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ABSTRACT: Overcoming the diffraction limit is a great challenge
to increasing the nanowell density. A methodology differing from
super-resolution microscopy is introduced to realize a theoretical

2- or \/ 3-fold resolution improvement via two-step imaging and
simple equipment adaptations: (1) a biochip integrated with an
orthogonal-orientation nano/micropolarizer array in an inter-
spaced arrangement with reaction sites and (2) an optical system
inserted with an angle-switchable polarizer plate to generate
polarized light for illumination. Because the 0° polarized light will
be blocked by the 90° polarizer units, only half of the signals on
the polarizer array with the same polarization angle can be
acquired, and a virtual distance occurs between any two “bright”
fluorescence signals. We have demonstrated that a 0.9 ym pitch

Minimum Diffraction Distance: p —)\/Ep
0" /90 polarizer plate Imaging1 Imaging2
[

m ‘ via via

0’ polarizer 90° polarizer

\ v\a\" . .

@ =$=%=
—III'IIII *IIIIIIIIIII
e o

wide-field image unresolvable via a 20X/NAO0.5 objective can be divided into two resolvable images with an 8—10 signal-to-noise
ratio (SNR) based on this approach. The aluminum polarizer array on the biochip had a 180 nm thickness, 0.9 ym pixel size, 300 nm
period, and ~0.55 fill factor. This method could be used for practical fluorescence-based nanoarray analysis, such as next-generation
sequencing (NGS), to either enlarge the field of view to accelerate the scanning speed of a whole chip or increase the reaction
density for multiple throughputs, and thus the sequencing cost can be reduced.

KEYWORDS: biochip, nanoarray, micropolarizer array (MPA), diffraction limit, super-resolution microscopy, fluorescence sequencing

coincides with the maximum of the other PSF.** Thus, the

B INTRODUCTION

Periodically patterned micro/nanoarray technologies, includ-
ing general photolithography,' microcontact printing,” nano-
imprinting,* interferometry lithography,”® nanosphere lithog-
raphy,”® and metal-assisted chemical etching (MacEtch),”"
have served as an essential platform to realize cost-effective in
vitro diagnostics.l’“_14 One popular tactic to report
biomedical reactions relies on the presence of fluorescence
signals, such as in microarrays for multiplexed infectious
disease identification'”"> and nanoarrays for DNA sequenc-
ing."*'® In particular, next-generation sequencing (NGS), in
which a sequence-by-synthesis procedure is performed to
decode the clonal DNA cluster in each spot, which is
reassembled into a genome, has exploited the massively
parallel analysis capability of a patterned array in the
extreme.'”""~"” However, the array pitch size of a flow cell
has recently remained at 600—900 nm without a great
reduction due to the spatial resolution limit of the optical
detection system.”’

The diffraction barrier of a conventional optical microscope
restricts the minimum distance to distinguish two objects.”"**
The Rayleigh criterion specifies that the minimum resolvable
separation between two light beams is 0.614/NA;, where the
first minimum of the one point spread function (PSF)
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diffraction barrier of the microscope resolution is approx-
imately 250 nm in the lateral direction when an oil-immersion
objective with a numerical aperture (NA) of 1.50 is used.”’
Under imperfect conditions, the resolution may be lower
still>* However, the optical system of leading NGS sequencers
adopts an air objective with a long working distance (WD) and
a low magnification for rapid scanning capture of images of the
flow cell containing two or four fluorescent dyes covering
wavelengths of 550—740 nm. For example, the Illumina HiSeq
2000 utilizes a 20X/NAO0.75 Nikon objective with a 1 mm WD,
which results in a Rayleigh resolution of ~602 nm and restricts
the minimum well pitch of the above-mentioned flow cell.
Although the resolution can be improved by using an objective
with a higher NA, the field of view and the WD will be
noticeably reduced, which raises difficulties in scanning image
capture and reassembly for a flow cell.

EEAPPLIED

Received: July 13, 2021 E TR
Accepted: September 27, 2021 :
Published: October 6, 2021

https://doi.org/10.1021/acsanm.1c01936
ACS Appl. Nano Mater. 2021, 4, 10409—10418


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hsin-Yi+Hsieh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chung-Hao+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei-Ko+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chin-Chuan+Hsieh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsanm.1c01936&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01936?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01936?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01936?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01936?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01936?fig=agr1&ref=pdf
https://pubs.acs.org/toc/aanmf6/4/10?ref=pdf
https://pubs.acs.org/toc/aanmf6/4/10?ref=pdf
https://pubs.acs.org/toc/aanmf6/4/10?ref=pdf
https://pubs.acs.org/toc/aanmf6/4/10?ref=pdf
www.acsanm.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsanm.1c01936?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsanm.org?ref=pdf
https://www.acsanm.org?ref=pdf

ACS Applied Nano Materials

www.acsanm.org

(d)

I
Schott BF33 glass

10 mm

P

|
(o]

