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ABSTRACT 

 

The aim of this dissertation is to demonstrate non-interferometric far-field 

observation and detection of two-dimensional periodic crystals with truly high lateral 

resolution at visible frequencies using some of the contemporary techniques. The 

Plasmonic and Non-plasmonic Ultra-Thin optical condensers based on illumination of 

object using evanescent surface waves that can be resonantly coupled to propagating 

waves for imaging with enhanced resolution in the far-field region are discussed. Also, 

simple and efficient optical condensers formed in wet-mounting setups that can be 

easily reconfigured for obtaining variable condenser numerical aperture are shown to 

provide enhanced lateral resolution for optical detection of two-dimensional periodic 

crystals that are nearly eight times smaller than the Rayleigh resolution limit, and then, 

using a series of experiments and computations simulations, the origin of mysterious 

condenser-like behavior in such setups is discussed.  

Although it is always possible to tweak the experimental setup for obtaining 

enhanced lateral resolution, combining numerical processing techniques with 

experimental process of image acquisition permits even better performance. Optical 

observation of periodic crystals using phase-retrieval imaging technique called Fourier 

Ptychographic Microscopy is demonstrated using Hemispherical Digital Condensers. 

It is demonstrated that for imaging two-dimensional periodic crystals with single 

spatial periodicity, the resolution limit of Fourier Ptychographic Microscopy is the 

Rayleigh resolution limit. The source of this limitation on the resolution is 

demonstrated to have been identified using experiments and computational 

simulations, and then, a recently proposed technique of imaging two-dimensional 

periodic crystals called Dual-Space Microscopy that was presented to overcome this 

limitation is demonstrated to achieve super-resolution imaging of two-dimensional 

periodic crystals. 
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CHAPTER 1  
 

INTRODUCTION 

 

Bright-field microscopy is the simplest optical characterization technique, 

where the object under observation is illuminated with white-light, and the light that is 

transmitted through the object is collected by an objective lens for observation in the 

far-field region. In 1873, Ernst Abbe discovered that the lateral resolution from such 

imaging setups is limited, and proposed using inclined illumination from optical 

condensers to double the maximum possible lateral resolution in bright-field 

microscopy technique. The traditional design of optical condensers proposed by Abbe 

is still widely used for biological and industrial imaging applications, however, the 

imaging setups with traditional design of optical condensers suffer from two major 

limitations: (1) it involves bulky mechanical and optical parts, and (2) are diffraction-

limited. This dissertation is dedicated to study of some of the techniques have been 

proposed to overcome these limitations.  

Chapter 2 presents ultra-thin optical condensers that are based on illumination 

of object using evanescent surface waves, which can be resonantly coupled to 

propagating waves for imaging with enhanced resolution in the far-field region. Two 

types of ultra-thin condensers can generate evanescent surface waves: (1) Plasmonic 

ultra-thin condensers, which are based on using Surface Plasmon Polariton waves, and 

(2) Non-plasmonic ultra-thin condensers, which are based on total-internal-reflection 

based evanescent surface waves. These ultra-thin condensers are smaller than the 

conventional optical condensers by several orders of magnitude, and can provide true 

sub-wavelength resolution.  

Chapter 3 presents optical condensers formed in wet-mounting setups, which 

can function as simple and efficient optical condensers. These sample-setups can be 

easily reconfigured for obtaining variable condenser numerical aperture. The 

condenser-like illumination from such sample-setups can provide enhanced lateral 

resolution for optical detection of periodic crystals that are nearly eight times smaller 
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than the Rayleigh resolution limit. Using a series of experiments and computations 

simulations, the origin of mysterious condenser-like behavior of the sample-setups that 

are commonly used for biological imaging is revealed.  

Chapter 4 presents implementation of Fourier Ptychographic Microscopy using 

Hemispherical Digital Condensers. Fourier Ptychographic Microscopy is a novel 

phase-retrieval imaging technique that uses a set of low resolution real plane images to 

construct a high resolution image of the object under observation, while 

simultaneously calculating the unmeasured phase. Using experimental observations 

and computational simulations, it is demonstrated that this technique provides 

diffraction-limited performance, i.e. the resolution limit is the Rayleigh resolution 

limit, for the periodic crystals with single spatial periodicity. 

Chapter 5 presents the recently proposed Dual-Space Microscopy using 

Hemispherical Digital Condensers. Dual Space Microscopy processes experimentally 

acquired Fourier plane images along with low resolution real plane images to 

construct a high resolution image of the object under observation, while 

simultaneously calculating the unmeasured phase. Using experimental observations 

and computational simulations, it is demonstrated that this technique can be used to 

image two-dimensional periodic crystals with single spatial periodicity that is smaller 

than the Rayleigh resolution limit. 

Chapter 6 presents the conclusion of this dissertation, and possible directions 

for future work.  
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CHAPTER 2  
 

ULTRA-THIN OPTICAL CONDENSERS 

 

Most of the conventional imaging techniques use bulky structures with lenses 

and diaphragms as optical condensers to provide inclined illumination to object under 

observation. In order to overcome this limitation, evanescent surface waves can be 

used to illuminate and observe the sample with high resolution after resonantly 

coupling them to the propagating waves. The aim of this chapter is to demonstrate the 

implementation of non-interferometric far-field imaging of nanoscale objects with 

truly high lateral resolution at visible frequencies, using two different techniques of 

illumination using surface waves: plasmonic evanescent surface waves excited using 

fluorescent molecules, and non-plasmonic total internal reflections related evanescent 

waves.  

According to the Drude’s theory of metals, electromagnetic field oscillations of 

light can produce coherent collective time-dependent longitudinal oscillations of the 

polarization charge at a perfectly planar interface formed by linear, homogeneous, 

isotropic, and lossless dielectric and metal layers. Unlike s-polarized component of the 

incident light, the p-polarized component encounters a discontinuity of electric 

displacement vector at the interface, which permits such charge density oscillations. 

The quanta of such charge density oscillations existing over a dielectric-metal surface 

are called Surface Plasmons (SPs). Also, SPs form hybrid pseudo-particles by 

resonantly coupling with the incident photons, which are known as Surface Plasmon 

Polaritons (SPPs). As the name of this hybrid pseudo-particle suggests, the plasmon-

related energy is located in metal layer, and the polariton-related energy is located in 

the polarized dielectric layer. A group of many propagating SPPs is called SPP wave. 

One of the most interesting feature of such structures is that classical electrodynamics 

would be sufficient to analyze SPPs because the properties of SPPs are subsumed in 

the dielectric function in the constituent layers [1]. For this reason, the interfacial 

electromagnetic fields at nanoscale can be easily studied, which is why Surface 

Plasmonics has grown so rapidly. SPP waves are highly useful for high resolution 
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imaging of nanostructures because the corresponding electromagnetic fields can be 

conveniently manipulated by altering refractive index experienced by SPP waves [2]. 

The scientific and technological developments that result from the study of 

electromagnetic fields generated due to the interaction of electromagnetic radiation 

that is incident on dielectric-metal interfaces have been subsumed in the field of study 

known as Surface Plasmonics.  

Historical Overview 

In the onset of twentieth century, Wood reported experimental observation of 

narrow anomalous minimum in the intensity of the light reflected by metal gratings 

[3]. This is a signature of generation of optical excitation SPP waves, but the 

phenomenon was not well explained in those times. In 1941, Fano provided first 

theoretical explanation of the optical excitation of SPP waves [4]. In 1951, Bohm and 

Pines revealed that the electrons incident on metals lose their energy to collective 

oscillations of conduction electrons that are created due to the long range nature of the 

Coulomb interactions [5]. Pines theoretically described how SPP waves can be 

generated by incident electrons, and termed this collective excitation a ‘plasmon’ [6], 

a quantum of the previously known Langmuir waves [7], whereas the term ‘polariton’ 

was first used by Fano for a hybrid pseudo-particle that is formed by coupling of 

incident photons and bound electrons in dielectric layer [8]. Theoretical framework 

explaining SPs was first published by Ritchie in 1957 [9], which was experimentally 

corroborated by Powell and Swann using electron energy loss spectroscopy of 

Aluminum thin-films [10]. Stern and Ferrell termed these excitations ‘surface’ 

plasmons in their publication demonstrating how relaxation effects occurring due to 

oxidation at the surface affects generation of SPs [11]. In 1964, Turbadar revealed that 

Wood’s reflection anomaly can explained using the conventional theory of thin-films, 

instead of attributing it to generation of SPs. [12]. In 1968, Otto [13], and 

Kretschmann [14] invented relatively low-cost techniques for convenient optical 

excitation of SPPs, due to which Surface Plasmonics was gradually subsumed in the 

field of Optics. In the same year, Ritchie et al experimentally demonstrated for the 

first time that Wood’s anomaly can be attributed to generation of SPP waves [15]. In 

1974, Cunningham et al coined the term ‘surface plasmon polariton’ for the first time 
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in scientific literature [16]. By this time, Surface Plasmonics was used for a diverse 

range of applications in various interdisciplinary fields. In 1987, first SP-based 

microscopy was reported by Yeatman and Ash, who used laser illumination and 

Kretschmann configuration to image nearly 3 nm thick dielectric structures on silver 

thin-films [17]. In 1991, Lenferink et al reported a technique based on vibrating mirror 

setup to scan for SPP resonance angle [18]. In 1994, Bruijn et al reported a technique 

of rapidly rotating the sample to obtain better resolution in all directions on the surface 

[19]. In 1994, Berger et al experimentally reported that the lateral resolution of surface 

plasmon based microscope depends on the propagation distance of SPPs [20]. In 1996, 

Yeatman first detailed experimental study of a surface plasmon microscope with 

several other setups. He reported that the lateral resolution of surface plasmon 

microscopes is inversely proportional to its sensitivity [21]. Following this, various 

imaging techniques based on using high numerical aperture objective lens [22], 

interferometry [23], dark-field configuration [24], fluorescence [25-26], solid 

immersion lens [27], ellipsometry [28], and several other mechanisms have been 

published.  

A lot of progress was also made in near-field plasmonic imaging at the onset of 

twenty-first century [29-30]. These near-field plasmonic imaging techniques, however, 

require post-processing of acquired images, which prohibits real-time imaging. In 

2005, Smolyaninov combined the near-field plasmonic imaging technique with far-

field imaging to obtain high spatial resolution [31-32]. Smolyaninov used glycerin-

gold interface to create SPP waves with a very small wavelength. However, as this 

technique combines the near-field imaging with far-field imaging, an unconventional 

imaging setup is required, and special image processing techniques have to be used to 

reconstruct the image from the acquired data. Likewise, a lot of progress has also been 

made towards obtaining super-resolution. In 2000, Pendry reported a theoretical 

framework proposing use of metal thin-films as superlenses [33]. Following this, 

Melville et al reported experimentally achieved near-field super-resolution by using 

silver thin-film as a plasmonic lens [34]. Two years later, high resolution far-field 

images were experimentally demonstrated using novel imaging structure called 

hyperlens [35], which consisted of cylindrically-layered metamaterial structure, and 



Texas Tech University, Darshan Desai, December 2016 

6 

was originally proposed by Pendry and Ramakrishna [36]. Far-field high resolution 

imaging using superlenses was also experimentally demonstrated [37], which was 

based on theoretical framework proposed by Durant et al [38]. In 2009, Frisbie et al 

experimentally reported far-field sub-wavelength imaging using a novel structure 

based on fluorescently illuminating a metal thin-film deposited on a glass substrate 

[39]. Recently, Desai et al and Grave de Peralta have reported that there are striking 

similarities between the ultra-thin plasmonic structures used for imaging and 

conventional design of far-field superlenses, and hence, with further advancement in 

science of materials, the super-resolution limit shall be easily overcome in the near 

future [40, 41].  

Surface Plasmonics has grown very rapidly over the last few decades because 

of the advancement of nanofabrication techniques and clean-room facilities. Also, 

advancements in numerical and image processing techniques and in techniques for 

simulating electromagnetic processes have contributed a lot in the growth of Surface 

Plasmonics. In the next section, the fundamentals of generating surface plasmons over 

a dielectric-metal interface are presented and discussed.  

Fundamental properties of SPs 

An ‘ideal’ structure to reveal the properties of plasmons is a semi-infinite 

dielectric-metal interface whose layers are lossless, linear, homogeneous, isotropic, 

non-magnetic, and non-chiral. The non-linear dispersion relation for a p-polarized SPP 

wave that propagates such dielectric-metal interface can be obtained using appropriate 

boundary conditions in the Maxwell’s formalism: 

 
𝜔

𝑐
= [
𝜀𝑚 + 𝜀𝑑
𝜀𝑚𝜀𝑑

]

1
2⁄

𝑘𝑠𝑝𝑝 (1.1) 

Here, 𝜀𝑚(𝜔) and 𝜀𝑑(𝜔) are the permittivities for metal and dielectric layer, 

respectively. Permittivity 𝜀𝑧(𝑟, 𝜔) assumes value of 𝜀𝑚 in the metal layer, and the 

value of 𝜀𝑑 in the dielectric layer. As real metals have electrical resistance, 𝜀𝑚(𝜔) also 

has a non-zero imaginary component, and hence, the energy associated with SPPs is 

absorbed by the metal layer as it propagates. Consequently, the electromagnetic field 

intensity of the SPPs decreases exponentially with the distance parallel to the interface 
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and in the direction perpendicular to the interface, such that the propagation length of 

SPPs on such ideal structure is inversely proportional to imaginary component of 

wave-vector that is perpendicular to the interface, and the depth of penetration into the 

dielectric layer is inversely proportional to imaginary component of wave-vector that 

is parallel to the interface [42].  

However, for simplicity, assume that the constituent layers do not offer any 

internal damping, and in accordance with Drude’s theory of metals, if the permittivity 

of the metal layer is 𝜀𝑚 = 1 − (
𝜔𝑝

𝜔
)
2

, where 𝜔𝑝 is the plasmon frequency of the metal. 

In such case, when the frequency-dependent permittivities of the dielectric and metal 

layer are real and positive, it can be shown that the generated plasmons are not bound 

to the interface and do not attenuate in the media. These are called Brewster VP 

(volume-plasmon) modes, because of absorption of the p-polarized light incident at 

Brewster’s angle that causes these modes. Moreover, if the frequency-dependent 

permittivities of the constituent layers are real and opposite in sign, the generated 

plasmons are propagating evanescent waves that are bound to the interface, which can 

exist with a broad range of frequencies up to  
𝜔𝑝

√1+𝜀𝑑
. Such modes are known as Fano 

modes. The qualitative dispersion of Fano SP modes the interface of dielectric-metal 

Figure 2.1 Vacuum-line A cannot produce SPP waves, whereas dielectric line C can 

produce SPP waves at intersection of the dielectric-line C with SP dispersion curve B 

when dielectric layer is used. For propagating waves of frequency that is close the 

asymptotic limit of the non-linear dispersion of SPs, the SPP wave-vector is much 

larger than the wave-vector of the propagating waves. 
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structure is sketched in Fig. 2.1. In order to couple the Fano SP modes with the 

incident light, the dispersion curves for Fano SP modes must intersect with the 

dispersion line for the light in air/vacuum. The SPP waves can be generated only when 

the SPs are coupled to incident photons, else, the SPs would simply exist as 

evanescent waves near the interface. Note that for light incident at higher frequency, 

the corresponding SP resonance wave-vector is much larger than the wave-vector of 

the incident light.  

Optical excitation of SPP waves 

The prism-coupling techniques suggested by Otto and Kretschmann can be 

used for optical excitation of SPP waves, which are shown in Fig. 2.2(a) and 2.2(b) 

respectively. By putting a dielectric layer with an effective refractive index that is 

larger than that of air/vacuum, the dispersion line for light in that dielectric layer can 

be made to intersect with the dispersion curve for Fano SP modes. In Otto’s 

configuration, the incident p-polarized light causes total internal reflection related 

evanescent surface waves at the surface of the prism adjoining the other dielectric 

(which is usually air/vacuum). The evanescent surface waves penetrate the thin 

dielectric layer to produce SPs over the metal layer. At a particular angle of incident 

light, the total internal reflection related evanescent surface waves radiatively couple 

with the SPs to form SPPs. Electrical resistance in the metal layer causes emission 

related to internal damping losses, which permits far-field detection of the generation 

of SPs [13]. Kretschmann, on the other hand, proposed to put a relatively low 

dielectric layer over the metal layer, as shown in Fig. 2.2(b), so that total internal 

reflection related evanescent surface waves penetrate the thin metal layer to produce 

SPs [14]. At a particular angle of incidence, corresponding resonant coupling results in 

generation of SPP waves at the metal-dielectric interface on the other side of the 

structure. These techniques form a dielectric light-line in the dispersion diagram that 

can intersect the non-linear dispersion curve for the Fano SP mode. However, 

Kretschmann’s technique is based on resonant emission, whereas Otto’s technique is 

based on resonant absorption. Consequently, Kretschmann’s configuration is widely 

used for plasmonic imaging. There are several other optical excitation methods, like 
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coupling using periodic structures [43], coupling using waveguides [44], scattering 

due to roughness or microscopic structures [45-46], and various other methods.  

The dispersion relation of SPs can provide the surface plasmon resonance 

wave-vector, which can be used to determine the surface plasmon resonance angle. 

