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ABSTRACT 

 

At the current age of miniaturization there is a constant demand of viewing structures of 

ultra-small dimensions. The existing imaging techniques to view these structures use 

imaging source of light of small wavelength for example, X-ray imaging or electron 

microscope etc. These methods are expensive, intricate, time-consuming  and most 

importantly abrasive to the sample. That is why, the field of sub-wavelength resolution 

microscopy has gained a lot of attention in past few years. 

       In this work an Electronically Controlled hemi-spherical Condenser (ECC) both in 

visible and near infra-red spectrum is presented for the first time. This condenser has 

many advantages over its counterparts. It was used to implement several super-resolution 

techniques such as, Fourier Plane Imaging Microscopy (FPIM), Fourier Ptychographic 

Microscopy (FPM) and Dual Space Microscopy (DSM). The unprecedented work of 

using FPM to image photonic crystals was done and it was found that for a single 

periodicity the method fails to go below the Rayleigh resolution limit. FPM, which is a 

relatively new technique, is also implemented outside the visible spectrum for the first 

time. On the other hand, DSM was introduced in this work, where the resolution barrier 

can be crossed for photonic crystals.    
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GLOSSARY OF TERMS 

 

RP/FP    Real Plane/Fourier Plane 

BFP       Back Focal Plane 

BPF       Band Pass Filter 

NA      Numerical Aperture (NAo-objective, NAc-Condenser, NAs-Synthetic) 

FT          Fourier Transform 

ECC       Electronically Controlled Hemispherical Condenser 

LED       Light Emitting Diode 

NIR        Near Infra-Red 

SPP        Surface Plasmon Polariton 

FPM       Fourier Ptychographic Microscopy 

FPIM     Fourier Plane Imaging Microscopy 

DSM      Dual Space Microscopy 

FOVDSM Field Of View of Dual Space Microscopy 

p             Period of Cr pillars (px- period in horizontal direction, py-period in vertical 

direction) 

PC          Photonic Crystal 
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CHAPTER 1 

INTRODUCTION 

 

Microscopes have been an integral part of scientific development since 19th century. 

Ernst Abbe in the year 1873, was the first scientist to point out that any microscope is 

incapable of capturing some very details of any given image. The diffractive nature of 

light poses a fundamental limitation on the resolution of electromagnetic wave-based 

imaging systems. When two points of light are imaged, then the smallest separation at 

which the two points can be discerned is the limit of resolution. This fundamental limit of 

resolution of an optical system can be traced back to Heisenberg's uncertainty principal. 

The well known uncertainty equation for photons is given by,   Δx Δp> h , where Δx is the 

uncertainty in position of the photon and Δp is the uncertainty in momentum and h is the 

Planck's constant. From De Broglie equation we have, p=h/λ ,where p is the momentum 

of the photon and λ is the wavelength of the photon. Also, for an electromagnetic wave 

k=2π/λ=>hk/2π,where k is the wave number of the light. Thus, the uncertainty principal 

in case of a photon becomes, Δx Δk >2π,where Δk is the uncertainty in the wave vector. 

In the limit, for an objective lens illuminated with coherent perpendicular light, Δk=kmax 
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Fig. 1.1  Schematic representation of light perpendicularly incident on a sample and then entering a 

microscope objective. 

 

   Fig.1 shows a ray trace of perpendicular light incident on a sample and the transmitted 

light traces the maximum scattered light captured by the objective lens along with the 

light that was not scattered at all.  

In the limit, kmax=2π/λ n sinϴ ,where kmax is the component of k in horizontal direction. 

Where, ϴ max is the maximum angle of incidence of light. n is the refractive index of the 

medium between the sample and the objective lens. NAo is defined as the Numerical 

Aperture of an objective lens. Thus for perpendicular illumination, 

                                            Δx >  2π/ Δk=λ/NAo                                                               (1) 

Thus, the minimum lateral separation that can be resolved by perpendicular illumination 

is given by λ/NAo. In case of inclined illumination, in the limit, kmax is multiplied by a 

factor of two. Therefore, the minimum lateral separation that can be resolved in case of 

an inclined illumination is given by [19],                        

                                                Δxmin=λ/2NAo                                                                     (2) 

This is known as the Rayleigh resolution limit or the diffraction limit. 
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        A basic microscope consists of an objective lens and an eye-piece which projects the 

real plane image of the object being observed. In 1978 E. Abbe suggested optical 

condensers that enhance the resolution of a microscope. An optical condenser is 

traditionally defined as any optical element which can manipulate the source illumination 

so that it impinges a sample at steep inclinations. Typically, the light is projected as a 

cone of light using a combination of lenses (or mirrors) and diaphragms. Alternately, a 

condenser may be defined as any source of illumination that produces rings or disks in 

the back focal plane (BFP) or the Fourier Plane (FP). 

 The minimum lateral resolution using coherent illumination for the case of use of a 

condenser then becomes 

                                                                                                                                                       (3) 

, when NAc < NAo                                                  

                                                                                                                                      (4) 

 When NAc >NAo , that is, the Rayleigh Resolution limit comes into play. 

 Over the years imaging  technologies have been extended outside the visible 

regime into other areas of electromagnetic spectrum, from radio-waves to X-rays to 

electron beams. Despite all the technological advancement, however, it remained true that 

the resolution of the image was fundamentally proportional to the wavelength of the 

radiation used to obtain the image.  

 

min

o c

x
NA NA


 



min
2 o

x
NA
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Sub-wavelength/Super Resolution Microscopy 

 

 For a long time, resolution was considered to be limited by the wavelength of the 

radiation used to image an object. Recently, however, interest in obtaining sub-

wavelength resolution has increased. Industries like micro-electronics, health care, 

biological and medical research benefits hugely by this research.  Sub-wavelength 

imaging can be broadly categorized into- 

True sub-wavelength imaging- 

1. The image is created based on waves or fields, electromagnetic waves or 

otherwise, that are produces, reflected, refracted, absorbed, or otherwise 

transmitted by the plane being imaged, and the detection and imaging system is 

agnostic as to the specific interaction with the radiation. In particular, it is not 

reliant on any particular non-linear optical effects. 

2. The distribution of matter within the imaged plane can be any arbitrary 

distribution and still allow imaging. 

3. The fields or waves described above are the only means of interaction between 

the imaging device and the sample. 

Examples: 

a) Near-field Scanning Optical microscope(NSOM) 

b) Structured Illumination Microscopy (SIM) 

c) Spatially Modulated illumination (SMI) 
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Functional sub-wavelength imaging 

Imaging that is otherwise sub-wavelength but violates one of the above rules is 

considered functional subwavelength imaging. For example, Photo-activated 

localization microscopy violates rule (2) because the fluorescent proteins must be 

disbursed widely enough that the photons associated with their fluorescence can 

be associated with only one emitting protein. These imaging modalities, therefore, 

are described as functional sub-wavelength imaging. 

Examples: 

a) Stimulated Emission Depletion (STED) 

b) Stochastic Optical Reconstruction Microscopy (STORM) 

c) Photo-activated Localized Microscopy (PALM) 

 

Three super-resolution techniques that we will be examining in the rest of the document 

will be- 

Fourier Plane Imaging Microscopy, Fourier Ptychography Microscopy and Dual Space 

Microscopy. All of which are types of true sub-wavelength imaging. [1] 

Image Formation in the Fourier Plane 

 

FP image gives the spatial frequency decomposition of the transmitted light of the 

microscope. FP can be thought of as the map of the momentum space or a projection of 

k-space. where k is represents the wave-vector whose magnitude is k = 2π/λ [2,3,30,32]. 

Figure 1.2 shows how the light acceptance cone defined by the objective lens which 

manifests itself in the FP images for all samples. 
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Fig. 1.2 Diagram illustrating how the objective lens' acceptance angle determines the size of the objective 

disk formed in the FP. a) Illustration the feature produced in the FP image from normally incident 

illumination.  b) Feature produced when normal illumination is incident on a periodic sample.[36] 

 

The circle formed at the FP traces the ring that would be formed if the light was incident 

on the objective lens at the highest acceptance angle i.e., the objective lens' numerical 

aperture NA from all directions. Unlike light incident at normal incidence, the inclined 

illumination would have a non-zero wave-vector component k|| that is parallel to the 

surface of the sample. It follows that the radius of the disk formed in the FP is directly 

dependent on the highest k|| component of the incident illumination that can be captured 

and is therefore directly dependent on the NA of the objective lens. As depicted in Fig. 

1.2(a), normal illumination incident on a homogenous sample will have k||   0 and will 

thus produce a point at the center of the FP image. 

                           Similarly, the features in the real plane determine what features will be 

present in FP images. If there is a structure which happens to be a grating, then the 

incident light will be diffracted by the structures. The scattering interaction between the 

light and the sample will effectively impart momentum on the component of the light 
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parallel to the sample surface in multiples of the magnitude Ʌ=2π/p, where Ʌ is the 

grating vector in reciprocal lattice space and p is period of the structure, shown in Fig. 1.2 

(b). Thus, the light arriving to the FP will correspond to the wave-vector with magnitude 

kf =(ko
2
+kf

2
)
1/2

 . Since the scattering takes place in two directions, we expect the FP 

image to have a central spot corresponding to the light that was not scattered and spots on 

either side separate by Ʌ in the momentum space.
 
For a 2-D grating (square, hexagonal, 

etc. lattices ), will produce spots in both horizontally and vertically. To be more specific, 

the square lattice will have 4 spots apart from the non-scattered one (central spot), 

separated by Ʌ vertically and horizontally. For the hexagonal lattice there will be 6 spots 

along with the central spot, each separated diagonally by Ʌ from the central spot. 

 

 

 

 

Fig.1.3.a) shows the FP image using perpendicular illumination and a scattering based condenser (b) 

shows the FP image using perpendicular illumination, both images are corresponding to periodic sample with 

square symmetry in real plane. 

 

When we replace the perpendicular illumination with an inclined illumination, the spot is 

supposed to be shifted by a wave-vector which is determined by the angle illumination. 

That is, the k|| has a non-zero component. If we traced the locus of constant momentum of 

a hollow cone of light incident on the sample, then the FP image will map a ring in the FP 

plane. So, for a homogenous sample, the transmitted light will trace-out a circle centered 

at the center.  For periodic samples illuminated with a condenser produces a ring that is 

(a) 
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(bright) the zero-order of the diffraction, or on other words the non-scattered ring. Then 

there will be rings produced due to the periodicities of the sample whose centers will be 

separated by Ʌ.The intensity of these higher order spots are dependent on the extent of 

area in the field of view where the periodicity is visible. For non-periodic samples the 

scattered rings or spots will disappear. The information of the non-periodicity of the 

sample will be present as a form of noise in the FP images. 

