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A process to fabricate Fresnel zone plates and photon sieves has been developed 

and implemented. This three step process consisted of 1) depositing a thin metal film on 

a glass substrate, 2) using electron beam lithography to pattern a layer of polymethyl 

methacrylate (PMMA) that had been spin coated onto the surface of the sample, and 3) 

using dry etching, with the patterned PMMA acting as a mask, to transfer the pattern to 

the thin metal film. A variety of diffractive lens designs have been studied. These designs 

include a Fresnel zone plate (FZP), consisting of alternating transparent and opaque 

zones, both apodized and unapodized traditional photon sieves in which the transparent 

zones have been replace with a distribution of discreet apertures, hybrid photon sieves 

which incorporate some of the completely open zones of the FZP for a portion of their 

open area while filling the remainder of the open area with discreet circular apertures, 



 

xv 

and hybrid photon sieves photon sieves with segmented zone apertures which combine 

some of the open zones of the FZP with a distribution of discreet apertures whose shape 

mimics that of the under laying zone. 

All of the diffractive lens designs variations exhibited an increased intensity at the 

first order focus compared to the traditional photon sieve design, and the degree by which 

the intensity was increased corresponded directly to the extent to which the open or 

transmitting area of the lens was increased, e.g. the hybrid PS designs with segmented 

zone apertures exhibited higher transmissions and peak intensities compared to the 

traditional PS designs and the hybrid designs with circular apertures, with a measured 

peak intensity that were 41%, 35%, and 34% higher than the measured peak intensities of 

the 25%, 50%, and 75% apodized traditional photon sieve designs respectively. As a 

result the hybrid designs with large aspect ratio segmented zone apertures, which made 

the best use of the open zone area, exhibited the highest intensity at the focal point, e.g. 

the hybrid diffractive lens design which combined open Fresnel zones for it’s unapodized 

open area and segmented zone apertures with an aspect ratio of 4 for it’s apodized area, 

exhibited an 55% increase in intensity at the focal point relative to the traditional photon 

sieve design which filled the Fresnel zones exclusively with circular apertures. The full 

width half maximum of this design’s intensity was also 6% smaller than that of the 

traditional photon sieve. The measured focal lengths of the photon sieves corresponded 

closely to the design focal lengths, varying no more than 1.3% from the design.
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CHAPTER 1 
INTRODUCTION 

Refraction occurs when a wave traverses an interface between two media with 

different indices of refraction. For materials with a positive index of refraction, as the 

wave crosses the interface it bends towards the normal to the interface. Refractive optics1 

take advantage of this to bend light to a focal point. Diffraction can be described as a 

combination of two effects, namely scattering and interference, the combination of which 

results in a deviation in the behavior light from the predictions of geometric optics.1 A 

wave incident on an obstruction or an aperture is scattered at the edges of the aperture or 

an obstruction. Diffractive optics2-4 employ many apertures or obstructions placed such 

that the scattered waves constructively interfere with each other at a focal point. Although 

refractive optics are more frequently used, there are a number of niche applications in 

which diffractive optics can compete with refractive optics.5-9 

Refractive lens are most often formed using glass with a spherically curved surface. 

The thickness of the glass and radius of curvature are determined by the required focal 

length, the relative refractive indices of refraction of the glass and the medium 

surrounding the glass (usually air). Diffractive lens are usually formed by introducing a 

pattern of apertures in an opaque thin film. For some diffractive lens designs this thin 

film can be free standing. This can result in substantial reductions in both the weight and 

volume of the lens. As a result diffractive optics can offer significant advantages 

compared to their refractive counterparts in applications where the volume and weight of 

the focusing system are important design parameters. 
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This research consisted of designing, fabricating and testing a variety of diffractive 

lens designs including a Fresnel zone plate,10 several photon sieve11 designs, and several 

hybrid zone plate/photon sieve designs, which incorporated elements of the photon sieve 

and the Fresnel zone plate. 

