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Abstract: The combination of a digital micromirror device (DMD) lithography system and
a rotatable polarizer provides a simple and convenient method to achieve the pixelated liquid
crystal micropolarizer (LCMP) array for polarization imaging. In this paper, two crucial
problems restricting the high-precision fabrication of LCMP array are pointed out and settled:
the dislocation of LCMP pixels caused by parallelism error of the rotating polarizer and the grid
defect caused by the gap between micromirrors. After correction, the maximum deviation of the
fabricated LCMP pixels was reduced from 3.23 um to 0.11 um and the grid defect is eliminated.
The correction method reported here lays a good foundation for the fine processing of liquid
crystal devices with arbitrary photoalignment structure by using the DMD system.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In recent years, the use of polarimetry information is opening new possibilities in biomedicine
[1], sample characterization [2,3], astronomy [4] and many other military fields [5]. This
has prompted the proposal of different imaging polarimeters, which can be categorized as [6]:
division of time polarimeter (DoTP), division of amplitude polarimeter (DoAmP), division of
aperture polarimeter (DoAP), and division of focal-plane polarimeter (DoFP). DoFPs have been
proved as the most ideal system for snapshot polarization imaging due to series advantages of
compact structure, robust performance and portability [7,8].

A DoFP uses a pixelated micropolarizer array as the core element on the image sensor, where
each pixel of both micropolarizer array and sensor is aligned. In commercial polarization cameras,
like Sony IMX250MZR [9], an array of 0°, 45°, 90° and 135° pixelated wire-grid-polarizers is
widely used, and the first three Stokes components (Sg, S;, S2) can be measured in the image.
A pixelated wire-grid-polarizer array, typically with a grating period of 140 nm and duty cycle
of 0.5 [10], is usually fabricated by electron beam lithography (EBL) and inductively coupled
plasma-reactive ion etching (ICP-RIE). This requires nano-scale processing equipment and
complicated processing procedures. Costly, and difficult to ensure its uniformity. Therefore,
more and more researchers focus on the liquid crystal micropolarizer (LCMP) arrays [11-15].
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Based on photoalignment technique, the processing accuracy can be effectively reduced from
nano-scale down to micron-scale, and the fabrication process can also be significantly simplified.

Digital micromirror device (DMD) lithography has been considered as an advanced method
for microstructure processing and three-dimension (3D) printing [16—18]. In recent years, it
has also been studied to achieve different kinds of liquid crystal (LC) elements for optical field
modulation via LC photoalignment technique [19,20]. Generally, the DMD lithography system
is equipped with a rotatable linear polarizer (LP) to generate the linearly polarized light and
LC photoalignment in different direction can be achieved. However, available commercial UV
polarizers (from Thorlabs, Edmund, etc.) all have a parallelism error (usually about 1 - 20
arcmins [21]). Pixel dislocation in the LC element will be generated when the LP is rotated to
different directions. Polarizers with better parallelism need to be customized with a long period
and may cost dozens of times than the commercial products. In addition, the filling ratio of
DMD is limited (about 92% [22]), an interval of about 1 um exists between the micromirrors.
Meanwhile, due to the limitation of projection objective aperture, the edges of each square
micromirror shape are “smeared out” on the image plane. Therefore, under the illumination of
incoherent light source (such as LED), every single micromirror will form an exposure pixel on
the imaging plane whose energy is nearly Gaussian distribution [23,24]. These factors lead to
grid defects in LC pixels. All the above-mentioned difficulties greatly reduce the quality of the
LC device and limit further application of DMD lithography for LC photoalignment technology.
Yet, few researchers have explored them in depth.

Our group has extensive experience in the fabrication of 2D and 3D microstructured devices
via DMD lithography [25,26]. Aiming at the existing problems in fabricating LCMP mentioned
above, a correction method is proposed in this paper for fine-tuning the LC cell using a precise
piezoelectric stage. After correction, the maximum deviation of the fabricated LCMP pixels is
reduced from 3.23 pm to 0.11 um and the grid defect was eliminated. A 4-domain twisted liquid
crystal micropolarizer (LCMP) array is fabricated successfully and modular DoFP system is built
for polarization imaging experiments. The results indicate that the LCMP has good uniformity
and optical performance after correction, which could meet the requirement of linear polarization
imaging.