           Fig. 1.3 shows an example of FP images for periodic samples with square 

symmetry. Fig 1.3(a) is acquired by oil immersion objective with NAo=1.3 and 100X 

magnification with a band-pass filter (BPF) centered at 570 nm. The image shows a 

bright circular spot at the center which correspond to the perpendicular illumination of 

the microscope. The two rings in the vertical and horizontal direction correspond to the 

first order of the scattered light which originated from Scattering based condensers 

coming from metal coating of our objective lens. The center of each ring is separated by a 

vector Ʌ to the center of the NAo. This condenser will be discussed in Chapter 1, Section 

3. Fig. 1.3(b) has been acquired by an air objective with NAo=0.9 and  magnification 

using a BPF centered at 570nm. This image demonstrates what FP images with periodic 

structures of square symmetry without any condenser looks like. As expected the central 

spot (the brightest spot) is the un-scattered light and the four first order spots in 

horizontal and vertical directions separated by a vector Ʌ from the central spot. 

Since, The FP image is a section of FT of the RP image, the information in the FP image 

should be able to tell us what we see in RP images. According to Abbe's theory, in order 

to just resolve any periodic structure, it is required to see any two consecutive orders of 

diffracted or scattered light for a periodic structure. In other words, if the FP image of a 
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periodic structure contains the zero and first or second and third order, etc. then the RP 

should resolve the period of the sample in question [19,20]. 

Next generation Microscope Condensers 

 

As was discussed in first section of chapter 1, there are several new types of optical 

devices that, from their optical resolution capabilities and FP signatures, constitute new 

kinds of optical microscope condensers. In this section, some of the novel condensers 

discovered by our lab will be discussed. Traditional microscope condensers consist of a 

combination of bulky lenses (or mirrors) and diaphragms designed to illuminate the 

sample with a cone of inclined light. However, due to the demonstrated utility of 

microscope condensers, alternative methods to produce highly inclined illumination have 

been proposed to overcome some of the limitations of traditional microscope condensers. 

Ultra Thin Condenser 

It is based off of the leakage radiation of the Surface Plasmon Polaritons (SPP). 

SPPs are surface waves that are excited by very specific conditions and propagate 

in the interface between a metal and a dielectric. If the metal layer is thin enough 

such that the SPP field can extend across the metal layer to the dielectric 

substrate, and the real part of the SPP wave-number is smaller than the wave 

number of light in glass, then SPP will leak into the dielectric substrate at a very 

specific angle [6]. The illustration in Figure 1.4 (a) shows how a propagating SPP 

will leak along the same plane of propagation at an angle corresponding to the 

leakage radiation angle θspp. [7]. 
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Fig. 1.4 (a)Diagram of a typical plasmonic structure consisting of a metallic layer (gold color) on top of a 

dielectric substrate (blue). (b) shows the NAo and the effective numerical aperture of the condenser in FP [36] 

 

If SPP excitations occur in all directions, then the leakage radiation will also 

occur in all directions forming a cone. This leakage radiation will be captured the 

objective lens and can be imaged in the Fourier Plane as illustrated in Figure 1.4 

(b), where neff is the effective refractive index of the SPP corresponding to the 

leakage radiation angle. The resulting ring is a typical FP characteristic of a 

condenser because it implies that the objective lens captured the illuminating light 

at steep angles. The plasmonic condensers, and all other surface wave-based 

condensers like it, have a thickness of approximately ~150 μm and occupy a 

volume that is three-orders of magnitude smaller than traditional condenser; as 

such, these condensers are dubbed Ultra-Thin Condenser (UTC) [18]. 

Evanescent-wave Condenser 

The evanescent-wave condenser is a two layer structure consisting of a glass 

cover slip, which serves as the substrate, and a layer of a fluorescent polymer 
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which serves as the excitation source. Unlike the plasmonic condenser, the 

evanescent-wave condenser does not require a metal which makes fabrication a 

lot simpler. Similar to the Plasmonic condenser, surface wave bound between the 

two dielectric interfaces will leak within a range of specific angles that are 

conditional on the sample properties. An illustration of the evanescent wave 

condenser used and its behavior is shown in Figure 1.5 a). 

 

 

Fig. 1.5 a) Cross section view of the evanescent wave condenser illustrating the excitation mechanism via 

fluorescent in the polymer layer (random red arrows) and the leakage radiation. b) A drawing of the 

corresponding FP image[36]. 

 

In order to efficiently couple light in to evanescent waves, a thin polymer doped 

with a fluorescent material is deposited on to dielectric substrate. Emitted light 

from the excited fluorophores will directly couple into evanescent-waves at the 

interface of the two dielectrics. The leakage radiation from these excited 

evanescent waves is correlated with the total internal reflection phenomenon, 

which occurs when light propagates across an interface of two dielectrics from 

one of higher refractive index to one of lower refractive index, except that in this 

case it is in reverse. Since the polymer layers are fractions of a micron thick, the 
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evanescent wave that is produced also interacts with the air. As a result the 

effective refractive index of the medium on top is a combination of the refractive 

index of the polymer and the air, which in turn is less than the glass substrate. The 

two leakage radiation angles, θmin and θmax, visible in Figure 1.5 (a), are all the 

allowable leakage radiation angles, and subsequently all of the angles of incident 

light that would produce total internal reflection, limited the properties refractive 

index of the media above and below it. Depending on the numerical aperture 

value of the objective lens used, a possible scenario can be encountered where the 

θmin and θmax angles would produce a ring defined by nmin and nmax in the FP that 

straddle the numerical aperture. Such a scenario is shown in Figure 1.5(b). Since 

all leakage angles between θmin and θmax are allowed, a thick ring is expected in 

the FP image.[17] 

Scattering-Based Condenser 

Scattering based condensers are formed when the inclined illumination from the 

scattering of perpendicular light incident on the inner edge of the oil immersion 

objective lens enters the top-spherical lens of the oil-immersion objective lens, 

where it gets reflected back into the oil-immersion objective after illuminating the 

sample under observation at highly inclined angles, which results in images with 

improved sub-wavelength resolution. The appearance of rings in the Fourier Plane 

(FP) of the microscope is a signature of inclined illumination in the form of 

hollow cone. 
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Fig. 1.6 Schematic illustration(a)The simplest microscope condenser arrangement. (b)Simplest microscope 

condenser with a drop of liquid [40]. 

 

 
 

Fig.1.7. ((a), (c), (e), are RP images, and ((b), (d), (f)) are corresponding FP images of periodic array of 

chromium pillars with periodicity px = 500 nm in horizontal direction and py = 300 nm in vertical direction. 

All images were obtained using an oil-immersion objective lens with 100x magnification and NAo=1.3. Scale 

bar on ((a), (c)) is 2 μm, and 100 μm on (e)((b), (d), (f)) correspond to 5 μm
-1
[40]. 

 

Corresponding to the perpendicular illumination source, the minimum resolvable 

period 

can be estimated as pmin ~435 nm from equation (3). The RP image shown in 

Fig.1.7(a) explains why the periodicity of the array of chromium pillars is 
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observed in the horizontal direction, but not in the vertical direction. The 

periodicity of the sample is visible in the RP image only when at least two 

consecutive diffraction orders are visible in the corresponding FP image [8-9]. In 

correspondence with this, in the FP image shown in Fig. 1.7(b), the first-order 

diffraction spots are visible in horizontal direction, but they are not visible in 

vertical direction because the numerical aperture of the light collecting objective 

lens is not large enough to capture the corresponding diffracted light. Along with 

the diffraction spots in the FP image shown in Fig. 1.7 (b), four first-order 

condenser-like rings are observed to be distributed with the symmetry 

corresponding to periodicity of the array of chromium pillars. This is the signature 

of sample being illuminated using a condenser and a ring-like aperture, which has 

been reported previously as the condenser-like rings in the simplest microscope 

condenser arrangement [8]. We determined that the diameter of the condenser-

like rings observed in the FP image shown in Fig. 1.7(b) corresponds to NAc ~1.5 

> NAo [11], which explains why the corresponding central zero-order diffraction 

ring is absent in the FP image shown in Fig. 1.7(b). In order to reveal the role of 

the top surface of the sample arrangement in providing inclined illumination, we 

deposited a drop of 0.25 ml Isopropanol over the sample, which then corresponds 

to sample arrangement sketched in Fig. 1.6(b). Figs. 1.7(c) and (e) show RP 

images that were obtained at time intervals of ~6 seconds after the drop was 

deposited, and Figs. 1.7(d) and 1.7(f) are the corresponding FP images. In the FP 

images shown in Figs. 1.7(d) and 1.7(f), central bright zero-order condenser-like 

ring can be observed, along with fractions of the four first-order diffraction rings 
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distributed with same symmetry as the array of chromium pillars. Consequently, 

in the RP images shown in Figs. 1.7(c) and 1.7(e), the periodicity of the sample is 

visible in both horizontal and vertical directions. A comparison of the RP image 

shown in Fig. 1.7(a) with the RP images shown in Figs. 1.7(c) and (e) confirms 

that the microscope condenser formed by the sample arrangement sketched in Fig. 

1.6 (b) improves the image resolution [10]. The numerical aperture corresponding 

to the condenser-like rings increases from ~1.04 in Fig. 1.7(d), to ~1.12 in Fig. 

1.7(f). This demonstrates that the sample arrangement sketched in Fig. 1.6 (b) 

works as an efficient microscope condenser with a high numerical aperture (NAc > 

1) that varies with the size of the drop on the sample arrangement. 
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CHAPTER 2 

EXPERIMENTAL SET-UP 

 

Microscope and components 

 

A schematic of the experimental equipment used to obtain the results presented in this 

report, is shown in Figure 2.1 and described in [4,12,13]. To recapitulate, the 

arrangement consists of a Nikon Eclipse Ti inverted microscope, an objective lens, and 

two charge-coupled device (CCD) cameras employed to obtain images of the RP, and 

images of the BFP, typically called Fourier Plane (FP) images. 

           

 

 

 

 

 

 

 

 

 

 

 

Fig.2.1 Schematic Illustration of the microscopic experimental arrangement and its major components[36]. 

 



                                                                               Texas Tech University, Sanchari Sen, May 2016 
  

17 
 

  The CCD cameras used are the Nikon CoolSnap (RP) and the Nikon DSFi (FP). In the 

Nikon Eclipse Ti microscope, the area in between the objective lens and the internal 

lenses is open, thereby exposing the BFP so that spatial and/or spectral filters may be 

inserted to modify the images captured. Any light collected by the objective lens is 

directed through these filters and internal lenses which filter, transform, and correct the 

image before it passes through a beam splitter and is captured by the CCD cameras. To 

obtain the FP image, the light must traverse and additional plane which takes the Fourier 

transform of the light once more. 

