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Abstract

Nanohole arrays in metal films have many amazing optical properties based on the
surface plasmon resonance, which makes it popular in the sensing field. Usually, the
change of the refractive index on the metal surface of nanohole arrays, caused by the
binding of an analyte, can be reflected on the peak shift or intensity change of the
transmission or reflection spectra. As sensing components, nanohole arrays provide many
important advantages, including high reproducibility, miniaturization, the ability to
integrate with other techniques, the capability of high-throughput analysis, and so on.
Nanohole array sensing is quite compatible with the lab-on-chip technology and meets the
tendency of point-of-care diagnostics that have been dramatically developed in recent years.
Point-of-care diagnostics require low cost and portable devices with reliable and robust
sensitivity for special analytes such as viruses. With the help of the nanohole arrays, the
individual molecule of nanoscale size can be directly and precisely located. In this work,
we have fabricated nanohole arrays with 150 nm diameter and 2 pm period, which have a
larger period than those reported by other papers. Silica-shelled gold nanospheres with 70
nm core diameter and 20 nm shell thickness are used to block the nanoholes; and darkfield
imaging system is used to obtain the images by the CCD and spectra by the spectrometer.
The images and spectra of the nanoholes blocked by the individual nanospheres are
analyzed and compared with those of the nanoholes before blocking. Results show a

significant reduction of the light intensity in the blue and green light regions but an unusual

Vi



enhancement in the red light region. FDTD simulations are also conducted to not only
confirm the experimental results but also provide the information about the position and
the size of the nanospheres inside the nanoholes, and the wavelength of the exciting light.
Furthermore, we demonstrate that our nanohole array samples can be integrated into a
home-made inexpensive darkfield microscope and analyzed by a smartphone with an

application developed by ourselves, which make it viable for future POC diagnostics.
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Chapter 1 Introduction and Background
1.1 Introduction

Nanohole arrays are a kind of nanostructure consisting of many nanoscale voids
fabricated on a metallic surface, such as Au, Ag, Al, and so on. In 1998, Ebbesen’s group
discovered the unusual phenomenon on metallic substrates with sub-wavelength holes,
called extraordinary optical transmission (EOT), where the transmission of the light at
certain wavelengths can have a large enhancement.!!! This finding disagrees with the
understanding founded by Bethe that the light transmission through a sub-wavelength
aperture should be very weak.!?! Since then, the single nanohole and nanohole array in
metal films have been a major research field. Years of studies indicate that the fascinating
optical properties including EOT of the nanohole arrays are closely related to the surface
plasmon resonances (SPR), which can have a variety of promising applications for optical
detections in chemical and biomedical fields.

The point-of-care (POC) applications have been developed dramatically in recent
years and continue to expand rapidly to deliver inexpensive, portable, and reliable devices
to meet the demands of on-site diagnostics and real-time healthcare. The tunability and
flexibility of nanohole arrays provide an opportunity to design smaller, faster, and more
efficient devices. Nanohole arrays are utilized for the POC diagnostic as SPR sensors,
which offer many advantages such as real-time monitoring, label-free recognition of

ligands or analytes, low sample volumes, reusability, repeatability, allowing testing on
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crude samples without purification, ability for multiplex sensing of several analytes,

possibility of optical integrations, and high-density packing.!*’

1.2 Surface Plasmon of Nanohole in Metal Films

In previous work, investigators have studied how local surface plasmons influence the
transmission properties of the isolated nanohole on optically thick suspended silver films.[*!
For a single cylindrical nanohole, the transmission spectra show a resonance peak whose
intensity decreases rapidly with increasing thickness of the silver film, shown in Figure 1-1
(a). For a single rectangular nanohole, the transmission spectra can have a strong
polarization effect, and the peak height of the transmission resonance increases with its
peak shifting to larger wavelengths as the aspect ratio is enlarged, shown in Figure 1-1 (b).
In a different work, researchers have shown that the darkfield scattering spectra of optically
thin gold films perforated by a single circular nanohole exhibit an optical resonance in the
visible range, which is assigned to a dipolar localized surface plasmon at the hole
circumference, shown in Figure 1-2.5°! Another work has also observed resonance in the
darkfield scattering spectra of a single nanohole in the thin gold film.!®! It has been claimed
that film plasmons can induce a large dipole moment across the nanohole which thus
mediates coupling between these specific film plasmons and an incident electromagnetic
wave. The wavelength of the dipole-active film plasmons increases with increasing hole
diameter, which results in red-shifted wavelength of the hole resonance, and a redshift of

the wavelength of the hole resonance is expected as film thickness decreases, shown in



Figure 1-3. Another work has studied how the surface plasmon polariton (SPP) can
influence the transmission properties of nanoholes in the thin gold film by using near field
scanning optical microscopy and far field spectroscopic measurements.!”) Noticeably, even
though the SPPs have been observed in the near field images shown in Figure 1-4 (a), the
SPP band is not present in the spectrum of the isolated hole shown in Figure 1-4 (b). For
nanohole arrays, SPPs launched from one hole can be coupled back to free space light by
scattering from adjacent holes, and hence the optical transmission can be enhanced by SPPs.
For thicker films, a greater enhancement is expected because the decay of light through the

gold film is greater than that of the SPPs through the nanoholes, shown in Figure 1-4 (b).

(@)

Intensity (a.u.)

O

w200 Nm

400 600 800
Wavelength (nm)

(b) h=700 nm, x=310 nm, y=210 nm h=300 nm, x=270 nm
1 >

y=105nm|
15 4 |—y=145nm
— y=185nm|
—y=225nm|

y=260nm|

0.5 4

00°
30°
—56°
—90°

Intensity (a.u.)
Cross section (a. u.)

0

400 600 800 400 600 800
Wavelength (nm) Wavelength (nm)

Figure 1-1 (a) SEM image and transmission spectra of isolated cylindrical nanohole in
the silver film with different thickness h. (b) SEM image and transmission
spectra of isolated rectangular nanohole.*!
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Figure 1-2 Scattering spectra normalized by the hole area of isolated circular nanohole
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Figure 1-3 Scattering spectra of isolated circular nanohole with (a) 220 nm and (b) 150
nm diameter in the gold film with different thickness T.¢!
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Figure 1-4 (a) SEM image and near field images of isolated circular nanohole in thin gold
film. (b) Transmission spectra of gold film, isolated nanohole, and nanohole
arrays. All diameters are 250 nm and the period is 2 pm.”]

On the other hand, some people have also studied the spectroscopic behavior of
isolated nanohole containing one nanoparticle. For example, Jahr’s group studied the
transmission spectra of the isolated chromium nanohole with and without a gold
nanoparticle by normalizing the spectra to light source and chromium background, shown
in Figure 1-5.18 It indicates that the nanoparticle causes a decrease in the light transmission
for wavelengths shorter than 550 nm and an increase in the light transmission for longer
wavelengths. In another work, Lumdee’s group has investigated the gap-plasmon
resonance of a gold nanoparticle inside a circular nanopore in an aluminum film by
measuring transmission spectra and darkfield scattering spectra.l’! Figure 1-6 (a) shows the
darkfield scattering spectra of an isolated aluminum nanohole containing one gold
nanoparticle when the incident light has different polarizations. The resonance peaks for

both polarizations are nearly at the same location and have a little difference in intensity



and width. For the transmission spectra shown in Figure 1-6 (b), the isolated aluminum
nanohole doesn’t show any resonance peak while the one with a gold nanoparticle has a
large resonance peak at about 670 nm. This transmission peak matches the scattering peak
suggesting that the sidewall gap plasmon mode can be efficiently excited over a broad

angular range.
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Figure 1-5 (a) Transmission spectra of chromium film and isolated chromium nanohole
with and without a gold nanoparticle. (b) Transmission spectra normalized by
chromium background.®!
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1.3 Configuration of Nanohole Array Sensors

Since nanohole arrays exhibit many useful optical properties, they have been used for
sensing applications. According to the physical structures of the nanohole array sensors
that have been reported, there are some typical types of structures that are mostly studied,
shown in Figure 1-7. Figure 1-7 (a) shows the nanoholes in a metal film on the glass or
quartz substrate!'%), and Figure 1-7 (b) shows the nanoholes in the top metallic layer of a
metal-dielectric-metal sandwich film on the glass or quartz substrate!'!). Figure 1-7 (c)
shows the nanoholes in a metal film with metallic nanodiscs at the bottom of the
nanoholes!'?, and Figure 1-7 (d) shows the suspended nanoholes in a metal film and SiN
thin film'"*!. Figure 1-7 (e) shows the convex nanoholes in a metal film fabricated by the
nanosphere lithography!'*!, and Figure 1-7 (f) shows the nanoholes in a metal film and the
substrate with the sidewall and bottom covered by a metallic layer!'*). Additionally, some

other nanohole array structures similar to these or modified from these also exist.



Figure 1-7 Nanohole array sensors with different configurations. %15

1.4 EOT of Nanohole Arrays

Light transmission through a hole is theoretically proportional to (r/2A)* given by
Bethe, where r is the hole radius and X is the light wavelength.!?! Thus, for sub-wavelength
holes, when r < A, the transmission of light should be close to zero. However, later studies
show that the transmission of light can be three or four orders of magnitude higher than the
previous theoretical results when the sub-wavelength nanoholes are fabricated on some of
the metal films such as Au, Ag, and AL.!""'8 This extraordinary optical transmission of light
results from the SPR and diffraction of light waves generated on the metal-dielectric
interface of the plasmonic nanoholes. The performance of EOT in the nanohole arrays is
dependent on various factors, such as the periodicity of the nanohole array, the diameter of
the nanoholes, the thickness of the metal film, the order of the nanohole, the shape of the

nanoholes, the adhesion layer of the metal film, and so on.
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For example, Ohno’s group has measured and simulated transmission spectra of the
triangular-lattice nanohole array with different nanohole sizes.!'” Their simulation results
show that the resonance wavelengths of the transmission peaks and dips vary within a small
range when the diameter of the nanoholes increases, shown in Figure 1-8. The intensities
of the peaks and dips have obvious changes as well. Chen’s group has simulated the
transmission spectra of cylindrical nanohole arrays in the gold film of different thickness
on SiO, substrate.l'®! Usually the thickness of the metal film only influence the peak
intensity, shown in Figure 1-9. For the factor of the adhesion layer between the metal and
the dielectric substrate, the simulated and experimental results have also been obtained by
Najiminaini’s group, shown in Figure 1-10.!'") The transmission spectra can have a large
difference due to the thickness and the material of the adhesion layer.
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Figure 1-8 Simulated transmission spectra of hexagonal nanohole arrays in the air with
varying hole diameters.!!”)
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Figure 1-10 (a) Simulation results and (b) experimental results of the transmission spectra
for different adhesion layers between the gold film and Pyrex substrate.['”!

However, one of the most important factors, which affect the performance of the EOT

in nanohole arrays, is the periodicity of the nanohole arrays. Figure 1-11 shows colorful

microscope images of different kinds of nanohole arrays in the aluminum film with various
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periods, obtained by Inoue’s group.!?’! The periods of the nanohole arrays are changing
from 200 nm to 700 nm with a 20 nm increment, which can result in plenty of colors of the
transmission light. Their experiments also show that the transmission spectra have an
obvious response to the shape and order of the nanohole arrays. Generally, for the square-
lattice nanohole arrays in the metal film, the peak position of the transmission spectrum at
normal incidence is given by

p Eméaq

/1 .I ) = )

where p is the period of the array, i and j are integer numbers representing scattering orders

1-1)

from the 2D array, and ¢, and ¢; are the dielectric constants of the metal and the
dielectric material, respectively.>!! While for the triangular-lattice nanohole arrays in the

metal film, the peak position of the transmission spectrum at normal incidence is given by

p Eméq

Em+ &4
\/%(i2+ij+j2) mo

)lpeak (i:j) = (1 - 2)

But these two equations are derived neglecting the interference that will give rise to a
resonance shift because they don’t take into account the presence of the nanoholes and the
associated scattering losses. Thus, the wavelengths of the peak positions they predict are
slightly shorter than those observed experimentally.?! Figure 1-12 shows the optical
transmission spectra of the square-lattice nanohole arrays with different periods in the gold

metal film on a Pyrex substrate.[”*! The (1, 0) and (1, 1) resonance peaks are indicated by

11



the black arrows. The shift of the resonance peaks is very sensitive to the change of the

nanohole array period.
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Figure 1-11 Optical microscope images of nanohole arrays in aluminum films.!>’!
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Figure 1-12 Optical transmission spectra of the square-lattice nanohole arrays with
different periods in the gold metal film on a Pyrex substrate.!*’!
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1.5 Working Mechanism of Nanohole Array Sensors

For the nanohole array sensors, there are usually two modes of SPR detection
according to the configuration of the measurement setup, namely reflection mode**2%! and

102743 " Figure 1-13 (a) and (b) shows two typical setups of the

transmission model
reflection-based and transmission-based nanohole array sensors, respectively.[*%32] Simply,
the illuminating light and detector are on the same side of the sensor in the reflection mode
while the illuminating light and detector are at the opposite sides of the sensor in the
transmission mode. If considering the parameters analyzed during the measurement, the
nanohole array based biosensors can be generally classified into two categories, which are
the wavelength shift model!%243744-47] and the light intensity model?**"434841 According
to Equation 1-1 and 1-2, the SPR peak wavelength is sensitive with the dielectric constant
change of the material contacting the metal surface. The molecules binding on the metal
surface can change the refraction index of the sample side, which can result in the change
of its dielectric constant. As a consequence, the transmission or reflection spectra measured
can be different from the one without the molecule binding. Usually, an obvious shift of
the SPR peak can be observed in the transmission or reflection spectra. Figure 1-14 shows
an example of the SPR peak shift.>*] The peak wavelength has a redshift with the increasing
concentration of the acetone vapor, shown in Figure 1-14 (a). Thus, the concentration of

the acetone vapor can be measured by calibrating the curves shown in Figure 1-14 (b). On

the other hand, the transmission or reflection intensity of the spectra can change as well
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when the molecule is binding on the surface of the metal film or inside the nanohole.

Usually, an obvious intensity reduction of the SPR peak or certain wavelength can be

observed in the spectra. Figure 1-15 (a) shows the simulated model of a unit cell with a 3

x 3 nanohole array. When the gold nanoparticle is close to the nanohole or inside the

nanohole, the peak intensity of the transmission spectra can have a pronounced reduction,

shown in Figure 1-15 (b). Additionally, the peak intensity of the transmission spectra

decreases with the increase of the gold nanoparticle size, shown in Figure 1-15 (c).[*¥!
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Figure 1-15 (a) Unit cell of 3 x 3 nanohole array used for simulation. Simulation results of
the gold nanoparticle (b) position-dependent and (c) size-dependent EOT
transmission spectra of gold nanohole arrays.*!

1.6 Nanohole Array Biosensor Applications

One of the popular applications of the nanohole array sensors is biomolecular assays.
Traditional diagnostic equipment for infectious diseases such as enzyme-linked
immunosorbent assays, polymerase chain reaction, and cell culture usually cannot meet the
criteria of the POC diagnostics. With the increasing development of POC diagnostics and
demand for fast and inexpensive healthcare in resource-limited regions in recent years, the
nanohole array based biosensors are being developed to integrate into the compact,
inexpensive and portable devices to perform on-site measurements and analysis.
Investigators have made substantial efforts to improve the reliability of these POC devices,
such as the sensitivity, specificity, selectivity, repeatability, and limit of detection. Although
there are still many optimizations that need to be done before final large-scale

commercialization, many prototypes of the miniaturized devices have been proposed to
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detect cells, proteins and pathogens. Usually, the concentration of the analyte can be
derived according to the peak wavelength shift or the intensity change of the spectra as
explained in the previous part.

By using the bio-recognition molecules such as avidin, streptavidin, biotin, cell-
derived vesicles for efficient ligand-receptor binding to attain high sensitivity and
specificity, protein detection can be achieved. In a previous study, it has demonstrated the
detection of exosomes, a cell-derived vesicle involved in the transport of molecular
contents of cancer like cells, on the nanohole array sensors.*”! Antibodies are immobilized
on the nanohole array to detect proteins on the exosomes or in the exosome lysates. In
another work, the gold nanohole arrays have been integrated with microfluidic devices to
detect a cell-signaling protein TNF-a by performing immunoassay on the array.®” The
TNF-a proteins with streptavidin-Au conjugate are trapped on the nanohole array by biotin-
avidin coupling, which shows an SPR response that is proportional to the density of the
protein layer.

For the pathogen detection, one group has used the 8G5, M-DAO1-AS, and A33L
antibodies immobilized on the surfaces of the nanohole array to achieve the specificity of
the sensor to recognize vesicular stomatitis virus, Smallpox, and Ebola viruses.’!! In a
similar work, the lipid membranes over SiO2-Au nanohole array surface have been used to
detect pathogenic bacteria Staphylococcus aureus by measuring o-hemolysin, a

hydrophilic peptide monomer secreted by the bacteria.[>*! Additionally, another group has
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demonstrated real-time detection of uropathogenic E. coli for diagnosis of urinary tract

infections using human urine samples by using a flow-through nanohole array sensor.">!

1.7 Challenge, Motivation, and Scope of this Dissertation

Almost all previous applications have implemented densely arranged nanohole arrays,
whose periods usually are several hundred nanometers. These sensors utilize the whole
effect of a large area nanohole array, while the effect of the individual nanoholes are usually
not concerned about in their configurations. Even though one group has showed that an
individual nanoparticle inside the nanohole of a close-packed nanohole array can be
detected by the transmission intensity change, it is influenced a lot by the background
noise.[*8 Also, it cannot distinguish two adjacent nanoholes when they both capture an
individual nanoparticle. However, with the help of the nanohole array sensors with an
enlarged period, more precise single virus detection with inexpensive and compact devices
has a great chance to be achieved. The goal of this dissertation is to demonstrate that the
single nanoparticle, captured in the gold nanohole array with an enlarged period, can be
easily recognized and precisely located with an inexpensive home-made microscope setup
by darkfield imaging, which makes the single virus detection by the optical device for POC
diagnostics possible in the coming future.

This dissertation contains four sections. The first section introduces the fabrication
methods that have been utilized to manufacture uniform and robust gold nanohole arrays.

We have exploited e-beam lithography to achieve small scale and reliable fabrication, and
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nanoimprint lithography to perform inexpensive and high-throughput fabrication of the
gold nanohole array with the optimized configuration. The second section shows the optical
imaging analysis of the nanohole arrays blocked by the nanoparticles. The darkfield setup
is used and a home-made darkfield microscope setup with an inexpensive microscope has
been established. The spectra analysis and digital image analysis of the individual
nanoholes have been conducted by the spectrometer and computer software, respectively.
The third section gives the simulation results of the near field and far field by modeling
two nanoholes with one of them blocked by a single nanoparticle. The position of the
nanoparticle inside the nanohole and the size of the nanoparticle have been changed to
obtain a series of results under different conditions. These results have been compared with
those observed in the second section. The fourth section develops a prototype of a
smartphone application that can be used to analyze the darkfield images obtained by the
inexpensive home-made darkfield imaging system. This provides the possibility to
miniaturize the proposed imaging system for POC diagnostics under further optimization

in the future.
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Chapter 2 Nanohole Array Fabrication
2.1 Introduction

Microscale and nanoscale patterns can be fabricated by various of methods. As the
scale decreases, the difficulty of fabrication increases. After decades of research,
subwavelength nanohole array with high quality of uniformity can be easily fabricated by

several methods, such as focused ion beam (FIB)I%3%-4254591 " electron beam (e-beam)

19,27,42,60-62] [62-65] [66-70]
2

lithography! nanoimprint lithography , nanosphere lithography ,
interference lithography®*%3!1-"7] and so on. All these methods have their advantages and
disadvantages.