The dispersion relation of SPs in semi-infinite dielectric-metal plasmonic structure 

differs from the realistic plasmonic structures in the laboratory, because SPs strongly 

depend on their ambiance. If the effective refractive index of the SPP waves does not 

alter significantly due to presence of microscopic objects, dispersion relations for 

dielectric-metal-dielectric structures reported by Burke et al, or even more complex 

plasmonic structures can be used [47, 48]. However, when microscopic objects under 

observation significantly alter the effective refractive index of the evanescent surface 

waves, deriving an analytical expression for realistic plasmonic structures is very 

difficult. Also, as most of the conventional experimental methods record data for 

discrete wave-vectors, experimental determination of dispersion relation with 

conventional techniques is a tedious process [49]. The most convenient approach to 

determine the surface plasmon resonance angle is to use reflections from the 

plasmonic structure. The waves reflected back from the metal layer causes an 

anomalous minimum in the reflected light intensity due to destructive interference, 

simultaneously resulting enhancement in interfacial electromagnetic fields [50].  

Figure 2.2 Schematic diagrams of (a) Otto configuration, and (b) Kretschmann 

configuration. Electric fields in the metal layer, and magnetic fields are not shown in 

the diagrams. Green arrow indicates incident light. 
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As shown in Fig. 2.3, the intensity of the p-polarized light that is reflected from 

the plasmonic dielectric-metal structure shown in Fig. 1(b) indicates that nearly none 

of the incident light is specularly reflected, which is a signature of generation of SPP 

waves. For this, the simulated plasmonic structure consists of 240 nm thick PMMA 

superstrate, 50 nm thick gold layer, and a 150 µm thick BK-7 glass substrate. Using 

technique described in Ref. [48], simulations were conducted for a collimated light 

beam with p-polarization, which was incident on the interface, at every possible angle 

of incidence [51].  

These interfacial electromagnetic fields are relatively lesser for thinner metal 

layers because of the change in the amount of reflected intensity. Consequently, if the 

thickness of the metal layer is increased, the interfacial electromagnetic fields are 

more enhanced, until the coupling between the modes is reduced to an extent that 

starts affecting field enhancement adversely, and hence, a certain thickness of metal 

layer would result in optimum coupling [52]. When the metal layer is sufficiently thin, 

the electromagnetic fields on one surface of the metal layer can penetrate it to reach 

the other layer, which can result in a pair of non-degenerate coupled SP modes, which 

consists of a lower frequency long-range SP mode with symmetric charge distribution, 

and a higher frequency (lossy) short-range SP mode with anti-symmetric charge 

distribution [53-54]. The dispersion relation of the SPs also depends on the material 

Figure 2.3 Simulated angular response of the dielectric-metal structure. The resonant 

absorption is a signature of generation of SPP waves. 
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forming the substrate and superstrate, and corresponding thicknesses [55, 56]. Usually, 

plasmonic structures are characterized by asymmetry - the superstrate is usually 

thinner than the substrate by a few orders of magnitude. When the thickness of the 

superstrate layer is increased, the intensity of the reflected light does not change, 

however, leakage radiation is emitted at relatively larger angle, and corresponding 

angular spread of the emission of leakage radiation also increases [57]. The substrate 

is usually much larger than the wavelength of illumination, and hence, in practice, it 

can be considered to be infinitely thick. As the interfacial electromagnetic fields have 

to penetrate the superstrate layer to “map” the microscopic objects under observation, 

a thinner layer with higher refractive index can be used to increase the effective 

refractive index of SPP waves. Moreover, if the dielectric substrate is lossy, the angle 

of emission of leakage radiation would depend more strongly on the thickness of the 

dielectric layer. An important thing to note here is that when the real part of the 

permittivity of the metal layer is zero, despite generation of SPP waves, the reflected 

light intensity does not have a minimum for the SP resonance wave-vector. This 

suggests that when the permittivity of the metal layer is not known, it becomes 

necessary to know the phase of the reflection coefficient [58]. For the p-polarized 

light, the rate of change of phase of the reflection coefficient of (which rapidly 

changes by 360-degrees across “location” for resonance) with respect to the wave-

vector of the SPP waves corresponds to the propagation length of the SPPs [59]. Note 

that for perfectly planar surfaces, the neither the intensity, nor the phase of the 

reflection coefficient of the s-polarized light show any features related to generation of 

SPP waves, suggesting that s-polarized light cannot generate SPP waves on a 

plasmonic structure with perfectly smooth surfaces (unless it is possible to use a 

negative refractive index material in place of metal layer). It is necessary to know the 

phase of the reflection coefficient for a precise estimation of the resonance wave-

vector related to generation of SPP waves [60], however, for most of the plasmonic 

imaging setups, a rough estimate of the resonance wave-vector angle is sufficient.  

Using SPP waves for microscopy 

SPP waves can be optically generated by putting a relatively thin dielectric 

superstrate layer of fluorescent molecules uniformly dispersed in PMMA over a thin 
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metal layer deposited on a glass coverslip substrate [25]. The light that is incident 

perpendicularly on such plasmonic structure excites the fluorescent molecules. 

Rhodamine-6G (Rh-6G) molecules can be used to provide fluorescence, which can be 

most efficiently excited at around 530 nm, and the emission maximum is around 570 

nm [62]. Some of the lower frequency light that gets scattered by fluorescent 

molecules corresponds to the relatively large resonance wave-vector associated with 

generation of SPP waves. Interfacial electromagnetic fields associated with the 

generated SPP waves can penetrate a thin dielectric layer to “map” the microscopic 

objects placed over the dielectric layer with enhanced resolution, and hence, thinner 

dielectric superstrate layer is preferred. However, very thin superstrate layer (< 10 nm) 

should be avoided to prevent non-radiative quenching of fluorescent Rh-6G 

molecules. Diffracted SPP waves permit observation of objects in the far-field region 

due to leakage radiation emission that occurs because of radiative coupling [17, 63]. 

The leakage radiation appears at an angle that satisfies the condition 𝑘𝑠𝑝𝑝 = 𝑛𝑘0 sin 𝜃, 

where kspp is the SPP wave-vector, ko is the in-plane component of the illuminating 

wave-vector, and θ is the polar angle for emission. Thus, SPP waves that are 

radiatively coupled to the propagating waves emitted by fluorescence can be detected 

in the far-field region by collecting corresponding leakage radiation using a 

conventional imaging setup consisting of a high numerical aperture oil-immersion 

objective lens.  

An experimental setup to accomplish this is as shown in Fig. 2.4. The 

normally-incident continuous-wave laser source at 532 nm is used to illuminate the 

Rh-6G molecules. The leakage radiation from the structure is collected by a high 

numerical aperture (NAo) oil-immersion objective lens, and is band-pass filtered at the 

fluorescence emission peak (which is 570 nm for the Rh-6G molecules) to filter-out 

the excitation wavelength. The light is then imaged at the real plane (RP) and Fourier 

plane (FP) simultaneously using two CCD cameras. The SPP waves propagating in 

any one direction on the interface would be emitted as leakage radiation with a very 

narrow polar angle, which corresponds to bright spot in the back focal-plane of the 

light collecting objective lens.  
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For a perfectly planar interface, the SPP waves propagate in all directions, and 

consequently, the light propagating over all directions on the interface results in a 

circular ring of narrow width, which is centered at the center of the FP [64]. The radial 

intensity profile of the circular ring has a Lorentzian distribution across the 

circumference [65]. For the emitted leakage radiation that can be captured by the oil-

immersion objective lens, the back focal-plane of the oil-immersion objective lens 

forms a map of the component of the resonance wave-vector of the SPP waves that are 

propagating parallel to the interface. Consequently, the effective refractive index 

experienced by the SPP waves can be determined from the circular ring formed in the 

back-focal plane of the oil-immersion objective lens [66]. On the other hand, when 

microscopic objects are placed over the plasmonic structure for observation, some of 

the intensity of the SPP waves that is diffracted by the microscopic objects gets 

captured by the oil-immersion objective lens in form of leakage radiation, and is 

distributed in the back focal-plane of the oil-immersion objective lens, along with the 

transmitted light forming the central bright ring.  

Analysis of leakage radiation in the back focal-plane of the oil-immersion 

objective lens can reveal several important features of the SPP waves. For example, 

despite the fact that the fluorescence emission is largely incoherent, the image 

formation occurs because of coherent superposition of the light waves. This occurs 

Figure 2.4 Surface plasmon microscope [40] 
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because wavelength of the SPPs waves is smaller than the coherence length of the 

fluorescence emission [67]. This fact can be ascertained from the results shown in Fig. 

2.5. The dielectric layers in Fig. 2.5(a-c) are approximately 110 nm thick, whereas the 

uniformly deposited gold layer is approximately 50 nm thick. Fig. 2.5(c) has 

additional periodic crystal of 50 nm thick gold ridges approximately 2 µm width that 

are patterned with 4 µm periodicity. On illuminating the plasmonic structure shown in 

Fig. 2.5(a) with a Laser source, the emitted fluorescence emitted from the bottom 

PMMA+Rh-6G layer destructively interferes with leakage radiation from the excited 

SPP waves. Consequently, the back focal-plane image shown in Fig. 2.5(d) that 

corresponds to the plasmonic structure shown in Fig. 2.5(a) contains a uniformly 

bright background due to fluorescence emission, with two darks circular rings 

observed due to destructive interference at effective refractive index of n=1.01 and 

n=1.24. Appearance of two SPP modes can be attributed to larger thickness of 

dielectric layers. The occurrence of destructive interference in this case indicates that 

the image formation is a result of coherent superposition of waves. For 570 nm 

wavelength of leakage radiation is spectrally band-pass filtered at 10 nm bandwidth, 

the coherence length of the fluorescence is determined to be 𝜆
2

∆𝜆⁄ ≈ 30 𝜇𝑚, which is 

larger than the coherence length of the SPP waves (20 µm). However, on illuminating 

the structure shown in Fig. 2.5(b), the fluorescence from the top dielectric layer is 

expected to get reflected from the metal layer, whereas the leakage radiation is emitted 

downwards. Consequently, the back focal-plane image shown in Fig. 2.5(e) that 

corresponds to the plasmonic structure shown in Fig. 2.5(b) contains bright circular 

rings corresponding to the leakage radiation emission at same angles as that for the 

dark circular rings in Fig. 2.5(d). The back focal-plane image shown in Fig. 1.5(f) 

corresponds to the structure shown in Fig. 2.5(c), and resembles the back focal-plane 

image that is produced by illuminating a grating with plasmonic UTC. As the optical 

disturbance in the Fourier plane is proportional to the Fourier transform of the optical 

disturbance in the real plane, image formation must have occurred due to coherent 

interaction between the leakage radiation and the emitted fluorescence [68].  
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Another characteristic of SPP waves that can be studied from the analysis of 

the back-focal plane is its polarization. Note that altering the thickness of the dielectric 

superstrate can result in multiple modes from the plasmonic structure, and the 

asymmetry of the plasmonic structure can also result in s-polarized modes. The SPP 

waves propagating over the interface change the path on leaking into the substrate, and 

hence, for a p-polarized SPP wave, the electric field component is radially oriented at 

the back focal-plane of the oil-immersion objective lens. Likewise, the electric field 

component of the s-polarized SPP wave is tangential at the back focal-plane of the oil-

immersion objective lens [69]. This fact can be verified by inserting a Polarizer in the 

back focal-plane of the oil-immersion objective lens, which results in the FP images 

shown in Fig. 2.6. As shown in Fig. 2.6, multiple modes of SPP waves can be excited 

in the plasmonic structure with 42 nm silver layer coated with poly vinyl alcohol 

(PVA) doped with Rh-6G fluorescent molecules. When polarizer is inserted in the 

optical path of the leakage radiation, if the intensity of the leakage radiation decreases 

in along the transmission-axis of the polarizer, the SPP mode has the s-polarization, 

whereas if the intensity decreases along the direction perpendicular to the 

transmission-axis of the polarizer, the SPP mode has p-polarization. Hence, an 

alternating sequence of s-polarization and p-polarization SPP modes is visible in Fig. 

2.6. 

Figure 2.5 Experimental results demonstrating that the images in SP microscopes are 

produced due to coherent superposition of waves. Back focal-plane images shown in 

(d-f) are produced using structures shown in (a-c) [68]. 
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Resolution limit of SP microscopes 

The quantitative evaluation of the performance of the conventional imaging 

techniques can be directly performed from the back focal-plane of the oil-immersion 

objective lens, when the object under observation is a two-dimensional periodic 

structure. For such structures, the diffraction spots are actually “copies” of the spot 

centered in the Fourier plane, which corresponds to the light that gets transmitted 

through the two-dimensional periodic object under observation, and are distributed in 

the back focal-plane of the oil-immersion objective lens with the same symmetry as 

that of the object under observation. Abbe’s theory of image formation states that the 

periodicity of the object can be observed in the real plane of the imaging setup only 

when two or more consecutive diffraction spots are visible in the Fourier plane along 

the direction of periodicity. The traditional design of optical condensers provides 

inclined illumination to the object under observation, so that the diffraction features in 

the back focal-plane of the oil-immersion objective lens is extended, and hence, on 

using an optical condenser, the narrow spot corresponding to perpendicular 

illumination is replaced by a large spot (disc) corresponding to inclined illumination. 

Note that the presence of such feature in the back focal-plane indicates that the 

periodic object has been illuminated with a solid cone of light.  

Similar principle can be used in case of Surface plasmon microscopes. When a 

periodic structure is used as an object under observation, the light that is transmitted 

through the object without being diffracted forms a circular ring that is centered at the 

center of the Fourier plane, and the leakage radiation corresponding diffracted SPP 

waves appear as circular rings with centers at the location of the expected location of 

the diffraction spots, and these diffraction features are arranged with a symmetry 

Figure 2.6 The polarization of leakage radiation from SPP waves. The white line 

indicates the transmission axis of the polarizer placed below the objective lens [39]. 
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corresponding to the periodic object. Moreover, as stated in the previous section, 

circular ring is a consequence of SPP waves propagating in all directions over the 

interface. Consequently, Abbe’s theory of image formation can be extended to state 

that in Surface plasmon microscopes, the periodicity of the object is visible in the real 

plane as long as two or more consecutive circular diffraction features are at least 

partially visible in the back focal-plane of the oil-immersion objective lens along the 

direction of periodicity of the object. Note that the diffraction features in Surface 

plasmon microscopes, the circular rings, indicate that the object under observation has 

been illuminated with a hollow cone of light, and hence, plasmonic structures used in 

imaging can be thought of as optical condensers. Cleary, such structures not only 

provide better contrast than the traditional design of optical condensers, but their 

physical size is lesser by several orders of magnitude. This is why such structures are 

known as plasmonic Ultra-Thin Condensers (UTCs).  

The two-dimensional periodic structure that serves as a mechanism for 

benchmarking the resolution of the Surface plasmon microscope can be fabricated 

with the help of a combination of electron beam lithography and lift-off techniques. 

The periodic structure may consist of 15 nm high chromium pillars arranged with 

desired lattice symmetry, which are fabricated over a 50 nm thick gold layer that 

adheres to the 150 µm thick glass coverslip with the help of uniformly deposited 2 nm 

thick chromium layer [66]. As indicated in Fig. 2.7, metal layers can be deposited 

using electron beam physical vapor deposition (EBPVD) process, and then, 100 nm 

thick PMMA layer is spin-coated. Then the structure undergoes electron beam 

lithography, where the exposed regions of the PMMA are ready to be etched out using 

a solution of methyl-isobutyl-ketone (MIBK) and isopropanol (IPA) solution in 

appropriate proportions. Then, 15 nm thick layer of chromium is deposited using 

EBPVD process. Finally, the structure is rinsed in acetone to remove the residual 

PMMA, thereby creating the required two-dimensional structure. Finally, uniform 

mixture of Rh-6G molecules and PMMA solution is used to spin-coat 240 nm thick 

layer exhibiting fluorescence.  
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The fabricated structure in Fig. 2.7 can now be used for quantitative evaluation 

of the performance of the Surface plasmon microscope. The minimum observable 

periodicity of the object in Surface plasmon microscope is given by the following 

equation: 

 𝑝𝑚𝑖𝑛 =
2𝜋

𝑘𝑚𝑎𝑥 + 𝑘𝑠𝑝𝑝
=

𝜆

𝑁𝐴𝑜 + 𝑁𝐴𝑐
 (1.2) 

This equation indicates that the lateral resolution of the Surface plasmon 

microscope is better than conventional microscopy, especially when low numerical 

aperture objective lenses have to be used. The plasmonic UTCs also provide better 

image contrast than conventional imaging techniques, which has been experimentally 

demonstrated for Surface plasmon microscopy of various types of nanoparticles [70]. 

The fact that the size of the circular rings corresponds to the effective refractive index 

experienced by the SPP waves permits dark-field configuration by depositing a thick 

dielectric layer over the structure, whose refractive index is larger than that 

corresponding to the diffraction limit of for the objective lens for perpendicular 

illumination. Pairs of images in Fig. 2.8 show the intensity distribution in the real 

plane and Fourier plane of the Surface plasmon microscope with oil-immersion 

objective lens with numerical aperture of NAo=1.3, for a periodic crystal with 

periodicity p=400 nm in mutually perpendicular directions, which are obtained 

without the water drop over the plasmonic structure (Fig. 2.8(a, c)), and with the drop 

of water over the plasmonic structure (Fig. 2.8(b, d)). Note that the zeroth order 

Figure 2.7 Process of fabricating the two-dimensional periodic crystals of chromium 

pillars to be observed using non-plasmonic UTCs. 
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circular diffraction ring cannot be captured by the oil-immersion objective lens, and 

only first and second order diffraction rings that are partially captured by the oil-

immersion objective lens are distributed in the back focal-plane of the oil-immersion 

objective lens with the square symmetry that corresponds to the periodicity of the 

object under observation. As seen in the corresponding image captured real plane of 

the Surface plasmon microscope, in accordance with the Abbe’s theory of image 

formation, the periodicity of the object under observation is clearly visible. 