2. Fabrication of the LCMP array

The DMD lithography system is shown in Fig. 1(a). A LED light source (CBM-120-UV, from
Luminus), with a central wavelength of 405 nm and full-width at half maximum (FWHM) of 15
nm, is collimated and evenly irradiated on the DMD. The DMD (DLP7000UV, Texas Instruments
Inc.) used in the system is composed of 1024x768 micromirror array with single pixel pitch L
of 13.68 um. A nanoparticle linear polarizer (LPUV 100, from Thorlabs) [21] is mounted on a
rotating stage to generate linearly polarized light in different direction. The LC cell is fixed on a
piezoelectric stage (P11.XYZ100S, from CoreMorrow) for correction.

The structure of LC cell is shown in Fig. 1(b). The inner surface of the top substrate is coated
with polyimide (PI), which makes the LC molecules to align along the rubbing direction. The
inner surface of the bottom substrate is coated with a photoalignment material SD1 [27] as the
image plane of DMD lithography system. The two substrates are assembled together using sealant
(NOA-68) mixed with 6.5 um spacers. A thin film polarizer is attached to the outer surface of the
top substrate with polarization axis parallel to the rubbing direction of the PI layer. When the LP
is rotated to each design angle, the corresponding DMD mask will be projected onto the SD1
layer, as shown in Fig. 1(c) and (d). For each mask image, the exposure dose is 5 J/em?, then a
pixelated photoalignment structure on SD1 layer is formed. Then, LC material is injected into
the empty cell, and a twisted LCMP is formed. Each sub-pixel serves as a polarization rotator in
different direction. Four adjacent sub-pixels are regarded as a superpixel.
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Fig. 1. (a) Schematic diagram of DMD lithography system. (b) Structure of liquid crystal
cell. (c) The four angles of the linear polarizer (LP) for photoalignment. (d) DMD patterns
of four sub-pixels in the LCMP array.

The mask patterns shown in the DMD are reduced by a projection lens and then exposed on the
image plane. Each on-state DMD micromirror forms a single exposed pixel after being projected
on the substrate. The exposure pixel size is defined as the product of the pixel size on the DMD
array and the reciprocal of the magnification of the projection lens. The 2x objective (#59-875,
from Edmond Optics) is used in our experiment, and the size of a single exposed pixel is 6.84 pm
(L/2 =6.84 um). If an objective with a larger magnification is used instead, devices with smaller
single exposed pixel can be fabricated.

A LCMP sample is fabricated directly using the method above, however, the structure of the
sample is irregular. As shown in Fig. 2(a), there are grid defects in each sub-pixel and adjacent
pixels overlap and dislocate. These disadvantages will severely limit the application of LCMP.
The sub-pixel dislocation will cause it to fail to align with the pixel of the image sensor, and grid
defects will lead to the decrease of the optical performance of the LCMP.

In order to find out the causes of these problems, a substrate coated with photoresist is used to
replace the LC cell for photolithography exposure, and the structure shows in Fig. 2(b). Firstly,
the overlapping of adjacent pixels in LCMP is caused by the dislocation of the DMD micromirror
projection on the image plane. This should be due to the poor parallelism of the polarizer LP. A
wedge angle between top and bottom substrates of the LP will lead to the dislocation of sub-pixels
when the polarizer rotates to different angles. Second, each exposure pixel projected from the
DMD micromirror and its boundaries within each pixel are clearly visible. This meanly caused
by the limited DMD filling ratio. Gaps between the micromirrors cannot be exposed on the
image plane. In addition, due to the diffraction characteristics of the projection objective, the
edges of each square micromirror shape are “smeared out” on the image plane, which further
aggravated the grid effect.

These two problems need to be solved in the preparation process of LCMP. Next, we will
explain the mechanism of these problems and provides correction methods.
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Fig. 2. Micrograph of (a) the LCMP array sample with severe sub-pixel dislocation and
grid defect. (b) The pixel structure on photoresist, using 2x objective and combining 3*3
DMD exposed pixels.