FIB and e-beam lithography are expensive methods since they require high-level
vacuum and high power electric field. They are time-consuming for large area pattern
fabrication. However, they both have a high resolution of about 10 nm and can directly
write patterns on the sample or photoresist without masks.

Nanoimprint lithography is a low cost, high throughput, and high-resolution
nanolithography method. A mold with desired patterns is used to print on the resist by
pressure and the resist is typically cured by heat or UV light during the imprinting, thus
called thermoplastic nanoimprint lithography or photo nanoimprint lithography,
respectively.

Nanosphere lithography is an economical technique for generating hexagonally close-

packed or similar patterns of nanoscale features. It usually uses a self-assembled monolayer
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of latex or silica spheres as lithography masks to fabricate nanodot arrays or nanohole
arrays with controlled spacings. It also needs some specific methods to deposit a single-
layer of spheres, such as Langmuir-Blodgett, dip coating, spin coating, and solvent
evaporation, etc.

Interference lithography is a simple technique for creating periodic arrays of line
features without the use of complex optical systems or photomasks. For 2-beam
interference, arrays with rectangular symmetry can be generated. While for 3-beam
interference, arrays with hexagonal symmetry can be generated. In the previous work of
our group, nanohole arrays with approximately 2 um periodicity and 1 um diameter have
been produced by the interference lithography with a 363.8 nm laser.””! Usually, the
interference fringes have a bright to dark ratio of 1 : 1. This means the diameter of
nanoholes and the space between nanoholes are almost the same. Although one paper!’¥l
has reported that the diameter to periodicity ratio can be varied between 0.25 and 0.55 by
changing the exposure time or the development time, a ratio smaller than 0.1, like 150 nm
diameter and 2 um periodicity, is beyond what can be achieved by interference lithography.

In this work, squared nanohole arrays with rectangular symmetry are fabricated. The
diameter of nanoholes is reduced to 150 nm to make the nanohole size similar to the virus
size, and the periodicity of nanohole arrays is still maintained at 2 pm for the convenience
that individual nanoholes can be distinguished by the optical microscope. Considering the
available equipment, time, cost, and throughput, these nanohole arrays are fabricated by

two methods, e-beam lithography, and thermoplastic nanoimprint lithography.
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2.2 Electron Beam Lithography
2.2.1 Fabrication process

A typical process to fabricate the nanohole array in the gold film with the e-beam writer
and ion mill is shown in Figure 2-1. First, a 5 nm chromium thin film followed by a 95 nm
gold thin film is deposited on the glass by the e-beam evaporator. Second, a PMMA layer
with a thickness of about 350 nm is spin-coated on the top of the gold layer at 4000 rpm.
After baking the substrate for 2 min at 180 °C, the nanohole array pattern with the desired
diameter and period is written on the PMMA by the e-beam writer. Next, the sample is
developed by the mixture of the IPA and water solution with a ratio of 2 : 1 for 90 s and
dried by nitrogen. Then, the sample is etched by the ion mill for 3 min. Finally, the PMMA

is removed by sonication in the hot acetone.

Metal
Deposition Spin-coating

Cr - Cr - Cr
Glass Glass Glass
E-beam Writing
and Development

PMMA lon Mill
Removal Etching

Cr Cr Cr
Glass Glass Glass

Figure 2-1 A typical fabrication process of gold nanohole array with e-beam writer and
ion mill.
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2.2.2 Dose control of e-beam lithography

To optimize the electron beam dose injected into the PMMA, a series of doses, from
400 pC/cm? to 800 uC/cm?, have been applied. The silicon is used as the substrate spin-
coated with the PMMA layer. A series of nanoholes with different sizes from 150 nm to
300 nm are designed in this experiment.

In Figure 2-2, the SEM images show the nanohole arrays with different sizes obtained
in the PMMA film under different doses. For the dose of 400 uC/cm? only the “T” type
marker can be seen and none of the nanohole arrays can be detected. Also, some pictures
with lower doses and smaller sizes show that the nanoholes have a vague outline, while the
pictures with higher doses and larger sizes show that the nanoholes have a clear outline.
These results show that the smaller the size is, the higher dose is needed. Table 2-1 has
concluded the quality of the nanoholes under different conditions. The suitable dose is over
700 pC/cm? for the size of 150 nm and over 600 uC/cm? for the size from 200 nm to 300
nm. The sizes of nanoholes obtained under the dose of 700 uC/cm? are also measured by
SEM, which are shown in Table 2-2. The average size deviation of the four kinds of
nanoholes is 4.6 %, which is acceptable. It indicates that the e-beam lithography is a precise

method under optimized conditions.
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Figure 2-2 SEM images of nanohole arrays of different size under different doses.

Table 2-1 Quality of nanohole arrays with different sizes under different doses.

| 400 pcrem? | 500 pCrem? | 600 pClem? | 700 pCrem? | 800 pClem?

150 nm Nothing Nothing Bad Good Good
200 nm Nothing Nothing Good Good Good
250 nm Nothing Bad Good Good Good
300 nm Nothing Bad Good Good Good

Table 2-2 Difference between the pre-set size and measured size of nanoholes under the
dose of 700 pC/cm?.

Dose = 700 pC/cm?

Pre-set hole size (nm) Measured hole size by SEM (nm) Deviation Average
150 ~154 2.7%
200 ~215 7.5%
4.6%
250 ~264 5.6%
300 ~308 2.7%
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2.2.3 Comparison of circular and square nanoholes

Figure 2-3 shows circular and square nanoholes in PMMA films from 150 nm to 800
nm under the same dose of 700 uC/cm?. The nanoholes over 300 nm maintain a clear shape,
while the square nanoholes under 200 nm gradually turn into circular nanoholes. Due to
the writing mechanism of the e-beam writer, the circular nanoholes consume about twice
of the time as the square nanoholes. Thus, if there is no requirement of the nanohole shape
or the nanohole size is under 200 nm, making square nanoholes can save much more time
than making circular nanoholes, which means saving much more money since the e-beam

lithography is an expensive method.
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Figure 2-3 Circular and square nanoholes of different size under the same dose.
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2.2.4 Comparison of wet etching and dry etching

Two different etching methods, wet etching and dry etching, are tried to etch the gold
film with the PMMA mask. For the wet etching, the mixed KI/I> solution is used to etch
gold. Figure 2-4 (a) shows the SEM images of the gold film after the wet etching and the
PMMA removal by using KI/I> solution of high concentration (KI: I, : HHO=4g:1g:
40 ml), while Figure 2-4 (b) by using KI/I> solution of low concentration (KI : I : H,O =
4 g : 1 g:800 ml). The etching time of both conditions is 20 s. Figure 2-4 (a) shows an
average size of about 1.7 um and Figure 2-4 (b) shows a smaller size from 100 to 400 nm.
Although the PMMA mask has circular nanoholes, both the etching shapes of the holes are
irregular at the edge. Especially for the small size, the shapes of the nanoholes differ from
one another and cannot be controlled due to the nonuniform chemical reaction rate in
different directions. Thus, the wet etching method is not suitable for the fabrication of the

nanopatterns.
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Figure 2-4 SEM images of wet etching of the gold with PMMA mask under the same
etching time by using KI/I> solution of different concentrations.
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For the dry etching, the ion mill equipment is used to etch the gold film under the
PMMA mask. Ion milling is a physical etching technique whereby the ions of an inert gas
(typically Ar) are accelerated from a wide beam ion source onto the surface of a substrate
(or coated substrate) in the vacuum to remove material to some desired depth or underlayer.
Figure 2-5 shows the SEM images of the nanohole arrays in the gold film after the ion
milling and PMMA removal. Different sizes of circular and square nanoholes from 150 nm
to 800 nm are obtained in the gold film. The uniformity and homogeneity of the size and
the shape of the nanoholes have been perfectly inherited from the PMMA masks that are
shown in Figure 2-3. To etch a 100 nm thick gold film, a typical etching time of 3 min is

conducted.
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Figure 2-5 SEM images of gold films by dry etching with PMMA mask.
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Figure 2-6 and Figure 2-7 show the SEM close-up images of the circular and square
nanoholes respectively, whose sizes are from 150 to 800 nm. The circular and square
nanoholes both maintain a perfect shape. Their diameters measured by the SEM close-up
images are also collected in Table 2-3. The differences between the actual size and the
preset size for larger nanoholes are very small, while the differences become slightly larger
for smaller nanoholes. This indicates that for a typical size it will have a typical optimized
dose of the electron beam exposure. To get the smaller nanoholes whose size is perfectly

matched with the preset size, a slightly higher dose of electron beam should be applied.

400 nm

7 ¢ AEE s 5[]
500 nm 600 nm 700 nm 800 nm

Figure 2-6 SEM close-up images of the circular nanoholes with different sizes.

150 nm 200 nm 300 nm 400 nm

600 nm 700 nm 800 nm

Figure 2-7 SEM close-up images of the square nanoholes with different sizes.
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Table 2-3 Sizes of circular and square nanoholes measured from SEM images.

Preset size Circle size Square size

150 / 132
200 186 192
300 284 285
400 376 383
500 490 478
600 597 577
700 693 688
800 794 790

2.3 Nanoimprint Lithography

2.3.1 Fabrication process

Nanoimprint lithography has a few more steps since it includes a fabrication process
of the mold. However, the mold can be used for many times to do the nanoimprint
lithography. A typical fabrication process of the mold for nanoimprint is shown in Figure
2-8. A silicon substrate with a 300 nm thick SiO» layer is chosen to make the mold. First,
a 350 nm thick PMMA layer is spin-coated on the Si/SiO» substrate. After baking the
substrate for 2 min at 180 °C, the nanohole array pattern with the desired diameter and
period is written on the PMMA by the e-beam writer. Second, the sample is developed by
the mixture of the IPA and water solution with a ratio of 2 : 1 for 90 s and dried by nitrogen.
Third, a chromium layer of 30 nm thickness is deposited on the sample by the e-beam
evaporator. Next, the PMMA is removed by the hot acetone and the chromium nanodot
array with the desired diameter and period will remain on the Si/SiO: substrate. Then, the

substrate is etched by the reactive-ion etching with the C4Fg and O». Finally, after removing
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the remaining chromium by a chromium etchant, an anti-stick layer is coated on the sample

by the reactive-ion etching with the C4Fs.

PMMA Coating E-beam Writing Cr Deposition
- . E— -

- ‘ -II nn

Anti-stick PMMA Removal
Layer Coating Cr Removal Si0, Etching

i ™ e ™ e ™

Figure 2-8 A typical fabrication process of the mold for nanoimprint.

After successfully making the mold, it can be used to do nanoimprint lithography.
Figure 2-9 shows a typical fabrication process of the nanohole array in the gold thin film
by nanoimprint lithography. First, a chromium layer of 5 nm thickness followed by a gold
layer of 95 nm thickness is deposited on the glass substrate by the e-beam evaporator.
Second, an mr-I 7030R thermoplastic resist of 300 nm thickness is spin-coated on the top
of the gold layer at 3000 rpm. After baking the sample for 2 min at 140 °C, the sample is
imprinted by the mold fabricated above at 135 °C under the pressure of 500 psi. Next, the
sample is etched for 2 min by the reactive-ion etching with O» to remove the residual layer
of the thermoplastic resist. Then, the sample is etched for 3 min by the ion mill to remove
the gold and chromium. Finally, the 7030R resist layer is removed by the hot acetone under

sonication.
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Figure 2-9 A typical fabrication process of the gold nanohole array thin film by
nanoimprint lithography.

2.3.2 Etching rate of SiO; by C4Fs and O

For the process of mold fabrication, the SiO> can be etched by reactive-ion etching
with C4Fg and O,. Table 2-4 shows the experimental parameters used for the reactive-ion
etching. The RF power is 70 W and the ICP power is 1500 W. The flow rate of the C4F5s to
07 is 45 sccm to 5 scem. The pressure and temperature is kept at 6 mTorr and 20 °C,
respectively. And the pressure of the helium is kept at 10 Torr, which is used for cooling.
This recipe is used to etch SiO2 which has a chromium mask. It gives a reference etching
rate of 377 : 6.9 nm/min for SiO> to chromium. To acquire the practical etching rate of our
system, some tests are conducted. Several Si substrates with a 300 nm thick SiO> layer are
etched by the reactive-ion etching using this recipe for different times. Table 2-5 concludes

the data obtained from these samples. The samples have been etched for 35, 40, 45, 60 s
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respectively. For each sample, half of the surface area is covered by the tape which
prevented the SiO; from etching. Each sample has been measured three times at different
positions by the profilometer. And then the average etching depth and the average etching
rate of SiO2 have been calculated and shown in Table 2-5. Sample 4 is excluded from
calculating the average etching rate of SiO, because it is over-etched. The average etching
rate of SiO» calculated is 382.2 nm/min, which is very close to the reference etching rate.

According to this, about 47.1 s is needed to etch 300 nm thick SiO».

Table 2-4 Recipe of etching SiO> with chromium as a mask.

RF Power [W] 70
ICP Power [W] 1500
Pressure [mTorr] 6
C,Fy [scem] 45
0, [scem] 5
Temperature [°C] 20
Helium [Torr] 10

Table 2-5 Etching depth of Si0, measured by the profilometer and average etching rate
of Si0; by C4Fs and O».

m Etch time (s) | Measured depth by Profilograph (nm) | Average (nm) | Rate (nm/min) | Average (nm/min)
35 240 220 235 232 398

1 382.2
2 40 255 260 260 257 385.5

3 45 270 260 285 272 363

4 60 330 325 340 332 332 /

2.3.3 Etching rate of SiO; by CHF3 and O;

The Si02 can also be etched by the reactive-ion etching with the CHF3 and O.. Table
2-6 shows the experimental parameters used for the reactive-ion etching. The RF power is

200 W and the ICP power is 0 W. The flow rate of the CHF3 to Oz is 50 sccm to 2 scecm.
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The pressure and temperature is kept at 50 mTorr and 20 °C, respectively. And the pressure
of the helium is kept at 10 Torr, which is used for cooling. This recipe is used to etch SiO»
with PMMA as a mask, which gives a reference etching rate of 29 : 29 nm/min for SiO: to
PMMA. To obtain the practical etching rate of our system, two Si substrates with a 300 nm
thick Si0; layer are etched by the reactive-ion etching using this recipe for different times.
The method to measure the etching depth is the same as the previous experiment. Table 2-
7 shows the results of the two samples that are etched for 5 min and 10 min, respectively.
The average etching rate calculated is about 31 nm/min, which is very close to the reference
etching rate. Additionally, the PMMA mask can be etched at almost the same rate as the
S10; by this recipe. Thus, the thickness of the PMMA should be well controlled to avoid

over-etching.

Table 2-6 Recipe of etching SiO, with PMMA as a mask.

RF Power [W] 200
ICP Power [W] 0

Pressure [mTorr] 50
CHF; [scem] 50
0, [scem] 2

Temperature [°C] 20
Helium [Torr] 10

Table 2-7 Etching depth of SiO2 measured by the profilometer and average etching rate

of Si02 by CHF; and Os.
SEM measured depth (nm) Average (nm/min)
1 5 ~156 31 31
2 10 ~311 31
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2.3.4 Performance of the anti-stick layer

Table 2-8 shows the experimental parameters for the anti-stick layer coated on the
Si/Si02 mold. The RF power is 50 W while the ICP power is not necessary. The flow rate
of the C4F8 is kept at 100 sccm. And the system pressure and temperature are kept at 80
mTorr and 20 °C, respectively. The pressure of the helium is kept at 10 Torr and the
processing time is set to 30 s.

After coating the anti-stick layer, the surface energy of the molds with and without the
anti-stick layer has been compared qualitatively by water contact angle examination.
Figure 2-10 (a) shows that the Si/SiO> surface with the anti-stick layer can have a contact
angle of more than 90° between the surface and the water, which indicates a high
hydrophobicity of the anti-stick layer. While Figure 2-10 (b) shows that the Si/Si0, surface
without the anti-stick layer can only have a small contact angle between the surface and
the water, which reflects a high hydrophilia of the Si/Si0> surface. Although no difference
in the mold surface can be seen before and after the treatment by eyes, the contact angle
test indicates that the anti-stick layer is successfully applied to the mold. With the existence

of the anti-stick layer, the repeatability of the mold can be dramatically improved.
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Table 2-8 Recipe of the anti-stick layer coating.

RF Power [W] 50
ICP Power [W] 0

Pressure [mTorr] 80
C,Fg [scem] 100
Temperature [°C] 20
Helium [Torr] 10
Time [s] 30

Figure 2-10 Surface energy difference of the Si/SiO> mold (a) with and (b) without the
anti-stick layer.

2.3.5 Etching rate of the mr-I 7030R resist by O: plasma

To etch the mr-I 7030R resist by the reactive-ion etching, the O plasma is used. Table
2-9 shows the experimental parameters in detail. Here, two different system pressures have
been tested, 10 mTorr and 3.3 mTorr, while the other conditions are kept constant. The RF
power is set to 70 W without the ICP power. The flow rate of O; is kept at 50 sccm. The
system temperature is kept at 20 °C and the helium pressure is kept at 10 Torr. For each
recipe, several samples are etched for 1, 2, 3, and 4 min, respectively. These samples are
the Si/Si0» substrates coated with the mr-I 7030R resist of enough thickness. For each
sample, half of the surface area is covered by the tape which prevents the resist from
etching. The etching depth of the mr-I 7030R resist is measured by the profilometer and

then the etching rate is calculated. Table 2-10 shows the calculated etching rate of each
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sample for the two recipes and the average etching rates are also inferred. The final results
give the average vertical etching rate of 52.6 nm/min for 10 mTorr and 33.8 nm/min for

3.3 mTorr. This indicates that a higher pressure leads to a higher etching efficiency.

Table 2-9 Recipe of etching mr-1 7030R resist by O» plasma.

RF Power [W] 70
ICP Power [W] 0
Pressure [mTorr] 100r3.3
0O, [scem] 50
Temperature [°C] 20
Helium [Torr] 10

Table 2-10 Vertical etching rate of the mr-1 7030R resist by different recipes.

Etching time (min)

Etching rate of different recipes (nm/min)

Pressure 10 mTorr Pressure 3.3 mTorr

#1 1 52 /
#2 2 53.5 32
#3 3 51.7 342
#4 4 53.1 353
Average 52.6 33.8

To estimate the horizontal etching rate of the mr-I 7030R resist, three Si/SiO;
substrates with the mr-I 7030R resist of 300 nm thickness are imprinted by the mold with
nanohole arrays of 100 nm, 150 nm, and 200 nm in diameter that all have 500 nm period.
Then the samples are etched for 3, 4, and 5 min respectively by the high-pressure O2 plasma
recipe shown above. Next, the samples are all etched by the CHF3 and O; for 8 min. The
practical diameters of the nanoholes are measured by the SEM images and compared with
the preset values. Figure 2-11 shows the SEM images of nanoholes with different etching
time and different sizes. Figure 2-11 (a), (b), and (c) show the nanohole arrays etched for

3 min. Figure 2-11 (d), (e), and (f) show the nanohole arrays etched for 4 min. And Figure
35



2-11 (g), (h), and (i) show the nanohole arrays etched for 5 min. The average etching rates

of the nanoholes for different sizes and different etching times are calculated and displayed

in Table 2-11. The final average value for the horizontal etching rate of the mr-I 7030R

resist is about 15.3 nm/min at the high-pressure O, plasma. Considering that the samples

have been treated by two etching steps, the practical horizontal etching rate of the mr-I

7030R resist only by the O> plasma should be much smaller than this value.
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Figure 2-11 SEM images of nanohole arrays imprinted on the mr-I 7030R resist after
etching of (a) (b) (¢) 3 min, (d) (e) (f) 4 min, and (g) (h) (i) 5 min.
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Table 2-11 Horizontal etching rate of the mr-I 7030R resist.

