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ABSTRACT 

 

The development of traditional optical condensers revolutionized optical 

microscopy by providing a mechanism that can easily double a traditional 

microscope’s resolution. Traditionally, the optical condensers consist of a combination 

of bulky lenses (or mirrors) and diaphragms designed to illuminate the sample with a 

cone of inclined light. While advances in technology have increased the complexity 

and imaging abilities of optical condensers and their components, modern condensers 

are still built following the same recipe. 

Recently, we have developed new types of optical condensers based the 

capture of the leakage radiation of evanescent waves on the imaging substrate. These 

new condensers prove to be more cost effective, easier to make, are orders of 

magnitude smaller than their traditional counterparts, and have successfully 

demonstrated resolution enhancements comparable to the traditional bulky condensers. 

Although fabrication developments and theoretical considerations are still being 

established, these next -generation optical microscope condensers show a lot of 

promise in semiconductor and biological applications. This dissertation will present 

the theory, design, implementation, and measured imaging capabilities of the newly 

developed optical microscope condensers.   
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GLOSSARY OF TERMS 

 

RP Real Plane or object/image plane of a microscope  

FP Fourier Plane, where the Fourier transform of RP is imaged  

BFP Back Focal Plane 

NA Numerical Aperture 

NAo Defines the Numerical Aperture of a microscope objective lens 

NAc Defines the Numerical Aperture of the condenser 

pmin Is the minimum observable period 

λ Wavelength of light used to image  

k Wave-number defined as λ/2π, magnitude of wavevector 

k
�

  Wave-vector, defines the direction of light propagation having magnitude k 

ω Angular frequency of light 

ωp Plasma frequency of a metal 

neff  Effective Refractive Index  

HDC Hemispherical Digital Condenser 

UTC Ultra Thin Condenser 

SPP Surface Plasmon Polariton 

ε Dielectric Function or relative permittivity 



Texas Tech University, Daniel Dominguez, December 2014 

vi 

LIST OF FIGURES 

 

1.1  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. .............................................................................. 2 

 1.2   a) Diagram of the vector addition of the light interaction 

from a condenser on a periodic structure and b) the 

resulting FP image. ......................................................................... 4 

1.3  Plot of the SPP Dispersion Relation and light lines. ....................... 8 

2.1  a) Side and b) bottom views of the Hemispherical 

Digital Condenser. c) Diagram illustrating the trajectory 

of various illumination directions that can be provided 

by the HDC. .................................................................................. 10 

2.2  Diagram of a typical plasmonic structure consisting of a 

metallic layer (gold color) on top of a dielectric substrate 

(blue). ............................................................................................ 12 

2.3  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. .............. 13 

2.4  Schematic illustration of the scattering based condenser. ............. 15 

2.5  Schematic drawing of a water-drop based condenser. .................. 15 

3.1  Schematic Illustration of the microscopic experimental 

arrangement and its major components. ....................................... 17 

3.2  Illustration of the typical sample used. a) Holes in a 

PMMA layer on the glass substrate, and b) Chromium 

Pillars on a glass substrate, both arranged in a square 

lattice. ............................................................................................ 19 

3.3  Side view illustration showing the layers comprising the 

a) evanescent wave and b) plasmonic condenser 

structures. ...................................................................................... 20 



Texas Tech University, Daniel Dominguez, December 2014 

vii 

4.1  a) A cross-sectional view of the chromium square lattice 

sample used in the experiment. b) Diagram showing 

how the HDC is included in the microscope 

arrangement. c) The LED emission spectrum. .............................. 21 

4.2  RP (a-c) and FP (b-d) images of the HDC condenser 

illuminating a Chromium square lattice with period p 

=260 nm (a, b) and period p = 220 nm (c, d). ............................... 22 

4.3  a) RP and b) FP images of chromium square lattice 

structure with period  p = 200 nm with a water drop 

placed on top. ................................................................................ 23 

4.4  Pictures of TiO2 nanowiers under (a) perpendicular 

illumination and (b) HDC illumination. c) Gaussian 

distribution fitted to an intensity profile  taken across 

one of the wires. ............................................................................ 24 

4.5  a) Cross-sectional schematic of the half-ball 

arrangement placed on the sample with the lattice to 

achieve maximal resolution increases. b) RP image of 

the chromium square lattice arrangement having p = 200 

nm, and c) the corresponding FP image. ....................................... 25 

5.1  Sample used to explore plasmonic dark field microscopy 

which consists of a plasmonic UTC with a chromium 

square lattice fabricated on top of the gold layer. ......................... 27 

5.2  (a,b) RP and FP images of a p = 400 nm structure using 

a white light illumination, and (c,d) RP and FP images 

of the same structure imaged using the plasmonic 

condenser....................................................................................... 27 

5.3  a) RP and b) FP images of the chromium square lattice 

structure with p =400 nm with a water drop, imaged 

with the plasmonic UTC. .............................................................. 28 

5.4  Schematic of the sample structures used in the 

experiments. Samples a) and b) show similar 

PMMA/gold/PMMA configurations, differing only in 

the location of Rhodamine-6G fluorescent material (the 

SPP excitation source). Sample c) contains a periodic 

grating fabricated with period p = 4 µm. ....................................... 30 



Texas Tech University, Daniel Dominguez, December 2014 

viii 

5.5  (a-b) Cross-sectional drawing of the structures 

fabricated for this experiment. (c-d) FP images of the 

leakage radiation corresponding to the two structures. ................. 31 

5.6  a) Cross sectional view of typical plasmonic UTC. b) 

Typical plasmonic UTC with chromium square lattice 

structure fabricated on the underside of the glass 

substrate. c) Typical plasmonic UTC sitting on top of a 

separate cover slip that has the object to be imaged on 

top. ................................................................................................. 34 

5.7  (a, c, e) FP and (b, d, f) RP images of Cr pillars in a 

square lattice arrangement having a period p of (a, b) 

300 nm, (c, d) 400 nm, and (e, f) 500 nm, respectively. 

The images were taken using an objective lens with NAo 

= (a-b) 1.3, (c- d) 0.9, and (d-f) 0.25. All FP images 

were taken using the band-pass filter centered at the λ = 

570 nm wavelength. ...................................................................... 36 

5.8  (a, c) FP and (b, d) RP images of Cr pillars in a square 

lattice arrangement having period p = 300 nm using the 

staked sample arrangement with (a, b) oil and (c, d) 

water in between the UTC and the separate cover slip. ................ 36 

5.9  (a) RP and (b) FP image of human blood sandwiched in 

a stacked sample arrangement. The FP image was taken 

with a long pass filter rated to transmit all wavelengths λ 

> 570 nm. ...................................................................................... 38 

6.1  a) Cross-sectional view of the evanescent wave-based 

UTC. b) The FP image corresponding to a homogenous 

(structure-less) sample. ................................................................. 40 

6.2  Fourier plane image expected for (a) evanescent wave 

illumination of a uniform surface, (b)perpendicular  

illumination of a uniform surface, (c) evanescent wave 

illumination of a square lattice periodic surface, (d) 

perpendicular illumination of a square lattice periodic 

surface, (e) the case for the highest resolution 

achievable, where the displaced rings present in the FP 

are of the evanescent waves that exist within the NA, 

while the diffraction spots are of the perpendicular 

illumination source. In all images, the maximum 

collectible wavevector kNA is given by a dashed ring. ................... 41 



Texas Tech University, Daniel Dominguez, December 2014 

ix 

6.3  a) FP image of condenser rings formed from 

fluorescence when imaging a periodic structure with p = 

500 nm (inset is enhanced). b) FP image of a p = 380 nm 

structure illuminated by traditional, perpendicular 

illumination. .................................................................................. 42 

6.4  RP images of Chromium square lattice arrangements 

illuminated with a) evanescent wave condenser, and c) 

perpendicular illumination. ........................................................... 43 

6.5  Sample used to explore non-plasmonic dark field 

microscopy which consists of a UTC with a chromium 

square lattice fabricated on top of the glass substrate. .................. 44 

6.6  RP (a,b)and FP (c,d) images of the chromium square 

lattice arrangement in a non-plasmonic UTC condenser 

without water on top (a,c) and with water on top (b,d). ................ 45 

7.1  (a) and (b) FP images of a photonic crystal formed by 

holes in a PMMA layer with period p= 600 nm 

illuminated with (a) the microscopes built-in 

perpendicular illumination source, and (b) traditional 

bulky condenser. (c) and (d) FP images of a photonic 

crystal with period p= 250 nm consisting of (c) holes in 

a PMMA layer, and (d) chromium pillars on glass. ...................... 46 

7.2  a) FP image of periodic square lattice with period p = 

300 nm with iris fully open. b) FP image of same 

structure with the iris closed smaller than the cage of the 

objective lens. ................................................................................ 47 

7.3  Microscope (a), (c), (e), and (g) FP and (b), (d), (f), and 

(h) RP images of photonic crystals formed by holes in a 

PMMA layer with (a)–(f) square and (g) and (h) 

hexagonal symmetry. The period of the photonic crystal 

is (a) and (b) p=500 nm, (c) and (d) p=450 nm, and (e)–

(h) p=300 nm. ................................................................................ 48 

7.4  (a) FP image shown in Fig. 2(e) with the first-order ring 

generated from an arc segment within NAo and the 

parameters used to calculate neff.(b) FP image, with 

center spot spatial filtered, of a chromium/glass photonic 

crystal with period p=300 nm. The arrow points at the 

dark zero-order diffraction ring. (c) Corresponding RP 

image of the same p=300nm photonic crystal showing 

the photonic crystal structure. ....................................................... 50 



Texas Tech University, Daniel Dominguez, December 2014 

x 

7.5  RP and FP images of a spatially unfiltered (a, b) and 

filtered (c, d) chromium square lattice structure with a 

fabricated period right at the edge of the resolution limit 

period, p =200 nm, respectively. ................................................... 51 

8.1  a) FP and b) RP image of chromium square lattice 

sample illuminated with white light and having a spatial 

filter in place. c) RP and d) FP images of the same 

structure and illumination source, but with a water drop 

placed atop the sample. ................................................................. 52 

8.2  FP images of a water-drop condenser showing the time 

evolution of the ring. Each image was taken 

approximately 5 min apart. ........................................................... 54 

9.1  a) FP image of photonic crystal consisting on holes in a 

PMMA layer on glass with period p= 250 nm, and b) 

the unresolved corresponding RP image. ...................................... 56 

9.2  (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 K. (c) The 

reconstructed RP image of the photonic crystal from the 

synthetic FP image. ....................................................................... 57 

9.3  Schematic illustration of the formation of the FP image 

shown in Fig. 9.1(a). The five arrows point to the shifted 

diffraction spots that would be produced by the 

plasmonic crystal if the light would leak only in the 

direction determinate by the vectors (a) k
�

�
 and (b) k−

�

�
 . 

The only one of the five arrows, which is inside of the 

objective lens numerical aperture, contributes to the 

formation of the observed portion of rings. .................................. 60 

9.4  FP (a) and RP (b) images of square lattice arrangement 

using plasmonic condenser. (c) The synthetic FP image 

built from the FP image taken, and (d) the reconstructed 

RP image. ...................................................................................... 61 

10.1  Plots of the light lines in the air (green), glass (red), 

silicon (blue), and gallium phosphide (black) dielectrics, 



Texas Tech University, Daniel Dominguez, December 2014 

xi 

and dispersion between these same dielectrics and a 

layer of gold. ................................................................................. 64 

10.2  Plot of both the light line and plasmonic curve of 

air/gold (green), light line of glass (red), and both the 

light line and plasmonic curve of GaP/gold (black)...................... 65 

10.3  Non-normalized dispersion relations of the (a) air/gold 

and (b) air/GaP interfaces (blue) and their respective 

light lines (both purple). ................................................................ 67 

10.4  Schematic illustration of the expected FP image 

produced by a SPP with neff ~ 4 and NAo=1.49. ............................ 68 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Daniel Dominguez, December 2014 

1 

CHAPTER 1  

INTRODUCTION 

 

Optical microscopy is a well-established, widely-used, and versatile imaging 

technique that finds applications in a variety of unique research fields. The simplicity 

of the optical mechanism which makes a microscope functional invites innovative 

instrument developments that enhance imaging ease and capabilities. In its basic form, 

a typical microscope consists of an objective lens, the main imaging component, and 

an eyepiece (comprised of a second set of lenses) which projects the real plane (RP) 

image of the object being observed [1, 2]. Beyond this simple arrangement, additional 

lenses, cameras, specialized illumination sources, image processing software, optical 

elements, and other modifications can be made to improve the images taken. In 

particular, since its inception in 1978 by E. K. Abbe, microscopy arrangements have 

taken advantage of resolution enhancements provided by the optical condenser [3). 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. Alternatively, a condenser may be defined as any object that produces 

rings or disks in the back focal plane (BFP), the region where a Fourier transform of 

the RP image is projected, of a microscope. The second definition is a more 

encompassing one since it defines similar observable traits that define both traditional 

and evanescent wave-based condensers.  

The remainder of this section will provide a rudimentary review of the 

experimental microscopy arrangement used, highlight the important optical 

components and their functions, and cover basic image formation theory necessary to 

understand the mechanism responsible for condenser-based resolution enhancements.  

Image Formation in the Fourier Plane 

Physically, the Fourier Plane shows the spacial frequency decomposition of the 

transmitted light in a microscope. As such, the FP can be thought of a map of the 
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momentum-space or a projection of k-space, where k is represents the wavevector 

whose magnitude is 2k π λ=  [4) [5) [6). Figure 2 shows how the light acceptance 

cone defined by the objective lens manifests itself in the FP images for homogenous 

and periodic samples.  

 

Fig. 1.1 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. 