Non-periodic microscopic objects can also be characterized by analyzing how 

SPP waves are modulated during propagation. When a non-periodic object is observed 

in a Surface plasmon microscope, the leakage radiation corresponding to diffracted 

SPP waves will produce features in the back focal-plane of the oil-immersion 

objective lens, which may or may not be easily recognized easily on observation. 

Nanofabricated patterns can also be used to create various kinds of optical elements, 

for example, a sequence of nanoparticles can function as a beam-splitter, and a 

sequence of metal rods can function as a Bragg mirror. Prisms and waveguide 

structures fabricated over metal layer can be used for desired modulation of SPPs. 

Figure 2.8 (a-b) Real plane images, and (c-d) corresponding Fourier plane images 

produced using (a, c) plasmonic UTC, and (b, d) plasmonic UTC with a drop of water 

over the top surface. The white arrow in image (c) indicates central bright zero order 

diffraction ring. The circular arc in image (d) has been drawn to indicate the increased 

diameter of the circular condenser rings in comparison to those in image (c) [40].  
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Also, the diffraction-limited performance of dielectric lenses can be overcome if they 

can be fabricated over a metal layer [71]. Comprehensive study of various types of 

nanofabricated optical elements has been done by several research groups [72-75].  

Non-plasmonic Ultra-Thin Condensers 

Many types of surface waves on dielectric-dielectric interface have been 

discovered, and are classified on the basis of the properties of the constituent 

materials, but most of these surface waves cannot be used due to large propagation 

lengths occurring because of low losses in dielectrics. However, one of the most 

common types of surface waves on dielectric structures are the total internal reflection 

related evanescent surface waves. One such possible structure can be created by 

simply by depositing a layer of PMMA that is uniformly doped with fluorescent Rh-

6G molecules (superstrate) over a glass coverslip (substrate). In such case, due to 

reciprocal Goos-Hanchen effect, the fluorescence emitted in all directions produces 

surface waves that leak into the substrate [76]. However, in such cases, the radiative 

coupling with the propagating waves emitted by fluorescent Rh-6G molecules occurs 

at all angles that are larger than the critical angle for total internal reflection. Hence, 

for a non-plasmonic structure without any microscopic objects on the top surface, a 

thick band-like illumination is observed in the back focal-plane of the oil-immersion 

objective lens.  

For quantitative evaluation of the performance of non-plasmonic structures, 

two-dimensional periodic structures can be fabricated over the glass substrate, as 

shown in Fig. 2.9. The nanofabrication process begins by cleaning a 150 μm thick 

glass substrate by rinsing it in acetone and isopropanol, and then spin-coating it with a 

PMMA layer of approximately 100 nm thickness. Then, an aluminum layer with 10 

nm thickness is thermally evaporated over this structure to avoid charge deposition 

during electron beam lithography. Electron beam lithographic breaks the bonds in the 

exposed regions of the PMMA layer. To remove the aluminum layer, the structure is 

rinsed in hydrofluoric acid. The exposed parts of the structure can now be removed 

using a solution of methyl isobutyl ketone and isopropanol. Nearly 15 nm of 

chromium is deposited over the template of holes using EBPVD process. Then, 
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acetone is used to remove the PMMA layer, which leaves a periodic structure with 

chromium pillars over the glass coverslip. Finally, a PMMA layer with 240 nm 

thickness, and a uniformly distribution of fluorescent Rh-6G molecules is spin-coated 

on this structure. The experimental setup used for this purpose is the same as Surface 

plasmon microscopes. These non-plasmonic structures used in imaging also behave 

like condensers in the experimental setups, and hence, are known as non-plasmonic 

UTCs.  

 When the periodicity of the object under observation is less than that 

corresponding to the diffraction limit, the back focal-plane of the oil-immersion 

objective lens consists of a thick continuous band of wave-vectors. This band consists 

of the light transmitted by the structure that corresponds to zeroth order diffraction by 

the object, and hence, the illumination band extends from an effective refractive index 

of nearly 1.00 corresponding to air layer above the PMMA, to the effective refractive 

index of 1.49 corresponding to the PMMA layer. When the numerical aperture of the 

oil-immersion objective lens is less than effective refractive index of PMMA layer, 

only a part of the zeroth order diffraction is captured by the objective lens. When a 

periodic object is illuminated by total internal reflection related evanescent surface 

waves from such non-plasmonic structure, the evanescent surface waves are diffracted 

by the periodic structures, and then leak into the higher refractive index glass 

substrate, which then gets collected by the oil-immersion objective lens. The diffracted 

evanescent surface waves leak to form diffraction bands that are distributed with the 

symmetry that corresponds to the periodicity of the object under observation. Fig. 

Figure 2.9 Process of fabricating the two-dimensional periodic crystals of chromium 

pillars to be observed using non-plasmonic UTCs. 
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2.10(c) shows the back focal plane image of a two-dimensional periodic crystal of 

chromium pillars with a periodicity p=300 nm in mutually perpendicular directions, 

which was obtained using an oil-immersion objective lens with NAo=1.3. Note that in 

accordance with the Abbe’s theory of image formation, the periodicity of the object is 

visible in the real plane image shown in Fig. 2.10(a). 

Because evanescent surface waves are involved in imaging, corresponding 

dark-field imaging configuration can be obtained by depositing a dielectric layer over 

the structure. Or, by simply putting a water-drop over the structure, the total internal 

reflection can be made to occur from angle that corresponds to the effective refractive 

index of water, and consequently, the zeroth order diffraction band cannot be collected 

by the oil-immersion objective lens, as shown in the image of the back focal-plane of 

the oil-immersion objective lens in Fig. 2.10(d). Corresponding real plane image 

shown in Fig. 2.11(b) reveals the periodicity of the object under observation. For two-

dimensional periodic crystals, the periodicity can be easily determined from the first 

order diffraction features that are partially visible in the back focal-plane of the oil-

immersion objective lens. Non-plasmonic UTCs may suffer from relatively lower 

contrast because the fluorescence emitted in all directions creates a uniform 

background in the FP of the imaging setup. Especially when a part of the first order 

Figure 2.10 (a-b) Real plane images, and (c-d) corresponding Fourier plane images 

that are obtained using (a, c) non-plasmonic UTC, and (b, d) non-plasmonic UTC with 

a large drop of water over the top surface [40]. 
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diffraction bands fall over the central zeroth order diffraction band, image processing 

and background correction techniques can be used to reveal the first order diffraction 

bands [77].  

In the imaging setups with plasmonic and non-plasmonic UTCs, the light 

collected by the objective lens also limits the lateral resolution, and hence, direct 

(lensless) observation techniques can be employed for limitless resolution. Plasmonic 

UTCs may have excellent potential for true super-resolution non-interferometric far-

field imaging, as the effective refractive index experienced by the evanescent surface 

waves is limited only by choice of good material for the dielectric layer. In accordance 

with Abbe’s theory of image formation, images in the real plane of the microscope do 

not contain any information about the higher frequencies, but higher order diffraction 

features can be found in back-focal plane, and hence, may be used to “stitch” larger 

effective numerical aperture by overlapping images acquired using a low boiling point 

liquid with dielectric properties that results in a variable effective refractive index for 

SPP waves, while simultaneously acquiring unrecorded phase, as done in different 

phase retrieval techniques. 
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CHAPTER 3  
 

OPTICAL CONDENSERS IN WET-MOUNTING SETUPS 

 

In plasmonic and non-plasmonic UTCs, as fluorescence is emitted in all 

directions, a uniform background illumination is created in the back focal-plane of the 

oil-immersion objective lens. In absence of uniform background illumination, the 

visibility could be even better for imaging applications [40]. Also, fluorescent 

molecules irreversibly decompose due to continuous absorption and emission cycles, 

eventually leaving them unable to fluoresce. In this chapter, unexpected condensers 

that are formed in the wet-mounting setups are presented, which do not use 

fluorescence for illumination [78]. Also, using experimental results and computational 

simulations, the origin of the condenser-like behavior of these optical condensers is 

discussed [79]. Moreover, a technique to easily reconfigure these unexpected optical 

condensers for achieving variable condenser numerical aperture using an add-on 

optical module is discussed in this chapter. 

Experimental Setup 

The experimental setup sketched in Fig. 3.1(a) is used to perform the 

experiments described in this chapter that are conducted with an oil-immersion 

objective lens. A commercially available inverted Nikon Ti-Eclipse microscope is 

mounted with an oil-immersion objective lens of numerical aperture of NAo=1.49. The 

spatial beam-block can be placed in the back focal-plane of the objective lens, to 

remove the un-deviated light that is transmitted through the structure. A spectral band-

pass filter is used in combination with the microscope’s built-in white light 

illumination source to have partially coherent light beam fall perpendicularly over the 

object under observation. For experiments described in this chapter, the wavelength of 

the illumination coming through the spectral band-pass filter is 570 nm, with 

approximately 10 nm bandwidth. After the light is transmitted through the structure, it 

is collected by the oil-immersion objective lens, and simultaneously imaged at real 

plane and back focal-plane of the imaging setup using two CCD cameras.  
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Comparison of optical condensers 

Fig. 3.2(a-c) show the imaging structures used to obtain the images of the back 

focal-plane of the oil-immersion lens (with NAo=1.49) that are shown in Fig. 3.2(d-f), 

while imaging the two-dimensional periodic structures of chromium pillars that are 

patterned on a glass coverslip substrate with a square symmetry in horizontal and 

vertical directions with a period of p=300 nm, height h=15 nm, and distance d=p/2 

between the chromium pillars. This structure was fabricated using the process 

described in Fig. 2.9. Fig. 3.2(d) was obtained using a plasmonic UTC sketched in Fig. 

3.2(a), with 50 nm thick gold layer adhering to the glass coverslip with the help of 2 

nm chromium layer. Fig. 3.2(e) was obtained using a structure of chromium pillars 

fabricated on glass coverslip, which was introduced as “simplest possible condenser” 

structure in the literature [80], which is sketched in Fig. 3.2(b). The bright spot in the 

center of the back focal-plane image in Fig. 3.2(e) corresponds to light transmitted 

through the structure without being diffracted. Consequently, the numerical aperture 

of the bright spot, NAc~0.35, corresponds to nearly perpendicular illumination from 

the microscope’s built-in white-light source. The absence of the corresponding first 

order diffraction spots from the image suggests that the periodicity is less than 

Figure 3.1 Images (a-b) show the experimental setups used for the results shown in 

this chapter. Images (c-d) show the photographs of an add-on optical module made by 

cutting the top-part of an oil-immersion objective lens, which can be used in setup 

shown in image (b). [79] 
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minimum observable periodicity for perpendicular illumination. The presence of first 

order diffraction rings in the back focal-plane of the oil-immersion objective lens 

indicates that the structure behaves like a condenser. As seen in the image from the 

back focal-plane of the oil-immersion objective lens shown in Fig. 3.2(e), the other 

diffraction orders could not be captured by the oil-immersion objective lens, and 

hence, in accordance with the Abbe’s theory of image formation [81], the periodicity 

if the object shall not be visible in the real plane of the microscope. The periodicity of 

the object under observation can still be easily determined from the back focal-plane 

of the light-collecting oil-immersion objective lens. 

Fig 3.2(f) was obtained by the structure sketched in Fig. 3.2(c), which was 

created by depositing a drop of Nikon’s index-matching oil with a refractive index of 

1.515 (at normal temperature and pressure) over the glass coverslip containing 

periodic structure with chromium pillars, and then covering it with another glass 

coverslip. In accordance with the Abbe’s theory of image formation [81], the presence 

of the consecutive diffraction orders in the back focal-plane of oil-immersion objective 

lens indicates that the periodicity of the object will be visible in the corresponding real 

plane of the microscope. Similar coverslip-sandwich structure is frequently used in 

biological laboratories as wet-mounting setup. A comparison of the images that are 

Figure 3.2 Comparison of the efficiency of optical condensers is shown using the back 

focal-plane images (d), (e), and (f), which are obtained by the imaging the structures 

shown in (a), (b), and (c) respectively. [78] 
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obtained from the back focal-plane of the oil-immersion objective lens shown in Fig. 

3.2(d-f), it is clear that the coverslip-sandwich structure provides the best contrast. 

Also, the circular rings appearing in the back focal-plane of the oil-immersion 

objective lens shown in Fig 3.2(e) and 3.2(f) suggests that the object under observation 

was illuminated with hollow cones of light, and hence, behave like optical condensers. 

The condenser numerical aperture of the partially appearing first order circular 

diffraction rings appearing in the back focal-plane of oil-immersion objective lens was 

determined to be nearly 1.50 when the “simplest possible condenser” structure shown 

in Fig. 3.2(a) was used. Note that the circular condenser rings with similar numerical 

aperture can be found when coverslip-sandwich structure was used.  

Reconfigurable optical condensers 

There are two ways in which coverslip-sandwich structures permit variation of 

the condenser numerical aperture using the geometry of the structure: (1) by altering 

the thickness of the liquid layer in between the coverslips by changing the spacer 

thickness, as indicated in Fig. 3.3(a), and (2) by depositing a liquid with a low boiling 

point over the coverslip-sandwich structure. As shown in Fig. 3.3(b), the condenser 

numerical aperture decreases as the thickness of the liquid layer between the 

coverslips is increased. From the graph, the variation of condenser numerical aperture 

with the spacer thickness was determined to be as per 𝑁𝐴𝑐 = −𝑆𝑡 + 𝑅0, where the 

rate of change of condenser numerical aperture is S=0.6×10-3 µm-1, and the condenser 

numerical aperture corresponding to the zero thickness is found to be Ro=1.505. This 

suggests that the coverslip-sandwich structure is a systematically reconfigurable 

optical condenser. Another approach to obtain a variable condenser numerical aperture 

is to deposit a large drop of a liquid with low boiling point, like methanol, over the 

coverslip-sandwich structure. Fig. 3.3(c) schematically shows the coverslip-sandwich 

structure with a large drop of a low boiling point liquid over the top surface. The drop 

of liquid over the structure would evaporate with time, which is observed to cause a 

variation in the diameter of the circular condenser rings in the back-focal plane of the 

oil-immersion objective lens, as shown in Fig. 3.3(d-g). The most important feature of 

such easily reconfigurable condensers is that the ambiance of the object under 

observation does not change with the condenser numerical aperture. Likewise, the 
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“simplest possible condenser” structure that is shown in Fig. 3.3(h) also permits 

similar variation in the numerical aperture by depositing a drop of low boiling-point 

liquid over the top surface, as shown in Figs. 3.3(i-l).  

Imaging biological samples over periodic crystals 

Water can be used as the liquid used in the coverslip-sandwich structure to 

facilitate the imaging of biological structures. In order to demonstrate the performance 

of the coverslip-sandwich arrangement, a solution of live Escherichia coli strands 

mixed in distilled water can be used to form the coverslip-sandwich structure. When 

this coverslip-sandwich structure is used for imaging, the images formed in real plane 

and back focal-plane of the oil-immersion objective lens is shown in Fig. 3.4. The 

cylindrical Escherichia coli strand over the two-dimensional periodic crystals are 

Figure 3.3 Schematic diagrams of Reconfigurable condensers are shown in images (a), 

(c), and (h). Image (b) shows variation of condenser numerical aperture with the space 

thickness of the structure sketched in image (a). Images (d-g) and (i-l) show variation 

in condenser numerical aperture as the drop of liquid with low boiling point 

evaporates over the structure in images (c) and (h) respectively. [78, 79] 
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clearly visible in the real plane images. The size of the cylindrical strand in the real 

plane image is determined to be approximately 0.65 µm. The periodicity of the two-

dimensional periodic crystal of chromium pillars over which Escherichia coli are lying 

is p=300 nm in the mutually perpendicular directions, and the chromium pillars are 

distributed with square symmetry over the glass coverslip. 

The periodicity of the two-dimensional periodic crystal can be determined 

from the back focal-plane of the oil-immersion objective lens shows the zeroth order 

circular diffraction ring centered at the Fourier plane along with the partially visible 

first order circular diffraction rings. The absence of the first order diffraction spots 

corresponding to the bright central spot from the microscope’s built-in source 

indicates that the periodicity of the two-dimensional periodic crystal is less than the 

resolution limit with perpendicular illumination. This indicates that the coverslip-

sandwich structure results in true sub-wavelength resolution. The resolution limit of 

the experimental setup using coverslip-sandwich structure can be expressed by the 

equation that also governs the resolution limit for traditional design of optical 

condensers and the UTCs (equation 1.2). This indicates that the minimum possible 

periodicity with nearly perpendicular illumination (NAc=0.35), when the numerical 

aperture for the objective lens is NAo=1.49 can be determined to be pmin~370 nm. 

However, on using coverslip-sandwich structure, the condenser numerical aperture can 

be increased to up to NAc=NAo, and hence, the corresponding minimum observable 

periodicity gets reduced to pmin~190 nm. Moreover, the presence of the Escherichia 

Figure 3.4 Images of live Escherichia coli strands that are obtained using the coverslip-

sandwich structure sketched in Fig. 3.2(c). The real plane image (a) shows a bacterial 

strand over the two-dimensional periodic structure of chromium pillars with p=300 nm 

periodicity, and image (b) is the corresponding back focal-plane image. The scale bar 

in image (a) corresponds to 2 µm. [78] 
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coli strand indicates that the coverslip-sandwich structures are useful for bio-medical 

imaging applications.  