Substrate | Sample | Etching Etching 100 nm 150 nm 200 nm Average
time by O, | time by nanohole nanohole nanohole rate
at 10 mTorr | CHF;and etching rate | etching rate | etching rate | (nm/min)
(min) 0, (min) (nm/min) (nm/min) (nm/min)
Si0,/Si #1 3 8 12.5 11.6 13.3 15.3
#2 4 8 14.7 15.4 16.7
#3 5 8 17.1 18.2 17.9

2.3.6 Etching rate of the 495 PMMA by O: plasma

The etching rate of the 495 PMMA by the O, plasma is also studied. The experimental
parameters are the same as those in Table 2-9 except that the system pressure is set to 3.3
mTorr. Several Si/SiO; substrates coated with the 495 PMMA of about 480 nm thickness
have been etched with half of their surface area covered by the tape which prevents the
PMMA from etching. These samples are etched for 3, 5, 6, and 7 min respectively and the
etching depth is measured by the profilometer. Table 2-12 shows the calculated etching rate
for each sample and the average etching rate by using the low-pressure recipe. Sample 4
may be over-etched and was not considered when calculating the average etching rate.

Thus, the final vertical etching rate is about 69 nm/min.

Table 2-12 Vertical etching rate of the 495 PMMA by O: plasma.
3 200 67 69

1

2 5 360 72
3 6 415 69
4 7 (PMMA all gone) 480 (thickness of PMMA at 1000 rpm ) 69

To measure the horizontal etching rate, several Si/SiO; substrates with the 495 PMMA
of enough thickness are imprinted by the mold with nanohole arrays of 150 nm diameter

and 200 nm diameter that both have 500 nm period. Then the samples are etched for 3, 5,
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6, and 7 min respectively by the low-pressure O2 plasma recipe shown above. The actual
diameters of the nanoholes are measured by SEM before and after the etching. Figure 2-12
shows the top view SEM images of the nanohole arrays on the PMMA before and after
etching. To achieve high quality SEM images, the samples are coated with a very thin gold
layer to enhance the conductivity. Figure 2-12 (a) and (b) show the nanohole arrays before
etching, (c) and (d) show the nanohole arrays etched for 3 min, (e) and (f) for 5 min, and
(g) and (h) for 6 min. The samples etched for 7 min have no PMMA remaining at all. With
the increasing etching time, the diameter of the nanoholes increases considerably. Figure
2-12 (a), (¢), (e), and (g) show the diameter increasing trend of 150 nm nanohole arrays
with 500 nm period, and Figure 2-12 (b), (d), (f), and (h) show the diameter increasing
trend of 200 nm nanohole arrays with 500 nm period. The diameters of these nanoholes
before and after etching are measured from the SEM images and shown in Table 2-13. The
horizontal etching rate is then calculated by these data. The final average value for the
horizontal etching rate is 14.9 nm/min at the low-pressure O, plasma. It is acceptable for
microscale imprinting, while it is above average for the nanoimprint process, especially for

the nanoholes of 150 nm diameter.
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Figure 2-12 SEM images of nanohole arrays imprinted on PMMA (a) (b) before etching
and after etching of (¢) (d) 3 min, (e) (f) 5 min, and (g) (h) 6 min.

Table 2-13 Horizontal etching rate of the 495 PMMA by O; plasma.

Preset diameter of nanohole (nm) 150 200 PMMA is
Measured diameter before etching (nm) ~ ~156  ~210  ~156  ~210  ~156  ~210  alletched

awa
Measured diameter after etching (nm) ~253 ~311 ~280 ~371 ~324 ~376 Y
Horizontal etching rate (nm/min) 16.2 16.8 12.4 16.1 14 13.8
Average rate (nm/min) 14.9
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2.3.7 Comparison of 30 s mold and 50 s mold after nanoimprint

Here, the performance of the two Si/SiO2 molds is compared, which are etched for 30
s and 50 s respectively by using the recipe shown in Table 2-4. Figure 2-13 (a), (b), (¢), and
(d) show the SEM images of the 30 s and Figure 2-13 (e), (f), (g), and (h) show the SEM
images of the 50 s. Among them, (a), (b), (¢), and (f) are top views of the molds, while (b),
(¢), (g), and (h) are 45° squint views of the molds. According to the etching rate of SiO»,
the height of the nanocylinders should be about 191 nm for 30 s. However, it is over-etched

for the 50 s mold and the height of the nanocylinders for 50 s should be about 300 nm.
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Figure 2-13 (a), (b), (c), and (d) are the SEM images of 30 s mold. (e), (), (g), and (h) are
the SEM images of 50 s mold.

After nanoimprint, the performance of the molds has a big difference. The
nanocylinders of the 50 s mold are easily broken during the imprint process. Figure 2-14
shows a large area of the broken nanocylinders sticking into the PMMA after the lift-off of

the mold. While the nanocylinders of the 30 s mold remain well after the nanoimprint. This
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may be due to the weak connection between the Si and SiO,. Figure 2-15 shows the
schematic of the two molds. The SiO; nanocylinders of the 30 s mold still adjoin a 1/3 thick
layer of SiO2, which has a much larger area connected to the Si substrate than that of the
50 s mold. Because of the over-etching, the Si substrate has been exposed and the SiO>
nanocylinders of the 50 s mold connect to the Si substrate directly and individually. Thus,
the small connecting area between the Si substrate and the SiO» nanocylinders as well as
the weaker connection between the Si substrate and the SiO: nanocylinders than that
between the SiO» layer and the SiO» nanocylinders, leads to the broken nanocylinders after
the nanoimprint. Thus, leaving a layer of Si0; and avoiding over-etching of SiO, can make

the mold more durable and solid.
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Figure 2-14 Performance of the 50 s mold imprinting on the PMMA.

(a) (b)

Figure 2-15 Schematic of the (a) 30 s mold and (b) 50 s mold.
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2.4 Optimized Performance of Electron Beam Lithography and

Nanoimprint Lithography

From the previous investigations on the e-beam lithography and nanoimprint
lithography, the conditions of the nanohole array fabrication process are optimized. The
nanohole arrays with 150 nm diameter and 2 um period are fabricated by these two methods
under the optimized conditions. Figure 2-16 shows the SEM images of the nanohole arrays
with the desired configuration. Figure 2-16 (a) shows the nanohole arrays fabricated by e-
beam lithography and Figure 2-16 (b) shows the nanohole arrays fabricated by nanoimprint
lithography. Both the samples show extremely uniform nanohole arrays without any
defects. The nanohole arrays fabricated by these two methods can have a high quality.
These favorable results confirm the success of the previous studies and establish a solid

base for the following experiments.
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Figure 2-16 SEM images of nanohole arrays fabricated by (a) e-beam lithography and (b)
nanoimprint lithography.
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2.5 Conclusions

In this chapter, we have studied the fabrication conditions and ascertained the factors
that will influence the quality and uniformity of the nanohole arrays. Two fabrication
methods, e-beam lithography and nanoimprint lithography, are investigated and optimized
to achieve the nanohole arrays with high quality and high uniformity in the gold thin film.
For the e-beam lithography, the electron beam dose control for a given thickness of the
resist is the most important. Since the e-beam writer is powerful and highly automatic
equipment, the e-beam lithography has fewer steps than nanoimprint lithography. However,
this is also why it is an expensive method. For nanoimprint lithography, it has many more
factors to be concerned about than e-beam lithography. Due to many steps of etching
including the etching of the molds and the samples, the process of the nanoimprint
lithography for the nanoscale fabrication is much more complex than that of the e-beam
lithography. The etching rates of the vertical direction and the horizontal direction of
different materials are the most important things that need to be known in the nanoimprint
process since the errors can be enlarged step by step if one of the steps is wrong. By
comparing the performance of the mr-I 7030R resist and 495 PMMA, we finally decide to
use the mr-I 7030R resist as the thermoplastic resist because it has a smaller horizontal
etching rate and can be etched more uniformly than the 495 PMMA. Another thing to note
is that the thermal expansion mismatch between the substrate and the mold with different

materials more or less exists in the thermoplastic nanoimprint lithography. In our
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experiments, when the mold and the substrate are both the Si/SiO», the shape of the patterns
on the mold can be maintained well on the resist. While when we use glass as the substrate
and the Si/SiO> as the mold, there will be subtle change in the shape of the patterns. To
completely avoid this situation, UV nanoimprint lithography can be tried to solve this

problem in the future.
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Chapter 3 Imaging Analysis of the Nanohole Array by
Darkfield Setup

3.1 Introduction

The darkfield imaging is a kind of technique usually used to detect very small samples
or samples with low contrast, which can be invisible in the bright field imaging. Figure 3-
1 shows the diagram of the illuminating light path through a standard darkfield microscope.
Instead of the normal condenser in the bright field microscope, the darkfield microscope
uses a darkfield condenser that contains an opaque aperture at the center. This opaque
aperture blocks the center area of the illuminating light and makes an annular illuminating
light. A microscope objective, whose numerical aperture is smaller than that of the annular
illuminating light, is used to capture the scattering light from the specimen. No direct
transmitted light can go into the microscope objective and only the scattering light can be
detected. Thus, the background without any structure or any specimen will be almost purely
dark. The specimen that is transparent or too small to be recognized in the bright field

microscope can be observed clearly in the darkfield microscope.
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Figure 3-1 Diagram of the light path through a darkfield microscope.

In this chapter, to achieve a better contrast than the bright field setup, we have used
the home-made darkfield imaging setups to investigate the gold nanohole array samples
fabricated in the previous chapter. The imaging quality is optimized by choosing the
appropriate configuration. The nanohole array samples have also been blocked by the
silica-shelled nanospheres. The microscopic images and the spectra of the blocked and
unblocked nanohole array samples have been studied by the darkfield imaging setup with
the CCD and the spectrometer. The illuminating light with different wavelengths is applied
to the system. And the smartphone camera is tried to be coupled with the home-made
darkfield imaging setup as well. The ImageJ software has been used to analyze the

darkfield images.
3.2 Results and Discussion
3.2.1 The home-made darkfield imaging setup

Figure 3-2 shows the schematic of the home-made darkfield microscopic imaging

setup. The sample can be measured by the CCD or the spectrometer with or without the
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moveable mirror, respectively. The exciting light illuminates from the glass side of the
sample at a large angle, which is chosen to make sure that the directly transmitted light
cannot go into the objective lens. The angle between the incident direction of the exciting
light and the horizontal line is 28°. Thus, only the scattering light of the nanostructures can
go into the objective lens and detected by the CCD and the spectrometer, which is so-called
darkfield imaging. The absence or presence of the moveable mirror in the setup allows the
measurement by the spectrometer or the CCD, respectively. The illuminating white light is
incident from the gold film side of the sample to help the objective lens focus on the
nanoholes and will be turned off when performing darkfield imaging. The CCD is a Nikon
DXMI1200F digital camera, the spectrometer is a HORIBA iHR 320 spectrometer, and the

objective is an M Plan Apo 50X long working distance objective.
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Figure 3-2 Schematic of home-made darkfield setup for nanohole array imaging.
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3.2.2 Nanohole blocking experiment

The nanoparticles used to block the nanoholes were bought from the nanoComposix
company. The nanoparticles are silica-shelled gold nanospheres with 70 nm core diameter
and 20 nm shell thickness. The total diameter of the silica-shelled gold nanoparticles is 110
nm, which is a little smaller than the size of the nanoholes. The nanohole array on gold thin
film used for the following experiment has a 150 nm diameter, 2 pm periodicity, and 100
nm thickness (5 nm Cr + 95 nm Au). The core-shell nanospheres are originally dispersed
in the ethanol with a particle concentration of 2.9 x 10" particles/mL. Before the nanohole
blocking experiment, the nanosphere solution is diluted 20 times to have a particle
concentration of about 10'° particles/mL. Photos of empty nanohole arrays are captured by
the darkfield setup. When doing the nanohole blocking experiment, one drop of 10 uL
diluted nanosphere solution is dropped onto the gold thin film with nanohole arrays by a
pipette. After allowing the solution to air dry, the samples are again imaged by the CCD to
find the nanoholes that are blocked by the nanospheres. The images taken after the blocking
experiment are compared with those taken before the blocking experiment to locate the
positions of the suspected blocked nanoholes. Then, the marked suspected blocked
nanoholes are further confirmed by the SEM. Finally, the actual blocked nanoholes by a
single nanosphere are marked and chosen to do the subsequent experiment.

Figure 3-3 shows the darkfield imaging of the gold nanohole array sample before and

after the nanohole blocking experiment. Figure 3-3 (a) shows the empty nanohole array in
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the gold thin film sample with a T shape marker on the right top side. The darkfield image
has an extremely high contrast between the nanoholes and the background. The background,
also the gold thin film, is completely dark. While the nanostructures in the gold thin film
are bright and can be easily detected and distinguished by the detector. The darkfield image
explicitly shows that the nanohole array has a good quality and uniform brightness, which
can much benefit the subsequent experiments. Figure 3-3 (b) shows the same area of the
sample after the nanohole blocking experiment. Some of the nanoholes have a more or less
brown color, which means they have a high probability to be blocked by the nanospheres.
The areas that contain the suspected blocked nanoholes are further confirmed by the SEM

images of the same areas.

(a) Before blocking

(b) After blocking

Figure 3-3 Darkfield images of the nanohole array (a) before blocking and (b) after

blocking experiment. The scale bars are both 10 um.
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Figure 3-4 shows the corresponding SEM images of four typical areas circled by the
red squares in the darkfield images. The suspected blocked nanoholes with color changes
in the darkfield images are circled in the SEM images, which show that all the suspected
nanoholes are blocked by a single nanosphere without exception. Since the core-shell gold
nanospheres have a little smaller diameter than the nanoholes, there is a very high
probability that the blocked nanoholes can only contain one single nanosphere. And these
blocked nanoholes all have an obvious color change without exception, which can be a
method to identify the blocked nanoholes in the darkfield images. While the color of empty
nanoholes, with and without one or more nanospheres close around, remains unchanged.
The SEM images also show that the size of the nanospheres vary in a large range, although
the supplier claims an average core diameter of 70 nm and shell thickness of 20 nm. Some
of the nanospheres are much smaller than the others. Furthermore, regardless of the
different sizes of the nanospheres, the positions of the nanospheres inside the nanoholes
are also different from one another since the total diameter of the nanospheres is always
smaller than that of the nanoholes. Thus, the sizes of the nanospheres and the positions of
the nanospheres inside the nanoholes should be the two main reasons that the blocked
nanoholes have different degrees of color change compared with the empty nanoholes.
While the nanospheres close around the nanoholes have negligible contributions to this

color change.
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Figure 3-4 The corresponding areas of the SEM images and darkfield images. The circles
in the SEM images show the nanoholes that are blocked by a single nanosphere.
The scale bars are both 10 pum.
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3.2.3 Color analysis

To analyze how the color of the blocked nanoholes changes, the RGB channels of two
typical areas in the darkfield images are extracted by the ImagelJ software, shown in Figure
3-5. In Figure 3-5 (a), the selected area contains 12 nanoholes, and the 3.4, St, 7th, 8th, Oth,
10w nanoholes from the left to right are blocked according to the color change. In Figure
3-5 (b), the selected area contains 11 nanoholes, and the 2n4, S, 7w, 8t, 10m nanoholes
from the left to right are blocked according to the color change. The intensities of the red,
green, and blue channels on the yellow line are separately displayed according to the pixel
position of the yellow line. At the positions of the empty nanoholes, the corresponding
intensities of the three channels remain at a similarly high level, respectively. However, at
the positions of the blocked nanoholes, the corresponding intensities of the green and blue
channels have a pronounced reduction, and the one of the red channel has no obvious
reduction. The abnormality of the red channel precisely explains why the blocked
nanoholes more or less tend to be brown. Another thing to be noted is that some of the
blocked nanoholes seem to have a small enhancement for the red channel. On the other
hand, the dramatic changes in the green and blue channels make it possible to use the
monochromatic light as the exciting light source. This finding establishes a solid

foundation for subsequent experiments.
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Figure 3-5 RGB channels of the selected areas in the darkfield images. (a) and (b) shows
12 and 11 nanoholes respectively, and their corresponding intensity on the
yellow line. The scale bars are both 10 um.

3.2.4 Spectra analysis

For further analysis, the darkfield scattering spectra of the blocked and unblocked
nanoholes are measured by the home-made darkfield setup shown in Figure 3-2. Figure 3-
6 (a) shows the positions of the several selected blocked and unblocked nanoholes circled
by the red squares. There are in total 25 typical nanoholes including 16 unblocked
nanoholes and 9 blocked nanoholes. The darkfield scattering spectra of these nanoholes are
measured respectively. And the average darkfield scattering spectra of the blocked
nanoholes and unblocked nanoholes are calculated and normalized by the exciting white
light spectrum respectively, shown in Figure 3-6 (b). It indicates that there is a pronounced

reduction of intensity below 600 nm wavelength when the nanoholes are blocked, while
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above 600 nm wavelength there is a very small difference between the two spectra. More
intuitively, the ratio between the two spectra of the blocked and unblocked nanoholes is
calculated and displayed in Figure 3-6 (¢). It indicates that there is a minimum at about 526
nm with a ratio of about 0.48, which means the light intensity around this wavelength can
have a maximum reduction of about a half when the nanoholes are blocked by the core-
shell gold nanospheres. The region with maximum reduction is corresponding to the green
range. Additionally, The blue range, which is below 480 nm, has a nearly 40% reduction
of intensity as well. While the red range above 620 nm shows a very small reduction. These
results are in agreement with those of the color analysis. Although the color analysis seems
to have a maximum reduction in the blue channel while the spectra analysis has a maximum
reduction in the green range due to the different mechanisms of the two analysis method,
they both show that the intensity change in the red channel is negligible.

On the other hand, the darkfield scattering spectrum of an individual unblocked
nanohole has a resonance peak at about 510 nm, shown in Figure 3-6 (b). Although the
darkfield scattering spectrum is very similar to the transmission spectrum of the gold film,
shown in Figure 3-6 (d), which has a peak at about 500 nm, they are completely different.
According to the previous studies of the individual nanohole shown in Figure 1-3 (b), a
blueshift of the wavelength of the hole resonance is expected with increasing gold film
thickness. Thus, the resonance peak of the darkfield scattering spectrum can be around 500

nm when the thickness of the gold film reaches 100 nm. Also, the transmission of the gold
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film in darkfield setup is almost zero. As the consequence, the resonance peak of the

darkfield scattering spectrum comes from the individual nanohole not the gold film.
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Figure 3-6 Spectra analysis of blocked and unblocked nanoholes. (a) Selected nanoholes.
(b) Average spectra of blocked and unblocked nanoholes. (c) Intensity ratio
according to (b). (d) Transmission spectra of gold film.

3.2.5 Analysis of monochromatic light obtained by filters

The color analysis and spectra analysis show that the monochromatic light has a great
potential to have a better performance as the exciting light in the darkfield setup. Thus, the
450, 550, and 650 filters are utilized to obtain blue light, green light, and red light,
respectively. Their transmission spectra are measured by the UV-vis spectrophotometer,

shown in Figure 3-7. The center wavelengths for the blue filter, green filter, and red filter
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are located at 455 nm, 550 nm, and 650 nm, respectively. The full width at the half

maximum for all these filters is about 20 nm.

