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ABSTRACT

AMSTRONG RENOLD JEAN. High-Resolution Ball Lens-Assisted Imaging.
(Under the direction of DR. VASILY ASTRATOV)

Cellphone-based microscopes attract significant attention due to their application in
portable and lightweight systems operating without heavy microscope stands and bulky
objectives. However, the resolution of cellphone-based microscopes is typically pixel-limited
due to insufficient image magnification. An increase in magnification usually comes at the
expense of field-of-view (FoV). In this thesis work, we develop cellphone-based microscopy
by integrating cellphones with high-index ball lenses placed in a contact position with the
investigated nanoplasmonic objects. Due to extremely high additional image magnification
provided for real or virtual images depending on the refractive index of the ball lenses, a
significant resolution advantage over more conventional systems was realized allowing in
principle to overcome the pixelation problem and to make a step towards achieving
diffraction-limited resolution by ordinary cell phone. It is shown that this goal can be achieved
using ball lenses with a specially designed index of refraction, typically being sufficiently
close to an index of about two. To increase FoV, we developed the technology of thermal
pressure embedding of highly ordered arrays of ball lenses with different diameters in plastic
coverslips. For the same purpose, we developed technology for translating ball lenses along
the surface of investigated samples followed by stitching corresponding images. The
resolution of cellphone-based microscopy obtained through movable ball lenses is estimated
to be at approximately 1.5 um level, but we see potential to reach the diffraction-limited

resolution over a millimeter-scale FoV by the cellphone-based imaging in future studies.
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CHAPTER 1: INTRODUCTION

1.1. Classical diffraction limit in microscopy

In the field of optics, every optical instrument or system faces a fundamental constraint
on its resolution, originating from the phenomenon of diffraction dictated by the laws of physics.
When an optical instrument achieves its peak resolution performance, it is deemed a diffraction
barrier or limited. In the case of microscopic instruments, the spatial resolution constrained by
diffraction is directly linked to the wavelength of light and the numerical aperture of either the
objective or the object illumination source, depending on which is smaller. The challenge of
observing sub-wavelength structures with microscopes arises due to diffraction. In 1873, Ernest
Abbe elucidated that light with a wavelength (A) traveling through a medium with a refractive
index (n) and converging to a spot with a half-angle (0) would encounter a minimum resolvable
distance (d) [1]. This finding highlights the inherent limitations imposed by diffraction, which
hinder the observation of structures smaller than the wavelength of light. Consequently,
achieving higher resolution in optical microscopy necessitates innovative techniques and
advancements that push beyond the boundaries set by diffraction, thereby enabling the

visualization of increasingly finer details in microscopic specimens.

A A

TNA (D

" 2nSin® ~ 2NA

In this formula, we used a definition of the numerical aperture (NA) of the microscope
objective, NA=2nsinf. According to diffraction theory, images are constructed from an
arrangement of diffraction-limited spots with varying intensities, overlapping to generate the
resultant image, as previously explained. Thus, the only approach to increase spatial resolution

and image contrast is by decreasing the size of these diffraction-limited spots. This reduction can



be done by reducing the imaging wavelength, increasing the numerical aperture, or utilizing a
medium with a higher refractive index for imaging. Despite the use of the best objectives under
the best of circumstances, lateral resolution remains limited to relatively moderate levels nearing
200 to 250 nanometers due to the transmission properties of glass at wavelengths below 400
nanometers and the inherent constraints on numerical aperture. In contrast, the axial dimension
of the Airy disk forms an elliptical pattern often termed the point-spread function (PSF). The
elongated structure of the point-spread function along the optical axis arises from the
asymmetrical nature of the wavefront emerging from the microscope objective. Axial resolution
in optical microscopy is further compromised compared to lateral resolution, typically on the
order of 500 nanometers. When endeavoring to image intricately convoluted features such as
cellular organelles, the limitations of diffraction-limited resolution become apparent as poor axial

sectioning capability and diminished contrast in the imaging plane.

The optical microscopy can be divided into fluorescent (FL) microscopy dealing with
biomedical or other samples stained with FL dye molecules or other local emitters [2,3] and
label-free microscopy which does not use staining and rely on scattering or absorption of light by
the investigated objects [4,5]. In FL microscopy, the resolution can be increased beyond the
classical diffraction limit by a variety of methods using stochastic or nonlinear properties of local
emitters. The description of these methods goes beyond the scope of this work. In contrast,
overcoming the classical diffraction limit in label-free microscopy represents in general a more

difficult task since the efficiency of light scattering by nanoscale objects is extremely weak.



According to the Rayleigh criterion, the resolution of two-point sources observed through
a microscope is achieved when the central spot of the Airy disk (as depicted in Figure 1) from
one point source matches with the first minimum of the Airy disk from the other point source. If
the separation between the two Airy disks or point-spread functions exceeds this limit, the point
sources are considered resolved, and thus we can say distinguishable. On the contrary, if the
distance falls below this value, the Airy disks merge, indicating unresolved point sources. In
simpler terms, the Rayleigh criterion is met when the distance between the images of closely

spaced point sources is approximately equal to the width of the point-spread function (PSF).

The PSF concept is important in imaging since it is related to the intensity distribution in
the image of a single point source. Such intensity distribution can be “projected” back onto the
object plane by considering the magnification of the optical system. Such “projected” intensity
distribution is clearly representative of the resolution of the system. As an example, if this
distribution is approximated by the Gaussian function, the full width at the half maximum of this

distribution can be associated with the optical resolution of the system.

In contrast, the Sparrow resolution limit marks the distance between two-point sources
where their images no longer exhibit a dip in brightness between the central peaks but maintain
constant brightness across the region separating them. The Sparrow resolution limit closely
approximates the Abbe value and is approximately two-thirds of the Rayleigh resolution limit, as

defined by the Equation.

d—0'61}\ Rayleigh limit
= NA (Rayleigh limit)
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Figure 1: Resolution criterion. (a)Two points positioned at a distance equal to the Rayleigh
resolution limit. (b)Two points are positioned at a distance equal to the Sparrow resolution limit.
https://www.edinst.com/ko/news/the-rayleigh-criterion-for-microscope-resolution/

1.2. Microsphere-assisted Imaging

Light microscopy stands out as an incredibly potent method for observing specimens in
real-time without causing damage, pushing the boundaries of human vision. However, the spatial
resolution of traditional microscopes faces a fundamental constraint—the diffraction of light
waves at the lens aperture [6]. Over the past decade, microsphere-assisted microscopy (MAM)
has emerged as a remarkably simple yet effective technique to overcome this limitation and

enhance imaging resolution. This method was used for imaging plasmonic nanostructures



[7,8,9,10], viruses [11], and computer chips [12]. It also provided an increase in the resolution of

confocal microscopy [13,14].

The field of micro-spherical nanoscopy is attracting significant attention due to two key
factors. To begin with, its simplicity allows for broad applications in imaging subcellular
structures, biological molecules, and plasmonic structures. Secondly, the method can achieve
resolution values surpassing the diffraction limit. The current focus is on understanding the
fundamental reasons behind its super-resolution capability [76]. The experimental resolution is
influenced by various factors, including (a) the type of object—near fields can be resonantly
enhanced in nanoplasmonic structures; (b) the refractive indexes of the microlens and the
surrounding medium—optimal index contrast for virtual imaging falls within the 1.3—1.7 range,

but higher average indexes of the microsphere-medium system can enhance resolution.

Microsphere imaging has shown a resolution advantage over conventional microscopy
when observing various nanostructures [77,81] and biological entities [82,84]. However, a
persistent challenge in microsphere imaging lies in quantifying its resolution. Primarily relying
on visual analysis of experimental images has resulted in a wide spectrum of super-resolution
claims ranging from A/6 to A/17 [77,79,81, 84]. A more stringent resolution assessment of metal
dimers and bowties, based on the convolution of their shape and the point spread function,
yielded a resolution estimate of A/7 [85—87]. Notably, this value surpasses the classical upper

limit A/(2 n) = A/4 in the presence of high-index (n = 2.0) spheres.