1O
o}

el e

(e)
H H H N
Schott BF33 glass

(f)

10 mm

SiO,
H EH B B
Schott BF33 glass

(a)

A
20 mm

(b) (g)

Schott BF33 glass

(c) SiO,

(h) (i) NHF NHf NHP NH]
Si Si Si Si
/I\O/I\O/I\Cfl \
OH OH OH OH 0O "0 0" 0
| | | |
( sio, ) ( sio, )
. e v
XX 2000 . 200
@ ______ 6’ [
@

e@@a’? SI()2 e@@o

Schott BF33 glass Schott BF33 glass
PR LY

w!t W 2R g
6@@@@3 SIOZ asesesa) ega,‘w;? Sloz q’e;w'w;s@

Schott BF33 glass Schott BF33 glass

Schott BF33 glass Schott BF33 glass

Figure 1. Schematic illustration of the chip layout and fabrication process, as well as the fluorescent bead loading process. (a) The chip layout is
equally divided into two parts: the upper half includes square and triangular nano/micropolarizer arrays with pitch sizes, p, of 0.6, 0.9, 1.2, 1.5, 3,
and 6 pum and the bottom half includes a large polarizer plate. The fabrication process of the upper half includes (b) oxygen plasma treatment on an
8 in. BF33 glass, (c) deposition of an Al layer on the glass, (d) PR definition of the grating pattern by 248 nm DUV lithography, (e) dry etching
through the Al layer to form a nano/micropolarizer grating array, (f) 700 nm SiO, deposition on the substrate, (g) PR definition of the nanowells
by 248 nm DUV lithography, and (h) dry etching of SiO, to form nanowells on the nano/micropolarizer array. The fluorescent bead loading
process includes (i) APTES modification of the nanowell surface with amine groups, (j) immersion of the chip in a liquid solution with negatively
charged fluorescent beads, and (k) washing and air drying to remove excess beads for one bead in a nanowell loading.

Numerous super-resolution microscopy technologies, such
as structured illumination microscopy (SIM), photoactivated
localization microscopy (PALM), stochastic optical recon-
struction microscopy (STORM), and stimulated emission
depletion (STED) microscopy, have been developed to reduce
the diffraction barrier from ~250 to ~10 nm.”"*»** SIM
employs illumination of the sample through a known spatially
structured pattern (e.g., a grating nanostructure) to generate
sinusoidal interference patterns in the images, and multiple
images captured via movement and/or rotation of the grating
nanostructure in one or more dimensions are mathematically
deconvoluted. The other techniques rely on spatial or temporal
modulation of the transition between two photoswitching
states of a fluorescent molecule, such as in PALM and
STORM, or on optically reducing the effective size of the PSF
used in the excitation illumination, such as in STED.*"*
Among them, the SIM family is more popular due to its simple
optics, rapid imaging speed, 10°-10° lower illumination
intensities, and high compatibility with any kind of
fluorophore. Although the 2 times resolution improvement
needs a Fourier deconvolution procedure, it can still generate a

V2 improvement in resolution in a single camera expo-
sure. 2627

Interestingly, illumination via a grating nanostructure has
also been employed in fields including optical communications,
displays, and imaging systems. For example, visualization
through a grating polarizer or pixelated polarizer array provides
the orientation direction information on the reflected plane of
an object,”®* eliminates reflections and glare on smooth
surfaces,’®®' enhances the contrast of scratches and stains,>
and helps in analyzing the distortion due to mechanical stress
in transparent objects.””*’ Additionally, when incorporated
with various optical stacks and arrangements, the grating
polarizer has realized a dual-view three-dimensional display
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from one display panel’**> and a snapshot multispectral
camera.’®”” Apart from the pure polarization property at
visible light wavelengths with a grating period of smaller than
200 nm, wire grid grating nanostructures have been reported in
applications for their additional wavelength selection capability
that varies with the grating period, incident angle, and
nanostructure materials, including a single metal layer made
of silver (Ag), gold (Au), or aluminum (Al) and a sandwich
stack of dielectrics and metals.”***~*

In this paper, we exploit the polarization and long-pass filter
properties of Al grating nanostructures to generate 0 or 90°
polarized light that exposes the nanowells through the
embedded Al nano/micropolarizer array with two orthogonally
oriented polarization angles for interval illumination in the
space of nanowells to generate a virtual distance (dark spacing)
among neighboring reaction sites (any two bright signals).43
By considering an appropriate interspaced arrangement in a
square or triangle shape, we demonstrated super-resolution
imaging in another form to break the diffraction limit with a
theoretical ~/2- or +/3-fold improvement by a two-step
imaging capture method.

