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Abstract: Based on the navigation strategy of insects utilizing the polarized skylight, an integrated
polarization sensor for autonomous navigation is presented. The polarization sensor is fabricated
using the proposed nanoimprint photolithography (NIPL) process by integrating a nanograting
polarizer and an image chip. The NIPL process uses a UV-transparent variant template with nanoscale
patterns and a microscale metal light-blocking layer. During the NIPL process, part of the resist
material is pressed to fill into the nanofeatures of the variant template and is cured under UV
exposure. At the same time, the other parts of the resist material create micropatterns according to
the light-blocking layer. Polymer-based variant templates can be used for conformal contacts on
non-flat substrates with excellent pattern transfer fidelity. The NIPL process is suitable for cross-scale
micro-nano fabrication in wide applications. The measurement error of the polarization angle of
the integrated polarization sensor is +0.2°; thus, it will have a good application prospect in the
polarization navigation application.

Keywords: nanoimprint photolithography process; cross-scale micro-nano process; polarization
sensor; navigation

1. Introduction

Navigation technique is an essential ability to survive and develop for human beings
and becomes increasingly important in a wide range of applications in both military and
civil fields [1,2]. Consequent to several billion years of evolution, many animals, espe-
cially insects, have formed ingenious navigational capabilities. Some of them are sensitive
to the polarization of light and utilize polarization information for communication and
navigation [3-6]. The bionic polarization navigation inspired by the biological celestial po-
larization orientation method has advantages such as autonomy, immunity to interference,
and no error accumulation [7]. Biomimetic navigation devices based on the polarization of
the skylight have been developed [8-12]. Compared with photodiode-based polarization
sensors, image-based polarization sensors are less susceptible to the surrounding environ-
ment, occlusion, or other external factors. In our previous paper [10], a multidirectional
nanowire grid polarizer was integrated into a complementary metal oxide semiconductor
(CMOS) sensor through nanoimprint lithography. A gap exists between the nanowire
polarizer and the image plane due to the glass package cover of the CMOS sensor, and the
level of integration has further room for improvement.

With respect to the integration of the nanowire polarizer and the image chip, it
involves a micro-nano cross-scale process for the nanowires and other patterns such as the
electrodes of the image chip. Among the fabrication techniques of micro- and nanoscale-
integrated structures, the multistep shaping method [13-15] combines the commonly
used microprocesses such as MEMS with nanofabrication technology to perform multiple
pattern transfers on the same substrate, and finally, the micro- and nanoscale-integrated
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structures are obtained. It is flexible and can realize multiscale-integrated structures with
complex patterns. However, the multistep shaping method usually requires multiple
“lithography—etching” processes to process patterns for different sizes, in which the steps
need to be precisely aligned with each other, and the accuracy of pattern transfer is easily
reduced, resulting in a complex, time-consuming, and costly process. As commonly used
nanofabrication techniques, electron-beam lithography (EBL) and focused ion beam (FIB)
have high resolution but costly equipment and low efficiency and, therefore, are especially
not suitable for micronlevel or larger patterns [16,17]. Nanoimprint lithography (NIL) is
highly adaptable in both research and industry because of its high throughput and low cost,
which can prepare micro- and nanostructures on large areas with high efficiency [18-21].
NIL replicates nanostructures on a template onto a polymer film by driving polymer flow
through mechanical extrusion. With a core of polymer flow, NIL thus has some potential
deficiency; for example, the amount of polymer flow required is different for different sizes
of feature structures at different locations, and larger structure features on the template will
require more polymer flow transferred at a far distance. Filling efficiency is different, and
pattern replication may result in pattern defects or incomplete pattern filling. This problem
is more obvious when producing cross-scale structures with non-uniform distributions.
Such limitations of NIL are inherent and are related to the fabricated patterns, which
cannot be solved by methods such as optimizing the process parameters of nanoimprinting
technology. To enable the fabrication of micro—nano cross-scale structures, especially
when it comes to the fabrication of large-area structures, NIL needs to break through its
limitations. In addition, the lithography process is the most central bottleneck process in
the micro- and nanomanufacturing industries such as integrated circuit manufacturing. In
addition to the further development of new lithography techniques suitable for smaller
patterns, improving the accuracy and flexibility of the existing lithography process is also
of extraordinary significance for micro- and nanodevice fabrication. Some methods based
on nanoimprinting and standard photolithography are reported. Cheng et al. proposed the
combined nanoimprint and photolithography (CNP) using the hybrid mask-mold (HMM)
and with the CNP method, resist patterns with a higher aspect ratio and with no residual
layer can be obtained in a single step [22]. The utilized HMM was made from fused silica by
appropriate lithography and RIE process. Christiansen et al. demonstrated the fabrication
of polymer optics with nm to mm features by CNP [23,24]. The CNP stamp was fabricated
through EBL on a quartz wafer. Lohse et al. demonstrated a scalable method via CNP for
the preparation of microfluidic channels with nanopatterns. The excellent compatibilities
of the polymer master to the UV-PDMS stamp and further between the UV-PDMS stamp
and the imprint resist mr-NIL are the key factors for replication on large scale with high
accuracy [25].