The dashed line under the lens system in Fig. 1.2(a) traces the ring that would be 

formed if light was incident on the objective lens at the highest acceptance angle (the 

objective lens’s numerical aperture NA) from all directions. The numerical aperture 

value is defined by NA = nsin (θ), where n is the refractive index of the medium above 

the objective and θ identifies the largest angle of incidence that can be collected by the 

objective lens [7). Unlike light impingent at normal incidence, the inclined 

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

surface of 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. A similar 
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analysis can be done to determine what features will be present in FP images 

corresponding to a sample with a periodic structure. If the periodic structure is a 

grating, then light normally incident on the sample will be scattered by the structures. 

The scattering interaction will effectively impart momentum on the component of the 

incident light parallel to the sample surface in multiples of the magnitude 
2
p

G π= , 

where G is the grating vector in reciprocal lattice space and  p is the period of the 

structure, shown in Figure 1.2(b) [2]. As a result, the light arriving to the FP will 

correspond to a wavevector with magnitude 2 2ˆ ˆ( z) ( x)f o fk k k= + , where it is 

understood that the squared value is a dot product.  Since the scattering can happen 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 separated that are by a distance G  

in the momentum space. It follows that a 2D grating (square or hexagonal lattice) will 

produce spots displaced both horizontally and vertically. Abbe’s theory states that a 

periodic structure can only be resolved in the RP if the first order diffraction spots are 

present in the FP [3, 8]. These imposed requirements establishes that the minimum 

observable period of a periodic structure under normal illumination is  

min
p

NA

λ
≅  .           (1) 

As expected, smaller periods are resolvable when using small wavelengths, or when 

using a value numerical aperture objective lens. 

Effect of Condensers on Image Formation and Resolution 

Since the function of condenser is to provide inclined illumination, the light 

from a condenser that is incident on a sample will already have a nonzero k|| 

component. As described in the previous section, when a homogenous sample is 

imaged, the transmitted light will trace out a circle.  However, if the condenser light is 

incident on a sample with a periodic grating, the components of light that are parallel 

to the sample surface, k||, must be added, as is depicted in Figure 1.3(a). Evidently the 

k|| component obtained from scattering interaction ( ||fk ) must be added to the k|| 
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wavevector component of the incident light ( ||ok ). Figure 1.3(b) shows the expected FP 

image when a periodic sample is imaged with a condenser with numerical aperture 

NAc. The black-dashed line delineates the numerical aperture of the objective lens 

NAo, the concentric, red-dotted line shows the position of the ring produced by a 

condenser with NAc < NAo for an arbitrary period, and the dots mark the locations 

where spots produced from perpendicular illumination would be found.  

 

Fig. 1.2  a) Diagram of the vector addition of the light interaction from a condenser on a periodic structure 

and b) the resulting FP image. 

In this scenario, the transmitted light produces a ring in the FP, and as a result the 

scattered features from the lights’ interaction with the grating will be rings that are 

displaced from center by the a distance G [9].The results seem trivial unless they are 

analyzed accordingly with a modified version of Abbe’s theory of image formation: a 

periodic structure can only be resolved in the RP if the first order diffraction features 

are present in the FP. As seen in Fig. 1.3(b), the presence of a grating will scatter light 

from normally incident illumination beyond the objectives numerical aperture; as a 

result, an RP image would not be formed from this perpendicular illumination source. 

However, because a condenser was used, portions of the first-order condenser rings 

are collected by the objective’s NA and a RP image can be formed. By using a 

condenser, the minimum observable period can be calculated to be 

min

o c

p
NA NA

λ
≅

+
             (2) 
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with a limiting value of min 2p NAλ=  [8]. That is to say, numerical aperture of the 

condenser must be less than or equal to the objective lens’ numerical aperture (NAc ≤ 

NAo). 

When condenser numerical aperture value is not known a priori, as is the case 

with the next-generation condensers to be presented, the condenser numerical aperture 

can be calculated by taking the ratio of the condenser value neff and the objective lens 

numerical aperture value NAo and setting equal to the ratio of the radius (in pixels or 

µm
-1

) of the condenser ring rc and the radius of the numerical aperture rmax [5, 6, 10], 

i.e. 

max

c

eff o

r
n NA

r
= . (3) 

The effective refractive index variable is used in this calculation because the neff and 

NAo values are both measured in refractive index units, and neff is the typical value 

assigned to the leakage radiation from a surface wave that is used as a condenser.  

Thus, for all condenser numerical aperture calculation that employ Eq. (2), neff ≡ NAc. 

Evanescent waves 

Many of the proposed condensers rely on the excitation and subsequent 

leakage radiation of evanescent waves on the sample interface. The origin of an 

evanescent wave and the physical property responsible for its appearance varies 

greatly by the sample structure; however, in general, all evanescent waves are non-

propagating modes of electromagnetic interactions at an interface that exponentially 

decay in the direction normal to the interface (hence the name “evanescent”). Of 

particular interest, as will be seen in several of the condensers presented, is the 

evanescent wave that arises at the interface of a structure comprised of two non-

identical dielectrics.  

The theory describing this phenomenon has been thoroughly studied [11, 12, 

13], and can easily be derived staring with Maxwell’s equations. Briefly (the full 

derivations can be found in the sources cited), Maxwell’s equations, in conjunction 

with some mathematical identities, can be worked to yield the wave equation for both 
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electric and magnetic field whose solution represents propagating fields in space. The 

equations take the form 

ik x i t

o
E E e

ω⋅ −
=

� �� �
 

(4) 

ik x i t

o
B B e

ω⋅ −
=

� �� �
 

 

where x
�

 is a coordinate from the origin of the field, k
�

is the wavevector, ω is the 

frequency of the wave and t is time.  Snell’s Law, Brewster’s angle, and the equations 

describing the special total internal reflection phenomenon can be readily obtained by 

applying the propagating wave functions to an interface comprised of two dielectric 

media with different refractive indices. Snell’s law is defined as,  

1 1 2 2sin( ) sin( )n nθ θ=  (5) 

 Of particular interest is the total internal reflection condition which occurs when the 

incident light on the interface originates from the dielectric side with the higher 

refractive index, denoted n1. For such a case, there exists an angle of incidence angle 

in the first medium θ1 =θc (the critical angel), defined as 

1 1

2

sin
c

n

n
θ −  

=  
 

 (6) 

at which the refracted light in the second medium, with refractive index n2<n1, 

propagates parallel to the interface. For angles of incidence greater than θc, it can be 

seen from Eq. (5) that the refracted angle θ2 becomes a complex angle with an 

imaginary cosine term which, with the help of a trig identity, can be expressed as 

2 2
cos( ) sin( ) 1iθ θ= − . (7) 

Inserting this equation into the time independent exponential argument of Eq. (4), and 

decomposing the dot product into its x (parallel to the interface) z (perpendicular to the 

interface) components, produces two exponential terms as seen  
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22 2 2
sin( ) 1(xsin( ) cos( )) xsin( ) kzik z ikik x

e e e e
θθ θ θ − −+⋅ = =

� �

 . 

(8) 

Evidently, when light is incident on this dielectric-dielectric interface at an angle 

greater than the critical angle, the light will have two interaction components: one 

describing propagation along the interface (the first term of Eq. (8)), and another 

describing exponential decay in the normal direction (the evanescent wave). Using 

near-field imaging techniques, the evanescent wave can be captured and used for 

imaging [14, 15, 16]. Under special circumstances, the evanescent waves can be made 

to leak such that imaging using the evanescent waves in the far-field is possible. As 

will be discussed, these leaking evanescent waves are harnessed and used for imaging 

in the evanescent-wave based condensers. 

Surface Plasmon Polaritons 

Surface Plasmon Polaritons (SPPs) are collective free-electron density 

oscillations (surface plasmons), coupled to an electromagnetic wave (polariton), that 

exist at the interface between a material of negative permittivity (usually a metal) and 

dielectric. Like evanescent waves, SPPs are bound to the interaction interface, are 

excited by light incident at specific angles, and exhibit exponential field decay in the 

direction normal to the interface. In contrast to evanescent, the light responsible for the 

SPP excitation couples to surface modes of free-electron oscillations in the metal 

layer. The interaction equations can be derived using Maxwell’s equations, however 

this time defining the propagation geometry such that it allows guided waves on the 

interface; a full derivation can be found in Ref. [17]. Using the continuity requirement 

at the boundary and other boundary conditions at the interface, the obtained equations 

can be worked to yield the highly useful and often quoted SPP dispersion relation 

1 2

1 2

x o
k k

ε ε

ε ε
=

+
 (9) 

where kx is magnitude of the wavevector along the interface (otherwise known as the 

propagation constant), ko is the wavenumber of the incident light, and ε1 and  ε2 are the 

dielectric functions of the metal/dielectric materials. For the dielectric at optical 
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frequencies, the dielectric function is a constant; in particular, the dielectric function 

of glass is approximately 1. For the metal on the other hand, the dielectric function is 

frequency dependent and can be derived from the equations of motion of a free 

electron gas or by using the Drude model of metals [17]. Of particular interest is the 

case in which large frequencies close to plasma frequency ωp and such that there is 

negligible damping of the plasma oscillations. In such a case, the dielectric function 

ε(ω) is predominantly real, and is expressed as 

2

2
( ) 1

pω
ε ω

ω
= − . (10) 

 Figure 1.3 shows a plot of the normalized SPP dispersion curve for a plasmon excited 

at the gold/air interface, and the light line in both air and glass. 

 

Fig. 1.3 Plot of the SPP Dispersion Relation and light lines. 

The SPP dispersion curve has two components, the part that tends upwards, away from 

the x-axis represents the volume plasmons that can exist based on calculations of the 

free-electron gas model, and the part that tends to x→∞ is the surface plasmon 

dispersion curve. The SPP dispersion curve converges to the value of 2
p

ω ω=  

because of screening effects [19]. As can be seen, the light line in air does not intersect 

the plasmonic dispersion curve, indicating that light originating in the air dielectric 
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does not have a wave-vector component that can match a plasmonic wave-vector and 

cannot excite an SPP. However, light incident from a glass dielectric does meet the 

wave-vector matching requirement to excite a surface plasmon at the metal/air 

interface, seen by the glass light line and plasmon curve intersection, and as such can 

excite an SPP. The light coupling only happens at a very specific frequency using this 

scheme (a Kretschmann Configuration), i.e. at the frequency determined by the 

intersection of the light line in glass with the plasmonic dispersion curve. It is worth 

noting that light originating in a glass dielectric will not be able to excite a plasmon at 

the gold/glass interface. Other plasmonic excitation mechanisms include gratings, 

fluorescence, and near-field stimulation, and can be further investigated in [19]. 

However, as will be discussed, a condenser based on the plasmonic leakage radiation 

uses one of the simplest excitation mechanisms.  
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CHAPTER 2  

THE NEXT-GENERATION OPTICAL MICROSCOPE 

CONDENSERS 

Based on the principles described in the Introduction, I have been able to 

develop and characterize several new types of optical devices that, from their 

resolution increasing capabilities and FP signatures, constitute new kinds of optical 

microscope condensers. In this section, the general structure of the new condensers 

will be presented. The new condensers will be introduced in order of structural 

complexity (the most complex condensers first) which, oddly enough, is also the order 

of understanding (the best understood condenser principles first). The real-world 

applications and experimental results using these condensers will be presented in 

Chapters 4 – 9.  

Hemispherical Digital Condenser 

The Hemispherical Digital Condenser (HDC) is the most complex structure yet 

best understood next-generation condenser. Its name is due to its shape, a hollow 

hemispherical shell, and the fact that it is composed of 560 white light emitting diodes; 

a schematic drawing of the HDC is presented in Figure 2.1. 

 

Fig. 2.1 a) Side and b) bottom views of the Hemispherical Digital Condenser. c) Diagram illustrating the 

trajectory of various illumination directions that can be provided by the HDC. 
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The steep illumination angles come from the position of the LED’s along the hollow 

shell and not from lenses, apertures, or other traditional condenser optical components. 

From Abbe’s theory of image formation and the discussion in Chapter 1, it is known 

that steep illumination angles, provided by condensers, improve resolution 

capabilities. It is therefore not difficult to see why the HDC, which provides 

illumination from all angles (horizontal to zenith), can do the same. Figure 2.1 (c) 

highlights four illumination trajectories produced by LEDs at specific locations. The 

black-dashed line is the “acceptance angle” prescribed by the objective lens’ 

numerical aperture, the green-solid lines represent LED’s whose light trajectory is 

within the acceptance angle, and the red-dotted line represents the light trajectory of 

an LED outside the acceptance angle. As before, the black-dashed circle below the 

objective lens in Figure 2.1 is the boundary of the objective lens’ numerical aperture. 

The three green-solid lines representing illumination angles from three distinct LED’s 

will thus produce three distinct dots in the FP. The red-dotted line, could not be 

captured by the numerical aperture and is lost (marked by the red x) within the 

objective lens. If all the LEDs are turned on, then it is not difficult to imagine that a 

disk (a typical condenser signature) would be formed at the FP. It is important to note, 

that although illumination is coming from all the angles above the sample, not all the 

area within the numerical aperture in the FP image will be filled. The reason 

discrepancy is that the numerical aperture is defined as NAo =nsin(θ)where n is the 

refractive index of the medium on top of the objective lens, i.e. the refractive index of 

the glass substrate and the index matching oil. As such, when light is impingent on the 

sample, it will undergo refraction at the glass/air interface that effectively “reduces” 

the angle of incidence as it is capture by the objective lens. These effects are clearly 

seen in Chapter 4, and a solution to this dilemma is presented which produces a 

scheme to obtain the maximum resolution achievable by the HDC. 

Plasmonic Condenser  

As the name implies, the Plasmonic Condenser is based off of the leakage radiation of 

Surface Plasmon Polaritons. To recap what was presented in the introduction, SPPs 
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are surface waves that are excited by very specific conditions and propagate in the 

interface between a metal and a dielectric. If the conditions are right, namely, that the 

metal layer is thin enough such that the SPP field can extend across the metal layer to 

the dielectric substrate, and that the real part of the SPP wavenumber us smaller than 

the wavenumber of the light in glass, then the SPP will leak into the dielectric 

substrate at a very specific angle [20]. This is also the angle t which SPPs can be 

excited in the reverse scheme [21]. The illustration in Figure 2.2 (a) shows how a 

propagating SPP will leak along the same plane of propagation at an angle 

corresponding to the leakage radiation angle θspp [9]. 