In general, cases overcoming the classical diffraction limit in microscopy can be
explained by factors that go beyond the physical model of far-field diffraction. As an example, it
can be achieved by scanning the objects’ optical near fields using nanoscale probes. It can also be
achieved using prior knowledge about the objects or nonlinear optics effects. Alternatively, it can
be achieved using contact super-lenses which can preserve or amplify the detailed information

about the objects encoded in their optical near fields.

The realization of the optical super-resolution in MAM is rather unusual because it does
not involve these factors directly. It should be noted, however, that the microsphere is placed in
contact with the object, and, in this sense, it experiences the object’s optical near fields.
However, this is not sufficient to explain the super-resolution ability of MAM. Only rigorous
theory based on the numerical solution of Maxwell equations can shed light on the mechanisms
of high-resolution imaging achieved in this method. One obvious factor that can potentially play
a role is related to solid immersion lens (SIL) which was initially introduced for hemispherical
ball lenses [90], however recently it was shown that in the case of using ball lenses with
spherical shapes large-angle waves become trapped inside the microsphere due to the total

internal reflection, and, therefore, NA does not increase [15].

A large number of theoretical papers devoted to the resolution capability of MAM were
published based on rigorous solutions of the Maxwell equation during the last decade [16-21].
Many factors were considered in these studies including sharply focused beams, so-called
“photonic nanojets”, whispering gallery modes (WGMs) in microspheres, and polarization

properties of the dipole sources. However, the resolution was generally limited by approximately



M4 in these studies. Thus, there was no convincing theoretical proof of the resolution at the level
of A/7 expected based on the results of the experimental studies. Only very recently, the super-
resolution capability of dielectric microspheres was clearly and unambiguously demonstrated by
exact theoretical modeling results [22]. A classical double-slit object was selected for this work.
This object was illuminated with a series of plane waves incident from a wide range of
directions. The coherent virtual images produced by individual plane waves were found to be not
reminiscent of the object. It was shown, however, that the incoherent superposition of many
partial images produced by multiple incident plane waves leads to the image reconstruction with
a resolution exceeding that of the incoherent imaging theory. It was shown that an essential
feature of the super-resolution mechanism is connected to the coherent scattering of the incident
waves into the waves circulating around the spherical boundary inside the microspheres. They
are trapped inside the microsphere due to total internal reflection. This trapping is an important
feature of the mechanism of super-resolution because it provides re-illumination of the object at
grazing angles of incidence from inside the microsphere. It takes place non-resonantly which
makes it unrelated to the resonant WGM excitation. Such circulating modes were previously
studied due to near-field coupling between different microspheres [23]. Therefore, this work
creates a big opening for new theoretical studies that will be used by experimental physicists for
different microspheres and different geometrical shapes of objects.

Experimental findings have showcased the feasibility of achieving super-resolution
imaging through microspheres when submerged in a liquid medium with an index exceeding 1.9.
Specifically, barium titanate glass (BTG) microspheres, characterized optically in an aqueous
environment, exhibit indices ranging approximately from 1.9 to 2.1 [87,88]. Utilizing micron-

scale BTG microspheres immersed in isopropyl alcohol (IPA) with an index of 1.37, researchers



have successfully discerned features as minuscule as approximately A/7, where A = 550 nm
represents the peak illumination wavelength. The process of virtual image formation is depicted
in Figs. 2(a) and 2(b). For spheres measuring between 50 um and 200 pm in diameter, the
distinguishable feature sizes expand to approximately A/4. Moreover, the super-resolution field-
of-view exhibits a linear increase in diameter, attaining remarkably large dimensions,
approximately 30 pm, for spheres around 200 um in size. The magnification of the virtual

images falls within the range of 2.5 to 4.5 for spheres ranging in diameter from 2 um to 220 um.

Figure 2: Virtual Image of gold dimers and Blu-ray disc. (a) Illustration of the experimental
arrangement; (b) Representation of virtual image formation using a sphere immersed in liquid;
(c) Scanning electron microscope (SEM) depiction of a collection of gold dimers formed by 120
nm nanoparticles with separations of 150 nm; (d) BTG sphere with a refractive index
approximately 1.9, submerged in isopropyl alcohol (IPA); (e) Virtual imaging of the array
depicted in (c) through the microsphere at an alternative depth compared to (d) using a 100x
objective with a numerical aperture (NA) of 0.9; (f) SEM image showcasing a Blu-ray disk
featuring stripes of 200 nm width separated by 100 nm width grooves; (g) BTG microspheres
with diameters ranging approximately from 5 to 20 um, fully immersed in [PA; and (h) Virtual
imaging of the Blu-ray disk through the microspheres at a different depth compared to (g) using
a 20x objective with a numerical aperture (NA) of 0.4 [105].



The samples containing point objects, as depicted in Fig. 2(c), comprised 2D arrays of
gold nanoparticle dimers with periods of 320 nm and 800 nm in the x and y directions. Each
dimer comprised two gold nanocylinders with diameters of 120 nm and heights of 30 nm
(including 2 nm Cr and 28 nm Au layers), fabricated on a fused silica substrate through electron
beam lithography, metal evaporation, and lift-off processes. The smallest edge-to-edge
separations within the dimers measured 120 nm and 150 nm in distinct arrays. The SEM image
featured in Fig. 2(c) illustrates NPDs with a 150 nm separation along the y direction. Samples
featuring linear objects were derived from a commercially available Blu-ray® disk (BD) with
track pitch sizes nominally set at 300 nm, comprising 200 nm width stripes separated by 100 nm
width grooves, as outlined in Fig. 2(f). Two variations of BTG microspheres (Mo-Sci Corp.),
distinguished by their chemical composition and hence their refractive index (approximately 1.9
and 2.1), were utilized. IPA was administered onto the sample surface using a micro-syringe to
completely submerge the microspheres. Comparable outcomes were achieved through water

infiltration.

The study utilized an FS70 Mitutoyo microscope with a halogen lamp and CCD camera,
operating in reflection illumination mode with either 100x (NA =0.9) or 20x (NA =0.4)
microscope objectives. The system's spectral response peaked strongly at 550 nm, and by
employing additional filters, ensured reproducible results with narrow band (~20 nm bandwidth)
illumination centered at 550 nm. Conventional microscopy failed to resolve the smaller features
within the samples, such as the 320 nm period and 150 nm edge-to-edge separations in NPDs, as
well as the 100 nm features in the BD, due to limitations imposed by the stripe pattern outside

the microsphere. Super-resolution imaging of the BD without liquid was achievable using
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microspheres with small-to-moderate refractive indices, such as borosilicate glass (n ~ 1.47),
soda lime glass (~1.51), polystyrene (~1.59), and sapphire (~1.77). However, complete
immersion in a liquid like IPA caused these microspheres to lose their imaging capabilities
entirely. A different behavior was observed for high-index BTG spheres (with n ~ 1.9-2.1). They
didn't produce any imaging without the addition of liquid, but when fully submerged, they
enabled super-resolution imaging, exemplified in Figs. 2(e) and 2(h) for point and linear objects,
respectively. Notably, the depth of focus in these images was observed below the structure's
surface, discernible from conventional images Figs. 2(d) and 2(g). The ability to resolve
individual gold nanoparticles and features on a BD, both approximately A/4 in size, was evident.
Despite the complexity of applying the Rayleigh criterion due to finite object sizes, discerning

patterns with such minimum feature sizes were achieved.