3. Correction methods

In this paper, linearly polarized light with different polarization angles is produced by the rotating
LP. It is necessary to calibrate the angle of LP first, as shown in Fig. 3(a). Since the orientation of
SD1 is perpendicular to the direction of the 405 nm linearly polarized light, the orientation of LP
should be perpendicular to the rubbing direction of PI. A polarizer (marked as Py) is placed above
LP and the transmission axis of Py is parallel to the friction direction of PI of the LC cell. Then,
rotate LP by 360° and a power meter is employed to record the power at 5° intervals. The relation
between the rotation angle of LP and power is shown in Fig. 3(b). Black dots represent measured
values, and the red solid line is the fitting sin’> curve followed Malus’ Law with least-square
method. The orientation of LP is fitted to be 124°. The four polarization angles of the designed
LCMP are 22.5°, 67.5°, 112.5° and 157.5° (twist angles of +22.5°, + 67.5°) [28]. Thus, the four
rotation angles of LP are 146.5°, 191.5°, 236.5° and 281.5°, respectively.
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Fig. 3. (a) Calibration process of the polarizer LP orientation. (b) Malus’ law is followed
for sin® curve fitting and the orientation of LP is fitted to be 124°.
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3.1. Dislocation

A commercial polarizer has a certain parallelism error, that is, a wedge angle exists between the
top and bottom surface of the polarizer. This will cause the center position of the projected image
to be offset when the LP is rotated to different directions, as shown in Fig. 4(a). The offset Ar is
determined by the wedge angle «, refractive index n of the LP, and the distance from the top
surface of the LP to the image plane Az, which is shown by Eq. (1):

Ar = (n— l)adz. (1)

Since @, n and Az are fixed, the offset value Ar is unchanged and its direction is consistent
with the direction of LP wedge 6. When the LP rotates, the direction of LP wedge also changes,
which causes the projected DMD image on the image plane rotate with the radius of Ar. Take the
X, Y movement direction of the piezoelectric as the coordinate axis and use the offset rotation
center as the coordinate origin. Assuming the initial azimuth of LP wedge is 8y, the projection
component of the center offset (xg, yg) of the projected image in this coordinate system is:

xo = Arcos b

2

Yo = Arsin 6.
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Fig. 4. (a) Diagram of the dislocation caused by the rotation of the LP wedge. (b) The
relative distance Ax, Ay between (x;, y;) and (xg,yg). (c) The exposure points are separated
for easy measurement under the microscope. (d) The positions of dislocations at four LP
angles.

The initial position of the LP on the rotation stage is set as 9 = 0°. When the LP is rotated by
an angle Ay; and a same image is projected, as is shown in Fig. 4(b). The projected component
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of the new image center offset (x;, y;) is:

x; = Arcos(6y + Ay;)

. (3
yi = Arsin(6y + Ay;).
The distance Ax and Ay between (x;, y;) and (xg, yo) can be measured and the center offset
(x;, y;) can be solved:
X; = X0 + Ax = xo cos Ay; — yo sin Ay;

i = Yo + 4y = xo sin Ay; + yo cos Ay;. @

According to Eq. (4), just take two non-coincident points and measure the relative distance
Ax, Ay between the two points, (xg, yg) can be determined. Then, Ar and 6y can be calculated
according to Eq. (2), and the offset components of four polarization angles are obtained. Finally,
the dislocations at the four polarization angles are compensated by the preset motion of the
piezoelectric stage.

In the experiment, the single-pixel point M is exposed at the initial position of LP ¥ =
0°, (Ayy = 0°), and the single-pixel point N is exposed by rotating the LP to any angle (the
position where Ay = 90° is selected in the experiment). Since the two points are very close to
each other and cannot be distinguished, point M and point N are separated for measurement in
the experiment. A line segment PQ of 10 pixels (68.4 um in length) and two rows of exposure
points perpendicular to each other are added as coordinate axes to facilitate the alignment of
direction. PQ and coordinate axes are exposed at the initial position of LP ¢y = 0°. Point M and
point N are 5 pixels above point P and point Q, respectively. The measurement is taken using
a microscope (Olympus BX53M), as shown in Fig. 4(c). The measured and calculated Ax, Ay
obtained by extracting the position of the pixel have an error within + 0.10 um. Consequently,
the maximum error of Ar is about+0.10 um when the angle between the two points is 90°.
According to the measurement, Ax is 4.11 +0.10 um and Ay is —=2.05 + 0.10 ym.