(a) Blue filter (b) Green filter (c) Red filter
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Figure 3-7 Transmission spectra of the (a) 450, (b) 550 and (c) 650 filters.

To investigate the performance of the blue, green, and red monochromatic light as the
exciting light, a professional microscope with the darkfield condenser is used to analyze
the nanohole array samples with blocked nanoholes. The measuring setup is shown in
Figure 3-8. The CCD is the AmScope MU1000 digital camera, and the microscope is the
Olympus BH-2 microscope. The darkfield condenser attached to the microscope can
generate an annular light with a numerical aperture of about 0.9. To better fit the darkfield
condenser, the 20X objective lens with a numerical aperture of about 0.46 is selected. The
white balance of the CCD is set as default. The darkfield images of the same area of the
blocked nanohole array sample, with the white light, blue light, green light, and red light
as the exciting light, are shown in Figure 3-9 (a), (b), (c) and (d), respectively. These
darkfield images show a high quality of definition and contrast. For the images excited by
the white light, the unblocked nanoholes show a yellow color due to the halogen light

source and a default white balance setting, while the blocked nanoholes clearly show a
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different color which tends to be red or brown. For the images excited by the blue and
green light, the blocked nanoholes show an obvious lower intensity than the unblocked
nanoholes. However, for the images excited by the red light, the blocked and unblocked
nanoholes can’t be distinguished by the intensity. These results indicate that the blue light
and green light can be good candidates of a monochromatic light source for the darkfield
imaging, but the red light can’t. They again agree with the results of the color analysis and
spectra analysis. And since the human eyes are most sensitive to green light, Figure 3-9 (c)

looks better than Figure 3-9 (b).

20X
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Figure 3-8 Professional microscope with darkfield condenser.
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(a) White light (b) Blue light

(¢) Green light (d) Red light

Figure 3-9 The darkfield images of the blocked nanohole array at the same area captured
by the professional microscope (a) without filter, with (b) blue filter, (c) green
filter, and (d) red filter. The scale bars are all 20 pum.

3.2.6 Inexpensive darkfield device coupled with a smartphone

Considering the on-site POC diagnostic, a portable and inexpensive imaging device,
that can be coupled with the smartphone, is indispensable. To achieve this kind of device,
finding a suitable microscope, which can be coupled with a smartphone to have enough
magnification and resolution for detecting the nanoscale samples, is essential. Here, three
inexpensive smartphone microscopes purchased from Amazon are tested to see if they can
distinguish the nanoholes with only 2 pm periodicity. Figure 3-10 shows the three types of

smartphone microscopes. The smartphone microscope shown in Figure 3-10 (a) contains a
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highly compact lens group and costs about $65. The one shown in Figure 3-10 (b) has the
largest volume among the three and costs about $10. The one shown in Figure 3-10 (c) is
the smallest and has the simplest structure among the three, and also costs about $10.
These smartphone microscopes are tested by the setup shown in Figure 3-11. The
microscope to be tested is attached to the smartphone’s camera. Then the smartphone is
placed on the translation stage with its camera facing down. The smartphone and the
microscope are adjusted by the stage while the sample is immobile on the sample holder.
A simple darkfield environment is established by a LED light incident at a certain angle

from the backside of the sample.

e —
a <+— Microscope -

» «————=——— Sample

\J

LED light source

Figure 3-11 The simple darkfield setup for smartphone microscope testing.
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The smartphone always uses the 2X optical magnification during all the tests while the
three microscopes use their maximum optical magnification respectively. A control group
using the professional microscope with the 10X eyepieces and 50X objective is also
conducted. Their pixel resolutions are defined by micrometers per pixel and magnifications
are calculated according to the control group and displayed in Table 3-1. The #1, #2, and
#3 microscopes have a magnification of about 60X, 15X and 55X, respectively, and a pixel
resolution of about 0.636 um/px, 2.565 pum/px, and 0.700 um/px, respectively. Figure 3-12
shows the images that are taken by the smartphone with #1 microscope, #3 microscope,
and the professional microscope. The first row in Figure 3-12 (a) and (b) contains nanohole
arrays with 2 um periodicity and different diameters. Figure 3-12 (c) shows that the
nanohole array with 150 nm diameter and 2 pm periodicity can be distinguished easily due
to the large numerical aperture of the 50X objective and the high pixel resolution, 77 nm/px,
of the professional microscope with a large magnification of 500X. However, Figure 3-12
(a) and (b) show that the #1 and #3 microscopes can’t distinguish the nanohole array with
the same periodicity due to a small magnification. These results show that even the most
expensive one among the three with the largest magnification of 60X among the three

cannot have enough resolution to distinguish the nanoholes with the 2 pm periodicity.
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Table 3-1 Smartphone microscopes compared with the professional microscope.

. Magnification Pixel Magnification
Microscope . .
(whole system) | Resolution | (microscope)
o / Smartphone 2X
Microscope max 0.636 um/px 60X
# Smartphone 2X
‘; A ,'/, Microscope max 2.565 um/px 15X
#3 Smartphone 2X
w Microscope max 0.700 um/px 55X
-
-." Smartphone 2X
_ Eyepieces 10X 77 nm/px 500X
Objective 50X
‘-ﬁ/
(a) #1 microscope (b) #3 microscope

800 nm in diameter
700 nm

600 nm

500 nm
400 nm
300 nm
200 nm

150,nm

Figure 3-12 Images taken by the smartphone camera with different microscopes, (a) #1
microscope, (b) #3 microscope, and (c) professional microscope. The scale
bars are 100 um in (a) and (b), and 10 um in (c).

In Figure 3-12 (c), a 2 um length under 500X magnification can include about 26 pixels

and one nanohole spot can include about 10 pixels in diameter. To have enough pixels for
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one nanohole spot and the space between two nanoholes, it is conservatively estimated that
at least a magnification of 200X is necessary for a smartphone, let alone the numerical
aperture. Thus, an inexpensive learner’s microscope purchased from Amazon costing about
$70 is tested, which has two types of eyepieces, 10X and 25X, and three types of objectives,
4X, 10X, and 40X. This microscope can achieve enough magnification but the volume of
the device will increase. Firstly, the practical performance of the inexpensive microscope,
such as the pixel resolution, field of view, and practical magnification, is investigated by
using a ruler with 100 um markers. Different combinations of the eyepieces and objectives
are tested and the results are summarized in Table 3-2. Considering the field of view and
practical magnification, the combination of 10X eyepiece and 40X objective is the best
choice. The 40X objective can provide the highest optical resolution due to the largest
numerical aperture among the three objectives under the same magnification. While the
10X eyepiece has a larger field of view than the 25X eyepiece. And they together provide
about 363X magnification. Then, the inexpensive microscope is adapted to a home-made
darkfield setup, shown in Figure 3-13. The exciting light is incident from the backside of
the sample at a large angle. A filter can be put in front of the exciting light. The sample
holder is replaced by a glass holder with a 3D translation stage. The eyepiece is also
coupled with a smartphone holder. Next, this setup is used to test the performance of the
inexpensive microscope configuration by taking pictures of the nanohole array sample with
150 nm diameter and 2 um periodicity. The darkfield images taken by the smartphone with

the professional microscope and the inexpensive microscope are compared and shown in
62



Figure 3-14 (a) and (b), respectively. It can be seen that the image quality of the inexpensive
microscope at the center area is approaching that of the professional microscope. The
inexpensive microscope can have enough magnification and optical resolution to
distinguish the nanoholes. However, due to the lower quality lenses in the objective, the
aberration is pronounced at the edge of the image taken by the inexpensive microscope.
And the contrast of Figure 3-14 (b) between the background and the nanoscale structure is
slightly inferior compared with that of Figure 3-14 (a). To sum up, the practical
performance of the inexpensive microscope is acceptable to a certain degree for analyzing

the nanohole array samples.

Table 3-2 Practical performance of the inexpensive microscope with different
combinations of eyepieces and objectives.

Smartphone Eyepieces | Objective Preset Pixel Field of Practical
magnification microscope resolution | view (um) microscope

magnification (um/px) magnification

10X 100X 0.406 1600 94.8X
40X 400X 0.106 400 363X
25X 4X 100X 0.407 950 94.7X
10X 250X 0.165 360 234X
40X 1000X 0.059 124 653X
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Figure 3-13 The home-made darkfield setup by using an inexpensive learner’s microscope
bundled with a smartphone holder. The eyepiece and the objective are 10X
and 40X respectively.

(a) Professional microscope

(b) Inexpensive microscope

Figure 3-14 Darkfield images of the nanohole array captured by smartphone with (a)
professional and (b) inexpensive microscope. The nanohole array has 150 nm
diameter and 2 um period. The scale bars are both 10 um.
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3.2.7 Filter test with inexpensive microscope darkfield setup

The RGB filters are also used to investigate the performance of the monochromatic
light in the inexpensive microscope darkfield setup. The darkfield images with white light,
blue light, green light, and red light are captured by the smartphone and shown in Figure
3-15. The image with the white light shows a nanohole array of uniform intensity, as well
as the image with the green light. And the image with red light is slightly inferior compared
with them. Unfortunately, the image with blue light has a very low definition and is
extremely dim. Although we don’t know how this happens in details, it should have some
relation to the Bayer filter included in the CMOS of the smartphone camera, shown in
Figure 3-16. The color filter array covers the pixel array of the CMOS. Each pixel sensor
can only receive one of the RGB lights and record its intensity. That’s why the sensor can
recognize the color of the object. The RGB filters are arranged alternatively. Since the
human eyes are most sensitive to green light, the Bayer filter array contains 50% green
filters, 25% blue filters and 25% red filters. Thus, when using monochromatic light, the
pixel resolution has been reduced because fewer pixel sensors can receive light. However,
the pixel sensors with green filters endure less influence since they occupy half of the
sensor array. This is why the green light has the best performance when using

monochromatic light as the exciting light.
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Figure 3-15 Darkfield images of the empty nanohole array, taken by a smartphone with
RGB filters. The nanohole array has 150 nm diameter and 2 um period. The

scale bars are all 10 um.
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Incoming light
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Sensor array

Figure 3-16 The Bayer filter in the CMOS of the smartphone camera.

As we know from the previous study, the red light cannot distinguish the blocked and
unblocked nanoholes. And we also lose the choice of the blue light due to its awful

performance in our setup. Thus, the green light is tested for the blocked nanohole array

66



sample and compared with the white light when as the exciting light. The darkfield images
of the blocked nanohole array sample at the same area are captured by the smartphone with
white light and green light, shown in Figure 3-17. The blocked and unblocked nanoholes
cannot be distinguished well by eyes in the image with white light since the incident angle
of the exciting light cannot perfectly match the numerical aperture of the cheap objective
in the home-made inexpensive darkfield setup. However, the image with green light shows
a better consequence. The blocked nanoholes can be distinguished from the unblocked ones
since they have an obvious reduction of light intensity. Another thing to note is that the
nonuniformity of the empty nanoholes is more enhanced when using monochromatic light.
Thus, to fabricate more uniform nanohole arrays is very important to improve the imaging

results.

DI I

Figure 3-17 Darkfield images of the blocked nanohole array at the same area, taken by a
smartphone. The nanohole array has 150 nm diameter and 2 pm period. The
scale bars are both 10 um.

3.2.8 Optimized field of view and designed structure of the device

By optimizing all the conditions that we can control, such as the monochromatic light

source, the magnification of the eyepiece and objective, the field of view, and so on, a
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nanohole array as large as 80 x 80 can be explicitly imaged by the inexpensive darkfield
microscope setup coupled with a smartphone, which is shown in Figure 3-18. The nanohole
array has a configuration of the 150 nm diameter and 2 pum periodicity. Some of the
nanoholes that are blocked by the nanospheres have a lower intensity than those that are
not blocked. This means that 6400 individual nanoholes can be detected at the same time
within one image. If the quality of the cheap eyepiece and objective can be improved, a
larger area of no aberration can be achieved, which means that more nanoholes, maybe
more than 10000 nanoholes, can be detected at the same time. For the 10X eyepiece and
40X objective we have chosen, the field of view is about 400 um in diameter. If there is no
aberration, theoretically about 30000 nanoholes can be detected at the same time within

one image for a nanohole array of the 150 nm diameter and 2 pm periodicity.

Figure 3-18 The optimized field of view of the monochromatic darkfield image taken by
the inexpensive microscope coupled with the smartphone, which shows a 80

x 80 blocked nanohole array. The scale bar is 20 um.
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To achieve the 400X magnification with a 10X eyepiece and 40X objective, there has
to be a distance of about 15 cm between the eyepiece and the objective. According to the
microscopic theory, the magnification of the objective is related to the ratio between the
distance of the eyepiece and the objective and the focal length of the objective in a finite
conjugate microscope system. Thus, a portable device with a 400X magnification has to
contain this distance between the eyepiece and the objective. Figure 3-19 shows a
schematic of the designed structure of the possible portable device considering the
conditions discussed above. A reflection mirror between the eyepiece and the objective is
used to shrink the volume of the device. The sample can be fixed on the glass holder by the
finger structures. And the exciting light is incident from the backside of the sample to
achieve a darkfield effect. The device is also coupled with the smartphone. The user can
easily take pictures of the nanohole array samples with their smartphone by this device

anywhere outside the laboratory.

Smartphone
[ | Light
Lens
Objective [ —
[ ] Light

Figure 3-19 The designed structure of the device for point-of-care diagnostic.
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3.3 Conclusions

The darkfield images of the empty nanohole array samples indicate a high uniformity
and high quality of the nanohole array on gold thin film, which again confirms the success
of the previous work in chapter 2. The individual nanohole can be recognized explicitly
and easily by the darkfield images. The background of the darkfield images with the perfect
configuration is completely dark, and the nanoholes are very bright and clear. The nanohole
blocked by a single silica-shelled gold nanosphere shows some interesting phenomena,
which can be utilized for blocked nanohole recognition. For the blocked nanoholes, there
can be an obvious reduction of the blue and green light but an enhancement of the red light.
Since not all the blocked nanoholes have this response and the sizes and positions of the
nanospheres vary from one another, this phenomenon should be dependent on the sizes and
positions of the silica-shelled gold nanospheres. However, this is hard to be further
confirmed by the experiments due to the lack of nanospheres with different sizes as well
as the effective control of the nanosphere position inside the nanohole. Thus, the simulation
will be conducted to verify the inference. On the other hand, the darkfield images of good
quality have been obtained by an inexpensive microscope coupled with the smartphone. It
demonstrates the possibility to manufacture a portable and inexpensive device with good

imaging quality for POC diagnostics.
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Chapter 4 Simulations
4.1 Introduction

Within several decades of history, there are many kinds of approaches developed to
model the electromagnetic engineering systems. During the 1960s, the increasing
availability of programmable electronic digital computers permitted many frequency-
domain approaches to rise markedly. Researchers were able to take advantage of the
capabilities afforded by powerful new high-level programming languages and
computational speeds that were orders of magnitude faster than possible with the old
mechanical calculators before the 1960s. However, these frequency-domain techniques
have difficulties and trade-offs. While significant progress has been made in solving the
ultra-large systems of equations generated by frequency-domain integral equations, the
capabilities of even the latest such technologies are exhausted by many volumetrically
complex structures of engineering interest. Further, the very difficult incorporation of
material and device nonlinearities into frequency-domain solutions of Maxwell’s equations
poses a significant problem as engineers seek to design active electromagnetic/electronic
and electromagnetic/quantum-optical systems such as high-speed digital -circuits,
microwave and millimeter-wave amplifiers, and lasers.[”®!

During the 1970s and 1980s, many researchers realized the limitations of frequency-
domain integral equation solutions of Maxwell’s equations. This led to early explorations

of a novel alternative approach: direct time-domain solutions of Maxwell’s differential
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(curl) equations on spatial grids or lattice. The finite-difference time-domain (FDTD)

method introduced by Yee!”! in 1966, was the first technique in this class and has remained

the subject of continuous development.

There are seven primary reasons for the expansion of interest in FDTD and related

computational solution approaches for Maxwell’s equations:

1.

FDTD doesn’t use linear algebra. Being a fully direct and explicit computation, it
avoids the difficulties with linear algebra that limit the size of a frequency-domain
integral equation and finite-element electromagnetics models to generally fewer than
10° field unknowns. FDTD models with as many as 10° field unknowns have been run.
There is no intrinsic upper bound to this number.

FDTD is accurate and robust. The sources of error in FDTD calculations are well
understood and can be bounded to permit accurate models for a very large variety of
electromagnetic wave interaction problems.

FDTD treats impulsive behavior naturally. Being a time-domain technique, FDTD
directly calculates the impulse response of an electromagnetic system. Therefore, a
single FDTD simulation can provide either ultrawideband temporal waveforms or the
sinusoidal steady-state response at any frequency in the excitation spectrum.

FDTD treats nonlinear behavior naturally. Being a time-domain technique, FDTD
directly calculates the nonlinear response of an electromagnetic system.

FDTD is a systematic approach. With FDTD, specifying a new structure to be modeled

is reduced to a problem of mesh generation rather than the potentially complex
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reformulation of an integral equation. For example, FDTD requires no calculation of

structure-dependent Green’s functions.

6. Computer memory capacities are increasing rapidly. Although this trend positively
influences all numerical techniques, it is of particular advantage to FDTD methods that
are founded on discretizing space over a volume and that inherently require a large
random access memory.

7. Computer visualization capabilities are increasing rapidly. Although this trend
positively influences all numerical techniques, it is of particular advantage to FDTD
methods that generate time-marched arrays of field quantities suitable for use in color
videos to illustrate field dynamics.

An indication of the expanding level of interest in FDTD Maxwell’s equations solvers
is the hundreds of papers currently published in this area worldwide each year, as opposed
to fewer than ten as 1985 and before that year.*”) This expansion continues as engineers
and scientists in nontraditional electromagnetics related areas such as digital systems and
integrated optics become aware of the power of such direct solution techniques for
Maxwell’s equations.

The Finite-Difference Time-Domain method (FDTD) is today’s one of the most
popular techniques for the solution of electromagnetic problems. It has been successfully
applied to an extremely wide variety of problems, such as scattering from metal objects
and dielectrics, antennas, microstrip circuits, and electromagnetic absorption in the human

body exposed to radiation. The main reason for the success of the FDTD method resides
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in the fact that the method itself is extremely simple, even for programming a three-

dimensional code.

4.1.1 FDTD Theory

The theory of the FDTD method is simply based on the time-dependent Maxwell’s
equations in the differential form. To solve an electromagnetic problem, the idea is to
simply discretize, Maxwell’s equations with central difference approximations both in time
and space. The originality of the idea of Yee resides in the allocation in space of the electric
and magnetic field components, and the marching in time for the evolution of the procedure.

To better understand how FDTD works, we can start from the three dimensional
Maxwell’s equations in differential form and suggest that there is no charge and current.
The time-dependent Maxwell’s equations are given by:

Gauss’ law for the electric field:

V-D(t) =0, (4-1)
Gauss’ law for the magnetic field:
V-B(t) =0, (4-2)
Faraday’s law:
VXE(®)=— ait), (4-3)
and Ampere’s law:
VxH(t) = agit) . (4-4)
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Considering the linear, isotropic, and nondispersive materials, which means no field-
dependent, direction-dependent, and frequency-dependent electric and magnetic properties,

we can have:

D =¢E = eoerf (4-5)

and
B = pH = pop, H. (4 -6)

For Equation 4-1 through 4-6, the following symbols and units are defined:

tml

: Electric field [V/m],

S

: Electric displacement field or electric flux density [C/m?],

|

: Magnetic field [A/m],

™|

: Magnetic flux density [T or Wb/m? or kg/(Axs?)],

m

: Electrical permittivity [F/m],

& : Relative permittivity [dimensionless scalar],

g0 : Free-space permittivity [8.854x107'2 F/m],

1 : Magnetic permeability [H/m or N/A?],

u: : Relative permeability [dimensionless scalar],

Lo : Free-space permeability [4nx107" H/ml].