Furthermore, in prior studies, the field-of-view (FOV) was limited to a few microns due
to the small diameters of low-index spheres [89-91]. However, high-index liquid-immersed
spheres maintained their super-resolution capability even at significantly larger diameters. For
instance, a sphere with n ~ 1.9 and D ~ 125 pm resolved 150 nm separations in an NPD array
over large (~22 um) FOV, as illustrated in Figs. 2(a) and 2(b). Similar outcomes were observed
for the BD sample using a sphere with n ~ 2.1 and D ~ 53 um fully immersed in IPA, depicted in

Figs. 3(c) and 3(d).
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Figure 3: Nanoparticle dimers resolved by high-index spheres. (a) A BTG microsphere with a
refractive index of approximately 1.9 and a diameter around 125 pm, completely submerged in
IPA, positioned atop the NPD array featuring 150 nm separations. (b) Illustration of imaging
through this microsphere using a 100% objective lens (NA =0.9), showcasing a super-resolution
field-of-view exceeding 20 um. (c) A BTG microsphere with a refractive index of approximately
2.1 and a diameter of around 53 um, fully immersed in IPA, situated atop a BD. (d) Depiction of
imaging through this microsphere using a 20x objective lens (NA = 0.4), reveals the presence of
100 nm grooves on the BD [105].

In the investigation of the resolution capability's dependency on D, an NPD array
featuring a minimal separation of 120 nm was utilized, as depicted in Fig. 4(a). It was observed
that the resolution generally declined with increasing D, a trend demonstrated in Figures 4(b)—

4(d). Intensity profiles were assessed along the axis connecting two nanoparticles with a 120 nm

separation, as indicated in the insets of Figures 4(b)—4(d). These profiles exhibited double peak
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structures, which were subjected to fitting using two Gaussian peaks. The sums of these
Gaussian peaks were depicted by dashed (red) curves in Figures 4(b)—4(d). Specifically, for
spheres measuring 4.2 um in diameter, the minimal discernible feature sizes were estimated to be
around 75 nm (~A/7), considering that two equally intense points are resolved when the intensity
between them is 0.81. Conversely, for spheres with D =53 pum, adhering to the same criterion led

to minimal discernible feature sizes of approximately A/4.5.

-t
o

Intensity (a.u.)
o
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D=4.2 ym

J D=21.5 ym
0.0 L
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Figure 4: Resolution quantification of nanoparticle dimers. (a) Scanning electron microscope
(SEM) depiction of a gold nanoparticle dimer (NPD) array formed by 120 nm nanoparticles with
separations of 120 nm, alongside the resolution capabilities of BTG microspheres with a
refractive index around 1.9 and various diameters D: (b) -4.2 um, (c) -21.5 um, and (d) -53 pum.
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Insets exhibit the optical microscope images acquired for the (b)—(d) scenarios, corresponding to
the SEM image in (a) [122].

In examining image magnification (M), microspheres with refractive indices around 1.9
and diameters ranging from 2 to 220 pm were used, as depicted in Figure 5(a). The refraction
law, determined by the index contrast (n' = n/nl ~ 1.39), allowed estimation of virtual image
magnification for objects situated at the sphere surface, approximately |M| ~ |[n'/(2 — n")| ~ 2.3.
For spheres with diameters around 220 um, a measured M of approximately 2.5 was obtained.
Conversely, for the smallest spheres (2 < D < 6 um), increasing M with sphere diameter was
observed, mirroring findings from previous studies involving low-index spheres in air. In the
intermediate diameter range (6 < D < 10 um), M peaked at values ranging from 3.5 to 4.5, with

significant variations observed among spheres, as illustrated in Figure 5(a).

However, the measurement of M was challenging due to difficulties in reproducing the
same depth of focus on the virtual image. Additionally, pincushion distortion caused an increase
in image magnification with distance from the optical axis, as evidenced in Figure 1(e) and the
inset of Figure 5(b). To mitigate the pincushion effect, M was determined in the central image
section. The field-of-view (FOV) was defined as the diameter of the circle on the sample surface
where the shape of the NPD array with 150 nm separations could be discerned, showing a close-

to-linear dependence on D, as depicted in Figure 5(b).
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Figure 5: Relationship between sphere diameter, field of view, and magnification. (a) Lateral
magnification and (b) Field of View (FOV) achieved by BTG microspheres with a refractive
index of approximately 1.9, plotted against D. The inset in (b) demonstrates the FOV for a sphere
with a diameter of 9 um. These measurements were conducted utilizing the NPD array. Dashed
lines have been included as visual aids for interpretation [122].

The study showcased the capability of discerning patterns with minimum feature sizes of
approximately A/7 using BTG microspheres (n ~ 1.9-2.1) with diameters in the range of several

microns. As the microsphere diameters increased within the range of 50 <D <220 pum, the

discernible feature sizes also increased to approximately A/4. Moreover, it was noted that the
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super-resolution Field of View (FOV) exhibited a linear correlation with D, with FOV values

surpassing 30 um for microsphere diameters exceeding 200 pm.

Despite the fact Field of View (FOV) exhibited a linear correlation with D, it remains a
problem in MAMs. This problem can be solved by different techniques such as translations of
the microsphere followed by stitching the images or by assembly of large-scale arrays of
microspheres embedded in coverslips allowing parallel imaging through multiple microspheres.
In the pursuit of developing an optimal method for assembling and fabricating an array of
microspheres embedded in a coverslip, meticulous experimentation and analysis were used [24-
30]. The objective was to refine the assembly process to achieve optimal performance and
structural integrity. By systematically evaluating various fabrication techniques, the goal was to
enhance the overall efficiency and reliability of the microsphere array for subsequent
applications. It should be noted that quasi-periodic arrays of microspheres embedded in
coverslips can also behave similarly to diffraction gratings or photonic crystal waveguides [31-
33]. In the case of sufficiently large microspheres, however, these properties are not pronounced,

and they lie outside the scope of this work.

1.3. Cellphone-based microscopy

The emergence of cellphones equipped with advanced imaging capabilities has
stimulated interest in cellphone-based microscopy as a means for rapid disease identification
without the need for traditional microscopes and their bulky apparatus [34-37]. The resolution of
conventional cellphone cameras is constrained at approximately 20-40 um level by the finite size

of the pixels in the sensor array. The underlying problem of using conventional cellphone
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cameras as portable microscopes is connected with insufficient image magnification provided by
the camera objective in comparison with the high-quality microscope objective designed for
maximizing M and NA values. The way of solving this problem is connected either with bringing
the investigated sample in direct contact with the camera’s sensor array or with using micro-
optics to additionally magnify the image. Another solution is based on using lens-free
holographic approaches, such as those utilized by Ozcan et al., demonstrating high resolution
across expansive fields albeit requiring the removal of the camera lens and numerical

reconstruction of images [37,38].

To address this limitation, additional magnifying objectives like ball lenses have been
employed in such applications as the diagnosis of iron deficiency and sickle cell anemia in a
blood smear [38], detection of soil helminths in stool samples [39], male infertility screening
[40], and identification of malaria parasites [41], but typically with rather much-limited
magnifications. Yet, ball lenses exhibit significant spherical aberrations leading to image
distortion across the field-of-view, necessitating image capture at varying focusing depths and
subsequent digital image processing [93]. Prior efforts in this realm employed ball lenses
positioned at millimeter-scale distances from objects to generate real images, presenting a
tradeoff between resolution and field-of-view It improved the resolution compared to
conventional cellphone imaging up to approximately 1.5 pm values However, further increase of
magnification is needed to improve the resolution beyond this level still determined by the

pixelation effects.
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In this study, a somewhat different approach to cellphone microscopy is proposed,
involving the utilization of large ball lenses placed in direct contact with the samples, which can
be translated over objects’ surface. This configuration was inspired by the recent successes of
MAM techniques where the resolution beyond the classical diffraction limit was demonstrated
experimentally using high-quality microscope objectives [97—108]. Research has demonstrated
the attainment of resolutions approaching A/7 for imaging nanoplasmonic structures, and
similarly, high resolutions have been achieved for imaging fluorescent objects coupled to
plasmonic meta-surfaces with short periods. These resolutions surpass the limits of both
microscope objectives and solid immersion lenses [109-111]. In cellphone-based applications,
the high-resolution capabilities of such lenses are attributed to the magnification of virtual
images. However, FoV was rather limited in the previous studies performed with small
microspheres (typically D<10 pm) and showed some advantage in resolution studies, but the use

of such compact microspheres inevitably narrowed FoV.