B RESULTS AND DISCUSSION

Nanowell-Based Orthogonal Submicropolarizer
Array Biochip. The nanowell chip was designed and placed
on an interspaced Al nano/micropolarizer array with two
orthogonally oriented polarization angles in a square or
triangular arrangement (Figure la—h). The pitch sizes, p, of
the nanowells include 0.6, 0.9, 1.2, 1.5, 3, and 6 um for 2, 3, 4,
5, 10, and 20 pairs of 300 nm grating period in one square
nano/micropolarizer unit. To imitate the fluorescence
response at the reaction sites, SiO, nanowells were fabricated
in a diameter of ~450 nm and a depth of 350 nm, and 400 nm
fluorescent beads were immobilized in them to realize the
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Figure 2. Schematic illustration of the optical system, biochip with a nano/micropolarizer array, and two-step imaging working principle. Optical
system: () In transmission mode, the excitation light passes through an angle-switchable light polarizer plate and the nano/micropolarizer array to
irradiate the nanowells. The fluorescence signals from the reaction sites are collected on the other side of the fluidic chip. (b) In reflection mode,
the excitation light passes through an angle-switchable light polarizer plate, a dichroic mirror, an objective, and the nano/micropolarizer array to
irradiate the nanowells. The fluorescence signals from the reaction sites are collected on the same side of the fluidic chip through the same objective
by a photodetector. Biochip: (c) The upper sheet structure of the fluidic chip contains a nanowell array on an Al nano/micropolarizer array. The
nanowell and nano/micropolarizer arrays are in a (d) square or (e) triangular arrangement made of two orthogonally oriented nano/micropolarizer
units. The pitch sizes, p, include 0.6, 0.9, 1.2, 1.5, 3, and 6 um. (f) Two-step imaging: For the first image, the light polarizer plate is in the 0°
orientation, and only the nanowells on the 0° polarized nano/micropolarizer units can be exposed to the excitation light. For the second image, the
light polarizer plate is in the 90° orientation, and then the other nanowells on the 90° polarized nano/micropolarizer units can be exposed to the

excitation light and the fluorescence signals can be collected.

loading of at most one bead in a nanowell for easy signal
analysis. Because of photoresist (PR) protection during the
amine modification process, the plain surface outside the
nanowells was not treated with the positively charged amine
groups and retained the native oxide properties, including the
hydrophilicity and negative charge, to repel the negatively
charged fluorescent beads (Figure li—k).

Principle and Optical Setup. To achieve spatial
resolution improvement, an angle-switchable polarizer plate
was inserted into the path of the excitation light of a
conventional optical microscope to generate polarized light
with different polarization angles for illumination (Figure
2a,b). Moreover, the nanowells or reaction sites were placed on
an interspaced nano/micropolarizer array with two orthogo-
nally oriented polarization angles of 0 and 90° (Figures 1 and
2c). Because the 0° polarized excitation light can only pass
through the 0° nano/micropolarizer units to excite the above
fluorophores and block the other half of the fluorescent signals
on the 90° nano/micropolarizer units, the adjusted optical
train can achieve the switchable interspaced excitation of the
nanowells for two-image capture, with each half of the reaction
signals applied for either the transmission (Figure 2a) or
reflection mode (Figure 2b).

To attain the first polarization angle (0°) array interspersed
with the second polarization angle (90°) array, square (Figure
2d) and triangular (Figure 2e) geometric structures of the
interspaced nano/micropolarizer array were designed and
allocated under the nanowells with a minimum well pitch of p
and used as a fluidic biochip. Hence, the polarizer array was
established with a minimum pitch of v2p and </3p for the
nano/micropolarizer units with the same polarization angle in
the square and triangular arrangements, respectively.

The two-imaging step was performed by capturing the first
image via 0° polarized excitation light for signal collection of
the reaction responses in the nanowells on the 0° nano/
micropolarizer and then the second image via 90° polarized

excitation light for signal collection of those on the 90° nano/
micropolarizer (Figure 2f). As a result, the original signal
responses in the nanowells with a pitch size of p were
theoretically captured by two images with a minimum pitch of

V2 p and J3 p for the square and triangle shapes, respectively,
to achieve resolution improvement.

Polarizer Optical Property. The basic criteria of the
design for the nano/micropolarizer array and the light polarizer
plate are that the extinction ratio should be sufficient so that
the unwanted signals on the orthogonal nano/micropolarizer
units can be fully depressed and act as background, and the
transverse magnetic (TM) transmittance through the light
polarizer plate and the nano/micropolarizers at the excitation
and emission light wavelengths of the target fluorophores
should be relatively high.

Since the fluorescent beads that we used to demonstrate a
single bead in a nanowell on each nano/micropolarizer unit
had excitation/emission wavelengths of 542/612 nm, the TM
transmittance and extinction ratio based on different
thicknesses, grating periods, and fill factors were simulated
(Figure Sla—d). Finally, we fabricated the Al grating structures
in three thicknesses of 135, 180, and 225 nm with a period of
300 nm and a designed fill factor of 0.5 to measure their optical
performances and fabrication profiles (Figures Slef and S2).
In Figure Sla,b, a thickness of 180 nm and a fill factor of 0.5
show the highest transmittance at 542 and 612 nm, and the
smaller grating period achieves better transmittance. In Figure
Slc,d, the transmittance and extinction ratio are highly
dependent on the fill factor and thickness: a thicker fabricated
polarizer plate achieves transmittance spectra with gentler
slopes, a larger fill factor results in a greater red shift of the
transmittance spectra and lower transmittance intensities, and
both the larger fill factor and thickness values result in a larger
extinction ratio.