                     All the images are captured using the Nikon NIS Elements Ar software 

which allows us to view and capture images with varying exposure times as low as 1 μs 

and high as 30 sec, variable gain, and spectrum selective contrast. These features are 

typically standard for any imaging software, but are mentioned because they are 

invaluable to microscopy and the experiments performed in this report. The program does 

not allow simultaneous capture of RP and FP images, but that is not a hindrance since the 

RP and FP images are on opposite microscope ports which make it impossible for both 

cameras to image simultaneously. In addition to picture settings, the software comes 

equipped with analysis tools which can be used to obtain intensity distribution plots as 

well as measuring tools which are used to determine distances in the RP and feature 

dimensions in the FP. Of particular importance is the radius tool which is employed to 

obtain the radii of rings and arc segments, since the information obtained is it is pivotal to 

determine effective refractive indices of said features. 
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Electronically Controlled Hemi-spherical Condensers (ECC) 

 

Digital condensers illuminate the sample from multiple directions with inclined light 

produced by an array of light emitting diodes (LEDs). It has been demonstrated that a 

very flexible microscope condenser can be implemented using a planar array of LEDs, 

where each LED can be independently switched ON and OFF [14-16]. Electronically 

controlled microscope condensers permit to implement novel microscopy techniques 

providing resolution values well below the Rayleigh resolution limit of diffraction-

limited imaging instruments [14-16]. Such condensers will find multiple applications in 

digital pathology, hematology, immuno-histochemestry, and neuro-anatomy [37]. A 

planar array of LEDs does not have the best geometry for implementing a microscope 

condenser because the distance of each LED to the sample is not constant [16]. Recently, 

hemispherical digital condensers have been demonstrated but without the capability to 

independently control each LED [10]. Hemispherical digital condensers (ECC) [37] are 

arrays of LEDs arranged in an optimum geometry for implementing a super-resolution 

imaging technique called Fourier Ptychography Microscopy, because the constant 

distance from each LED to the sample provides wished uniform illumination. In this 

work we report for the first time the development of a ECC where the ON/OFF state of 

each LED can be computer controlled[37]. The condenser characteristics were verified by 

imaging fabricated periodic structures and biological samples. 
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Fig. 2.2. (a) Schematic illustration of our experimental set up, (b) photograph of the ECC, and (c) 

associated electronic and computer. (d) LEDs emission spectrum. [37] 

 

    Figure 2.2(a) illustrates the experimental set up used in our experiments. We used a 

Nikon Eclipse Ti inverted microscope, objective lenses with different numerical apertures 

(NAo) and magnifications, and two charge-coupled device (CCD) cameras for obtaining 

the Real Plane (RP) and Fourier Plane (FP) images of the object under observation. 

Band-pass spectral filters (BPF) centered at different wavelengths with a bandwidth of 10 

nm may be inserted in the back focal plane of the microscope objective lens. In all 

experiments described here the microscope’s built-in white-light illumination source was 

substituted by the ECC, photograph of which is shown in Fig. 2.2(b). Each one of the 64 

LEDs in the ECC with a hemisphere radius of 1.5 cm can be independently turned 

ON/OFF. It comprises of 4 rows, each consisting of 16 images. The first row as is evident 
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has the lowest inclination of LEDs and hence the lowest NA. Similarly, the fourth row 

has the highest inclination which corresponds to the highest NAc. This is shown in Figs. 

2.2(b) and 2.2(c) where four different groups of LEDs were turned ON. As it is shown in 

Fig. 2.2(a), the ECC was placed directly on the top of the sample. The ECC was centered 

on the area of interest of the sample to be imaged and this was verified by taking the 

corresponding FP image. The emission spectrum of the white LEDs used in our 

experiments is shown in Fig. 2.2(d). The peak emission occurs at λ~ 450 nm, a weaker 

but broader secondary emission peak occur at λ~ 570 nm. 

         Along with the visible light ECC, a Near Infra-Red (NIR) condenser was fabricated. 

Fig.2.3(a) shows the image of the near infra-red camera which has certain pattern as 

demonstrated in Fig.2 (b). The NIR-ECC has a diameter of 5cm. Just like the previous 

condenser, it consists of 64 LEDs which can be independently turned ON/OFF and 

comprises of 4 rows each consisting of 16 LEDs. Fig.2.3(b) illustrates the intensity 

spectrum of the LEDs used in the NIR condenser. As is evident from the plot, the peak of 

this LED is situated at λ~940nm.  
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Fig.2.3 (a) photograph of the ECC, and (b) LEDs emission spectrum (c)associated software interface.[39 

] 

Sample Fabrication 

 

Periodic Cr pillars structures with square lattice symmetry, period p, and pillar diameter 

d=p/2 are fabricated, to obtain a quantitative evaluation of the resolution of the obtained 

RP images. The Cr square lattice structures were fabricated by first spin coating a layer of 

PMMA, which serve as the patterning resist for e-beam lithography, which was defined 

over a 150 μm thick cover slip. A ~10 nm thick Al layer was thermally evaporated on top 

of the PMMA layer to provide a grounding element for the lithography process. An 

electron beam is used to change the chemical solubility of the regions exposed to the 

electron beam, thus creating a potential template with an array of holes. This process is 

called electron-beam lithography. After the lithography step, hydrofluoric acid (HF) was 

used to etch away the Al layer, and a methyl-isobutyl-ketone: isopropanol solution was 

used to develop the PMMA thereby revealing holes in the PMMA layer arranged in a 

(b) 

 

(a) 

(c) 
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square lattice pattern. A 15 nm thick Cr layer was then deposited on top of the PMMA 

layer which filled in the holes in the square lattice arrangement previously revealed. 

Finally, the sample was dipped in acetone to dissolve the PMMA layer thereby leaving 

only a periodic structure forming by Cr pillars which had adhered to the glass substrate.  

 

Fig.2.4 Illustration of the typical sample used, chromium Pillars on a glass substrate, both arranged in a 

square lattice. [36] 

 

For Fourier Plane Imaging Microscopy, photonic crystals were used. Where, the sample 

with holes on PMMA was used to image the Ultra Thin Condensers. For the purpose of 

making the appropriate sample to demonstrate the effects of a single periodic structure in 

one direction, we fabricated a sample with one period in x-direction and another period 

on y direction. For samples with dual periodicity in two different directions the pillar 

diameter is d=p/2 where p is the smaller period. 
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CHAPTER 3 

APPLICATIONS OF ECC 

 

Variable Numerical Aperture 

 

Microscope condensers have a constant numerical aperture in a particular set-up. The 

electronic condenser can be used to illuminate the sample at different inclinations and 

thereby allowing different values of resolution possible for the same set-up. Figures 

3.11(a) and 3.11(b) show FP and RP images, respectively, corresponding to a Cr pillars 

array with a value of p=400 nm. The five discontinuous-line circumferences overlapping 

the FP image were introduced for helping to understand the features presented in the 

image. The images were obtained using the band-pass filter centered at λ=570 nm, and 

objective lens with NAo=1.3, and only turning to the “ON” state all the LEDs contained 

in a ECC’s “parallel”. The central bright ring observed in the FP image shown in Fig. 

3.11(a) is the signature of the presence of a microscope condenser [10,11,17]. The four 

portions of rings in the FP shown in Fig. 3.11(a) correspond to the first-order diffraction 

rings produced by illuminating the Cr array with square symmetry with the light 

produced by the ECC [10,11,17].  
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Fig. 3.11 (a) FP and (b) RP images of Cr pillars with p=400 nm obtained using a band-pass filter centered 

at λ=570 nm, NAO=1.3, and only turning ON all the LEDs contained in a ECC’s parallel.[37] 

 

The clear observation of the Cr array lattice in the RP image shown in Fig. 3.12(b) is in 

excellent correspondence with the observation of the zero-order and portions of the first-

order diffraction rings in the FP image [8]. From the FP image we obtained a value of 

NAc~0.55 for the numerical aperture of the condenser [11]. As it is shown in Fig. 3.12, it 

is very simple to change the ECC’s NAc value by turning ON all the LEDs in a different 

ECC’s parallel. The images shown in Figs. 3.12(a) to 3.12(d) were obtained using the 

ECC, a band-pass filter centered at λ=570 nm, and a microscope objective lens with 

NAo=1.3. The numerical aperture values corresponding to the central ring in the FP 

images shown in Fig. 3.12(b) and 3.12(d) are NAc~0.55 and 0.89,respectively. Small 

fractions of the first-order diffraction rings are observed in the FP image shown in Figs. 

3.12(d) but not in FP shown in Fig. 3.12(b). In excellent agreement with this observation 

and the Abbe description of image formation in a microscope using a condenser [8, 10], 

the lattice structure of the sample is observed in the corresponding RP image shown in 

Figs. 3.12(c) but it is not observed in the RP image shown in Fig. 3.12(a). 
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Fig. 3.12 (a, c) RP and (b, d) corresponding FP images of (a, c) a Cr pillars array with p=300.The images 

were obtained using the ECC, a microscope objective lens with (a-d) NAo=1.3 (a-d) with a band-pass filter 

centered at λ=570 nm [37] 

This is also in good correspondence with the known formula given the minimum 

observable period using a microscope condenser attached to a common optical 

microscope [19-20, 10]: 

                                                           min

o c

p
NA NA





                                                  (5) 

We obtained pmin = 308 nm and 260 nm evaluating Eq. (5) for NAc =0.55 and 0,89, 

respectively; therefore, as it is confirmed by the images shown in Figs. 3.12(a) and 

3.12(c), Eq.(5) predicts that the fabricated structure with p=300 nm should be visible 

when NAc =0.89 but not when NAc =0.55. 

 

Fig.3.13 Effective NAc=0.55,0.77,0.89,0.93 corresponding to the NAo=1.3,FP images obtained using a 

BPF centered at 570nm for the period 400nm Cr lattice.[37] 

 

Fig.3.13 shows the effective NA of the four rows obtained by taking into account that 

NAo=1.3. Thus for the particular ECC fabricated four different resolution values can be 
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obtained for 1 particular set-up. Fig.3.13 demonstrates the versatility of our ECC and can 

find multiple applications in various imaging techniques. 

Bright/Dark field imaging 

 

An ECC, also permits a smooth transition from obtaining bright-field to dark-field 

images of the object under observation. The images shown in Figs. 3.21(a) to 3.21(d) 

correspond to a Ronchi ruling with a period p=10 μm. They were obtained using the 

ECC, with a spectral filter centered at 570nm, and a microscope objective lens with 

NAo=0.65. The presence of a fraction the zero-order diffraction ring with NAc ~0.55 in the 

FP image shown in Fig. 3.21(b) demonstrates that the RP image shown in Fig. 3.21(a) is 

a bright-field image of the Ronchi ruling. The RP image shown in Fig. 3.21(c) is a dark-

field image of the same object that was obtained by changing NAc from 0.55 to 0.89. As a 

consequence, as it is shown in the FP image shown in Fig. 3.21(d), only high-order 

diffraction rings were collected by the microscope objective lens. This resulted in the 

observation of more grove details in the RP image shown in Fig. 3.21(c) when compared 

with the one shown in Fig. 3.21(a).  

 

Fig.3.21 (a), (c) a Ronchi ruling target with a p=10 μm. The images were obtained using the ECC, a 

microscope objective lens with NAo=0.65, and (a)-(d) with a band-pass filter centered at 570nm.[37] 
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Fig.3.22. (a) Bright field image of a Euglena using (40 ×, NAo= 0.65);(b) Dark field image of a Euglena 

using (40 ×, NAo= 0.65).[37] 

 

Fig.3.22 demonstrates a biological sample in bright-field and dark-field illumination. 

