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ABSTRACT 

 

Observation-based measurements are fundamental to science since imaging 

provides a quick and direct way to collect data, experiment, and test hypothesis in 

applications big and small. Technology advancements consumer components get 

smaller, faster, and demand better performance capabilities. Manufacturing these goods 

requires the ability to faithfully image the material during processing to identify any 

possible defect early on. As things get smaller, the usefulness of an optical microscope 

for these tests is quickly diminishing. In the medical field, tests for early detection of 

diseases rely on fast non-invasive analysis of pre-identified triggers. Unfortunately, in 

the bio-field, the identifying characteristics of a diseased cell for example are beyond 

the resolution of a typical optical microscope. These rapid advancements in technology 

highlight the need for an easily accessible optical nanoscope. 

For my thesis, I have helped develop and demonstrate the capabilities of a phase 

recovery microscopy technique that combines innovations in condenser technology and 

phase recovery algorithms. The phase recovery algorithms produce reconstructed high-

resolution real plane images by creating a large synthetic-numerical aperture Fourier 

plane image from sets of low-resolution experimental images. This type of algorithm 

not only allows us to image the intensity profile of the incident electric field, but it also 

gives us information about the unmeasured phase. When used in conjunction with a 

high-numerical aperture condenser, such as the surface plasmon polariton-based Ultra-

Thin Condenser, these algorithms can image periodic structures with periods beyond 

the Rayleigh resolution limit. The work developed for this thesis demonstrates that, with 

the realization of a carefully designed high-numerical aperture condenser, the phase-

recovery microscopy technique can indeed function as an optical nanoscope. 
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CHAPTER 1  

INTRODUCTION 

 

Improvements in imaging capabilities are important because human eyes are 

visually limited in resolution by their physical dimensions and biology. In practical 

terms, the smallest object a human eye can resolve has a size 0.1 mm, about the thickness 

of a human hair, which can be quantified by the diffraction limit of a circular aperture 

defined by  𝜃 ≈ 1.22 
𝜆

𝐷
   where 𝜆 is the light wavelength and D the pupil diameter [1].  

The simplest method to improve this resolution limit to see smaller things, is by 

adding a lens before the eye, where the most popular implementation of a lens is found 

in an optical microscope. Many advances have been made in designing new microscope 

techniques that produce high-resolution images. The reminder of this section will 

include the basics resolution limits in microscopy, the experimental arrangement used 

in the experiments presented in this thesis, fundamental surface plasmon polariton 

theory, and describe the fabrication process used to develop the samples to be analyzed.  

Image Formation Limits of Resolution 

 

Before going into detail about the measurement and resolution enhancing 

techniques we employ, I will briefly discuss the theory of image formation of periodic 

structures in an optical system. The theory of image formation was established by the 

German physicist Ernst Abbe in 1873, which states that the minimum observable period 

of an optical microscope with a numerical aperture NAo is equal to (200 - 400) nm [2]. 

Light passing through a periodic structure in the sample results in a characteristic 

diffraction pattern that is visible in the objective lens’s back focal plane. The observable 

number of diffraction maxima is determined by the numerical aperture of the objective.  

A well-known result of the Abbe’s theory of image formation is that at least two 

consecutive diffraction orders must be captured within the microscope’s numerical 

aperture in the Fourier plane (FP), in order to resolve a periodic structure in the 

microscopes image plane (also known as real plane (RP)).  In microscopes with a ring-
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illuminator condenser, the FP image of a periodic sample is formed by diffraction rings 

instead of spots.  

In a common microscope, when a coherent beam of light impinges 

perpendicularly to a sample containing a periodic structure, the minimum observable 

period is pmin ~ λ/NAo (~400 nm in common optical microscopes), where λ is the 

wavelength of the illumination source in vacuum, and NAo is the numerical aperture of 

the microscope objective lens. However, when the sample is illuminated by a condenser 

with numerical aperture NAc ≤ NAo, the resolution limit is defined by  

      𝑝𝑚𝑖𝑛 ≥
𝜆

𝑁𝐴𝑜+𝑁𝐴𝑐
    (1.1) 

An optical condenser is traditionally defined as any optical element which can 

manipulate the illumination source so that the emitted light is incident on a sample at 

steep inclinations. If the source (with a condenser) were to illuminate a sample 

uniformly at, and only at, this steep angle, then the Fourier Plane would reveal the 

condenser’s characteristic signature: a ring. This happens because the FP is a “map” of 

the projection of incident angles on the objective lens. These projected angles are also 

representations of the transverse momentum of the incident light. Equation (1.1) reduces 

to the Rayleigh resolution limit pmin ~λ/(2NAo) (~200 nm in common optical 

microscopes) when NAc = NAo. However, pmin cannot be further reduced by using a 

condenser with NAc > NAo because the zero-order ring will now be outside of the 

numerical aperture and thus cannot be captured by the microscope system. For this case, 

Eq. (1.1) is no longer valid. This is an important limitation of common optical 

microscopes.  

To demonstrate these claims, Figure 1.1 shows FP and RP images of a square lattice 

arrangement of chromium pillars patterned on a glass substrate with period p = 350 nm 

that is illuminated by a ring-shaped condenser. The green color seen in the Real plane 

images, Fig 1.1 (a) and (c), is due to the presence of the band pass filter.  In Fig.1.1 (a), 

when a NAo = 1.3 is used, the zero-order diffraction ring (a bright full circle centered 

within the FP) and part of the first-order diffraction rings (arcs vertically and 

horizontally displaced from center) are clearly seen in the FP image. As such, following 
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what we know from Abbe’s theory, we will be able to resolve the sample’s periodicity 

in the RP, as is clearly shown in Fig. 1.1 (b). 

 

 

Figure 1.1 (a), (b) FP and (b), (d) RP images of a photonic crystal with a square lattice arrangement. 

 

In contrast, when imaging the sample with a NAo = 0.9 objective lens, only parts of the 

first-order diffraction rings are visible in the FP image (Fig. 1.1 (c)). The central zero-

order diffraction ring is not present in the FP image; thus, as shown in Fig. 1.1 (d), no 

image of the photonic crystal can be formed directly in the camera. In this situation, and 

in agreement with the conditions of Eq. (1.1), the patterned structure cannot be seen 

because NAc > NAo.  

Minimum Resolvable Period Analysis in Fourier Plane 

As was demonstrated by the analysis of the FP in Figure 1.1, a good 

understanding of the Fourier Plane can be used to discover a lot of often-missed and 

important information in our experiments. Therefore, this section will briefly describe 

the important characteristics of Fourier Plane images of periodic structures and their 

relation to minimum resolvable periods in microscope systems.  

The Fourier Plane, also known as reciprocal-space, is the domain of spatial 

frequencies. Mathematically, one can transform an image or optical disturbance from 

the Real Plane to the Fourier Plane by taking its Fourier transform [3]. Experimentally, 

this is done by placing a lens a focal distance away from the camera.  The image seen 
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in the FP reveal the spatial-frequencies associated with the image seen in the RP. In the 

simplest case of 1-D grating structure illuminated by collimated light, whose RP image 

will be a series of alternating light and dark lines, the FP image obtained will show a 

series of spots across the limits of the FP. Each spot corresponds to a scattering angle 

associated with the diffraction order. Although the grating is defined by one pitch, the 

square-wave profile of the grating is decomposed by Fourier analysis as a sum of 

harmonic sinusoidal functions. As such, one should expect to see the array of spots 

described in an actual FP image.  

There is a limit as to how small the grating period can be, and this limit can be 

predicted by analyzing the Fourier Plane. As stated earlier, the Abbe’s theory of image 

formation requires at least two diffraction orders to resolve an image. In the case of 

perpendicular illumination with no condenser, the smallest resolvable period is defined 

by pmin = λ/NAo. The corresponding FP image will look like the schematic drawn in 

Figure 1.2(a), where G is the grating vector that defines the distance between the zeroth 

and first order diffraction spots in this reciprocal space.  
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Figure 1.2 Drawing of expected FP images when a grating with the minimum observable period is imaged 

with (a) perpendicular illumination and no condenser, and (b) with a condenser. 

If pmin were any smaller, then the scattering angle would be greater and the 1st 

order diffraction would be pushed out of the Numerical aperture. In accordance with 

Abbe’s theory of image formation, we would no longer have two orders and so would 

no longer be able to resolve the image. However, if a condenser were used instead, then 

pmin could be increased until only the edge of the condenser ring is captured within the 

objective’s numerical aperture, as seen in Figure 1.2(b). While the center of the ring, 

corresponding to the location of a 1st order diffraction spot that would be produced with 

perpendicular illumination for that period, is outside of the numerical aperture, part of 

the ring is still inside. Clearly the use of a condenser allows for imaging of smaller 

periodic structures, as predicted by equation (1.1). 

Experimental Arrangement 

 A standard schematic of the experimental equipment used in our lab is shown 

in Figure 1.3. We work with a Nikon Eclipse Ti inverted microscope that has two 

charged-couple device (CCD) cameras attached that are used to obtain the RP and BFP 

images of the sample, also called Fourier Plane (FP) images. 
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Figure 1.3 Schematic illustration of a standard experimental arrangement. 