Chapter 2 consists of background and a review of the literature on diffraction 

theory in general, focusing particularly the Fresnel zone plate and the photon sieve. The 

experimental processes developed to fabricate the Fresnel zone plates and photon sieves 

are outlined in Chapter 3. The various diffractive lens designs investigated and the results 

of testing the designs are discussed in Chapter 4. The conclusions reached in the course 

of this research are presented in Chapter 5 and interesting directions for future 

investigations are suggested in Chapter 6. 
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CHAPTER 2 
LITERATURE REVIEW 

2.1 Introduction 

Optical elements that focus in transmission can be broadly classified based on the 

mechanism by which they focus. Refractive focusing elements bend light to a focal point 

by using a media of the appropriate shape and refractive index.1 Diffractive focusing 

elements relay on scattering and constructive interference of the light to produce a focal 

point.10  Although the use of refractive focusing elements dominate in applications for 

focusing of light in the visible and IR wavelength ranges, there are some applications for 

which diffractive optical elements offer some significant advantages. Specifically, 

diffractive optics can offer significant advantages compared to their refractive 

counterparts in applications where the volume and weight of the focusing system are 

important design parameters.5,7

First proposed by Kipp in 2001,11  the photon sieve represented an evolutionary 

design step in an attempt to mitigate some of the shortcomings of a preexisting diffractive 

optical element, the Fresnel zone plate(FZP). 10 The zone plate consists of alternating 

transparent and opaque zones of appropriate widths such that for a particular design 

wavelength a focal point results. However, secondary maxima of light blur the focus of a 

FZP. The photon sieve (PS) reduces the secondary maxima by altering the FZP design. In 

the PS the completely transparent zones of the FZP are replaced with a distribution of 

transparent apertures in the zone. The optical properties of the photon sieves can be 
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adjusted by appropriate manipulation of the distribution and density of the apertures 

populating the transparent zones. However, the PS transmits less light than the FZP. 

This review of the literature will begin with a brief discourse on some of the 

different kinds of optical focusing elements, citing examples of refractive and diffractive 

systems. This is followed by a discussion of diffraction theory and its application to 

diffractive focusing elements. This review of the literature concludes with a justification 

of the proposed research and a discussion of how to improve the transmission and 

resolution of the FZP or the PS by adjusting the geometry and distribution of the 

apertures. 

2.2 Optical Focusing Systems 

Everyone is familiar with at least one kind of optical focusing element. The human 

eye is probably the most familiar example of an optical focusing system. Several separate 

elements of the human eye are responsible for refracting or bending incident light to a 

focal point. Refraction occurs when a wave traverses an interface between two media 

with different indices of refraction. The cornea and the lens of the eye are both composed 

of layers of cells with differing indices of refraction. The cornea has an index of 

refraction of ~1.40,12 while the refractive index of the lens varies from 1.406 at the center 

to about 1.386 at the edges.13 

 
 

Figure 2-1. Components of a human eye14 
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As light crosses the interface between air and the eye at the surface of the cornea, 

its speed is reduced and it bends towards the normal to the interface. The degree to which 

the light bends can be described in accordance with Fermat’s principle which states that 

“light takes the path of least time” and Snell’s Law, 1 which relates the direction of 

propagation of light in terms of angles relative to the normal to the interface, to the 

indices of refraction of the media on either side of the interface. 

1

2

2

1

sin

sin






n

n
       2-1 

As illustrated below, n1 and n2 are the indices of refraction of the media on either side of 

the interface, and θ1 and θ2 are the angles relative to the interface normal along which 

light propagates in each of the medias, as shown in Figure 2-2.  

 

Figure 2-2. Snell’s law of refraction. Shown is the direction of propagation of light at an 
interface between media with differing indices of refraction 

There are a wide variety of materials with a range of indices of refraction and 

negligible absorption in the visible wavelength range. 15  For this reason it is relatively 

easy to design a refractive lens to focus visible wavelength radiation. For shorter 

θ1 

2 
θ 2 

n1 

n2 
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wavelength radiation, such as extreme ultraviolet light or x-rays, most materials absorb a 

large fraction of the incident radiation. As such, an alternative means of focusing short 

wavelength radiation is necessary. For longer wavelengths, such as the infrared 

wavelengths, a similar problem is encountered. Appropriate materials, with an acceptably 

high transparency, are not as numerous. This is especially true when selecting refractive 

lens materials to focus the long wavelength infrared (LWIR-wavelengths 8-12µm), for 

which there are significantly fewer suitable materials, and those materials’ transparancy 

is reduced by 8-10% compared to the selections for focusing visible wavelengths,15-18