This paper demonstrates a nanoimprint photolithography (NIPL) process that inte-
grates conventional optical lithography into nanoimprint lithography, sharing the advan-
tages and compensating for each other’s limitations, using the mechanical deformation
mechanism of nanoimprinting to replicate nanoscale patterns and the selective curing
mechanism of optical lithography to make micronscale patterns, by a freely definable
micro—nano variant template. The variant template is made from a common UV transpar-
ent soft stamp via the T-NIL and lift-off process, which can achieve conformal contacts on
non-flat substrates with excellent pattern transfer fidelity. Through the NIPL process, the
polarization navigation sensor is fabricated by integrating an image chip with a multiorien-
tation nanowire polarizer. Finally, a performance test is implemented, and the measurement
results are presented.

2. Nanoimprint Photolithography (NIPL) Process for Micro-Nano Cross-Scale
Integration Process

Depending on the curing principle of the utilized resist, NIL can be divided into ther-
mal NIL (T-NIL) and UV NIL, with the use of thermally or UV-cured resist, respectively. For
the UV NIL process [26], when exposed to UV light, the small molecules of the resist poly-
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mer undergo photochemical reactions to form macromolecular networks, with a dramatic
increase in mechanical strength and thermal and chemical stability, which are not easily
soluble. Some photolithography negative resists also have similar photochemical reaction
characteristics, such as SU-8 photoresist, so these photosensitive photolithography negative
resists can be used in the UV NIL. Another similarity between UV NIL and conventional
optical lithography is that the required templates in both are made of UV-transparent ma-
terials. While the masks commonly used in conventional optical lithography are graphite
printed on a PET film or chromium deposited on glass, the molds commonly used in the
UV NIL are quartz glass or polymeric soft molds. Quartz glass mold is hard and brittle and
tends to exert permanent damage such as fractures when in use. A flexible polymer mold,
by contrast, can avoid damages, where the pattern of the master mold is first copied 1:1 to
the polymer mold and then transferred to the polymer film. The polymer mold not only
avoids the “hard-hard” contact between the master mold and the substrate, thus prolonging
the service life of the expensive master mold, but also ensures high fidelity by conformal
contacts on uneven substrates due to the flexible characteristics of the soft mold, which
extends the application of NIL for complex functional devices. In this paper, a nanoimprint
photolithography (NIPL) process is proposed based on the respective characteristics of UV
NIL and photolithography, correlating the similarities between them by using a UV-curable,
imprinting resist material and a freely definable micro—nano variant template according to
the requirements. A cross-scale micro-nano-integrated fabrication is realized.