Ball-lens

Biomedical sample

White light 1llumiation

Cellphone

Figure 6: Cellphone-based microscopy setup.
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CHAPTER 2: FABRICATION OF ARRAY OF MICROSPHERES EMBEDDED IN
COVERSLIP
2.1. Previous work on microspheres embedded in polydimethylsiloxane (PDMS).

Since the groundbreaking utilization of millimeter-sized glass microspheres by Van
Leeuwenhoek for early microscopy in 1675, the trajectory of microsphere-assisted microscopy
has seen a resurgence, with significant advancements documented in recent times, notably in
2011 [112]. The fundamental premise of this technique revolves around the strategic placement
of small glass microspheres, typically ranging from 5 pm to 50 um in diameter, onto the sample
in front of the objective lens. This placement serves to substantially augment the resolution
capabilities of an otherwise conventional optical microscope. As researchers delve deeper into
refining this methodology, various ingenious approaches have emerged to optimize the assembly
of microspheres, thus expanding the field of view attainable through this technique. Among the
myriad strategies devised to enhance the effectiveness of microsphere-assisted microscopy, one
advancement hails from the Mesophotonics lab at the University of North Carolina, directed by
Professor Vasily Astratov. This innovative approach involves the integration of microspheres
within a matrix of polydimethylsiloxane (PDMS). Upon the solidification of the PDMS
composite with embedded microspheres, the resulting construct can be delicately affixed onto the
surface of the specimen under investigation. Close contact with the object is critical for
microspheres embedded in the coverslip to provide resolution enhancement. This means that the
gap separating the microspheres from the object should be minimized. This can be achieved in
two different ways. Firstly, the freshly fabricated PDMS coverslip with microspheres embedded
near one of its surfaces is attached to a semiconductor, glass, or plasmonic substrate with a flat

object. Similar to the Geico toy, the PDMS slab gets closely attached to the substrate which can
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be monitored by observation of the motion of interference stripes indicating a gradual reduction
of the gap. In the second way, liquid lubrication can be used to initially fill this gap with the thin
liquid layer. Gradual liquid evaporation leads to a reduction of this gap, which can be also
monitored by observation of the motion of interference fringes. An additional advantage of the
second technique is the ability to shift the coverslip to provide the best conditions for the
observation of objects through embedded microspheres. Subsequently, through meticulous
mechanical manipulation, facilitated by lateral translation, the embedded microspheres can be
precisely aligned with the regions of interest within the specimen. Experimental endeavors
undertaken to validate the efficacy of this methodology have elucidated the critical role of
surface lubrication with isopropanol (IPA) in facilitating the smooth lateral translation of
matrices harboring embedded spheres.

In the experimental setup depicted in Figure 7(a), a diverse array of high-index barium
titanate glass (BTG) microspheres, exhibiting a range of diameters spanning from 9 to 212 pm,
was meticulously deposited onto a substrate. It's noteworthy that two distinct categories of BTG
spheres, each characterized by unique refractive indices of 1.9 and 2.1, respectively, were
selected for this experiment, thus adding a layer of complexity and nuance to the experimental
framework. Subsequently, a polydimethylsiloxane (PDMS) layer was cast over the array of BTG
spheres, as illustrated in Figure 7(b). The encapsulation process was further refined through
thermal treatment within a temperature-controlled oven, ensuring the uniform curing of the
PDMS layer to attain optimal results. Upon the completion of the thermal curing process, the
resultant thin film, now transformed into an elastomeric state, underwent a delicate extraction
process from the substrate. It involved the deft manipulation of a scalpel to carefully lift the

PDMS layer, liberating it from its substrate confinement, as depicted in Figure 7(c).



21

The thin film was scanned across the investigated surface, revealing its topography with
remarkable clarity. To visualize the surface, two imaging systems were used. Firstly, the FS70
Mitutoyo microscope in a reflection mode with the halogen lamp emission peaked at 4 ~550 nm,
complemented by a CMOS camera. Secondly, the scanning laser confocal microscope Olympus
LEXT OLS4000, operating at A = 405nm. The virtual images were obtained through BTG
microspheres. Figures 7(d) and 7(e) showcase the high-index microspheres embedded in PDSM.
Within these images, the depth of focus was around the equator plane of spheres. The ability to
seamlessly translate the entire thin-film along the surface simplified the alignment process of

diverse spheres with the object of study.
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Figure 7: Fabricating transparent PDMS matrices. (a-c) Depiction of the intricate process
involved in fabricating transparent PDMS matrices featuring embedded high-index spheres. (d)
An optical microscope capture showcasing BTG spheres with diameters ranging from 9 to 15 pm
securely embedded within a PDMS matrix. (¢) Another optical microscope image reveals BTG
spheres with a substantial diameter of 212 pm ensconced within a PDMS matrix [112].

Nanoplasmonic arrays of dimers, fabricated by e-beam lithography served as the focal
point of this experimental investigation. The investigation was focused on dimers characterized
by a diameter of 175 nm and a center-to-center distance of 200 nm, resulting in an ultrafine 25
nm separation, a mere fraction of the incident wavelength (~A/16), as demonstrated by the SEM

image in Fig. 8(a). The Au layer with 40 nm thickness was deposited on top of the 10 nm thick

titanium adhesion layer. The dimers were defined by the electron beam lithography.

The visual examination of these nanoplasmonic arrays was facilitated by a ~13 um BTG
sphere embedded in PDMS, enabling imaging via a scanning laser confocal microscope
equipped with a high-powered 100x objective boasting a numerical aperture (NA) of 0.95 at
A=405 nm laser illumination, as depicted in Fig. 8(c). To quantify the resolution of the captured
images, a rigorous analysis was undertaken utilizing the convolution with the point spread
function (PSF) of the imaging system. Fig. 8(d) visually represents the result of such a
convolution process for the optimized width of the Gaussian PSFs for comparison with the
experimental image. Thus, a good agreement between the calculated (Fig. 8(d)) and experimental

(Fig. 8(b)) was realized for the PSF width about A/7.

Following Houston's criterion, the width of the PSF~A/7 was taken as the de facto measure of

resolution.
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Figure 8: Image of the gold nanoplasmonic dimer. (a) An image captured by a scanning electron
microscope showcasing the gold nanoplasmonic dimer. (b) A visual representation of the object
is utilized for computing a convoluted image. (c¢) The visual depiction of the dimer was acquired
through the utilization of a microsphere embedded within the PDMS thin-film. (d) A computed
image illustrating the convolution process between the drawn object in (b) and a point spread
function characterized by a width of approximately /7 [112].

2.2. Fabrication process
The viewing capacity of the microsphere super-lens is constrained by its size and the
distortions present at the boundary of FoV. As the diameter of the super-lens increases, the FOV
expands proportionally; however, this expansion is accompanied by a decline in resolution. This
restricted FoV imposes limitations on practical applications, prompting the exploration of alternative
methods such as probe-based manipulations [28,118] and embedding microspheres into elastomers

[25-31] to enable observations from predetermined positions. These approaches, however, encounter
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challenges in achieving expansive imaging coverage and precisely pinpointing sub-diffraction-
limited targets across extensive areas.

To solve this issue and to apply this technology in a cellphone-based setting, it is desirable to
increase the size of the microspheres embedded within plastic coverslips. According to a
conventional definition, microspheres with diameters larger than 100 um are termed the ball lenses.
We use this terminology in the following parts of this thesis. Such ball lenses can provide a
somewhat reduced resolution compared to mesoscale (D<10 pm) microspheres. However, they are
more suitable for integration with the cellphone camera due to their larger FoV.