Apart from the improvement in resolution in the dark-field, there is a significant contrast 

improvement in the image of the Euglena.[37] 

Multi-directional Illumination 

 

 

 

 

 

 

Fig. 3.31. (a), (c) RP and (b), (d) FP images of Cr pillars square array lattice with p=500nm obtained using 

the ECC, and a microscope 100 × objective lens with NAo=1.3. No band-pass filter was used in these 

experiments.[37] 
 

A computer-controlled ECC permits to illuminate the sample in a variety of 

configurations. Fig. 3.31 shows images of a square lattice array of Cr pillars with p=500 

nm illuminated at different directions. As it has been previously reported [18], changing 

the illumination direction (Figs. 3.31(b) and (d)) permits to select horizontal (or vertical) 

Cr pillar lines (Figs. 3.31(a) and 3.31(c)) of the photonic crystal periodic array. No band-
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pass filter was used to obtain the images shown in Fig. 3.31. Therefore, first-order 

diffraction maxima corresponding to the two spectral peaks of the LEDs emission (Fig. 

2.2(d)) are clearly observed in the FP images shown in Figs. 3.31(b) and (d). However, 

no chromatic distortions are observable in the RP images shown in Figs. 3.31(a) and (c) 

[37]. This type of multi-directional imaging can find applications in 3-D imaging or 

another implementation of Structured Illumination Microscopy both of which will require 

imaging a sample from different angles.[21-22] 

Fourier Plane Imaging Microscopy (FPIM) 

 

Fourier Plane Imaging technique was developed using a compound microscope and the 

ultra-thin condenser. FPIM is a true super-resolution technique that is appropriate to be 

used for periodic structures.  As expected, when the period (p) of a photonic crystal (PC) 

were larger than λ /NAo, the photonic crystal’s structures were observed by the RP 

camera. In contrast, it was demonstrated that when p < λ /NAo, the images in the RP 

camera cannot resolve the photonic crystal structure; yet, the image of the photonic 

crystals can always be recovered using the corresponding FP image obtained from the 

second camera (or FP camera). This is possible due to a remarkable property of the FP 

images captured by the FP camera: they contain more information about the photonic 

crystal that can be obtained by the images captured by the RP camera. It is worth noting 

that the amount of information arriving to the microscope’s FP is equal to the amount of 

information arriving to the microscope’s RP. However, the type of information recorded 

in the FP  image is not equal to the information arriving to the microscope’s RP. It was 

shown here that there is more information about the PC in the recorded information in the 

FP image than in the recorded information in the RP image. We termed this microscopy 
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technique Fourier Plane Imaging Microscopy (FPIM) because the imaging method 

requires only the capture of a single FP image. FPIM resembles traditional, lens-less , X-

ray diffraction crystallography, where the periodic structure of a crystal is determined 

from the recorded diffraction pattern.[23] However, the use of an objective lens in FPIM 

allows for better control of the optical environment and light collection with large 

numerical aperture.[8]  

 

Fig.3.41. (a) FP image of the photonic crystal formed by holes in a PMMA layer with p=250nm with the 

zero- and first-order rings generated from the arcs present within NAo (dashed lines), the ring’s respective 

centers (spots), and the synthetic numerical aperture NAs (solid line). (b) An image of the spots used in the 

FPIM technique to calculate the reciprocal space period Ʌ.(c) The reconstructed RP image of the photonic 

crystal from the synthetic FP image.[8] 

 

The FP image shown in Fig.3.41 (a), obtained using a NAo= 1.3 objective lens and 

perpendicular illumination, corresponds to a PC consisting of air holes in a PMMA layer 

with period p = 250 nm. The resolution limit for a compound microscope with 

perpendicular, λ =570 nm, illuminating light is pmin~λ/NAo =438 nm. It is clear from this 
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calculation, and from the missing first-order diffraction spots in the FP image shown in 

Fig. 3.41(a) that the photonic crystal’s structure cannot be resolved in the RP. Moreover, 

although the first-order diffraction rings are present in the FP image shown in Fig.3.41 

(a), the zero-order diffraction ring was not captured since NAc > NAo, and the condenser-

related rings will therefore be unable to provide any resolution enhancements. 

Nonetheless, the arcs visible within the numerical aperture in the FP image allows us to 

reconstruct the full rings corresponding to the zero- and first-order diffraction rings, and 

from them we can determine the locations of the diffraction spots corresponding to 

perpendicular illumination. Figure 3.41(a) shows the reconstructed rings (dashed red 

lines), their respective centers (red dots), and the synthetic numerical aperture NAs (solid 

line), which is drawn to encompass the first-order spots. Figure 3.41(b) shows a simpler 

version of a synthetic FP image formed by the periodic array of spots with a period 

Ʌ=2π/p [4,7,23,24] determined from the features used to build the synthetic FP image in 

Fig.3.41(a). [8] 

                                               In what follows, we study the implementation of FPIM 

using a ECC. Figs. 3.42(a) to 3.42(e) show five FP images of a sample with periodicities, 

px = 300nm and py = 500 nm, obtained by turning ON successively, one at the time, five 

adjacent LEDs with NAc = 0.89. Figs. 3.42(f) to 3.42(j) show five FP images obtained in 

a similar way but using five adjacent LEDs in the opposite part of the ECC. A single 

first-order diffraction spot corresponding to the py = 500 nm periodicity in the sample can 

be seen in each image; and therefore, no periodicity could be observed in the 

corresponding RP images. In the FP image, the trajectory of the diffraction spots 

corresponding to the five successive FP images describes an arc with radius that 
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corresponds to NAc = 0.89. This corresponds to the two discontinuous arcs formed by 

diffraction spots that can be observed in the FP image shown in Fig. 3.42(k), which was 

obtained by simultaneously turning on all the ECC’s LEDs with NAc = 0.89. 

Fig. 3.42. (a-i) FP images of an array of Cr pillars with two periodicities, px= 300 nm and py= 500nm, obtained using 

an objective lens with NAo=0.8 and ECC with (a-j) a single and (k) every LED with NAc = 0.89 in the ON state. (l) 

Illustration of FPIM for recovering the 500 nm period in the sample.[37] 

 

Fig. 3.42(l) illustrates the implementation of the FPIM procedure [8, 25] for recovering 

the largest sample’s periodicity from the FP images obtained with a single LED with NAc 

= 0.89 in the ON state. By completing the circular rings corresponding to the trajectories 

described by the visible first-order diffraction spots, we constructed the first-order 

diffraction rings (red discontinuous arcs in Fig. 3.42(l) that typically appear when a 

periodic structure is illuminated by a condenser [8,9,25,18]. Then, we placed a copy of 

these rings centered in the observable numerical aperture. The central ring corresponds to 

the zero-order diffraction ring, which is invisible in the FP image shown in Fig. 3.42(k), 

because its radius is larger than NAo = 0.8. We obtained λ/py ~ 0.9 from the separation of 

the centers of the rings (yellow spots in Fig. 3.42(l)), which is in excellent 

correspondence with the expected value. Therefore, we have demonstrated that in a 

sample with periodic structures, it is possible to detect the presence of a period smaller 

than Rayleigh resolution limit by following the trajectory of the diffraction spots 
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observed in the FP images obtained by turning ON and OFF adjacent LEDs in a ECC. 

However, this method only works for periodic samples, when the period present in most 

of the field of view of the RP 

images. 

Fourier Ptychographic Microscopy 

Phase Retrieval algorithm:  

Light detectors such as Charge- Coupled detectors (CCD) or CMOS sensors only 

capture the intensity variations of the light that hits them; in the process of 

recording, the phase information of the light is lost which characterizes how much 

the light is delayed through propagation. The phase retreival algorithm which was 

originally developed for electron imaging, computationally recovers this lost 

phase information from two or more distinct intensity measurements. It consists 

of iteratively reinforcing these known intensities while an initially arbitrary phase 

is allowed to converge to a solution that matches all measurements. 

The optical disturbance at the object plane can be described by the complex 

function f(x): 

                                             f(x) = |f(x)| exp[iȠ(x)]                                                (6)  

                               Thus, the optical disturbance at the object plane can be 

described by the complex function f(x):and the Fourier transform of this function 

is given by F(u),where, 

                 F(u)= |F(u)| exp[iф(x)] = Ƒ[f(x)]=                      
  

  
               (7) 
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where x is an M-dimensional spatial coordinate, and u is an M-dimensional spatial 

frequency coordinate. For the majority of interesting problems M = 2. In practice 

one deals with sampled data in the computer, where for the 2-D case, assuming 

square arrays, u = (ul ,u 2) and x = (x1,x 2), where u, u2, x, and x2 = 0,1,2, .. ,N- 

1.Then one uses the discrete Fourier transform (DFT).  

                          F(u)                                        
   

   
                            (8) 

and its inverse 

                      f (x) = N
-2

                        
                                                       (9) 

which are, computed using the fast Fourier Transform (FFT) method. 

                     For the problem of recovering phase from two intensity 

measurements one wishes to recover Ƞ(x) or equivalently recover ф(u) from 

measurements of both |F(u)| and |f(x)| . These algorithms involve iterative Fourier 

transformation back and forth between the object and Fourier domains and 

application of the measured data or known constraints in each domain. [26] 

Synthetic Aperture method: 

Synthetic aperture technique stitches many complex measurements in the Fourier 

space to expand the pass-band and improve the achievable resolution. The 

reconstruction process of this technique, however, requires the knowledge of both 

the intensity and phase information of the incoming light field. It has been shown 

that the resolution improvement beyond the NA of the underlying optical systems 

is possible through such a computational data fusion process.[27] 
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FPM using ECC: 

Fourier Ptychographic Microscopy (FPM),iteratively stitches together many 

variably illuminated, low-resolution intensity images in the Fourier space to 

expand the frequency pass-band and recover a high-resolution complex sample 

image. Instead of directly measuring the phase information of the incoming light 

field, FPM uses an iterative phase retrieval process to recover the complex phase 

information of the sample[14-16,27]. Thus, FPM uses both synthetic aperture 

method and phase retrieval method to reconstruct high resolution images. FPM 

has been implemented using planar condensers before, it has been proven that this 

technique is a super-resolution microscopy technique, that is it goes below the 

resolution limit. FPM can be implemented using the hemi-spherical digital 

condenser is. FPM requires acquisition of multiple RP images, taken with a 

different individual LED in the ON state for each RP image [27] The computer-

controlled ECC described in this work has this capability. The images of Cr 

pillars array with p= 500 nm were obtained using the ECC with a single LED in 

the ON state, a band-pass filter centered at λ=570 nm and a 100× microscope 

objective lens with NAo=1.3. 
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Fig. 3.51. (a)-(d) RP and (e)-(h) corresponding FP images of Cr pillars array with p=500 nm obtained 

using the ECC with a single LED in the ON state, a band-pass filter centered at λ=570 nm, and NAo=1.3. (i) 

Synthetic FP image with NAs>NAo.[37] 

 