In our experiments, the illumination source is varied between a collimated or 

non-collimated white light, a λ = 532 nm wavelength laser, or Rhodamine-6G 

fluorescence that is pumped with the λ = 532 nm laser. The microscope is adaptable to 

many types of objective lenses, from oil-immersion lenses with NA > 1, or standard air 

objective lenses with NA < 1. The objective lenses typically used in our experiments 

have numerical aperture NA = 1.49, NA = 1.3, and NA = 0.65.  A spectral band-pass 

filter centered at λ =570 nm wavelength with a 10 nm bandwidth is often placed after 

the objective lens to filter the white light and fluorescence in order to generate cleaner 

images and to isolate certain illumination frequencies for easy resolution-enhancement 

determination. 

The types of condenser used in this thesis are hemispherical digital condenser, a 

diffracting element (pseudo-condenser), a ring-like illuminator, and the leakage 

radiation of a surface plasmon polariton. The hemispherical digital condenser (HDC) is 

a hollow half-ball device that is shown in Fig. 1.4 (a) and is formed by 4 ring-like rows 

of LEDs with numerical aperture values of NAc = 0.58, 0.73, 0.89, 0.97. These values 

correspond to each concentric ring of LEDs moving radially outward (see Fig. 1.4 (b)), 

where each ring contains 16 uniformly distributed LEDs. The HDC can independently 

control each LED, as such, we can build different illumination configurations for our 

experiments. 
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Figure 1.4 (a) Side view illustration of the HDC, (b) schematic view of LEDs inside the HDC 

 

The pseudo-condenser is a diffracting element, in our experiment it is a 100 lines/mm 

Ronchi Ruling diffraction grating, that is placed before the sample being imaged (shown 

in Figure 1.5(a)). The zeroth and first order diffraction spots are used to illuminate the 

sample, where the 1st order spots are the inclined illumination characteristic of a 

condenser. Since the multiple illumination directions clearly cannot be achieved 

simultaneously, various images of the sample must be taken as the diffracting element 

is rotated until a pi-angle sweep is completed.  

 

Figure 1.5 (a) Drawing representation of the diffracting element where the 0th and 1st order diffraction spots 

are shown. (b) A schematic of the FP image that would be produced for a π/2 rotation of the diffraction 

element. 

The resulting trajectory of the swept diffraction order produces ring-like features in the 

Fourier Plane as would be expected from a traditional optical condenser. Hence, this 

optic element and rotation operation is termed “pseudo-condenser”. Figure 1.5(b) shows 

how a π/2 rotation sweep will produce complementary arcs in the FP. 

The ring-like illuminator is the simplest non-lens condenser. It consists a fiber coupled 

illuminator that feeds a ring-shaped aperture (as can be seen in figure 1.6(a)) that can be 
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mounted around a reflection microscope objective lens and is typically used for dark-

field microscopy.  

 

Figure 1.6 (a) Drawing of the ring-shaped illuminator and (b) its corresponding FP image with the standard 

condenser signature. 

In our experiments, this ring illuminator serves as a condenser whose numerical aperture 

can be adjusted by changing its height with respect to the sample. The corresponding 

FP image of this illumination source is a ring, shown in figure 1.6(b), as can be expected 

from every condenser. 

 The final condenser used in our experiments is the leakage radiation from 

surface plasmon polaritons (SPP). A basic review of their electromagnetic properties 

will be reviewed in the next section, for now it is enough to say that the leakage radiation 

is directional with defined angles and can therefore be used as a condenser. Figure 1.7 

shows a microscope FP image of a SPP whose leakage radiation has been filtered by a 

band-pass filter. As expected, one can see a ring in the FP that is a characteristic 

condenser signature.   
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Figure 1.7 Microscope FP image of the leakage radiation of a surface plasmon polariton. 

 

Surface Plasmon Polariton 

A Surface Plasmon Polariton (SPP) is the quanta of collective oscillations of 

free electrons (on a metal surface) that couple to electromagnetic waves and propagate 

at the interface between a metal and dielectric. The electromagnetic wave interaction 

with the material polarization (polariton) is coupled to the free electron oscillation 

quantum (plasmon) in the metal. The resulting guided electromagnetic wave behaves 

like any other guided wave and is subject to satisfy boundary condition of the Maxwell’s 

equation by adhering to the dispersion relation [4]:  

𝛽 =
𝜔

𝑐
(

𝜀𝑚𝜀𝑑

𝜀𝑚+𝜀𝑑
)

1
2
                                                    (1.2) 

where 𝛽 ≡ 𝑘𝑥 is the SPP’s propagation constant, 𝜔 is the free space angular frequency, 

c is the speed of light, and 휀𝑖 is the permittivity/dielectric constant of the metal (i=m) or 

dielectric (i=d). The dispersion relation can be simplified by approximating the metal’s 

frequency-dependent permittivity 휀𝑚 using the free electron (Drude) model as [4]: 

휀𝑚(𝜔) = 1 −
𝜔𝑝

2

𝜔2                                                        (1.3) 

where 𝜔𝑝 is the metal’s plasma frequency. One can plot the SPP’s dispersion relation 

for an air/gold interface by substituting equation (1.3) into equation (1.2) and 

normalizing by the plasma frequency to obtain the plot shown in Figure 1.8. 
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Figure 1.8 Plot of Surface Plasmon Polariton dispersion relation for a gold/glass interface. 

 

Also included in the dispersion plot are the “light lines” in air and glass and 

glass, which are taken to be dispersion-less materials described by the equation 𝑘 =

𝜔𝑛 𝑐⁄  where, n is the refractive index of the dielectric material.  As is clearly seen, only 

the light-line in glass intersects the SPP dispersion curve. At this intersection, where 

𝛽 = 𝑘𝑔𝑙𝑎𝑠𝑠, the SPP and the free space electromagnetic wave are said to be “phase-

matched”. This is the condition that must be satisfied for light to couple from a free-

space wave to a SPP. Similarly, only SPPs that satisfy the phase matching condition can 

leak into free space.  

The phase-matching condition can be satisfied experimentally using various 

techniques, some of the most common and easy to implement are the Kretschmann or 

Otto configurations, gratings defined onto the metal, and the use of fluorophores. In the 

Kretschmann/Otto configurations [5], a prism is placed on top of the metal/dielectric 

surface and is used to obtain the necessary incidence angle for phase matching by 

refraction across the air/prism interface. Gratings supply their own “momentum-kick” 
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to the incident light as light scatters off the grating features; the grating’s period must 

be calculated beforehand to account for the phase-mismatch between the incident light 

and the SPP. The use of fluorophores adhered to the metal surface is by far the easiest 

since the random emission directions of fluorescence, pumped by an external laser, will 

at any given point meet the phase matching conditions.  

In our experiments, the thin gold layer is evaporated onto a thin glass coverslip 

(more detail in the sample fabrication section below), which provides a pathway for the 

leakage radiation of the gold/air SPP. The leakage radiation, following its own phase-

matching condition, will be emitted at a defined angle. Using the fluorescence excitation 

method, we can expect SPPs to be generated in all directions on the gold/air interface, 

and as such, to leak in all directions. The leakage radiation would form a cone of light 

and, if we capture the leakage radiation using our microscope arrangement, we would 

see a ring in the Fourier Plane as previously shown in Figure 1.7. 

Sample Fabrication 

All sample fabrication took place in the Nano Tech Center at Texas Tech 

University. There are different processes needed to fabricate a sample depending on 

whether the sample will be a photonic or a plasmonic crystal.  In this work, I will only 

describe the process to fabricate a plasmonic crystal (Fig. 1.9). It is worth noting that all 

samples were made to be imaged, their “photonic” or “plasmonic” identifiers are used 

to describe the structure only. First, we start with a clean 150 µm glass coverslip. This 

coverslip is rinsed with isopropyl alcohol (IPA) and placed inside a plasma-microwave 

cleaner to remove unwanted external impurities (i.e. dirt). After cleaning the coverslip, 

a 2 nm thick chromium layer is deposited followed by a deposition of 45 nm thick layer 

of gold. The thin chromium layer is necessary because gold does not adhere well to a 

glass coverslip substrate. The gold layer will be the medium for the SPP propagation, 

and it is used instead of silver because gold is resistant to oxidation.  
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Figure 1.9 Perspective view of a standard plasmonic crystal 

 

At this stage, this three-layer sample can act as an Ultra-thin Condenser, its 

resolution enhancement properties have been analyzed by our group [6-8]. Next, a 150 

nm thick layer of PMMA-A4 is spin coated on the gold and will serve as a resist mask 

to lithographically define the plasmonic crystal structure using electron beam 

lithography. The patterned PMMA is then developed in an Methyl-Isobutyl-Ketone: 

Isopropyl Alcohol (MIBK:IPA) 1:3 solution and followed by another solvent IPA rinse. 