In contrast to refraction discussed above, diffraction is the combinations of two 

effects, the scattering of waves as they propagate past small obstructions or through small 

openings and the subsequent constructive interference of the scattered waves. If a 

sufficiently large number of appropriately sized and located obstructions or openings are 

present, constructive interference of the scattered and/or transmitted waves can result in 

an increase in the amplitude of light wave at a particular location, i.e. result in a focal 

point. The Fresnel zone plate (FZP) is an example of a diffractive optical element. The 

zone plate consists of radially symmetric alternating transparent and opaque zones. An 

example of such a zone plate is depicted in Figure 2-3, where the dark circles represent 

transmitting zones and the light areas are opaque. Incident light scatters as it propagates 

past the opaque zones and constructive interference of the scattered light results in a focal 

point. Because the FZP can be designed using the appropriate materials to focus short 

wavelength radiation without suffering from the absorption problems that occur with the 

use of refractive lens, it is used extensively to focus x-rays and other short wavelength 

radiation.19 
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Figure 2-3. An example of a Fresnel Zone Plate. The dark areas are transmitting and the 
white areas are opaque. A 20 zone FZP lens is depicted.  

However, when used to focus visible or NIR wavelength radiation, the zone plate 

suffers several considerable disadvantages compared to its refractive counterparts. 

Because roughly half of the area of a zone plate is opaque, a significantly smaller fraction 

of the incident radiation is transmitted to the focal point than when using a comparable 

refractive lens. Another problem encountered is the chromatic aberration of the FZP, or 

the focusing of different wavelengths at different focal lengths. Additionally, the focal 

plane intensity distribution of zone plates typically exhibit ring shaped secondary maxima 

which introduce a blur to the image and result in a reduced contrast.11 

2.3 Diffraction Theory 

There are a number of formulations that can be used in diffraction theory to 

describe the propagation of an electromagnetic wave. These formulations can be broadly 

categorized in terms of their description of the wave, either as a vector or approximated 

as a scalar. It must be acknowledged that the formulations utilizing vector descriptions of 

the EM wave are more rigorous and generally applicable; however, in instances where 

the aperture is large compared to the wavelength of the EM wave, scalar approximations 

provide accurate representations of the behavior of the diffracted wave and are in good 
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agreement with the results provided by the more rigorous vector formulations. Some of 

the more established scalar approximations include Huygen’s principle,10  the Rayleigh-

Sommerfeld theory 20 and the Kirchoff formulation.10,20  The Fresnel approximation, 

which is reviewed below, is derived from the Kirchoff formulation and the Fraunhofer, 

approximation also reviewed below, is actually a special case of the more general Fresnel 

approximation. 

2.3.1 Fresnel and Fraunhofer Diffraction Theory 

It is useful to distinguish between two classifications when describing diffraction, 

Fraunhofer diffraction and Fresnel diffraction. In the instance when both the incident and 

diffracted wave are essentially planar in nature, the diffraction can be described as 

Fraunhofer diffraction. Physically, this occurs when the distances from the source of 

illumination to the aperture and from the aperture to the observation plane are large 

enough to neglect the curvature of the incident and diffracted waves. For this reason, 

Fraunhofer diffraction is also sometimes described as far field diffraction.10  Fresnel 

diffraction, sometimes described as near field diffraction,10  represents a more general 

description of diffraction and allows for the instance in which either the source or the 

plane of observation are sufficiently close to the diffracting object so that the propagating 

wavefront must be considered spherical. Consider both cases in which diffraction occurs 

from a single rectangular slit, illustrated below in Figure 2-4. The case illustrating 

Fraunhofer diffraction is depicted in Figure 2-4a, with the distances from the slit to the 

source and from the slit to the observation point, O, are sufficiently large such that the 

curvature of the propagating wave front can be neglected. The case illustrating Fresnel 

diffraction is shown in Figure 2-4 b, with the distance from the slit to the source and from 
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the slit to the observation point O small enough so that the curvature of the propagating 

wavefront must be taken into consideration.  