Then, we substitute Equations 4-5 and 4-6 into 4-3 and 4-4, respectively. This yields

Maxwell’s curl equations in linear, isotropic, and nondispersive materials:

H(t)
ot

VXE(®t) =—pu (4—-17)
and
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JE(t)
ot

First, we deal with the time derivative parts of the above equations. For the stable finite-

VxH(@) =¢ (4-8)
difference equations, each term in a finite-difference equation must exist at the same point

in time and space. Thus, we can rewrite the time derivatives in the above equations by:

H(t+ At/z) —H(t- At/z)
At

VXE(®) =—u (4-9)

and

E(t + At) — E(b)
At |

VxH(t+4t,) =¢ (4 —10)
Here, we stagger E and H in time so that E exists at integer time steps (¢, t + At, t +
2At, ...)and H exists at half time steps (£ — At/z, t+ At/z, t+ 3At/2, ...). Reordering
Equations 4-9 and 4-10, we can obtain the following equations, called “update equations”:

- — At -

H(t+8t/,) = H(t - At/,) - m (VxE®) (4 - 9a)
and

E(t+00) =E(@®) +— (v x H(t +2t/,)). (4 - 10a)

With the “update equations”, if we know the initial electric field and magnetic field, we
can update ﬁ(t + At/z) from E(t) and then update E(t + At) from ﬁ(t + At/z).
Thus, this can form a loop to update the future value of the electromagnetic field from the
previous value of the electromagnetic field at each point in time and space.

We now expand the vector components of the curl operations of Equations 4-7 and 4-

8 in Cartesian coordinates. This yields the following six-coupled scalar equations:
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and

OH,(t) _1(0E,(t) JE,(t)
at ﬁ( az ay )
OH,(t) 1 (0E, () JE.()
at u( dx 0z )
OH,(t) _1(9E.(t) OE,(t)
at ﬁ( dy dx >
aEx(t) 1 /dH,(t) aHy(t)
5( dy >
aEy(t) 1( E,(t) aEz(t))
e\ 0z dx
OE,(t) 1(0E,(t) E.(t)
at _E< ax  ady >

(4-11)
4-12)
(4 —-13)
(4 —14)
(4 — 15)
(4 — 16)

The six-coupled partial differential equations from Equations 4-11 to 4-16 form the basis

of the FDTD numerical algorithm for electromagnetic wave interactions with general three-

dimensional objects. Previously, we have used centered finite-difference expressions for

the time derivatives. Here, we use the same method for the space derivatives in the above

six equations. Thus, we can rewrite the space derivatives on the right side of the equations

from Equation 4-11 to 4-16. Combining Equations 4-9 and 4-10, we can achieve a finite-

difference numerical approximation of the Maxwell’s curl equations on both sides of the

above equations from Equations 4-11 to 4-16. As we know that each space component is a

function of x, y, z, t, we can introduce a simplified notation:

F(iAx,jAy, kAz,t) = Fik|
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Figure 4-1 Positions of the electric and magnetic field vector components in a cubic unit
cell of the space lattice. The E-components are at the middle of the edges and
the H-components are at the center of the faces.

And the grid points for the E-field and the H-field are chosen as shown in Figure 4-1.
We begin by considering Equation 4-11 as an example. Referring to Figure 4-1 and
applying the above notation, a typical substitution of central differences for the time and

space derivatives in Equation 4-11 at Hx(1, j+1/2, k+1/2, t) yields the following expression:

U R | .11
Hl,]+7,k+7 l,]+i,k+i
x X
U ¢4t
2 2 _
At
.. 1 .. 1 .. 1 .1
El,]+7,k+1 _ El,]+7,k El,]+1,k+7 _ El,],k+7
1 y y z z
u \ Az Ay

Reordering above equation can yield the following explicit time-stepping relation for Hx:

gkt gkt
X = X +
¢+t ¢t
p 2
ikt Lk L Licts ikt
z z

At Y t g t t t
— — . (4-19)
u Az Ay
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Similarly, we can derive finite-difference expressions for the Hy, H,, Ex, Ey, E, field

components in equations from Equation 4-12 to 4-16. They are as following:

1. 1 1. 1
l_7’1+1’k+i l—f,]+1,k+§

y y
At At
t+? t—?
J+1.k+ i-1,j+1,k+ J+1,k+1 i-5,j+1k
z — by x by
E t t t t
u \ Ax Az ’
H 2,]+ Jk+1 _ ,]+ k+1
z - 'z
U ¢-At
2 Z
Jk+1 i—5,j+1,k+1 ,]+ k+1 i— 1,]+ k+1
x x y — By
E t t t t
u \ Ay Ax '
i—pj Lkt i—n Lk
X - Hx
t+At t
]+ k+1 ]+ Jk+1
HZ = At z At
t+o t+7_
LAt Ay
3 i-Ljrtrsd i-Ljrthed ’
2/ TR R
y y
At At
t+o t+5
Az
,]+ k+1 ,]+ k+1
y - Ty
t+At t
,1+ k+ ,1+ k+
/ H At * At
| t+7 t+7_ |
_I_E Az
)
& i+ ,]+ Jk+1 ,]+ k+1
z z
At At
t+o t+o
Ax

and
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i,]'+1,k+% l,]+1,k+%
z z
t+At t
.1, 1 , 1, 1
l+i']+1'k+7 l—z,]+1,k+§
y y
At At
t+? t+? _
At Ax
+o T 11 (4-24)
l']+i' +7 l,]+§, +§
X X
At At
t+? t+?
Ay

The equations from Equation 4-19 to 4-24 are the systems of finite-difference expressions
of Maxwell’s curl equations in three dimensions for linear, isotropic, and nondispersive
materials without current. The new value of an electromagnetic field vector component at
any space lattice point depends only on its previous value, and the previous values of the
components of the other field vector at adjacent points. Thus, at any given time step, the
computation of a field vector can proceed either one point at a time or several points at a
time if several parallel processors are employed concurrently. This indicates the core ideas
of how the finite-difference time-domain method works for solving problems of the

electromagnetic system.

4.1.2 The condition of the numerical stability

Within the computation, the error always exists because of the finite-difference
approximation. The time step and space steps need to satisfy a certain relation, otherwise
the computation will be unstable as the time is proceeding. The instability is shown as
follows: with the increase of the number of steps, the value of the computational field will

increase infinitely. This increase is not caused by the accumulation of errors, but by the
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destruction of the propagation relationship of electromagnetic waves. Taflove’s group!®!]
indicated in 1975 that the At is chosen to satisfy the Equation 4-25 to ensure the stability
of the systems of the above six finite-difference equations, and that the corresponding

stability criterion proposed by Yee in 1966 is incorrect.

1 1 1 )‘1/2

VmaxAt < <(Ax)2 + ) * a0 , (4 -25)

where vimax 1s the maximum wave phase velocity expected within the model.
4.1.3 Numerical dispersion

In FDTD grids, the digital wave modes will change. This change is caused by the
computational grid itself, not by physical factors, so it must be considered. In other words,
in FDTD grids, the phase velocity of the electromagnetic wave is related to frequency and
varies with wavelength, propagation direction, and variable discretization. This numerical
dispersion caused by nonphysical factors will lead to pulse waveform distortion, artificial
anisotropy, and false refraction. The general form of the numerical dispersion relation for

the full vector—field Yee algorithm in three dimensions is:

o ()] -

()] o ()] el (P e

In contrast to Equation 4-26, the analytical dispersion relation for a physical plane wave

propagating in three dimensions in a homogeneous lossless medium is simply:

WA 2

(5) = K2+ (k)" + (k)2 (4 -27)
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Equations 4-26 and 4-27 seem to have little resemblance at first glance, while it can be
easily demonstrated that they are identical when At, Ax, Ay, and Az are approaching zero.
That is, the numerical dispersion is caused by the substitution of approximate difference
for continuous differentiation, and theoretically can be reduced to any degree, as long as

the time step and the space step are fine enough.

4.1.4 Summary

In this work, we have used the finite-difference time-domain method to simulate the
dark-field imaging of the blocked and unblocked nanoholes in the gold film on the glass
substrate. The Lumerical’s FDTD solutions software is used to perform the simulation tasks
on the computer. To better understand how the nanosphere inside the nanohole interacts
with the incident light, different sizes of the nanospheres and different positions of the
nanosphere inside the nanohole are applied to the simulation structures. Three single
wavelengths, 488 nm, 550 nm, 641 nm, are used for the plane wave light source,

respectively corresponding to the blue, green, and red channels in the image analysis field.

4.2 Results and Discussion

4.2.1 Simulation configuration

Figure 4-2 shows the side view and top view of the simulated structure. The simulated
structure contains two nanoholes, of which the diameter is 150 nm and the distance is 2

pm. One of the nanoholes is empty and the other one is blocked by a silica-shelled gold
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nanosphere, of which the silica shell thickness is 20 nm and the gold core diameter is 70
nm, initially. From the top view, the nanosphere is located at the center of the nanohole.
The single wavelength plane wave light source is incident at an angle of 54° from the glass
side. Two polarizations of the incident light are chosen as shown in Figure 4-3. The P
polarization indicates that the vibration direction of the electric field is in the XZ plane,
while the S polarization indicates that the vibration direction of the electric field is in the
YZ plane. The surface monitor is located 100 nm above the surface of the gold film. The
simulated area of the XY plane is 4 um x 2 pym. The minimum mesh size is set to 2.5 nm
since there is a 5 nm Cr layer in the simulated structure. The perfect matched layer is used

for the boundary conditions, which can absorb incident light with minimal reflections.

(a) Side View (b) Top View

Z |100nm 110nm i
y lum : 2um © lum

150nm .95nmAu 70nm
100nm {um I

L oose L — !

Surface Source

> X » X

Figure 4-2 The simulation configuration of the nanoholes structure. (a) Side view of the
simulated area and (b) top view of the simulated area.
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Side view
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Incident light

> X

/{polarimtion

Incident light

Figure 4-3 Polarizations of the incident light. Red arrows are propagating direction of the
incident light. Blue arrows are polarization of the electric field. P polarization
is in XZ plane and S polarization is in YZ plane.

As the simulation results only contain the data of the near field, an analysis script is
used to post-process simulation monitor data such that it can be compared to experimental
images obtained from a microscope with a given numerical aperture. To do this, near field
monitor data is decomposed into a series of plane waves, which propagate at different
angles. Any plane waves with angles outside of the NA are then discarded. Finally, the
remaining light is re-focused onto an image plane. The script does this calculation and
produces an image of the final result. This script does not include a magnification factor
for the lens system, while it does include a defocus setting which allows us to consider the
imaged light at a specified distance from the focal plane. Figure 4-4 shows the schematic
of the simplified imaging system, which is achieved by the analysis script described above.
A lens system takes light from the specimen and focuses it onto an image plane. At some
point in the system, an aperture limits the angles of light that can travel through the lens

system to create the final image.
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Figure 4-4 The schematic of a simplified imaging system.
4.2.2 Different sizes of the nanosphere

Since the diameters of nanospheres are always within a range, different sizes of the
nanospheres are applied to the simulation. The silica-shelled gold nanospheres we have
used in the experiment have a silica shell of 20 nm thickness and a gold core of 70 nm
diameter. In the simulation, we keep the thickness of the silica shell unchanged and change
the diameter of the gold core from 0 to 100 nm with the 10 nm increment. We use a specific
notation for each case, such as 70+40 for a nanosphere with a gold core of 70 nm diameter
and a silica shell of a total of 40 nm thickness. The sum of core+shell shows the total
diameter of the nanosphere used.

Figure 4-5 shows the near field intensity distributions of the structure, shown in Figure
4-3, which is excited by the 488 nm, 550 nm, and 641 nm light with P and S polarizations
respectively. The silica-shelled nanosphere, with a 70 nm core diameter and a 20 nm thick
shell, is at the center of the right side nanohole. The results indicate that whatever the
polarization of the exciting light is, the green light has a larger reduction than the blue light

for the blocked nanohole, while the red light has an obvious enhancement for the blocked
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nanohole. The intensity distribution of the S polarization for each light is more smooth than

that of the P polarization in the area between the nanoholes.

P polarization S polarization

Near field Near field

488 nm

¥ (um)
y (um)

05

00 5 45 05 00
x (um) X (um)

Near field Near field

y (um)

550 nm &

05 00
x (um) 00

T x(um)

Near field Near field

y (um)

641 nm

¥ (um)

x (um)

Figure 4-5 Near field intensity distributions of 488, 550, and 641 nm exciting light with
P and S polarization. The right nanohole is blocked by a silica-shelled gold
nanosphere with 70 nm core diameter and 20 nm thick shell.

To study the size dependence of the intensity change for the blocked nanohole,
different sizes of the nanosphere at the same position have been applied to the simulation.
The microscopic imaging with NA = 1 of the far field is also derived from the data of the
near field. And the intensity ratios between the blocked and unblocked nanoholes of both
the near and far field are calculated and summarized. Figure 4-6 shows the results of the
488 nm exciting light with P and S polarizations respectively. The near field data and the

far field data have almost the same trend for both polarizations. The ratios have nearly no

86



change at the small core diameter range but decrease quickly when the core diameter is
larger than 60 nm. Figure 4-7 shows the results of the 550 nm exciting light with P and S
polarizations respectively. They have a similar trend with the results of the 488 nm exciting
light. However, the ratios of the green light decrease much faster than those of the blue
light when the core diameter is larger than 50 nm. Figure 4-8 shows the results of the 641
nm exciting light with P and S polarizations respectively. These results of 641 nm are very
different from those of 488 nm and 550 nm. The ratios of the red light can be dramatically
larger than 1 for both polarizations of the far field in the core diameter range from 50 to 80
nm, which means an obvious enhancement of red light in the microscopic imaging.
Theoretically, the near field data should contain the nonradiative component that is coupled
near the surface of the gold thin film, and the radiative component that results in the far
field data. For the P polarization of the red light shown in Figure 4-8 (a), the far field ratios
are larger when the core diameter is smaller than 90 nm, which means that the near field
data of the blocked nanohole has a higher ratio of the radiative component than those of
the unblocked nanohole. While for the S polarization of the red light shown in Figure 4-8
(b), the radiative and nonradiative components have the same ratio in the near field data of
both the blocked and unblocked nanoholes. However, the maximum ratios for the P and S
polarizations are almost the same when the core diameter is 70 nm, which indicates that
both polarizations have the same contribution to the enhancement of the red light in the

microscopic imaging of the far field.
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Figure 4-6 Intensity ratios between the blocked and unblocked nanoholes at 488 nm
wavelength of (a) P and (b) S polarizations for near field (red dots) and far
field (black squares). The nanosphere is at the center of the nanohole.
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Figure 4-8 Intensity ratios between the blocked and unblocked nanoholes at 641 nm
wavelength of (a) P and (b) S polarizations for near field (red dots) and far
field (black squares). The nanosphere is at the center of the nanohole.
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4.2.3 Different positions of the nanosphere

To investigate the position dependence of the intensity change for the blocked
nanohole, two different positions of the nanosphere inside the nanohole have been applied
to the simulation. The microscopic imaging with NA = 1 of the far field is also derived
from the data of the near field. And the intensity ratios between the blocked and unblocked
nanoholes of both the near and far field are calculated and summarized. The first position
of the nanosphere inside the nanohole is at the edge, shown in Figure 4-9. This position
change results in a larger distance between the nanohole edge and the nanosphere in the X
direction. The trend of the ratio change for the 488 nm exciting light is similar to the
previous structure for both the polarizations and for both the near and far field, which is
shown in Figure 4-10. This position change has nearly no influence on the blue light. For
the results of the green light shown in Figure 4-11, there is almost no change for the S
polarization. But the ratios begin to decrease at a smaller core diameter for the P
polarization since the space between the nanohole edge and the nanosphere in the X
direction is larger. Also, this position change has nearly no influence on the S polarization
of the red light but some influence on the P polarization, shown in Figure 4-12. The
maximum intensity ratio of the far field for P polarization has a dramatic reduction but still
a little larger than 1 and moves to the 60 nm core diameter. And the maximum intensity
ratio of the near field for P polarization has a small reduction as well but finally smaller

than 1.
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Figure 4-9 Top view of the simulated structure with a nanosphere at the edge of the

nanohole.
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Figure 4-10 Intensity ratios between the blocked and unblocked nanoholes at 488 nm
wavelength of (a) P and (b) S polarizations for near field (red dots) and far
field (black squares). The nanosphere is at the edge of the nanohole.
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Figure 4-11 Intensity ratios between the blocked and unblocked nanoholes at 550 nm
wavelength of (a) P and (b) S polarizations for near field (red dots) and far
field (black squares). The nanosphere is at the edge of the nanohole.
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Figure 4-12 Intensity ratios between the blocked and unblocked nanoholes at 641 nm
wavelength of (a) P and (b) S polarizations for near field (red dots) and far
field (black squares). The nanosphere is at the edge of the nanohole.

The second position of the nanosphere inside the nanohole is at the corner, shown in
Figure 4-13. This position change results in a larger distance between the nanohole edge
and the nanosphere in both the X and Y direction compared with the original position.
Figure 4-14 shows the results of the blue light. As with the first position, this position
change has nearly no influence on the blue light because of the similar proximity change
between the nanohole edge and the nanosphere in the Y direction to that of the first position
in the X direction. And for the green light shown in Figure 4-15, the results for the P
polarization are nearly the same as those of the first position, while the intensity ratios for
the S polarization begin to decrease at a smaller core diameter because the distance between
the nanohole edge and the nanosphere in the Y direction becomes larger. Figure 4-16 (a)
shows that the results of the red light for P polarization is similar to those of the first
position. However, the maximum intensity ratios of both the near field and far field

decrease but are still larger than 1, shown in Figure 4-16 (b).
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Figure 4-13 Top view of the simulated structure with a nanosphere at the corner of the

nanohole.
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Figure 4-14 Intensity ratios between the blocked and unblocked nanoholes at 488 nm

wavelength of (a) P and (b) S polarizations for near field (red dots) and far
field (black squares). The nanosphere is at the corner of the nanohole.
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Figure 4-15 Intensity ratios between the blocked and unblocked nanoholes at 550 nm
wavelength of (a) P and (b) S polarizations for near field (red dots) and far
field (black squares). The nanosphere is at the corner of the nanohole.
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Figure 4-16 Intensity ratios between the blocked and unblocked nanoholes at 641 nm
wavelength of (a) P and (b) S polarizations for near field (red dots) and far
field (black squares). The nanosphere is at the corner of the nanohole.

4.2.4 Different wavelengths of the exciting light

Furthermore, different wavelengths of the exciting light are simulated to obtain the
intensity ratios between the blocked and unblocked nanoholes. The silica-shelled gold
nanosphere is at the center of the nanohole with a gold core of 70 nm diameter and a silica
shell of 20 nm thickness. Figure 4-17 shows the far field results of the wavelength-
dependent intensity ratios for the P polarization and S polarization respectively. Both
curves have the same trend that they decrease first and then increase with the increase of
the wavelength in the visible light region. They show a similar minimum intensity ratio
between 525 and 550 nm, and both reach as high as 1.6 at 700 nm. The shapes of the curves
are very similar to the shape of the spectrum shown in Figure 3-6 (c). Since the spectrum
in Figure 3-6 (c) is an average spectrum of several blocked nanoholes with the nanosphere
of different sizes and positions, it is reasonable that the values of the intensity ratios have

some difference. While Figure 4-17 shows the results of the blocked nanohole with the
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nanosphere of the specific size and position, which have a good agreement with the

experimental results of the darkfield imaging.
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Figure 4-17 Intensity ratios between the blocked and unblocked nanoholes at different
wavelengths of the exciting light with the P and S polarizations.