For an ideal case, the Al nano/micropolarizer array should
be fabricated with a thickness of 180 nm, a fill factor of 0.5, and
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Figure 3. Nano/micropolarizer array biochip for fluorescent bead loading and imaging. (a) Cross-sectional SEM image of the square arrangement
of the nano/micropolarizer array with a 180 nm Al thickness and a 0.9 ym pitch size before surface coating and PR removal. Top-view SEM images
of the 0.9 ym pitch arrays in the (b, c) square arrangement and (d, e) triangular arrangement after bead loading. (f—y) Fluorescence images of
bead-loaded nano/micropolarizer array chips obtained through the reflection mode instrumental setup: (f—j) square arrangements with
unpolarized excitation light; (k—o) square arrangements with 0° TM polarized excitation light; (p—t) triangular arrangements with unpolarized
excitation light; (u—y) triangular arrangements with 0° TM polarized excitation light of pitch sizes of 0.9, 1.2, 1.5, 3, and 6 um, respectively. Scale

bar: 1 um in (a)—(e) and 10 ym in (f)—(y).

a period of 50—250 nm. According to the literature,”® more
pairs of grating nanostructures in a nano/micropolarizer unit
will result in a higher transmittance and a better extinction
ratio. However, the minimum achievable period was 300 nm
due to the resolution limit of 248 nm DUV lithography and
etching selectivity. In Figure Slef, the fabricated Al grating
polarizer with a thickness of 180 nm and a fill factor of 0.55
shows the highest extinction ratio, and the simulation spectra
agree with the experimental results; some mismatch might
originate from the nonideal grating profiles (refer to Figures
S2a—fand S3). The experimental excitation-light transmittance
and extinction ratio results of the Al nano/micropolarizer array
(the fabricated nanostructures in Figure S2g—r) irradiated by
0° polarized 530 nm light are shown in Figure S4. The dark
units show that the 0° polarized 530 nm excitation light cannot
pass through the nano/micropolarizer units with a 90°
polarization angle. Using 0° polarized excitation light, bright
units occur at the nano/micropolarizers with the same
polarization angle (0°), and it implies that only the
fluorophores above the 0° polarized array can be excited and
used to collect the emission signals. Thus, it can be assumed
that the greater intensity difference between the bright and
dark units (or the higher the pixelated extinction ratio of the
nano/micropolarizer) will achieve the higher signal-to-noise
ratio (SNR).

Fluorescence Signals with Irradiation by Unpolarized
and Polarized Light. Since the simulation and experimental
results show that Al with a 180 nm thickness and a 0.55 fill
factor has the highest extinction ratio in the pixelated nano/
micropolarizer array (in Figure S4) and a large polarizer plate
(in Figure Sle(f), only the 180 nm nano/micropolarizer
samples were further integrated with a SiO, nanowell with
top/bottom diameters of 428 nm/288 nm for single @ 400 nm
fluorescence bead loading. The cross-section view after
nanowell integration (Figure 3a) and the top view after bead
loading (Figure 3b—e) show that the nanowell is aligned (with
<65 nm overlay shift) with the center of the pixelated nano/
micropolarizer units and that the fluorescent beads only existed
and were immobilized in the nanowells. For the square
arrangement irradiated by unpolarized excitation light (Figure
3f—j), all the fluorescent signals were resolvable, except for the
array with a pitch size of 0.9 um. After the insertion of a 0°
light polarizer plate between the excitation light and chip, the
signals of the 90° nano/micropolarizer units were suppressed
as background (Figure 3k—o). Therefore, the bright spots on
the 0° polarization units on the 0.9 ym square array became
clear and distinguishable. In addition, the minimum pitch
between any two spots was originally in a vertical/horizontal
direction and changed to a diagonal direction after the
insertion of the light polarizer plate. Similar results were
obtained for the triangular arrangement in Figure 3p—y, but
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Figure 4. Two-polarization imaging and analysis. (a—d) Fluorescence images of a bead-loaded nano/micropolarizer array chip with a 180 nm Al
thickness and a 1.5 ym triangular pitch size in reflection mode: (a) image excited by unpolarized excitation light with the 8-bit brightness adjusted
by the lower/upper threshold of 20/200; (b) merged image from the image excited by 0° polarized excitation light and the image excited by 90°
polarized excitation light, where the brightness is adjusted by the lower/upper threshold of 12/110; (c) image excited by 0° polarized excitation
light; (d) image excited by 90° polarized excitation light. (e, f) Enlarged images of the white frames in (a) and (b), respectively. (g) Intensity
profiles in the lateral direction indicated by the arrows in (e) and (f). (h—j) Fluorescence images of a bead-loaded nano/micropolarizer array chip
with a 180 nm Al thickness and a 0.9 um square pitch size in reflection mode: (h) image excited by unpolarized excitation light; (i) image excited
by 0° polarized excitation; (j) image excited by 90° polarized excitation. (k) Intensity profiles in the lateral direction in the frame areas in (h—j).
Scale bar: 20 ym in (a)—(f) and 10 ym in (h)—(j).
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Figure 5. Experimental data of the excitation light pixelated extinction ratio, excitation light signal-to-noise ratio (exSNR), and fluorescent bead
emission light signal-to-noise ratio (emSNR). Nano/micropolarizer arrays with a square arrangement and Al thicknesses of (a) 13, (b) 180, and
(c) 225 nm. (d) Nano/micropolarizer array with a triangular arrangement and an Al thickness of 180 nm.