 

Figure 2-4. Diffraction from a slit. A) Fraunhofer diffraction from a single slit. B) Fresnel 
diffraction from a single slit  

The distinction between Fresnel and Fraunhofer diffraction can be quantified by the 

following expression: 

 







 2

'

11

2

1

dd
     2-2 

where δ is the characteristic size of the aperture (in the case of circular aperture this is the 

diameter, in the case of a rectangular aperture this is the shorter length), d’ is the distance 

from the source to the aperture, d is the distance from the aperture to the point of 

observation and λ is the wavelength of the incident and diffracted light. If the criteria 

state by Equation 2-2 is satisfied, the conditions for Fraunhoffer diffraction have been 

met. On the other hand if the criteria expressed in Equation 2-2 are not satisfied, the 

source or the point of observation are sufficiently close to the aperture such that the 

curvature of the wavefront must be taken into consideration, i.e. the diffraction should be 

analyzed as the more general Fresnel diffraction. 

Slit Slit 

To Source 
To O 

O 

A B 

Source 
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2.3.2 Fraunhofer Diffraction from a Single Rectangular Slit 

Consider the instance in which the source of illumination and the observation plane 

are sufficiently far from the aperture such that the wave front arriving at and departing 

from the aperture may be considered planer. Additional, the rectangular aperture is 

sufficiently large in one dimension relative to the other dimension that it may be consider 

a one dimensional slit. As the wavefront propagates past the slit, wavefronts from one 

region of the slit will constructively or destructively interfere with one another (i.e., will 

diffract) and the resulting distribution of intensity at the observation plane, as shown in 

Figure 2.5 will be observed as is described below. 

 

Figure 2-5. Fraunhofer diffraction through a single slit21 

The wavefront incident on the slit can be considered as a collection of small 

elements, each of which act as a point source, know as Huygen’s wavelets.10 Consider 

four of these point sources, labeled 1 through 4 in the Figure 2-5. Light traveling from 

point sources symmetric about the centerline, such as point source 1 and point source 2, 

travel a path such that the difference in the distance traveled is equal to one wavelength. 

Secondary 
maxima 
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The light from the two point sources arrives at the centerline in phase and constructively 

interfere, resulting in an increased amplitude of the wave. Conversely, when light from 

point sources travel distances that differ by a half wavelength (paths 3 and 4), they arrive 

at a point out of phase, destructively interfere at that point and result in a very low 

amplitude of the wave. Light traveling from point source 3 and point source 4 result 

therefore in the first minima in the diffraction pattern. Although more of the point sources 

will constructively interfere at the centerline on the observation plane than at other 

locations, there are other locations on the observation plane where the difference in path 

length will be a full wavelength and constructive inference will result in secondary 

maxima.  A quantitative description of the intensity distribution is provided in Equation 

2-3. 22 
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where Iθ is the intensity at an angular distance θ from the axis, I0 is the intensity of the 

zero order maximum, and δ is the phase displacement. The phase displacement δ, can be 

related to the deviation angle θ by Equation 2-4. 






sin2 a


 2-4 

where a is the width of the long slit, and λ is the wavelength of light incident on the slit. 

Expressing the intensity distribution in terms of the deviation angle, as in Equation 2-5, 

yields the conditions for the locations of the minima in the diffraction pattern shown in 

Figure 2-5. 
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The intensity of the diffracted light will approach a minimum as the argument of the sine 

approaches integer multiples of π. This condition is expressed in Equation 2-6. 

 sinam   2-6 

where m is an integer. A graphical representation of Equation 2-6 is shown in Figure 2-6.  