Origin of condenser-like behavior in wet-mounting setups 

The circular condenser rings observed in the images of back focal-plane of the 

oil-immersion objective lens that are shown in Fig. 3.3(d-g) are strikingly similar 

despite being obtained with different imaging structures shown in Fig. 3.3(i-l), and 

hence, results of further studies have been shown in Fig. 3.5 to reveal the common 

physical mechanism that produces the circular condenser rings.  

The real plane images and the back focal-plane images shown in Fig. 3.5 are 

associated with a two-dimensional periodic crystal of chromium pillars fabricated with 

rectangular symmetry, with periodicity px=500 nm along the horizontal axis, and 

periodicity py=300 nm along the vertical axis. An oil-immersion objective lens with a 

numerical aperture of NAo=1.3 was used for observation. The periodicity along the 

Figure 3.5 Real plane images (a, c, e), and back focal-plane images (b, d, f) are 

obtained by illuminating chromium pillars structure with the “simplest possible 

microscope condenser” sketched in Fig. 3.3(h). Images (g-h) are the corresponding 

back focal-plane images obtained using coverslip-sandwich structure sketched in Fig. 

3.3(h). [79] 
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horizontal axis is larger than the minimum observable periodicity of the objective lens 

used for observation, and hence, it is always visible in the real plane images and the 

corresponding back focal-plane of the oil-immersion objective lens. The pair of 

images shown in Fig. 3.5(a-b) corresponds to the real plane and the back focal-plane 

images in the “simplest possible condenser” setup. Only the first order circular 

condenser rings with approximate numerical aperture of NAc=1.5 that are distributed 

corresponding to vertical periodicity, py=300 nm, are seen to have been partially 

captured in the back focal-plane of the oil-immersion objective lens shown in Fig. 

3.5(b), in accordance with the Abbe’s theory of image formation, the corresponding 

periodicity is not visible in the real plane shown in Fig. 3.5(a). However, on depositing 

a drop of a low boiling point liquid over the “simplest possible condenser” structure, 

results in the structure shown in Fig. 3.3(h), which can be used to obtain variable 

numerical aperture condenser rings. The pair of images in Figs are the corresponding 

real plane and back focal-plane images that were sequentially obtained at a time 

interval of nearly 6 seconds after depositing a large drop (0.25 ml) of isopropanol over 

the “simplest possible condenser” structure. This alters the geometry of the top 

surface, and consequently, the numerical aperture of the circular condenser rings 

changes from NAc=1.04 in Fig. 3.5(d) to NAc=1.12 in Fig. 3.5(f). In accordance with 

Abbe’s theory of image formation, as the zeroth order circular condenser ring now 

appears in the back focal-plane of the oil-immersion objective lens due to change in 

the geometry of the imaging structure along with the associated first order circular 

condenser rings that are partially captured (NAc<NAo), the corresponding real plane 

image clearly shows the periodicity in the vertical direction.  

Likewise, Fig. 3.5(g) shows the image obtained in the back focal-plane of the 

oil-immersion objective lens when the coverslip-sandwich structure is used for 

imaging, whereas Fig. 3.5(h) shows an image captured approximately 6 seconds after 

depositing a drop of isopropanol over the coverslip-sandwich structure, which changes 

the geometry of the imaging structure to that sketched in Fig. 3.2(c). The real plane 

images corresponding to the back focal-plane images shown in Figs. 3.5(g) and 3.5(h) 

are very similar to those shown in Figs. 3.5(d) and 3.5(f), respectively, and hence, are 

not shown in this work. Even with different geometries, the images captured back 



Texas Tech University, Darshan Desai, December 2016 

32 

focal-plane of the oil-immersion objective lens when using different imaging 

structures shown in Figs. 3.2(b), 3.2(c), 3.3(c), and 3.3(h) are very similar. This 

indicates that these imaging structures are not only efficient condensers, but also 

suggests that there must be some common physical mechanism that produces circular 

condenser rings in these imaging structures.  

Moreover, this indicates that the geometry of the structure plays an important 

role in the condenser-like behavior of the structures, which can be investigated further 

using experimental results shown in Fig. 3.6. A coverslip-sandwich structure shown in 

Fig. 3.2(c) has a planar geometry, and hence, it cannot alter the direction of the 

perpendicular illumination to produce the circular condenser rings in the back focal-

plane of the oil-immersion objective lens that are observed for this type of structures. 

Also, the incident illumination is not perfectly perpendicular, but the illumination at 

slightly inclined angles (NAc~0.35 for the central bright spot) should emerge at the 

same angle on the other side of the planar geometry. Thus, the perpendicular 

illumination does directly contribute in formation of the circular condenser rings. 

Consequently, the light that gets scattered at the top aperture of the oil-immersion 

objective lens has some contribution in formation of the circular condenser rings. In 

order to investigate more about the contribution of the light scattered at the top 

aperture, a specially designed spatial beam-block was introduced in the setup as shown 

in Fig. 3.6(a) to block the perpendicular illumination from entering the oil-immersion 

objective lens directly. As observed in Fig. 3.6(b), the circular condenser rings are still 

formed in the back focal-plane of the oil-immersion objective lens. Also, in 

accordance with the Abbe’s theory of image formation, the corresponding periodicity 

is observed in the real plane of the experimental setup, as shown in Fig. 3.6(c). 

Moreover, on comparing the observed intensity of the real plane and back focal-plane 

images obtained with and without the spatial beam-block that are shown in Figs. 

3.6(d-e), it appears that the contrast of the images obtained without the spatial beam-

block is relatively poor that the contrast of the images obtained with the spatial beam-

block. This again indicates that the perpendicular illumination has no direct 

contribution in formation of the circular condenser rings, and, instead, the formation of 
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the circular condenser rings can be attributed to scattering of light that occurs at the 

top aperture of the oil-immersion objective lens.   

This observation can be investigated further to determine if the scattering of 

light that results in circular condensers rings occurs at the inner edge of the top 

aperture or at the face of the top aperture of the oil-immersion objective lens. Firstly, a 

collimated beam of light (NAc~0.1 for the central bright spot corresponding to narrow 

perpendicularly incident illumination beam in Figs. 3.6(g), 3.6(i), and 3.6(k)) was 

allowed to enter the oil-immersion objective lens, without letting it fall over the face 

of the top aperture and the edge of the top aperture of the oil-immersion objective lens, 

as shown in Fig. 3.6(f). The back focal-plane image obtained this way is shown in Fig. 

3.6(g), which does not show any circular condenser rings, and hence, the light that is 

scattered at the face of the top aperture, or the edge of the top aperture of the oil-

immersion objective lens contributes in formation of the circular condenser rings in 

Figure 3.6 Images (b-c) are obtained on putting spatial filter as shown in (a) show 

better contrast than images (d-e) obtained without spatial filter, using coverslip-

sandwich structure. Images (g, i, k) obtained using collimated perpendicular light 

beam incident on (f, h, j), respectively, indicates that scattering at the inner edge 

causes formation of circular condenser rings. [78] 
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the back focal-plane of the oil-immersion lens by illuminating the periodic structure 

with a solid cone of light. Secondly, the collimated beam is allowed to fall only up to 

the inner edge of the top aperture of oil-immersion objective lens, as shown in Fig. 

3.6(h). Now, the circular condenser rings start appearing in the back focal-plane of the 

oil-immersion objective lens, as shown in Fig. 3.6(i). Moreover, first order circular 

diffraction rings are observed as they are partially captured by the oil-immersion 

objective lens, and are distributed with the symmetry corresponding to the two-

dimensional periodic crystal under observation. This indicates that the inner edge of 

the top aperture of the oil-immersion objective lens contributes in formation of 

circular condenser rings. Finally, the collimated beam is allowed to fall on the entire 

top face of the oil-immersion objective lens, as shown in Fig. 3.6(j). The observed 

intensities in the real plane and the back focal-plane of the oil-immersion objective 

lens in Fig. 3.6(k) is similar to the observed intensity when the incident collimated 

beam was allowed to fall only up to the inner edge of the oil-immersion objective lens 

that is shown in Fig. 3.6(i). This indicates that the light scattered at the top face of the 

oil-immersion objective lens does not contribute to the formation of circular condenser 

rings. Consequently, formation of circular condenser rings can be attributed only to 

the light that gets scattered at the inner edge of the top aperture of the oil-immersion 

objective lens.  

Reconfigurable optical condenser for detection of periodic crystals 

The circular condenser rings in the back focal-plane of the oil-immersion 

objective lens of the coverslip-sandwich structures cannot be observed when dry 

objective lenses are used. This fact is clearly seen from Figs. 3.7(a) and 3.7(b) that 

show the real plane and the back focal-plane images of the two-dimensional periodic 

structures of chromium pillars with periodicity p=450 nm that are distributed with 

square symmetry, which were obtained using a dry objective lens with NAo=0.3. The 

large squares that appear in the real plane image are the 100 µm2 lattices of chromium 

pillars. This is further corroborated by the back focal-plane image shown in Fig. 

3.7(b), which does not have the diffraction features corresponding to the symmetry of 

the periodic crystals under observation. This indicates that the oil-immersion objective 

lens has some contribution in formation of the circular condenser rings. The light 
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scattered at the inner edge of the top aperture of the oil-immersion objective lens 

would be reflected by the top semi-spherical lens may result in formation of circular 

condenser rings. In order to investigate the effect of the oil-immersion objective lens, 

an add-on optical module, which is shown in Figs. 3.1(c) and 3.1(d), and was made by 

cutting the top part of the oil-immersion objective lens that produces the circular 

condenser rings.  

Figs. 3.7(c) and 3.7(d) show the back focal-plane image and the real plane 

image of a two-dimensional periodic structure of chromium pillars with periodicity 

p=450 nm that are distributed with square symmetry, which were obtained by the oil-

immersion lens that was used to make the add-on optical module shown in Fig. 3.1(c) 

and 3.1(d). Note that for circular condenser rings of numerical aperture 1.50, if the 

periodicity of the two-dimensional crystal of chromium pillars that is to be observed is 

p=450 nm, the circular condenser rings will pass through the center of the back focal-

plane of the objective lens used for observation. This add-on optical module was then 

put in between the “simplest possible condenser” structure and a dry objective lens 

with NAo=0.08, as shown in Fig. 3.1(b). Note that in this case, the numerical aperture 

Figure 3.7 Images (a-b) show pair of real plane and back focal-plane images of 

periodic crystal of chromium pillars obtained using an oil-immersion objective lens, 

and images (c-d) show a pair of real plane and back focal-plane images obtained from 

add-on optical module shown in Fig. 3.1(c, d), which was made from the same 

objective lens. Image (e) shows the procedure to obtain simulated real plane in (f). 

Images (g-h) show add-on optical module filled with index matching oil, and images 

(i-j) show the inability of such structure to produce circular condenser rings. [79] 
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of the perpendicular illumination from the microscope’s built-in illumination source is 

larger than the numerical aperture of the objective lens. Consequently, in order to 

facilitate the direct observation of the circular condenser rings in the back focal-plane 

of the dry objective lens, a spatial beam-block is put in the back focal-plane of the dry 

objective lens to remove the bright central spot corresponding to perpendicular 

illumination. Corresponding back-focal plane image and real plane image of the two-

dimensional periodic structures of the chromium pillars distributed in square 

symmetry with periodicity p=450 nm are shown in Figs. 3.7(e) and 3.7(f), 

respectively. The back focal-plane image of the dry objective lens shown in Fig. 3.7(f) 

has partially appearing first order diffraction rings that are distributed with the 

symmetry corresponding to the periodic crystals under observation. However, as the 

size of the circular condenser rings is much larger in comparison to the numerical 

aperture of the dry objective lens used for observation, none of the diffraction orders 

except the first order circular condenser rings are visible in the back focal-plane of the 

dry objective lens. Consequently, in accordance with the Abbe’s theory of image 

formation [81], the real plane images do not have any information of the periodicity of 

the object under observation. For the same reason, and as the zeroth order diffraction 

feature due to perpendicular illumination from microscope’s built-in illumination 

source, this experimental setup is in dark-field configuration. The back focal-plane 

image of the dry objective lens used for observation can be understood from the 

schematic diagram of the expected back focal-plane and the actually visible part on the 

screen shown in Fig. 3.7(i). As mentioned before, the circular condenser rings 

appearing in the back focal-plane images of the dry objective lens shown in Fig. 3.7(d) 

correspond to the circular condenser rings of numerical aperture of NAc=1.5 that are 

visible in “simplest possible condenser” structure sketched in Fig. 3.2(b). Thus, the 

back focal-plane of the dry objective lens used for observation can be calibrated in 

terms of the effective refractive index. The average distance between the centers of the 

partially visible first order diffraction rings from the center of the back focal-plane was 

determined to be ∆nspots~1.28, which corresponds to a periodicity of ∆K=14.10 µm-1 in 

the back focal-plane of the dry objective lens that is used for observation. 

Consequently, the periodicity in the real plane is determined to be 446 nm, which is 
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within 1% variation from the actual periodicity of the object under observation. Using 

periodicity of the back focal-plane images, the real plane image can be simulated by 

taking a two-dimensional Fast Fourier Transform algorithm of the extended back 

focal-plane image created using centers of the circular condenser rings using Wolfram 

Mathematica software, which appears to be as shown in Fig. 3.7(h). For a dry 

objective lens with NAo=0.08, the Rayleigh resolution limit is approximately 3.6 µm. 

Consequently, optical detection of the two-dimensional periodic structure of 

chromium pillars that are distributed in square symmetry with periodicity of p=450 nm 

with a simultaneously large field-of-view indicates true sub-wavelength capability 

when add-on optical module is used for imaging. Note that the add-on optical module 

is much lighter than the traditional design of optical condensers [82]. Thus, the 

coverslip-sandwich structure along with the oil-immersion objective lens used for 

observation (or the add-on optical module discussed in this section) constitutes an 

optical condenser that could be used to optically detect the two-dimensional periodic 

structures with periodicities that are up to approximately eight times smaller than the 

Abbe’s resolution limit. In other words, the circular condenser rings in such structures 

are formed as the light that gets scattered at the inner edge of the top aperture of the 

oil-immersion objective lens (or the add-on optical module discussed in this section), 

and then gets reflected back to the object under observation from the curved surface of 

the top semi-spherical lens of the oil-immersion objective lens used for observation (or 

the add-on optical module discussed in this section). This observation also indicates 

that the top semi-spherical lens of the oil-immersion objective lens that is used for 

imaging contributes in formation of circular condenser rings. This can be further 

confirmed with the structure that is schematically shown in Fig. 3.7(g). The add-on 

optical module discussed in this section was filled with index-matching oil from the 

inside, and then, it was sealed from the back using a glass coverslip, which is shown in 

Fig. 3.7(h). Consequently, the curved interface formed by the top semi-spherical lens 

with the air is removed, and instead, a planar interface is created by the glass interface, 

which is not expected to modify the incident perpendicular illumination to produce 

circular condenser rings due to inclined illumination in the back focal-plane of the dry 

objective lens used for observation. This is corroborated by the unmagnified 
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appearance of the symbol ‘#’ through the add-on optical module, which is comparable 

to inset image of the symbol in Fig. 3.7(h). Now, this modified add-on optical module 

is kept in experimental setup sketched in Fig. 3.1(b) to observe the two-dimensional 

periodic crystal of chromium pillars with periodicity p=450 nm that are distributed 

with square symmetry with the help of a coverslip-sandwich structure. Corresponding 

real plane and back focal-plane images are shown in Figs. 3.7(k) and 3.7(l), 

respectively. Note that the circular condenser rings that should appear near the center 

of the back focal-plane of the dry objective lens used for observation are now absent. 

Also, the real plane image consists only of the large featureless square lattices of 100 

µm2 area. This again confirms that the top semi-spherical lens contributes in formation 

of the circular condenser rings.  

In order to investigate the utility of the add-on optical module as a 

reconfigurable optical condenser, a large drop of low boiling point liquid 

(isopropanol) was deposited over the coverslip-sandwich structure, and a sequence of 

images were captured in the back focal-plane of the dry objective lens (with NAo=0.3) 

at a time interval of approximately 5 seconds. As the drop of isopropanol evaporates, 

the circular condenser rings change in size, indicating that the add-on optical module 

performs similar to the top semi-spherical lens of the oil-immersion objective lens that 

can be used to create circular condenser rings. The corresponding time evolution of 

the numerical aperture of the circular condenser rings is shown for coverslip-sandwich 

structure in Fig. 3.8, and for the “simplest possible condenser” structure in Fig. 3.2(b). 

In accordance with the performance of the “simplest possible condenser” structure, 

fraction of the first order circular condenser rings with approximate numerical aperture 

of 1.50 are observed in the outermost side of the back focal-plane images in all images 

shown in Fig. 3.8. As the drop of isopropanol evaporates, the numerical aperture of the 

circular condenser rings formed in the coverslip-sandwich structure is found to change 

from 1.36 → 1.40 → 1.44, and the circular condenser rings formed in the “simplest 

possible condenser” structure changes from 1.37 → 1.41 → 1.45. For both these 

structures, along with the fraction of the first order circular condenser rings that appear 

in the back focal-plane of the dry objective lens used for observation, a small, bright, 

circular condenser ring is also observed, whose numerical aperture progressively 
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changes from 0.60 → 0.66 → 0.72 → 0.78 for the coverslip-sandwich structure, and 

from 0.79 → 0.83 → 0.87 → 0.94 for the “simplest possible condenser” structure. 