the asymmetric polarization directions of 0° (grating lines not
parallel to any of the triangle side lengths) and 90° (grating
lines in parallel to the bottom of the triangle side length)
caused the intensity difference of the 0 and 90° units. After
filtering of the weaker signals on the 90° nano/micropolarizer
units via 0° polarized excitation, all pitch sizes can be resolved.

Two-Polarization Imaging and Analysis. For the
comparison of imaging with and without a light polarizer
plate, we designed a region with two different patterns: the left
half was nanowells only placed on the nano/micropolarizer
array with the 0° polarization angle and the right half was
nanowells only on that with the 90° polarization angle. The
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fluorescence image excited by unpolarized light is shown in
Figure 4a, with an 8-bit brightness adjustment with a threshold
of 20—200, and the merged image from that excited by 0°
polarized light and that excited by 90° polarized light is shown
in Figure 4b, with an 8-bit brightness adjustment with a
threshold of 12—110. The clean background in half of the
images excited by either 0° (Figure 4c) or 90° (Figure 4d)
polarized light provides evidence that the excitation light at a
specified location could be completely prevented from
generating fluorescence cross-talk among neighboring signals.
The enlarged images (Figure 4ef) and the intensity profiles
(Figure 4g) show an obvious background suppression
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Table 1. Pixelated Nano/micropolarizer Structure and Fluorescence Signal Property

(2) Length of Grating Nanostructures

0.6 ym 0.9 um 12 pm 1.5 pm 3 ym 6 pum
square vertical, V (nm) 377.4 686.0 988.3 1288.5 2787.7 5765.0
horizontal, H (nm) 344.6 665.0 988.3 1279.9 2788.5 5795.0
V/H ratio 1.0952 1.0315 1.0000 1.0067 0.9997 0.9948
triangle vertical, V (nm) 7262 1177.3 1638.6 2106.2 4314.7 8918.9
horizontal, H (nm) 508.5 742.5 1130.5 1440.2 3340.5 7027.0
V/H ratio 1.4282 1.5856 1.4495 1.4625 1.2916 1.2692
(b) Minimum Pitch and fwhm
0.6 ym 0.9 ym 1.2 ym 1.5 pm 3 ym 6 um
square pitch (um) no polarizer plate N/A® unresolvable 1.18 1.45 2.95 5.92
0° polarizer plate N/A 1.24 1.75 2.09 4.18 8.35
90° polarizer plate N/A 127 1.71 2.10 4.22 8.35
fwhm (um) no polarizer plate N/A unresolvable 0.62 + 0.09 0.82 + 0.17 1.01 + 0.12 1.17 + 0.16
0° polarizer plate N/A 1.01 + 0.11 0.90 + 0.14 1.11 + 0.17 1.15 + 0.17 1.17 £ 0.20
90° polarizer plate N/A 1.00 + 0.11 0.90 + 0.14 1.18 + 0.17 1.11 + 0.17 1.17 + 0.16
triangle pitch (um) no polarizer plate N/A unresolvable unresolvable 1.29 323 5.97
0° polarizer plate N/A 1.51 2.01 2.58 5.14 10.21
90° polarizer plate N/A 1.54 2.08 2.56 S.11 10.27
fwhm (um) no polarizer plate N/A unresolvable unresolvable 1.12 + 0.23 1.01 + 0.11 1.11 + 0.17
0° polarizer plate N/A 0.81 + 0.17 1.03 + 0.13 0.95 + 0.08 0.99 + 0.08 1.13 + 0.17
90° polarizer plate N/A 0.82 + 0.17 0.98 + 0.07 0.89 + 0.14 0.94 + 0.10 1.01 = 0.11
“N/A, not available.
Table 2. Transmittance Difference Ratio and Signal Intensity
(a) Difference Ratio due to Leveling Angle Shift
Leveling Angle Shift 0° 2.5 5 10 15 30 45
™ @540nm| O -0.0058 -0.0243 -0.1170 -0.3748 -0.7015 -0.6914
c L @610nm| O 0.0003 0.0011 0.0031 0.0019 @ -0.2607 -0.6953
.2 Transmission
® TE @540nm| O 0.0004 0.0015 0.0080 0.0299 -0.1011 -0.3099
g @610nm| O -0.0007 -0.0027 -0.0106 -0.0231 -0.0635 -0.2570
“ Log(TM/TE) @540nm| O -0.0012 -0.0053 -0.0266 -0.1003 -0.2214 -0.1616
@610nm| O 0.0002 0.0007 0.0024 0.0044 -0.0414 -0.1561
(b) Difference Ratio due to Rotation Angle Shift
Rotation Angle Shift 0° 2.5 5 10 15 30 45
™ @540nm| O -0.0019 -0.0075 -0.0299 -0.0665 -0.2482 = -0.4965
c L @610nm| O -0.0019 -0.0076 -0.0301 -0.0668 -0.2492 = -0.4983
.2 Transmission
& TE @540 nm| O 0.2692 1.0749 4.2670 9.4793 35.3771 70.7541
g @610nm| O 0.5735 2.2896 9.0886 20.1907 75.3527 150.7053
n Log(TM/TE) @540nm| O -0.0485 -0.1487 -0.3411 -0.4876 -0.7822 -1.0000
@610nm| 0 -0.0797 -0.2098 -0.4100 -0.5467 -0.8092 -1.0000
(c) Signal Intensity based on Rotation Angle Shift
Rotation Angle Shift 0° 5 10 15 20 30 45
= 0.9-um | 3t1  4%x1  3%x1  5:1 422 241 241
g 0° 1.2-pm | 1743 23%4 18+3 1943 18+3 14+2 13+2
_ gn 1.5-pum | 3743 4443 41+2 3743 37+2 27+2 21+2
;. g well 3 m |61#2 59+2 6243  60+2  53+2  49+2 241
g ; 6-um |135+2 128+7 13145 12842, 119+1 101+1 56+3
° ° 0.9-ym | 0+1 2+1 1+1 2+1 2+1 0+1 1+1
z 3 o L2um | 583 8 443 743 8+3 542 8+2
Z 1.5-um | 943 11+3 8+3 10+3 9+3 11+3 16+3
e well  3m |61 622 6+1 1082 12#3 1244 1742
£ 6-pm 7+1 9+2 10+1 16+2 18+1 3149 45+2