2.1. Fabrication of the Variant Template

Variant templates are made of UV-transparent polymer films that include nanoscale
surface structures as well as larger metal light-blocking layers that can be used as both
imprint molds for defining nanopatterns and lithographic masks for defining the patterns at
the micronscale and larger. The nanoscale features of the variant template are fabricated via
the T-NIL process, followed by deposition and lift-off processes to fabricate the light-blocking
layers on the variant template as a lithographic mask. The variant templates can be made
from the same NIL master mold to apply in different applications, and the light-blocking
layer of the variant template can be designed according to the application requirements
using conventional MEMS processes, which greatly enhances the flexibility and adaptability
of the NIPL process and dispenses with the needs for additional expensive equipment.

The process flow of fabricating the variant template is shown in Figure 1.
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Figure 1. Process flow diagram of variant template fabrication: (a) replication of nanostructures of
the variant template by T-NIL; (b) fabrication of micropatterns of the variant template via optical
lithography; (c) deposited metal as a light-blocking layer of the variant template; (d) the variant
template after lift-off process; (e) parameters for T-NIL.

Firstly, the nanostructures of the variant template are replicated from the master
mold (generally silicon or nickel mold) using T-NIL (Figure 1a). The parameters for the
T-NIL are shown in Figure le. The soft mold is placed on top of the master mold with
sufficient surface contact to remove the air bubbles between the soft mold and the master
mold. The imprinting temperature is generally up to 20-50 °C above the glass transition
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temperature (Tg) of the polymer mold, and therefore the polymer mold has good fluidity.
High temperature and high pressure are maintained for a period to ensure the polymer
mold sufficiently flows and fills into the concave structure of the master mold. Subsequently,
the temperature is reduced to the demolding temperature, which is generally 2040 °C
below the Tg of the polymer mold.

Secondly, the metal film is deposited as a light-blocking layer with the desired mi-
cropattern in combination with optical lithography (Figure 1b,c).

Finally, after the lift-off process, the variant template is obtained with the nanoscale
patterns and micronscale light-blocking layer (Figure 1d).

2.2. NIPL Process

The steps of the NIPL process are very simple, as shown in Figure 2. The variant
template is first pressed into the resist film while being UV-exposed (Figure 2a,b). The part
of the resist under UV exposure is cured, and the other part under the metal light-blocking
layer remains. After the variant template and substrate are separated, the substrate is
immersed in the developing solution to remove the unexposed resist. Both nanoscale and
larger-scale patterns can be produced in the resist film in one single step. The NIPL process
requires no additional equipment and can be performed with existing NIL machines; it
can produce complex, cross-scale structures including nanoscale patterns in a single step
without the need for multiple alignments and lithography processes, and the production
accuracy is comparable to that of conventional NIL.

variant template _ . | O A A R A4
resist - --
st I —
(a) (b)
(©) (d

Figure 2. NIPL process flow chart: (a) resist is spin-coated on the substrate; (b) UV exposure; (c)
cured resist under UV exposure; (d) the cross-scale structures with nano- and larger-scale patterns
after demolding and development.

3. Polarization Navigation Sensor with the Integration of Multidirectional
Nanogratings and the Image Chip

3.1. Integrated Fabrication of Multidirectional Nanogratings and the Image Chip

The area of the image chip is 6300 um x 5748 um, with 55 pin electrodes distributed
around the edges, and the electrode size is 80 um x 63 um. The effective pixel array of
the image chip is 732(H) x 492(V), with a pixel area of 6.5 um X 6.5 um, and the effective
image area is 4760 um x 3200 um, shown as “Pixels” in Figure 3.

In the integrated fabrication process, two key issues need to be solved: (1) nanogratings
should be integrated into the pixel area of the image chip; (2) to ensure that the edge-pin
electrodes of the image chip can be connected to the external data acquisition processing
circuit, the metal layer of the chip electrodes should be kept intact and undamaged, and
the electrode surface should be clean and kept free from contamination by reagents such
as the photoresist material during the integration process; both of these factors need to
be considered.