 

Fig. 2.2 Diagram of a typical plasmonic structure consisting of a metallic layer (gold color) on top of a 

dielectric substrate (blue). 

It is not too difficult to imagine then that 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 2.2 (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).  An important 

distinction between the physical mechanisms contributing to enhanced resolution from 

a UTC with a structure (the object to be imaged) on the metal surface and an external 
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condenser, is that in UTC’s the surface wave that interacts with the structure. This 

report will also show that UTC can be used as external condensers where the leakage 

radiation (not the surface wave itself) serves as the illumination source and interacts 

with the object being imaged. 

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 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 2.3 a). 

 

Fig. 2.3 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. 

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. As will be discussed later, 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 
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refractive index to one of lower refractive index, except that it is in reverse. Since the 

polymer layers are fractions of a micron thick, the 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 

Figure2.3 (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 

2.3(b). Since all leakage angles between θmin and θmax are allowed, a thick ring is 

expected in the FP image. 

Scattering-based Condenser  

A scattering based condenser is an accidentally discovered from of a 

condenser, and is also requires one of the easiest configuration schemes. All that is 

required to have a scattering based condenser is a cover slip, and oil-immersion 

objective lens, and a white light, perpendicularly impingent, illumination source. 

Experiments performed in our group reveal that only oil-immersion lenses produce 

scattering-based condenser rings in the FP. Recent developments, as will be presented, 

suggest that the physical mechanism responsible for the condenser like rings seen in 

FP images arise from evanescent-wave excitations at the top interface of the glass 

cover slip, and that the rings come from the scattering of the white light illumination 

source on the objective lens cage. A schematic illustration depicting the interaction of 

light with the objective lens, and the subsequent excitation and leakage of the 

evanescent waves responsible for the condenser rings seen in FP images, is shown in 

Figure 2.5.  
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Fig. 2.4 Schematic illustration of the scattering based condenser. 

While the exact nature and origin of the rings is still being investigated, what is known 

is that this simple arrangement behaves like a condenser and enhances resolution in 

traditional microscopy arrangements. Figure 2.4 identifies the leakage radiation angle 

as θsct. As before, leakage radiation is expected to be emitted in all directions such that 

they produce a circle in the FP, if this drawing is imagined to be a three-dimensional 

system where light is scattered from every edge of symmetrically-circular (on the 

plane of the cover slip) metallic objective lens cage. 

Water-Drop Condenser 

The water drop condenser looks simple in a schematic illustration, but is, in 

reality, the most enigmatic condenser we’ve worked on to date. The evidence that will 

presented will show that under very constringent conditions adding a simple drop of 

water on top of a glass cover slip will produce a condenser. The image shown in 

Figure 2.5 is a simple schematic illustrating the described structure. 

 
Fig. 2.5 Schematic drawing of a water-drop based condenser. 
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The condenser is thought to work based on multiple reflections at the water/glass 

interface which create some sort of Fabry-Perot cavity. Although the origin of the 

condenser is still under investigation, the simplicity of the arrangement, and the fact 

that it works simply by adding a drop of water makes, this particular condenser very 

promising in biological fields.  

 

 The condensers presented in this Chapter constitute what will be presented as 

the set of next-generation optical microscope condensers, each with its own unique 

abilities. Their discovery, development, and successful implementation in modern 

microscope arrangements usher in a new era for sub-wavelength resolution 

microscopy since they inspire a new way of thinking about condensers. The old, 

bulky, Abbe condenser has finally met its match.  
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CHAPTER 3  

EXPERIMENTAL EQUIPMENT 

Before presenting the results and resolution enhancements associated with each 

of the new condensers described in Chapter 2, it is worth reviewing the experimental 

equipment in which the new condensers where incorporated. 

Microscope and Components 

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

in this report, is shown in Figure 1.1 and described in [4, 21, 22]. 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. 3.1 Schematic Illustration of the microscopic experimental arrangement and its major components.  

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 
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cameras. To obtain the FP image, the light must traverse and additional plane which 

takes the Fourier transform of the light once more. In the experiments performed, a 

variety of light sources are implemented but most prominently used are either a white 

light lamp that produces nearly collimated light that is incident perpendicular to a 

sample, or a λ = 532 nm wavelength, 350 mW laser which is used as the pump for 

fluorescence-based experiments. The objective lenses used are high numerical 

aperture (NA = 1.49 or NA = 1.3) oil immersion objective lenses, or low numerical 

aperture (NA  < 1) no-contact objective lenses. Spectral filters, ∆λ = 10 nm band-pass 

centered at λ = 570 and λ > 560 nm long-pass filters, are typically inserted to remove 

unwanted transmitted frequencies or enhance specific features in the collected images. 

Because the   

Imaging Software 

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.  

Samples and Condenser Structure  

Since comprehensive understanding of the material presented and any 

successful reproduction attempts require rudimentary knowledge of the sample and 

condenser structure, this section will highlight the standard sample structures used. 
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The typical fabrication procedures used to create these samples will be explained the 

Appendix. 

Standard Sample 

Most of the experiments performed image samples that have a periodic 

structure, object to be imaged, fabricated on a substrate. The substrate used in all 

samples is a 150 µm thick glass cover slip which was chosen specifically to 

accommodate the small working distance of the high-NA objective lenses. The 

patterns fabricated are holes in a PMMA (poly-methyl-methacrylate) resist layer or 

metal (typically chromium) posts arranged in a 2-dimensional (2D) square lattice 

arrangement, shown schematically in Figure 2.2. 

 

Fig. 3.2 Illustration of the typical sample used. a) Holes in a PMMA layer on the glass substrate, and b) 

Chromium Pillars on a glass substrate, both arranged in a square lattice.   

 Chromium is used because its strong adhesion to glass makes it robust and 

provides minimal degradation during cleaning, and because it provides very good 

contrast when deposited on a gold layer or directly on the glass substrate. The 

fabrication parameters specify that the hole/post diameter should be equal to the 

spacing in between each hole/post such that the feature dimensions are exactly half of 

the period of the 2D grating.  A periodic square lattice structure was chosen as the 
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object to be imaged because the fabrication is relatively fast, the diffraction features 

visible in the FP are easily distinguishable, and the pattern is easily recognized in RP 

images. 

Condenser Structure 

Only two of the condensers presented require special fabrication: the 

Evanescent wave condenser and the Plasmonic condenser, illustrated in Figure 3.3. 

 

Fig. 3.3 Side view illustration showing the layers comprising the a) evanescent wave and b) plasmonic 

condenser structures. 

 The evanescent wave-based condenser is the simpler of the two to fabricate since it is 

simply a two layer arrangement consisting of the glass cover slip and a layer of doped-

PMMA. The PMMA is doped with Rhodamine-6G, a fluorescent material that has 

excitation/emission wavelengths of λ = 532 nm / 568 nm, respectively. When optically 

pumped, the fluorescent material will excite evanescent waves that can interact with 

structures on the glass substrate and will subsequently leak. The plasmonic condenser 

is based on the excitation of Surface Plasmon Polaritons in between the PMMA/gold 

interface, and is comprised of a four-layer structure: glass cover slip, 2 nm thick 

chromium layer, 45 nm gold layer, and the doped PMMA layer. The chromium layer 

is used to help adhere the gold layer to the glass substrate. Because it is so thin, the 

chromium layer has negligible effects on the SPP that is excited and the transmission 

of light. The 45 nm thick gold layer supports the SPP excitations, and the doped-

PMMA layer serves as the SPP excitation source. When optically pumped, the 

Rhodamine fluorophore will excite the SPP at the metal/PMMA interface [19, 23]. 

The surface waves in both condensers are excited by direct coupling of fluorophore 

emission into available surface modes [24].  
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CHAPTER 4  

HEMISPHERICAL DIGITAL OPTICAL CONDENSERS WITH 

NO LENSES, MIRRORS, OR MOVING PARTS [25] 

Our understanding of the mechanisms behind enhanced resolution capabilities 

provided by condensers and their roles in image formation in FP images has prompted 

the invention of a new type of condenser. The Hemispherical Digital Condenser 

(HDC) is unique in that, unlike traditional condensers, the HDC has no lenses, mirrors, 

or moving parts, provides its own illumination and can (in more complicated 

arrangements) be adjusted to provide illumination from multiple discrete directions.. 

In addition, unlike UTC’s, this condenser is external to the microscope. We purchased 

the HDC which, as explained before, is comprised of a series of light emitting diodes 

(LED) that are distributed along the inside of a hollow hemispherical shell. All the 

LEDs are aimed toward the center of the shell, where the sample will be placed, and 

provide even illumination from all directions. A cross-sectional view of the sample 

used to test the HDC capabilities, a diagram of how it is incorporated into a 

microscopic arrangement, and the LED emission spectrum are seen in Figure 4.1. 

 

Fig. 4.1 a) A cross-sectional view of the chromium square lattice sample used in the experiment. b) 

Diagram showing how the HDC is included in the microscope arrangement. c) The LED emission spectrum. 

The sample used, seen in Figure 4.1(a) is the standard sample composed of chromium 

posts in a square lattice arrangement on a glass slide, discussed in Chapter 3. As can 

be seen by Figure 4.1(b), the HDC will sit on top of the sample and provide 

illumination from all angles from the zenith to the horizon. The LED emission 

spectrum reveals two main peaks, one sharp narrow peak at λ ≈ 480 nm, and another 
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broader peak centered at λ ≈ 540 nm wavelength. These emission wavelength values 

will be used to calculate the minimum observable period.  The RP and FP images of 

the sample, shown in Figure 4.2 (a-b), respectively, correspond to a chromium square 

lattice structure with period p = 260 nm, and the RP and FP images in Figure 4.2 (c-d), 

respectively, correspond to a chromium square lattice structure with period p = 220.  

 

 

Fig. 4.2 RP (a-c) and FP (b-d) images of the HDC condenser illuminating a Chromium square lattice with 

period p =260 nm (a, b) and period p = 220 nm (c, d). 

The RP images show the clearly resolved fabricated structures and the FP images 

reveal a bright disk composed of many individual spots and displaced disks (whose 

position is highlighted by the red arrows). The FP images are expected since they are a 

map of the illumination direction of the source [2] [6], which in this case is the set of 

LEDs making up the HDC. These feature in the FP show that the HDC does indeed 

behave like a condenser in that it produces a disk in the FP, the zero-order features 

(the disk comprised of LEDs) are displaced vertically and horizontally by the emitted 

light’s interaction with the periodic structure, and (as will be explicitly demonstrated) 

that it increases resolution capabilities.   

 In analogy to the minimum observable period by a microscope with a 

traditional condenser, expressed by Eq. (2), and the minimum observable using 

surface waves [9, 22 ,26], an expression for the minimum observable period using the 

HDC can be written as follows:        

min

o

p
NA n

λ
≅

+
 

(11) 

 

where n is the refractive index of the medium on top the sample. From Eq. (11), the 

pmin values are calculated to be 192 nm and 216 nm using the LED emission 
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wavelength peaks λ ≈ 480 nm and λ ≈ 540 nm respectively, NAo = 1.49, and n = 1 for 

air, which agrees with our experimental results. A water drop was placed above the 

sample to test the validity of our statements and the Eq. (11), the resulting RP and FP 

images are shown in Figure 4.3. 

 

Fig.  4.3 a) RP and b) FP images of chromium square lattice structure with period  p = 200 nm with a water 

drop placed on top. 

As is evident, the central disk in the FP composed of the light from the individual 

LEDs grew in size and nearly fills up the entire NAo. This indicates, in agreement with 

the presented results, that better resolution should be obtainable. The results also agree 

with Eq. (11); using n =1.33 for the refractive index of the medium and λ ≈ 540 nm, 

the calculated minimum observable period is pmin ≈ 170 nm.  

In an effort to explore the resolution enhancements provided by the HDC on 

no-periodic structures, Titanium Dioxide (TiO2) nanowires were randomly deposited 

on a glass cover slip and imaged the sample with and without the HDC. The images 

seen in Figures 4.4 (a-b) clearly show that the TiO2 wires are better resolved when 

imaged with the HDC (Figure 2.8(b)) than when using perpendicular illumination 

(Figure 2.87(a)).  
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Fig. 4.4 Pictures of TiO2 nanowiers under (a) perpendicular illumination and (b) HDC illumination. c) 

Gaussian distribution fitted to an intensity profile  taken across one of the wires. 

To quantify the images taken, intensity profiles were taken of the TiO2 and potted. The 

data was fitted to a Gaussian distribution and the full-width-at-half-max (FWHM) 

values were obtained for both distributions. The FWHM values demonstrate that a 

resolution enhancement of 1.7 is obtained when using the HDC to image non periodic 

structures. 

According to [2], in order to increase our resolution (or decrease the minimum 

observable period value), we must increase the numerical aperture of the condenser. In 

practice, that means increasing the size of the disk (or ring) seen in the FP image. Eq. 

(11) tells us that having a higher index medium above the sample can also increase the 

resolution, and (as seen by placing the drop of water on top of the sample), the 

increase in refractive index has a corresponding increase in disk size. As such, 

increasing the disk size further can be accomplished, when using a HDC, by adding a 

half-ball lens on top the chromium lattice sample, seen in Figure 4.5(a). This structural 

modification will provide the maximum obtainable resolution for a NAo =1.49 

objective lens because the refractive index on top of the sample will be that of the 

glass and, more importantly, because the glass half-ball lens (whose shape is 

concentric to the HDC) will allow the incident light to propagate to the sample without 

refraction. As such, steep illumination at grazing angles can be achieved. 
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Fig. 4.5 a) Cross-sectional schematic of the half-ball arrangement placed on the sample with the lattice to 

achieve maximal resolution increases. b) RP image of the chromium square lattice arrangement having p = 

200 nm, and c) the corresponding FP image. 