Forty five nanometers of chromium are then deposited on the PMMA mask using e-

beam evaporation, after which the sample is placed in acetone to perform a metal-lift 

off. The chromium that adhered to the gold will remain, on the sample, where as the 

chromium that landed on the resist mask will be washed away. The structures made in 

our experiments are pillars arranged in rectangular lattices with periods px=940 nm and 

py=360 nm.  It is important to mention that the chromium is used to define the pillars of 

the plasmonic crystal because chromium provides a very good contrast with gold and 

does not oxidize. Finally, a 150 nm thick layer of PMMA doped with Rhodamine 6G (a 

fluoresce compound) is spin coated on top of the chromium pillars to act as the 

excitation source of SPPs.   
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CHAPTER 2  

IMAGE RECONSTRUCTION ALGORITHMS 

 

               In this section I will describe two image reconstruction algorithms used in my 

research group. The main goal of these algorithms is to generate images of periodic 

structures under conditions prohibited by the constraints of Eq. (1.1), namely, when NAc 

> NAo and λ/(NAo+NAc) > λ/(2n), where (n) is the refractive index of the medium 

surrounding the sample. In these circumstances, images cannot traditionally be obtained 

with direct imaging methods, yet phase-recovery imaging techniques, such as Fourier 

Ptychographic Microscopy (FPM), can be used to generate numerically-reconstructed 

high-resolution images with a resolution of ~λ/(NAo+NAc) < λ/(2NAo). Originally, FPM 

was developed assuming light was incident upon a sample from a single direction at the 

time [2,9]. This required the collection of a large number of images from different 

directions, and long exposure times due to the low intensity of the illumination source 

[10-11]. We developed and demonstrated viability of several FPM algorithms with the 

goal of increasing image reconstruction efficiency under different circumstances. The 

first algorithm I will focus on is FPM phase-recovery algorithm capable of illumination-

direction multiplexing (IDM). In IDM-FPM, a set of different IDM RP images are 

produced by illuminating the sample using pre-configured patterns of well-defined near-

point illumination directions, known as IDM patterns. The second algorithm 

demonstrated is called Scanning Light-Diffracted Microscopy (SLDM). The difference 

between this technique and IDM-FPM is that, in IDM-SLDM, a set of different IDM 

RP images are produced by using different directions of the light diffracted by the 

sample.  The following section will describe these algorithms in detail, which is an 

adaptation of our published papers.  
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Illumination-Direction Multiplexing Fourier Ptychography Microscopy 
(IDM-FPM) 

 

                 The IDM-FPM algorithm starts (iteration index m=0) by assuming an 

arbitrary amplitude (am=0(r)) and phase (pm=0 (r)) of an optical disturbance (OD) from a 

structure being imaged at the microscope’s real plane (RP), (a(r)exp(ip(r))) [9,12], as 

shown in the block (1) in Fig. 2.1 (a) .  In this step, the arbitrary input amplitude and 

phase do not matter. The program simply needs to be initialized and will converge at 

the end and produce the appropriate image. 

 

 

Figure 2.1 (a) Flow chart of IDM-FPM phase-recovery algorithm steps. (b) The value of the modified 

amplitude of the OD in each RP point is proportional to the value of the calculated amplitude of the OD in 

the same RP point. The proportionality constant in each point depends on the ratio between the measured 

experimental intensity and the calculated intensity at that point. 

 

In the next step of the algorithm, block (2) of Fig. 2.1 (a), the initial approximation 

(m=1, j=1) for the actual OD at the microscope’s Fourier plane (FP) is obtained by 

applying a two-dimensional (2D) Fourier transform (F) operation to the initial OD in 

the following way [9,12]: 

1, 1 0
( ) ( )

1, 1 0( ) ( )
act

m j m
iP k ip ract

m j mA k e F a r e= = =

= = =
 =   .         (2.1) 
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Figure 2.2 Actual approximation of synthetic FP-OD 

Figure 2.2 is the representative FP image of this step that would be captured if we were 

to observe the sample with an objective lens with a synthetic numerical aperture NAs = 

NAo + NAc = 1.77 (this value is for the particular case where NAo = 0.8 and NAc =0.97). 

The red circles represent the area within a FP image corresponding to an objective lens 

with NAo = 0.8 and are offset from center by a distance corresponding to unique 

illumination directions. 

 

Then, as sketched in block (3) in Fig. 2.1 (a), the ODs associated to each of the single 

illumination directions (labeled q = 1, 2,…, N ), which contribute to the first (j=1) 

multiplexed low-resolution RP image, are calculated by [2,9] : 

, , ,( ) ( )

, , ,( ) ( ) , 1,2,...,
act

m j q m j qiP k iP k kact

m j q m j q oA k e A k k e W q N
−

= −  =
                                  (2.2) 

where Wo is a circular window of radius NAo and centered at k = 0. Eq. (2.2) corresponds 

to the successive application of the operations “shift” and “window.” First, the complex 

function describing the Fourier plane in the optical disturbance (FP-OD) is shifted 

toward the FP position kq corresponding to the qth illumination direction. The shift is 

then followed by a multiplication by Wo, so that the resulting FP image is limited to an 

experimentally realizable numerical aperture (NAo), as shown in Figure 2.3.  
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Figure 2.3 Calculated FP-OD j=1,N 

 

As sketched in block (4) in Fig. 2.1(a), the ODs in the RP (RP-ODs) corresponding to 

each FP-OD are then obtained by applying an inverse 2D Fourier transform (F-1) 

operation as follows [9-11] (and whose result is shown in Fig. 2.4): 

, , , ,( ) ( )1

, , , ,( ) ( ) , 1,2,...,m j q m j qip r iP k

m j q m j qa r e F A k e q N−  = =
                                             (2.3) 

 

 

Figure 2.4 Calculated RP-OD j=1,N 

  

In single illumination-direction FPM, this step is followed by the substitution of the 

amplitude of the calculated RP-OD (am,j,q (r)) by the square root of the intensity of the 

corresponding experimental (or simulated) low-resolution RP image [9]. However, as 

sketched in block (5) in Fig. 2.1 (a) and in Fig. 2.1(b), the amplitude of the calculated 

RP-ODs are modified in the IDM-FPM algorithm in the following way [10,11]:  
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,mod

, , , ,

2

, , , , , ,

1

( ) ( ),

, [ ( )] .

RP j

m j q m j q

RPT

N

RPT RP j q RP j q m j q

q

I
a r a r

I

I I I a r
=

=

= =
              (2.4) 

where IRP,j is the intensity of the experimental (or simulated) multiplexed low-resolution 

RP image number j. Eq. (2.4) guarantees that the sum of all calculated intensities of the 

modified RP-ODs equals IRP,j. Moreover, Eq. (2.4) is equivalent to Eq. (2.5): 

            

,

mod , , , , ,

mod 2

mod , , , ,

,

[ ( )] .

RP j

RP j q RP j RP j l

l qRPT

RP j q m j q

I
I I I

I

I a r



= −

=



  

    (2.5) 

Eq. (2.5) corresponds to the incoherent superposition condition requiring that the 

calculated intensity of a particular OD (ImodRP, j,q) should be equal to the difference 

between IRP,j and the sum of the intensities corresponding to all the others ODs 

contributing to the formation of the multiplexed low-resolution RP image number j. Fig. 

2.5 shows a representative image of the result of this new step, this image seen is an 

enhanced version of Fig. 2.4 because it now has information from the experimental or 

simulated images.  

 

 

Figure 2.5 Modified RP-OD j=1,N 

As sketched in block (6) in Fig. 2.1(a), the FP-ODs corresponding to each RP-OD are 

recalculated with the following equation [9-11]: 

, , , ,( ) ( )mod

, , , ,( ) ( ) .
rec

m j q m j qiP k ip rrec

m j q m j q oA k e F a r e W = 
               (2.6) 
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It should be emphasized that the recalculated FP-ODs (Fig. 2.6) are improved versions 

of the previously calculated FP-ODs (Fig. 2.3) because the information contained in the 

experimental (or simulated) multiplexed images has been incorporated to the 

recalculated FP-ODs.  

 

 

Figure 2.6 Recalculated FP-OD j=1,N 

Then, as sketched in the block (7) of Fig. 2.1 (a), the next approximation of the synthetic 

FP-OD (Fig. 2.7) is calculated in the following way [10-11]: 

, ,

, , , ,

( ) ( )

, ,

( ) ( )

, , , ,

1

( ) ( )

( ) ( ) .

upd act
m j m j

rec
m j q q m j q q

iP k iP kupd act

m j m j

N
iP k k iP k krec

m j q q m j q q

q

A k e A k e

A k k e A k k e  
+ +

=

=

 + + − +
 

             (2.7) 

 

Figure 2.7 Next approximation of synthetic FP-OD 

As shown by the arrow between blocks (7) and (2) in Fig. 2.1(a), after the synthetic FP-

OD is updated, it is used as the actual approximation for the next multiplexed images 

(j=2, 3…, M). The operations included in the box with discontinuous-line in Fig. 2.1 are 

successively done for each experimental (or simulated)) multiplexed low-resolution RP 

image. This constitutes the first algorithm iteration (m=1). The algorithm will repeat and 

should converge after several iterations. Finally, as shown in the block (8) in Fig. 2.1(a), 
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the amplitude and phase corresponding to the final high-resolution RP image is obtained 

by applying an inverse 2D Fourier transform of the complex function corresponding to 

the updated FP-OD (as plotted in Fig. 2.8).  

 

 

Figure 2.8 (a) Amplitude, and (b) phase corresponding to the final approximation of high-resolution RP-OD 

FPM needs image diversity in order to work. This means that several experimental 

images should be taken, and each image should be unique. The reason why FPM is able 

to recover the unmeasured phase is because each low-resolution image has partial 

information of the phase.   
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Illumination-Direction Multiplexing Scanning Light-Diffracted Microscopy 
(IDM-SLDM) 

 

                 Figure 2.9 is a flowchart of the IDM-SLDM algorithm, which is similar to 

the IDM-FPM algorithm [9,10,13]. 

