. The pattern of twisted-LCMP array was
characterized using polarizing microscope. Figure 5 shows the sample’s microphotographs
examined by a linear polarizer. When the sample was illuminated by + 22.5° and + 67.5° linearly
polarized light, the corresponding twisted-LCMPs showed bright state, and the whole device is
uniform with few defects.

To measure the maximum polarized light transmittance and extinction ratio of the twisted-
LCMP array, two single-twisted (22.5° and 67.5°-twisted) LC polarizers with size of 15 mm X 15
mm were prepared. The transmittance testing set up is shown in Fig. 6(a). A deuterium halogen
tungsten light source (DH-2000-BAL) and a linearly polarized plate were used to generate 0°
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Fig. 5. Microphotographs of a fabricated twisted-LCMP array show the four twisted-LC
polarizers in one superpixel (red square). The sample was illuminated with linearly polarized
input light oriented at: (a) 22.5°; (b) 67.5°; (c) —22.5° and (d) —67.5°;

linearly polarized incident light. The single-twisted LC polarizer sample was fixed on the high
precision stepper motor rotation stage (K10CR1, from Thorlabs Inc.), and the rotation stage was
controlled by computer to rotate 180° continuously during the test. At the same time, a fiber
spectrometer (USB4000, from Ocean Optics Inc.) was used to record the spectral transmittance
at 5° intervals. The transmittance of the samples under blue (450 nm), green (550 nm) and red
(650 nm) light are shown in Fig. 6(b) - (¢). For the 22.5° and 67.5°-twisted LC polarizer, it shows
that Malus law can be well satisfied. And the twisted-LC layer has little effect on the original
maximum polarization transmittance (about 75%) of the film polarizer.

Further, we replaced the light source and detector with a He-Ne laser (@632.8 nm) and an
optical power meter (PM 100, from Thorlabs) to accurately measure the extinction ratios of the
22.5° and 67.5°-twisted LC polarizer. The extinction ratio calculation (EXR) can be expressed as:

P —Py

EXR= ———.
P_L—P()

(N
where, P| and P, are the transmitted light power when the incident linearly polarized light is
parallel or perpendicular to the LC director at the entrance plane. Py is the average power of
background in the darkroom. The test results are summarized in the Table 1.

At 632.8nm wavelength, the extinction ratio of the film polarizer is 8067. And the polarization
efficiency PE decreases with the increase of the twist angle, so the EXR of the 22.5°-twist LC
polarizer is relatively larger, which is consistent with our previous conclusion. For a 6.6 um LC
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Fig. 6. (a) Transmittance test set up. The transmittance of (b) 22.5°- and (c) 67.5°-twisted
LC polarizer at 450 nm, 550 nm and 650 nm conformed to Malus law.

Table 1. Extinction ratios of the dichroic film polarizer and two different twisted-LCMPs at 632.8 nm

Py (W) P (W) Py (uW) EXR

Dichroic film polarizer 960 0.130 0.011 8067
22.5°-twisted LC polarizer 855 0.147 0.011 6286
67.5°-twisted LC polarizer 756 0.522 0.011 1479

layer, the theoretical EXR of 22.5° and 67.5°-twist LC polarizers calculated by Jones matrix are
7316 and 2838 (@ 632.8 nm), respectively. The test values (6286 and 1479) are slightly lower
which can be attributed to small deviation in fabrication.

4. Polarization measurement and imaging experiments
4.1. Establishment and calibration of polarimeter system

In order to verify the performance of the proposed twisted-LCMP, series of polarization
measurement and imaging experiments were carried out. The optical set up is shown in Fig. 7.
A monochromatic collimating beam was generated using a white LED, a collimating lens and
a bandpass filter with full width at half maxima (FWHM) of 10 nm. The central wavelengths
of the filters used in the experiment were 488 nm, 546 nm and 633 nm, respectively. Series
of incident light with different polarization states were obtained by rotating linear polarizer
and achromatic M4 waveplate (AQWP10M-580, Thorlabs). A monochrome COMS camera
(DCC1545M, Thorlabs) with pixel size of 5.2 um and resolution of 1280%1024 (8-bit grayscale)
was used to capture the image. Using a double telecentric lens (F/12) as a relay lens, the
twisted-LCMP array could be imaged on the focal plane of the camera forming a polarimeter
system.