The intermediate glass layer seen in the cross-sectional schematic was placed to 

protect the chromium pillars forming the square lattice, and the oil in between each 

interface was chosen to match the refractive index of the glass (n = 1.515). Clear 

resolution improvements were seen periodic structure with period p = 200 nm was 

clearly resolved, seen in Figure 4.5 (b). The increase in resolution is clearly 

understood when an image of the FP is studied, seen in Figure 4.5(c). As is evident, 

the HDC disk now completely engulfs the area delineating the NAo and provides 2π 

steradian illumination. Therefore, n = NAc = NAo and Eq. (11) has then achieved its 

minimum value of min
/2NA

o
p λ≅ , i.e. the Rayleigh resolution limit for microscope. It 

is worth noting that the first order displaced rings do exist within NAo in the FP image 

seen in Figure 4.5(c), as required by Abbe’s theory of image formation, however they 

are not discernable because the zero order is so bright and occupies the entire NAo.  

 The analysis performed on the HDC as an illumination source for a chromium 

square lattice arrangement and TiO2 nanowires show promising resolution 

enhancements and demonstrate ease of use. However, the discrete character of the 

digital condenser was unfulfilled since all of the LEDs where collectively either On or 

Off. Having the ability to control individual LEDs will provide the unique ability to 

digitally spatially filter the images obtained and will allow for different illumination 

schemes. For example, half of the HDC LEDs may be turned off to provide uni-

directional illumination for tomographical purposes, or a ring of LEDs may be 

illuminated, thereby producing a ring in the FP, to achieve dark-field microscopy.  
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CHAPTER 5  

PLASMONIC CONDENSERS 

 A lot of research had been done on the use of plasmonic condensers to achieve 

sub-wavelength resolution  [21, 22, 27]. Until recently, it was believed that plasmonic 

condensers were a type of superlens as described by Pendry’s proposal of a perfect lens 

[14]. However, recent experiments, those to be presented, have shown that these 

Plasmonic-based, resolution enhancing, optical components are nothing more than 

condensers. Despite this discovery, Plasmonic UTCs are a novelty in that despite their 

size; they can be used to enhance resolution and can even be used for dark-field 

microscopy. 

(Plasmonic) Ultra-thin condensers for optical subwavelength resolution 

microscopy [29] 

Deep sub-wavelength resolution has already been studied using plasmonic 

condensers and periodic square lattice structures [21, 22]. However, while dark field 

microscopy has been demonstrated for small (NA < 1) objective lens numerical aperture 

values [30, 31], recent experiments reveal that sub-wavelength resolution using dark-field 

microscopy can be obtained.  

Dark field-microscopy is obtained when the zero-order diffraction feature is not 

present in the FP image, and, as such, does not contribute to the image formation in the 

RP [32]. While employing a plasmonic condenser, removing the zero-order feature (a 

ring) can be accomplished by simply adding a drop of water on top of the sample. To 

explore the sub-wavelength resolution abilities of a plasmonic condenser in a dark-field 

microscopy arrangement, a chromium square lattice arrangement, like the one seen in 

Figure 3.2 (b), with a period p = 400 nm was fabricated on top of a plasmonic condenser, 

like the one schematically drawn in Figure 3.3 (b).  The sample used is shown in Figure 

5.1. The doped PMMA layer was deposited on top of the chromium square lattice 

structure and will serve as the excitation source for SPPs when optically pumped by a λ = 

532 nm, 250 mW, diode laser. The chromium provides good contrast to the gold layer of 

the plasmonic condenser and does not wash away when the PMMA or the water drop is 

added. 
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Fig. 5.1 Sample used to explore plasmonic dark field microscopy which consists of a plasmonic UTC with a 

chromium square lattice fabricated on top of the gold layer. 

The same experimental apparatus shown in Figure 3.1 was used in this experiment 

with a NAo = 1.3 objective lens, and the λ = 570 nm band pass filter.  RP and FP images of 

the sample were taken using the microscope’s built-in white light illumination source, 

Figure 5.2 (a) and (b) respectively, and the SPPs excited via the fluorescence from the 

doped PMMA, shown in Figure 5.2 (c) and (d).  

 

Fig. 5.2 (a,b) RP and FP images of a p = 400 nm structure using a white light illumination, and (c,d) RP and 

FP images of the same structure imaged using the plasmonic condenser. 

The microscope’s built in illumination source produces a beam of white light that 

impinges the sample nearly perpendicularly. Evidently, from Figure 5.1(a), the white 

light source was unable to resolve the periodic structure in the RP image. The FP 

image in Figure 5.2 (b) confirms that the structure cannot be resolved because the 

objective lens was unable to capture the white light illumination source’s first-order 

diffraction features from. Indeed, calculating the minimum observable period using 
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perpendicular illumination, Eq. (1) [ min / op NAλ≅ ], with λ = 570 nm, and NAo = 1.3 

reveals that pmin ~ 434 nm > p = 400 nm, which agrees well with our results. In 

contrast, when using the condenser to image the features, which produces a zero-order 

ring with neff = NAc = 1.12 (indicated by the arrow), the minimum observable period is 

calculated to be pmin ~ 235 nm < p = 400 nm. The ring’s effective refractive index was 

calculated here using Eq. (3). Clearly, as seen in the image in Figure 5.2(d), the first-

order diffraction feature corresponding to the SPP condenser ring is visible within the 

objective lens’ numerical aperture. As such, and in accordance with Abbe’s theory of 

image formation, the periodic structure is visible in the RP image, shown in Figure 

5.2(c). 

 To obtain a dark-field microscopy arrangement, a drop of water was placed on 

top of the sample which makes the ring grow outside. The images in Figure 5.3 show 

the resulting RP and FP images obtained. 

 

 Fig. 5.3 a) RP and b) FP images of the chromium square lattice structure with p =400 nm with a water 

drop, imaged with the plasmonic UTC. 

The RP image (Figure 5.3 (a)) shows a clearly resolved image of the chromium square 

lattice structure. The FP image (Figure 5.3(b)) reveals that, in comparison to the FP 

image in Figure 5.2(d), the addition of the water drop made both the zero- and first-

order rings grow in diameter. The growth was enough to effectively push the zero-

order ring outside of the numerical aperture which makes the imaging scheme dark-

field microscopy, as expected. The plasmonic condenser ring’s new effective 

refractive index had to be calculated by using the three-point circle feature in the 

imaging software to reconstruct the full ring from one of the arc segments in figure 

5.3(b), shown by the white dashed line, and obtaining the ring’s diameter from there. 
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The new calculated expected minimum observable period, using Eq. (2) and the new 

effective refractive index neff = NAc = 1.38, is  pmin ~ 213 nm, which again agrees well 

with the experimental results.  

Observation of the periodic structure in the RP image shown in Fig. 5.3(a) 

constitutes the first demonstration of a plasmonic UTCs dark field microscope 

arrangement achieving sub-wavelength resolution. In addition, the behavior of the 

plasmonic UTCs and our ability to manipulate their FP signatures reinforces the idea 

that the structures we have been working with are indeed a new breed of condensers. 

Observation of coherence-related phenomena in surface plasmon 

polaritons experiments excited by fluorescence [33] 

A recent study about the excitation of plasmonic Bloch waves by fluorescence 

molecules placed in close proximity to a metal surface [10] show that there exists a 

relationship between the between dark or bright plasmonic condenser rings observed 

in FP images and type of SPP excitation. In traditional schemes, like the Kretschmann 

configuration, the appearance of dark rings is traditionally associated with and 

destructive interference phenomena resulting from the interaction of two coherent 

beams of laser light that are reflected at both surfaces of the thin metal layer in a 

plasmonic sample [23]. However, similar bright and dark features are observed when 

the SPP excitation source is fluorescence based, which is naturally an incoherent 

source of light. This apparent discrepancy prompted further analysis of the physical 

mechanisms behind SPP excitation and the subsequent leakage radiation. To explore 

the effects that the origin of SPP excitation (fluorescence from doped PMMA) had on 

the FP images produced, two different plasmonic condensers were fabricated to be 

nearly identical except for the location of the doped PMMA. The images of the 

structures are seen in Figure 5.4. As is depicted, one of the samples was fabricated in 

such a manner that the fluorescence layer (doped PMMA) was on top of the gold 

layer, seen in Figure 5.4(a), while the other had the fluorescence below the gold layer, 

Figure 5.4(b). An additional plasmonic sample Figure 5.4(c) was fabricated in order to 



Texas Tech University, Daniel Dominguez, December 2014 

30 

study the coherence-related phenomena occurring during the formation of the FP 

image in typical SPP arrangements where periodic structures are being imaged.  

 

Fig. 5.4 Schematic of the sample structures used in the experiments. Samples a) and b) show similar 

PMMA/gold/PMMA configurations, differing only in the location of Rhodamine-6G fluorescent material 

(the SPP excitation source). Sample c) contains a periodic grating fabricated with period p = 4 µm. 

The plasmonic sample was constructed by first depositing a 2 nm thick Cr 

adhesion layer on top of a glass substrate followed by a 50 nm thick layer of gold. 

PMMA was spin-coated on top of the gold layer to serve as the patterning resist for e-

beam lithography which was employed to define a 4 µm period grating with 2 µm 

wide stripes. The exposed PMMA was removed using MIBK:IPA (methyl isobutyl 

ketone:isopropanol 1:3) solution, and then another 50 nm thick layer of gold was 

deposited. The remaining PMMA was removed by placing the sample in acetone, and 

as well as the gold that sat on top of it, thereby revealing a gold grating. A final layer 

of Rh-6G-doped polyvinyl alcohol (PVA) was spin coated on top of the gold grating 

to serve as the source of SPP excitation. The choice to have doped-PVA instead of 

doped-PMMA in the fluorescence layer was motivated by the availability of the 

material and does not have any adverse effects on the FP images subsequently 

produced when imaging. The same experimental apparatus shown in Figure 3.1 was used 

in this experiment with a NAo = 1.49 objective lens, and the λ = 570 nm band pass filter.   

The FP images obtained of the three samples, in order introduced, are seen in 

Figure 5.5. The FP image in Figure 5.5(a) corresponds to sample A which had the 
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fluorescent layer on below the metal layer. Clearly visible are two concentric dark 

rings which correspond to destructive interference phenomena.  

 

Fig. 5.5 (a-b) Cross-sectional drawing of the structures fabricated for this experiment. (c-d) FP images of 

the leakage radiation corresponding to the two structures. 

The FP image in Figure 5.5(b) corresponds to sample B, which had the fluorescent 

layer on top of the gold layer and more closely resembles typical plasmonic condenser 

signatures, i.e. bright rings on a dark background. The appearance of two rings is 

attributed to a thick PMMA layer, and has been previously studied [4].  The effective 

refractive indices of the rings in both configurations were found to have identical 

values of neff = 1.01 (inner ring) and neff = 1.24 (outer ring), and were calculated using 

Eq. (3). The fact that the rings have identical effective refractive indices indicates that 

the sample structures were indeed identical differing only in the location of the 

Rhodamine-6G fluorescent material, which evidently does not have any noticeable 

effects on the FP images. The Image in Figure 5.5(c) corresponds to sample C, the 

plasmonic sample with the patterned grating on it. Clearly visible are displaced rings 

corresponding to the plasmonic interacting with the sample’s surface structure. It is 

worth noting that an analogous image would be formed if the grating structure were 

illuminated by an external condenser. 

 As discussed above, the dark rings in the FP image shown in Figure 5.5(a) are 

ca signature of destructive interference effects. These effects can arise from the 

interference of the downward leakage radiation related with SPPs excited by the 

fluorescence and the fluorescence reflected downward from the metal interface, but 

that can only happen if the coherence length of the fluorescence is longer that the 
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propagation length of the SPP LSPP ~ 20 µm [5]. The coherence length is calculated to 

be 
2~ / 30c o SPPl m Lλ λ µ∆ ≈ >  which is indeed longer that the SPP propagation length. 

The green-disk background seen in Figure 5.5(a) is due to the fluorescence that is 

directly emitted downward toward the objective lens. A similar analysis reveals that 

the FP image in Figure 5.5(b) has bright rings because while the SPP leaks downward 

toward the substrate, the fluorescence (due to its location) is reflected upwards away 

from the objective lens thereby making interference between the two beams 

impossible. 

 The FP image shown in Figure 5.5(c) is similar to that seen in Figure 5.5(b) in 

that the rings are bright. Because of the coherent nature of the interaction between the 

fluorescence and the leakage radiation [7, 34], a description of how the FP image is 

formed can be easily made. A more detailed derivation can be found in [33], but 

briefly the optical disturbance [Uφ(x,y,z=0)]  at the gold/PMMA interface (z=0), 

associated with the leakage radiation coupled to a SPP traveling in the direction 

defined by the SPP wavevector ( )cos ,
SPP SPP SPP

k k k sinϕ ϕ=
�����

where φ is the angle between 

SPPk
�����

 and the x-axes, is proportional to the Bloch wavefunction corresponding to the 

periodic structure for a sample with a periodic structure of period p along the y-axis 

[35]. 