The FP images shown in Figs.3.51(e) to (h) are formed by spots. This indicates 

that the light illuminating the sample which is emitted by a single LED can be 

approximately described by a plane wave [9,25,23,28]. The brightest spot in the 

FP image corresponds to the zero-order diffraction spot; therefore, the spatial 

orientation and the phase of the incident plane wave can be obtained from the 

position of the zero-order diffraction spot in the FP [28]. The FP image, as was 

mentioned above, the fraction of the Fourier transform of the periodic sample 

structure which is captured by the microscope objective lens; consequently, 

several high-order diffraction spots, arranged in square symmetry with a period 

Λ=2π/p are observed in the FP images shown in Figs. 3.51(e) to (h). The number 

of these spots and their relative position with respect to the center of the FP image 

changes when the position of the single LED in the ON state changes. As it is 

shown in Fig.3.51(i), a synthetic FP image with a numerical aperture NAs > NAc 

can be constructed by the simple procedure of first shifting all the obtained FP 

images until the zero-order diffraction spots occupy the center of the FP image, 

followed by the sum of the shifted FP images. This shift is the schematic 
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representation of what the algorithm does to the information in the Fourier 

domain. The necessary shift is indicated in Figs. 3.51(e) to (h) by the arrows 

pointing to the center of the low intensity small disk located at the center of the 

FP field of view of the microscope objective lens. The low intensity small disk 

observed in the FP images shown in Figs. 3.51(e) to (h) were formed by the 

portion of the white-light beam emitted by the microscope built-in illumination 

source passing through the center circular aperture of the ECC (see ECC 

photograph in Fig. 2.2(b)). In order to illustrate the concept, the synthetic FP 

image shown in Fig. 3.51(i) was simply obtained by adding the intensities of the 

shifted FP images; however, the amplitude and phase of the synthetic optical 

disturbance [28] at the FP could be calculated by implementing algorithms of 

phase recovery similar to the ones used in FPM [28-30]. Similarly in FPM [28-29] 

and FPIM [8,25], a RP image with increased resolution can be obtained from the 

synthetic FP image because NAs > NAc. In FPM, the synthetic FP image is 

constructed using the numerical Fourier transform of each RP image captured by 

the camera, one for each LED in the digital condenser [29]. Here we show how to 

obtain the synthetic FP image directly from the FP images; therefore, decreasing 

to one the total number of Fourier transforms required for constructing a high-

resolution image of the object under observation. Therefore, we expect that a 

detailed development and implementation of the proposed algorithm of image 

reconstruction should permit imaging living biological structures in real time 

using the ECCs. 
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                      Fig. 3.52 shows images of this sample obtained using the 

experimental set up sketched in Fig. 2.2(a), band-pass filter centered at λ=450 nm, 

and a 100X microscope objective lens with NAo=1.3. As it is shown in Fig. 3.52, 

the sample was imaged turning ON a single LED at the time. 

 

 

 

 

 

 

Fig. 3.52. (a-d) RP and (e-h) corresponding FP images of E. Coli on top of a Cr pillars array with p=300 

nm obtained using the ECC with a single LED in the ON state, a band-pass filter centered at λ=450 nm, and 

NAo=1.3. (i) Synthetic FP image with NAs>NAo.[37] 

 

Using the same shift and add algorithm described above (Fig. 3.52), we were able 

to construct a synthetic FP image with NAs > NAc. A comparison of the synthetic 

FP images shown in Figs. 3.52(i) and 3.52(i) reveals that most of the information 

of the non-periodically distributed E. Coli bacteria is contained in the “cloud” 

around the center of the synthetic FP image. This cloud is formed by 

superposition of the fuzzy clouds observed around the zero-order diffraction spots 

in the FP images shown in Figs. 3.52(e) to (h). In the synthetic FP image, the 

distance between opposite first-order diffraction spots is larger than the diameter 

of the central cloud because, as it is seen in the RP images shown in Figs. 3.52(a) 

to (d), the E. Coli size is larger than the period of the patterned Cr structure.    
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           A digital condenser is used in FPM to obtain numerous RP images with the 

sample illuminated be light emitted by a single LED each time [15,16, 29-30]. 

When a periodic structure is illuminated by a single ECC’s LED, the FP image 

contains diffractions spots [37]. The separation in the FP image between spots 

corresponding to consecutive diffraction orders is λ/p. Under perpendicular 

illumination two consecutive diffraction orders spots could be seen in a FP image 

only if the separation of the first-order diffraction spots from the center of the FP 

image is λ/p ≤ NAo; however, under inclined illumination the necessary condition 

for observing two consecutive diffraction orders spots in a FP image is that their 

separation is smaller than the diameter of the observable circle of radius equal to 

NAo, i.e., λ/p ≤ 2NAo. Consequently, Eq. (1) (or λ/pmin ≤ NAo + NAc) is no longer 

valid when NAc > NAo ,[25] and for samples containing a periodical structure with 

a period smaller than the Rayleigh resolution limit, the microscope’s objective 

lens at most can collect the light corresponding to a single diffraction feature [25]. 

The correct interpretation of Eq. (5) when NAc > NAo is that it gives a minimum 

condition (pmin) for observing the first-order diffraction spot corresponding to a 

structure with a period p using an objective lens and a condenser with numerical 

aperture values of NAo and NAc, respectively. Nevertheless, it has recently 

reported that the resolution limit of the FPM technique using a planar digital 

condenser is given by the following equation [29]: 

min

o c

p
NA NA





 

(10) 

Where γ < 1. The exact value of the parameter γ is determined by the particular 

definition of “resolution limit” that is used [29]. It is worth noting that for a digital 
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condenser the value of NAc is determined using the illumination direction 

corresponding to the center of the zero-order diffraction spot [15, 37]. If the non-

zero diameter-size of the diffraction spots is included, Eq. (5) is equivalent to Eq. 

(10). In what follows we will show the experimental results that we obtained by 

implementing the FPM technique using a ECC. 

 

Fig. 3.53. (a-b, d-e) RP and (c, f) FP images of an array of Cr pillars with two periodicities, px=300nm and 

py= 500 nm, obtained using an objective lens with NAo=1.3 and (a) perpendicular illumination, (b-c) the ECC 

with a single LED ON. (d-f) FPM reconstructed (f) FP intensity and RP (d)intensity, (e) phase images.[38] 

 

In order to check the implementation of the FPM technique using our ECC [15] 

and the reported FPM algorithm [10, 28], we used the ECC-microscope 

arrangement sketched in Fig. 2.2(a) with an objective lens with magnification 

×100 and NAo=1.3 and a BPF centered at λ=450 nm for observing a sample with 

an array of Cr pillar with rectangular symmetry and two different periodicities, 

px=300 nm and py=500 nm, in two mutually perpendicular directions. In this 

conditions, the Rayleigh resolution limit is ~ 173 nm and Eq. 9 for NAc =0, 0.93 
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gives a value of pmin ~ 346 nm and 202 nm, respectively; therefore, one should 

expect to be able to observe only the 500 nm periodicity with the perpendicular 

illumination from the built-in microscope’s white-light source, but FPM technique 

should be able to reveal both periodicities. The images shown in Fig. 3.53 are in 

excellent agreement with these predictions. As expected, the RP image obtained 

with perpendicular illumination, which is shown in Fig. 3.53(a), only reveals the 

500 nm periodicity. Instances of RP and FP images obtained with a single LED in 

the ON state in the circular row of LEDs with NAc=0.58 are shown in Figs. 

3.53(b) and 3.53(c), respectively. The presence of both periodicities in the RP 

image shown in Fig. 3.53(b) is in correspondence with pmin ~ 239 nm calculated 

using Eq. (1), and also with presence of several first-order diffraction spots along 

with the zero-order diffraction spot (brightest spot in the image) in the FP image 

shown in Fig. 3.53(c). Diffraction spots in the vertical direction are closer than 

those in the horizontal direction because the largest periodicity in the array of Cr 

pillar in the vertical direction is larger than that in the horizontal direction. Images 

obtained by FPM reconstruction algorithm are shown in Figs. 3.53(d)-3.53(f). The 

calculated intensity and phase of the electric field distribution in the sample are 

shown in Figs. 3.53(d) and 3.53(e), respectively. These images illustrate two of 

the advantages of FPM technique: improvement of RP image resolution, and 

determination of the phase corresponding to the RP image [10,28,37]. It is 

interesting to compare the experimental FP image shown in Fig. 3.53(c) with the 

FPM-reconstructed FP image shown in Fig. 3.53(f). On both images, the zero-

order and first-order diffraction spots are clearly seen; however, the calculated FP 
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image has a synthetic numerical aperture NAs = NAo + NAc ~ 2.27. This explains 

the larger number of diffraction spots in the FPM-reconstructed FP image when 

compared to the experimental FP image. This also explains the better definition of 

individual Cr pillars in the reconstructed RP image (Fig. 3.53(d)) when compared 

to the experimental RP images obtained with a single LED in the ON state (Fig. 

3.53(b)). The diameter of the spots in the reconstructed FP image is smaller than 

that observed in the experimental FP image because the FPM algorithm assumes 

that each LED produces a plane wave that illuminates the sample [28,33]. In 

reality, LEDs do not emit a collimated beam; instead, each LED emits a divergent 

beam of light. Therefore, an additional non-zero intrinsic numerical aperture 

(NALED ≠ 0) could be associated to each LED. From the diameter of the zero-order 

spot in the FP experimental images, we estimated an average value of NALED ~ 

0.1. Finally, it should be noted that the zero-order diffraction spot in the FPM-

reconstructed FP image shown in Fig. 3.53(f) is at the center of the synthetic 

numerical aperture. This indicates that the calculated phase image shown in Fig. 

3.53(e) gives the phase of the electric field distribution that would exist in the 

sample under perpendicular illumination. Therefore, the reconstructed RP and FP 

images do not have information of the illumination directions of the individual 

LEDs used to obtain the experimental FP images that were included in the FPM 

reconstruction algorithm. 
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 FPM for a particular set of LEDs: 

In order to explore the resolution limit of the FPM technique using a ECC, we 

used a ×50 magnification dry objective lens with and NAo=0.8, and imaged the 

same sample described above. The Rayleigh resolution limit for this setup is now 

~ 281 nm, a little below of the sample’s smallest periodicity (px=300 nm). Also, 

from Eq. (9) and NAc=0.58, 0.73, 0.89, and 0.97 we determined pmin ~ 327 nm, 

295 nm, 267 nm, and 255 nm respectively. Therefore, one should expect to 

resolve both periodicities using just LEDs from the top two circular rows of the 

ECC with the NAc = 0.58 and 0.73. 

 

Fig. 3.54. (a, c, e) RP and (b, d, f) FP images of an array of Cr pillars with two periodicities, px= 300 nm 

and py= 500 nm, obtained using an objective lens with NAo=0.8.  (a-b, c-d) Two instances of images obtained 

with a single LED of the ECC row with NAC = 0.73 in the ON state. (e-f) FPM-reconstructed images using 

only the LEDs in the two circular rows of ECC with the smallest values of NAC.[38] 

 

This is confirmed by the images shown in Fig. 3.54 Figs. 3.54(a-b) (Fig. 

3.54(c-d)) show a pair of RP and corresponding FP images obtained using a single 
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LED in the ON state with NAc = 0.73. Only one periodicity corresponding to 

py=500 nm (px=300 nm) can be seen in the RP image shown in Fig. 3.54(a) (Fig. 