4.2.5 Positions of the nanosphere above the nanohole

Considering the future detection of the analyte, which will be combined with the
nanosphere, the analyte may stay inside the nanohole and keep the nanosphere outside the
nanohole. Thus, the situations have been also simulated when the nanosphere is above the
nanohole at the center position and edge position, which are shown in Figure 4-18. The
silica-shelled gold nanosphere has a 70 nm core diameter and a 20 nm shell thickness. The
far field results of the P and S polarizations are obtained for the blue, green, and red light.
The intensity ratios between the blocked and unblocked nanoholes are calculated and
shown in Figure 4-19. It shows similar results to those when the nanosphere is inside the

nanohole. As long as the nanosphere is close to the nanohole, whatever it is inside the
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nanohole or above the nanohole, the blue and green light can have an obvious reduction
while the red light can have a pronounced enhancement for this size. The green light still
has a larger reduction than the blue light.

Center above nanohole

Edge above nanohole

Figure 4-18 Side views of the positions when the nanosphere is above the nanohole at the
center position or edge position.
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Figure 4-19 Intensity ratios between the blocked and unblocked nanoholes at 488, 550, and
641 nm wavelength of P and S polarizations. The nanosphere is above the
nanohole at the center position or edge position.
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4.3 Conclusions

The simulation results show that generally with the increase of the gold core diameter,
the intensity of the blue light for the blocked nanohole decreases slowly, and the intensity
of the green light for the blocked nanohole decreases quickly. However, the intensity of the
red light for the blocked nanohole increases first and then decreases very fast with the
increase of the gold core diameter. The maximum ratio of the red light between the blocked
and unblocked nanoholes can be as high as 1.5, which means an obvious enhancement of
the red light. The simulation results of the position changes show that the intensity of the
blue light for the blocked nanohole almost hasn’t been influenced, but the intensity of the
green light and red light have been influenced more or less. The simulation results have a
good agreement with the results of the color analysis and spectra analysis in chapter 3.
They both show that the red light can have an enhancement at a certain size range and
different positions, and the green light is the best choice to recognized the blocked
nanoholes because it has the largest reduction of light intensity for the blocked nanoholes.
They indicate the silica-shelled gold nanospheres with a gold core of 70 nm diameter and
a silica shell of 20 nm thickness, which are used to block the nanoholes, have a suitable
size because the blocked nanoholes can have the largest enhancement of the red light and
a pronounced reduction of the green light. The simulations help us understand the
phenomena in the darkfield imaging and guide us to choose the best configuration for

future experiments.
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Chapter 5 Smartphone Application of Nanohole Array Sensing
5.1 Introduction

In recent years, smartphone-based mobile devices have been largely developed in the
area of food safety, environmental monitoring, and health care, etc. These devices can be
used as on-site detection platforms to detect allergens or hormones in food®?#), measure
the concentration of metal ions in water!®®>] monitor vital status!®*®), count the number of
cells®”] and so on. Since the smartphone is a cost-effective and powerful portable device
with high-quality digital cameras, excellent computer processors, touchscreen interface,
and wireless data transfer, it can be used as the microscope, instrumental interface,
experimental result reader, data calculator, and analyzer.!®®3%! In the biomedical field, by
substituting the expensive and complex equipment with smartphone-based devices, not
only the health care cost can be dramatically reduced, but the POC testing for on-site
measurement and diagnostics in remote areas and resource-limited regions can be easily
achieved.l®® Smartphone-based POC detection or testing platform allows immediate data
collection, fast data analysis, and communication with remote medical centers or doctors
via the wireless network. The data can be saved with time and GPS location information,
which may facilitate the epidemiological studies and establishment of spatiotemporal
disease prevalence maps.’!! Due to these benefits, many types of smartphone-based POC

optical devices have been developed, such as imaging®>!, colorimetric sensing!®7-1°!],

102-104] [109-111]

fluorescence sensing! , optical spectrum sensing!!%51%] SPR sensing , etc.
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Some of these devices are served only as an image reader or a data transfer medium and
need to connect with a server to analyze the data, and the others can analyze the sample
images on the smartphone.

To follow the trend to replace large and expensive equipment with the portable and
inexpensive device, efforts are made to apply the smartphone to the nanohole array sensing,
which is promising for POC diagnostics. In the previous chapter, it is proved that the
images with good quality of our nanohole array samples can be obtained by the home-made
darkfield microscope setup coupled with a smartphone. To take full advantage of the
powerful smartphone, a matched smartphone application is also developed with many
image analysis functions, which are adjusted specifically for our situation. As we are using
an android based smartphone, the smartphone application is developed by the Android
Studio, a free software supported by the Google company. And the main language for
coding is Java. Furthermore, the OpenCV library is also introduced into the Android Studio
since it contains many useful and powerful functions for image processing. The main codes

of the smartphone application used in the Android Studio are listed in the appendices.

5.2 Results and Discussion

5.2.1 Home page of the smartphone application

Figure 5-1 shows the home page of the Nanohole Array Sensor application. There are
many buttons with different functions, several image areas to show images, and a text area

to show the results of the analyzed image. The button of LOAD AN IMAGE is to load an
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image to the Imagel area from the internal storage of the smartphone. The button of TAKE
A PHOTO is to take a picture by the smartphone camera and load the picture to the Imagel
area. The button, SAVE, is to save the text in the Results area to the internal storage of the
smartphone as a file of the text form. The button, SAVE2, is to save the image in Image2
area when the Image3 area is empty, or the image in Image3 area when Image3 area is not

empty, to the internal storage of the smartphone as a file of the jpg form.
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Figure 5-1 The home page of the Nanohole Array Sensor application.
5.2.2 Global threshold and local threshold

After loading an image to the Imagel area, which is chosen to be analyzed, there are

many functional buttons at the bottom that can be used to process the image and show data
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results. First of all, the threshold method is utilized to threshold the image into a binary
image, which will be shown in Image2 area. The buttons, T and LT, at the bottom of the
home page, provide two threshold strategies that are called the global threshold and the
local threshold, respectively. These two threshold methods are both based on the Otsu
threshold algorithm.[''?) The Otsu’s method is a well-known method for thresholding an
image. It works very well for the image with only background and foreground, which is
exactly the case in our situation. The nanoholes in the image are the foreground and the
space between nanoholes is the background. For this kind of image, it means the histogram
of pixel intensity has a bimodal distribution and usually possesses a deep and sharp valley
between the two peaks. For a given possible threshold value, the goal of Otsu’s method is
to calculate the within-class variance or to calculate the between-class variance in a simpler
and faster way. When the within-class variance is the minimum or the between-class
variance is the maximum, the given threshold value is the best choice. The equations of the
within-class variance and the between-class variance are as follows:

oy = Wyof + Wro} 5-1)

and

o5 = 0% — o
2
= W, (up — )% + Wy (up — ) (5-2)
2
= Wy Ws (up = 1t5)",

where o, oy, 03, 03, and of are the total variance, within-class variance, between-class
variance, the variance of the background and the variance of the foreground, respectively;

Wy, and Wy are the weight of the background and the weight of the foreground,
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respectively; u, u, and uy are the total mean, the mean of the background and the mean
of the foreground, respectively. Since the variance is more complex to be calculated than
the weight and the mean, the calculation of the between-class variance is easier than that
of the within-class variance.

The threshold methods are to recognize the nanoholes in the darkfield image, locate
their positions, and determine their size or area. The difference between the global
threshold and local threshold is that the former processes the whole image while the latter
divides the image into several small parts and processes each part individually. Figure 5-2
shows the original darkfield image of the blocked nanohole array on the top, and the images
that are processed by the global threshold and local threshold on the bottom. The original
darkfield image is taken by the CCD with the professional darkfield microscope. Some
blocked nanoholes with very low intensity can’t be recognized by the global threshold but
can be recognized by the local threshold. It is obvious that the blocked nanoholes have
smaller areas than the unblocked ones by the global threshold. However, this phenomenon
is not pronounced by the local threshold. Usually, the local threshold method is better than
the global threshold when the background is not uniform. But when the local foreground
is similar to the local background, the local threshold will have a bad performance at that
local area. Thus, the selection of the two threshold methods depends on the property of the

analyzed image on a case-by-case basis.
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Figure 5-2 Original darkfield image processed by the global threshold and local threshold
methods. The scale bars are all 10 um.

After the threshold of the image, sometimes there will be connected nanoholes and
noisy points in the binary image due to the defects of the samples. Here, the erosion and
dilation operations of the binary image are integrated into the smartphone application. Two
corresponding buttons, ERODE and DILATE, are at the bottom of the home page shown
in Figure 5-1. Just as their names imply, the erosion function is to decrease the area of the
foreground spots in the binary image, and the dilation function is to increase the area of the

foreground spots in the binary image. The middle image of Figure 5-3 shows the result of

102



the global threshold of the original image, which is taken by the smartphone from the
eyepiece of the professional microscope with a home-made darkfield setup. The red square
circles the two nanoholes which connect to each other. Then, the middle image is eroded
two times and dilated once to obtain the right image. As a consequence, the connected
nanoholes are successfully separated and most of the other nanoholes maintaining nearly
the same size as before the operations. Figure 5-4 shows another example of how to
eliminate the noisy point of the image. Similarly, the middle image is the result of the global
threshold of the original image, which is taken by the smartphone from the eyepiece of the
professional microscope with a home-made darkfield setup. And the red circle indicates
the location of the noisy point among the nanoholes. After the middle image is eroded three
times and then dilated three times, the result is shown in the right image of Figure 5-4.
Finally, the noisy point is eliminated indicating by the red circle in the right image.
Although most of the nanoholes maintain almost the same size as before the erosion and
dilation operations, some of the extremely small nanohole spots disappear as well. In a
word, the erosion operation can remove spots from small to large depending on the number
of operations. When eroding the noisy points, the nanohole spots that are smaller than the
noisy point will be eliminated as well. In addition, the dilation operation can increase the
size of the nanohole spots after they are eroded. The combinations of the erosion and
dilation operations can not only separate the connected nanoholes and remove the noisy
points but also control the size of the nanohole spots, which will influence the histogram

calculation in the following steps.
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Original image Global threshold 2 erosion and 1 dilation

Figure 5-3 Separation of the connected nanoholes of the original darkfield image, which
is processed first by the global threshold and then by the erosion and dilation
operations. The scale bars are all 10 pm.
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Figure 5-4 Elimination of the noisy point of the original darkfield image, which is
processed first by the global threshold and then by the erosion and dilation
operations. The scale bars are all 10 pm.

5.2.4 Calculation of the number of blocked nanoholes by the histogram and

direct counting

The most important function of the smartphone application is to calculate the number
of the blocked nanoholes in a nanohole array image. The application offers two strategies,
which are using the total intensity of each nanohole and the mean intensity of each
nanohole. They are corresponding to the buttons, TOTAL and MEAN, respectively. Since

each nanohole spot contains many pixels, the total intensity of a nanohole means adding
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all the pixel intensities included by a nanohole spot in the binary image, and the mean
intensity means calculating the mean intensity of all the pixels included by a nanohole spot
in the binary image. First, these two methods use the binary image obtained by the
threshold methods to locate the positions and sizes of all the nanoholes in the original
darkfield image. Second, they use the original darkfield image to obtain the intensity
information according to the positions and sizes of all the nanoholes known in the previous
step. Finally, in terms of the methods the user has chosen, the total intensity or the mean
intensity of each nanohole will be calculated and displayed in the Results area on the home
page shown in Figure 5-1. Besides the intensity information, three other values, the
threshold value, the number of the unblocked nanoholes, and the number of the total
nanoholes, will be displayed as well above the intensity information.

Figure 5-5 shows an example of the histograms of the empty nanohole arrays. Since
our smartphone application hasn’t included graph function yet, these histograms are drawn
by the Origin software on the computer in terms of the intensity information displayed in
the Results area. Figure 5-5 (a) is the white light darkfield image of the empty nanohole
array, and Figure 5-5 (b) is the green light darkfield image of the empty nanohole array at
the same position. Both of the images are taken by the smartphone with the home-made
inexpensive darkfield microscope. Both the histograms are within a range of about 25,

which indicates that the uniformity of the nanoholes is good.
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Figure 5-5 Darkfield images and histograms of empty nanohole arrays (a) without green
filter and (b) with green filter. The scale bars are both 10 pum.
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Figure 5-6 (a) shows an example of the blocked nanohole array analyzed by the
histogram. The original darkfield image, shown in Figure 5-6 (b), is taken by the CCD with
the professional darkfield microscope. It is obvious that there are nine nanoholes that are
blocked by the nanosphere since they have a lower intensity than the others. The binary
image, shown in Figure 5-6 (c), is obtained by the local threshold followed by the one-time
erosion and one-time dilation operation. Then, the MEAN function is performed to obtain
the mean intensity information of each nanohole since the nanoholes have similar sizes in

the threshold image. Finally, the intensity values of all the nanoholes are collected and form
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the histogram shown in Figure 5-6 (d). The red circle indicates the group of blocked
nanoholes at the lower intensity region, which is separated from the large group of
unblocked nanoholes at the higher intensity region. The number of the blocked nanoholes
is nine shown by the histogram, which is equal to the difference between the total number
(156) and the unblocked values (147), indicated by the black arrows, shown in the Results
area of Figure 5-6 (a). It can be seen that the blocked and unblocked nanohole groups can
be well separated in the histogram for this type of darkfield image with good quality. Thus,

the consequence of the calculation is really precise.
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Figure 5-6 (a) Example of the darkfield image analyzed by the smartphone application,
(b) the darkfield image by microscope, (c) its threshold image, and (d)
intensity histogram of the nanoholes. The scale bars are both 6 um.
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Figure 5-7 (a) shows an example of the blocked nanohole array analyzed by direct
counting. The original darkfield image, shown in Figure 5-7 (b), is taken by the smartphone
with the home-made inexpensive darkfield microscope. The binary image, shown in Figure
5-7 (¢), is obtained by the global threshold method from the original darkfield image. And
the binary image, shown in Figure 5-7 (d), is obtained by one-time erosion operation from
the binary image shown in Figure 5-7 (c). Then, the total number of the nanoholes that
exists in Figure 5-7 (d) is calculated by performing either the MEAN function or the
TOTAL function. The value of the total number is displayed in the Results area of Figure
5-7 (a), indicated by the black arrow, while the value of the unblocked is useless. Thus, it
means that the number of unblocked nanoholes is 460. Since the nanohole array has 529
nanoholes in total, the number of the blocked nanoholes is 69 by subtracting 460 from 529.
Figure 5-7 (e) shows the darkfield image taken by the CCD with a professional darkfield
microscope. By visual inspection, the number of blocked nanoholes, which have an
obvious color change, is about 69, which is equal to the number calculated above. However,
comparing Figure 5-7 (d) and 4-7 (e), several blocked nanoholes are not in the same
positions. This means the method still has some error in detecting the truly blocked
nanoholes and some of the unblocked nanoholes with a lower intensity than others have
been regarded as the blocked nanoholes. Thus, to improve the performance of the
smartphone application, efforts are still needed to improve the uniformity of the nanoholes,

the quality of the imaging, and the strategy for analyzing the image.
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Figure 5-7 (a) Example of the darkfield image analyzed by the smartphone application,
(b) the darkfield image by smartphone, (¢) and (d) threshold images, and (e)
the darkfield image by CCD. The scale bars are all 10 um.

5.3 Conclusions

In this chapter, the beta version of the smartphone application, -called
Nanohole Arrary Sensor, which is developed for detecting the blocked nanoholes in the
nanohole array samples, is introduced. The main functions of the smartphone application
include two threshold methods based on Otsu’s method, erosion and dilation operations of
the binary image, and two methods for the intensity analysis of the nanoholes. The
combinations of these functions can perform the analysis of the sample images. According

to the different features of the images, choosing a suitable strategy to analyze the image
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can achieve good results. Several images have been processed by the smartphone
application to test these functions. In some cases, the number of blocked nanoholes is
calculated precisely while in other cases there are still small errors. Generally, the results
show that the smartphone application works well to a certain degree, but there is still a lot
to be improved. As the experiment progresses and the requirements increase, more desired

functions can be added to the smartphone application in the future.
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Chapter 6 Conclusions and Perspectives

In a word, we have successfully demonstrated that the individual silica-shelled gold
nanoparticles of about 110 nm size can be easily detected and analyzed with the help of the
gold nanohole arrays by using a home-made darkfield imaging system coupled with a
smartphone. This offers the feasibility to achieve single virus detection by the inexpensive
and portable device for the future POC diagnostics, which will much benefit the healthcare
in remote areas and resource-limited regions.

First of all, the fabrication methods of the nanohole arrays are introduced in chapter 2.
Two techniques, e-beam lithography and nanoimprint lithography, are studied to
manufacture uniform and high-quality nanohole arrays for small scale and large scale
production, respectively. Various factors that will affect the performance of the samples
have been investigated. The desired configuration of the nanohole arrays including the
nanohole diameter and array period can be well controlled by choosing proper processing
parameters. As the results, the square-lattice nanohole arrays of 150 nm diameter, 2 um
period, and 100 nm thickness have been fabricated. Both techniques can work well and
produce good samples except that for the thermoplastic nanoimprint lithography there is a
little distortion of the nanohole shape due to the mismatch of the thermal expansions of the
Si mold and glass substrate. To solve this problem thoroughly, either the UV nanoimprint

lithography or the glass mold can be used in future work.
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In chapter 3, the darkfield imaging system has been utilized to acquire images of the
nanohole array samples that have been blocked by the silica-shelled gold nanosphere. The
individual nanoholes can be recognized readily by eyes from the darkfield images. The
spectra of the individual blocked and unblocked nanoholes have also been measured by the
spectrometer. The color analysis of the darkfield images and the spectra analysis of the
visible light range show a pronounced reduction of light intensity in the blue and green
regions but an unusual enhancement in the red region. These interesting phenomena have
been confirmed as well by using the monochromatic exciting light. Additionally, a home-
made inexpensive darkfield microscope imaging system coupled with a smartphone has
been established, which is a prototype of the portable and inexpensive device enabling the
possibility for future POC diagnostics of the individual nanometer-sized viruses. An area
as large as 80 x 80 nanohole arrays can be clearly detected so far. The configuration and
the volume of this sensing system need to be optimized in future work.

Furthermore, the simulations have been conducted to provide more information about
the intensity reduction and enhancement of the transmission spectra at different wavelength
regions in chapter 4. The size of the silica-shelled gold nanospheres and the position of the
nanosphere inside the nanohole have been changed to obtain the trends of the size-
dependent and position-dependent light intensity change. The results show that the size
variation has a much larger influence than the position variation. The blue and green light
intensity decrease with the increase of the nanosphere size monotonically. While the

enhancement of the red light intensity can reach the maximum when the gold core size is
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about 70 nm, which is just the size we have used. This implies that the combination of the
nanohole size and nanosphere size induces an SPR enhancement of the red light. On the
other hand, the simulated spectra of the intensity ratios between the blocked and unblocked
nanoholes at different wavelengths agree well with the experimental results in the previous
part. The green light between the 520 nm and 550 nm can have the maximum reduction,
about 50%, of the transmitted light intensity.