Another problem appears with the integration of such ball lenses into sizable arrays.
Biomedical samples have millimeter and, in some cases, centimeter-scale dimensions. This means
that hundreds of ball lenses need to be arranged in regular arrays. It is also desirable to provide a
maximal area fill-factor with the ball lenses to have a good coverage of the surface of the sample.
The maximal area fill-factors can be achieved in regular close-packed arrays of ball lenses. However,
assembling hundreds of ball lenses in regular arrays is not a simple task. Relying on self-assembly
does not work very well for such assembly since it can lead to the formation of isolated clusters of
ball lenses or domains with different types of packing ball lenses. It could also lead to a certain
concentration of local defects which is an inevitable property of self-assembly. All these problems
would spoil the quality of imaging by such arrays.

To solve this assembly problem, we used a technology that was previously developed in the
Mesophotonics Laboratory directed by Prof. Astratov for arranging spherical microlenses in an
orderly way suitable for integration with the mid-wave infrared (MWIR) photodetector focal plane
arrays (FPAs) [42-47]. This technology is based on the fabrication of micro-hole arrays with the

desired geometrical properties such as square or triangular perfectly ordered arrays obtained by well-
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established technology such as micromechanical drilling of holes in metallic thin films or etching
micro-holes in a thin semiconductor substrate. The holes must extend through the entire thickness of
the corresponding metallic film or semiconductor substrate. The assembly of microspheres is
achieved in this method by air flux provided through micro-holes. The principle of assembly reminds
operation of suction tweezers. However, in contrast to suction tweezers manipulating individual
items, the suction assembly in a micro-hole array allows obtaining a large-scale array with hundreds
of ball lenses, each one sitting in a separate micro-hole, forming a perfectly ordered pattern with
virtually zero concentration of defects such as missing ball lenses, and very large area fill-factor. The
ball lenses can be assembled in practically touching configuration. This method represents an
example of forced or deterministic assembly as opposed to self-assembly and this is the underlying
reason for the nearly perfect order of thus obtained arrays. Airflow through individual micro-holes
attracts the nearest microsphere which is kept at a fixed position once the flux persists. As a result of
a prolonged process, all micro-holes will be filled with the ball lenses, allowing approximately half
of each microsphere to nestle snugly within the confines of the holes. This procedure ensured a
uniform and orderly arrangement of the microspheres.

To further refine the arrangement and eliminate any interstitial ball lenses that can be located
on top of the assembled monolayer of lenses, pressurized air was judiciously employed to sweep
away any balls or pieces of dust that might have accumulated. This step needs to be designed with
the continuous flux through the micro-holes which kept the balls fixed in micro-holes in a correct
pre-designed position, so that the additional sideway flux of air will simply clean the array from any
additional ball lenses. Subsequently, with utmost care and precision, the coverslip was gently

lowered onto the array of microspheres located within the micro-holes.
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Figure 9: The assembly process of the microsphere array.

Once the coverslip was in place, the entire assembly underwent a controlled heating process
facilitated by a heat gun, as illustrated in Fig. 9. The application of heat served the dual purpose of
partially fusing the microspheres to the coverslip while maintaining their structural integrity. This
step was important for securing the microspheres in their designated positions, ensuring they
remained firmly attached to the coverslip. Following the heating process, the partially adhered
microspheres were transferred to a thermal press, where they underwent further embedding in the
plastic coverslip. Previously, the technique of pressure embedding much smaller microspheres (D~5-
50 um) in plastic coverslips was used for making slabs for super-resolution imaging of plasmonic
methods for embedding much larger ball lenses with diameters 100-1000 wm more suitable for
applications in cellphone-based microscopy.

Under controlled conditions, the assembly was subjected to temperatures reaching

approximately 185 degrees for a duration of five minutes under controllable pressure conditions
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provided by the thermal press illustrated in Fig. 10. This combination of temperature and time
allowed for optimal embedding of ball lenses in plastic coverslip, ensuring a durable and stable
bond. This fabrication process yielded coverslips with relatively well-ordered ball lenses firmly
attached to the coverslip and slightly extending from it as schematically illustrated in Fig. 10. The
height of extending ball lenses was reasonably uniform due to the fact that the ball lenses were

pressed against perfectly polished flat slab of the glass.

Figure 10: Fabrication process of the microspheres embedded in the coverslip.

The results of such an assembly are illustrated in Figure 11. The ball lenses used in
Figure 11(a) are BTG with an index of 2.1 and a diameter of 300 um. The ball lenses used in
Figure 11(b) are BTG with an index of 2.1 and a diameter of 550 um. The comparison of these
images demonstrates that the method of suction assembly works considerably better for larger
ball lenses. Indeed, the quality of ordering embedded ball lenses is rather reasonable although not

perfect. Whereas the results for ball lenses with diameters smaller than 300 pm demonstrated
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multiple defects and lack of perfect order. There might be different reasons for the lack of
ordering including the deviation of the ball lens sizes (typically within ~5%) and the increased
role of the other forces besides the suction action. Assembly of smaller spheres is more prone to
charging effects, as an example. This does not mean that the suction assembly cannot be used for
ball lenses with D<300 um. Based on our preliminary results, we believe that a much better
quality of assembly can be obtained in future work. It can be achieved by removing charging
effects using surface chemistry or by controlling the process of mechanical assembly. As an
example, a slight shake of the micro-hole array provided by mechanical actuators can help to
obtain better-ordered arrays formed by the ball lenses with D<300 pm. These studies can be

performed in future work.

Figure 11: Fabrication process of the microspheres embedded in the coverslip. (a) Array of
microspheres with a diameter of 300 micrometers. (b) Image of microspheres with a diameter
of 550 micrometers embedded in plastic coverslip. (¢) Micro-hole arrays with a diameter of
305 micrometers fabricated by laser burning. (d) Micro-hole arrays with a diameter of 600
micrometers fabricated by laser burning.
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2.3. Real and Virtual Imaging Illustrations

In 2011, Wang et al. [115] discovered the superior resolution capabilities of
microspheres compared to solid-immersion lenses (SIL) when placed near samples. They
found that by placing microspheres on the sample, they could observe a virtual image through
the silica microsphere, allowing them to resolve the minimal feature sizes as fine as 50 nm.
These microspheres, with an index of refraction of n=1.46 and diameters ranging from 2 um to
9 um, functioned as far-field super-lenses (FSL), effectively overcoming the white-light
diffraction limit. This initial work stimulated significant interest in this type of microscopy,
however, at first the resolution claims were exaggerated reaching A/8 -A/14 (far-field

resolution) with magnification values being between x4 and x8.

More rigorous resolution quantification can be performed by convolution with PSF and
fitting the experimental intensity profiles obtained from various nanoscale objects using the
width of PSF as a fitting parameter. Initially, this was performed using 1-D PSF [13], but soon
after this technique was generalized for fitting images of the objects with arbitrary shapes using
convolution with 2-D PSF [25-29]. Subsequent efforts have been dedicated to understanding
the mechanism behind this phenomenon and improving resolution. Recent research has even
shown the feasibility of utilizing high-refractive index microspheres to generate real super-
resolved images [114].

The distinction between virtual and real imaging is illustrated in Fig. 12. It is illustrated
in the case of cellphone imaging, but similar images can be observed by using a regular

microscope camera with the sensor array. The difference between virtual and real imaging is
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illustrated using ray optics. As shown in Fig. 12(a), the virtual image is located at the
continuation of the rays below the sample surface in the case of upright microscopy.
Experimentally, virtual imaging can be counterintuitive in some cases since the image can be
located deeply inside the absorbing substrate. This, however, does not prevent us from
observing the virtual image since it takes place due to ray tracing in the direction opposite to
the direction of light propagation and light does not physically propagate inside the absorbing
substrate. Understandably, virtual imaging takes place if the refraction capability of the ball
lens is limited. The case in Fig. 12(a) is illustrated for the index of the ball lens with n=1.52
corresponding to the index of borosilicate glass. Generally, most of the results obtained using
the MAM method correspond to the virtual imaging case.