 

Figure 2.9 Flowchart of the IDM-SLDM algorithm 

 

IDM-SLDM algorithm can recover the unmeasured phase from a set of low-resolution 

IDM RP. As shown in block (1) of Fig. 2.9, the IDM-SLDM algorithm starts by 

assuming an initial approximation for the amplitude (am=0(r)) and phase (pm=0(r)) of the 

Real Plane - Optical Disturbance (RP-OD) [9,10,13]. After this initial approximation, 

as shown in block (2), the first actual approximation (m=1, j=1) of the Fourier Plane-

Optical Disturbance (FP-OD) is calculated by applying a two-dimensional (2D) Fourier 

transform operation (F) [9,10,13]:  

, 0
( ) ( )

, 0( ) ( )
act

m j m
iP k ip ract

m j mA k e F a r e =

=
 =    (2.8) 

where r and k are 2D vectors defined in the RP and FP, respectively.  A rectangular 

window WS(Θj), that corresponds to a slit placed at the objective back focal plane is 

defined in the FP with length NAo, centered at k = 0, and width WS.  
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The rectangular window is then rotated by an angle Θj with respect to k = 0, as shown 

in block (3). The sample is simultaneously illuminated from N different directions, for 

any given slit orientation, within the directions defined by the FP vectors kq, where q = 

1, 2, ..., N. As represented by the block (4), not one, but a N number of FP-ODj,q 

corresponding to a singular slit orientation Θj must be calculated, one for each direction 

of illumination q, using the following equation[9,10,13]:  

 

, , ,( ) ( )

, , ,( ) ( ) ( )
act

m j q m j qiP k iP k kact

m j q m j q S jA k e A k k e W
−

= −  
 (2.9) 

 

This equation should be evaluated N times for each slit orientation Θj; the actual 

approximation of the FP-OD should be shifted each time by kq and then multiplied by 

the rotated rectangular window WS(Θj). Once the first approximation to the amplitude 

and phase corresponding to the FP image is calculated, then we can proceed to block 

(5) where the amplitude (am,j,q(r)) and phase (pm,j,q(r)) corresponding to the related RP 

image are calculated by applying a 2D inverse Fourier transform operation  (F-1) using 

the following expression[9,10,13]: 

, , , ,( ) ( )1

, , , ,( ) ( )m j q m j qip r iP k

m j q m j qa r e F A k e−  =
   (2.10) 

As indicated by block (6), the calculated amplitude of each low-resolution RP image 

(am,j,q(r)) is modified using the following equation:  

,mod

, , , ,

2

, , , , , ,

1

( ) ( ),

, [ ( )] .

RP j

m j q m j q

RPT

N

RPT RP j q RP j q m j q

q

I
a r a r

I

I I I a r
=

=

= =
                          (2.11) 

where IRP,j is the intensity of the experimental (or simulated) multiplexed low-resolution 

RP image number j , which was obtained with the slit oriented at Θj. It is important to 

mention that in IDM-FPM, a set of different IRP,j are obtained by changing the pattern 

of IDM, while in IDM-SLDM different IRP,j are obtained by rotating de slit. After this, 
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as shown in the block (7), each FP-ODj,q is recalculated using the next equation 

[9,10,13]:  

, , , ,( ) ( )mod

, , , ,( ) ( ) ( )
rec

m j q m j qiP k ip rrec

m j q m j q S jA k e F a r e W =  
   (2.12) 

The updated approximation of the FP-OD (block 8) with NAs is calculated by adding a 

weighted difference between calculated and recalculated FP-ODs with NAo to the actual 

approximation of the FP-OD given by Eq. (2.8) [9,10,13], with the following equation:  

, ,

, , , ,

( ) ( )

, ,

( ) ( )

, , , ,

1

( ) ( )

( ) ( ) .

upd act
m j m j

rec
m j q q m j q q

iP k iP kupd act

m j m j

N
iP k k iP k krec

m j q q m j q q

q

A k e A k e

A k k e A k k e  
+ +

=

=

 + + − +
 

  (2.13) 

After the initial approximation of the FP-OD is updated, this new image is used as the 

actual approximation (j=2), as shown by the arrow from block (8) to block (2). The 

blocks connected by red arrows in Fig. 2.9, are continuously performed for each slit 

orientation (indicated by the sub-index j). It constitutes the first iteration (m=1) in the 

IDM- SLDM algorithm, and the algorithm should converge after several iterations, 

usually between 50 iterations. Finally, the 2D Fourier transform of the FP-OD gives the 

final RP-OD, as indicated in block (9).  
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CHAPTER 3  

ALGORITHM IMPLEMENTATIONS 
 

In this section I will review our group’s research experiments whose result have 

been published, where I have been a contributing author or the corresponding author. 

The next subsections are reproduced and/or adapted from References [13-16]. 

Illumination-direction multiplexing Fourier ptychographic microscopy 
using hemispherical digital condensers 

 

We conducted IDM-FPM simulations, using as the initial approximation of the 

RP-OD, p(r)=0 and a(r)= √𝐼0 , where Io is the intensity corresponding to the first 

multiplexed low-resolution RP image used in the algorithm. The simulations are based 

on illumination from a Hemispherical Digital Condenser, like the one described in the 

experimental arrangement section of Chapter 1, where we assumed a set of 64 

illumination directions.  

 

 
 

Figure 3.1 IDM-FPM simulation results for arbitrary sample. (a-b) Ideal OD, intensity, and phase, 

respectively. (c) Illumination direction distribution of LEDs in HDC. (d), (f), (h), (j) Intensity and (e), (g), (i), 

(k) phase corresponding to ODs obtained using the IDM-FPM algorithm with NAs = 1.77.  (d-k) Images 

obtained using IDM produced by simultaneously turning ON (d-e) 4 and (j-k) 16 consecutive LEDs in the 

same HDC row, (f-g) 4 consecutive LEDs in the same HDC column, and (h-i) 16 LEDs in each quarter of the 

HDC 

Fig. 3.1 shows simulation results that corresponds to an arbitrary sample. By 

“arbitrary sample”, it is meant that the image being analyzed was not obtained by 

experiment, rather was randomly chosen. In this case, the arbitrary sample is one whose 
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intensity distribution is an image of red-blood cells and its phase is a picture of a man’s 

face. This sample was selected to study the IDM-FPM capabilities on non-periodic 

samples. Figs. 3.1 (a-b) show the intensity and phase, respectively, which should be 

observed using perpendicular illumination and a synthetic numerical aperture NAs = NAo 

+ NAc = 0.8 + 0.97 = 1.77. The intensity of the final high-resolution multiplexed RP 

images produced after implementing the IDM-FPM algorithm, Figure 3.1(d), 3.1(f), 

3.1(h), 3.1(i), were good in all cases. In each successful illumination pattern, four LED 

illumination directions were multiplexed and 16 low-resolution RP images were used. 

In our actual experiment, we imaged a Ronchi ruling with a period p = 1.67 μm, 

with an objective lens having NAo = 0.8. To carry out the algorithm, we selected 

different configurations of LEDs: 4 consecutive LEDs in the same row, 4 consecutive 

LEDs in the same column, 16 LEDs in a full quarter of the HDC, and 16 consecutives 

LEDs in the same row. Each configuration of LEDs was iteratively cycled around the 

HDC until every LED was used.  The HDC was placed, centered directly on top of the 

sample. Fig. 3.2 shows examples of experimental RP and FP multiplexed images 

corresponding to the Ronchi ruling measured that were obtained using the experimental 

set-up sketched in Fig. 1.1 and each of the four kinds of IDM patterns. 

 

 
 

Figure 3.2 Examples of experimental FP and RP images obtained with a NAo = 0.8 objective lens, and by 

simultaneously turning ON (a-b) 4 and (g-h) 16 consecutive LEDs in the same HDC row, (c-d) 4 consecutive 

LEDs in the same HDC column, and (e-f) 16 LEDs in each quarter of the HDC. Arrows added to FP images 

group consecutive zero-order diffraction spots corresponding to the IDM pattern used. 

It is worth noting that while FP images are not used in the IDM-FPM algorithm, we 

used them to determinate the exact illumination directions of the LEDs in the HDC. As 

expected, the periodicity of the Ronchi ruling can be clearly seen in all experimental RP 

images because p >> 𝜆/NAo [3,12,17,18]. In spite of that, these sets of experimental RP 
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images are acceptable cases for a quantitative test of the IDM-FPM algorithm’s phase-

recovery capabilities when illumination patterns are used. 

Figs. 3.2(a), 3.2(c), 3.2(e), 3.2(g), and 3.2(b), 3.2(d), 3.2(f), 3.2(h) show the intensities 

and phases, respectively, corresponding to ODs calculated using the IDM-FPM 

algorithm and multiplexed RP images. 

 

 

 
 

Figure 3.3 IDM-FPM results using experimental multiplexed RP images. (a), (c), (e), (g) Intensities and (b), 

(d), (f), (h) phases corresponding to OD obtained using the IDM-FPM algorithm with the IDM produced by 

simultaneously turning ON (a-b) 4 and (g-h) 16 consecutive LEDs in the same HDC row, (c-d) 4 consecutive 

LEDs in the same HDC column, and (e-f) 16 LEDs in each quarter of the HDC. The same number of periods 

appear in all the images. 