For the integration process, the conventional process is first to fabricate the nanograt-
ings on the pixel area via EBL, NIL, or other nanotechnology; subsequently, the metal film
is deposited to form a metal nanowire polarizer, and the premise is that the electrodes are
covered by the resist film to avoid short circuit to each other; finally, the residual resist and
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metal films on the electrodes are removed through, for example, dry etching or RIE. The con-
ventional process is complicated and particularly difficult due to the edge bead effect. The
edge bead effect is inevitable when coating the resist due to the flow characteristics of the
resist, which leads to a thicker resist film at the edge of the substrate. Small-size substrates
and non-circular substrates will aggravate the edge bead phenomenon [27]. When using
full-chip-exposed lithography techniques such as UV NIL, the inhomogeneity of the resist
film thickness can cause the over-etching of the pattern at the center or under-etching at
the edges. To reduce the effect of edge beads, one of the common methods is chemical edge
bead removal, which employs a chemical solvent dispensed on the edge of the substrate
through a nozzle to eliminate the accumulated resist material on the substrate edge [28-30].
Other approaches, such as covering the edge of the substrate with heat-resistant tape, using
a polymer holder to increase the planarity of the photoresist film, using a bell-shaped cover
to minimize air turbulence while rotating, and the constant volume injection method, have
been reported [31-34].

Figure 3. Optical and microscope photos of the image chip: (a) the photos of the enlarged pixels;
(b) the photo of the full image chip; (c) the photos of the enlarged electrodes.

In this paper, NIPL is used to integrate the nanogratings and the image chip. With the
proper variant template, nanogratings can be fabricated on the pixels, while the electrodes
at the edges can remain clean and intact (Figure 4).

_ Variant template
Electrodes SU-8 photoresist
Pixcls R R
(@) (b)
ovi |l -

| . SU-8
R (cured)
©) (d)
(e) ®

Figure 4. Integration process based on NIPL process: (a) cleaning the image chip; (b) spin-coating
SU-8 photoresist on the image chip; (c,d) NIPL and the exposed SU-8 is cured; (e) metal Al deposited
via thermal evaporation process; (f) the residual SU-8 resist and Al film on the electrodes are removed
via a lift-off process.
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Firstly, the image chip is cleaned to remove dust and organic pollutants. The image
chip is immersed in acetone in a water bath (90 °C) for 10 min, followed by ultrasonic
cleaning for 10 min with residual heat. The chip is moved into anhydrous ethanol, similar
to the previous step, in a water bath (90 °C) for 10 min and ultrasonic cleaning for 10 min.
After rinsing with deionized water, the image chip is ultrasonically cleaned in deionized
water for 10 min and put into an oven to dry.

Secondly, SU-8 2015 is mixed with a diluent SU-8 2000 thinner at a ratio of 5:4 and
spin-coated on the image chip surface. The spin-coating process begins at a low speed
of 500 rpm for 6 s to spread the SU-8 resist evenly on the chip surface. Then, the excess
solution is shaken out at the high speed of 4000 rpm for 30 s to make the SU-8 resist film
more uniform. The image chip is placed on the horizontal heating plate for prebaking to
remove the solvent in the SU-8 resist and to improve the adhesion between the SU-8 resist
and the image chip. To eliminate the stress inside the SU-8 resist during spin-coating, the
prebaking temperature is stepped up from 65 °C to 95 °C, increasing by 5 °C every 10 min,
and remaining at 95 °C for 30 min, and then cooling naturally in air, to room temperature.
This stepped changing temperature method can reduce the thermal stress caused by the
drastic change in temperature and avoid the defect of SU-8 resist film wrinkle.

Then, the variant template for NIPL is fabricated. IPS soft mold is replicated via the
T-NIL method for nanopatterns of the variant template, which contain nanogratings in
four directions of 0°, 90°, 60°, and 150°, each with a period of 200 nm, a duty cycle of 0.5
and an area of 1.3 mm x 1.3 mm. The imprint parameters are 4 MPa at 155 °C, and the
demolding temperature is 115 °C. Subsequently, the metal light-blocking layer is deposited
via the magnetron sputtering process, including a 10 nm chromium (Cr) film layer and a
200 nm nickel (Ni) film layer, successively. The thin Cr film can improve the adhesion of Ni
to the IPS soft mold, and the 200 nm Ni film has a UV transmission of about 0. The metal
light-blocking layer covers the variant template except for the edges corresponding to the
electrodes of the image chip.