( ) ( ) ( )cos sin2 2( , , 0) 1 sin 1 sin SPP SPPSPP
i xk ykik r

p p
U x y z y e y e

ϕ ϕπ π
ϕ

+   = ∝ + = +   

������ �
i

  (12) 

where i is the imaginary unit. Due to the coherent character of the fluorescence 

illumination, the optical disturbance at the FP, Uφ(kx,ky), is proportional to the Fourier 

Transform (FT) of Uφ(x,y,z=0) [2, 7], i.e.: 

( )
( , ) ( , , 0) ( , , 0) x yi xk yk

x yU k k FT U x y z U x y z e dxdyϕ ϕ ϕ

− +
 ∝ = ∝ =  ∫∫    (13) 

Here ( ),x yk k k=
�

 , 2| |k π=
Λ

�
 , and 1/Λ is the spatial frequency. From (12) and (13) 

follows that: 

( ) ( ) ( )cos sin
2( , ) 1 sin

x SPP y SPPi k k x k k y

x y p
U k k y e dxdy

ϕ ϕ
π

ϕ

 − − + −  ∝ + ∫∫    (14) 
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Introducing the new variables cosx x SPPK k k ϕ= −  and cosy y SPPK k k ϕ= −   , (14) can 

be rewritten as: 

( ) ( )2 2( , ) 1 sin [1 sin ]x yi K x K y

x y p p
U k k y e dxdy FT yπ π

ϕ

 − +  ∝ + = + ∫∫    (15) 

therefore, 

 
( ){ 2( , ) cos , sin

x y x SPP y SPP p
U k k k k k k π

ϕ δ ϕ ϕ ∝ − − − +     

( ) }2cos , sin cos , sin
x SPP y SPP x SPP y SPP p

k k k k k k k k πδ ϕ ϕ δ ϕ ϕ  − − + − − +      (16) 

From Eq. (16), it is easy to see how the drawn-in points in the FP image of Figure 

5.5(c), correspond to the coordinates D= ( )2cos , sin pSPP SPP
k k πϕ ϕ − , 

E= ( )cos , sinSPP SPPk kϕ ϕ , and F= ( )2cos , sin pSPP SPP
k k πϕ ϕ +  in reciprocal lattice 

space. It’s not too difficult to imagine that tracing the path the points D, E, and F make 

as the propagation direction (φ) of the excited SPPs changes from 0 to 2π will reveal a 

set of rings of radius kSPP. 

High Resolution Optical Microscopy Using Far-Field Illumination 

Produced By Plasmonic Ultrathin Condensers [36] 

 At this point, it is worth reemphasizing the particular characteristic of 

plasmonic UTCs that allows enhanced resolution is the fact that the plasmonic surface 

directly interacts with a structure (object to be imaged) that is placed (or fabricated) in 

between the gold layer and the PMMA layer of the plasmonic UTC [4, 22]. Until 

recently, sub-wavelength resolution imaging experiments using the plasmonic UTC 

have been carried out in this manner which limits the UTC’s abilities to image 

anything dynamic or living. The newly discovered imaging abilities are attributed to 

the fact that, when optically pumped, each point along UTC surface where SPPs where 

excited emits light (the leakage radiation) which forms a hollow cone of illumination. 

This light can used to illuminate the object under observation which, in this 

arrangement, is not contained inside of the UTC. This opens the door for applications 
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of the super compact UTCs in a broad range of biomedical imaging applications where 

imaging the complete volume of a living cell, which is typically in the far-field, is a 

critical requirement. 

 The samples used in this experiment, shown in Figure 5.6, follows the same 

basic structure of the plasmonic UTC structure previously described in Chapter 3.  

 

Fig. 5.6 a) Cross sectional view of typical plasmonic UTC. b) Typical plasmonic UTC with chromium 

square lattice structure fabricated on the underside of the glass substrate. c) Typical plasmonic UTC sitting 

on top of a separate cover slip that has the object to be imaged on top.  

The structure seen in Figure 5.6(a) is the traditional plasmonic UTC consisting of a 

glass substrate, a 2 nm thick Chromium adhesion layer, a 45 nm thick SPP-supporting 

gold layer, and a ~150 nm thick doped-PMMA layer. As is typical in our experiments, 

the PMMA dopant is the Rhodamine 6G fluorophores. To explore the far-field, sub-

wavelength resolution abilities of the plasmonic UTC, a variation of the UTC sample 

was obtained with a chromium square lattice structure, like the one seen in Figure 

3.2(b), fabricated on the underside on plasmonic UTC directly on the glass substrate, 

shown in Figure 5.6 (b). Since the penetration depth of the plasmonic substrate is on 

the order of a micron, and the glass substrate is ~150 µm thick, the patterned structure 

constitutes an object that is placed in the far-field. However, having a structure 

“glued” to the bottom of as plasmonic UTC is neither efficient not practical for 

biological applications. As such, Figure 5.3(c) shows a stacked structure consisting of 

a standalone plasmonic UTC placed on top of a separate cover slip with a chromium 

square lattice structure fabricated on it. In between the plasmonic UTC and the glass 
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cover slip with the object to be imaged is a liquid index matching medium that will 

prevent unwanted reflections at the interfaces. 

 The samples were imaged using the typical experimental arrangement seen in 

Figure 3.1, with a variety of objective lenses (NAo = 1.3, NAo = 0.9, and NAo= 0.25), 

and the λ = 570 nm band pass filter. The FP and RP images of the sample arrangement 

seen in Figure 5.6(b), are shown in Figure 5.7. As can be seen, the FP images in 

Figure 5.7(a,c) have similar features except that the FP image in Figure 5.7(a) has 

bring ring concentric to the objective lens’ numerical aperture with constitutes the 

zero-order ring of the plasmonic UTC. The sizes of the rings in Figure 5.7(a) and 

5.7(c) are similar because the objectives used have the same magnification (100x); 

however, as is evident, the sizes of the numerical apertures are different because 

objective lenses with different numerical apertures were used (NAo = 1.3 in Figure 

5.7(a), and NAo = 0.9 in Figure 5.7(c)). In contrast the FP image in Figure 5.7(e) has 

neither similar sized rings, nor similar sized numerical aperture because bother the 

magnification and numerical aperture value of the objective lens used to obtain that 

image are different (NAo = 0.25, 10x). In addition, all three FP images have rings in 

different position within their respective numerical aperture because different periods 

were imaged in each set of sets of FP and RP images: p = 300 nm for Figures 5.7(a,b), 

p = 400 nm for Figures 5.7(c,d), and p = 500 nm for Figures 5.7(e,f), respectively. As 

is evident, only the RP image shown in Figure 5.7(b) shows the resolved chromium 

square lattice arrangement. This can be explained by noting that only that RP image’s 

corresponding FP image has the zero order rind present within the numerical aperture. 

A quick recap of Abbes theory of image formation reveals that at least two diffraction 

order are necessary in order to image an object [3], a requirement that is only met by 

the images taken with the NAo = 1.3 objective lens. Verification of the experimental 

results can be made using Eq. (2), [ min / ( )o cp NA NAλ≅ + ], with λ= 570 nm, NAo = 

1.3, and NAc = neff =1.01, to obtain the minimum observable values of pmin~248 nm 

which agrees well with the experimental results. It is worth pointing out that Eq. (2) 

can only apply to the image obtained with the NAo = 1.3 objective lens in the 
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plasmonic UTC arrangement because only that objective lens can capture the zero 

order SPP ring.  

 
Fig. 5.7 (a, c, e) FP and (b, d, f) RP images of Cr pillars in a square lattice arrangement having a period p of 

(a, b) 300 nm, (c, d) 400 nm, and (e, f) 500 nm, respectively. The images were taken using an objective lens 

with NAo = (a-b) 1.3, (c- d) 0.9, and (d-f) 0.25. All FP images were taken using the band-pass filter centered 

at the λ = 570 nm wavelength. 

 The FP and RP images obtained of the sample shown in Figure 5.6(c), with 

two different index matching media, is shown in Figure 5.8. 

 

Fig. 5.8 (a, c) FP and (b, d) RP images of Cr pillars in a square lattice arrangement having period p = 300 

nm using the staked sample arrangement with (a, b) oil and (c, d) water in between the UTC and the 

separate cover slip. 
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The RP and FP pair of images seen in Figures 5.8(a,b) were taken of the stacked 

sample structure with index matching oil as the liquid medium between the plasmonic 

UTC and the glass substrate, where the object to be imaged is a chromium square 

lattice arrangement with period p = 300 nm. The index matching oil was tested as the 

best case scenario because the oils refractive index precisely matched the refractive 

index of the cover slips above and below it. Similar RP and FP images were obtained 

using water as the medium, shown in Figures 5.8(c,d). Water was chosen in this 

instance because biological specimens are typically immersed in aqueous solutions.  

The images taken with the NAo = 0.9 and NAo = 0.25 objective lens are not shown 

because the images looked very similar to those seen in Figures 5.7 (c-f) and therefore 

provide no further insight. Nevertheless, it is worth noting that the results obtained 

when measurements were made using the low NAo objective lenses show that the 

leakage radiation can still leak through the contact medium and bottom cover slip. 

 The successful demonstration of the resolution enhancement provided by a 

plasmonic UTC condenser, in the staked sample arrangement with a water medium in 

between the UTC and the cover slip, suggest that high resolution imaging of objects in 

an aqueous solution is possible. As stated earlier, these findings open the door for the 

use of UTCs in biological imaging. To test the new application, a drop of human blood 

was placed on top of a cover slip and sandwiched under a plasmonic UTC to form a 

stacked sample arrangement. Here, the objects to be studied are the erythrocytes (red 

blood cells) and the leukocytes (white blood cells) that are immersed in the blood 

plasma, a solution that is 95% water. The RP and FP images obtained are shown in 

Figure 5.9. The RP image featured in Fig. 5.9(a) was obtained using the leakage 

radiation produced by the UTC as the illumination source, and shows what appear to 

be human red blood cells and a white blood cell. The corresponding FP image, shown 

in Fig. 5.9(b), prominently shows the characteristic zero-order diffraction ring 

produced by the plasmonic UTC. However, because both images featured in Figure 

5.9 were obtained using a long-pass filter, in contrast to previous experiments, the zero 

order feature is not a single color rather a spectrum reflecting the emission spectrum of 

the Rhodamine-6G fluorescence. 
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Fig. 5.9 (a) RP and (b) FP image of human blood sandwiched in a stacked sample arrangement. The FP 

image was taken with a long pass filter rated to transmit all wavelengths λ > 570 nm.  

The decision to change the filter used was made to allow more transmitted light to be 

captured by the RP and FP cameras which allowed for shorter exposure times 

(around~100 ms), a necessary feature when imaging dynamic, living objects. Since 

both the band-pass and long-pass filters are rated to transmit a minimum wavelength 

value of λ = 570 nm, similar resolution enhancements, as determined by Eq. (2), can 

be expected. The lack of first-order diffraction rings in the FP image shown in Figure 

5.9(b) is expected since the object being studied is not periodic. In addition, the diffuse 

broad bright center visible within the plasmonic ring is produced by the contribution 

of the low spatial frequencies corresponding to the leakage radiation’s interactions 

with the micrometer-size dimensions of the cells.  

The results resented demonstrate that the plasmonic UTCs have much broader 

applications than previously thought. The results indicate that typical plasmonic UTCs 

can be easily incorporated into microscope arrangements as practical condensers for 

biological and dynamic imaging, without the need of additional fabrication 

procedures. 

 



Texas Tech University, Daniel Dominguez, December 2014 

39 

CHAPTER 6  

EVANESCENT WAVE CONDENSER 

Unlike their plasmonic counterparts, which suffered from intrinsic ohmic-losses, 

the evanescent-wave condenser was unique in that it promised better imaging from 

increased transmission due to the absence of a metallic layer. While the claims that the 

evanescent wave condenser is “better” than its plasmonic counterpart have not been fully 

determined, the use of the evanescent wave condenser as yet another alternative substitute 

for the traditional condenser has been realized. 

Far-field optical superlenses without metal [26] 

Until recently, it was believed that evanescent wave condensers were a different 

application of the sample principle that allowed plasmonic condensers to achieve sub-

wavelength resolution; and as such were classified as a type of superlens as described by 

Pendry’s proposal of a perfect lens [14]. Despite the flaw in semantics, the evanescent-

wave condenser has been fully realized and has shown sub-wavelength resolution 

capabilities. Although various surface waves have been previously reported [37, 38, 39], 

the physical mechanism for the operation of the evanescent-wave condenser is best 

described the Goos-Hänchen effect (GHE) that is related to total internal reflection. 

The Goos-Hänchen effect refers to the miniscule shift, typically on the order of a few 

wavelengths, observed at the incidence site where total internal reflection occurs [40, 

41]. This shift constitutes the propagation of the evanescent wave at the dielectric-

dielectric interface. Unlike the internal reflection phenomenon that arises from the 

propagation of light through the interface of two dielectric media, from one that has a 

higher index of refraction value, the evanescent waves in this scheme are directly 

coupled excitations from the fluorescence [24]. The subsequent leakage of the 

evanescent wave is into the substrate (the higher refractive-index valued dielectric). 

This behavior mirrors the total-internal-reflection phenomenon in reverse order and as 

such is known as the reverse Goos-Hänchen effect (rGHE). 

The evanescent-wave condenser structure is previously shown in Figure 3.3(a) 

and reproduced below in Figure 6.1. 
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Fig. 6.1 a) Cross-sectional view of the evanescent wave-based UTC. b) The FP image corresponding to a 

homogenous (structure-less) sample. 

The condenser consists of a typical glass cover slip which serves as the 

dielectric substrate, and is covered by a ~110 nm thick layer of Rhodamine-6G doped 

PMMA (PMMA-6G). In this project as well, the PMMA dopant is the Rhodamine-6G 

fluorescent material that has a peak emission wavelength of λ = 568 nm when it is 

pumped by a λ = 532 nm wavelength. The microscopy arrangement used in this 

experiments is the same described in Chapter 3, Figure 3.1, and uses the NAo = 1.49 

oil-immersion objective lens and the band pass filter centered at λ = 570 nm. The FP 

image of this homogenous sample, shown in Figure 6.1(b), consists of a thick ring that 

formed from the leakage radiation of the exited evanescent waves. The boundary 

labeled by nmin corresponds to the refractive index of the superstrate. Its position in the 

FP is related to the critical angle, the minimum angle at which total internal reflection 

occurs. Measurement of the nmin value reveals that nair < nmin << nPMMA because the 

evanescent wave extends beyond the thin PMMA layer and interacts with the air 

above the sample (also a dielectric), as such nmin is an average of the two refractive 

index value but more closely approaches the refractive index value of air (i.e. nmin ~1). 