capability for the bright signals, although the intensity was

weaker due to the transmission light loss via the light polarizer

plate.

In Figure 4h—k, the 0.9 ym unresolvable fluorescence image
in a square arrangement was recaptured via a 0° light polarizer
plate and a 90° light polarizer plate to demonstrate the

resolution improvement. According to the literature,””** the
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spatial resolution is ~854 nm (based on a 20%X/NA0.S
objective, a camera pixel size of 6.45 ym, and a maximum
wavelength of ~700 nm), which is in agreement with the
unresolvable results obtained for the 0.9 ym square nanowell
array. However, through this optical design and switching the
polarization angle between 0 and 90°, a square array in an
unresolvable pitch size could be read by two imaging captures

with a /2 -fold improved resolution.

Pixelated Extinction Ratio and SNR. For quantification,
the pixelated extinction ratio, excitation light SNR (exSNR),
and emission light SNR (emSNR) were calculated (as shown
in Figure S based on Figure SS). Both the pixelated extinction
ratio and exSNR show that the best performance occurs for the
180 nm thickness. The emSNRs obtained for the 180 nm
nano/micropolarizer array ranges from 6.4 to 25.3, and 1.2 and
1.5 pm show notably higher emSNRs of 21.4 and 25.3 than
their exSNRs of 9.9 and 10.9, respectively. This phenomenon
may originate from the stronger excitation energy enhance-
ment occurring for the nanowells with pixel sizes of 1.2 and 1.5
um (refer to Figure S6).

Emission Signal Property of the Nano/micropolarizer
Array. Table la summarizes the maximum lengths under the
nanowells in the vertical direction for the 0° nano/micro-
polarizer units and the horizontal direction for the 90° nano/
micropolarizer units. The V/H ratios in the triangular
arrangement were ~1.5 and ~1.3 for the 0.6—1.5 um and
3—6 pm pitch sizes, respectively, which were different from the
ratio of ~1.0 for all pitch sizes of the square arrangement. This
length of the 0° nano/micropolarizer unit was longer than that
of the 90° nano/micropolarizer unit in the triangular
arrangement, which is why the light transmittance intensity
through the 0° nano/micropolarizer units is larger than the
intensity through the 90° nano/micropolarizer units. The
phenomenon of the nano/micropolarizer dimension being
dependent on the intensity difference is also observed in Figure
S7 and the literature,*” which implies that the polarized
excitation light intensity of this approach may need to be more
than S times more intense to achieve a similar excitation
energy on the fluorophores, and the additional emission
intensity loss should be also considered for the reflection
mode.