This clearly demonstrates the utility of the add-on optical module for optical detection 

of two-dimensional periodic crystals.  

Clearly, when using the coverslip-sandwich structure, the circular condenser 

rings that are formed in the back focal-plane of the oil-immersion objective lens are 

much brighter with respect to the background illumination. This indicates that some 

type of cavity-based resonance phenomenon occurring at particular angles is involved 

in formation of the circular condenser rings. To investigate the role of cavity-based 

resonance in formation of circular condenser rings, ray-optics simulations of the 

structures were conducted using Comsol Multiphysics software, for the structure 

shown in Fig. 3.9(a), where a glass coverslip is placed over the add-on optical module 

discussed in this section using a refractive index-matching oil layer in between. The 

add-on optical module used for simulation consists of a perfectly semi-spherical lens 

of 3 mm radius that is held with the help of a 1 mm thick metal-casing (that also 

mimics the metal structure of the oil-immersion objective lens used for observation). 

The glass coverslip substrate used for simulations is considered to be 150 µm thick, 

and the thickness of the oil layer is considered to be 1.4 mm. In subsequent figures, the 

path traversed by the light in the entire structure is revealed, where the color of the ray 

at a particular location in the structure denotes the corresponding optical path-length. 

It is assumed that the perpendicular illumination from the microscope’s built-in source 

Figure 3.8 Images shown in (a-d) are the back focal-plane images of the sample 

structure in Fig. 3.3(h), and images shown in (e-h) are the back focal-plane images of 

the sample structure in Fig. 3.3(c). [79] 
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gets scattered at point A, and hence, for simulation, rays emanating from point A that 

are travelling in different directions are considered. 

For the case shown in Figs. 3.9(b), 3.9(c), and 3.9(d), the light ray emanating 

from point A at a certain angle gets reflected at B, C, and then D to reach point E on 

the semi-spherical lens. After specularly reflecting from the curved surface at point E, 

the light traverses further along E-D-C-B-A-F-G in a similar manner to form an 

optical cavity. Note that the light is totally-internally reflected at points D and F at the 

top surface of the glass coverslip that is used to hold the object under observation. 

This causes the object to be illuminated using evanescent surface waves associated 

with total internal reflection, and then leaks into the glass coverslip substrate to that 

the information in the near-field region is transported to the far-field region. This also 

explains why the numerical aperture of the circular condenser rings in the “simplest 

possible condenser” structure always appears to be approximately 1.50. Similar type 

of optical cavity formation can be observed for coverslip-sandwich structures with two 

glass coverslips shown in Figs. 3.9(e) and 3.9(f). In this case, the light that is reflected 

back from the top surface of the upper glass coverslip may provide inclined 

illumination to the object under observation placed on the bottom coverslip. Also, on 

comparing Figs. 3.9(e) and 3.9(f), it is clear that on changing the thickness of the oil 

Figure 3.9 Ray-optics simulations that demonstrate that the efficiency of the “simplest 

microscope condenser structure” and coverslip-sandwich condenser structure can be 

attributed to cavity-based resonance. [79] 
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layer in the structure the angle of inclination of the light reflected from the top surface 

of the upper glass coverslip changes, which explains corresponding variation in the 

condenser numerical aperture. 
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CHAPTER 4  
 

FOURIER PTYCHOGRAPHIC MICROSCOPY USING 

HEMISPHERICAL DIGITAL CONDENSERS 

 

Most of the conventional non-interferometric wide-field imaging techniques 

rely on tweaking the imaging setup in order to achieve better performance. One of the 

important parameters to quantify the performance of the imaging setups is the space-

bandwidth product that can be obtained in its output, which can be found by 

multiplying the field-of-view with the spatial resolution of the imaging setup [83]. The 

space-bandwidth product can be physically interpreted as the total number of pixels on 

the imaging-sensor (usually a CCD camera) required for imaging the area at best 

possible resolution. For example, when imaging using a dry objective lens from Nikon 

with 10× magnification and numerical aperture of NAo=0.3 and a 570 nm wavelength 

illumination, it would need an imaging-sensor with 100 million pixels to capture all 

the information produced by the imaging setup, and consequently, the imaging-sensor 

operating at 10 Hz should be capable to collect the output data at the rate of 

approximately 3 billion bytes per second. Another consequence of this is that the size 

of a pixel on the imaging-sensor is requires to be 6.25 µm2 (or smaller) to resolve the 

features in the experimentally acquired images. Clearly, for current levels of 

technology, all three requirements - the total number of pixels, the size of each pixel, 

and the data-transfer rate, are very challenging to achieve. In other words, the amount 

of information generated by the imaging setup with low numerical aperture objective 

lenses may not be fully utilized due to current technological limitations. Numerical 

processing techniques can be relatively easily employed to achieve relatively better 

performance for such imaging setups. Fourier Ptychographic Microscopy (FPM) 

technique, which is discussed in this chapter, is a recently proposed technique that 

promises achieve high values of space-bandwidth product of the reconstructed image 

to obtain better performance from an imaging setup [83]. A series of experimental and 

computational simulations are discussed in this chapter to reveal the resolution limit 

when FPM technique is employed with the aim to achieve enhanced lateral resolution. 
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In the next section, the experimental setup for implementing the FPM technique is 

discussed.  

Experimental Setup 

Before discussing the experimental setup for FPM technique that is shown in 

Fig. 4.1(a), the illumination source that is used for this purpose deserves some 

explanation.  

The digitally controlled illumination source used for experimentally 

implementing FPM technique in this chapter is a Hemispherical Digital Condenser 

(HDC), which is a semi-spherical dome with 64 light-emitting diodes (LEDs) that are 

distributed in four circular rows on the inner surface of the dome, as shown as “HDC 

Source” in Fig. 4.1(a). Each of these LEDs can be turned ON and OFF independently 

of the state of other LEDs on the HDC. The numerical aperture of every LED in the 

four rows of the HDC is set to NAc=0.58, 0.73, 0.87, and 0.97. The digitally controlled 

HDC has to be centered at the region of interest on the object under observation, 

which can be verified from the back focal plane of the objective lens used for 

Figure 4.1 Image (a) shows experimental setup with HDC sources. Images (b-d) show 

the images acquired for chromium pillars structure using setup shown in image (a). 

Images (e-f) show images of nanowires using (e) perpendicularly incident white light, 

and (f) HDC source. Intensity profiles of nanowire in images (e-f) clearly indicates 

resolution enhancement. [84] 
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observation. A commercially available inverted Nikon Ti-Eclipse microscope can be 

used in conjunction with the digitally controlled HDC, whose schematically diagram 

is sketched in Fig. 4.1(a). The light from the digitally controlled HDC illuminates the 

object under observation, and the corresponding transmitted light is collected using an 

objective lens. The illumination from the digitally controlled HDC that is used in 

experiments discussed in this chapter has a peak at approximately 450 nm wavelength. 

However, for better performance, a spectral band-pass filter at the same wavelength 

and a spectral bandwidth of 10 nm is inserted below the objective lens. The light 

transmitted by the object is imaged at the real plane and Fourier plane of the objective 

lens using internal lenses of the microscope. The HDCs are well-known to implement 

wide-field non-scanning imaging without any sort of special sample preparation. The 

enhancement in lateral resolution that is achieved using the digitally controlled HDC 

can be attributed to inclined illumination from the LEDs.  

Fig. 4.1(b) shows the back focal-plane of the objective lens when all LEDs of 

the HDC source are illuminating a two-dimensional periodic crystal of chromium 

pillars that are distributed in rectangular symmetry with periodicities px=300 nm and 

py=500 nm in mutually perpendicular directions, and the light transmitted by the 

periodic crystal is collected by an oil-immersion objective lens with numerical 

aperture NAo=0.8. The brighter spots in Fig. 4.1(b) correspond to the zero order 

diffraction spots associated with the illumination from the LEDs of the digitally 

controlled HDC, whereas the other spots correspond to the diffracted light captured by 

the objective lens. Consequently, in accordance with the Abbe’s theory of image 

formation, the periodicities in both directions are visible in the corresponding real 

plane image shown in Fig. 4.1(c), and the graph shown in Fig. 4.1(d) corresponds to 

the spatial intensity along the red arrow shown in Fig. 4.1(c). As the vertical 

periodicity (300 nm) of the object under observation is less than the Rayleigh 

resolution limit for the setup (~346 nm), this observation demonstrates the sub-

wavelength resolution capability of the HDCs.  

HDCs can also be used to image non-periodic samples. Although the images 

shown in Figs. 4.1(d), and 4.1(e) are not from a HDC that cannot be digitally 

controlled [84], they exemplify the performance of the HDCs. Approximately 150 nm 
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thick TiO2-B nanowires were spin-coated over a glass coverslip, and were imaged 

using experimental setup shown in Fig. 4.1(a), which consists of an oil-immersion 

objective lens with numerical aperture NAo=1.49. The image of nanowires that is 

captured using microscope’s built-in white light illumination source emitting light that 

falls perpendicularly over the object under observation is shown in Fig. 4.1(e), 

whereas the image of the same region of interest on the object under observation that 

is captured using HDC is shown in Fig. 4.1(f). The transversal intensity profile of 

these images of the nanowires shown in Fig. 4.1(g) clearly shows that the lateral 

resolution achieved using HDC is much better in comparison to that from the 

microscope’s built-in white light illumination source. Note that the experimental data 

is represented with dots and circles, whereas the red and blue curves indicate the 

Gaussian fits applied to the experimentally acquired data. The corresponding full 

width at half maximum (FWHM) of the transversal intensity profile of the nanowire 

when microscope’s built-in white light illumination source is used is determined to be 

approximately 12 pixels, whereas FWHM when the HDC is used is determined to be 

approximately 7 pixels, which suggests that the lateral resolution when using HDC has 

enhanced by approximately 1.7 times.  

Note that the equation governing resolution limit can be expressed in terms of 

minimum observable periodicity of a two-dimensional periodic crystal [84], as shown 

below, where λ is the illumination wavelength, and nsuperstrate and nsubstrate are the 

refractive indices of the superstrate and substrate layers of the imaging structure, 

respectively: 

 𝑝𝑚𝑖𝑛 =
𝜆

𝑛𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑟𝑎𝑡𝑒 + 𝑛𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
 (4.1) 

Although HDCs that cannot be digitally controlled for turning off every LED 

ON and OFF independently can be used for obtaining enhanced lateral resolution, an 

important parameter, phase of the light transmitted through the object under 

observation, is never acquired in this type of setups. FPM technique, on the other 

hand, can be used to obtain this unrecovered phase when used in conjunction with the 
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digitally controllable HDCs. In the next section, basic working mechanism of the FPM 

technique is discussed.  

FPM image reconstruction algorithm 

The FPM technique appears to have been inspired from the well-known 

Ptychography microscopy (PM) technique [86-88], which was proposed to obtain 

reconstructed images from a collection of the experimentally acquired far-field 

diffraction patterns of two-dimensional periodic crystals obtained using transmission 

electron microscopy (without using lenses), by iteratively solving for an estimate of 

the intensity and phase of the waves exiting the object under observation which is 

consistent with the obtained intensity measurements. The FPM technique is based on 

similar strategy, but unlike PM technique, the object support constraints are applied in 

the Fourier domain. FPM technique uses low resolution real plane intensity images 

that are experimentally acquired at different angles of illumination to systematically 

“stitch” a large synthetic numerical aperture in the Fourier space to obtain a 

reconstructed real space image with enhanced resolution, while simultaneously 

retrieving the unmeasured phase of the light that is transmitted through the object 

under observation.  

The phase-retrieval algorithm that is employed for the work shown in this 

chapter is the well-known Gerchberg-Saxton algorithm, which has been used by 

research groups that has invented the FPM technique [83, 89]. The passband of the 

objective lens used for experimental data acquisition and the amplitude of the acquired 

low resolution real plane images function as the support constraints in the FPM image 

reconstruction algorithm. Note that, unlike PM technique, the FPM technique does not 

require scanning the object under observation with a narrow collimated beam. Also, 

when using digitally controlled HDC for implementing the FPM technique, the 

uniformity of illumination is better than that when using a planar array of LEDs. Due 

to the reciprocity principle of Optics, FPM and PM appear to be alternative but 

equivalent phase-recovery imaging methods [86, 90].   

The FPM technique uses a set of low resolution real plane intensity images 

acquired by using the digitally controlled HDC in the experimental setup shown in 
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Fig. 4.1(a), and these images are then processed using the FPM image reconstruction 

algorithm. Each low resolution real plane image contains some “information” about 

the finally reconstructed image, which has to be systematically added to the 

reconstructed image. The FPM image reconstruction algorithm begins by assuming 

that the intensity and the phase of the light transmitted through the object under 

observation is uniformly one and zero, respectively, whose corresponding Fourier 

space would be as shown in the equation below (in the beginning, 𝜐 = 0): 

 𝑍0 = 𝐴(�⃗� )𝑒
𝑖𝜑(�⃗� ) = 𝒻[𝑎(𝑟 )𝑒𝑖𝜐(𝑟 )] (4.2) 

A low-pass filter corresponding to the numerical aperture of the objective lens 

used for experimental data acquisition (W) is applied to the reconstructed image, after 

the image is shifted towards the center of the Fourier plane by the amount 

corresponding to the wave-vector of the illuminating LED (kj), as shown in the 

equation below: 

 𝐵(�⃗� )𝑒𝑖𝜙(�⃗� ) = 𝑊 ∙ [𝐴(�⃗� − �⃗� 𝑗)𝑒
𝑖𝜑(�⃗� −�⃗� 𝑗)] (4.3) 

Using two-dimensional Fast Fourier Transform (FFT) function, the amplitude 

in the corresponding low resolution real plane image is replaced by the amplitude of 

the experimentally acquired image to add the experimentally acquired “information”, 

as shown in the equations below:  

 𝑏(𝑟 )𝑒𝑖𝜒(𝑟 ) = 𝒻−1 [𝐵(�⃗� )𝑒𝑖𝜙(�⃗� )] (4.4) 

 𝑏(𝑟 )𝑒𝑖𝜒(𝑟 )
   𝑅𝑒𝑝𝑙𝑎𝑐𝑒 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒   
→                𝑏𝑒𝑥𝑝(𝑟 )𝑒

𝑖𝜒(𝑟 ) (4.5) 

Then, the data is transformed back to the Fourier plane using two-dimensional 

inverse FFT function, and is low-pass filtered to only include the amount that can be 

captured by objective lens, and then shifted back to the location corresponding to the 

location of the wave-vector of the illuminating LED, as shown in the equations below: 

 𝑐(�⃗� )𝑒𝑖𝜓(�⃗� ) = 𝒻[𝑏𝑒𝑥𝑝(𝑟 )𝑒
𝑖𝜒(𝑟 )] (4.6) 

 𝐷(�⃗� )𝑒𝑖𝜃(�⃗� ) = 𝑊 ∙ [𝑐(�⃗� + �⃗� 𝑗)𝑒
𝑖𝜓(�⃗� +�⃗� 𝑗)] (4.7) 
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The information already present in the Fourier space that is being reconstructed 

is given by the following equation, which can be derived from equation (4.3):  

 𝐸(�⃗� )𝑒𝑖𝜗(�⃗� ) = 𝐵(�⃗� + �⃗� 𝑗)𝑒
𝑖𝜙(�⃗� +�⃗� 𝑗) (4.8) 

Hence, the “new information” from the updated data is added to the 

reconstructed Fourier plane image as shown in the equation below: 

 𝑍 = 𝑍0 + 𝛽 ∙ [𝐷(�⃗� )𝑒
𝑖𝜃(�⃗� ) − 𝐸(�⃗� )𝑒𝑖𝜗(�⃗� )] (4.9) 

In the above equation, β is an image update parameter that can be adjusted 

between 0 and 1 for finer image reconstruction. Finally, after updating the 

reconstructed Fourier plane image, the reconstructed real plane intensity and 

corresponding phase are obtained using two-dimensional FFT function. Note that for 

subsequent low resolution real plane image to be processed, the new 𝑍0 = 𝑍. These 

steps are repeated until all the experimentally acquired “information” in the low 

resolution real plane images is systematically added to the reconstructed image, which 

constitutes a single iteration of the FPM algorithm. The FPM algorithm is expected to 

converge after several iterations.  

Computational simulations can also be used to understand the performance of 

the FPM technique. If all the light transmitted through a two-dimensional periodic 

crystal is collected by an objective lens, the back focal-plane of the objective lens 

would have all possible diffraction orders. This corresponds to an infinite resolution, 

such that the real space is a perfectly resolved two-dimensional periodic crystal 

appearing as a spatial sequence of zeros at the location of chromium pillars and ones 

elsewhere. Such spatial sequence can be treated as the object under observation, and 

the FFT of this spatial sequence corresponds to the back focal-plane image acquired 

by an imaging setup with infinite resolution. Then, the low resolution real plane 

images used in the FPM image reconstruction algorithm can be created by simulating 

experimental data-acquisition process. An actual objective lens can capture only a 

limited angular range of the light transmitted from the periodic object. Consequently, 

to mimic the actual experimental data-acquisition process, the diffraction orders that 

cannot be captured by the objective lens should be removed from the Fourier space by 
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applying an appropriate low-pass filter (W), and then obtaining the corresponding low 

resolution real space by using the inverse FFT function. Note that in order to facilitate 

the understanding of the working of the FPM technique, the simulations shown here 

are for a one-dimensional periodic crystal, and the corresponding intensity and phase 

in the Fourier space is shown in terms of the numerical aperture units, which can be 

determined by dividing the wave-vector by (2𝜋 𝜆⁄ ).  