By substituting Ax and Ay into the Eq. (4), the coordinates of point M are —1.03 +0.03 and
3.08 + 0.09, the coordinates of point N are 3.08 + 0.09 and 1.03 + 0.03, respectively. The size of
Ar is about 3.24 + 0.10 pm; and 6y is about 108.5°. According to the values of Ar and 6y and
the four LP angles of Ayy = 146.5°, Ayp = 191.5°, Ayc = 236.5° and Ayp = 281.5° the offset
components along the X and Y directions of piezoelectric motion at the four LP angles A, B,
C and D in the experiment are calculated, as shown in Fig. 4(d). The horizontal and vertical
coordinates of each point represent the distance to be compensated for the dislocation along
the X and Y directions of the piezoelectric stage. Since the maximum error of Ar is = 0.1 pum,
each point has a corresponding error. After calculation, A is at (2.56 +0.08, —2.00 + 0.06), B
is at (0.40+£0.01, =3.23£0.01), Cis at (-2.00 £ 0.06, —2.56 + 0.08) and D is at (-3.23 + 0.01,
—0.40+0.01). It can be seen that the maximum dislocation along the X and Y directions is
3.23 £0.01 um. The offset components along the X and Y directions of the four sub-pixels of
LCMP are programmed and input the piezoelectric stage for precise displacement. By this means,
the dislocations of LCMP sub-pixels are improved.

3.2. Grid defect

DMD consists of many micromirrors. Each of the DMD micromirror is independent and an
interval of about 1 pm exists between the micromirrors. Meanwhile, due to the limitation of
projection objective aperture, the high-frequency part of the diffractive light from the “on"-state
micromirrors is removed. Therefore, under the illumination of incoherent light source (such as
LED), every single micromirror will form an exposure pixel on the imaging plane. Therefore,
there will be grid defect in every single pixel of the LCMP array. A superposing exposure method
is proposed to eliminate the grid defect.
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In this experiment, a 2x objective (#59-875, from Edmond Optics) is used. The illumination
profile from a single micromirror S (x, y) in row m and column » is expected to be a convolution
between the micromirror shape M (x, y) and the point-spread function PSF (x, y), as shown in
Eq. (5). This convolution will tend to “smear out” the square mirror shape.

S(x,y) = M(x,y) * PSF(x,y). %)

The energy of the exposed pixels projected by DMD micromirrors in the range of i #j (0 <i <
1024, 0 < j < 768) can be expressed as Eq. (6):

i
Lum = ) D PuaSCc+ mh,y + nh), (6)

m=0 n=0

where P, , is the intensity coefficient related to exposure time; % is equal to the size of a single
exposed pixel (h = L/2). In Fig. 5(a-i), it shows the energy distribution on the cross section in
X direction of an LCMP sub-pixel generated by k * k DMD pixels (i =k, j =k). To eliminate
the grid defect showed in Fig. 5(b-i), it is necessary to compensate for the energy in the gap of
adjacent DMD exposed pixels. Here, the piezoelectric stage is used to drive the LC cell, allowing
the designed mask patterns to be superposed on the gap between adjacent exposed pixels.
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Fig. 5. Correction method for grid defect. (a) Schematic draw of the cross-section energy
distribution in the X direction of an LCMP sub-pixel. (b) Schematic draw of the process of
the correction method for grid defect. 1/2 exposed pixel superposition in X and Y direction
on the original k * k DMD exposed pixels.

After the distances of Ax and Ay (0<Ax’<h, 0<Ay’<h) are moved along the X and Y directions,
respectively, the sum energy of exposed pixels is given by Eq (7):

i
L, = Z Z P unS(x+ mh+ AxX',y + nh + Ay'). (7)
m=0 n=0
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Here Ax” and Ay’ are equal to h/2, P,, , is the intensity coefficient. The energy distribution on
the X-direction cross section of the transverse dislocation unit is shown in Fig. 5(a-ii). According
to Eq. (7), a mask pattern of (k—1) * kK DMD pixels is designed and exposed at the dislocation of
1/2 exposed pixel along the X direction and a mask pattern of k * (k—1) pixels is designed and
exposed at the dislocation of 1/2 exposed pixel along the Y direction, as showed in Fig. 5(b-ii)
and (b-iii).