 

Figure 2-6. Location of minima in Fraunhofer diffraction from a single slit. 22 

Although the minima are spaced equally from the zero order maxima at the central 

axis, the maxima do not fall precisely between successive minima. Rather, they are 

displaced slightly towards the zero order maximum, with the first order maximum located 

at 



403.1

sin


a , the second order maximum at 



4590.2

sin


a , and higher 

orders more closely approaching the halfway point between minima. 1 
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2.3.3 Fraunhofer Diffraction from Double Slits 

The intensity distribution for the diffraction pattern of an aperture consisting of two 

parallel slits can be described by Equation 2-7 23 
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where b is the distance between the parallel slits. The distribution function for the single 

slit acts as an envelope for the interference fringes, whose distribution is described by the 

cos2 term. The resulting diffraction pattern is illustrated in Figure 2-7. 

  

A           B              C 
Figure 2-7. Fraunhoffer diffraction through a double slit. A) A plane wave incident on a 

double slit aperture. B) The intensity distribution in the resulting Fraunhoffer 
diffraction patter. C) photographs of the diffraction pattern for a single and 
double slit.24 
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2.3.4 Fraunhofer Diffraction from Rectangular and Circular Apertures 

When both of the dimensions of the slit are comparable in size, diffraction from 

each of the edges becomes significant and warrant consideration. For a single rectangular 

aperture, with dimensions of a and b, the intensity distribution is give by Equation 2-8. 23  
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where 





2

sina
  and






2

sinb
 .  The resulting diffraction pattern for a square 

aperture (i.e. a = b), shown in Figure 2-8, has minima defined by  m , 

and  m , where m is a positive integer 23. 

 

Figure 2-8. Diffraction pattern resulting from light incident on a square aperture.  

Using a single circular aperture results in a diffraction pattern known as the Airy 

disc10.The Airy disc pattern, shown in Figure 2-9, consist of a circular central maximum 

surrounded by successive rings of concentric maxima of decreasing intensity. The 

intensity distribution of the Airy disc pattern is described by Equation 2-9 
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where I0 is the intensity at the center of the diffraction pattern, i.e. at the zero order 

maximum,   J1 is the Bessel function of the first kind zero order, and γ is defined as  

 sin
2

D
k
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where D is the diameter of the aperture, k is the wave vector magnitude (2π/λ) and θ is 

the angle measured from the normal of the aperture. 

 

Figure 2-9. The Airy Disc. A) The irradiance pattern of a circular aperture B) diffraction 
patter of a circular aperture, the central circle is know as the Airy disc.10 

A 

B 
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A plot of the Bessel function of the first kind zero order is shown in Figure 2-10, and it 

exhibits oscillatory behavior similar to that of a sine function. However as the argument 

of the function increases, the amplitude of the oscillations decrease.  

 

Figure 2-10. Bessel function of the first kind zero order. 10 

Inspecting Figure 2-10 reveals that the Bessel function of the first kind zero order goes 

through zero for the first time when γ is 3.832. This corresponds to the first dark ring in 

the diffraction pattern, shown in Figure 2-9. The location of the first dark ring is 

determined by the wavelength of incident illumination and the diameter of the aperture, 

as described in Equation 2-11. 

 sin
2

832.3 D
k
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2.3.5 Fresnel Diffraction 

As mentioned previously, diffraction is described as Fresnel diffraction when either 

the light source or the plane of observation is sufficiently close to the diffracting aperture 

so that the incident light can no longer be considered planar. This is illustrated in Figure 
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2-4 b. For the case of a single slit, the intensity distribution of the diffraction pattern can 

be described by: 
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where a is the distance from the source to the slit, b is the distance from the slit to the 

observation plane, λ is the wavelength, and υ is a substitutional variable related to the 

phase difference between rays from different wavefront elements and is defined as  
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The integrals in Equation 2-11 are known as the Fresnel integrals. The intensity 

distribution is often written as  

 22
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where x and y are the Fresnel integrals defined as 

  dx 2

2

1
cos  2-15 

  dy 2

2

1
sin  2-16 

If the Fresnel integrals are solved between a lower limit of 01  and an upper 

limit of 2 , and then plotted versus each other, a curve known as Cornu’s spiral 

results. This spiral, shown in Figure 2-11, can be used to determine a graphical solution 

to diffraction problems. The amplitude due to a particular wavefront element corresponds 

to an element of length along the curve; however the total amplitude corresponds to the 



18 

 

shortest distance between the ends points of this element of length, or the chord. The 

square of this chord is the intensity. 