Performance of the FPM image reconstruction algorithm 

Figs. 4.2(a-b) shows the amplitude and phase of the light transmitted by the 

hypothetical one-dimensional object under observation, whose periodicity is p=500 

nm, and Figs. 4.2(c-d) shows the corresponding amplitude and phase in the Fourier 

space, where the spikes correspond to diffraction peaks are located at NA=0.9 that is 

associated with the periodicity in the real space. Note that, as in the actual 

experimental data-acquisition, the object is sequentially illuminated at 450 nm 

wavelength, which provides inclined illumination along the values of the wave-vectors 

(of the LEDs in the digitally controlled HDC) that are represented by corresponding 

numerical aperture values by red spots on the horizontal axis in Fig. 4.2(c), and its 

inset image. The intensity and phase in the Fourier space that corresponds to the 

experimentally acquired low resolution real plane intensity is obtained as described 

above, and is shown in Figs. 4.2(e) and 4.2(f), for NAc=0.58 illumination 

corresponding to the first circular row of the LEDs in the digitally controlled HDC, 

and observation using an objective lens with NAo=1.3.  

Corresponding simulated low resolution real space intensity and phase can be 

obtained using FFT function of the complex Fourier space, and are shown in Figs. 

4.2(g) and 4.2(h). In accordance with Abbe’s theory of image formation, the simulated 

low resolution real space intensity has the expected periodicity, as two consecutive 

diffraction orders appear in the corresponding Fourier space. Note that the shape of 

peaks appearing in the simulated low resolution real space intensity is different from 

the light that is considered to be transmitted through the object under observation 

(shown in Fig. 4.2(a)), as only two diffraction orders appear in the corresponding 

Fourier space because of limited angular-acquisition of light by objective lens.  
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 The reconstructed real space and Fourier space obtained by processing all the 

low resolution real space intensity is shown in Fig. 4.2(i) and 4.2(j). As expected, the 

periodicity of the crystal is resolved in the reconstructed real space, and the 

corresponding diffraction peaks are visible in the Fourier space at NA=0.9, which 

indicates that the FPM algorithm has worked correctly.  

Figure 4.2 FPM image reconstruction process. Images (a-d) show the simulated real 

space and Fourier space intensity and phase corresponding to periodicity p=500 nm. 

Images (e-h) show process to obtain low resolution real space intensity, and 

corresponding phase. Images (i-l) show results of FPM reconstruction. [95] 
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Moreover, the phase of the real space and Fourier space obtained from the 

FPM image reconstruction algorithm is shown in Fig. 4.2(k) and 4.2(l). Note that 

although the FPM image reconstruction algorithm is known to converge very rapidly, 

all the one-dimensional simulation results shown in this chapter are explored up to 600 

iterations to ensure that important developments do not go unobserved. Moreover, the 

spatial overlap between consecutive updates in the reconstructed Fourier space was 

determined to be 91% for NAo=0.8 and 94% for NAo=1.3, which is an important 

parameter associated with convergence of the FPM image reconstruction algorithm 

[91-92].  

The working of FPM image reconstruction algorithm can also be verified using 

actual experimental data, as shown in Fig. 4.3, which shows the images associated 

with FPM image reconstruction algorithm that is conducted by processing the actually 

obtained experimental data for a periodic crystal of chromium pillars distributed in 

rectangular symmetry with px=300 nm and py=500 nm in mutually perpendicular in-

plane directions, which were observed with an oil-immersion objective lens with 

NAo=1.3. The experimental low resolution real plane image and back focal-plane 

image acquired using illumination corresponding to the first circular row of the LEDs 

in the digitally controlled HDC (NAc=0.58) are shown in Figs. 4.3(a) and 4.3(b) 

respectively. Note that along with the brightest zero-order diffraction spot 

corresponding to the illuminating LED, higher order diffraction spots corresponding to 

both the periodicities are present in the Fourier plane image, and hence, corresponding 

periodicities are visible in the real plane image, in accordance with Abbe’s theory of 

image formation. As expected, the reconstructed real plane and Fourier plane images 

that are shown in Fig. 4.3(c) and 4.3(d), which were obtained by processing all the 

experimentally acquired low resolution real plane images, have all the information 

about the periodicity of the two-dimensional periodic crystal. Also, as FPM technique 

is a phase-retrieval technique, the phase in the real plane is shown in Fig. 4.3(e). 

Experimental results are not only in excellent agreement with the simulational results, 

but also demonstrate that the FPM image reconstruction algorithm works for actual 

real-world objects. 



Texas Tech University, Darshan Desai, December 2016 

52 

In order to investigate the FPM image reconstruction algorithm further, we 

used the two-dimensional periodic crystal of chromium pillars that are distributed in 

rectangular symmetry with periodicity px=300 nm and py=500 nm in mutually 

perpendicular in-plane directions, and observed it using a dry objective lens with 

NAo=0.8. Figs. 4.4(a-b) and 4.4(c-d) show the pairs of experimentally acquired low 

resolution real plane and Fourier plane images obtained using LED corresponding to 

NAc=0.58 and NAc=0.73, respectively. Figs. 4.4(e) and 4.4(f) show the pair of real 

plane image and Fourier plane image that were reconstructed using the FPM image 

reconstruction algorithm using only first two circular rows of the digitally controlled 

HDC. As some of the low resolution real plane images obtained with LEDs in the first 

two rows have the information about the horizontal or vertical periodicities of the two-

dimensional crystal, the finally reconstructed real plane and Fourier plane images 

clearly reveal the periodicities.  

  On the other hand, Figs. 4.4(g) and 4.4(h) are the pair of experimentally 

acquired low resolution real plane and Fourier plane images obtained using LED 

corresponding to NAc=0.97. Figs. 4.4(i) and 4.4(j) are the pair of real plane image and 

Figure 4.3 Images (a-b) show experimentally acquired low resolution images of 

chromium pillars structure with periodicities of 300 nm and 500 nm in mutually 

perpendicular directions with NAo=1.3. Images (c-e) show the real plane, Fourier 

plane, and real plane phase obtained after FPM image reconstruction. [100] 
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Fourier plane image that were reconstructed using the FPM image reconstruction 

algorithm using only first two circular rows of the digitally controlled HDC. Fig. 4.4(i) 

shows the magnified image for the region in Fig. 4.4(k) that is marked by a red square. 

As none of the low resolution real plane images obtained with LEDs in the last two 

rows have any information about the horizontal or vertical periodicities of the two-

dimensional crystal, the finally reconstructed real plane and Fourier plane images 

clearly reveal the periodicities. 

This confirms that when none of the low resolution real plane images have any 

information about a certain periodicity of the object under observation, the finally 

reconstructed image does not have that information either. Lastly, Figs 4.4(l) and 

4.4(m) show a pair of real plane image and Fourier plane image reconstructed using all 

experimentally acquired low resolution real plane images, which clearly reveal the 

periodicities of the two-dimensional periodic crystal as the information is contained in 

the low resolution real plane images acquired with LEDs from the first two rows of the 

digitally controlled HDC. Fig. 4.4(l) shows the magnified image for the region in Fig. 

Figure 4.4 Images (a-b) and (c-d) are the pairs of real plane and Fourier plane obtained 

using NAc=0.58 and 0.73, respectively, and images (e-f) are corresponding FPM 

reconstructed images. Images (g-h) is the pair of real plane and Fourier plane images 

obtained using NAc=0.97. Images (i-j) and (l-m) are FPM reconstructed images, which 

are obtained using NAc=0.87 and 0.97, and all low resolution real plane images, 

respectively. Images (j) and (l) show the region of interest corresponding to area 

marked with red square in images (k) and (n). [100] 
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4.4(n) that is marked by a red square. This reconfirms that if the information of the 

periodicity of the two-dimensional crystals is contained in some of the images, then 

the corresponding periodicity is revealed in the images that are finally reconstructed 

using the FPM image reconstruction algorithm. 

The experimentally demonstrated of the inability of the FPM image 

reconstruction algorithm to reveal the py=500 nm periodicity as discussed above is 

also corroborated by computational simulations. Low resolution real space intensity 

and corresponding Fourier space intensity was obtained from simulating the light that 

gets transmitted by a hypothetical one-dimensional periodic crystal with periodicity 

p=500 nm when it is illuminated using LEDs in third and fourth rows of the digitally 

controlled HDC corresponding to numerical aperture of NAc=0.87 and NAc=0.97, 

respectively, and then gets captured by a dry objective lens with NAo=0.8. Figs. 4.5(a) 

and 4.5(b) are the pair of reconstructed real plane intensity and Fourier space intensity 

obtained using the last two rows of the digitally controlled HDC.  

Note that although the real space intensity is periodic, the periodicity that is 

determined from the corresponding Fourier space intensity shown in Fig. 4.5(b) 

indicates that the observed periodicity in the reconstructed intensity corresponds to 

NA=0.87 (which corresponds to incorrect real space periodicity p=517 nm), which is 

the numerical aperture of the illumination from the LED in the third circular row of 

the digitally controlled HDC. This indicates that when the entire set of low resolution 

real space intensity that is processed using FPM image reconstruction algorithm does 

not have any information about the periodicity of the object under observation, and the 

incorrect periodicity appearing in the reconstructed intensity can be attributed to the 

illumination from the LEDs in the digitally controlled HDC. Also, this observation 

deserves some explanation regarding the achievable resolution for different rows of 

LEDs in the digitally controlled HDC. Note that the expected resolution limit when 

LED in the third row of the digitally controlled HDC corresponding to NAc=0.87 and 

an objective lens with NAo=0.8 would be pmin=271 nm. However, as seen in the 

discussion above, p=500 nm > pmin=271 nm is not revealed after the FPM image 

reconstruction with NAc=0.87 and NAc=0.97.  
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This conundrum can be solved by observing Fig. 4.5(c) which shows a sketch 

of expected location of the diffraction spots when different rows of the digitally 

controlled HDC are used to illuminate a periodic object under observation. Each row 

indicates the amount by which the diffraction orders would be shifted when inclined 

illumination corresponding to numerical aperture value indicated besides the line is 

used for illumination. The diffraction orders corresponding to the 500 nm periodicity 

are shown by red squares. Note that the when an objective lens with NAo=0.8 is used, 

the zeroth diffraction order is outside the numerical aperture of the objective lens 

(indicated by red lines) when the LEDs in the third and fourth circular row of the 

digitally controlled HDC are used. Moreover, the spatial periodicity p=500 nm 

corresponds to NA=0.9, which indicates that the separation between the consecutive 

diffraction orders in the Fourier plane. Consequently, when using only third and fourth 

circular row of the digitally controlled HDC, only first order diffraction spot appears 

in the Fourier plane image, and hence, in accordance with the Abbe’s theory of image 

formation, the periodicity p=500 nm is not revealed in the low resolution real plane 

images. This example clearly demonstrates when using inclined illumination from 

digitally controlled HDC, the range of periodicities that can be revealed when using 

inclined illumination at particular angle should be carefully considered.  

Figure 4.5 Images (a-b) are reconstructed images corresponding to p=500 nm period, 

for NAc=0.87 and 0.97. Image (c) shows the expected location of diffraction spots for 

different condenser numerical aperture values. [95, 100] 



Texas Tech University, Darshan Desai, December 2016 

56 

Resolution limit of the imaging setups using FPM technique 

 When all LEDs of the digitally controlled HDC are sequentially used for 

illumination (NAc up to ~1), if an objective lens with NAo=0.8 is used to collect the 

light transmitted through the two-dimensional periodic object under observation, the 

lower limit of the range of periodicity that should be observed can be determined to be 

approximately 250 nm. For the given objective lens, the Rayleigh resolution limit can 

be determined to be approximately 281 nm. Consequently, to determine if the FPM 

technique can resolve a spatial periodicity below the Rayleigh resolution limit using 

an objective lens with NAo=0.8, a two-dimensional periodic crystal with chromium 

pillars arranged in rectangular symmetry with periodicities px=270 nm and py=600 nm 

in mutually perpendicular directions was used. First, the periodic crystal was 

sequentially illuminated with all the LEDs in the first two circular rows of the digitally 

controlled HDC with NAc=0.58 and 0.73 respectively, to obtain the low resolution real 

plane images, which were processed using the FPM image reconstruction algorithm, 

and the corresponding reconstructed real plane image and Fourier plane image are 

shown in Figs. 4.6(a) and 4.6(b). As indicated in Fig. 4.5(c) showing the expected 

location of the diffraction spots, the low resolution real plane images obtained with the 

first two circular rows of the digitally controlled HDC should be able to resolve the 

py=600 nm periodicity as it is possible of the objective lens to capture at least two 

consecutive diffraction orders, but the px=270 nm periodicity cannot be resolved. 

Consequently, the as none of the low resolution real plane images used for FPM image 

Figure 4.6 FPM reconstructed images corresponding to (a-b) NAc=0.58 and 0.73, and 

(c-d) NAc=0.87 and 0.97. [100] 
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reconstruction contain any information about the px=270 nm periodicity, the 

reconstructed real plane image in Fig. 4.6(b) reveals only the py=600 nm periodicity, 

and the associated reconstructed Fourier plane image has only diffraction orders 

related to py=600 nm periodicity. Hence, it can be concluded that the FPM image 

reconstruction algorithm might not be able to resolve a periodicity that is smaller than 

the Rayleigh resolution limit.  

The experimental observation demonstrated in the above discussion can also 

be corroborated by computational simulations shown in Fig. 4.7. A hypothetical one-

dimensional periodic crystal with p=267 nm was considered for the simulations, and 

corresponding low resolution real plane intensity was calculated for inclined 

illumination with NAc=0.87 and 0.97, which corresponds to the third and fourth 

circular rows of the digitally controlled HDC, and observed using a dry objective lens 

with NAo=0.8. The reconstructed real space and Fourier space intensities obtained by 

processing these low resolution real space amplitude data using one-dimensional 

version of the FPM image reconstruction algorithm is shown in Figs. 4.7(a) and 

4.7(b). Note that although the reconstructed real space intensity is periodic, an 

incorrect periodicity of 459 nm can be determined from the incorrect location of the 

diffraction spikes in the corresponding reconstructed Fourier space intensity. Note that 

incorrect location of the diffraction spikes matches the diffraction spikes that appear 

from the LED in the fourth row of the digitally controlled HDC with NAc=0.97, which 

Figure 4.7 FPM reconstructed images for period p=267 nm that have an incorrect 

period of 459 nm in image (a), which can be verified by incorrect location of 

diffraction spikes at NA=0.97 in image (b). [95] 
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is significantly different from the expected NA=1.6875 associated with p=267 nm 

periodicity. This observation not only confirms that the FPM technique cannot resolve 

periodicity below the Rayleigh resolution limit, but also indicates why an incorrect 

periodicity appears in reconstructed images.  

As indicated in Fig. 4.5(c) showing the expected location of the diffraction 

spots, the LED in the third circular row of the digitally controlled HDC does not 

produce a diffraction order in the Fourier space that can be captured in objective lens 

with NAo=0.8. Hence, to determine if the diffraction order appearing in the Fourier 

space is created due to the illuminating LED, we reconsider the one-dimensional 

hypothetical periodic crystal with periodicity p=500 nm, and corresponding low 

resolution real plane intensity was calculated for inclined illumination with NAc=0.87 

and 0.97 that corresponds to the third and fourth circular rows of the digitally 

controlled HDC, respectively, and observed using a dry objective lens with NAo=0.8.  

However, for this study, the FPM image reconstruction algorithm began with 

calculating the simulated low resolution real space intensity using the LEDs in the 

fourth circular row of the digitally controlled HDC, which is then followed by LEDs 

in the third circular row of the digitally controlled HDC. The corresponding 

reconstructed real space intensity shown in Fig. 4.8(a) is periodic, but the periodicity 

that is determined from the corresponding Fourier space intensity shown in Fig. 4.8(b) 

Figure 4.8 FPM reconstructed images for period p=500 nm that have an incorrect 

period of 459 nm in image (a) when only simulated low resolution real space intensity 

corresponding to NAc=0.97 and 0.87 are used, which can be verified by incorrect 

location of diffraction spikes at NA=0.97 in (b). [95] 
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is 459 nm, which is associated with NAc=0.97 related to fourth circular row of the 

digitally controlled HDC. This confirms the observation made when the FPM image 

reconstruction algorithm begins with the third circular row of the digitally controlled 

HDC in Fig. 4.5(b) that the incorrect diffraction spikes appearing in the reconstructed 

intensity correspond to the illumination from the LEDs used to obtain the low 

resolution intensity using which the algorithm begins.  