Firstly, the twisted-LCMP should be aligned with CMOS array. It has been reported that
[30] alignment deviation along x and y needs to be controlled within 10% of the size of the
micropolarizer pixels to maintain good performance of the DoFP. Each sub-pixel size of the
twisted-LCMP array is 88.92 um, roughly equivalent to 17 CMOS pixels (88.4 pm). Therefore,
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alignment along x and y is not required, while the rotation error needs to be controlled within
0.2° to meet the deviation less than 10% of sub-pixels on the edge. During alignment, the CMOS
sensor was illuminated with 22.5° polarized light and the LCMP array can be clearly imaged on
the sensor through the relay lens by adjusting the 3-axis stage. Then, the stepper motor rotation
mount was fine-tuned with step of 0.05° to correct the rotation error until the horizontal and
vertical line profile on the edge of the LCMP pixels became uniformly. That is, the average PV of
upper and lower envelopes tended to be 0. The comparison before and after rotation correction
are shown in Fig. 8(a)-(b). The change of horizontal line profile at the edge of LCMP pixels are
shown in Fig. 8(c)-(d). The PV drops from 114 to 5 after correction.

As shown in Fig. 9, correlation algorithm was used to calculate the central coordinates (x, y)
of each 22.5°-twisted sub-pixel corresponding to the CMOS array. Then the central coordinates
of the other three neighbor sub-pixels (x + 17, y), (x, y+ 17) and (x + 17, y + 17) were determined.
These four sub-pixels composed one superpixel (X, Y), and there were 29 x 35 superpixels in
the scene. The average gray value within the range of 9 X 9 in center of each LCMP pixel was
extracted as the measured intensity, Souz,0.

The conventional polarimetric data reduction matrix method [18] is adopted for the calibration
at each measured wavelength used in this paper. The device is illuminated with a series of n
uniform linearly polarized state beams generated by rotating a polarizer. We will use the first
three components of the Stokes vector (Sk) = (Sk, S’{, S’Z‘)T, k=1,...,n. To each sub-pixel m=1,
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Fig. 9. A correlation algorithm was used to determine the position of each pixel. (a) There
are 29 x 35 superpixels in total. First, manually select the center coordinate (in the blue
square) and calculate the initial position of the 22.5°-twisted sub-pixel (red circles). Then,
their center coordinates (green circles) calculated using correlation algorithm. (b) shows a
partial enlargement of the image. The centers of the other three adjacent sub-pixels (yellow
points) were then determined. Extract the average gray value in the center of each sub-pixel
within the range of 9 X 9 (yellow squares) as the measured intensity value.

2, 3, 4 will have an associated analyzer. Then the measured calibration intensities can be written
as:

1 1 1
Ly - §Ly Ay A} A . .
S So
Ly - by AF AT A3
’ ’ = K S v
Li - Iy, A3 A3 A3 ! ! (8)
’ ’ 0 2 sl ...
2 2
Ly o g A AT A3
I.q1 = AS.
Then, the measurement matrix can be obtained by:
A =187 with 7' = sT(ss7)~. 9)

Each row of the calibration matrix A corresponds to the analyzer of each sub-pixel. After
the measurement matrix A is obtained, the incident polarization state S can be calculated by its
pseudo-inverse matrix, Ap~L called the polarization data reduction matrix.

S=A"-T, with AJ' = (ATA)AT. (10)

Where I is the measurement vector of each superpixel captured by CMOS. For linear
polarization imaging, the degree of linear polarization (DoLP) and angle of polarization (AoP)
can be calculated by solved Stokes vector S, as shown in Egs. (11)-(12).