3.54(c)) because the direction of illumination was perpendicular to the observed 

periodicity but parallel to the unobserved one [9]. In excellent correspondence 

with these observations and Eq. (9), a single first-order diffraction spot vertically 

(horizontally) separated from the zero-order diffraction spot (brightest one) can be 

observed in the FP image shown in Fig. 3.54(b) (Fig. 3.54(d)). The RP images 

shown in Figs. 3.54(a) and (c) are extreme instances demonstrating that RP 

images obtained with a single LED in the ON estate can have notable differences; 

therefore, illumination of the sample in a single direction may result in RP images 

missing important sample’s features. As demonstrated by the RP and FP images 

shown in Figs. 3.54(e) and (f), respectively, applying the FPM-reconstruction 

algorithm [10,28,37] to all the RP images obtained using the LEDs in the top two 

circular rows of the ECC permits to obtain a single RP image containing all the 

features that were observed in the RP images obtained with a single LED in the 

ON state. Consequently, first-order diffraction spots corresponding to both 

sample’s periodicities are clearly visible in the FPM-reconstructed FP image with 

NAs = NAo + NAc ~ 1.53 shown in Fig. 3.54(h). 
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Fig. 3.55. (a) FP and (b) RP images of an array of Cr pillars with two periodicities, px= 300 nm and py= 

500 nm, obtained using an objective lens with NAo=0.8 and a single LED of the ECC row with NAC = 0.97 in 

the ON state. (c-d, f-g) RP and (e, h) FP images obtained with the FPM algorithm using (c-e) only the LEDs 

in the bottom two circular rows of ECC with the largest NAC, and (f-h) all LEDs in the ECC. (d, g) Magnified 

images of regions contained in the squares in (c) and (f), respectively.[38] 

 

One may expect from Eq. (9) that both sample’s periodicities will also be visible 

in the RP image when using as illumination sources the LEDs with the larger 

numerical aperture from the two bottom rows of the ECC with NAc=0.89, and 

0.97. However, as illustrated in Fig. 4, this was not the case. All the RP and FP 

images obtained with a single LED from the two bottom rows of ECC in the ON 

state were similar to the FP and RP images shown in Figs. 3.55(a) and 3.55(b), 

respectively. In correspondence with the observation of only a single first-order 

diffraction spot in the FP image shown in Fig. 3.55(a), no periodicity can be 

observed in the RP image shown in Fig. 3.55(b). The expected diffraction spots’ 

positions in FP images obtained with the NAo=0.8 objective lens corresponding to 

periodic structures with a period of 600 nm (black dots), 500 nm (red squares), 

300 nm (green triangles), and 270 nm (blue stars) are shown in Fig. 3.56. 
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Fig. 3.56. Expected position of diffraction spots in FP images obtained with NAo = 0.8 and different NAc 

corresponding to p= 600 nm (black dots), 500 nm (red squares), 300 nm (green triangles), and 270 nm (blue 

stars). The position of the zero-order diffraction spot is indicated by the symbol ×.[38] 

 

As shown in the first line of Fig. 3.56, under perpendicular illumination, the first-

order diffraction spots corresponding to both sample’s periodicities (px=300 nm, 

py=500 nm) are outside the numerical aperture of the objective lens (located 

between the continuous red lines in Fig. 3.56); and therefore, in contrast to the RP 

image obtained with NAo=1.3 (when the sample was illuminated with 

perpendicular illumination and NAo=0.8, no periodicity could be observed in the 

RP image (not shown). The FP images obtained when a single LED from the 

bottom two circular rows of ECC is turned ON (Fig. 3.55(b)) are in excellent 

agreement with the two bottom cases in Fig. 3.56, where the zero-order 

diffraction (indicated by the symbol × in Fig. 3.56) fall outside of NAo, but at 

most a single first-order diffraction spot corresponding to any of the sample’s 

periodicities (px=500 nm, py=300 nm) is inside of the numerical aperture of the 

objective lens. This means that the RP images obtained using a single LED in the 

ON state from the bottom two circular rows, similar to the one shown in Fig. 
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3.55(a), are dark-field images because NAc > NAo for all these LEDs. In addition, 

the positions of the second-order diffraction spots corresponding to both 

periodicities are also outside of the numerical aperture of the objective lens 

because, in the FP image, the separations between spots corresponding to 

consecutive diffraction orders are λ/px = 1.5 and λ/py = 0.9; therefore, they are 

both larger than NAo.  As illustrated in the bottom three lines in Fig. 3.56, while 

increasing from 0.73 to 0.89 the numerical aperture of the condenser using LEDs 

with larger angle of inclination, the zero-order diffraction spot leaves the 

numerical aperture before the second-order diffraction spot corresponding to each 

periodicity enters into it. Consequently, no periodicity can be observed in the RP 

image shown in Fig.3.55(b), as two diffraction spots corresponding to two 

consecutive orders never appear simultaneously in the FP image shown in Fig. 

3.55(a). The FPM technique uses RP images obtained with a single LED in the 

ON state to obtain the reconstructed images [8,10,28,37], and all the RP images 

obtained using LEDs in the two bottom circular rows of the ECC are featureless 

like the RP image shown in Fig. 3.55(b); therefore, no RP image obtained using 

LEDs in the two bottom circular rows of the ECC add information to the FPM 

reconstructed images about the sample’s periodic structures. This is illustrated in 

the FPM-reconstructed images shown in Figs. 3.55(c) to (e), which were obtained 

using all RP images obtained by switching ON a single LED in the bottom two 

circular rows of the ECC. None of the sample’s two periodicities can be observed 

in the FPM-reconstructed complete RP image shown in Fig. 3.55(c) or after 

zooming in the region contained in the marked square (Fig. 3.55(d)). In excellent 
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correspondence with these observations, no trace of first-order diffraction spots 

can be observed in the FPM-reconstructed FP image shown in Fig. 3.55(e). 

Nevertheless, features such as the label “P300/500” that was patterned on the top 

of the sample, which is visible in each dark-field RP image obtained with a single 

LED in the ON state (Fig.3.55(b)), can be clearly seen in the FPM-reconstructed 

complete RP image shown in Fig. 3.55(c). Consequently, one can conclude that 

features successfully imaged in Figs. 3.55(b) and (c) are formed by spatial 

frequencies 1/p << 2NAo/λ. For instance, as illustrated in the bottom two lines of 

Fig. 3.56, at least the first and second order diffraction spots corresponding to 

structures with p > 600 nm  will be collected by the objective lens when NAc = 

0.89 or 0.97. As discussed above, the FPM-reconstructed RP image using LEDs 

in the top two rows of the ECC resolve both sample’s periodicities but these 

periodicities cannot be observed in FPM-reconstructed image using LEDs in the 

bottom two rows of the ECC (Fig.3.55(d)). Nevertheless, as demonstrated in Figs. 

3.55(f) to (h)), when all the RP images, obtained by turning ON each LED in the 

ECC, one at the time, are used for FPM-reconstruction, both sample periodicities 

are clearly visible, as evident in Fig. 3.55(g), which is the magnified image of the 

section contained in the square shown in the FPM-reconstructed complete RP 

image shown Fig.3.55(f). The corresponding FPM-reconstructed FP image with 

NAs = NAo + NAc ~ 1.77 shown in Fig. 3.55(h) exhibits the first-order diffraction 

spots that are in excellent correspondence with this observation. These 

observations suggest that if a sample’s feature is observed in one of the single-

LED-ON RP images used in the FPM-reconstruction algorithm, then it should be 
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expected that the FPM-reconstructed RP image contains that feature. In addition, 

the experimental results shown in Fig.3.55 indicates that Eq. (4) should be 

interpreted as giving the minimum period that could by observed using an 

objective lens with NAo and a condenser illuminating the sample with all 

inclinations corresponding to the numerical aperture range 0 < NA ≤ NAc. 

However, as illustrated in Figs. 3.55(c) to (e), structures with p > pmin may remain 

unresolved when only a group of LEDs of a digital condenser are used.  

FPM below Rayleigh resolution limit: 

 

Fig. 3.57. (a, e) RP and (b, f) FP images of an array of Cr pillars with two periodicities, px= 270 nm and py= 

600 nm, obtained using an objective lens with NAo=0.8 and a single LED of the ECC row with NAc = (a-b) 

0.73 and (e-f) 0.97 in the ON state. (c, g) RP and (d, h) FP FPM reconstructed images with NAs= (c-d) 1.53 

and (g-h) 1.77.[38] 

 

After exploring the implementation of the FPM technique with a ECC for 

observing samples with periodicities slightly above the Rayleigh resolution limit, 

we proceed to explore the resolution limit of the FPM-implementation with a 

ECC using the same ×50 objective lens with NAo=0.8 for observing a sample with 
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px = 270 nm and py = 600 nm. Figs. 3.57(a) and (b) show bright-field RP and FP 

images, respectively, obtained with a single LED from the ECC with NAc = 0.73 

in the ON state.  As expected from the position of the black dots in the third line 

in Fig. 3.57, zero, first, and second order diffraction spots can be observed in the 

FP image shown in Fig. 3.57(b). In excellent correspondence with this 

observation, horizontal lines corresponding to the py = 600 nm period of the 

sample are clearly observed in the RP image shown in Fig. 3.57(a). However, no 

trace of the sample’s smallest periodicity (px = 270 nm) could be seen in any of 

the images obtained with a single LED from the top two ECC rows in the ON 

state. This is in agreement with the value of pmin = 294 nm > px obtained from Eq. 

(9) for NAs = NAo + NAc ~ 1.53. These observations are in excellent 

correspondence with the FPM-reconstructed RP and FP images shown in Figs. 

3.57(c) and 3.57(d) respectively, which were obtained using all bright-field RP 

images obtained using a single LED with NAc = 0.58 or 0.73 in the ON state at 

each time. Clear horizontal lines corresponding to the sample’s largest periodicity 

are observed, but no trace of the smallest periodicity can be seen in the FPM-

reconstructed RP image shown in Fig. 3.57(c). Correspondingly, the FPM-

reconstructed FP image shown in Fig. 3.57(d) only contains diffraction spots 

corresponding to the 600 nm structure’s period. Figs. 3.57(e) and (f) shows a pair 

of dark field RP and FP image respectively, obtained with a single LED from the 

ECC with NAc = 0.97 in the ON state. As expected from the position of the black 

dots on the bottom line in Fig. 5, the zero-order diffraction spot cannot be seen in 

the FP image shown in Fig. 3.57(f), but the first and the second order diffraction 
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spots can be observed. In excellent correspondence with the observation of two 

consecutive diffraction spots in the FP image, horizontal lines corresponding to 

the sample's largest periodicity are clearly seen in the RP image shown in Fig. 

3.57(e). However, no trace of the sample’s smallest periodicity could be seen in 

any of the RP images obtained with a single LED from the bottom two ECC rows 

in the ON state. This is because sample’s smallest periodicity (px = 270 nm) is 

below the Rayleigh resolution limit (281 nm). In agreement with the position of 

the star symbol in the two bottom lines in Fig. 3.57, at the most a single 

diffraction spot corresponding to the sample’s smallest periodicity was present in 

the FP images obtained by turning ON a single LED with NAc = 0.89 and 0.97; 

i.e., the zero-order diffraction spot was outside the numerical aperture whenever a 

first-order spot corresponding to the sample’s smallest periodicity was present in 

a FP image. Consequently, no trace of the sample’s smallest periodicity could be 

observed in any RP image with a single LED in the ON state from the two bottom 

rows of the ECC. Nevertheless, px = 270 nm is above the values of pmin = 266 nm 

and 254 nm obtained from Eq. (5) for NAc = 0.89 and 0.97 respectively. 