In order to investigate this further, the first few steps of the FPM image 

reconstruction process have to be studied, as shown in Fig. 4.9. The FPM image 

reconstruction algorithm begins by considering that the amplitude and phase in the 

real space is uniformly one and zero, respectively. The low resolution real space 

intensity and phase shown in Figs. 4.9(a) and 4.9(b) is calculated from the shifted low-

pass filtered Fourier space, as shown in equation (4.3). The intensity and phase of 

Fourier space shown in Figs. 4.9(c) and 4.9(d) is calculated after the information in the 

simulated low resolution intensity is inserted in the reconstruction process, as shown 

in equation (4.5). Now, the Fourier space intensity has to be shifted back to location of 

the wave-vector corresponding to illuminating LED, as indicated in equation (4.7). As 

the diffraction spike is located at k=0 in Fig. 4.9(d), after shifting the by -kj (which is -

0.87 in numerical aperture units), the diffraction peak gets shifted to k=-kj=-0.87, 

which is the wave-vector corresponding to illuminating LED, which causes the 

incorrect periodicity in the reconstructed real space and Fourier space intensity. On the 

other hand, the low resolution intensity and corresponding phase (that is not measured 

in the experimental process) is shown in Figs. 4.9(e) and 4.9(f), and the intensity and 

phase of Fourier space shown in Figs. 4.9(g) and 4.9(h) is calculated after the 

information in the simulated low resolution intensity and phase is inserted in the 

reconstruction process, as shown in equation (4.5). Note that on using the correct 

phase, the diffraction spike is now located at NA=-0.03, and hence, on shifting the 

intensity back by wave-vector of the LED used for illumination (-kj=-0.87 in 

numerical aperture units), the diffraction spike gets shifted to NA=-0.9, which 

corresponds to correct periodicity of p=500 nm, hence resulting in the correct 

periodicity in the reconstructed real space and Fourier space intensity. Also, as the low 

resolution real space amplitude is constant, the information of the required shift of the 
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Fourier space is entirely in the phase in the real plane. However, phase is not measured 

during experimental data-acquisition, and consequently, FPM technique cannot be 

expected to reveal any spatial periodicity of a single periodic structure that is smaller 

than the Rayleigh resolution limit.  

However, recently, there have been several reports indicating that the 

resolution achieved using FPM technique can be better than the Rayleigh resolution 

limit [83, 92]. In order to solve this conundrum, the object under observation was 

considered to have multiple periodic structures: p1=267 nm, p2=400 nm and p3=667 

nm, and then the steps of FPM image reconstruction were studied. The corresponding 

intensity and phase that serves as object under observation is as shown in Fig. 4.10(a) 

and 4.10(b). The low resolution real space intensities that correspond to sequential 

illumination using all wave-vector values LEDs of digitally controlled HDC and light 

acquisition using an objective lens with NAo=0.8 are calculated, and then they are 

processed using FPM image reconstruction algorithm.  

Figure 4.9 Low resolution real space and corresponding Fourier space intensity and 

phase in the initial steps of FPM process is shown in images (a-d). On using correct 

phase shown in (f) that is obtained from simulations, the initial shift in Fourier space 

results in correct location of diffraction spike at the end of iteration. [95] 
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The reconstructed real space and Fourier space intensity and phase are shown 

in Figs. 4.10(c-d) and 4.10(e-f). The correctness of the periodicity appearing in the 

reconstructed real space intensity shown in Fig. 4.10(c) can be verified from the 

correct location of the first order diffraction spikes in the reconstructed Fourier space 

intensity shown in Fig. 4.10(d), which is found to be at 0.675 (corresponding second 

order diffraction spike is at 1.35), 1.125, and 1.6875, respectively. This indicates that 

in the FPM technique, the presence of the larger spatial periodicities in the object 

under observation helps in resolving the periodicities that are smaller than the 

Rayleigh resolution limit.  

Fig. 4.10(g) shows the real space intensity as the FPM image reconstruction 

algorithm begins processing the low resolution real space intensity corresponding to 

NAc=0.87. Note that the magnitude of the initial shift of the Fourier space intensity can 

be determined to be Δ = ∓[𝜆 𝑝⁄ − 𝑁𝐴𝑐] = ∓
𝜆
Φ⁄ , where Φ is the periodicity of the 

Figure 4.10 Images in (a, b) show real space intensity and phase that serves as the 

object under observation. The corresponding FPM reconstructed real space intensity 

and phase is shown in images (c-d). Images (e-h) show the beginning of the process 

for NAc=0.87 in the first iteration of the FPM reconstruction process. [95] 
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unmeasured real space phase shown in Fig. 4.10(h), and the negative (positive) sign 

occurs when the illumination wave-vector is positive (negative). Thus, the initial shift 

is determined to be -0.255 for p2=400 nm periodicity. The FPM image reconstruction 

algorithm should be able to calculate the initial shift as the periodicity p2=400 nm is 

larger than Rayleigh resolution limit. Hence, when the Fourier space is shifted back by 

numerical aperture of the illuminating LED, the diffraction order gets relocated to -

0.255-0.87=-1.125, which corresponds to p2=400 nm periodicity. Note that the initial 

shift has to be applied to the entire Fourier space, and thus, the presence of spatial 

periodicity that is larger than the Rayleigh resolution limit helps the algorithm to 

reveal the periodicities that are smaller than the Rayleigh resolution limit. 

Consequently, the p1=267 nm periodicity of reconstructed real space intensity shown 

in Fig. 4.10(c) appears to have been calculated correctly by the FPM image 

reconstruction algorithm.  

Convergence of the FPM image reconstruction algorithm 

As per the study of the FPM technique presented in the preceding sections, the 

performance of the FPM image reconstruction algorithm depends on whether the 

object being observed contains single or multiple periodicities, and whether these 

periodicities are larger or smaller than the Rayleigh resolution limit. The convergence 

of the FPM image reconstruction algorithm can be determined from the mean squared 

error metric, that compares the finally reconstructed real plane image with the 

perfectly periodic intensity that serves as an object under illumination [93-94]. The 

normalized mean-squared error metric of the DSM image reconstruction algorithm 

was calculated at the end of every iteration of FPM image reconstruction algorithm for 

up to 600 iterations, and the average value for all considered periodicities were 

determined to be as shown in Fig. 4.11.  

First, the average value of normalized mean-squared error metric was 

calculated for one-dimensional FPM image reconstruction simulations that were 

conducted for thousands of periodic crystals whose periods were larger than the 

Rayleigh resolution limit corresponding to illumination pass band of NAo=0.8 (300 nm 

< p < 600 nm). As shown in Fig. 4.11(a), the FPM image reconstruction algorithm 
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converges correctly for objects with single spatial periodicity that is larger than the 

Rayleigh resolution limit within a couple of iterations. Then, the average value of 

normalized mean-squared error metric was calculated for one-dimensional FPM image 

reconstruction simulations that were conducted for thousands of periodic crystals 

whose periods are smaller than the Rayleigh resolution limit corresponding to 

illumination pass band of NAo=0.8 (260 nm < p < 280 nm).  

As shown in Fig. 4.11(b) the FPM image reconstruction algorithm converges 

very quickly to an incorrect periodicity for objects with single spatial periodicity that 

is smaller than the Rayleigh resolution limit. This confirms that the FPM technique is 

a near diffraction-limited technique in photonic crystal imaging applications when the 

field-of-view contains a single spatial periodicity.  

  

Figure 4.11 Convergence of the FPM image reconstruction algorithm. Average 

normalized mean-square error metric for thousands of periodicities in the following 

ranges (a) 300 nm < p < 600 nm, and (b) 260 nm < p < 280 nm, for numerical aperture 

value of NAo=0.8 corresponding to the objective lens. [95] 
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CHAPTER 5  

 

DUAL-SPACE MICROSCOPY USING HEMISPHERICAL 

DIGITAL CONDENSERS 

 

The variable illumination provided by digitally controlled hemispherical digital 

condensers (HDCs) permits implementation of phase retrieval techniques like the 

Fourier Ptychographic Microscopy (FPM) technique that provide enhanced resolution 

due to large synthetic numerical aperture with simultaneous phase recovery. In 

comparison to the conventional snap-shot imaging techniques, the FPM technique 

allows relatively higher throughput, which can be quantified in terms of the space-

bandwidth product. However, FPM technique is based on processing the low 

resolution real plane intensity images, which do not contain any information about all 

the periodicities of the object under observation that are smaller than that 

corresponding to the Rayleigh resolution limit. Consequently, the FPM technique 

remains near diffraction-limited for photonic crystal imaging applications [95].  

Both real space and the Fourier space possess equal amount of information of 

the complex optical disturbance in an imaging planes [83, 90, 96]. However, the 

conventional imaging sensors couples to the imaging setups do not measure phase of 

the complex optical disturbance. Moreover, as seen in the previous chapter, when the 

spatial periodicity is smaller than that corresponding to the Rayleigh resolution limit, 

the information about the periodicity is located in the unmeasured phase in the real 

plane. Hence, when imaging spatial periodicities below the diffraction limit, the real 

plane images are not equivalent to the Fourier plane images.  

When using digitally controlled HDC to illuminate a periodic object with a 

spatial periodicity that is smaller than that corresponding to Rayleigh resolution limit, 

the separation between the diffraction orders in the Fourier space is larger than the 

numerical aperture of the light-collecting objective lens used in the imaging setup 

[81]. Hence, no two consecutive diffraction orders ever appear simultaneously in the 
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back focal-plane of the objective lens. The inclined illumination from the digitally 

controlled HDC causes the zeroth order diffraction feature to remain outside the 

numerical aperture of the objective lens, so that the first diffraction order can be 

captured. Thus, the Fourier space has some information about the spatial periodicity 

that is smaller than the Rayleigh resolution limit. However, corresponding real plane is 

has a constant intensity corresponding to the diffraction order that appears in the back 

focal-plane of the objective lens, and hence, it does not have any information about the 

associated spatial periodicity of the object. This phenomenon is in accordance with the 

Abbe’s theory of image formation, which states that unless two consecutive diffraction 

orders appear in the back-focal plane of the light collecting objective lens, the 

information about the spatial periodicity of an object will not appear in the real plane 

of the imaging setup. In a way, this indicates that the back focal-plane image of the 

objective lens has more information than the real plane image. Hence, in order to 

overcome the diffraction-limited performance of the FPM technique, the Fourier plane 

images corresponding to the experimentally acquired low resolution real plane images 

can be used in the reconstruction algorithm. In the following chapter, a recently 

proposed phase retrieval technique called Dual Space Microscopy (DSM) has been 

discussed [96, 97], which is based on numerically processing the experimentally 

acquired low resolution real plane images and corresponding Fourier plane images to 

construct an image with enhanced resolution, while simultaneously recovering the 

phase that is lost during experimental acquisition of images.  

Implementation of Dual Space Microscopy technique 

The experimental setup for the DSM technique is similar to the experimental 

setup for FPM technique that is shown in Fig. 4.1(a) in the previous chapter. The 

digitally controlled HDC is used to illuminate the object under observation at various 

angles, and the corresponding real plane and back focal-plane images are 

simultaneously recorded by the cameras. These experimentally acquired images are 

then processed using the DSM image reconstruction algorithm, which begins by 

assuming that the intensity and the phase of the light transmitted through the object 

under observation is uniformly one and zero, respectively, whose corresponding 

Fourier space would be as shown in the equation below (in the beginning, 𝜐 = 0): 
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 𝑍0 = 𝐴(�⃗� )𝑒
𝑖𝜑(�⃗� ) = 𝒻[𝑎(𝑟 )𝑒𝑖𝜐(𝑟 )] (5.1) 

A low-pass filter corresponding to the numerical aperture of the objective lens 

used for experimental data-acquisition (W) is applied to the reconstructed image, after 

the image is shifted towards the center of the Fourier plane by the amount 

corresponding to the wave-vector of the illuminating LED (kj), as shown in the 

equation below: 

 𝐵(�⃗� )𝑒𝑖𝜙(�⃗� ) = 𝑊 ∙ [𝐴(�⃗� − �⃗� 𝑗)𝑒
𝑖𝜑(�⃗� −�⃗� 𝑗)] (5.2) 

At this step, the DSM technique differs from the FPM technique: the 

information in the experimentally acquired Fourier plane images is added to the image 

reconstruction process, as shown below: 

 𝐵(�⃗� )𝑒𝑖𝜙(�⃗� )
   𝑅𝑒𝑝𝑙𝑎𝑐𝑒 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒   
→                𝐵𝑒𝑥𝑝(�⃗� )𝑒

𝑖𝜙(�⃗� ) (5.3) 

Using two-dimensional Fast Fourier Transform (FFT) function, the amplitude 

in the corresponding low resolution real plane image is replaced by the amplitude of 

the experimentally acquired image to add the experimentally acquired “information”, 

as shown in the equations below:  

 𝑏(𝑟 )𝑒𝑖𝜒(𝑟 ) = 𝒻−1 [𝐵𝑒𝑥𝑝(�⃗� )𝑒
𝑖𝜙(�⃗� )] (5.4) 

 𝑏(𝑟 )𝑒𝑖𝜒(𝑟 )
   𝑅𝑒𝑝𝑙𝑎𝑐𝑒 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒   
→                𝑏𝑒𝑥𝑝(𝑟 )𝑒

𝑖𝜒(𝑟 ) (5.5) 

Then, the data is transformed back to the Fourier plane using two-dimensional 

inverse FFT function, and is low-pass filtered to only include the amount that can be 

captured by objective lens, and then shifted back to the location corresponding to the 

location of the wave-vector of the illuminating LED, as shown in the equations below: 

 𝑐(�⃗� )𝑒𝑖𝜓(�⃗� ) = 𝒻[𝑏𝑒𝑥𝑝(𝑟 )𝑒
𝑖𝜒(𝑟 )] (5.6) 

 𝐷(�⃗� )𝑒𝑖𝜃(�⃗� ) = 𝑊 ∙ [𝑐(�⃗� + �⃗� 𝑗)𝑒
𝑖𝜓(�⃗� +�⃗� 𝑗)] (5.7) 

The information already present in the Fourier space that is being reconstructed 

is given by the following equation, which can be derived from equation (5.2):  
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 𝐸(�⃗� )𝑒𝑖𝜗(�⃗�
 ) = 𝐵(�⃗� + �⃗� 𝑗)𝑒

𝑖𝜙(�⃗� +�⃗� 𝑗) (5.8) 

Hence, the “new information” from the updated data is added to the 

reconstructed Fourier plane image as shown in the equation below: 

 𝑍 = 𝑍0 + 𝛽 ∙ [𝐷(�⃗� )𝑒
𝑖𝜃(�⃗� ) − 𝛾𝐸(�⃗� )𝑒𝑖𝜗(�⃗� )] (5.9) 

In the above equation, β and γ are image update parameters that can be 

adjusted between 0 and 1 for finer image reconstruction. For the simulations discussed 

in this chapter, the image update parameters β and γ are set to 1 and 0, respectively. 

Finally, after updating the reconstructed Fourier plane image, the reconstructed real 

plane intensity and corresponding phase are obtained using two-dimensional FFT 

function. Note that for subsequent pairs of the low resolution real plane image and the 

corresponding back focal-plane image to be processed, the new 𝑍0 = 𝑍. These steps 

are repeated until all the experimentally acquired “information” in the low resolution 

real plane images and corresponding back focal-plane images is systematically added 

to the reconstructed image, which constitutes a single iteration of the DSM algorithm. 

The DSM algorithm is expected to converge after several iterations.  

Computational simulations can also be performed to understand the DSM 

technique [97]. The process to create the low resolution real space intensity and 

Fourier space intensity corresponding to limited angular-acquisition of transmitted 

light is similar to that in the simulations for the FPM technique shown in the previous 

chapter. Fig. 5.1(a) show the two-dimensional periodic crystal with periodicities 

px=300 nm and py=500 nm in mutually perpendicular directions, which has been 

created using computational simulations, and the corresponding Fourier space is 

shown in Fig. 5.1(b). This pair of real and Fourier space serves as the hypothetical 

object for simulations that mimic actual experimental acquisition. The simulated low 

resolution intensity in real space and corresponding Fourier space shown in Fig. 5(c) 

and 5(d) are generated for NAc=0.97 using the method described in the previous 

chapter for all wave-vector values corresponding to the illumination from LEDs in the 

digitally controlled HDC, and NAo=0.8.  
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Figs. 5(e) and 5(f) show real space and Fourier space that is reconstructed by 

processing all the simulated low resolution intensity in real space and corresponding 

Fourier space using the DSM image reconstruction algorithm. The periodicity of the 

object is clearly visible in the reconstructed real space, and the correctness of the 

periodicity can be verified from the location of the first order diffraction spots at 

𝜆
𝑝𝑥⁄ = 1.5 and 𝜆 𝑝𝑦⁄ = 0.9 in the reconstructed Fourier space. As discussed 

previously, this clearly demonstrates the sub-wavelength resolution imaging capability 

of the DSM technique.  