IDM was produced by simultaneously turning ON 4 (Figs. 3.3(a-b)) and 16 (Figs. 3.3(g-

h)) consecutive LEDs in the same HDC row, 4 consecutive LEDs in the same HDC 

column (Figs. 3.3(c-d)), and 16 LEDs in each quarter of the HDC (Figs. 3.3(e-f)). In 

excellent correspondence with the simulation results (not shown here), the correct 

periodicity of the Ronchi ruling is clearly observed in all of the images shown in Fig. 

3.3. In particular, the results shown in Figs. 3.3(g-h) demonstrate that IDM-FPM using 

ring-like illumination permits to obtain the OD corresponding to a photonic crystal 

sample.  
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Fourier Plane Imaging and Illumination-Direction-Multiplexing using a 
Rotating Diffracting Element for Fourier Ptychographic Microscopy  

 

In this experiment, we employed another way to image periodic structures with 

period beyond the Rayleigh resolution limit. The sample used in this experiment was 

illuminated from several directions using a combination of optical elements, such as a 

collimated white-light, a diffracting element, and a microscope objective lens. Figure 

3.4 shows a schematic illustration of the experimental used where the sample is 

illuminated by a collimated white-light source that passes through a diffracting element. 

The diffracting element is a 100 lines/mm Ronchi Ruling, that is then focused by an 

objective lens (focusing objective) with NAo = 0.3. The focusing objective is placed 

between the diffracting element and the sample. The distance of the diffracting element 

and the sample is carefully selected to avoid generating a possible Moire pattern. Under 

these conditions, the resolution limit of the condenser-microscope arrangement is 

calculated as /(2NAo) = 1.9 µm. A 600 lines/mm Ronchi Ruling grating was used as 

the sample to image since the period is less than the calculated Rayleigh resolution limit 

(pRR = 1.67 μm <  /(2NAo)), yet still above of the theoretical resolution limit of the 

condenser-microscope set up, pmin =/(NAo+NAc) ~ 1.43 µm, where NAc is the 

numerical aperture of the condenser. Since the sample’s patterned structure was not 

visible, a scratch was made across the patterned structure to create a large feature to help 

focus the light on the sample’s surface. 

 

 

Figure 3.4 Schematic illustration of the experimental set up. 
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We obtained nine pairs of FP-RP images by rotating the diffracting element from 

0 to 180 degrees in 18 degrees angle steps. The FP-RP image pairs shown in Figure 3.5 

were obtained by taking images with perpendicular illumination (Figs. 3.5(a) and 

3.5(b)), diffracted light by the diffracting element rotated by 0 (Figs. 3.5(c) and 3.5(d)), 

and 18 degrees (Figs. 3.5(e) and 3.5(f)). The sample’s periodic structure with p = 1.67 

µm is not visible because the period is below Rayleigh resolution limit p <  /(2NAo). 

 

Figure 3.5 (a-b, c-d, e-f) Examples of experimental pairs of (a, c, e) FP and (b, d, f) RP images obtained using 

(a-b) perpendicular illumination and (c-f) diffracted light by the diffracting element rotated (c-d) 0 and (e-f) 

18 degrees. Superposed arrows in (c) and (e) indicate the displacement of the first-order diffraction spots. 

 

It is important to mention that the zero-order diffraction spots corresponding to 

the observed first-order diffraction spots were not collected by the objective lens 

because NAc = 0.25 > NAo.  The zero-order diffraction spot located in the FP images 

shown in Figs.  3.5(a), 3.5(c), and 3.5(e) is produced by the light that passed without 

diffraction to the collection objective lens. The images that were taken when the 

diffracting element was rotating within ± 20 degree angle captured the first-order 

diffraction spots inside the numerical aperture, i.e. they carried information of the 

sample. The position of the diffraction spots and their trajectory in the FP during the 

rotation of the diffracting element can be better understood using the schematic shown 

in Figure 3.6.   
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Figure 3.6 Origin of the diffraction spots. a) Representation of the diffraction of the collimated light from the 

diffracting element and the Ronchi Ruling sample. b) Schematic of the Fourier plane highlighting the 

trajectories and NAc of the diffraction spots.  

 

Figure 3.6(a) shows a ray-diagram of the diffraction of the collimated beam 

when it goes through the diffracting element. As shown in Fig. 3.6(a), the three arrows 

coming from the diffracting element are called first-tier diffraction beams. These arrows 

represent the trajectory of the first-tier zeroth and first-order diffraction beams which 

illuminate the sample from three distinct directions (angles) at the same time. The 

collection objective lens can only capture two first-order diffraction spots at a time. 

These diffraction spots will rotate in apparent opposite direction arcs as indicated in Fig. 

3.6 (b). The radius of the dashed circles in Fig. 3.6 (b) is equal to the numerical aperture 

of the condenser NAc = 0.25 > NAo. 

FPIM-FPM Simulations 

A better representation of the optical disturbance (OD) can be obtained from the 

IDM FP images using the Fourier Plane Imaging Microscopy (FPIM) technique. This 

imaging technique is not a phase-recovery method but a detection one. The FPIM 

technique detects periodic structures using a microscope-condenser combination by 

extracting the information contained in the simulated IDM FP images. FPIM allows to 

detect these structures when λ/(NAo+NAc) < p < λ/(2NAo), even though the periodic 

structure is not visible in the RP images [19,20]. Therefore, we modified the IDM-FPM 
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phase-recovery algorithm to include a section for the FPIM technique. The FPIM 

technique constructs the diffraction rings that would be visible in the FP images using 

a hypothetical objective lens with NAo >> NAc if the sample were illuminated by a 

hollow-cone of light. The updated IDM-FPM algorithm generates the first 

approximation of the optical disturbance contained in the synthetic FP image as 

A(k)expiP(k) where: 

1 2( ) ( ) ( ), ( ) 0FPIM ExpA k a A k a A k P k= + 
  (3.1) 

Where a1 and a2 are arbitrary coefficients, AExp(k) is the amplitude of the Fourier 

transform of an experimental low-resolution RP image. Equation (3.1) can be reduced 

to the often-used FPM first approximation by setting a1=0.  After this step, we processed 

the 9 simulated IDM RP images using the IDM-FPM algorithm with A(k)eiP(k) given by 

Eq. (3.1) as the OD’s initial approximation.  

FPIM-FPM Processing of Experimental Images 

We processed nine experimental images following the same method described in the previous 

section. The results obtained using the FPIM technique and the experimental FP images 

are shown in Fig. 3.7. 

 

Figure 3.7 (a) Intermediate state of the calculated synthetic FP image, (b) low-resolution experimental RP 

image, (c) inset magnifying the low resolution experimental RP image, (d) synthetic FP image after 10 

iterations of the IDM-FPM algorithm, (e) calculated high-resolution RP image, and (f) inset magnifying the 

high-resolution RP image, where the sample’s periodicity with p =1.67 µm is visible. 

Fig. 3.7 shows the simulation results obtained using a combination of the FPIM 

technique and the IDM-FPM algorithm. Fig. 3.7(a) is the calculated synthetic FP image 

at the beginning of an iteration of the IDM-FPM algorithm, where three rings of radii 
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NAo are superimposed onto it. The centers of these rings correspond to three illumination 

directions that are being incoherently superposed. The region of the FP contained inside 

these rings is used to calculate the low-resolution IDM RP image in the next-iteration 

of the IDM-FPM algorithm. Fig. 3.7(b) shows an instance of experimental low-

resolution IDM RP image used in the IDM-FPM algorithm. As expected, in this image 

we can see the scratch mentioned previously, but not the sample’s periodicity (p = 1.67 

µm), as clearly seen in the corresponding magnified region (dashed rectangle in Fig. 

3.7(b)) shown in Fig. 3.7(c). Fig. 3.7(d) shows the calculated synthetic FP image with 

NAs = 0.4 after 10 iterations of the IDM-FPM algorithm. It contains the zeroth and the 

first-order diffraction spots (indicated by white arrows) produced by the sample, which 

are separated a distance λ/p = 0.34. Following the same reasoning as before, since 

multiple diffraction orders of diffraction are simultaneously captured, we can expect to 

see the resolved structure in the corresponding high-resolution RP image. Fig. 3.7(e) is 

the calculated high-resolution RP image. As seen in the corresponding magnified region 

shown in Fig. 3.7(f), the periodicity of the sample (p = 1.67 µm) was clearly resolved. 

In this paper, we have implemented a new setup for IDM-FPM that involves a rotating 

diffracting element. This diffracting element produced diffraction beams used to 

illuminate the sample from different directions at the same time. By using a combination 

of the FPIM technique and the IDM-FPM algorithm we were able to resolve periodic 

structures below the Rayleigh resolution limit.  
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Improving the Resolution of an Optical Microscope Using Ring-Like 
Illumination and Scanning the Direction of the Diffracted Light with a Slit  

 

A 600 lines/mm Ronchi Ruling, serving as a controlled periodic structure with 

a period p= 1.67 μm < /(2NAo), was illuminated with the cone of white-light produced 

by a ring-shaped condenser (described in Chapter 1) with a numerical aperture larger 

than the microscope’s objective lens (NAo = 0.15). By rotating a slit placed at the back 

focal plane of the objective lens, we obtained several pairs of Real plane (RP) and 

Fourier plane images corresponding to different diffraction directions. As sketched in 

Fig. 3.8(a), we used the microscope’s built-in illumination source to obtain a FP-RP pair 

of images under perpendicular illumination. Figure 3.8(b) shows a photograph of a ring-

shaped, white-light emitting condenser with an inner diameter of 5 cm that we used to 

obtain the experimental images. We adjusted the numerical aperture of the condenser 

NAc = 0.4 > NAo by changing the height over the sample. We took 9 pairs of FP-RP 

images corresponding to different slit orientations and changed the slit orientation from 

0 to 180 degrees with an increment of 20 degrees. Some examples of the pairs of FP-

RP images obtained with the experimental set up sketched are seen in Fig. 3.9.  