DoLP =[S + 52/Sy; (11)

AoP = % arctan(S,/S1). (12)

4.2. Polarization measurements

Firstly, the DoLP and AoP of different linearly polarized light were measured. The polarizer
was rotated from 0° to 180° at intervals of 10°. The results are shown in Fig. 10(a)-(b). Black
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solid lines represent simulation values of DoLP and AoP. The circles and error bars represent the
average measurements and standard deviations of all superpixels, respectively. The differences
between the simulations and average measurements (errors) for DoLP and AoP are shown in
Fig. 10(c) and (d). The results show that for each test wavelength, the error of DoLP for linearly
polarized light is less than 1.15%. This indicates that the polarimeter system based on proposed
twisted-LCMP has a high accuracy for DoLP measurement of linearly polarized light, which
can meet the polarization detection requirements. The error of AoP is less than 0.65°. The
reconstruction accuracy of AoP could be further improved if using super-pixel calibration method
[31].
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Fig. 10. (a) Degree of linear polarization (DoLP) and (b) angle of polarization (AoP) of
monochromatic polarized light at 488 nm, 546 nm and) 633 nm were measured as a function
of rotating a linear polarizer. The black solid lines represent simulated values. The circles
and error bars respectively represent the mean measurements and standard deviations of all
superpixels. (c) and (d) represent the difference between DoLP and AoP theoretical values
and average measurements.

Serial of polarized light with different DoLP was generated by rotating an achromatic /4
retarder (AQWP10M-580, from Thorlabs) after a 0° polarizer. The retardances of the retarder
were about 87.84° (@488 nm), 86.72° (@546 nm) and 87.05° (@633 nm). The retarder was
rotated from 0° to 180° with a 10° increment. The results were shown in Fig. 11(a)-(c). The
solid points and error bars represent the average value and standard deviation respectively of all
superpixels. Solid lines represent theoretical simulation curves. Figure 11(d) illustrates the error
of DoLP between measurement and simulation. The maximum errors of DoLP are about 7%
(@ 488 nm), 2.5% (@ 546 nm) and 4.3% (@ 633 nm), respectively. The errors of the DoLP
measurements are mainly attributed to the finite bandwidth of the bandpass filter and deviation
of the retarder’s retardances which cannot be removed by calibration. The standard deviations
of DoLP, shown in Fig. 11(e) are less than 1.2% (@ 488 nm), 0.7% (@ 546 nm) and 0.8%
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(@ 633 nm). The results show that the standard deviation of DoLP based on twisted-LCMP
polarimeter is about 1%. For comparison, the average standard deviation of DoLP measured by
the guest-host polymer LCMP polarimeter was about 5.31% [17]. The improvement in this work
is mainly attributed to the higher extinction ratio of the twisted-LCMP which provides higher
SNR. Meanwhile, the polarimeter system adopted in this paper greatly reduced the impact of
misalignment and cross-talk on the measurement.
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Fig. 11. The DoLP were measured as a function of the fast axis orientation of an achromatic
M4 retarder at (a) 488 nm, (b) 546 nm and (c) 633 nm, respectively. The circles and the
solid line presented the average of measurements and the simulated values. The error bars
represented standard deviation in the DoLP of all superpixels. The error (d) and the standard
deviation (e) of the DoLP were plotted as a function of retarder angles.

The remaining errors of the above DoLP and AoP measurements are mainly attributed to round
off errors in intensity extraction and reconstruction calculation. Meanwhile, since the rotation of
the polarizer and retarder were performed manually with an accuracy of about 0.5°, the accuracy
of calibration as well as measurement are also affected by the orientation error of these rotating
devices. These problems could be improved by improving the accuracy of the equipment.