Next, the NIPL process is performed using the SU-8 resist with a temperature of 85 °C
and pressure of 4 MPa. After UV radiation, the exposed SU-8 resist is cured.

Then, 80 nm of metallic Al is deposited via the thermal vapor deposition process on
the chip. Double-layer metal nanogratings are made on the pixel area.

Finally, the chip is immersed into the SU-8 developer to remove the uncured SU-8
resist with the attached Al film. After the SU-8 photoresist is spin-coated on the whole chip,
there is a stack at the corners of the chip due to the edge bead effect. The selective local
exposure of the NIPL process can leave the photoresist at the edges unexposed to UV, and
therefore it can be easily removed using the developer.

As shown in Figure 5, the polarization chip is fabricated by integrating the image
chip with multidirectional metal nanogratings, with nanograting directions of 0°, 90°, 60°,
and 150°, a period of 200 nm, and a duty cycle of 0.5. The photograph of the integrated
polarization sensor is shown in Figure 5a. As shown in Figure 5b, the electrodes are
clean and intact after the integrating process. Figure 5c illustrates the SEM images of the
multidirectional nanogratings on the test piece of silicon by the same integration process.

3.2. Hardware System of Integrated Polarization Sensor

The output electrical signals of the integrated polarization chip contain polarization
information that is positively correlated with the intensity of the incident light. In the
control processing module, STM32 is selected as a microcontroller unit (MCU) for the
polarization information solution and real-time output. STM32 series microcontrollers
have low cost and power consumption and are easy in terms of hardware design and
program development, with a maximum operating frequency of 72 MHz, flash memory,
and 64 K SRAM memory. The STM32 microcontroller contains an internal RTC clock circuit
that enables continuous timing using the ticking timer when an external power supply
is available. The sensor data can be read through the serial interface while quickly being
transferred to the upper machine through another serial interface. The control processing
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module also includes EEPROM memory, a crystal oscillator, a decoupling capacitor, a filter
capacitor, etc. The EEPROM is used to store the registered configuration of the integrated
polarization chip, and the crystal provides the clock required for the STM32 microcontroller
to work. The photos of the integrated polarization sensor are shown in Figure 5.

Figure 5. (a) The photograph of the integrated polarization sensor including the polarization chip,
MCU and Power. (b) The photographs of partially enlarged details of nanogratings and adjacent
electrodes of the polarization chip (red and blue boxes) in (a). (c) SEM images of multidirectional
nanogratings on the test piece of silicon by the same integration process.

3.3. Calculation of Polarization Angle of the Incident Light

The integrated polarization chip contains four polarization units with nanogratings
and covered pixels. The polarization units are sensitive to the polarization angle of 0°, 90°,
60°, and 150°, respectively. In theory, the intensities of the pixels in a polarization unit
should be identical under irradiation. The output of a polarization unit is calculated as the
mean value of the intensities of its pixels, as shown in the following equation:

~_ 1
px

X
2 ¢Y)

H M<

where p(x,y) is the original intensity of a pixel, and x and y are the row and column numbers
of the pixel in the pixel array. X and Y are the row and column dimensions. p is the mean
value as the output of a polarization unit.