Finally, we have developed a smartphone application to analyze the images obtained
by the home-made inexpensive darkfield microscope imaging system. It provides two
methods to threshold the darkfield images into binary images and two strategies to calculate
the number of blocked nanoholes. As so far, it can work well for most of the darkfield
images we obtained by choosing the proper options. In future work, more experimental
samples combined with the biomedical experiments need to be tested by this home-made
imaging and analysis system. At that time, the system can be further adjusted and optimized

to achieve the final goal for portable, reliable, fast, and inexpensive POC diagnostics.
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Appendices
A. The analysis script of the simulation

The script used to derive the far field data from the near field data is shown below.

# User Settings

NA=1; # choose NA of imaging optics

mname = "T"; # monitor recording the data

res =401; # res controls the number of plane waves, used for decomposition, which is (res x res)

70 = 0e-6; # defocus

# get simulation frequency

f = getdata(mname,"{"); # frequency of monitor

x = getdata(mname,"x");

y = getdata(mname,"y");

lambda = c/f; # wavelength

k = 2*pi/lambda; #k

# decompose nearfield into plane waves using farfield projection

E = farfieldvector3d(mname, 1,res,res);

Ex = pinch(E,3,1);

Ey = pinch(E,3,2);

Ez = pinch(E,3,3);

ux = farfieldux(mname, 1,res,res);
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uy = farfielduy(mname, 1,res,res);

Ux = meshgridx(ux,uy);

Uy = meshgridy(ux,uy);

Uz = real(sqrt(1-(Ux*2+Uy"2))) + le-5;

# filter for propagating waves through aperture

filter = real(sqrt(Ux"2 + Uy”2)) < NA;

Ex = filter*Ex;

Ey = filter*Ey;

Ez = filter*Ez;

# define image plane

x_image = linspace(min(x),max(x),res);

y_image = linspace(min(y),max(y),res);

# calculate the image, uzing chirped z-transform

kx = ux*k;

ky = uy*k;

dkx = kx(2)-kx(1);

dky = ky(2)-ky(1);

Kz = Uz*k;

Ex_image = czt(Ex*exp(1i*Kz*z0)*sqrt(1/Uz/k"2), kx, ky, x_image, y_image)*dkx*dky/(2*pi);

Ey image = czt(Ey*exp(1i*Kz*z0)*sqrt(1/Uz/k"2), kx, ky, x_image, y_image)*dkx*dky/(2*pi);

Ez image = czt(Ez*exp(1i*Kz*z0)*sqrt(1/Uz/k"2), kx, ky, x_image, y image)*dkx*dky/(2*pi);
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# calculate [E|*2 at the image plane

E2 image = abs(Ex_image)"2 + abs(Ey_image)"2 + abs(Ez_image)"2;

# plot fields at image plane

image(x_image*1e6, y_image*1e6, E2_image, "x (um)", "y (um)", "Microscopy imaging");
# plot fields in near field

image(x*1e6, y*1e6, getelectric(mname), "x (um)", "y (um)", "Near field");
# show ratio of near field and imaging

E2 = getelectric("T");

a = amax(pinch(E2),2);

max1 = max(a(50:200,1));

max2 = max(a(250:400,1));

?7r_NF = max2/max1;

b = amax(E2_image,2);

max11 = max(b(50:150,1));

max22 = max(b(250:350,1));

?r_imaging = max22/max11;

B. The smartphone application codes

The main java and xml files of the smartphone application are shown below.

I.  MainActivity.java

package com.sunshine.nanohole array sensor;
133



import android. Manifest;

import android.content.Intent;

import android.content.pm.PackageManager;

import android.graphics.Bitmap;

import android.graphics.drawable.BitmapDrawable;

import android.net. Uri;

import android.os.Bundle;

import android.os.Environment;

import android.provider.MediaStore;

import android.util.Log;

import android.view.View;

import android.widget.Button;

import android.widget.EditText;

import android.widget.ImageView;

import android.widget. TextView;

import android.widget. Toast;

import androidx.appcompat.app. AppCompatActivity;

import androidx.core.app.ActivityCompat;

import androidx.core.content. ContextCompat;

import org.opencv.android.OpenCVLoader;

import java.io.File;
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import java.io.FileOutputStream;

import java.io.IOException;

import java.util. Arrays;

public class MainActivity extends AppCompatActivity {

private static String Tag = "MainActivity";

static {

if (OpenCVLoader.initDebug()){

Log.d(Tag, "Good");

telse{

Log.d(Tag, "bad");} }

private Button Load_an_image;

private Button Take a photo;

private Button Save;

private Button Save2;

private ImageView image;

private ImageView image?2;

private ImageView image3;

private EditText row;

private EditText col;

private TextView result;

private Button total;
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private Button mean;

private Button t;

private Button It;

private Button erode;

private Button dilate;

private Button clear;

private final int LOAD AN IMAGE = 1;

private final int TAKE A PHOTO = 11;

private int saveCode = 0;

@Override

protected void onCreate(Bundle savedInstanceState) {

super.onCreate(savedInstanceState);

setContentView(R.layout.activity main);

findViewByld();

setOnClickListener();}

private void findViewBylId(){

Load an_image = findViewByld(R.id.Load _an_image);

Take a photo = findViewByld(R.id.Take_a_photo);

image = findViewBylId(R.id.image);

image? = findViewByld(R.id.image2);

result = findViewBylId(R.id.result);
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row = findViewByld(R.id.row);

col = findViewBylId(R.id.col);

Save = findViewByld(R.id.Save);

total = findViewByld(R.id.total);

mean = findViewByld(R.id.mean);

t = findViewBylId(R.id.t);

It = findViewByld(R.id.It);

Save2 = findViewByld(R.id.Save2);

erode = findViewByld(R.id.erode);

dilate = findViewByld(R.id.dilate);

clear = findViewByld(R.id.clear);

image3 = findViewByld(R.id.image3);}

private void setOnClickListener() {

Load_an_image.setOnClickListener(new View.OnClickListener() {

@Override

public void onClick(View v) {

Intent intent = new Intent(Intent. ACTION_PICK,

MediaStore.Images.Media. EXTERNAL CONTENT_URI);

startActivityForResult(intent, LOAD AN IMAGE);}});

Take a_photo.setOnClickListener(new View.OnClickListener() {

@Override
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public void onClick(View view) {

Intent intent = new Intent(MediaStore. ACTION IMAGE CAPTURE);

startActivityForResult(intent, TAKE A PHOTO);}});

Save.setOnClickListener(new View.OnClickListener() {

@Override

public void onClick(View view) {

if (row.getText() = null && col.getText() = null && image.getDrawable() != null) {

if (checkStoragePermission()) {

saveCode = 1;

save(); };

}else {

Toast.makeText(getApplicationContext(), "Please enter Row or Col! or Load a

image!", Toast LENGTH_LONG).show();}}});

total.setOnClickListener(new View.OnClickListener() {

@Override

public void onClick(View v) {

total_intensity();}});

mean.setOnClickListener(new View.OnClickListener() {

@Override

public void onClick(View v) {

mean_intensity();} });
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t.setOnClickListener(new View.OnClickListener() {

@Override

public void onClick(View v) {

if (image.getDrawable() !=null) {

Bitmap bm = ((BitmapDrawable) image.getDrawable()).getBitmap();

image2.setlmageBitmap(Threshold.global Threshold(bm));

int threshold = Threshold.getT(bm);

String text = "Threshold: " + threshold;

result.setText(text);

}else {

Toast.makeText(getApplicationContext(), "Please Load a image!",

Toast LENGTH_LONG).show();}}});

It.setOnClickListener(new View.OnClickListener() {

@Override

public void onClick(View v) {

if (image.getDrawable() !=null) {

int rowSize = Integer.parselnt(row.getText().toString());

int colSize = Integer.parselnt(col.getText().toString());

Bitmap bm = ((BitmapDrawable) image.getDrawable()).getBitmap();

image?2.setlmageBitmap(Threshold.localThreshold(bm, rowSize, colSize));

} else {
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Toast.makeText(getApplicationContext(), "Please Load a image!",

Toast LENGTH_LONG).show();}}});

Save2.setOnClickListener(new View.OnClickListener() {

@Override

public void onClick(View v) {

if (checkStoragePermission()) {

saveCode = 2;

save2();}}});

erode.setOnClickListener(new View.OnClickListener() {

@Override

public void onClick(View v) {

if (image2.getDrawable() = null && image3.getDrawable() == null) {

Bitmap bm = ((BitmapDrawable) image2.getDrawable()).getBitmap();

image3.setlmageBitmap(Morphology.erode(bm));

} else if (image3.getDrawable() != null) {

Bitmap bm = ((BitmapDrawable) image3.getDrawable()).getBitmap();

image3.setlmageBitmap(Morphology.erode(bm));

}else {

Toast.makeText(getApplicationContext(), "Please threshold a image!",

Toast LENGTH_LONG).show();}}});

dilate.setOnClickListener(new View.OnClickListener() {
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@Override

public void onClick(View v) {

if (image2.getDrawable() != null && image3.getDrawable() == null) {

Bitmap bm = ((BitmapDrawable) image2.getDrawable()).getBitmap();

image3.setlmageBitmap(Morphology.dilate(bm));

} else if (image3.getDrawable() !=null) {

Bitmap bm = ((BitmapDrawable) image3.getDrawable()).getBitmap();

image3.setlmageBitmap(Morphology.dilate(bm));

}else {

Toast.makeText(getApplicationContext(), "Please threshold a image!",

Toast LENGTH_LONG).show();}}});

clear.setOnClickListener(new View.OnClickListener() {

@Override

public void onClick(View v) {

image3.setlmageDrawable(null);} });}

protected void onActivityResult(int requestCode, int resultCode, Intent data){

super.onActivityResult(requestCode, resultCode, data);

if (requestCode == LOAD_AN_IMAGE && resultCode == RESULT _OK){

Uri uri = data.getData();

image.setimageURI(uri); }

if (requestCode == TAKE A PHOTO && resultCode == RESULT OK) {
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Bundle bundle = data.getExtras();

Bitmap bitmap = (Bitmap) bundle.get("data");

image.setlmageBitmap(bitmap); } }

private final int WRITE_EXTERNAL STORAGE REQUEST CODE = 2;

private boolean checkStoragePermission() {

if (ContextCompat.checkSelfPermission(this,

Manifest.permission. WRITE_EXTERNAL STORAGE)

!=PackageManager. PERMISSION GRANTED) {

ActivityCompat.requestPermissions(this, new

String[]{Manifest.permission. WRITE_EXTERNAL STORAGE},

WRITE_EXTERNAL_STORAGE_REQUEST CODE);

return false;

} else {

return true; } }

@Override

public void onRequestPermissionsResult(int requestCode, String[] permissions, int[] grantResults) {

super.onRequestPermissionsResult(requestCode, permissions, grantResults);

if (requestCode == WRITE_EXTERNAL STORAGE_REQUEST_CODE) {

if (grantResults[0] == PackageManager. PERMISSION GRANTED) {

// Permission Granted

if (saveCode = 1) {
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save(); }

if (saveCode == 2) {

save2();}

} else {

// Permission Denied

Toast.makeText(this, "Permission Denied", Toast LENGTH_SHORT).show();}}}

private void save() {

String text = result.getText().toString();

Log.i("MainActivity", Environment.getExternalStorageState());

if(!Environment. getExternalStorageState().equals(Environment. MEDIA_ MOUNTED)){

Toast.makeText(MainActivity.this, "SDcard not found! Data save failed!",

Toast. LENGTH_SHORT).show();

return; }

File file = Environment.getExternalStorageDirectory();

File myFile = new File(file, "myData.txt");

FileOutputStream fos = null;

try {

fos = new FileOutputStream(myFile);

Log.i("MainActivity","---------- >");

fos.write(text.getBytes());

Toast.makeText(MainActivity.this, "Data saved successfully",
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Toast. LENGTH_SHORT).show();

} catch (Exception e) {

e.printStackTrace();

Toast.makeText(this, "Data save failed", Toast LENGTH_SHORT).show();

}Hinally{

if(fos!=null){

try {

fos.close();

} catch (IOException e) {

e.printStackTrace();} } } }

private void total intensity() {

Bitmap bm;

if (image3.getDrawable() = null) {

bm = ((BitmapDrawable) image3.getDrawable()).getBitmap();

} else {

bm = ((BitmapDrawable) image2.getDrawable()).getBitmap(); }

Bitmap bm2 = ((BitmapDrawable) image.getDrawable()).getBitmap();

int[] labels = Label.cc_labels(bm);

int num = Label.cc_num(bm);

int[] gray = Label.cc_gray(bm2);

int[] intensity = new int[num];
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for(int i = 0; 1 < labels.length; i++){

intensity[labels[i]] += gray[i];}

int[] intensityl = new int[num-1]; //remove background

int[] intensity2 = new int[num-1]; //remove background

for (int i = 0; i < num-1; i++){

intensity1[i] = intensity[i+1]; //remove background}

Arrays.sort(intensity1); /from min to max

for (int i = 0; i <num-1; i++) {

intensity2[i] = intensity 1 [num-2-i];} //from max to min

int[] t = FindTforAnyRange.OtsuThreshold(intensity2);

int unblocked = 0;

for (inti = 0; i <num-1; i++) {

if (intensity2[i] > t[0]) {

unblocked +=1;} }

String threshold = "Threshold:" + t[0];

String text = threshold + "\nUnblocked: "+ unblocked + "\nTotal number: "+ (num-1) +

"\nTotal Intensity:\n";

for (inti = 0; i < num-1; i++){

text += intensity2[i] + "\n";}

result.setText(text); }

private void mean_intensity() {
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Bitmap bm;

if (image3.getDrawable() !=null) {

bm = ((BitmapDrawable) image3.getDrawable()).getBitmap();

} else {

bm = ((BitmapDrawable) image?2.getDrawable()).getBitmap(); }

Bitmap bm2 = ((BitmapDrawable) image.getDrawable()).getBitmap();

int[] labels = Label.cc_labels(bm);

int num = Label.cc_num(bm);

int[] gray = Label.cc_gray(bm2);

int[] pixelnum = new int[num];

int[] intensity = new int[num];

for(int i = 0; 1 < labels.length; i++){

intensity[labels[i]] += gray[i];

pixelnum[labels[i]] += 1;}

int[] meanIntensity = new int[num - 1]; //remove background

for (int i = 0; i < num-1; i++){

meanIntensity[i] = intensity[i+1]/pixelnum[i+1];} //remove background

int[] t = FindThreshold.OtsuThreshold(meanIntensity);

int unblocked = 0;

for (inti = 0; i <num-1; i++) {

if (meanIntensity[i] > t[0]) {
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unblocked += 1;}}
String threshold = "Threshold:" + t[0];
String text = threshold + "\nUnblocked: " + unblocked + "\nTotal number: "+ (num-1) +
"\nMean Intensity:\n";
for (int i = 0; i < num-1; i++){
text += meanlIntensity[i] + "\n";}
result.setText(text); }
private void save2() {
Log.i("MainActivity",Environment.getExternalStorageState());
if(!Environment. getExternalStorageState().equals(Environment. MEDIA_ MOUNTED)){
Toast.makeText(MainActivity.this, "SDcard not found! Data save failed!",
Toast. LENGTH_SHORT).show();
return; }
Bitmap bm;
if (image3.getDrawable() !=null) {
bm = ((BitmapDrawable) image3.getDrawable()).getBitmap();
} else {
bm = ((BitmapDrawable) image2.getDrawable()).getBitmap(); }

Savelmage.savelmageToGallery(MainActivity.this, bm);} }
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ii. Label.java

package com.sunshine.nanohole array sensor;
import android.graphics.Bitmap;
import org.opencv.android. Utils;
import org.opencv.core.CvType;
import org.opencv.core.Mat;
import org.opencv.imgproc.Imgproc;
import static org.opencv.imgproc.Imgproc. COLOR_BGRA2GRAY;
import static org.opencv.imgproc.Imgproc.cvtColor;
public class Label {
static int[] cc_gray(Bitmap bm){
Mat mat = new Mat();
Mat mat2 = new Mat();
Mat mat3 = new Mat();
Utils.bitmapToMat(bm,mat);
cvtColor(mat, mat2, COLOR_BGRA2GRAY);
int width = mat2.cols();
int height = mat2.rows();
int[] gray = new int[width * height];

mat2.convertTo(mat3, CvType.CV_3285);
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mat3.get(0, 0, gray);

return gray; }

static int cc_num(Bitmap bm){

Mat mat = new Mat();

Mat mat2 = new Mat();

Utils.bitmapToMat(bm,mat);

cvtColor(mat, mat2, COLOR_BGRA2GRAY);

Mat labels = new Mat(), stats = new Mat(), centroids = new Mat();

return Imgproc.connectedComponentsWithStats(mat2, labels, stats, centroids, 8);}

static int[] cc_labels(Bitmap bm){

Mat mat = new Mat();

Mat mat2 = new Mat();

Utils.bitmapToMat(bm,mat);

cvtColor(mat, mat2, COLOR_BGRA2GRAY);

int width = mat2.cols();

int height = mat2.rows();

Mat labels = new Mat(), stats = new Mat(), centroids = new Mat();

int num = Imgproc.connectedComponentsWithStats(mat2, labels, stats, centroids, 8);

int[] labelsl = new int[width * height];

labels.get(0, 0, labels1);

return labels1;} }
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iii.  FindThreshold.java

package com.sunshine.nanohole array sensor;
public class FindThreshold {
// Function for Otsu thresholding
static int[] OtsuThreshold(int[] a){
// Total number of pixels
int total = a.length;
// Calculate histogram
intp=0;
int[] hist = new int[256];
while (p < total) {
int h=a[p];
hist[h]++;
ptti}
int sum = 0;
for (intt=0;t <256 ; t++){
sum +=t * hist[t];}
int sumB = 0;
int wB =0;

int wF;
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float varMax = 0.0f;

int threshold = 0;

int finalSumBackground = 0;

int finalSumForeground = 0;

int weightBackground = 0;

int weightForeground = 0;

for (int t=0 ; t <256 ; t+4) {

wB += hist][t]; /I Weight Background

if (wB == 0) continue;

wF = total - wB; /I Weight Foreground

if (wF == 0) break;

sumB += (float) (t * hist[t]);

float mB = (float) sumB / (float) wB; // Mean Background

float mF = (float)(sum - sumB) / (float) wF; // Mean Foreground

// Calculate Between Class Variance

float varBetween = (float)wB * (float)wF * (mB - mF) * (mB - mF);