 

 

Figure 3.8 (a) Schematic illustration of the experimental set up. (b) Photograph of the ring-shaped 

condenser. 

 

Figures 3.9(a) and 3.9(b) show the experimental FP and RP images, respectively, that 

were taken when the sample was illuminated by a hollow cone of light coming from the 

condenser and the slit placed in the back focal plane of the microscope oriented at an 



Texas Tech University, Sueli Skinner-Ramos, May 2019  

32 

angle of 0 degrees. Only a fraction of these rings can pass through the slit, two small 

bright arcs corresponding to the first-order diffraction rings can be seen in the FP image 

as shown in Fig. 3.9(a). Figures 3.9(c) and 3.9(d) show an instance of FP and RP images, 

respectively, obtained when the slit was rotated at an angle of 20 degrees clockwise. 

The numerical aperture of the diffraction rings produced by the periodic structure in the 

sample is NAc = 0.4 > NAo, for this reason the microscopes objective lens is unable to 

collect the zero-order diffraction ring. Therefore, as shown in Fig. 3.9(b) and 3.9(d), the 

sample periodicity is not visible in the experimental low-resolution RP images.  

 

Figure 3.9 (a-b, c-d) Typical examples of experimental pairs of (a, c) FP and (b, d) RP low-resolution images 

obtained using ring-like illumination with the slit placed at the back focal plane of the objective lens (a-b) 

oriented perpendicularly to the slits in the Ronchi-ruling and (c-d) after rotating the slit at an angle of 20 

degrees. 

Simulation Results 

As mentioned before, image diversity is necessary for FPM to work. If the 

sample were illuminated by the ring-shaped condenser alone, then only a single IDM 

RP image could be obtained and there would be no image diversity. However, if a slit 

were included, multiple and different IDM RP images can be obtained by taking them 

as the slit is rotated about its center. As shown in Fig. 3.10, the three large rings represent 

the diffraction pattern formed by rings produced by the periodic structure illuminated 

by a hollow-cone of light [19,20]. The small dashed circle shows the numerical aperture 

of the objective lens (NAo = 0.15). The two arcs seen inside of this circle correspond to 

the first-order diffraction rings whose centers are located at points M and N, which are 

located at a distance λ/p = 0.34 in NA units from the point O. The radii of these rings are 

equal to the numerical aperture of the ring-shaped condenser (NAc= 0.4), and we used 

the Fourier plane imaging microcopy (FPIM) technique to determine p. We added a 

section dedicated to the IDM-FPM phase-recovery algorithm Matlab code to solve for 

p and implement the result in the FPIM technique. 
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Figure 3.10 Schematic illustration of the FP image showing the relation between the illumination direction 

(φ) and the slit orientation angle (θ).   

Processing of the experimental images 

  We processed the experimental images following the same method described 

above. We used Eq. (3.1) to obtain the initial approximation of the IDM-FPM algorithm. 

The final image, AFPIM(k), was obtained by processing the 9 experimental FP images 

with the FPIM technique. AExp(k) was calculated as the amplitude of the Fourier 

transform of an experimental low-resolution RP image that was obtained using the 

microscope’s built-in illumination source and without the slit.  

 

Figure 3.11 (a) Intermediate state of the calculated synthetic FP image. (b) Calculated low-resolution RP 

image and, (c-d) insets showing a magnified view where the periodicity of the sample is absent. (e) Synthetic 

FP image obtained after 10 iterations of the IDM-FPM algorithm, (f) corresponding high-resolution RP 

image and, (g-h) insets showing a magnified view where the periodicity (p = 1.67 µm) of the sample is clearly 

visible. 

 

Figure 3.11 shows the results obtained after processing the experimental IDM images 

using a combination of the FPIM technique and the IDM-FPM algorithm. A marked 

resolution enhancement is clearly visible by comparing the low-resolution and high-
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resolution images of Figure 3.11 (c-d) and 3.1 (g-h). We have thus presented a proof-

of-concept demonstration of a method for improving the resolution of a condenser-

microscope arrangement which is used for imaging an arbitrary sample placed on a 

microscope slit containing a periodic structure. 
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Subwavelength Resolution Scanning Light-Diffracted Microscopy Using 
Plasmonic Ultra-Thin Condensers 

 

  Plasmonic Ultra-Thin Condensers (UTC) with a volume three orders of 

magnitude smaller than traditional microscope condensers have a numerical aperture 

NAc > 1 and are based on surface plasmon polariton (SPP) leakage radiation [7,21]. SPP 

theory was described in Chapter 1. Plasmonic UTCs with a very large NAc could make 

a novel kind of optical nanoscope possible [21,22]. Plasmonic UTCs illuminate the 

sample under observation with surface plasmon polaritons (SPP) [23], which are excited 

by near-field spontaneous fluorescent emission [7, 21,24,25]. The light used for imaging 

in a plasmonic UTC-microscope arrangement is the leakage radiation associated to the 

excited SPPs [26], which forms a hollow-cone of light characteristic of ring-shaped 

condensers when there is no sample in the UTC.  The experimental arrangement and a 

schematic illustration of the sample used are shown in Figure 3.12. 

 

Figure 3.12 (a) Schematic illustration of the experimental setup. (b) Cross-sectional schematic of the 

plasmonic UTC structure with a periodic array of Cr pillars. 

 

The resolution limit of this microscope arrangement is /(2NAo) = 438.5 nm. The 

sample, a plasmonic crystal with rectangular symmetry, is illuminated by a diode laser 

of wavelength λ=532 nm. As shown in Fig. 3.12(b), the plasmonic crystal consists of 40 

nm thick chromium pillars on a 45 nm thick layer of gold, that is adhered to a glass 

coverslip substrate by a 2 nm thick chromium layer. The chromium pillars are the 
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structures to be imaged by the optical system, their fabrication steps were described in 

Chapter 1. As shown in Fig. 3.12 (b), the structure of the plasmonic UTC includes a 

PMMA layer doped with Rhodamine 6G, which was deposited on top of the chromium 

rectangular lattice structure to work as the excitation source of SPPs. The Rhodamine 

6G fluorescence emission peak occurs at λ=570 nm wavelength when pumped by the 

λ=532 nm wavelength laser. We worked with a NAo = 0.65 collection objective lens and 

a band-pass spectral filter centered at λ=570 nm wavelength with a 10 nm bandwidth to 

block the pump laser transmission and transmit only the SPP coupled fluorescence. 

When the surface plasmon polariton is excited at the PMMA/gold interface, a plasmonic 

UTC with NAc=1.25 > NAo is formed. 

The chromium pillar’s periodicity was chosen such that py = 0.360 μm < 

/(2NAo) is beyond the microscope’s diffraction limit, but it is above the theoretical 

resolution limit of the condenser-microscope set up /(NAo+NAc) = 0.325 µm, and the 

horizontal periodicity px=940 nm is easily captured since px = 0.940 μm > /(2NAo). As 

sketched in Fig. 3.12(a), a 0.4 mm wide rotating slit, which corresponds to a numerical 

aperture width (WS = 0.2) in the microscope’s FP, was placed in the back focal plane of 

the collection objective lens.  The slit transmits specific emission directions of the 

leakage radiation associated to the SPPs that interacted with the chromium structure on 

the UTC. We acquired nine pairs of IDM FP-RP images corresponding to different slit 

orientations. The slit orientation was varied from 0 to 180 degrees at 20 degrees angle 

increments, where the zero-degree angle orientation corresponds to the slit oriented 

along the direction of pillars having the larger period px. Scanning the directions of the 

leakage radiation with the rotating slit then resulted in different IDM RP images. Figs. 

3.13 (a) and 3.13 (b) are the FP and RP images of the sample, respectively, that were 

obtained without the slit placed at the back focal plane of the objective lens. Without 

the slit, only the IDM RP image shown in Fig. 3.13 (b) can be collected. The image 

diversity that is required for convergence of the IDM-SLDM algorithm can be achieved 

by rotating the slit placed at the back focal plane of the objective lens. Fig. 3.13 (c) and 

3.13 (d) show an example of the slit oriented at an angle Θ=0 degrees. As seen in Fig. 

3.13 (c) only fractions of the bright vertically oriented arc can be captured. Only the 
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largest sample’s periodicity can be seen in the IDM RP image shown in Fig. 3.13 (d), 

and its magnified image shown in Fig. 3.13 (e).   

 

Figure 3.13 Experimental (a) FP and (b) RP images of the sample obtained without the slit. Example of 

experimental pairs (c-f) FP and (d-g) RP images obtained with the slit oriented (c-d) perpendicular to the 

sample periodicity, and (f-g) after rotating the slit at 80 degrees.  

 

The IDM FP and RP images shown in figures 3.13(f) and 3.13 (g) are obtained when 

the slit is oriented at Θ=80 degrees. As seen in Fig. 3.13 (h) no periodicities are visible. 