In super-resolution microscopy, the resolution improvement
relies on the reduction in the PSF of fluorescence objects.26’27
However, our approach only employs the polarization property
to adjust the on/off excitation on the nanowells above the
nano/micropolarizer array. In Table 1b, through the
orthogonal-oriented polarization arrays with square and
triangular arrangements, the minimum pitches increase by
~1.4 times and ~1.7 times, respectively. For the pitch sizes
larger than 3 pm, the fwhm’s are not obviously different, and
the PSF was approximately 1.15 ym. For smaller pitch sizes,
some measured fwhm’s were smaller due to the effect of
neighboring signal cross-talk.

Intensity Difference due to Leveling and Rotation
Angles. Since the optical system consisted of one excitation
light polarizer plate, the leveling and rotation angle tolerances
were also simulated for their transmittance and extinction ratio
(Figures S8 and S9). Table 2a,b summarizes the spectral
difference ratio and indicates that the optical property is less
sensitive to leveling angle shift than to rotation angle shift;
therefore, the leveling angle shift can be ignored due to the
sufficient alignment resolution of an optical-mechanical stage.
For a rotation angle greater than 10°, the TE transmittance

intensity rises on the two 90°-oriented polarizer plates, so it
may be sensible to increase the background noise theoretically
(refer to Figure S9d). The experimental results show a notable
difference only when the rotation angle shift is larger than 15°
(Table 2c and Figure S9¢). For both leveling and rotation
angle tolerances, angle shifts smaller than 10° can be
acceptable.

B EXPERIMENTAL METHODS

Materials. Red fluorescent 0.40 ym polystyrene beads (catalog no.
R400, 1% solids, excitation/emission 542 nm/612 nm) were
purchased from Thermo Scientific (USA). 3-Aminopropyltriethox-
ysilane (APTES; product no. 741442) and a Wash-N-Dry coverslip
rack (product no. Z688568) were purchased from Sigma-Aldrich
(USA). Eight-inch borosilicate glass (Schott BF33) with a thickness of
725 pm was purchased from WaferPlus Technology (Taiwan).

Optical System. A polarizer plastic sheet (product no. PS0, SO
mm X S0 mm), as the light polarizer plate to generate polarized light
from a monochromator for measuring the TM transmittance and
extinction ratio of the fabricated polarizer plate, was purchased from
3Dlens Corp. (Taiwan). The monochromator (model MFS-630) was
purchased from Hong-Ming Technology Co., Ltd. (Taiwan). The 530
nm high-intensity coaxial spotlight source (stock no. 11026), which
worked with the light polarizer plate of the PSO polarizer plastic sheet
to generate polarized 530 nm light in transmission mode (Figure 2a)
for measurement of the pixelated extinction ratio and exSNR of the
nano/micropolarizer array, and wire grid polarizer glass (stock no.
12647, SO mm X SO0 mm), which was equipped in an inverted
microscope as the light polarizer plate in reflection mode (Figure 2b)
for fluorescence imaging and calculation of emSNR, were purchased
from Edmund Optics (USA). The microscope system CKXS53 with an
MPLNS0X/NAO.75 objective for transmission mode and an
UPLFLN20X/NAO0.5 objective for reflection mode was purchased
from Olympus (Japan). The Grasshopper3 USB3 camera (model no.
GS3-U3-1585C-C; 1.5 MP, 4S fps, SONY ICX825) was purchased
from FLIR System, Inc. (USA).

Chip Fabrication Process. Each die includes two sections
(Figure la): the bottom section is a 10 mm X 20 mm Al polarizer
plate; the upper section includes the square and triangular structures
of the nano/micropolarizer array with six nanowell pitch sizes, p, of
0.6,0.9, 1.2, 1.5, 3, and 6 ym. An Al layer of 135, 180, or 225 nm was
first deposited on the BF33 glass wafer (Figure 1b,c). As shown in
Figure 1d,e, the grating structure with a 300 nm period was fabricated
through DUV photolithography (FPA-5000 ES4 248 nm KrF
Scanner, Canon, Japan) and two step etched by an AMAT DPSII
etcher (DPSII Centura etcher, Applied Materials, USA). The first
etching was performed under an RF power of 1200/50 W, a chamber
temperature of 40 °C, a chamber pressure of 10 mTorr, a Cl,/CHF;
flow rate of 100/10 sccm, and an etching time of 60 s, and the second
etching was performed under an RF power of 250/50 W, a BCl,/Cl,/
N,/Ar flow rate of 20/40/10/60 sccm, and an etching time of ~54 s
controlled by end-point detection. Followed by 700 nm SiO,
deposition on the Al grating nano/micropolarizer, a 450 nm nanowell
array was patterned through DUV photolithography with an
alignment resolution of ~80 nm to the layer of the nano/
micropolarizer array (Figure 1f,g). Etching was performed to remove
SiO, to a thickness of ~350 nm by an AMAT DPSII etcher at an RF
power of 500/85 W, a chamber temperature of 80 °C, a chamber
pressure of S mTorr, a BCl;/Cl,/Ar flow rate of 30/25/60 sccm, and
an etching time of 345 s (Figure 1h).