The sub-wavelength resolution imaging capability of the DSM technique can 

also be demonstrated experimentally. For this, the low resolution real plane images 

Figure 5.1 (a) is RP image that serves as the object, and (b) is the corresponding FP 

image. (c-d) is a pair of simulated low resolution RP image and corresponding FP 

image obtained using NAc=0.97. (e-f) is a pair of reconstructed RP image and 

corresponding FP image obtained from processing simulated images. (g-h) is a pair of 

experimentally acquired low resolution RP image and corresponding FP image 

obtained using NAc=0.97. (i-j) is a pair of reconstructed RP image and corresponding 

FP image obtained from processing experimental images. [97] 
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and the corresponding Fourier plane images of two-dimensional periodic crystal of 

chromium pillars with px=300 nm and py=500 nm were acquired using a dry objective 

lens with NAo=0.8 for all LEDs of the digitally controlled HDC. For comparison, a 

pair of low resolution real plane image and corresponding Fourier plane image 

acquired using NAc=0.97 illumination from LED of the digitally controlled HDC are 

shown in Figs. 5.1(g) and 5.1(h). The experimentally acquired low resolution real 

plane images and corresponding Fourier plane images were processed using DSM 

image reconstruction algorithm, and the corresponding pair of reconstructed real plane 

image and Fourier plane image is shown in Fig. 5.1(i) and 5.1(j). Clearly, the 

diffraction orders produced by the illumination from the LEDs in the digitally 

controlled HDC are much larger in comparison to the diffraction orders appearing in 

the simulated images. This indicates that the plane-wave approximation in the imaging 

techniques like FPM and DSM is an approximation to the actually emitted divergent 

beam of light. Moreover, this also reduces the field of view (FOV) in the real plane in 

terms of the intrinsic condenser numerical aperture of the LEDs (NALED) as follows: 

 𝐹𝑂𝑉 =
(𝜆 𝑁𝐴𝐿𝐸𝐷
⁄ )

2𝜋
 

(5.10) 

Using the Fourier plane images corresponding to the experimentally acquired 

low resolution real plane images, the condenser numerical aperture of the illumination 

from LEDs was determined to be approximately 0.05, which corresponds to FOV of 

approximately 1.4 µm, which is in good correspondence with the field-of-view of the 

reconstructed real plane image shown in Fig. 5.1(i), which is shown with a red-colored 

circumference.  

Figure 5.2 Pairs of reconstructed RP and FP images obtained using (a-b) simulated 

images, and (c-d) experimentally acquired images. [97] 
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Fig. 5.2(a-b) shows the pair of real space and Fourier space images that are 

reconstructed using the simulated images showing the low resolution real space 

intensity and corresponding Fourier plane intensity that were generated using the 

wave-vector values corresponding to the third and fourth circular rows of the digitally 

controlled HDC (NAc=0.87 and 0.97) in the DSM image reconstruction algorithm. As 

the wave-vector values are larger than the low-pass filter associated with limited 

angular-acquisition of the objective lens, this simulation corresponds to imaging in 

dark-field configuration. Fig. 5.2(c-d) shows the pair of real plane and Fourier plane 

images that are reconstructed using the low resolution real plane images and 

corresponding Fourier plane images that are experimentally acquired in dark-field 

configuration using the third and fourth circular rows of the digitally controlled HDC 

(NAc=0.87 and 0.97) in the DSM image reconstruction algorithm. The red 

circumference shows the effective FOV in the reconstructed real plane intensity image 

shown in Fig. 5.2(c). This demonstrates that the DSM image reconstruction algorithm 

can reveal the periodicity of the object when the experimental low resolution real 

plane images and corresponding Fourier plane images are obtained in the dark-field 

configuration.  

Super-resolution imaging of periodic crystals using DSM technique 

As mentioned in the previous chapter, the Rayleigh resolution limit of the 

experimental setup used for DSM technique that uses objective lens with numerical 

aperture NAo=0.8 is approximately 281 nm. However, for inclined illumination from 

the fourth circular row of the digitally controlled HDC (NAc=0.97), the minimum 

resolvable periodicity is determined to be approximately 254 nm. Hence, simulated 

low resolution real space images and corresponding Fourier space images were 

generated for periodic crystal with periodicities px=270 nm and py=600 nm in mutually 

perpendicular directions for all wave-vector values that correspond to illumination 

from LEDs of the digitally controlled HDC, and were processed using the DSM image 

reconstruction algorithm. As seen in the Fig. 5.3(a) showing the reconstructed real 

space image, both periodicities of the object under observation are clearly resolved, 

and the correctness of the periodicity can be easily verified from the location of the 
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first order diffraction orders at 𝜆 𝑝𝑥⁄ = 1.6875 and 𝜆 𝑝𝑦⁄ = 0.75 reconstructed Fourier 

space image shown in Fig. 5.3(b). In order to experimentally verify if the DSM 

technique can be implemented for super-resolution, a two-dimensional periodic crystal 

of chromium pillars that are distributed in rectangular symmetry with periodicities 

px=270 nm and py=600 nm in mutually perpendicular directions was used as object 

under observation.  

Figs. 5.3(c-d) show the reconstructed real plane and Fourier plane images that 

were obtained by processing all the experimentally acquired low resolution real plane 

images and corresponding Fourier plane images. Unlike the simulations, the 

reconstructed real plane image obtained from the experimentally acquired images has 

two undesirable features: (1) small field of view – which can be attributed to the 

divergent illumination from the LEDs of the digitally controlled HDC, and (2) poor 

contrast – which can be attributed to the noise appearing in the experimentally 

acquired images due to reflections from the internal surface of the dome of the 

digitally controlled HDC. The effect of reflections can be identified from the noise 

appearing in the reconstructed Fourier plane image shown in Fig. 5.3(d).  

In order to confirm this observation, we removed the noise from the 

experimentally acquired Fourier plane images using simple image masking 

Figure 5.3 Pairs of reconstructed RP and FP images obtained from (a-b) simulated 

images, (c-d) experimentally acquired RP and FP images, and (e-f) experimentally 

acquired RP and FP images that were processed to remove noise related to reflections 

from the inner surface of the digitally controlled HDC source. [97] 
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procedures, and used the resulting post-processed images in the DSM image 

reconstruction algorithm. The resulting reconstructed real plane image with relatively 

better contrast that is shown in Fig. 5.3(e), and the relatively “cleaner” reconstructed 

Fourier plane image shown in Fig. 5.3(f) are clearly indicating that the poor contrast in 

the reconstructed images shown in Figs. 5.3(c-d) can be attributed to the noise in the 

experimentally acquired images because of the reflections from the internal surface of 

the dome of the digitally controlled HDC. This undesirably small field-of-view can be 

made larger by replacing the LEDs with a Laser illumination source that can provide 

nearly plane-wave illumination, in the conventional design of the digitally controlled 

HDC, which should result in very narrow diffraction spots in the experimentally 

acquired Fourier plane images.  

Convergence of the DSM image reconstruction algorithm 

 In this section, the convergence of the DSM image reconstruction algorithm is 

discussed using the simpler and faster one-dimensional version of the conventional 

two-dimensional version discussed in the above sections, and the corresponding 

results are shown in Figs. 5.4, 5.5, and 5.6. Using a low-pass filter with NAo=0.8 

corresponding to the limited angular-acquisition of the objective lens was used to 

generate the low resolution real space and corresponding Fourier space intensity, 

which was then processed using the DSM image reconstruction algorithm.  

Thousands of periodicities of crystals were analyzed to study the convergence 

DSM image reconstruction algorithm, which can be classified into three groups: (1) 

single spatial periodicity that is larger than the Rayleigh resolution limit (300 nm < p < 

Figure 5.4 (a) Average normalized mean-squared error-metric for Group 1. (b-c) 

Reconstructed real space and Fourier space for p=500 nm from Group 1. [96] 
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600 nm), (2) single spatial periodicity that is smaller than the Rayleigh resolution 

limit, but larger than the resolution achieved by the fourth circular row of the digitally 

controlled HDC (260 nm < p < 280 nm), and (3) multiple spatial periodicities: with 

two periodicities being larger than the Rayleigh resolution limit (300 nm < p < 600 

nm), and one periodicity being smaller than the Rayleigh resolution limit but larger 

than the resolution achieved by the fourth circular row of the digitally controlled HDC 

(260 nm < p < 280 nm).  

Using these three groups of periodic crystals, the convergence of the DSM 

image reconstruction algorithm at the end of every iteration was quantified in terms of 

the normalized mean-squared error metric up to 600 iterations using the formulation 

that has been suggested in Ref. [93]. The low-pass filter corresponding to the limited 

angular-acquisition of the objective lens was NAo=0.8. 

Fig. 5.4(a) shows the average value of the normalized mean-squared error 

metric for each iteration of DSM image reconstruction algorithm used for thousands of 

periodicities in Group 1 that have a single spatial periodicity that is larger than the 

Rayleigh resolution limit (300 nm < p < 600 nm), which shows that the DSM image 

reconstruction algorithm rapidly converges to approximately zero for this set of 

periodicities. It is not possible to show the reconstructed real space for all the 

periodicities that were considered for simulations, however, reconstructed real and 

Fourier space for periodicity p=500 nm has been shown in Figs. 5.4(b) and 5.4(c). 

Figure 5.5 (a) Average normalized mean-squared error-metric for Group 2. (b-c) 

Reconstructed real space and Fourier space for p=267 nm from Group 2. [96] 
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Note that the real space reconstructed has the correct periodicity, which can be 

verified from correct location of the first order diffraction spikes at 𝜆 𝑝⁄ = 0.9.  

Likewise, for Group 2 with single spatial periodicity that is smaller than the 

Rayleigh resolution limit, but larger than the resolution achieved by the fourth circular 

row of the digitally controlled HDC (260 nm < p < 280 nm), the DSM image 

reconstruction converges rapidly to the correct periodicity, as shown in Fig. 5.5(a). An 

example of the reconstructed real space obtained for a single periodicity of p=267 nm 

shown in Fig. 5.5(b) reveals that the periodicity was reconstructed correctly, which 

can be verified from first order diffraction spikes appearing at 𝜆 𝑝⁄ = 1.6875 in the 

reconstructed Fourier space shown in Fig. 5.5(c). Note that FPM image reconstruction 

algorithm does not converge to correct single spatial periodicity when the period is 

smaller than the Rayleigh resolution limit, but larger than the resolution achieved by 

the fourth circular row of the digitally controlled HDC.  

Lastly, for Group 3 with multiple spatial periodicities with two periodicities 

being larger than the Rayleigh resolution limit (300 nm < p < 600 nm), and one 

periodicity being smaller than the Rayleigh resolution limit but larger than the 

resolution achieved by the fourth circular row of the digitally controlled HDC (260 nm 

< p < 280 nm), the DSM image reconstruction algorithm converges at approximately 

200 iterations, as shown in Fig. 5.6(a). The example shown from Group 3 has three 

Figure 5.6 (a) Average normalized mean-squared error-metric for Group 3. (b-c) 

Reconstructed real space and Fourier space for p1=267 nm, p2=400 nm, and p3=667 

nm, which belongs to Group 3. [96] 
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spatial periodicities: 267 nm, 400 nm, and 667 nm, and the reconstructed real space 

and Fourier space are shown in Figs. 5.6(b) and 5.6(c). Note that the correct location 

of the first order diffraction spikes at 0.675, 1.125, and 1.6875 appearing in the 

reconstructed Fourier space shown in Fig. 5.6(c) indicates that the reconstructed real 

space shown in Fig. 5.6(b) has converged correctly.  
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CHAPTER 6  
 

CONCLUSION 

 

This dissertation is focused on various techniques of high lateral resolution 

microscopy of photonic crystals. Optical characterization techniques have made 

tremendous progress over the last few centuries, which can be attributed to 

advancement in fabrication techniques and numerical processing techniques.  

The study of the Ultra-Thin Condensers presented in Chapter II reveals the use 

of plasmonic and total internal reflection related evanescent surface waves for 

observing the object under observation with highly inclined illumination. The imaging 

structures discussed in this chapter were revealed as optical condensers for the first 

time. These optical condensers are several orders of magnitude smaller than the bulky 

conventional design of optical condensers that contains different types of optical and 

mechanically moving parts. Also, these Ultra-Thin Condensers are demonstrated to be 

capable of achieving true sub-wavelength resolution. As these optical condensers have 

shallow depth of penetration in to the dielectric layer, they are ideal for optical 

characterization of two-dimensional periodic crystals and nanomaterials. The Non-

plasmonic Ultra-Thin Condensers based on total internal reflection related evanescent 

waves can be fabricated easily, and provide a cost-effective technique for sub-

wavelength imaging. Plasmonic Ultra-Thin Condensers have an excellent potential for 

achieving super-resolution in the future when an appropriate high refractive index 

dielectric layer is used in combination with the metal layer. Moreover, the limitations 

brought about by the imaging optics can be removed using direct (lensless) 

observation techniques.  

Chapter III reveals the mysterious condenser-like behavior of the wet-

mounting setups that are commonly used in biological imaging laboratories. The 

“simplest possible microscope condenser” structure and the coverslip-sandwich 

condenser structure are shown to provide true sub-wavelength imaging capability for 

observation. The origin of the condenser-like behavior and several important 

characteristics of such optical condensers are revealed using a series of experimental 
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results and computational simulations. It is shown that these optical condensers are 

formed due to the light getting scattered at the inner edge of the top aperture of the oil-

immersion objective lens and gets reflected back to the object under observation from 

the surface of the top semi-spherical lens, thus illuminating the object under 

observation with total internal reflection related evanescent surface waves, or by 

reflection from the top surface of the imaging structure. Moreover, the geometry of the 

condensers used for this purpose are shown to permit formation of an optical cavity, 

which enhances the efficiency of these condensers. These optical condensers are also 

shown to be easily reconfigured by altering the spacer thickness in case of coverslip-

sandwich condenser structures, and by depositing a large drop of low boiling point 

liquid over the “simplest possible condenser” structure and coverslip-sandwich 

structure to provide variable numerical aperture. Along with this, an add-on optical 

module is presented, which not only assists in revealing the origin of the condenser-

like behavior, but also capable for optical detection of two-dimensional periodic 

crystals with a resolution that is approximately eight times smaller than the Rayleigh 

resolution limit of the imaging setup. The circular condenser rings appearing in the 

back-focal plane of the objective lens used for observation can be used in combination 

with phase-retrieval techniques for deep sub-wavelength resolution. 

Most of the techniques require special sample preparation to achieve high 

resolution imaging. However, numerical processing techniques can be used to 

reconstruct high resolution images by processing the acquired low resolution images. 

Chapter IV discusses the performance of the Fourier Ptychographic Microscopy, a 

phase-retrieval imaging technique, which is known to provide deep sub-wavelength 

resolution capability by “stitching” a large synthetic numerical aperture by using the 

experimentally acquired low resolution real image images, while simultaneously 

acquiring the unmeasured real plane phase. Using experimental results and 

computational simulations, it is revealed that Fourier Ptychographic Microscopy 

technique cannot image structure with a single spatial periodicity along mutually 

perpendicular directions that is smaller than the Rayleigh resolution limit. This is in 

contrast with the reported experimental results of super-resolution imaging of non-

periodic objects using Fourier Ptychographic Microscopy technique. Also, using 
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experimental results and computational simulations of an object with a mixture of 

periodicities, it is demonstrated how the spatial periodicity larger than Rayleigh 

resolution limit assists in revealing the spatial periodicity that is smaller than Rayleigh 

resolution limit. Chapter V reveals more recently proposed Dual-Space Microscopy 

technique, which processes both low resolution real plane intensity images and 

corresponding Fourier plane intensity images with low numerical aperture to “stitch” a 

large synthetic numerical aperture, while simultaneously recovering the unmeasured 

phase. Using experimental results and computational simulations, is demonstrated that 

when an object with single spatial periodicity that is less than Rayleigh resolution limit 

is illuminated with inclined light, the information of the spatial periodicity is not 

present in the real plane intensity image, however, the Fourier plane intensity image 

may have diffraction order spot corresponding to the periodicity. Dual-Space 

Microscopy technique incorporates this information of the periodicity from the Fourier 

plane intensity image. Using experimental results and computational simulations it is 

demonstrated that the Dual-Space Microscopy technique has super-resolution 

capability, and can be used to overcome the limitation of Fourier Ptychographic 

Microscopy technique. Also, a preliminary study of convergence of the Dual-Space 

Microscopy technique and Fourier Ptychographic Microscopy technique are presented 

using one-dimensional simulations, which indicates that the Dual-Space image 

reconstruction algorithm converges to correct periodicity after few iterations, even for 

periodicities smaller than the Rayleigh resolution limit.  

The phase retrieval imaging techniques demonstrated in Chapter IV and V use 

the digitally controlled Hemispherical Digital Condensers for obtaining low resolution 

real plane images, and corresponding Fourier plane images with a low numerical 

aperture. Unlike the plane-wave approximation used in simulations, the LEDs of the 

source are found to emit a divergent beam of light. It is demonstrated that this 

divergent emission is the cause for small field-of-view in the reconstructed images in 

Dual-Space Microscopy technique. This undesirable feature can be removed using a 

Laser-based inclined-illumination source that can provide a much smaller condenser 

numerical aperture that can result in larger field-of-view [97, 98]. Unlike single-shot 

imaging methods, phase-retrieval imaging methods like Fourier Ptychographic 
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Microscopy and Dual-Space Microscopy are numerically intensive. As large number 

of images have to be acquired and processed when using these methods, real-time 

imaging of samples becomes difficult. One of the ways to overcome this limitation is 

to combine some of the experimentally acquired Fourier plane images, and then 

process that set with reduced number of images. Such spatial-multiplexing of images 

acquired by adjacent LEDs has been proposed for Fourier Ptychographic Microscopy 

technique [99]. However, this only reduces the number of images to be acquired by 

50%. Instead, we are working on using the entire row of LEDs in Hemispherical 

Digital Condensers to illuminate the sample, and use the images acquired by 

illuminating the object with different rows of Hemispherical Digital Condensers, 

which can significantly reduce the number of images to be processed – for example, 

for the Hemispherical Digital Condensers used in Chapter IV and V, the number of 

image-acquisitions would reduce from 128 images to 8 images. Moreover, on 

achieving this, variable optical condensers formed in the wet-mounting setup could be 

utilized for real-time imaging. 
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