In practice, the variance between the pixels and the non-uniformity of the nanogratings
may lead to inequality in pixel intensities in a polarization unit. The intensities of some
pixels deviant from the majority of the intensities are labeled as abnormal values, which
need to be eliminated to avoid reducing the reliability of the sensor and are determined
as follows:

1 Y X 0
o= mygl x;l(r)(x,y) -7) ()
lp(x,y) —p| > 30 ®)

where ¢ is the standard deviation. When the intensity of one pixel satisfies Equation (3), it
can be regarded as an abnormal value and be eliminated. The above steps are repeated until
there are no abnormal values. After eliminating the abnormal values, the mean intensities
of pixels are calculated as the final intensity of a polarization unit. A large number of pixels
would be sulfficient for the calculation to compensate for unexpected situations such as
some pixels breaking down, thus enhancing the robustness of the sensor.
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When the sensor is illuminated with polarized light, the outputs of the polarization
units can be described by the following equations:

$1(0) = KI(1 + d cos26)

$2(0) = KI(1 — d cos26)

s3(0) = KI[1+ dcos(26 — 27”)] 4)
s4(0) = KI[1—dcos(20 — 2f)]

where [ is the total intensity, d is the degree of polarization, 0 is the polarization angle
relative to the reference direction of the sensor, and K is a constant.

To eliminate the effect of the intensity of the incident light, the following calculation
is implemented:

t, = 510) _ 1+dcos2o

1 (0) = 1—dcos26

f o sal6) _ 1+dcos(20— %) ©)
27 5(0) T 1-dcos(20-%)

w|ln ©
W N

With further elimination of the effect of the polarization degree, the calculated polar-
ization angle is:

t—1

ki = BT

_ -1
ky = b1 (6)

— 1101 ok
f = 5 tan [%(Zﬁ—kl)}
3.4. Performance Testing of the Integrated Polarization Sensor

A performance test of the integrated polarization navigation sensor was conducted on
a test platform in the laboratory, as shown in Figure 6. A hollow precise rotary table was
placed at the output port of the integrating sphere. A polaroid sheet was fastened on the
rotary table. The output light of the integrating sphere was uniform and linearly polarized
using the polaroid sheet. The polaroid sheet rotated, which was driven by the rotary table,
thus resulting in a change in the polarization angle of the light. The performance of the
integrated polarization sensor was evaluated by the accuracy of the measured change in
the polarization angle.

Rotary table

Integrating sphere il Polarization sheet

Figure 6. Measurement setup for polarization performance of the sensor.

4. Results and Discussion

The rotary table stopped every 4° of rotation for a total of 180°. The rotary table
remained for 1 min at every stop, and at the same time, the polarization angles of the
integrated polarization sensor were calculated. The rotation angle of the rotary table from
the starting point was regarded as the theoretical rotation angle. The change in the angle of
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the sensor between the currently measured angle and the measured angle at the starting
point was regarded as the measured rotation angle. The difference between the measured
rotation angle and the theoretical rotation angle at every stop was the measured angle error
of the polarization sensor. As shown in Figure 7, the error of the measured polarization
angle was £0.2°. The causes of this measurement error are possibly the presence of pixel
noise, circuit noise, and the non-uniformity of the nanogratings. Through the performance
test, it was shown that the integrated polarization sensor has the capability to detect the
polarization angle of incident light. In a further study, we plan to investigate the potential of
the integrated polarization sensor for application in autonomous navigation in combination
with the distribution of a polarized skylight pattern.

0.20 T T T T T T T

0.15 B

0.10 |- -1

0.05 -

0.00 ¢ —

-0.05 -

|
e
=)

T

!

measured error of rotation angle (degree)
&
o
T
1

,02() 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180

rotation angle of the rotary table (degree)

Figure 7. The error of the measured polarization angle of the integrated polarization sensor.

5. Conclusions

This paper presents a nanoimprint photolithography (NIPL) process by combining the
respective characteristics of UV NIL and photolithography. In one step, the NIPL process
can make cross-scale structures with nanoscale and microscale patterns simultaneously.
A polarization chip was fabricated by integrating an image chip with nanogratings using
the NIPL process. The polarization angle measurement error of the fabricated polarization
navigation sensor was within £0.2°.

The minimum dimension of the NIPL process demonstrated in this paper was 100 nm,
but the limit of dimension for the NIPL process, dependent on the NIL master mold, can
be smaller, even down to 10 nm theoretically. The NIPL process is widely applicable to
cross-scale integration processes because the utilized variant templates are highly flexible
for different application requirements.
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