In contrast, the real image is located above the sample in the case of upright
microscopy. It takes place due to the intersection of rays along their propagation direction
(upwards). The real imaging case in Fig. 12(b) requires stronger refraction capability. This
sketch illustrates schematically the refraction of rays by the ball lens with an index n=2.05.
Such refractive indices are characteristic for barium titanate glasses as well as for LASFN 35
glass and for other high-index glasses. The real imaging by microspheres has been observed

experimentally [53].
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Figure 12: Ray tracing. Schematic illustration of the ray tracing in the case of (a) virtual and
(b) real imaging. They take place at different refractive indices of the ball lens [55].

A more detailed description of contact imaging by ball lenses with different indices of
refraction in the context of developing cellphone-based microscopy can be found in Refs. [54-
58]. Wave optics-based theory of imaging by ball lenses can be found in Ref. [16 ]. We limit
our discussion to the geometrical optics theory and concentrate mainly on the discussion of
magnification provided by ball lenses with different indices of refraction as a function of
separation between the ball lens and the object termed below as a gap (g). The equation
describing magnification as a function of n and g to the best of our knowledge was first
obtained in Refs. [26-28] in paraxial geometric optics approximation and widely used in the
studies of nanoplasmontic and biomedical objects in the Mesophotonics laboratory directed by

Prof. Astratov [59-73]:

M(n', D, g) = -n'l[n'-2+4(n’-1)g/D], )
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where n”= n/no is the refractive index contrast between the ball lens and object space with the
refractive index no. In the following we follow the analysis presented in Ref. [55] and we consider
the case of air environment where no =1 and n’=n. This equation was used to calculate M values

for the ball lenses with D=1 and 2 mm, as shown in Fig. 13. The gaps were varied in the 0<g<0.25

mm range.
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Figure 13: Geometrical optics results of solving Eq. (2) [55,56 ]. (a,b) Curves with different colors
represent the magnifications of the ball lenses with D=1.0 and 2.0 mm, respectively, calculated as
a function of » for various lens separations (g) shown in the legend of (a). Asymptotic increase of
|M| takes place at certain critical indices (nc) indicated by vertical dashed lines. Virtual imaging
corresponds to M>0 and real imaging corresponds to M<0. The points with different colors and
shapes in (b) represent the experimentally measured M values for ball lenses made from different
glasses in contact with the objects. The diameters and materials of the ball lenses are indicated in
the legend of (b), where BK7 is a pure optical borosilicate-crown glass material with n=1.517 at
4=589.3 nm (the corresponding points for D=0.5, 2.0, and 8.0 mm coincide in (b)), FSB is a fused
silica (quartz) balls with n=1.458 at 1=589.3 nm, LAF22 and LASFN9 are glasses with the
refractive indices n=1.78 and 1.85 at A=550 nm, respectively [55].
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The most interesting and distinctive feature of Fig. 13 existence of a certain critical value (7c)
of the ball lens index, nc=(2g+D)/(2g+D/2), indicated in the case of D=1 mm by the vertical arrows
on top of Fig. 13(a), which separates regimes of virtual and real imaging. In the case of virtual
imaging M>0 since the image is located from the same side as the object relative to the optical
axis, as illustrated in Fig. 12(a). On the other hand, in the case of real imaging M<0 since the image
is located at the opposite side from the object relative to the optical axis, as illustrated in Fig. 12(b).
In the vicinity of n. an asymptotic increase of | M| takes place that makes it possible to achieve very
high magnification values in practical situations. Some of these situations realized with different
microspheres made from glasses with different indices of refraction are illustrated in Fig. 13(b)
under contact conditions (g=0) between the ball lens and object. Different materials used for
comparing measured and calculated M values are listed in the legend of Fig. 13(b). This
comparison illustrates good agreement between geometrical optics approximation and experiment
for sufficiently large ball lenses. For a contact condition (g=0), nc=2 for all D values. This is
indicated by the black vertical lines in Figs. 13(a,b). However, with increasing g value, nc gradually
decreases and reaches value of nc=1.5 for g=0.25 mm and D=1 mm. This shift of nc with g is
directly illustrated by the arrow at the top of Fig. 13(a). This shift is quite interesting since it shows
that for many samples used in biomedical imaging studies where the objects are covered with glass
coverslip with the typical thickness around g~0.1 mm, the value of nc is actually smaller than two
and it becomes closer to the indices of ball lenses made from more conventional glasses. The
magnitude of this effect, however, depends on the diameter of ball lenses used in such studies. For
smaller ball lenses the magnitude of shift increases which can be clearly seen by comparing results

presented in Figs. 13(a) and 13(b) for ball lenses with diameters 1 and 2 mm, respectively.



34

Some examples of imaging through ball lenses and smaller microspheres obtained in
this theses work are illustrated below. They show a qualitative agreement with the geometrical
optics theory, but they also demonstrate some deviations from the geometrical optics theory
which take place for smaller microspheres.

The results in Fig. 14 illustrate the resolution advantage of imaging through different
microspheres over conventional microscope imaging performed without using microspheres.
The experiments were performed using a Blu-ray disk object which is very convenient for this
purpose since it has a period (~300 nm) which is just at the resolution limit of conventional
imaging. The structure of the Blu-ray disk resolved by Atomic Force Microscope (AFM) is
illustrated in Fig. 14(c). Better quality images can be obtained by scanning electron
microscopy. It is not included in this thesis. The structure of a Blu-ray disk consists of 200 nm
stripes separated by 100 nm gaps. This structure is hardly resolved by the best long working
distance Mitutoyo 100x objective with NA=0.9, as shown in Fig. 14(a). However, this
structure is resolved due to virtual imaging through polystyrene microspheres with n=1.59, as
expected under contact conditions from Eq. (2). It can be clearly seen in the virtual images
presented in Fig. 14(b). This structure is also resolved due to real imaging through BTG
microspheres with a refractive index of around 1.9. These BTG microspheres with diameter
D=25 um are rather small which indicates that the results can deviate from the predictions of
geometrical optics. The latter predicts that in the contact case, it should be still virtual imaging
taking place in the experiments performed in the air. However, experiments indicate that the
real image becomes observable under these conditions. This deviation of the experimental
situation from the predictions of theory can be explained by some shortening of the focal

distances compared to the prediction of geometrical optics for smaller microspheres. These
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effects go beyond the scope of this thesis work because they require full-wave analysis and
exact solution of Maxwell equations in the spirit of analysis performed in [16]. It should be
also noted that most commonly BTG microspheres are used in a liquid environment. In the
latter case, the refractive index contrast between the microspheres and surrounding media is
significantly reduced and it becomes smaller than the corresponding critical value of parameter
ne indicating that the virtual imaging should take place. Indeed, under liquid immersion
conditions we observed only virtual imaging similar to the observations of many groups

working on applications of MAM technology.