 

Figure 2-11. Cornu’s Spiral. The x and y coordinates are the results of evaluating the 

Fresnel integrals shown in Equation 2-15 and 2-16 for Fresnel diffraction 
conditions.1 

2.3.6 Fresnel Zone Plates 

Consider the case of Fresnel diffraction thought a circular aperture. For simplicity 

assume that the source of the light lays an infinite distance from the aperture and as such 

the wavefronts are planar as they arrive at the aperture. This is depicted in Figure 2-12. 

 

Figure 2-12. An aperture illuminated by a source at infinity. It is divided into zones 
spaced such that their boundaries lay a half of a period from each other. 1 

The aperture can be divided into zones, such that the boundary of each of the zone 

is 1/2λ further from the point Po. Applying Pythagoras’ theorem yields the radius at the 

boundaries of the zone as 
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where Rm is the radius to the boundary of the zone, m is the number of the boundary 

under consideration, λ is the wavelength of the incident illumination, and b is the distance 

along the optic axis from the FZP to the point Po, as defined in Figure 2-12. Additionally, 

careful inspection will reveal that the area of each of the zone is essentially equal to one 

another, and therefore the contributions for each zone is approximately equal. However, 

since the distance from each zone differs by a half of a wavelength, the contribution from 

each zone destructively interferes at point P0 and the resultant is zero intensity. Blocking 

the odd numbered zones results in the contributions from the remaining zone arriving at 

point P0 in phase so that they constructively interfere; P0 becomes the focus of a zone 

plate. The focal length of the zone plate can be derived and is given by 

m

R
bf m

2

  2-18 

where m is the number of zones in the zone plate. It can be seen by Equation 2-18 that the 

focal length depends on the inverse of the wavelength. As a result different wavelengths 

will focus at different distances from the lens, a defect referred to as longitudinal 

chromatic aberration. The spatial resolution of a lens is defined as the minimum 

separation between two objects at which the objects can still be resolved and is often 

defined in terms of the Rayleigh criterion. The Rayleigh criterion describes the minimum 

distance between two point sources at which they can still be resolved and states that this 

minimum distance is defined by the point at which the central maximum in the Airy disc 

of one of the apertures begins to overlap the first minimum of the Airy disc of the other 

aperture. This is shown in Figure 2-13. The spatial resolution of the zone plate depends 
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on the width of the outermost zone. 

For the instance in which the incident illumination is incoherent and the apertures is 

circular, the Rayleigh criterion is met when there is a 26.5% reduction in intensity 

between the two maxima.20 

 

Figure 2-13. The Rayleigh criterion. Shown are the focal plane intensity distributions 
from a pair of point sources in which the Airy discs are well resolved, barely 
resolved at the Rayleigh limit and not resolved.25 

The spatial resolution of the FZP can be derived13 and is given by  

m

r
m n
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where m is the spatial resolution, nr is the width of the outer most zone, and m is the 

diffraction order. It is evident that the resolution of the FZP is limited by the width of the 

outermost zone, which is in turn limited by the lithography and fabrication techniques 

used in its fabrication. The photon sieve offers a means of reducing fabrication 

complexity and circumventing the resolution limit imposed by available methods of 

fabrication.  

2.3.7 Photon Sieves 

The photon sieve, first proposed by Kipp in 2001,11  has been subsequently modeled 

theoretically by Cao26-30 and Lin 31 and experimentally tested by Menon 32 and 

Anderson.33 A photon sieve consist of a large number of apertures or pinholes, placed 

such that they satisfy the requirements for constructive interference at a desired focal 

point, i.e. they are distributed such that they are centered in Fresnel zones and as such the 
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distance that light travels from the source to the focal point via the center of a pinhole 

must be an integral number of wavelengths. This requirement is stated in Equation 2-20 

and illustrated in Figure 2-14.  

nqpqrpr nn  2222  2-20 

where rn is the distance between the center of the pinhole and the optical axis, p is 

distance between the plane that contains the source and plane that the photon sieve lies in, 

and q is the distance between the plane containing the photon sieve and the focal plane. 