The ring is thick because the total internal reflection condition is satisfied for a variety 

of angles greater than the critical angle, but is limited by the refractive index of the 
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substrate nmax. The FP image in Figure 6.1(b) has a drawn-in white-dashed ring 

representing the position of the larger boundary of the ring denoted by nmax. As can be 

seen, this drawn-in ring cannot be captured because it exists outside of the numerical 

aperture which agrees with our analysis because nmax~1.525 > NAo = 1.49. 

If a periodic structure were to be patterned on the surface of the glass before 

the PMMA layer was deposited, then the evanescent waves would interact with the 

structure in a similar manner described in the previous section and produce a FP image 

with displaced rings. Figure 6.2 shows the expected FP images corresponding to the 

condenser ring formed from illumination via fluorescence-based evanescent-waves 

and the microscope’s perpendicular white light illumination source, and their 

interactions with a periodic square lattice structure. 

 

Fig. 6.2 Fourier plane image expected for (a) evanescent wave illumination of a uniform surface, 

(b)perpendicular  illumination of a uniform surface, (c) evanescent wave illumination of a square lattice 

periodic surface, (d) perpendicular illumination of a square lattice periodic surface, (e) the case for the 

highest resolution achievable, where the displaced rings present in the FP are of the evanescent waves that 

exist within the NA, while the diffraction spots are of the perpendicular illumination source. In all images, 

the maximum collectible wavevector kNA is given by a dashed ring. 

The diagram of the expected FP images corresponding to a humongous sample 

illuminated by the evanescent-waves and the microscope’s built in illumination source 

are shown in Figures 6.2 (a) and (b) respectively. Figure 6.2(a) resembles the already 

observed FP image of a homogenous sample, seen in Figure 6.1(a); and Figure 6.2(b) 

is comprised of a single spot corresponding to purely transmitted light from a 

perpendicular illumination source. When a periodic square lattice structure is 

fabricated on the sample, both FP images should change in proportion to the grating 
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vector G=2π/p, and in agreement with the condenser theory presented in Chapter 1, as 

is shown in Figure 6.2 (c) and (d). Since portions of the spots corresponding to 

perpendicular illumination can be seen within the numerical aperture in Figure 6.2(d) 

for this hypothetical period, no new information is obtained when the same 

hypothetical period is illuminated with the surface waves, Figure 6.2(c). However, for 

smaller periods, the spots seen will eventually fall outside of the numerical aperture 

and the object will no longer be able to be imaged unless it is imaged by the 

evanescent waves. The FP diagram in Figure 6.2(e) shows is the limiting example of 

such a situation in where the square lattice structure period p is so small that the spots 

lie outside of the numerical aperture and the condenser rings are barely within. 

 An experimental demonstration of these hypothetical situations was realized by 

fabricating a chromium square lattice structure on top of a glass substrate, as shown in 

Figure 3.2(b), and covered with a layer of the Rhodamine(6G)-doped PMMA. The FP 

images obtained of the structure are shown in Figure 6.3. 

 

Fig. 6.3 a) FP image of condenser rings formed from fluorescence when imaging a periodic structure with p 

= 500 nm (inset is enhanced). b) FP image of a p = 380 nm structure illuminated by traditional, 

perpendicular illumination. 

As expected, the FP image showing displaced rings from the evanescent-wave 

interactions with square lattice structure with period p =500 nm can be seen in Figure 

6.3(a); and the FP image displaying spots halfway outside of the numerical aperture 

were captured while imaging a square lattice structure with period p = 380 nm, shown 

in Figure 6.3(b). The fact that the 1
st
 order diffraction spots are at the edge of the NA 

indicates that the microscope is nearing its resolving limit near that period. A 
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comparison of the RP images, shown in Figure 6.4, for each illumination method 

reveals that increases in resolution are obtained when the condenser is used. 

 

Fig. 6.4 RP images of Chromium square lattice arrangements illuminated with a) evanescent wave 

condenser, and c) perpendicular illumination.  

The RP images shown are the, experimentally determined, lowest resolvable period 

for the different illumination sources and correspond to chromium square lattice 

structures with periods p = 240 nm and p = 360 nm for Figure 6.4(a) and (b) 

respectively. A numerical calculation of the expected minimum observable period 

reveals that pmin = 230 for the condenser arrangement and pmin = 282 for the 

arrangement that uses the perpendicular illumination source, and was calculated using 

λ = 570 nm and a modified version of Eq. (2), 

min

max min

p
n n

λ
≅

+
 (17) 

that was derived from the relationship previously established between the thick-ring 

condenser feature and the refractive index of the sub- and superstrate. As is evident 

from Eq. (17), changing the refractive index of any of the interfaces will increase 

resolution.  The superstrate refractive index can easily be changed by placing a water 

drop on top if the sample. The calculated minimum observable period, using nmin = 

1.33 (refractive index of water), is pmin ~ 200 nm. However, experimental results only 

resolved a period of p = 220 nm. The discrepancy in results is attributed to limited 

contrast in the RP image. 
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(Non-Plasmonic) Ultra-thin condensers for optical subwavelength 

resolution microscopy [29] 

 
In a similar vein to the analysis done on plasmonic UTCs, a non-plasmonic 

evanescent-wave based UTC was used to study a chromium square lattice structure in 

a dark field microscopy arrangement. The sample used, shown in Figure 6.6, is 

identical to that shown in Figure 3.2 (b) with a period of p = 300 nm, except that a layer 

of doped-PMMA was deposited on top to serve as the evanescent wave excitation source.  

 

Fig. 6.5 Sample used to explore non-plasmonic dark field microscopy which consists of a UTC with a 

chromium square lattice fabricated on top of the glass substrate. 

Because the expected minimum observable period for perpendicular white light 

illumination is pmin = 434 nm, calculated using Eq. (1) with λ = 570 nm and NAo = 1.3, 

and the fabricated period here is p = 300 nm < pmin, one can expect that the structure 

will not be resolved in the RP and an FP image will only have a central spot like the 

one shown in Figure 5.2. As such, the RP and FP white light images are not presented. 

The RP and FP images of the square lattice structure imaged with the non-plasmonic 

UTC without water, Figure 6.6 (a) and (c) respectively, and with water Figures (b) and 

(d) respectively, are shown below. In both instances, with and without the water drop 

present, the periodic square lattice arrangement was visible. However, as is clearly 

seen by comparing the FP images in Figure 6.7, the addition of the water drop makes 

the zero-order diffraction grow beyond the bounds of the objective lens’ numerical 

aperture thus making Figure 6.7(b) a dark-field RP image. In these images, and as 

previously described, the condenser feature is no longer a thing ring but rather a thick 

one that is defined by the refractive indices of the substrate nsub = nmax ≡ NAo and the 

superstrate nsup= nmin ≡NAc [9, 26]. The minimum observable periods are calculated, 

using the values nsub ~ 1.3,  nsup ~1 for air and nsup ~ 1.33 water, λ = 570 nm, and Eq. 
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(17), to be pmin = 227 nm when the water drop is absent and pmin = 201 nm when the 

water drop is present.  

 

Fig. 6.6 RP (a,b)and FP (c,d) images of the chromium square lattice arrangement in a non-plasmonic UTC 

condenser without water on top (a,c) and with water on top (b,d). 

  While observation of deeper sub-wavelength resolution structures has been 

previously accomplished [26], resolving the periodic structure in the RP image shown 

in Fig. 6.7(b) constitutes the first demonstration of a non-plasmonic UTCs dark field 

microscope arrangement achieving sub-wavelength resolution. It is worth noting that 

while this experiment and the one presented in “Far-field super lenses without metal” 

both used an evanescent wave condenser and a drop of water, this arrangement 

constitutes dark field microscopy because the objective lens numerical aperture NAo = 

1.3 (in refractive index units) is less than the refractive index of the water (nmin = 1.33), 

and also less than the numerical aperture of the objective lens used in the other 

experiment, i.e. NAo = 1.49. As such, in this experiment, the additions of the water 

made the minimum value of the ring completely exit the numerical aperture boundary 

in the FP. 
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CHAPTER 7  

SCATTERING-BASED CONDENSER 

Analysis of FP images from experiments performed using square lattice 

arrangements on glass illuminated by a white light, normally incident, source revealed 

unexpected features that resemble optical condenser signatures, shown in Figure 7.1. 

 

Fig. 7.1 (a) and (b) FP images of a photonic crystal formed by holes in a PMMA layer with period p= 600 

nm illuminated with (a) the microscopes built-in perpendicular illumination source, and (b) traditional 

bulky condenser. (c) and (d) FP images of a photonic crystal with period p= 250 nm consisting of (c) holes in 

a PMMA layer, and (d) chromium pillars on glass. 

The images were taken using a the typical experimental arrangement, seen in Figure 

3.1, with a NAo = 1.3 oil-immersion objective lens and the band pass filter centered at 

λ = 570 nm. In these images, the band pass filter was used to enhance contrast between 

features in the FP images. The FP image shown in Figure 7.1(a) was taken of a sample 

consisting of a PMMA layer with holes patterned in a square lattice arrangement, with 

period p = 600 nm, on a glass cover slip, as seen in Figure 3.1(a). The illumination 

source was the microscope’s built in white light source which is normally incident on 

the sample and produces the spots seen in Figure 7.1(a). The unexpected features 

observed are the thin rings that seem to be concentric to the spots. The FP image seen 

in Figure 7.1(b) was obtained while imaging the same structure with a traditional 

bulky condenser with numerical aperture value NAc = 0.28. As expected, the small 

bright rings are displaced in the same manner as the spots in Figure 7.1(a); however, 
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close inspection reveals that the thin rings are still present and, as such, not an effect 

of the type white light. To test whether the type of structure had any effect on the 

appearance of the rings, a different structure consisting of chromium pillars arranged 

in a square lattice structure (like the one seen in Figure 3.1(b)) was fabricated, imaged,  

and compared to the previous structure. The resulting FP images, seen in Figure 7.1(a) 

and (b), show nearly identical features despite the fact that one of the samples was 

composed of holes in a PMMA layer on glass (Figure 7.1(c)), while the other 

consisted of chromium pillars on glass (Figure 7.1(d)). In both situations, a square 

lattice of period p = 300 nm was imaged, which is beyond the resolution limit for a 

perpendicular-illumination arrangement, as is evident by the absence of the first-order 

diffraction spots. However, portions of the thin ring are visible therefore indicating 

that the periodic structure may yet be resolved.  

 To help determine the origin of these rings, a series of experiments was 

carried out which observed the effect the illumination source had on the appearance of 

the rings. Specifically, the experiment varied the size of the illumination spot 

impingent on a sample with a periodic structure to see what observable effects could 

be seen. This was accomplished in two individual cases, one which used an adjustable 

iris, and another by using an objective lens to focus the light and displacing the 

objective lens from its focal point. The sample used was a chromium square lattice 

structure, exactly like the one pictured in Figure 3.2(b). The results for the adjustable 

iris are shown in Figure 7.2. 

 

Fig. 7.2 a) FP image of periodic square lattice with period p = 300 nm with iris fully open. b) FP image of 

same structure with the iris closed smaller than the cage of the objective lens. 

The FP image in Figure 7.2(a) reveals portions of rings (the displaced condenser 

signature), and central bright spot corresponding to the transmitted light from the 
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microscope’s white light illumination source obtained with a fully open iris placed 

along the beam path. The FP image in Figure 7.2(b) was taken while imaging the same 

square lattice structure however this time the iris was closed so that the spot produced 

was smaller than the diameter of the objective lens. These results indicate that the 

rings visible in the FP are the result of light scattering with the metallic cage of the oil-

immersion objective lens, hence the condenser name.   

 FP and RP images of different periods and structures, seen in Figure 7.3, were 

taken to analyze the behavior of the rings and see if they contributed to enhanced 

resolution. 

 

Fig. 7.3 Microscope (a), (c), (e), and (g) FP and (b), (d), (f), and (h) RP images of photonic crystals formed 

by holes in a PMMA layer with (a)–(f) square and (g) and (h) hexagonal symmetry. The period of the 

photonic crystal is (a) and (b) p=500 nm, (c) and (d) p=450 nm, and (e)–(h) p=300 nm. 
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All of the structures imaged in Figure 7.3 consisted of holes in a PMMA layer on a 

glass cover slip. The images in Figures 7.3(a,-f) are of a square lattice structure with 

periods p = 500 nm (Figures 7.3(a,b)), p = 450 nm (Figures 7.3(c,d)), and p = 300 nm 

(Figure 7.3(e,f)). The images in Figures 7.3(g,f) correspond to a hexagonal lattice 

arrangement. As previously noted, the rings move in synchrony with the period of the 

structure and are ordered in the expected shape. However, despite displaying such a 

strong signature in FP images, the rings do not seem to contribute any resolution 

enhancements. The reason for this goes back to Abbe’s theory of image formation: i.e. 

at least two diffraction features must be captured in the FP in order to resolve a 

periodic structure in the RP. The FP images in Figures 7.3 (a,c) have both zero- and 

first-order spots, as such, the Abbe condition is satisfied and the resolved periodic 

structure is seen in the RP images in Figures 7.3 (b,d). In contrast, the FP images in 

Figures 7.3(e,g) display the zero-order diffraction spot and portions of the first-order 

diffraction rings (no first-order diffraction spot nor zero-order diffraction rings); in 

consequence, the RP images cannot be resolved. If indeed the ring is a condenser 

feature, then capturing at least two diffraction orders should result in enhanced 

resolution. The effective refractive index was calculated to be neff = 1.41 by 

extrapolating the size of the ring in the FP image of a square lattice structure with 

period p = 300 nm, seen sin Figure 7.4(a), and using Eq. (3). It is of no surprise then 

that enhanced resolution was not obtained because neff ≡ NAc = 1.41 > NAo= 1.3; that 

is, the zero-order ring could not be captured by the objective lens. Using an objective 

lens with a numerical aperture NAo > 1.41 will capture the zero-order ring and reveal 

whether or not the rings are a condenser. The FP and RP images of such an 

arrangement, using an objective lens with numerical aperture NAo = 1.49, is shown in 

Figure 7.4(c,b), respectively. As is evident in the RP image in Figure 7.4(c), the 

periodic structure of a square lattice structure is clearly resolvable when the zero-order 

condenser ring is captured. A quick look at the corresponding FP image in Figure 

7.4(b) reveals that three-diffraction orders were captured and that the zero-order 

feature (identified by the arrow) is actually dark. The reason behind this dark feature is 

still under investigation.  
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Fig. 7.4 (a) FP image shown in Fig. 2(e) with the first-order ring generated from an arc segment within NAo 

and the parameters used to calculate neff.(b) FP image, with center spot spatial filtered, of a chromium/glass 

photonic crystal with period p=300 nm. The arrow points at the dark zero-order diffraction ring. (c) 

Corresponding RP image of the same p=300nm photonic crystal showing the photonic crystal structure. 