A B-1
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Figure 14: Blu-ray disc sample under various observation methods and conditions. (a) Illustrates
an image captured with a 100x objective lens with a numerical aperture (NA=0.9.(b) Shows
images captured with a 30-pum polystyrene (PS) microsphere, with sub-figures (B-1) and (B-2)
displaying images taken with a 20x objective lens (NA =0.4) and a 50x objective lens (NA=0.9)
respectively. (c) Presents results obtained using Atomic Force Microscopy (AFM). (d) Depicts an
image captured with a 25-pum barium titanate glass (BTG) microsphere, with sub-figures (D-1)
and (D-2) showcasing images captured using a 20x objective lens (NA=0.4) and a 50x objective
lens (NA=0.9) respectively. The values indicated above each scale bar denote the length of the
scale bar estimated in the real object scale [54].
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After embedding the microspheres in the plastic coverslips, they were tested using a
Mitutoyo microscope. Based on Eq. (2), BTG microspheres with an index of 2.1 are expected to
produce real images in the case of an air environment. In the case of embedding such a high
index microsphere in a plastic coverslip, the situation becomes much more complicated. On one
hand, embedding should lead to a significant reduction of the refractive index contrast so that
only virtual imaging is expected. On the other hand, this result is expected only in the case of
complete embedding when the ball lens is enclosed with plastic around the entire surface. In
practice, however, we found that the embedding was incomplete, in other words, the ball lenses
were slightly extending from the coverslip. The amount of such extent varied from sample to
sample, and it also depended on the ball lens diameter and temperature and pressure regimes. As
a consequence of this partial extension of ball lenses from the coverslip, the results of imaging
did not always follow the predictions of Eq. (2) obtained under the assumption of uniform
embedding. The main goal of our fabrication was to increase FoV due to parallel observation
through multiple ball lenses. Fig. 15(c) clearly shows that this concept works since we are able to
see strongly magnified images through tenths of ball lenses at the same time. For larger ball
lenses we also expect the same advantage, however, we were not able to fully use it because of
the limitation of FoV imposed by our microscope camera. This is illustrated in Fig. 15(d) where
the virtual image obtained through a single 550 pum ball lens takes the entire FoV offered by our
microscope camera. Visual inspection through eyepieces shows that we have a similar advantage
of parallel observation through multiple ball lenses in this case as well as similar to the case of
smaller ball lenses. A CD was used instead of a Blu-ray disc in this experiment to show the

capability of using an array of microspheres because CD has larger grooves.
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Figure 15: Imaging through coverslips with partly embedded BTG microspheres with the
smaller (300 um) and larger (550 um) diameters illustrating the cases of real and virtual
imaging, respectively. The amount of ball lens extension from the plastic coverslip in air is
difficult to control for various ball lens diameters as well as for different temperature and
pressure conditions leading in some cases to observation of both virtual and real images
depending on the conditions. The case in (d) corresponds to virtual imaging, as expected from

Eq. (2).
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CHAPTER 3: BALL-LENS ASSISTED CELLPHONE MICROSCOPY

3.1. Experimental setup

To conduct this experiment, the Siemens star was positioned on the upright microscope stage
to take advantage of the illuminator. An aperture, slightly exceeding 2 mm in size, was created
on a piece of thin black cardboard. Within this aperture, the LASFN35 ball lens possessing a
refractive index of n=2.02 was fixed inside the aperture in such a way that it was not moving
inside it. The thin cardboard, housing the ball lens, was affixed to a manual X, Y stage
micrometer with dimensions of 80X80 mm, enabling precise manipulation of the ball lens at a
microscopic level. Simultaneously, the cellphone used in the experiment was affixed to a manual
XYZ stage micrometer, introducing the capability to adjust the phone's position over the same
distances as the ball lens. The phone was positioned approximately 3 mm away from the ball

lens.

The experimental setup was designed to facilitate the high-resolution imaging of the Star

Target obtained from Edmund optics though the ball lens using the cellphone.

The High-Resolution Microscopy Star Target shown in Figure 16, a well-established optical
target, served as the object for evaluating the performance and characteristics of the optical
system which is the ball lens-assisted cellphone imaging. The white light illuminator with the red
spectral filter with about 10 nm bandwidth centered at A=632 nm, integrated into the microscope,
provided the maximal magnification for the LASFN ball lens with the refractive index n=2.015

at this wavelength. The refractive indices of LASFN glass as a function of the wavelength can be
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found following the link, https://www.swissjewel.com/materials/glass/lasfn-35/. According to
Eq. (2) this means that very high magnifications are expected for these conditions because the

imaging system operates at n= nc.

Siemens Star

R

TECHNOLOGIE MANUFAKTUR

Figure 16: High-Resolution Microscopy Star Target
https://www.edmundoptics.com/p/high-resolution-microscopy-star-target/38664/

The thin black cardboard, chosen as the material for the aperture, was meticulously selected
for its properties, offering a suitable base for creating a precise opening closely matching the size
of a 2 mm ball lens. This careful choice of material blocked the scattered light bypassing the ball
lens and made possible domination of the image observed by the cell phone through the ball lens

over scattered light coming from other areas of the sample.
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The manual X, Y stage micrometer with an 80x80 (what is 80x80mm) configuration allowed
micro manipulations of the ball lens. This stage allowed for controlled movements in both the x
and y planes, enabling us to precisely position and manipulate the ball lens within the designated
aperture. Thus, scanning of the ball lens over the sample was achieved not due to the shift of the
ball lens, but due to the shift of the Siemens Star object. It was a more convenient setting for
achieving precise step-by-step translation because we were able to use positional controls offered
by the microscope translational stages.

Simultaneously, the cellphone was affixed to a manual XYZ stage micrometer. This stage,
offering control in three dimensions, allowed us to finely adjust the position of the cellphone
relative to the ball lens, as depicted in Figure 17. The ability to precisely match the movements
of the phone with those of the ball lens was crucial for maintaining consistent experimental
parameters. The placement of the cellphone approximately 3 mm away from the ball lens was a
decision aimed at optimizing the experimental setup. This allowed us to realize a close up

imaging similar to that used in infinity-corrected microscope objectives.

Figure 17: Experimental setup. This image shows the arrangement of the setup.

3.2. Ball-lens translation and image stitching
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An XY-axis manual linear translation stage was used to translate the ball lens over the
Siemens star surface. It was not used for precise step-by-step scanning of the sample, but it
created an additional flexibility for our setup allowing us to change the position of the ball lens.
Scanning the surface of the sample by the ball lens allows the increased FoV which is necessary
for practical use of this imaging system in biomedical applications where large areas of the
samples need to be inspected. As the experiment unfolded, the movements of the micrometer
stages allowed for systematic variations of the position of the ball lens and cellphone, as depicted
in Figure 18. This systematic movement was aimed at taking different images at different
positions to later stitch together. Different configurations and alignments influenced the optical
outcomes observed through the cellphone. Throughout the experiment, the images collected were
carefully documented, noting any changes in the appearance of the Siemens star as observed

through the cellphone.
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Figure 18: Image of the star target. Highly resolved images were taken at different locations with
the translations of the ball lens from right to left.

Image stitching also referred to as photo stitching, was used this method to merge several
photographic images that have overlapping features. This process aims to create a segmented
panorama or a high-resolution image. The stitched images were precisely overlapped to achieve a
seamless outcome as shown in Figure 19(b) (it looks Fig. 19(a) is missing, it is strange that this
figure begins from (b) part without showing (a) part, please correct).

The findings were achieved utilizing a cellphone utilizing a close-up imaging similar to
infinity objectives achieved in our case using the millimeter scale contact ball lenses with index of
refraction approaching nc=2 value. The resulting image quality is similar to that of standard
microscopy employing a 10x objective with a restricted FoV of 0.1D. This same strategy can be
implemented to achieve high-quality images of biological specimens. For instance, consider the
case in which the resolution is high enough to scrutinize the spatial layout of tumor-infiltrating
lymphocytes (TILs) in the stained histological melanoma specimens. The maximal magnification
(M > 50) with the highest resolution (=0.66 pm at A = 589 nm) was obtained for contact imaging
of nanoplasmonic structures [55,56]. By taking advantage of the dispersive properties, n(1), of the
material from which the LASFN35 ball lenses are made, it was discovered that chromatic
aberration occurs near the critical index of two.