Nanowell Treatment for Bead Loading. The PR retaining
nanostructures were immersed in 1% APTES solution in 99.5%
ethanol for 1 h to graft amine functional groups on the SiO, surface of
the nanowells (Figure 1i). Next, the PR was removed by immersion of
the chip in acetone and ethanol solution for 10 min each under
ultrasonication. Then, the 1% 400 nm fluorescent beads were diluted
1:1 with 95% ethanol before being dropped onto the amine-modified
chip (Figure 1j). An optional blow-dry process was performed to force
the beads to load into the nanowells through the dragging force of
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surface tension. After three bead loading cycles, the chip was
ultrasonically cleaned in 95% ethanol for 10 min to remove excess
fluorescent beads. Finally, the chip was rinsed in DI water and blown
dry with air (Figure 1k).

Optical Property Simulation. The optical properties of the Al
polarizer plate were simulated by GSolver software from Grating
Solver Development Co. (USA), and the light intensity and
distribution after the nano/micropolarizer array were simulated
through the finite-difference time-domain (FDTD) method.

Extinction Ratio and SNR Calculation. The extinction ratio of
the polarizer plate was the ratio of TM transmittance with the
maximum transmitted intensity (through two parallel-oriented
polarizer plates) to TE transmittance with the minimum intensity
(through two orthogonally oriented polarizer plates) at different
wavelengths. In Figure SS, the pixelated extinction ratio was defined
as the ratio of the average intensity of S;—S; (or S;—S;) to the average
intensity of B;—B, (or B;—Bj;) for the square arrangement (or
triangular arrangement). The exSNR was calculated as the ratio of the
average excitation light intensity of S;—Ss (or S;—S;) to the standard
deviation of the background of B,—B, (or B;—B;) for the square
arrangement (or triangular arrangement). After bead loading and
image capture via excitation/emission filters of 530—560 nm/580LP,
the emSNR was calculated as the ratio of the average emission light
intensity of S;—S; (or $;—S;) to the standard deviation of the
background region within the dashed line, representing the boundary
of the outer pixels.

Length of Grating Measurement. The length of the nano/
micropolarizer array was measured at the maximum lengths in the
vertical direction for the 0° nano/micropolarizer unit and in the
horizontal direction for the 90° nano/micropolarizer unit of the Al
grating opening under the nanowell area.

Minimum Pitch and Full Width at Half-Maximum (fwhm).
The minimum pitch was measured by averaging 10 peak-to-peak pixel
distances between any of the two continuously bright dots, and the
fwhm averaged the half-maximum widths from 10 continuous peaks
without a light polarizer plate or with either 0 or 90° light polarizer
plate (refer to Figure S10, 1.5 ym square nano/micropolarizer array as
an example). Because the magnification is 20X and the pixel size of
the camera is 6.45 um, which means each camera pixel is 322.5 nm,
the averaged pitch size and the fwhm can be obtained.

Signal Intensities at Rotation Shift. The chip was immersed in
the 1:1 diluted bead loading solution and measured at the same
parameters of imaging conditions for all pitch sizes.

B CONCLUSIONS

This paper proposes a super-resolution approach to enable
fluorescence-based DNA sequencing on a denser nanoarray.
The insertion of a switchable light polarizer plate in a
conventional fluorescence optical system and the integration of
additional metal grating nanostructures on a transparent
substrate are employed to generate interspaced excitation.
Through two image captures, a v/2-fold (or even ~/3-fold)
improved resolution was demonstrated for a 0.9 ym nanowell
pitch size, and this concept can be further applied for a denser
nanowell array with a smaller pitch size (and/or a better
optical performance) by the reduction of fabricated grating
periods (and/or the increase of grating pairs) in one nano/
micropolarizer unit. However, in addition to the doubling
times of image captures, the excitation energy needs to be
increased to at least 10-fold for the compensation of the light
decay to half and 1/5 while passing through a light polarizer
plate and a 0.9 ym nano/micropolarizer array, respectively.
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B ABBREVIATIONS

APTES = 3-aminopropyltriethoxysilane

DUV = deep ultraviolet

emSNR = signal-to-noise ratio of emission light of a
fluorophore through pixelated nano/micropolarizer array
exSNR = signal-to-noise ratio of excitation light passing
through pixelated nano/micropolarizer array

FDTD = finite-difference time domain

MacEtch = metal-assisted chemical etching

NA = numerical aperture

NGS = next-generation sequencing

PALM = photoactivated localization microscopy
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PR = photoresist

PSF = point spread function

SEM = scanning electron microscopy

SIM = structured illumination microscopy

SNR = signal-to-noise ratio

STED = stimulated emission depletion

STORM = stochastic optical reconstruction microscopy
TE = transverse electric

TM = transverse magnetic

WD = working distance
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