This is due because a single pair of bright arcs are captured with the microscope’s 

arrangement.  

IDM-SLDM Simulations   

The plasmonic UTC was approximated by N = 18 discrete sources of planar 

waves forming a ring with NAc = 1.25. The simulated IDM images were calculated 

assuming a known OD at the sample’s plane followed by using Eqs. (2.8), (2.9) and 

(2.10), as indicated by the blocks (1) to (5) in Fig. 2.9. Then the simulated IDM RP 

images [IRPT in Eq. (2.11)] were calculated as the sum of the intensities corresponding 

to the N calculated RP-ODs [IRP,j,q in Eq. (2.11)]. A good correspondence was observed 

between the simulated IDM RP images and the corresponding experimental images. The 

IDM-SLDM algorithm starts by assuming an initial approximation of the RP-OD. As it 
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is often chosen in IDM-FPM [10,11,13], we used pm=0(r) ≡ 0 and am=0(r) as the 

amplitude corresponding to a low-resolution RP image obtained with the same 

experimental set up but without the slit. However, when a periodic sample is 

illuminated, a better RP-OD initial approximation can be obtained by extracting the 

information contained in the experimental (or simulated) FP images using the FPIM 

technique [20]. Therefore, we constructed the initial approximation of the RP-OD with 

pm=0 (r) ≡ 0 and am=0(r) given by the following equation [15]: 

                              0 1 , 2( )m RP RPIMa r c I c I= ⊥= +
  (3.2) 

where c1 and c2 are arbitrary constants, IRPIM is the intensity of the RP image that could 

be obtained by processing the experimental FP images using the FPIM technique 

[20,15], and IRP,⟘ is the intensity  of a RP image obtained with the experimental set up 

sketched in Fig. 3.12(a) without the slit. If we set c2 =0, Eq. (3.2) corresponds to the 

initial approximation used in IDM-FPM. As shown in Figs. 3.14(a) to 3.14(d), FPIM 

detects periodic structures with a period smaller than the Rayleigh resolution limit by 

extracting useful information present in the experimental FP images [20,15]. 

 

 

Figure 3.14(a-b) Instances of simulated IDM FP images corresponding to Θj = (a) 0 and (b) 80 degrees. (c-f) 

Results obtained after processing the nine simulated FP images of the sample using the FPIM technique. (c) 

Diffraction rings of radii equal to NAc= 1.25, (d) fraction of the first-order diffraction rings visible with NAo 

= 0.65 objective lens, (e) respective centers of the diffraction rings separated by a distance λ/px = 0.6, and 

λ/py=1.6 and, (f) IFPIM.  

 

In the simulations of the experiments described previously, we used Eq. (4.1) with IRPIM, 

as shown in Fig. 3.14(f), as the initial approximation of the RP-OD in the IDM-SLDM 

algorithm. Fig. 3.15 shows the simulation results that were obtained by processing with 

the IDM-SLDM algorithm the nine simulated low-resolution IDM RP images. 
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Figure 3.15 IDM-SLDM simulation results. Exact (a) amplitude and (b) phase of the RP-OD. (c) Sampled 

region of the FP and (d) simulated low-resolution IDM RP image obtained when the slit oriented at Θ = 80 

degrees. (e) Amplitude and (f) phase of the simulated RP-OD obtained after 10 iterations of the IDM-SLDM 

algorithm. 

 

Figures 3.15(a) and 3.15(b) are the amplitude and phase of the RP-OD, respectively, 

that could be observed by using the synthetic numerical aperture NAs = NAo + NAc = 

1.9 when SPPs are excited. Fig. 3.15 (c) shows how the FP region is sampled by placing 

the slit when it is oriented at an angle Θ=80 degrees. Fig. 3.15 (d) is a simulated low-

resolution RP image when the slit is at Θ=80 degrees. Figure 3.15 (e) and 3.15(f) show 

the amplitude and phase of the RP-OD, respectively, obtained after processing nine 

simulated IDM RP images.   

 

IDM-SLDM Processing of Experimental Images 

 

Using the experimental setup in Fig. 3.12, we obtained nine experimental low-

resolution IDM RP images. The results shown in Fig. 3.16 were produced by processing 

these images with the IDM-SLDM algorithm.  
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Figure 3.16 Results obtained after processing the experimental low-resolution IDM RP images using the 

IDM-SLDM algorithm. (a) Synthetic FP image with NAs = NAo + NAc = 1.9. Amplitude (b) and (c) phase 

corresponding to the obtained RP- OD.  (d) Magnified imaged of (b). 

 

The arrows in Fig. 3.16 (a) indicate the zero- and first-order diffraction spots 

inside the synthetic numeral aperture, which is represent by the dashed circle of radius 

NAs = NAs + NAc = 1.9. From this image, we can determine the distance between 

consecutive diffraction spots of ~ 0.6, and ~ 1.6, which corresponds to λ/px=0.6, and 

λ/py=1.6, respectively. Figs. 3.16(b) and 3.16 (c) show the amplitude and the phase of 

the high-resolution RP-OD, respectively. They were obtained after 10 iterations of the 

IDM-SLDM algorithm described in Chapter 2.  As seen in Fig. 3.16 (d), the sample’s 

periodicities (px = 940 nm and py=360 nm) are visible, even py which was below 

Rayleigh resolution limit. (with px = 940 nm and py=360 nm). A comparison between 

Figs. 3.16 (b) and Figs. 3.15 (e) shows a good correspondence between the intensity 

images obtained using the IDM-SLDM algorithm to process experimental and 

simulated IDM images.  

 

This demonstrates that photonic crystals with a period beyond the Rayleigh 

resolution limit can be imaged with the IDM-SLDM technique and combining a 

plasmonic UTC-microscope with a slit placed at the back focal plane of the objective 

lens. Previously, a photonic crystal with λ/(NAo+NAc) < p < λ/(2NAo) had been optically 

detected, but not imaged, using the FPIM technique and a condenser with NAc > NAo 

[20]. In this work, we have demonstrated a novel optical method to image photonic 
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crystals with subwavelength resolution.  Using a combination of these methods 

presented her, we foresee the realization of a novel kind of optical nanoscope with NAc 

>> 1.  
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CHAPTER 4  

REAL-WORLD APPLICATION 

 

The goal of my research was to develop the tools necessary to help realize an 

optical nanoscope. As mentioned many times before, common optical microscopes are 

fundamentally limited in their resolution capabilities by the optical components of the 

objective lenses and condensers as well as theoretical diffraction limits. While there are 

many ways to overcome these issues, either with special sample preparation procedures 

or post processing methods, most of these techniques are invasive, time consuming, or 

have a small application space. The algorithms developed and presented here provide 

the necessary tools to make a nanoscope a reality. 

Returning to equation (1.1), pmin ≥ 𝜆 / (NAo + NAc), and the discussion of its 

applicability, we noted that the objective lens’s numerical aperture must be greater than 

the numerical aperture of the condenser, NAo > NAc, so that two diffraction orders can 

be simultaneously captured within the FPs field of view. That is, if NAo < NAc then the 

condenser ring corresponding to the zeroth order diffraction feature would lie outside 

of FP’s field of view (defined by the capture angle related to NAo). However, this 

problem can be circumvented if one apply the reconstruction algorithms presented in 

this work that create images with synthetic numerical aperture NAs > NAc > NAo. With 

these algorithms, and a specially crafted condenser that can have large NAc values, 

which I will propose below, a nanoscope can be constructed. 

Nanoscope Proof of Concept 

The proposed condenser will be based on the SPP-based Ultra-Thin Condenser 

(UTC) presented in Chapter 1. An SPP’s characteristics (i.e. excitation and emission 

angle, propagation length, phase-matching conditions, etc.) are based on the SPPs 

dispersion relation; namely on the dielectric and metal permitivities. If a suitable 

dielectric/metal combination were to be selected, then one should be able to excite SPP 

with very high propagation constant values. In particular, we found that gallium 

phosphide (GaP) might have the desired properties to generate SPPs with very high 
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effective index values, 𝑛𝑒𝑓𝑓 = 𝛽 𝑘0 ≡ 𝑁𝐴𝑐⁄ , where 𝑘0 = 2𝜋 𝜆⁄  is the free space wave 

vector.   Simulation in Lumerical FDTD software [27] and Matlab [28] were developed 

to model the SPP dispersion relation for metal/dielectric interfaces that had been 

previously experimentally studied, shown in Figure 4.1. 

 

 

Figure 4.1 Simulation in (a) Lumerical, and (b) Matlab to model the SPP dispersion relation for Au/Glass 

interface   

 

The Lumerical simulation consists of a 3-layer system consisting of a 1 µm thick 

air cladding layer over 50 nm-thick layer of gold on top of 1µm of glass. The “band 

structure method” [27] is used to calculate the dispersion curves of Figure 4.1(a) where 

plasmon dispersion curves at both the air/gold and gold/glass interfaces are seen, as well 
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as the light lines associated with the dielectrics. As previously described in Chapter 1, 

phase-matching is only seen to occur between the air/gold plasmon and the glass light 

line which indicate that an SPP can be excited and can leak when the external light and 

the SPP both have that same k-value. In the Lumerical simulation, the phase-matching 

condition is satisfied when  𝛽 = 3.2 × 107𝑚−1. For the Matlab simulation of Figure 

4.1(b), the analytic formula of the dispersion curve is normalized to the plasma 

frequency, as was done in Chapter 1 for simplicity, and plotted. The phase matching 

condition is found to occur at 
𝛽𝑐

𝜔
= 0.94. When un-normalized, the calculated propagation 

constant value is β= 4.2 × 107𝑚−1. The difference in propagation constant values can 

be attributed to the fact that in the Matlab simulation, the “light-line” does not account 

for the material’s dispersion effects on free-propagating light. Additionally, the analytic 

solution plotted in Matlab does not take into account the thickness of the metal. While 

it gives a good approximation when it comes to simple dielectrics like glass, it does not 

work for more complex materials like GaP. 