Therefore, if the resolution of the FPM technique is still given by Eqs. (4) NAc > 

NAo [10, 37], one should expect to resolve the smallest sample’s periodicity by 

processing with the FPM algorithm all bright and dark field RP images obtained 

by turning ON each LED in the ECC, one at the time. However, as demonstrated 

by the FPM-reconstructed RP and FP images shown in Figs. 3.57(g) and (h), 

respectively, which were obtained using all bright and dark field RP images, 

including the dark-field RP images obtained with a single LED with NAc = 0.89 



                                                                               Texas Tech University, Sanchari Sen, May 2016 
  

51 
 

and 0.97 in the ON state in the FPM reconstruction algorithm did not help to 

resolve the smallest periodicity in the sample. Comparing FPM-reconstructed FP 

images shown in Fig. 3.57(d) and (h) reveals that NAs does increase from 1.53 to 

1.77, but no diffraction spots in the horizontal direction corresponding to the 

sample’s smallest periodicity, at a distance λ/px ~ 1.67 from the center of the 

synthetic numerical aperture, appear in the reconstructed FP image shown in Fig. 

3.57(h). In correspondence with this observation, a comparison of the FPM-

reconstructed RP images shown in Figs. 3.57(c) and 3.57(g) reveals that addition 

of dark field RP images to the FPM reconstruction algorithm resulted in 

additional noise to the FPM-reconstructed RP image shown in Fig. 3.57(c). Our 

experimental results then indicates that the FPM-reconstructed RP image obtained 

using all bright and dark field RP images (Fig. 3.57(g)) only contains information 

that was already present in at least one of the RP images obtained with a single 

LED in the ON state, and hence, any information that was not present in any one 

of the individual RP images is also absent in the FPM-reconstructed RP image 

obtained using all bright and dark field RP images. This result indicates that the 

Rayleigh resolution limit is still the resolution limit of the FPM-reconstructed RP 

images shown in Fig. 3.57, which were obtained using the FPM algorithm 

[10,28,37]. In order to further investigate this point, we have developed a one-

dimensional simulation of the FPM algorithm [29]. Here we just want to advance 

that the one-dimensional simulation supports the results presented in this work. 

This suggest that, as for any microscope condenser [20, 4, 11, 16], the resolution 



                                                                               Texas Tech University, Sanchari Sen, May 2016 
  

52 
 

limit of the FPM technique is given by Eqs. (9) or (10) only when NAc ≤ NAo for 

the specific case of photonic crystals.[38]  

                    FPM has been proven to go below the Rayleigh resolution limit in 

many previous work [27]. After getting the above result, we suspected that our 

sample must be a special case where the method doesn't work. We suspected that 

the single periodicity of our Cr Pillars in a particular direction as opposed to non-

periodic or multi-periodic samples is causing the method to fail below the 

resolution limit. To make sure that our experimental results were not due to 

limitation of our equipment, we worked on simulations to depict our sample and 

our experimental set up. 

FPM Simulation in 1D: 

FPM is a computer intensive technique involving several iterations and numerical 

calculation of numerous two-dimensional Fourier transforms. This obscures the 

factors determining the resolution limit of the FPM technique. In order to reduce 

the complexity of the problem, we performed image reconstruction simulations of 

one-dimensional objects using a one dimensional version of the FPM algorithm. 

[15,16,31,34,29].  

              In order to simplify the simulation analysis, the Fourier transforms are 

plotted in this work as a function of numerical aperture (NA) units, which can be 

obtained dividing the wave-number (k) by 2π/λ [2]. We used in our simulations λ 

= 450 nm that matches the  
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emission maximum of common commercial white-light emitting LEDs. The 

corresponding diffraction pattern that would be produced by illuminating the 

sample with a plane wave at normal incidence. The spikes correspond to 

diffraction spots of different orders. 

                We assumed that the needed inclined illumination is provided by a one-

dimensional array of light emitting diodes (LED) [15-16,37,38]. The red dots in 

Fig. 3.58(b,f) correspond to the illumination direction of four pairs of LEDs with 

an equivalent condenser numerical aperture of NAc=0.59, 0.73, 0.87, and 0.98. 

This distribution of LEDs was chosen to approximately match the distribution of 

LEDs in reported (ECC) [37,38]. The minimum overlap between the observable 

regions of the FP, when the sample is illuminated by adjacent LEDs, was 

calculated to be 91% for NAo = 0.8. 
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Fig.3.58. Intensity of (a, e) low-resolution RP and (b, f) corresponding FP image associated with an object 

with p = (a-b) 267 nm and (e-f) 250 nm that were simulated using NAo = 0.8 and NAc = 0.98. Intensity of (c, 

g) high-resolution RP image obtained with the FPM algorithm using all simulated low-resolution images and 

(d, h) corresponding FP image with NAs = 1.78. Intensity, x, and k are plotted in arbitrary units, radians, μm, 

and NA units, respectively.[34] 

 

We simulate the second experimental observation using NAo = 0.8 with a 

periodicity of 267nm and250nm. Where, pmin < p = 267 nm < λ/(2NAo) = 281 nm 

and p = 250 nm < pmin = 253 nm (not shown). All simulated low-resolution RP 

images were in these two cases similar to the one shown in Figs. 3.57(a) and (e), 

where the sample’s periodic structure was not visible because p was smaller than 

the Rayleigh resolution limit. In addition, simulated FP images with NAo = 0.8 for 

p = 267 nm (250 nm) are similar to the one shown in Fig.3.58(b) (Fig. 3.58(f)), 

where only one (no) diffraction spike is visible. Figs. 3.58(g) and (h) show the 
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intensity of the high-resolution RP image and the corresponding FP image with 

NAs = 1.78, respectively, obtained with the FPM algorithm after 600 iterations, 

using all simulated low-resolution RP images with p = 250 nm. In excellent 

correspondence with Eq. (4), no periodic structure can be observed in the high-

resolution RP image shown in Fig. 3.58(g). Figs. 3.58(c) and (d) show the 

intensity of the high-resolution RP image and the corresponding FP image with 

NAs = 1.78, respectively, obtained with the FPM algorithm after 600 iterations, 

using all simulated low-resolution RP images with p = 267 nm. Here again, an 

incorrect period of ~ λ/NA = 459 nm was determined from the periodic structure 

visible in the high-resolution RP image shown in Fig. 3.58(c) while, as shown in 

the inset of Fig. 3.58(d), the first-order diffraction spikes were located at NA = 

0.98, which matches the largest value of NAc of the LEDs used in the simulation. 

In correspondence with recent experiments [38], this indicates the Rayleigh 

resolution limit is the resolution limit of FPM when the FPM technique is used for 

imaging objects formed by a single periodic structure, and confirms that in this 

case, FPM fails to resolve periodic structures when the algorithm uses only low-

resolution RP images where the periodic structures are not visible at all.                                       

 FPM using NIR: 

FPM until now had only been implemented in the visible spectral range. In this 

section, we demonstrate for the first time a ECC emitting in the near-infrared 

spectral range and we used it to implement the FPM technique outside of the 

visible range of the electromagnetic spectrum. A computer-controlled ECC 

comprising 64 LEDs uniformly distributed in the internal surface of a hemisphere 
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was used for illuminating the sample with controllable directional near-infrared 

radiation centered at λ=940 nm as described in second section of chapter 

2[10,37,8,9,18]. The FP images of samples containing periodic structures were 

used to determine the resolution limit of the ECC-microscope arrangement using 

Abbe’s theory of image formation [2,30,32]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.59. Experimental and (c-d) simulated (a, c) low resolution RP and (b, d) FP images with NAo =1.3 

obtained with NAc=0.86 and corresponding to a (a-b) 2D sample with px =0.6 μm and py=1.4 μm and (c, d) 

1D simulated object with a period of 0.6 μm. The red rectangle in (d) signals the region of the FP accessible 

to the microscope. (e, g) High-resolution RP and corresponding (f, h) synthetic FP images obtained using the 

FPM algorithm with (e-f) experimental 2D and (e, g) simulated 1D low resolution RP images. Intensity, x, 

and k are plotted in arbitrary units, μm, and NA units, respectively.[39] 
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We used the ECC-microscope arrangement sketched in Fig. 3.59(a) with an 

objective lens with magnification ×100 and NAo=1.3. The Rayleigh resolution 

limit for this setup is ~ 0.36 μm and the condenser resolution equation, 

λ/(NAo+NAc), evaluated for NAc = 0 and 0.96 gives a value of pmin ~ 0.72 μm and 

0.42 μm, respectively; therefore, one should expect to be able to observe only the 

1.4 μm periodicity with the perpendicular illumination from the built-in 

microscope’s white-light source (not shown), but the FPM technique should be 

able to reveal both periodicities. This is confirmed by the results shown in Fig. 

3.510. 

 

Fig.3.510 Experimental and (c-d) simulated (a, c) low resolution RP and (b, d) FP images with NAo =0.8 

obtained with NAc=0.58 and corresponding to a (a-b) 2D sample with px =0.6 μm and py=1.4 μm and  (c, d) 

1D simulated object with a period of 1.4 μm. (e-f) High-resolution RP and corresponding (g) synthetic FP 

images obtained using the FPM algorithm with (e) experimental 2D and (e-g) simulated 1D low-resolution 

RP images. Intensity, x, and k are plotted in arbitrary units, μm, and NA units, respectively.[39] 
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Figures 3.510(a) and 3.510(b) show an instance of  a pair of experimental low-

resolution RP and corresponding FP images, respectively, that were obtained with 

NAo = 0.8 and NAc = 0.58. The bright spot in the FP image shown in Fig. 3.510(b) 

is the zero-order diffraction spot. Above of it, inside of the red square added to the 

FP image, is a first-order spot corresponding to the py = 1.4 μm sample’s 

periodicity. The rest of the spurious spots observed in Fig. 2(b) are produced by 

light reflected on the glass cover of the ECC’s LEDs in the OFF state. In excellent 

correspondence with the presence of spots corresponding to two consecutive 

diffraction orders associated with py = 1.4 μm, only horizontal lines can be clearly 

seen in the low-resolution RP image shown in Fig. 3.510(a). Simulated 1D RP 

and FP images shown in Figs. 3.510(c) and 3.510(d), respectively, are also in 

correspondence with the experimental results shown in Figs. 3.510(a) and 

3.510(b). The zero and a first order diffraction spikes are the only diffraction 

features inside of the red rectangle in Fig. 3.510(d), which is the FP region 

accessible to the microscope when NAc = 0.58. The high-resolution RP image 

obtained with the FPM algorithm using the 64 experimental low-resolution RP 

images are shown in Figs. 3.510(e). As expected, both periodicities can be seen in 

the high-resolution RP image shown in Fig. 3.510(e). However, the small 

sample’s periodicity has a low contrast. This is in correspondence with the poor 

definition of the px = 0.6 μm sample’s periodicity in the 1D high-resolution RP 

image shown in Fig. 3.510(f) and the presence of a first order diffraction spike at 