It is worth mentioning that spatial filter was inserted into FP image, seen as a black 

spot in Figure 7.4(b), to filter out the zero order diffraction spot and improve image 

contrast. Moreover, the RP image shown in Fig. 7.4(c) looks like a typical image 

obtained using a dark field microscopy technique because, in contrast with the bright 

first-order rings observed in the FP image, the zero-order ring is dark.  

  In order to push the observable resolution enhancements obtainable with this 

new condenser, FP and RP images of a chromium square lattice structure with period 

p = 200 nm were obtained and are shown in Figure 7.5.  The fact that only small arc 

segments corresponding to the first order diffraction spots are visible at the numerical 

aperture extremes in the FP images seen in Figures 7.5 (a,c) reveal that the structure 

having a period p =200 nm is at the resolution limit for this system. None the less, the 

RP image obtained after employing the same spatial filtering technique to remove the 

unwanted zero-order diffraction spot reveals the resolved square lattice structure. The 

RP image in Figure 7.5(b) is included to show how spatially filtering the zero order 

diffraction spot provides the contrast adjustment required to resolve the period. Using 

the familiar Eq. (2) and the values λ = 570 nm¸ NAo = 1.49, and NAc = 1.41, the 
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minimum observable period is calculated to be pmin ~198 nm which agrees very well 

with our experimental results. 

 

Fig. 7.5 RP and FP images of a spatially unfiltered (a, b) and filtered (c, d) chromium square lattice 

structure with a fabricated period right at the edge of the resolution limit period, p =200 nm, respectively. 

 Based on the behavior of the rings seen in the FP images produced under 

traditional white light illumination for different structures, material types, and 

objective lenses, and that when isolated the rings do provide enhanced resolution, 

definitively proves that a new condenser has been discovered. In such a simple 

arrangement there is one interface (the glass/air interface) that can support a dielectric-

dielectric evanescent wave. Additionally, evidence indicates that the rings only appear 

when scattering is possible, that is, when the illumination spot is bigger than the 

boundary where the lens meets the objective lens cage. As such, it is reasonable to 

assume that the rings are a condenser signature corresponding to leakage-radiation 

from evanescent waves excited via scattering from the objective lens cage.  
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CHAPTER 8  

WATER DROP CONDENSER 

As is known from experiments with previous condensers, placing a drop of 

water on the top surface of a sample or condenser in the typical microscope 

configuration will alter the evanescent wave interaction at the interface. Typically, this 

results in growth of the condenser signature in the FP and increased resolution as a 

result. However, while experimenting with the scattering-based condenser, a drop of 

water was placed on top of the sample being studied, and the results were beyond what 

anyone could have predicted. 

The sample under investigation was the typical chromium square lattice 

structure on glass seen in Figure 3.2 (b). RP and FP images shown in Figure 8.1 were 

obtained using the microscope’s built-in, white light illumination source, normally 

incident on the chromium square lattice structure with period p = 250 nm, the 

experimental arrangement seen in Figure 3.1 with a NAo = 1.49 oil-immersion 

objective lens, and a band pass filter centered at λ = 570 nm.  

 

Fig. 8.1 a) FP and b) RP image of chromium square lattice sample illuminated with white light and having 

a spatial filter in place. c) RP and d) FP images of the same structure and illumination source, but with a 

water drop placed atop the sample. 
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The FP image seen in Figure 8.1(a) clearly displays the bright centered ring that 

appears only when the drop of water was placed above the sample and corresponds to 

the signature of the water-drop condenser. Four displaced rings, two vertical and two 

horizontal, are the textbook signature of diffraction features from a square lattice 

arrangement being illuminated by a condenser, thereby showing that the effect is not 

an artifact. The corresponding RP image, seen in Figure 8.1(b), displays the clearly 

resolved square lattice being imaged. As a comparison, an FP image was obtained 

while imaging the same structure but without the water present, shown in Figure 

8.1(c). This image shows the familiar condenser signatures associated with the 

scattering-based condenser presented in Chapter 7, and the spatial filter incorporated 

to enhance contrast. The corresponding RP, seen in Figure 8.1(d), shows the 

chromium square lattice just barely resolvable. The contrast difference seen in the 

images can be attributed to the ring intensity in the FP images. The first-order water-

drop rings in the FP image in Figure 8.1(a) are on the order of 10
2
 times brighter than 

the first –order scattering condenser rings in the FP image in Figure 8.1(c) In addition; 

the zero- order water-drop condenser ring is on the order of brightness as the central 

while-light transmitted spot. Better numerical values relating the intensities could not 

be obtained due to the saturation effects of the camera. However, qualitative 

inspection of the RP images in Figure 8.1 reveals that the water-drop condenser 

performs much better than its scattering-based condenser counterpart. In addition, the 

condenser’s unique compositional requirements, i.e. a drop of water, make this 

condenser a good contender for biological imaging since most biological specimens 

are suspended in aqueous solutions. Careful inspection of the first-order diffraction 

rings seen in the FP image in Figure 8.1(a) reveals that the condenser signature is not a 

single ring, rather a pair of rings. The reason behind this feature is still under 

investigation. Unfortunately, this is where the good news ends. Despite providing 

great contrast in the RP image and having minimum structural material requirements, 

the condenser has one big downside: getting the geometry of the drop of water to be 

just right is not an easy task. 
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 The FP images shown in Figure 8.2 show how the size of the water-drop 

condenser changes during a 30 minute time period. The first FP image, Figure 8.2(a), 

was taken of a chromium square lattice structure with a period p = 250 nm with a 

water drop on top using the same experimental arrangement previously described.  

 

Fig. 8.2 FP images of a water-drop condenser showing the time evolution of the ring. Each image was taken 

approximately 5 min apart. 

The FP image in Figure 8.2(b) was taken of the same structure approximately 5 

minutes afterward and the FP image in Figure 8.2(c) 5 minutes after that one. The FP 

images in Figures 8.2(d-f) were taken of the chromium square lattice arrangement with 

period p = 500 nm at approximately 5 minute intervals.  Combined, these FP images 

show the evolution of the condenser ring size as the water drop evaporates. A couple 

of conclusions can be reached by this data:  

1) The brightness of the ring achieves a maximum for a particular size of the 

condenser ring. 

2) The ring size and shape depends on the geometry of the water. 
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The first conclusion can be made by simply studying the FP images displayed in 

Figure 8.2, but the second conclusions can only be realized by studying the geometric 

changes the water drop undergoes. While sitting atop the sample, the water drop is 

constantly being irradiated by the microscope’s built in illumination source and is 

exposed to the open air. As such, the water drop will slowly but surely begin to 

evaporate, and as it does it will begin to contract and deform. Eventually when the 

drop reaches a certain size or if it becomes distorted enough, the rings will begin to 

disappear. The last FP image of the sequence seen in Figure 8.2(f) shows the effect the 

condenser ring experiences when the water drop shrinks beyond a certain limit. The 

effect is attributed to contraction and not distortion because the ring is still concentric 

to the numerical aperture.  
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CHAPTER 9  

OTHER APPLICATIONS 

Fourier Plane Imaging Microscopy (FPIM) 

As experience tells us, in the experiments where small numerical aperture objectives 

are used and the numerical aperture of the condenser used is greater than the 

numerical aperture of the objective lens (NAc > NAo), images of plasmonic crystal 

(PlC) or photonic crystals (PC) with periods smaller than the microscope’s resolution 

limit under perpendicular illumination cannot be obtained because the zero-order 

diffraction feature cannot be captured. However, computation reconstruction from the 

first-order condenser features that are visible within the numerical aperture in FP 

images can be used to obtain the crystal structure by using the Fourier Plane Imaging 

Microscopy (FPIM) method as follows. The FPIM technique was tested on square 

lattice structures like the ones seen in Figure 3.2, and plasmonic condensers with 

square lattice structures on fabricated in the PMMA layer. The experimental 

arrangement used was identical to the one presented in Figure 3.1. The FP image 

shown in Figure 9.1, 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.  

 

Fig. 9.1 a) FP image of photonic crystal consisting on holes in a PMMA layer on glass with period p= 250 

nm, and b) the unresolved corresponding RP image. 

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 calculation, and from 

the missing first-order diffraction spots in the FP image shown in Figure 9.1, that the 
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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 Figure 9.1, 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, full rings 

corresponding to the zero- and first-order diffraction rings the arcs visible within the 

numerical aperture in the FP image can be reconstructed, and from them determine the 

locations of the diffraction spots corresponding to perpendicular illumination. Figure 

9.2(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.   

 

Fig.  9.2 (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 K. (c) The reconstructed RP image of the photonic 

crystal from the synthetic FP image. 

Figure 9.2(b) shows a simpler version of a synthetic FP image formed by the periodic 

array of spots with a period Λ= 2π/p [4, 9] determined from the features used to build 

the synthetic FP image in Fig. 9.2(a) where Λ is the reciprocal lattice period, also 

called the grating vector. The spots visible in the simplified synthetic FP image would 

be formed in the FP camera of the compound microscope if the numerical aperture of 
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the objective lens used was greater than the synthetic numerical aperture defined (NAo 

≥ NAs). In a first approximation, the five narrow bright spots forming the simplified 

synthetic FP image shown in Fig. 9.2(b) could be described by the optical disturbance 

at the back focal plane of the microscope’s objective lens as follows [2, 9]: 

2 2
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        (18) 

where δ is the Dirac delta function [2], and we have assumed, for convenience, that the 

amplitude corresponding to the zero-order diffraction spot is four times more intense 

than the amplitude corresponding to the first-order diffraction spots. The intensity 

distribution in the synthetic RP image, , ( , )RP sI x y , is then proportional to the absolute 

value of the Fourier transform of ( , )FP x yU k k  [2]; therefore: 

( ) ( )2 2
, ( , ) 2 cos cos

RP s p p
I x y x yπ π ∝ + +                    (19) 

For our PC, we calculated a reciprocal space separation between spot locations 

determined by the synthetic FP image of Λ= 24.951 µm
-1

, which corresponds to a 

period p = 251.8 nm.  Using expression (19), and the calculated PC period, a RP 

image of the two-dimensional periodic PC was reconstructed, shown in Fig. 9.2(c). 

The reconstruction of the RP image of the PC with hexagonal symmetry can be done 

in a similar way, however this time numerically calculating the Fourier transform of 

the synthetic FP image. 

  The ability to reconstruct RP images from FP images unequivocally 

demonstrates that the FP images contain more information about the PC than the RP 

images, and that the FPIM method is capable of extracting it via FP image synthesis. 

This is possible because, when p < λ/NA and NAc > NAo, the type of information about 

the PC captured by the camera at each microscope plane is different. In Abbe’s theory 

of image formation in a microscope  [1, 2, 3, 7, 8], the RP image is formed by light 

interference from interactions between diffraction features of different orders. 

However, as is seen in the FP image shown in Figure 9.1(a), only first order 

diffraction features are collected by the microscope objective when p < λ/NA and NAc 

> NAo. As a consequence, no interference of light between diffraction features of 
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different orders occurs and all the information about the PC structure is lost in the RP 

image. However, in general, FP image is formed by interference of light coming from 

the object following different optical paths. This is why the first order interference 

maxima carries information about the structure of the object. In the images presented, 

this information is contained in the arcs observed in the FP images. The Fourier 

transform of the homogeneous light distribution observed in the RP images where no 

structure is resolved is just a spot. As a result the arc segments observed in the FP 

images shown in Figure 9.1(a) cannot be recovered by numerical post-processing from 

the corresponding RP images. Since surface wave condensers produce rings in the FP 

from leaked light coupled to evanescent waves, we can describe the experimental 

results presented here using a previously developed theory of image formation in a 

microscope using UTCs, [9, 29]. Following the theory of image formation developed 

in [9], we assume that 1) surface waves are excited in all directions, 2) each surface 

wave coherently illuminates the object under observation, 3) surface waves 

propagating in different directions are not coherent with each other, and 4) the excited 

waves leak to the glass coverslip. The leaked light collected by the microscope 

objective lens is the light used for imaging; therefore, the observed FP and RP images 

are formed due to the incoherent superposition of the intensity distributions at the 

microscope’s FP and RP corresponding to the leaked light coupled to evanescent 

waves propagating in all directions [9].  Figure 9.3 illustrates how the FP image shown 

in Figure 9.1 was formed by the incoherent superposition of diffraction patterns 

corresponding to different illumination directions. The red spots correspond to the 

diffraction pattern that would be produced by a PC under out-of-plane perpendicular 

illumination. The arrows in Figs. 9.3(a) and 9.3(b) represent two the parallel-to-the-

surface component of the leaking light wave-vectors corresponding to two opposite 

directions of propagation of the excited surface waves, 

where (2 ) ( )effk n sinπ λ θ=
� and θ is the leaking angle [9].  The five tips of the vectors 

in Figures 9.3(a) or 9.3(b) form a hypothetical diffraction pattern that would be 

observed if the light would only leak in a particular direction. In both instances only 

one of the first-order shifted diffraction spots can be collected by the objective lens.  
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Fig. 9.3 Schematic illustration of the formation of the FP image shown in Fig. 9.1(a). The five arrows point 

to the shifted diffraction spots that would be produced by the plasmonic crystal if the light would leak only 

in the direction determinate by the vectors (a) k�

�
 and (b) k−

�

�
 . The only one of the five arrows, which is 

inside of the objective lens numerical aperture, contributes to the formation of the observed portion of rings. 