A second Lumerical simulation was carried out, but this time a thin (150 nm 

thick) PMMA layer was added to the simulation sample structure to better replicate the 

conditions of the experimental sample, the results are plotted in Figure 4.2. Although 

the PMMA layer is thin, the resulting dispersion relation plot shows a marked effect on 

the “Au-Air” SPP. The penetration depth, the distance at which the field decays by 1/e, 

of the SPP into the PMMA layer, 𝛿𝑃𝑀𝑀𝐴, can be calculated using the relation [4, 29]: 

𝛿𝑃𝑀𝑀𝐴 = 𝑘0√
|𝜀′𝑚|+𝜀′𝑑

𝜀′𝑑
2    4.1 

where 휀′𝑖 is the real part of the dielectric constant of the metal and dielectric, i= m and 

d, respectively.  For our gold/PMMA interface and a wavelength of 532nm, the 

wavelength at which phase-matching is satisfied, the penetration depth is calculated to 

be 99.8 nm. As such, most of the SPP’s field decays before the it even “senses” the air, 

and as a result, that SPP will from now on be called the Au/PMMA SPP. The effective 

index of the SPP is calculated to be neff =1.124 by using the relation 𝑛𝑒𝑓𝑓 = 𝛽 𝑘0⁄ , where 
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the propagation constant (β = 1.37 x107 m-1) is obtained directly from the plot by looking 

at the phase-matching intersection. 

 

Figure 4.2 SPP dispersion relation for structure consisting of Glass-Au-PMMA  

These calculated values can be compared to the experimental data obtained from 

an actual FP image showing the leakage radiation of a SPP, shown in Figure 4.3.  

 

 

Figure 4.3 Fourier Plane image of the leakage radiation of a SPP  

 

The SPP sample consisted of a 50 nm thick layer of gold on a 150 µm glass 

coverslip that was covered by ~150 nm-thick layer of PMMA doped with the 
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Rhodamine-6G fluorescence material. The SPPs were excited with a 532 nm diode laser 

and the leakage radiation was filtered by a 10 nm band pass filter centered at 568 nm 

before being captured by a CCD camera. The SPP’s effective refractive index can be 

calculated by measuring the radii of the SPP ring, rSPP, and the objective lens’s 

numerical aperture, rNA, in any image processing software and using the equation 𝑛𝑒𝑓𝑓 =

𝑟𝑆𝑃𝑃
𝑟𝑁𝐴

𝑁𝐴𝑜. Our calculation reveals neff = 1.1, in very good agreement with the Lumerical 

simulation. Note that the radius measurement can be done in units of pixels, meters, or 

reciprocal meters, since this unit will be canceled in the ratio calculation.   

Having proven that the simulations agree well with experiment, one can now 

analyze an Au/GaP system. The Lumerical simulations are shown in Figure 4.4.  

  

 

Figure 4.4 Simulation in Lumerical to model the SPP dispersion relation for (a) Au/GaP interface and (b) 4-

layer structure (GaP-Au-PMMA-Glass). 

 

First, a 3-layer simulation system consisting of a 1 µm thick air cladding layer 

over 50 nm thick layer of gold on top of 7 µm of GaP, Figure 4.4(a). This simulation 

was performed to clearly see the SPP curves and light lines which will help in further 

simulations. As is clearly visible by its bending shape, the dispersive effects on the light 

line are not negligible. The GaP light line, despite having a steeper slope, will never 
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intersect with the air/gold SPP curve. As such, unlike with the glass system, the air/gold 

SPP in this system cannot be excited, or if excited cannot escape. In addition, the 

frequency of the flat-region of the Air/Au SPP is 1133 THz (264 nm), where as the 

frequency of the GaP/Au plasmon at the flat-region is 560 THz which corresponds to a 

wavelength of 535 nm. It would seem like a better idea to target the SPP propagating 

between the GaP/Au interface by adding a grating structure to make up the phase 

mismatch, Δ𝑘, but analysis reveals that only a grating with a pitch of ~107nm can fulfill 

phase-matching. Unfortunately, this arrangement poses two issues, 1) the object to 

image would have to be buried between the GaP and Au layer, and 2) the fabrication 

process to pattern 107nm lines would be a feat to accomplish. Processing constraints 

aside, it is interesting to consider that if an SPP were indeed exited at the GaP/Au 

interface, then it would have a really high propagation constant corresponding to an 

effective refractive index of neff ≡ NAc = 8.5. This would, in theory allow for resolution 

of periodic structures with periods as small as 53nm! 

 In order to get a better SPP for imaging, one would need to suppress the slope 

of the air-gold SPP by changing the dielectric material on the top surface of the sample, 

i.e. by substituting the air layer for a dielectric of higher index of refraction. The overall 

effect a higher index material would be to lower surface plasma frequency, which 

pushes the curve down, and allows the GaP light line to intersect with the plasmon 

curve. As the simulations results of Figure 4.4(b) indicate, this can be accomplished by 

the 4-layer structure consisting of a GaP substrate with 50 nm thick gold layer, followed 

with a 150 nm thick PMMA layer, and topped with glass. The advantage of this 

approach is that the object to be imaged can be placed on top of the gold layer and 

sandwiched by the PMMA+Glass structure. Additionally, if the PMMA were doped, it 

could serve as the source of SPP excitation.  The plot looks very different from Figure 

4.4(a), the most notable difference is the additional lines that branch out of the air light-

line. These lines represent the guided modes, from total internal reflection, that exist 

within the top glass slab [30]. The SPP curves are still visible, and now it is clear to see 

that phase-matching is possible between the PMMA/Au SPP and the GaP light-line. At 

phase-matching, the propagation constant is β= 7.13 × 107𝑚−1 and the frequency is 
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721 THz (415 nm wavelength). Blue lasers and fluorescence are commercially available 

at this wavelength, which makes this design physically realizable. The corresponding 

effective index is then calculated to be neff ≡ NAc = 4.7.  

Although NAc is really big, that does not mean that any period can be imaged. 

Figure 4.5 shows how the minimum (a) and maximum (b) observable periods can be 

theoretically calculated.  

 

 

Figure 4.5 Illustration of a Fourier Plane image when structure with the (a) minimum period, and (b) a 

maximum period observable by the objective-condenser system. 

 

While the zeroth order ring cannot be captured, the first order ring can be 

captured if arcs of this ring fall within the FP field of view. This will only happen when 

the measure period, p, follows 𝑝𝑚𝑖𝑛 < 𝑝 < 𝑝𝑚𝑎𝑥, where 𝑝𝑚𝑖𝑛 = 𝜆 (𝑁𝐴𝑜 + 𝑁𝐴𝑐⁄ ) and 

𝑝𝑚𝑎𝑥 = 𝜆 (𝑁𝐴𝑐 − 𝑁𝐴𝑂)⁄ . Given our calculated values, a nanoscope using the SLDM 

algorithm and a GaP-based UTC with 415 nm wavelength source will achieve a 

minimum resolvable period of 65 nm. This is an order of magnitude smaller than what 

is achievable in a traditional optical microscope with the best optics.  
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CHAPTER 5  

CONCLUSION 
 

The idea behind my dissertation thesis was based on the opportunity to go 

toward phase-recovery nanoscopes. A few years ago, we believed that the Rayleigh 

resolution limit was the ultimate resolution limit of optical microscope. Now, we know 

this is the best resolution possible for an image to be formed directly on a camera. One 

disadvantage of most imaging techniques is that the camera used can only capture the 

intensity distribution of the electric field, i.e. the amplitude of the field but not the phase. 

Several approaches have been developed to overcome this limitation. However, in this 

work we proposed a technique where we were able to image the intensity and the 

unmeasured phase of the electric field at the sample’s plane. The use of scanning light-

diffracted microscopy, for example, and a plasmonic ultra-thin condenser with NAc > 

NAo, aim to develop a novel kind of nanoscope high-resolution image with increased 

resolution equal to λ/(NAo+NAc), that is easy to use, and inexpensive to implement. 

In this work, we reviewed the optical microscope theory, Fourier analysis, 

surface plasmon polaritons, image formation, phase recovery algorithms, and 

supporting published articles were presented. The phase recovery algorithms used in 

this work (IDM-FPM, and IDM-SLDM) were also used with condensers to increase the 

resolution of an optical microscope with great success. Marked resolution enhancements 

was obtained with these algorithms and the previously-lost phase was successfully 

recovered. Finally, an analysis of a possible high-NA condenser candidate based on 

surface plasmon polariton leakage radiation was presented. The successful trials of the 

algorithms discussed, and the plausible realization of a high-NA condenser reinforce 

our idea that an optical nanoscope is not only within reach if, but will very soon be real.  
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