Because we use incoherent source (LED) for illumination, the flux-density contribution of
exposed pixels is additive, as shown in Fig. 5(a-iii). In this way, the final energy distribution in
the range of k * kK DMD exposed pixels is shown in Eq. (8):

Iin = Lum + Ly, ®)

By controlling the exposure time, the energy of the superposing exposure in the gap is the
same as the energy at the center of the single exposed pixel. From the energy distribution on
the X-direction cross section, as shown in Fig. 5(a-iv), the gap between adjacent exposed pixels
can be effectively filled after superimposed exposure. By this means, the grid defect in LCMP
sub-pixel is eliminated, as shown in Fig. 5(b-iv).

3.3. Fabrication and characterization of the LCMP array after correction

A LCMP array is fabricated successfully using the correction method above, and a photo of
the LCMP array device shows in Fig. 6(a). A 2x objective is used here and 13 * 13 DMD
pixels are combined into one sub-pixel. The LCMP array contains 39 * 29 superpixels in total.
Since the size of a DMD exposed pixel is 6.84 pm (13.68 um / 2), the pitch of a sub-pixel is
88.92 um (6.84 um * 13). The four sub-pixels (named A, B, C and D) are exposed at 146.5°,
191.5°, 236.5° and 281.5°, respectively. Thus, the photoalignment on SD1 layer is supposed to
be 22.5°, 67.5°, 112.5° and 157.5°. Each sub-pixel serves as a polarization rotator, twist angles
of £22.5°, +67.5°.

(a) LCMP photo (b)  2x objective 13*13 DMD pixels (¢)  10x objective 4*4 DMD pixels

L B
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Fig. 6. (a) Photo of the LCMP. Its size is 6.94 mm*5.16 mm. (b) Micrograph of the LCMP
array with a sub-pixel pitch of 88.92 um using 2x objective and combining 13*13 DMD
exposed pixels. (c) Micrograph of the LCMP array with a sub-pixel pitch of 5.47 um using
10x objective and combining 4*4 DMD exposed pixels. The dislocation and grid defect
are improved after correction. Both of two LCMP arrays are illuminated by 22.5° linearly
polarized light.

Dislocation correction is carried out for each sub-pixel according to the direction and distance
marked in Fig. 4(d). Grid defect is also corrected using the process showed in Fig. 5(b). A
mask pattern of 12*13 DMD pixels is designed and exposed to get the transverse dislocation
single-polarization unit and a mask pattern of 13*12 DMD pixels is exposed to get the longitudinal
dislocation single-polarization unit. For each sub-pixel, the exposure dose should be added up to
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5 J/cm? (exposure time of about 80 s in our system). We the exposure time. The adjusted exposure
time is divided into 40 s for the original sub-pixel and 20 s each for the transverse and longitudinal
dislocation units respectively. The LCMP is illuminated by 22.5° linearly polarized light and
a micrograph is captured as shown in Fig. 6(b). After correction, the maximum dislocation of
the device in X and Y directions is corrected from 3.23 pum to less than 0.11 pm (including the
round-off error in calculation of about 0.01 um and the measurement error of about 0.1 um in the
microscope) and the grid defect is eliminated.

We also fabricated a LCMP sample with smaller pixel, using a 10x objective (#59-877, from
Edmond Optics) and combining 4*4 DMD pixels into one sub-pixel for photoalignment exposure.
The LCMP array with sub-pixel pitch of about 5.47 um (13.68 um / 10 x 4) have been achieved
successfully after the correction of the dislocation and grid defect. The sample is illuminated by
22.5° linearly polarized light and a micrograph is captured as shown in Fig. 6(c). It also shows a
regular structure. It can be seen that the correction method proposed in this paper is of great
significance for the development of micropolarizer arrays based on LC photoalignment technique.