In general, more detailed studies performed with nanoplasmonic structures in Ref. [55,56]
demonstrate a possibility to increase the resolution up to a level where it is not limited any more
by pixelation of the camera sensor array. Under conditions of maximal image magnification, a
transition to diffraction-limited resolution has been demonstrated in [55,56]. By examining the

characteristics of a glass ball lens, this study suggests that incorporating glass ball lenses into cell
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phone camera attachments could lead to the making of an inexpensive cell phone microscope
accessible to the public. If glass ball lenses have an index of refraction of around 2, they could
provide significantly higher magnifications. Indeed, they can exceed the quality of imaging
offered the 10x objective lens of a common microscope. Moreover, close-up imagery using a
macro lens, like one in previous research [47], suggests that a single ball lens can provide an
expanded field of view of over 200pm, with further possibilities of enlargement by moving the
lenses themselves.

In Figure 19, the images of the Star Target, captured by the Samsung Galaxy M12 (Model:
SM-M127G/DS) phone with LASFN35 lens of 2mm diameter at 632 nm. Figure 16(b) shows the
images obtained at different positions of the ball lens which were cropped and combined without

using any stitching software tools.

Figure 19: Demonstrates the expansion of the field-of-view (FoV) through the translation of a 2
mm LSFN35 ball lens, coupled with close-up imaging at a distance (d = 10 mm) and a
wavelength (1) of 632 nm. (b) A combination of cropped images captured at various positions of
the ball lens illustrates a total FoV of 0.5 mm with an approximate resolution of 1.5 pm. (c) The
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widefield microscopy image of the Siemens star, alongside the calibration ruler (with smaller
divisions measuring 10 um), was captured using the Mitutoyo 10x objective (NA = 0.25) [55].

In evaluating the resolution of the image obtained through the ball lens imaging system
assisted by a cellphone, we adopted a simplified approach. A ruler featuring 0.01 mm divisions
was chosen as the calibrating object for finding real physical dimensions in the object plane. The
resulting cellphone image obtained through the ball lens was subjected to detailed analysis
utilizing Image]J software to facilitate the conversion of the 0.01 mm divisions into pixels as
shown in Figure 20. The conversion process revealed that each 0.01 mm division on the ruler
corresponded to a representation of 18 pixels in the captured image. This transformation provided
a calibration factor, essentially bridging the physical scale of the ruler with the digital
representation in pixels. Such calibration was important for ensuring accuracy in subsequent
assessments of the system's resolution. This calibration was used to quantify the resolution of the
Siemens star. Establishing the pixel-to-millimeter relationship allowed us to perform a

comprehensive analysis of the Siemens star image's resolution.
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Figure 20: Cellphone imaging of the 0.01mm ruler division using the LASFN35 ball lens with n
=2.015and D = 2.0 mm.

From the cellphone-assisted ball lens image, two specific trips were chosen for analysis to
help quantify the resolution. At three distinct locations, represented by Figures 21(a), 21(b), and
21(c), the intensity profiles were measured. These measurements resulted in the generation of
three distinct curves, each illustrating the intensity profile at different radial distances illustrating
the resolution of different spatial periods within the Siemens star target. Figures 21(d), 21(e), and
21(f) are the intensity profiles of figures 21(a),21(b), and 21(c). As the bar was moved toward the
center, the radius of the intensity profile got smaller as depicted in Figures 21(a), 21(b), and 21(c).

The radiuses were estimated to be 107um, 64pm, and 31um.

The usual procedure of resolution quantification involves calculations of the images by
convoluting objects with PSF. The fitting parameter is the width of PSF which is varied in such
calculation to achieve the closest fit to the experimentally measured intensity profiles through
very small objects with arbitrary shapes. Once such a fit is optimized, the width of the

corresponding PSF can be associated with the resolution of the system based on the Houston
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resolution criterion. This procedure was used for the resolution quantification in the case of using
bow ties or other nanoplasmonic objects, and it worked well in previous studies.

In this work, we selected a somewhat easier and simpler route to quantify the resolution
without using a more rigorous procedure of convolution with PSF. Our process does not possess
the same rigor and accuracy as the more mathematically based procedure described above, but it
has the advantage of being a very obvious way of semi-quantitative determination of resolution

based on visual inspection of images applicable specifically to the case of Siemens star object.

The idea is that far away from the center, the transversal period is much larger than the
resolution of the system and we have very large intensity modulation from spoke to spoke
indicating that the structure is fully resolved. If we move close to the center, the transversal
period is reduced, and one can expect a reduction of the intensity modulation depth in the
corresponding intensity profiles. If we continue moving closer to the center, at some radial
distance the modulation depth becomes comparable to the random fluctuations in the intensity
profiles which means that we are losing the ability to discern the individual spokes. As a result,
at radial distances shorter than this critical distance we cannot resolve the structure and at radial
distances larger than this critical distance we can resolve the structure. This means this particular
radial distance approximately corresponds to the resolution limit of our system. As a semi-
quantitative measure of the resolution, we can take the period of the spokes at the radial distance
corresponding to this critical distance. All we need to do to realize this procedure is to measure
the critical radial distance in microns and then take into account that in our Siemens star target

we have 36 pairs (black and white regions) of spokes.
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Figure 22: Comparative representation of the intensity profiles taken at different radial distances
for the Siemens star target. Estimated radial distances 107, 64, and 31 pm are shown in the legend
to indicate the colors of the corresponding curves.

The reduction of the modulation depth in the intensity profiles as we move towards the
center of the Siemens star target is better seen in Fig. 22 which illustrates profiles taken at the
radial distances 107, 64, and 31 pm. One more feature of the transmission microscopy used in our
experiment is the existence of a certain illumination level due to the presence of scattered light. To
enhance the visibility of the object we used a diffuser placed several millimeters below the
sample. This scattered light was present everywhere along the image. It could be easily checked
by inspecting larger areas that were not transparent — scattered light was present in these areas.
Determination of the exact level of scattered light was a separate and complicated task and we did
not pursue this goal in this work. However, to simply illustrate the approximate level of scattered

light, we indicated where we expect it to be by the horizontal line in Figure 22. Had we performed
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a rigorous resolution quantification based on convolution with PSF, this scattering background
level would have been taken into account in our resolution quantification. We should conclude
that in any case all three profiles in Fig. 21 are fully resolved.

In our simplified method, however, we simply continue moving towards the center of the
Siemens star object, as illustrated by the intensity profiles in Fig. 23. The modulation depth of the
intensity profiles further drops which means that we approach the “circle of indistinguishability”
near the center of Siemens star target. With one small remaining step, we can determine the
critical distance from the center where the resolution criterion is approximately satisfied. This was
done by moving further toward the center which allowed us to determine that this critical distance
1s approximately equal to 2ntr/36 where r is the critical distance in um that, in turn, allows
estimating the resolution at approximately 1.5 um level in our experiments. This is a somewhat
lower resolution than that determined in previous studies [55,56] using illumination with
spectrally filtered light. It should be noted that closer to the “circle of indistinguishability” the
intensity profile experiences a phase shift by =, as illustrated in Fig. 24. We experimentally tested
that this effect depends on the position of the focusing plane. Generally, the study of this effect
goes beyond the scope of this thesis. We believe that it is related to the interference properties
taking place in regions of Siemens star target with very short periods comparable to the resolution
of the system. In future work, experiments can be performed with narrow spectral filters and the
resolution quantification can be performed using a more rigorous procedure based on convolution
with PSF. They will provide more precise resolution values and, potentially, shed more light on

the nature of the n shift effect illustrated in Fig. 24.
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Figure 23: Image near the center of indistinguishability. (a) First shifted image (b) Second shifted

image.
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Figure 24: Intensity distribution Illustrating an effect of © phase shift. The image intensity
distribution Illustrates an effect of n phase shift experienced by the profiles. This effect
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depends on the position of the focusing plane. Its nature is probably related to interference
properties taking place at very short periods, but we did not study this effect in this thesis work
assuming that it will be studied in future work.
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