NA = λ/px ~ 1.57 in Fig. 3.510(g).  Next, in order to explore the FPM technique 
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for imaging photonic crystals with a period below to the Rayleigh resolution limit, 

we used a microscope objective lens with NAo = 0.7. Fig. 3.511 shows the results 

obtained in this case.[39] 

 

 

Fig. 3.511 Experimental (a, e) low resolution RP and corresponding (b, f) FP images with NAo = 0.8 

obtained with NAc = (a- b) 0.58 and (e-f) =0.86; (c, g) High-resolution RP and corresponding (d, h) synthetic 

FP images obtained with the FPM algorithm  using (g-h) all acquired low resolution RP images and (c-d) 

only the ones with NAc = 0.58. [39] 

 

Figures 3.511(a) and 3.511(b) show an instance of  a pair of experimental low-

resolution RP and corresponding FP images, respectively, that were obtained with 

NAo = 0.7 and NAc = 0.58. The bright spot in the FP image shown in Fig. 3.511(b) 

is the zero-order diffraction spot. Above of it, inside of the red square added to the 

FP image, is a first-order spot corresponding to the py = 1.4 μm sample’s 

periodicity. The rest of the spurious spots observed in Fig. 3.511(b) are produced 

by light reflected on the glass cover of the ECC’s LEDs in the OFF state. In 

excellent correspondence with the presence of spots corresponding to two 

consecutive diffraction orders associated with py = 1.4 μm, only horizontal lines 
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can be clearly seen in the low-resolution RP image shown in Fig. 3.511(a). Figs. 

3.511(c) and 3.511(d) show the high-resolution RP and synthetic FP images, 

respectively, obtained with the FPM algorithm only using the 16 bright-field low-

resolution RP images that were obtained with NAc = 0.58 < NAo = 0.7. As 

expected from λ/(0.7+0.58) = 0.73 μm, only the with py = 1.4 μm sample’s 

periodicity can be seen in the high-resolution RP image shown in Fig. 3.511(c)and 

only first order diffraction spots corresponding to this periodicity are present in 

the synthetic FP image with NAs = 1.28 shown in Fig. 3.511(d). Figs. 3.511(e) and 

3.511(f) show an instance of  a pair of experimental low-resolution RP and 

corresponding FP images, respectively, that were obtained with NAo = 0.7 and 

NAc = 0.86. The bright spot in the FP image shown in Fig. 3.511(f) is not the zero-

order but the first-order diffraction spot because this is a dark-field image (NAc = 

NAo). Above of it, inside of the red square added to the FP image, is a second-

order spot corresponding to the py = 1.4 μm sample’s periodicity. The rest of the 

spurious spots observed in Fig. 3.511(b) are produced by light reflected on the 

glass cover of the ECC’s LEDs in the OFF state. In excellent correspondence with 

the presence of spots corresponding to two consecutive diffraction orders 

associated with py = 1.4 μm, only horizontal lines can be clearly seen in the low-

resolution RP image shown in Fig. 3.511(e). Figs. 3.511(g) and 3.511(h) show the 

high-resolution RP and synthetic FP images, respectively, obtained with the FPM 

algorithm using the 64 bright-field and dark-field low-resolution RP images. It is 

worth noting that the px = 0.6 μm sample’s periodicity is not resolve in the high-

resolution RP image shown in Fig. 3.511(g) and no diffraction spots 
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corresponding to this periodicity are present in the synthetic FP image shown in 

Fig. 3.511(h). This is relevant because FPM can image non-periodic samples with 

resolution better than Rayleigh resolution limit [15, 29]. However, the failure of 

FPM in imaging photonic crystals with a period λ/(NAo+ NAc) < p < λ/(2NAo) has 

been recently reported [34,38]. The experimental results shown in Fig. 3.511 are 

in excellent correspondence with the simulation results presented in 

Fig.3.512.[39] 

 

Fig. 3.512. (a,b,e,f) Reconstructed RP, (c,d,g,h) FP images of (a,c,e,f) p=1400nm and (b,d,f,h) p=600nm; 

(a,b,c,d) reconstructed images using NAC=0.58 and (e,f,g,h) using NAC=0.96.[39] 

 

Figures 3.512(a), (c), (e) and (g) (3.512(b), (d), (f) and (h)) show simulation 

results obtained the  1D-FPM algorithm corresponding to a simulated object with 
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a period p = 1.4 μm (0.6 μm). Simulation results shown in Figs. 3.512(a)- (d) 

(3.512(e)- (h)) match the experimental results shown in Figs. 3.511(c)-(d) 

(3.511(g)-(h)). The presence of the py = 1.4 μm sample’s periodicity in the high-

resolution RP image shown in Fig. 3.511(c) corresponds to the periodic structure 

seen in the simulated high-resolution RP image shown in Fig. 3.511(a) and the 

first-order diffraction spike at NA =λ/1.4  = 0.67 presents in the simulated 

synthetic FP image shown in Fig. 3.512(c). The absence of the px = 0.6 μm 

sample’s periodicity in the high-resolution RP image shown in Fig. 3.511(c) 

corresponds to the constant intensity seen in the simulated high-resolution RP 

image shown in Fig. 3.511(b) and the absence of first-order diffraction spikes in 

the simulated synthetic FP image shown in Fig. 3.511(d).  On the other hand, the 

presence of the py = 1.4 μm sample’s periodicity in the high-resolution RP image 

shown in Fig. 3.511(g) corresponds with the periodic structure seen in the 

simulated high-resolution RP image shown in Fig. 3.512(c) and the first-order 

diffraction spike at NA =λ/1.4  = 0.67 presents in the simulated synthetic FP 

image shown in Fig. 5(g). The absence of the px = 0.6 μm sample’s periodicity in 

the high-resolution RP image shown in Fig. 3.511(g) corresponds to the wrong 

periodicity observed in in the simulated high-resolution RP image shown in Fig. 

3.511(f) and the first-order diffraction spike at NA =λ/1.1μm ~ 0.86 presents in 

the simulated synthetic FP image shown in Fig. 3.512(h).[39] 
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Dual Space Microscopy 

 

Dual-Space Microscopy (DSM), is based on simultaneously obtaining RP and FP intensity 

images of the sample, and then processing all the experimentally obtained images using a 

phase recovery iterative algorithm, to resolve periodic and non-periodic structures well below 

Rayleigh resolution limit [34]. In this work, for the first time, we experimentally implement the 

DSM technique using ECCs to study the lateral resolution of the RP intensity images obtained 

using the DSM technique.  

              We used the same sample as shown in Fig 3.5 sample with periodicities px=600 

nm and py=270 nm for demonstrating the predicted capability of DSM technique for 

resolving single periodic structures with a period in the range λ/(2NAo) = 281 nm > p > 

λ/(NAo+ NAc) = 254 nm [34]. It has been previously reported that FPM fails to resolve the 

270 nm periodicity of such sample [37,34]. 

          Fig. 3.61(a) and 3.61(b) show the high resolution RP and the corresponding 

synthetic FP images, respectively, obtained by processing all simulated low resolution RP 

images and corresponding FP images using the DSM algorithm. The obtained high 

resolution RP image for the sample in Fig. 3.61(a)clearly reveals the py=270 nm 

periodicity, which suggests that the DSM technique can resolve a single periodic 

structure with a period below the Rayleigh resolution limit. On the other hand, 

Fig.3.61(c) shows the useful FOVDSM of the high resolution RP image obtained by 

processing the experimental RP and FP images using the DSM algorithm. The poor 

contrast of the sample’s smallest periodicity in Fig. 3.61(c) can be explained by the 

presence of unwanted reflections in the corresponding synthetic FP image shown in Fig. 

3.61(d).[41] 
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Fig. 3.61. Pairs of RP and FP intensity images of a sample with px = 600 nm and py = 270 nm that were 

reconstructed with DSM algorithm by using all (a-b) computer-generated images that mimic image 

acquisition in microscope, and ((c-d),(e,f)) experimentally acquired images, which were obtained with NAo = 

0.8. The reconstructed intensity images shown in (c) and (d) are as obtained using ECC-microscope setup in 

Fig. 1(a), and images shown in (e) and (f) are obtained by removing reflections appearing in (d) by using 

simple image-post-processing methods. The RP images in (c) and (e) are cropped to show only useful 

FOVDSM.[41] 

 

The unwanted reflections occurs at the internal surface of the ECC dome; therefore, both 

undesirably features, the small FOVDSM and the unwanted reflections could be 

simultaneously eliminated by substituting the ECC by a single laser beam and a system 

for changing the incidence angle of the beam on the sample. Using image post-processing 
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methods, we removed the unwanted reflections from the experimental FP images. As 

shown in Fig. 3.61(e), both periodicities of the sample are observed in the useful FOVDSM 

of the high resolution RP image that was obtained with the DSM algorithm using the 

post-processed experimental FP images. This is further supported by the correct location 

of the first order diffraction spots in the corresponding synthetic FP image shown in Fig. 

3.61(f). The observation of the 270 nm periodicity in Fig. 3.61(e) demonstrates the 

capability of DSM for producing images with a better resolution than the resolution 

Rayleigh resolution limit.[41] 
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CHAPTER 4 

FUTURE WORK 

 
As discussed above, both DSM and FPM will be more mathematically accurate if instead 

of an LED  we have a light source that produces a plane wave. We know a laser produces 

coherent light and hence produces  plane waves that are incident on the sample. Also, for 

implementation of these techniques in IR, the intensity of LEDs becomes an obstacle. IR 

LEDs are not as bright as visible LEDs. To resolve all these issues, our lab is currently 

working on using a IR laser in the wavelength range of 1.5 µm to implement FPM, FPIM 

and DSM. We are at the stage of optimizing the microscope to get the RP and FP free of 

aberrations.  

  

 

 

 

 

 
 

Fig 4.1 Grating of period=50 µm (a)RP image (b) FP image with aberrations,  using a laser with 

wavelength 1.5µm. 

 

 

Fig. 4.1(a) shows the RP image which looks distortion free. Fig. 4.1 (b) shows the FP 

image of the grating using and IR camera. We are working on removing the distortions 

and reflections in the FP image. 

 

(a) (b) 
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CHAPTER 5 

CONCLUSIONS 

 

To briefly review my work, the Electronically Controlled hemi-spherical Condensers 

(ECC)were introduced with the capability to individually control each LED was 

introduced. Several advantages of ECC over other condensers were cited. Several 

techniques namely, FPIM, FPM and DSM were implemented using ECC for the first 

time. Photonic crystals were imaged using FPM technique and it was found out that the 

technique cannot surpass the resolution limit for this particular kind of sample with single 

periodicity in one direction. FPM was implemented in 1-Dimension and a case similar to 

the experimental result was simulated to verify this fact. FPM was also implemented 

outside of visible light range for the first time in this work. DSM was introduced to 

surpass the resolution limit for photonic crystals. The fundamental flaw of small Field of 

View for using LEDs were discussed. The future prospects of implementing FPM using 

IR laser was discussed. 
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