4.3. Imaging experiments

A 0.32x double-telecentric lens (F/8) was placed in front of the twisted-LCMP array as an
objective to perform imaging experiments. The test target was a perforated opaque aluminum
sheet, as shown in the Fig. 12(a). Linear polarizers oriented differently were placed manually in
each hole (4 mmx4 mm). And there was a 4 mm-diameter circular hole at the center without
polarizer. The test target was illuminated by a 546 nm unpolarized light (a white LED combined
with a 546 nm bandpass filter). Raw image captured by the camera are shown in the Fig. 12(b).
DoLP and AoP pseudo-color images are shown in Fig. 12(c) and (d). Due to the intensity gradient
around edges, the measured light flux will fluctuate and the data reduction will miscalculate and
generate a polarization artifact [32]. Therefore, in the final results the data at the edge of each hole
and the opaque part was removed. The average DoLP of the 8 polarizer regions is 0.994 +0.023.
The AoP plot is uniform in polarizer region. The average DoLP of the circular hole in the middle
is 0.021 £ 0.016 due to the unpolarized light directly passing through. The AoP plot is noisy in
this region as expected, since there is no definite polarization axis for unpolarized light.
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Fig. 12. (a) Photo of the test target. Eight polarizers were manually pasted into the square
holes. Red arrows represented the general directions of the polarizers. (b) The test target
was illuminated with a 546 nm unpolarized light source, and the raw image was captured by
CMOS; A red square shows a superpixel on the edge. (c) DoLP and (d) AoP pseudo-color
images of the target. The data at the edge of each hole and the opaque part were removed in
the final results.

Then, the above-mentioned achromatic A/4 phase retarder (86.72° retardance @ 546 nm)
was inserted with a fast axis of 0° after the target. This approach simulated samples with
different polarization characteristics. Figure 13 shows the raw image and the DoLP image. In
the region where the polarizer orientation is near parallel or perpendicular to the fast axis of
the retarder, the output light is near linearly polarized and DoLP is close to 1. When the angle
between the polarizer orientation and the fast axis of the retarder is about 45° (or —45°), the
output light is near-circularly polarized. For linearly polarimeter system, the circularly polarized
light is indistinguishable from unpolarized light. Therefore, DoLP for the +45° polarizer and
non-polarizer regions are both close to 0.

(@) Raw image

0.1

ENAN

Fig. 13. The achromatic A/4 phase retarder was inserted after the test target with a fast axis
of 0°. (a) The raw image of the target. (b) DoLP image of the target.
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5. Conclusion

In this paper, a 4 - domain micropolarizer array based on twisted-LC structure was designed
and successfully fabricated for linear polarization imaging in the visible band. The proposed
twisted-LCMP array was composed of a pixelated twisted-LC layer and a uniform film polarizer.
To obtain the best extinction ratio, the twist angles in superpixels were optimized to be +22.5°
and +67.5°, respectively. The twisted-LCMP array made by DMD lithography system is uniform
with few defects and accurate twist angles. This method does not need aligned masks, and
removes the requirement for any high-precision etching during the fabrication process of the
micropolarizer array. Experimental results show that the extinction ratio of 22.5°-twisted LCMP
is 6286, and that of 67.5°-twisted LCMP is about 1479 (@632.8 nm). A modular polarimeter
system was built for polarization measurement and imaging experiments. The results show that
the error of DoLP is less than 1.15% and that of AoP is less than 0.65° for linearly polarization
input. For different degrees of linear polarization polarized inputs, the error of DoLP is less than
2.5% and the standard deviation is less than 0.7% (@546 nm). All the results indicate that the
polarimeter system based on twisted-LCMP has high measurement accuracy and can meet the
requirements of polarization detection.

Future work will focus on integrating the twisted-LCMP array on the top of an image sensor
like CMOS and CCD to achieve a high-resolution, compact polarization camera. This will make
the polarimeter more convenient to use, especially for outdoor scene. A feasible scheme is to
place the polarizer directly on the sensor as the bottom substrate, and a micro-lenses array can
be used as the top substrate. Turn on the sensor for pixel-to-pixel photoalignment, which could
avoid the alignment error between LCMP and CMOS pixels. Besides, the measurement accuracy
could be further improved by adopting the super-pixel calibration method. This work shows a
promising and cost-effective solution compared to polarization cameras based on MWGP array.
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