4. Polarization imaging experiment

A modular DoFP system is built for principle polarization imaging experiments. The LCMP array
should be aligned with CMOS array and calibrated first [29]. As shown in Fig. 7(a), A white LED
combined with a 632.8 nm bandpass filter (FWHM of 10 nm) and a collimating lens is used for
illumination. Indeed, twisted LC cannot provide strictly consistent polarization rotation angle for
different wavelength. While in this paper, due to the use of large LC material, Mauguin condition
is satisfied in most visible wavelengths [28]. Thus, there wouldn’t be significant difference in
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Fig. 7. Schematic diagram of optical setup for aligned with CMOS array and calibrate (a)
The average gray value of the four sub-pixels changed with the polarization direction of the
incident light. (b) The internal structure of LCMP recorded by CMOS when the analyzer is
at the four angles of 22.5°, 67.5°, 112.5° and 157.5°.
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the results of polarization imaging between broadband and a single wavelength. The pixel size
of the CMOS camera is 5.2 pm, and the sub-pixel with a pitch of 88.92 um designed in this
paper roughly corresponds to 17 * 17 (88.4 um * 88.4 um) pixels in the CMOS camera. Using
a double telecentric lens (F/12) as a relay lens, the LCMP array can be imaged on the focal
plane of the camera. The LCMP is illuminated with a series of uniform linearly polarized state
beams generated by rotating a polarizer from 0° to 180° at intervals of 10°. The gray value
corresponding to the sub-pixels are extracted. The average gray value curve with the of rotation
angle is shown in Fig. 7(b). When the polarizer is at the four angles of 22.5°, 67.5°, 112.5° and
157.5°, the internal structure image of the LCMP array recorded by the CMOS is shown in the
Fig. 7(c).

The extinction ratio can be used to evaluate the polarization performance of LCMP. The
extinction ratio [30] calculation of images extracted by CMOS is as follows:

T = Gmax

Gmin

(€))

where, G, and G, respectively represent the average maximum and minimum gray values of
the sub-pixels with the same twist angle, respectively. The angle corresponding to the maximum
gray value and the minimum gray value differs by 90°. According to the numerical calculation
in Fig. 7(a), the extinction ratios T of the four sub-pixels are 34.12, 27.24, 24.47 and 32.76,
respectively.

In order to verify the performance of the fabricated LCMP, polarization imaging experiment
was carried out. The optical setup is shown in Fig. 8(a). A 0.32x double telecentric lens (F/8)

White LED

(a)
Test  Collimating  632.8 nm filter

LCMP

1x Telecentric lens 032x Telecentric lens object lens (FWHM 10 nm)

it

100 pm

Unfilled superpixel
0 = Defective superpixel

0 20 40

Number
Fig. 8. (a) Schematic diagram of a modular DoFP system for polarization imaging (b) Raw
image of the test object captured by CMOS. (c) DoLP pseudo-color image of the test object.
(d) A fitting figure of the numerical distribution of DoLP.
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is used as an image objective in front of the LCMP. The test object is the perforated aluminum
plate. The perforated part consists of four letters “N”, “E”, “N” and “U” covered with a polarizer
different orientation, respectively (polarization axis of in —45°, 0°, 45° and 90°). The raw image
captured by a CMOS camera is shown in Fig. 8(b). The part of each letter that occupies an
entire superpixel is extracted (marked with an orange box). The data at the edge of each hole and
the opaque part were removed in the results. The degree of linear polarization (DoLP) [31] is
calculated and its value distribution of each superpixel are shown in Fig. 8(c). Superpixels where
DoLP significantly deviate from 1 can be attributed to the opaque edges (blue circles) and defects
on the polarizer (pink circles) that cause abnormal intensity differences and lead to calculation
errors [32]. The values of DoLP are in the range of 0.998 + 0.028. It proves that the uniformity
of polarization imaging by using the fabricated LCMP array is good. Therefore, it is verified that
the fabricated LCMP by our method has achieved an excellent result, and it holds great promise
for developing a cost-effective polarization camera.

5. Conclusion

DMD lithography system combined with a rotatable linear polarizer is a flexible and effective
method for LC photoalignment. However, dislocation among the exposure patterns in all
directions and the grid defect of the sub-pixels will have a great impact on the precise processing
and performance test of the pixelated LC devices. Focusing on the fabrication of LCMP array,
we introduced the reasons for these problems and proposed solutions for micro-displacement
correction and superposition exposure compensation using the piezoelectric stage. Finally, the
LCMP array without dislocation and grid defect is fabricated. The polarization imaging test have
shown good results. By replacing the projection lens with a larger multiple, LCMP array with
smaller pixels has potential to be fabricated for integrating directly into a polarization camera.
The correction method presented in this paper plays an important role in the precision process of
LC photoalignment using DMD system.
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