// Check if new maximum found

if (varBetween > varMax) {

varMax = varBetween,;

threshold = t;

finalSumBackground = sumB;
151



finalSumForeground = sum - sumB;
weightBackground = wB;
weightForeground = wF;} }

int[] result = new int[5];

result[0] = threshold;

result[ 1] = finalSumBackground;

result[2] = finalSumForeground;

result[3] = weightBackground;

result[4] = weightForeground;

return result; } }

iv.  Threshold.java

package com.sunshine.nanohole array sensor;
import android.graphics.Bitmap;
public class Threshold {
static Bitmap globalThreshold(Bitmap bm){

int width = bm.getWidth();

int height = bm.getHeight();

int z = width * height;

int[] gray = new int[z];

int[] rgb = new int[z];
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bm.getPixels(rgb, 0, width, 0, 0, width, height);

for (int k = 0; k < z; k++){

gray[k] = Math.round((float) (rgb[k] >> 16 & 0x000000FF) * 0.3f +

(float) (rgb[k] >> 8 & 0x000000FF) * 0.59f +

(float) (rgb[k] & 0x000000FF) * 0.11f);}

int[] t;

int[] pixels = new int[z];

t = FindThreshold.OtsuThreshold(gray);

for (int n=0; n <z; nt++) {

if(gray[n] <= t[0]){

pixels[n] = 0xFF000000;

telse {

pixels[n] = OXFFFFFFFF;} }

Bitmap image = Bitmap.createBitmap(width, height, Bitmap.Config. ARGB_8888);

image.setPixels(pixels, 0, width, 0, 0, width, height);

return image; }

static int getT(Bitmap bm) {

int width = bm.getWidth();

int height = bm.getHeight();

int z = width * height;

int[] gray = new int[z];
153



int[] rgb = new int[z];

bm.getPixels(rgb, 0, width, 0, 0, width, height);

for (int k = 0; k < z; k++) {

gray[k] = Math.round((float) (rgb[k] >> 16 & 0x000000FF) * 0.3f +

(float) (rgb[k] >> 8 & 0x000000FF) * 0.59f +

(float) (rgb[k] & 0x000000FF) * 0.11f);}

int[] t;

t = FindThreshold.OtsuThreshold(gray);

return t[0];}

static Bitmap localThreshold(Bitmap bm, int row1, int coll){

int width = bm.getWidth();

int height = bm.getHeight();

int x = (int) ((float) width / (float) coll);

int y = (int) ((float) height / (float) row1);

int row = height/y;

int col = width/x;

intz=x*y;

int z1 = (width - x * (col - 1)) *y;

int z2 = x * (height - y * (row - 1));

int z3 = (width - x * (col - 1)) * (height - y * (row - 1));

Bitmap image = Bitmap.createBitmap(width, height, Bitmap.Config. ARGB _8888);
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for (int i = 0; i <row; i++){

for (int j = 0; j <col; j++){

if (i 1=row - 1 && j==col - 1) {

int[] rgb = new int[z1];

bm.getPixels(rgb, 0, (width - x * (col - 1)), x *j, y * i, (width - x * (col - 1)), y);

int[] gray = new int[z1];

int[] pixels = new int[z1];

for (int k = 0; k <z1; k++) {

gray[k] = Math.round((float) (rgb[k] >> 16 & 0x000000FF) * 0.3f +

(float) (rgb[k] >> 8 & 0x000000FF) * 0.59f +

(float) (rgb[k] & 0x000000FF) * 0.11f);}

int[] t = FindThreshold.OtsuThreshold(gray);

for (int n = 0; n <zl; nt+) {

if (gray[n] <=t[0]) {

pixels[n] = 0xFF000000;

}else {

pixels[n] = OxFFFFFFFF;} }

image.setPixels(pixels, 0, (width - x * (col - 1)), x *j, y * i, (width - x * (col - 1)),

y);

telse if(i == row - 1 && j !=col - 1){

int[] rgb = new int[z2];
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bm.getPixels(rgb, 0, x, x *j, y * 1, X, (height - y * (row - 1)));

int[] gray = new int[z2];

int[] pixels = new int[z2];

for (int k = 0; k <z2; k++) {

gray[k] = Math.round((float) (rgb[k] >> 16 & 0x000000FF) * 0.3f +

(float) (rgb[k] >> 8 & 0x000000FF) * 0.59f +

(float) (rgb[k] & 0x000000FF) * 0.11f);}

int[] t = FindThreshold.OtsuThreshold(gray);

for (int n = 0; n <z2; nt++) {

if (gray[n] <= t[0]) {

pixels[n] = 0xFF000000;

}else {

pixels[n] = OxFFFFFFFF;} }

image.setPixels(pixels, 0, x, x * j, y * 1, x, (height - y * (row - 1)));

telse if(i ==row - 1 && j==col - 1){

int[] rgb = new int[z3];

bm.getPixels(rgb, 0, (width - x * (col - 1)), x *j, y *1, (width - x * (col - 1)),

(height - y * (row - 1)));

int[] gray = new int[z3];

int[] pixels = new int[z3];

for (int k = 0; k <z3; k++) {
156



gray[k] = Math.round((float) (rgb[k] >> 16 & 0x000000FF) * 0.3f +

(float) (rgb[k] >> 8 & 0x000000FF) * 0.59f +

(float) (rgb[k] & 0x000000FF) * 0.11f);}

int[] t = FindThreshold.OtsuThreshold(gray);

for (int n = 0; n <z3; nt++) {

if (gray[n] <=t[0]) {

pixels[n] = 0xFF000000;

}else {

pixels[n] = OXFFFFFFFF;} }

image.setPixels(pixels, 0, (width - x * (col - 1)), x * j, y * i, (width - x * (col - 1)),

(height - y * (row - 1)));

telsed

int[] rgb = new int[z];

bm.getPixels(rgb, 0, x, x *j, y *1, X, y);

int[] gray = new int[z];

int[] pixels = new int[z];

for (intk = 0; k < z; k++) {

gray[k] = Math.round((float) (rgb[k] >> 16 & 0x000000FF) * 0.3f +

(float) (rgb[k] >> 8 & 0x000000FF) * 0.59f +

(float) (rgb[k] & 0x000000FF) * 0.11f);}

int[] t = FindThreshold.OtsuThreshold(gray);
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for (int n=0; n < z; n++) {
if (gray[n] <=t[0]) {
pixels[n] = 0xFF000000;
} else {
pixels[n] = OXFFFFFFFF;} }
image.setPixels(pixels, 0, x, X *j,y * 1, X, y);} } }

return image; } }

v.  FindTforAnyRange.java

package com.sunshine.nanohole array sensor;
public class FindTforAnyRange {
// Function for Otsu thresholding
static int[] OtsuThreshold(int[] a){
// Total number of pixels
int total = a.length;
// Calculate histogram
intp=0;
int[] hist = new int[a[0]+1]; //updated
while (p < total) {
int h=a[p];
hist[h]++;
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pt+;}

int sum = 0;

for (intt=0; t <total ; t++){ /fupdated

sum += a[t];}

int sumB = 0;

int wB = 0;

int wF;

float varMax = 0.0f;

int threshold = 0;

int finalSumBackground = 0;

int finalSumForeground = 0;

int weightBackground = 0;

int weightForeground = 0;

for (int t=0 ; t <a[0]+1 ; t++) {

wB += hist][t]; /I Weight Background

if (wB == 0 | hist[t] == 0) continue; /fupdated

wF = total - wB; /I Weight Foreground

if (wF == 0) break;

sumB += (float) (t * hist[t]);

float mB = (float) sumB / (float) wB; // Mean Background

float mF = (float)(sum - sumB) / (float) wF; // Mean Foreground
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// Calculate Between Class Variance
float varBetween = (float)wB * (float)wF * (mB - mF) * (mB - mF);
// Check if new maximum found
if (varBetween > varMax) {
varMax = varBetween;
threshold = t;
finalSumBackground = sumB,;
finalSumForeground = sum - sumB;
weightBackground = wB;
weightForeground = wF;}}
int[] result = new int[5];
result[0] = threshold;
result[ 1] = finalSumBackground;
result[2] = finalSumForeground;
result[3] = weightBackground;
result[4] = weightForeground,;

return result; } }

vi.  Morphology.java

package com.sunshine.nanohole array sensor;
import android.graphics.Bitmap;
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import org.opencv.android. Utils;

import org.opencv.core.Mat;

import org.opencv.imgproc.Imgproc;

public class Morphology {

static Bitmap erode(Bitmap bm) {

Bitmap bm2 = Bitmap.createBitmap(bm.getWidth(), bm.getHeight(),

Bitmap.Config. ARGB_8888);

Mat mat = new Mat();

Mat mat3 = new Mat();

Utils.bitmapToMat(bm,mat);

Imgproc.erode(mat, mat3, new Mat());

Utils.matToBitmap(mat3, bm2);

return bm2;}

static Bitmap dilate(Bitmap bm) {

Bitmap bm2 = Bitmap.createBitmap(bm.getWidth(), bm.getHeight(),

Bitmap.Config. ARGB_8888);

Mat mat = new Mat();

Mat mat3 = new Mat();

Utils.bitmapToMat(bm,mat);

Imgproc.dilate(mat, mat3, new Mat());

Utils.matToBitmap(mat3, bm2);
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Vil.

return bm2;} }

Savelmage.java

package com.sunshine.nanohole array sensor;
import android.content.Context;
import android.content.Intent;
import android.graphics.Bitmap;
import android.net. Uri;
import android.os.Environment;
import android.provider.MediaStore;
import android.widget. Toast;
import java.io.File;
import java.io.FileNotFoundException;
import java.io.FileOutputStream;
import java.io.IOException;
public class Savelmage {
public static void savelmageToGallery(Context context, Bitmap bmp) {
File appDir = new File(Environment.getExternalStorageDirectory(),
"image");
if (lappDir.exists()) {
appDir.mkdir(); }
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String fileName = System.currentTimeMillis() + ".jpg";

File file = new File(appDir, fileName);

try {

FileOutputStream fos = new FileOutputStream(file);

bmp.compress(Bitmap.CompressFormat.JPEG, 100, fos);

fos.flush();

fos.close();

} catch (FileNotFoundException e) {

Toast.makeText(context, "Image save failed!", Toast. LENGTH_SHORT).show();

e.printStackTrace();

} catch (IOException e) {

Toast.makeText(context, "Image save failed!", Toast. LENGTH_SHORT).show();

e.printStackTrace(); }

try {

MediaStore.Images.Media.insertimage(context.getContentResolver(),

file.getAbsolutePath(), fileName, null);

Toast.makeText(context, "Image save successfully!", Toast. LENGTH_SHORT).show();

} catch (FileNotFoundException e) {

Toast.makeText(context, "Image save failed!", Toast. LENGTH_SHORT).show();

e.printStackTrace(); }

context.sendBroadcast(new Intent(Intent. ACTION MEDIA SCANNER SCAN FILE,
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Uri.fromFile(new File(file.getPath()))));}}

viii.  activity_main.xml

<?xml version="1.0" encoding="utf-8"?>

<androidx.constraintlayout.widget.ConstraintLayout

xmlns:android="http://schemas.android.com/apk/res/android"
xmlns:app="http://schemas.android.com/apk/res-auto"
xmlns:tools="http://schemas.android.com/tools"

android:layout width="match parent"

android:layout height="match_parent"

tools:context="-MainActivity">

<Button
android:id="@-+id/Load_an_image"

android:layout width="wrap_content"
android:layout _height="wrap_content"
android:layout_marginStart="16dp"
android:layout_marginTop="8dp"
android:layout_marginEnd="16dp"
android:text="(@string/Load_an_image"

android:textSize="18sp"

app:layout constraintEnd_toStartOf="@+id/Take a photo"
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app:layout_constraintStart_toStartOf="parent"

app:layout constraintTop toTopOf="parent" />

<ImageView

android:id="@+id/image"

android:layout width="200dp"

android:layout_height="220dp"

android:contentDescription="(@string/image"

app:layout constraintBottom_toTopOf="@+id/guideline2"

app:layout constraintEnd_toStartOf="(@+id/image2"

app:layout constraintStart toStartOf="parent"

app:layout_constraintTop_ toTopOf="@-+id/guideline"

app:srcCompat="@null" />

<androidx.constraintlayout.widget. Guideline

android:id="@+id/guideline"

android:layout width="wrap_content"
android:layout_height="wrap_content"
android:orientation="horizontal"
app:layout_constraintGuide begin="120dp" />
<EditText

android:id="@+id/row"

android:layout width="40dp"
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android:layout_height="60dp"

android:layout marginStart="16dp"

android:ems="10"

android:inputType="textPersonName"

android:textSize="20sp"

app:layout_constraintBottom toTopOf="@+id/guideline"

app:layout_constraintStart toEndOf="@+id/textView"

tools:text="row" />

<EditText

android:id="@+id/col"

android:layout width="40dp"

android:layout_height="60dp"

android:layout _marginStart="16dp"

android:ems="10"

android:inputType="textPersonName"

android:textSize="20sp"

app:layout_constraintBottom_toTopOf="@-+id/guideline"

app:layout constraintStart toEndOf="@+id/row"

tools:text="col" />

<androidx.constraintlayout.widget. Guideline

android:id="(@+id/guideline2"
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android:layout width="wrap_content"

android:layout height="wrap content"

android:orientation="horizontal"

app:layout_constraintGuide begin="360dp" />

<TextView

android:id="@+id/textView"

android:layout width="wrap_content"

android:layout _height="wrap_content"

android:layout _marginStart="16dp"

android:text="@string/textView"

android:textSize="24sp"

app:layout constraintBottom_toTopOf="@-+id/guideline"

app:layout constraintStart toStartOf="parent"

app:layout constraintTop_toBottomOf="@+id/Load_an image" />

<ScrollView

android:id="@-+id/scrollView"

android:layout_width="0dp"

android:layout_height="0dp"

android:layout_marginStart="8dp"

android:layout_marginEnd="8dp"

android:layout marginBottom="8dp"
167



app:layout_constraintBottom toTopOf="@+id/1t"

app:layout_constraintEnd toEndOf="parent"

app:layout _constraintStart_toStartOf="parent"

app:layout_constraintTop toTopOf="@+id/guideline3">

<LinearLayout

android:id="@+id/LL"

android:layout width="match_parent"

android:layout _height="wrap_content"

vertical">

android:orientation

<TextView

android:id="@-+id/result"

android:layout width="match parent"

android:layout height="match_parent"

android:textSize="24sp"

tools:text="(@string/result" />

</LinearLayout>

</ScrollView>

<Button

android:id="@-+id/Save"

style="@style/Widget. AppCompat.Button.Small"

android:layout width="wrap_content"
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android:layout height="wrap content"

android:layout_marginTop="8dp"

android:layout marginEnd="8dp"

android:text="@string/Save"

android:textSize="18sp"

app:layout_constraintEnd toEndOf="parent"

app:layout_constraintTop toTopOf="parent" />

<Button

android:id="@+id/Take a photo"

android:layout width

wrap_content"

android:layout _height="wrap_content"

android:layout_marginStart="16dp"

android:layout_marginTop="8dp"

android:text="@string/Take a_ photo"

android:textSize="18sp"

app:layout constraintStart toEndOf="@-+id/Load an image"

app:layout_constraintTop _toTopOf="parent" />

<androidx.constraintlayout.widget. Guideline

android:id="@+id/guideline3"

android:layout_width="wrap_content"

android:layout height="wrap content"
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android:orientation="horizontal"

app:layout_constraintGuide begin="600dp" />

<ImageView

android:id="@-+id/image2"

android:layout width="200dp"

android:layout_height="220dp"

app:layout_constraintBottom toTopOf="@+id/guideline2"

app:layout constraintEnd toEndOf="parent"

app:layout constraintStart toEndOf="@+id/image"

app:layout constraintTop toTopOf="@-+id/guideline"

app:srcCompat="@null" />

<Button

android:id="@-+id/t"

style="@style/Widget. AppCompat.Button.Small"

android:layout width="wrap_content"
android:layout_height="wrap_content"
android:text="@string/t"

android:textSize="18sp"
app:layout_constraintBottom toBottomOf="parent"

app:layout_constraintStart_toStartOf="parent" />

<Button
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android:id="(@+id/total"

style="@style/Widget. AppCompat.Button.Small"

android:layout width="wrap_content"
android:layout_height="wrap content"
android:text="@string/total"
android:textSize="18sp"
app:layout_constraintBottom toBottomOf="parent"
app:layout constraintEnd_toStartOf="@+id/mean" />
<Button
android:id="@+id/mean"
style="(@style/Widget. AppCompat.Button.Small"
android:layout width="wrap_content"
android:layout _height="wrap_content"
android:text="@string/mean"
android:textSize="18sp"
app:layout_constraintBottom_toBottomOf="parent"
app:layout_constraintEnd_toEndOf="parent" />
<Button
android:id="@-+id/Save2"

style="@style/Widget. AppCompat.Button.Small"

android:layout width="wrap_content"
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android:layout height="wrap content"

android:layout_marginTop="8dp"

android:layout marginEnd="8dp"

android:text="@string/Save2"

android:textSize="18sp"

app:layout_constraintEnd toEndOf="parent"

app:layout_constraintTop toBottomOf="@+id/Save" />

<Button

android:id="@+id/It"

style="(@style/Widget. AppCompat.Button.Small"

android:layout width="wrap_content"
android:layout_height="wrap_content"
android:text="@string/1t"
android:textSize="18sp"
app:layout_constraintBottom_toTopOf="@+id/t"
app:layout _constraintStart _toStartOf="parent" />
<Button
android:id="@-+id/erode"
style="@style/Widget. AppCompat.Button. Small"

android:layout_width="wrap_content"

android:layout height="wrap content"
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android:text="@string/erode"

android:textSize="18sp"

app:layout_constraintBottom toTopOf="@+id/t"

app:layout_constraintStart toEndOf="@+id/It" />

<Button

android:id="@+id/dilate"

style="@style/Widget. AppCompat.Button.Small"

android:layout width

wrap_content"

android:layout _height="wrap_content"

android:text="@string/dilate"

android:textSize="18sp"

app:layout constraintBottom_toBottomOf="parent"

app:layout constraintStart toEndOf="@+id/t" />

<ImageView

android:id="@+id/image3"

android:layout_width="200dp"

android:layout_height="220dp"

app:layout_constraintBottom_toTopOf="@+id/guideline3"

app:layout_constraintEnd_toStartOf="(@+id/image4"

app:layout_constraintStart_toStartOf="parent"

app:layout constraintTop toTopOf="@+id/guideline2"
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app:srcCompat="@null" />

<ImageView

android:id="@+id/image4"

android:layout_width="200dp"

android:layout_height="220dp"

app:layout_constraintBottom toTopOf="@+id/guideline3"

app:layout_constraintEnd toEndOf="parent"

app:layout constraintStart toEndOf="(@+id/image3"

app:layout constraintTop_toTopOf="@+id/guideline2"

app:srcCompat="@null" />

<Button

android:id="@-+id/clear"

style="@style/Widget. AppCompat.Button.Small"

android:layout width="wrap_content"
android:layout_height="wrap content"
android:text="@string/clear"
android:textSize="18sp"
app:layout_constraintBottom_toBottomOf="parent"

app:layout_constraintStart toEndOf="@+id/dilate" />

</androidx.constraintlayout.widget. ConstraintLayout>
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IX. AndroidManifest.xml

<?xml version="1.0" encoding="utf-8"?>

<manifest xmlns:android="http://schemas.android.com/apk/res/android"

com.sunshine.nanohole array sensor>

package

<uses-permission android:name="android.permission. WRITE EXTERNAL STORAGE"/>

<uses-permission android:name="android.permission. CAMERA"/>

<application

android:allowBackup="true"

android:icon="@mipmap/ic_launcher"

android:label="@string/app_name"

android:roundlcon="@mipmap/ic_launcher round"

android:supportsRtl="true"

android:theme="@style/AppTheme">

<activity android:name=".MainActivity">

<intent-filter>

<action android:name="android.intent.action. MAIN" />

<category android:name="android.intent.category. LAUNCHER" />

</intent-filter>

</activity>

</application>
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</manifest>

X.  strings.xml

<resources>

—n

<string name="app_name">Nanohole Array Sensor</string>

<string name="Load_an_image">Load an image</string>

<string name="Calculate">Calculate</string>

<string name="image'">image</string>

<string name="textView">Input Row and Col</string>

<string name="result">result</string>

<string name="Save">Save</string>

<string name="Take a photo">Take a photo</string>
<string name="t">t</string>

<string name="total ">total</string>

<string name="mean">mean</string>

<string name="Save2">Save2</string>

<string name="1t">1t</string>

<string name="erode">erode</string>

<string name="dilate">dilate</string>
—n

<string name="clear">clear</string>

</resources>
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