This is because, as it is shown in Figures 9.3(a) and 9.3(b), the zero-order shifted 

diffraction spot along with three of the four first-order shifted diffraction spots are 

outside of the numerical aperture and cannot be collected. The portions of rings 

observed in the FP image are formed by the simultaneous rotation of the five vectors 

[9]. The dashed-blue line represents the ring that world be formed by that particular 

vector if it was rotated by 2π. For any leaking direction, at least one diffraction spot is 

collected by the objective lens; therefore, the corresponding RP image would show a 

uniform intensity distribution because the Fourier transform of a shifted spot is 

proportional to an exponential function with an imaginary exponent [2]. The 

incoherent superposition of multiple uniform intensity distributions is a uniform 

intensity distribution; as such, the structure of a PC cannot be observed in the RP 

image corresponding to the FP image shown in Figure 9.1(a). Nevertheless, as it was 

discussed above (Figure 9.2), the structure of the plasmonic crystal can be recovered 

from the FP image using the FPIM technique because the information about a PC 

structure is contained in the portion of rings observed in the FP image. In the 

microscope’s RP, the information about the position of the shifted diffraction spot is 

contained in the imaginary exponent of an exponential function; i.e., in the phase of 

the optical disturbance at the microscope’s RP [2, 9]. Therefore, all the information 
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about the position of the shifted diffraction spot is lost in the RP image because the 

CCD camera is an intensity detector. Fundamentally, this is the reason why the FP 

images shown in Figure 9.1(a) contains more information about the photonic crystals 

than the RP images shown in Figs. 9.1(b).  

It is worth noting that, in contrast with traditional microscopy techniques that 

use bulky optical condensers, in FPIM it is not necessary that the zero-order 

diffraction ring be collected by the microscope objective lens. This has an important 

implication for the resolution achievable using the FPIM technique. As an example, a 

plasmonic crystal with square symmetry and p = 550 nm was fabricated and imaged 

with UTC-compound microscope arrangement sketched in Figure 3.1 with a 10x NAo 

= 0.25 objective lens; the FP and RP images are shown in Figures 9.4(a) and (b), 

respectively. In this situation NAc = neff =1.01 >> NAo, and we estimated the Rayleigh 

resolution limit for this instrument configuration to be ~ 1.1 µm.  As expected, it was 

impossible to resolve any features of the plasmonic crystal in the RP image obtained 

with the compound microscope.  

  

Fig. 9.4 FP (a) and RP (b) images of square lattice arrangement using plasmonic condenser. (c) The 

synthetic FP image built from the FP image taken, and (d) the reconstructed RP image. 

Nevertheless, fractions of the four first-order diffraction rings are clearly observed in 

the FP image shown in Figure 9.4(a). As it is shown in Figure 9.4(c), a synthetic FP 

image with NAs >> NAo was constructed and from it a reciprocal space separation 
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between spots of Λ= 11.2 µm
-1

 was determined. The first-order diffraction rings and 

the synthetic numerical aperture were included in the synthetic FP image for 

clarification; however, only the spots are needed for the computational reconstruction 

of the RP image.  In excellent agreement with the sample fabrication dimensions, we 

calculated p=2π/Λ= 561 nm. Figure 9.4(d), shows the reconstructed RP image of the 

plasmonic crystal using Eq. (19) and the calculated value of p. The image clearly 

reveals the square lattice symmetry and period of the fabricated plasmonic crystal. 

This represents a resolution improvement of over two times than that predicted by the 

Rayleigh resolution criteria of the compound microscope used in this experiment. It is 

worth noting that this is not the best resolution obtainable with the FPIM technique. 

By improving the resolution of a microscope that uses a low NAo objective lens, the 

benefits of a large field of view with super-resolution can be obtained. Therefore, 

similar to a Fourier Ptychographic Microscopy [FPM] technique recently developed 

[42], FPIM provides an increase in the information content of the RP images. 

However, FPM requires that multiple RP images be obtained with a compound 

microscope, while the FPIM technique described in this work has the advantage of 

only requiring a single-shot image collected at the back focal plane of an objective 

lens.  

The best resolution obtainable using a traditional microscope condenser is 

given by Eq. (2) when NAc=NAo.  As it is shown in Figs. 2(e)-2(h), when NAc > NAo 

the objective lens cannot collect the zero-order diffraction ring; therefore, no trace of 

the plasmonic crystal structure can be observed in the RP image. However, as it is 

shown in the example shown, FPIM allows for the recovery of a plasmonic or 

photonic crystal image because FPIM can recover the zero-order diffraction ring from 

the portions of the first-order diffraction rings present in the FP image. Therefore, the 

resolution limit using FPIM is given by Eq. (1) without the restriction NAc ≤ NAo. 

Consequently, FPIM has the potential for producing images with a resolution well 

below λ/(2NAo) when NAc >> NAo. 
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CHAPTER 10  

SUPER-RESOLUTION BASED ON SPPS  

Surface Plasmon Polariton based condensers offer even greater resolution 

enhancement capabilities that those previously discussed. In both schemes presented, 

imaging using the SPP surface wave and imaging using the SPP leakage radiation, the 

SPP condensers were able to achieve sub-wavelength imaging resolution. Further 

resolution increases can only be obtained if the plasmon characteristics are modified to 

have either a larger surface-wave wavevector (in the first scheme), or a larger leakage 

radiation angle (in the second scheme). This section will develop a theoretical analysis 

of a high-k SPP excitation which, when used with the Fourier Plane Imaging 

Microscopy technique previously discussed, can be used to break the Rayleigh 

resolution limit for a high NA objective lenses and provide even deeper sub-

wavelength resolution than that reported.  

 Analysis of the plasmonic dispersion relationship shown in Chapter 1, Figure 

1.3, reveals that the coupling point (intersection of the light line with the plasmonic 

dispersion curve) determines the k value of the SPP produced. In order to obtain a SPP 

with a high-k value, the intersection point must occur further to the right along 

dispersion curve. This can be accomplished changing the metal/dielectric properties 

such that the light line is steeper or such that the plasmonic dispersion curve is 

depressed. Figure 10.1 shows two plots showing these two conditions and was 

obtained using the same normalized dispersion relation shown in Chapter 1. 

 
Fig. 10.1 Plots of the light lines in the air (green), glass (red), silicon (blue), and gallium phosphide (black) 

dielectrics, and dispersion between these same dielectrics and a layer of gold.   
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The plot in Figure 10.1 (a) shows different light lines (following the from ω=kc) 

plotted for the air (green), glass (red), Silicon (blue), and Gallium Phosphide (black), 

and reveals, as expected, steeper light lines for higher refractive index valued 

materials. It should noted that dielectrics typically have their own dispersion relations 

associated with the refraction properties of transmitted light that the material exhibits 

under illumination of sources of light having varying frequencies. For some materials, 

like Silicon (Si) or Gallium Phosphide (GaP) the “light line” is not straight and has 

refractive index values that vary non-negligibly within the visible spectrum. In the 

graphs shown in Figure 10.1, the refractive index values used to plot the light lines 

were obtained specifically for the λ=532 nm wavelength (typical operating wavelength 

in our experiments). Figure 10.1(b) shows the plasmonic dispersion curves plotted for 

SPPs excited at gold/air (green), gold/glass (red), gold/Si (blue), and gold/GaP (black) 

interfaces. As can be seen, the dispersion curve is depressed more for dielectric 

materials with greater refractive index valued dielectrics at the operating wavelength. 

If the plots in Figure 10.1(a) and (b) were superimposed, two things would become 

evident: 1) The light line of a dielectric does not intersect the plasmonic dispersion 

curve corresponding to the same gold/dielectric, and 2) the light lines of different 

dielectrics do intersect the plasmonic dispersion curves of dielectrics with smaller 

refractive indices. Of particular interest is the intersection of the GaP light line with 

the gold/air plasmonic dispersion curve. 

 

Fig. 10.2 Plot of both the light line and plasmonic curve of air/gold (green), light line of glass (red), and both 

the light line and plasmonic curve of GaP/gold (black). 
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Figure 10.2 shows the plot of both the light line and plasmonic curve of air/gold 

(green), light line of glass (red), and both the light line and plasmonic curve of 

GaP/gold (black). The intersections occur at the normalized wavevector values kglass ≈ 

0.4 and kGaP ≈ 1.6 and their corresponding normalized frequency values ωglass ≈ 0.3 

and ωGaP ≈ 0.47. The kGaP wavevector is approximately four times larger than kglass 

wavevector. The results obtained look promising, but preliminary testing reveals that a 

plasmonic condenser consisting of a GaP substrate and a 45 nm thick gold layer fails 

to produce high-k SPPs via fluorescence excitation or scattering. The reason for the 

discrepancy between the theory and the experiment lies in the fact that the SPP 

dispersion relation used to plot Figure 10.2 uses a dielectric function of an ideal gold 

layer, i.e. a metal that has a non-complex dielectric constant and therefore no 

absorption. This feature allows the SPP dispersion curve to tend to infinity for 

particular frequency values, a feature that disagrees with reality. In order to obtain a 

better dispersion curve, real and imaginary components of the dielectric function must 

be obtained and normalization must be ignored; however this makes the dispersion 

relation a lot more complicated. An easy way to obtain the dielectric function of the 

gold and GaP is by first constructing the complex refractive index value n n iκ= +ɶ  

from n, the refractive index value, and κ, the extinction coefficient, and then squaring 

nɶ . That is, the dielectric function is 
2

nε = ɶ . The refractive index and extinction 

coefficient values were obtained from [42] and [43], and fit functions for the data over 

the visible spectrum (λ ≈ 300 nm to λ ≈ 800 nm) were obtained. The fit functions were 

then fed into the dispersion relation  

1 2

1 2

x o
k k

ε ε

ε ε
=

+
 (20) 

and the real parts of the dispersion relation (Re[kx]) plotted in Figure 10.3. Figure 

10.3(a) shows the light line (purple) and plasmonic dispersion curve (blue) for an SPP 

at the air gold dielectric. The shape of the dispersion curve contrasts greatly with the 

Figure 10.1 and 10.2 in that it does not extend outward to large k values, rather 

doubles back toward the light line. The largest wavevector value for the “bump” seen 
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in Figure 10.3(a) is approximately 13 μm
-1

 which is very close to the experimental 

wavevector value of kSPP~12 μm
-1

. 

 

Fig. 10.3 Non-normalized dispersion relations of the (a) air/gold and (b) air/GaP interfaces (blue) and their 

respective light lines (both purple). 

Evidently, this, bump’s finite length will not allow SPPs at the air/gold interface to be 

excited at the high-k value predicted with the GaP dielectric as previously discussed. 

However, the dispersion curve for an SPP excited at the gold/GaP interface shown in 

Figure 10.3 (b), and obtained using similar fit methods, does show promise. The 

dispersion curve wave-vector maximum has a value of kSPP≈54 μm
-1

, which is 4.5 

times greater than the experimental SPP value in a gold/air interface.  

A wavevector that is about four times larger should produce a ring in the 

Fourier Plane that is also four times as large. A schematic illustration of the expected 

FP image of a square lattice arrangement in a plasmonic condenser is shown in Figure 

10.4. Since only portions of the first order diffraction rings (red) are visible within the 

objective lens’ numerical aperture (black), an image cannot be formed in the RP. 

However, using the FPIM technique, a reconstructed RP image can be obtained from 

the information that is present in the FP image. 
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Fig. 10.4 Schematic illustration of the expected FP image produced by a SPP with neff ~ 4 and NAo=1.49.  

In this particular case, using an Objective lens with NAo = 1.49 and having an SPP 

with neff ≈ 4 and operating wavelength λ=568 nm, we can simulate that the smallest 

reconstructable period (determined for the period at which the rings disappear from 

the numerical aperture) is 110 nm. The minimum observable period, determined from 

the Rayleigh resolution criteria, is pmin = λ/2NAo=190 nm. Clearly, high-k valued SPPs 

with FPIM can beat the Rayleigh resolution limit. 
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CHAPTER 11  

CONCLUSION 

 A rudimentary review of optical condenser theory, function, and application 

has been given, and the understood mechanisms of the condensers used were 

presented. Current research on next-generation optical condensers shows positive 

results and promise of practical use in a variety of applications and fields. Of all the 

condensers presented, the Hemispherical Digital Condenser is the easiest to implement 

into any microscope arrangement and can provide resolution enhancements limited 

only by the Rayleigh Resolution limit, pmin ~λ/2NAo. The HDC may be outfitted with 

different types of LEDs to produce light of frequencies ranging from the UV to the 

infrared spectrum to provide greater range of applications in biological imaging or the 

semiconductor industry. Since the Evanescent and Plasmonic Ultra-Thin Condensers 

are based on the excitation of surface waves that have finite extent into the medium 

above the gold layer, these condensers are ideal for applications requiring imaging thin 

objects or features at the interface. Both Evanescent and Plasmonic UTCs are limited 

by the effective refractive index of the evanescent wave signature ring in the FP, as 

such the minimum observable period is defined by min / ( )o effp NA nλ= + . For 

situations in which neff >NAo, like the high-k SPPs that can be generated in the 

gold/GaP interface, the Fourier Plane Imaging Microscopy technique can be used to 

reconstruct RP images. The incorporation of computational techniques to condenser 

usage only strengthens a condenser’s imaging abilities and opens us new opportunities 

for research, and the computational techniques show an unrivaled ability to image with 

sub-wavelength resolution, beating the Rayleigh limit. The simplest condensers 

presented, the scattering-based and water drop condenser are the simplest condensers 

and do offer increased resolution abilities, however, condenser signature is not as easy 

to manipulate as the other condensers presented. Their simplicity makes them ideal 

substitutes for traditional condensers in biological applications since they do not 

require any special fabrication. Like the other condensers presented, the scattering-

based and water condensers are limited by the Rayleigh Resolution limit.  
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