 

Figure 2-14. The photon sieve. Representation of source, photon sieve and focal planes 
and relevant distances.11 

It is not immediately apparent what advantage there is to be achieved by simply 

exchanging the completely transparent zones of a Fresnel zone plate with the partially 

occluded zones of a photon sieve. In fact, as the zones of the FZP alternate between 

completely transparent and completely opaque, the reduction in transmitting area 

translates directly into decreased intensity at the focal point. However, using pinholes 

distributed over the Fresnel zone is advantageous for several reasons. Kipp11showed that 
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the pinholes could have diameters larger than the underlying Fresnel zone, which results 

in easier fabrication and improved resolution. They also showed that distributing pinholes 

on the Fresnel zones affords the opportunity to employ apodization as a means of 

smoothing the transmission window and thereby reducing the secondary maxima. As 

discussed above, the area of each zone in a Fresnel zone plate is essentially equal to one 

another and each of the zones contributes equally to the amplitude of the intensity at the 

zero order focus. However, at the outer extremity of the FZP, the contribution plummets 

from some finite value to zero. Another way of saying this is to say that the function that 

describes the transmission, called the transmission window, has a discontinuous step. 

This discontinuity in the transmission window results in intensity oscillations (secondary 

maxima) in the diffraction pattern.11 

Apodization refers to the modification of the transmission window in order to 

redistribute the energy in the diffraction pattern, usually in order to reduce the intensity of 

secondary maxima.23  This modification is implemented by applying some continuous 

function, an apodization function, to smooth the discontinuity of the transmission 

window.  In the instance of the photon sieve, modifying the transmission function is 

achieved by varying the density of the pinholes in the Fresnel zones such that each 

successive zone contains fewer pinholes. This allows the transmission function to vary 

smoothly to zero, rather than with the discontinuity as in the step function of the zone 

plates’ transmission window. Apodization is widely used in a variety of fields including 

astronomy6,34-36, microscopy37-39, and Raman spectroscopy40,41. Some of the more 

commonly used window functions applied in apodization are plotted (Figure 2-14), 

showing how they vary continuously to zero. The equations that define these functions 
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are shown in Table 2-1. The Cosine window was used as apodization function in this 

research. 

  

Figure 2-15. Commonly used apodization functions. The functions are plotted showing 
how each varies from it’s peak value to it’s minimum

42. 

Table 2-1. Equations defining apodization functions42. 
Type Function 
Bartlett 

 
Blackman 

 
Connes 

 
Cosine 

 
Gaussian  
Hamming 

 
Hanning 

 
Uniform 1 
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Kipp demonstrated that apodization of a photon sieve could  effectively suppress 

secondary maxima, as compared to the unapodized zone plate with a rectangular 

transmission window.11 Shown in Figure 2-16 are both the experimentally measured 

intensity distribution at the focal plane and the calculated intensity distribution at the 

focal plane, for transmissions through an apodized photon sieve and an unapodized 

Fresnel zone plate.  

 

Figure 2-16. Intensity distributions for an apodized photon sieve and a Fresnel zone plate. 
A) Intensity distribution for photon sieve. B) Intensity distribution for a 
Fresnel zone plate. C) Weber type transmission window. D) Non-apodized 
rectangular transmission window. E) Photographed intensity at focal plane for 
photon sieve. F) Photographed intensity at focal plane for FZP. G) Calculated 
intensity distribution for a photon sieve. H) Calculated  intensity distribution 
for a FZP. 

A B 

C D 

E F 

 G H 
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Inspection of the intensity distributions reveals that the apodized photon sieve 

achieves a significant suppression of the secondary maxima (by at least 2 orders of 

magnitude) because of its smoother transmission window. Kipp showed that as the 

diameter of the pinhole was increased the net contribution from that pinhole at the focal 

point varied and went through a maximum before again decreasing. This variation in the 

net contribution that results when varying the pinhole size is show in Figure 2-17. 

 

Figure 2-17. Amplitude of contribution from enlarged apertures. Shown are apertures of 
increasing diameter placed on underlying transparent Fresnel zones 
(represented by the light gray) and their constructive and destructive 
contributions at the focal plane. The amplitude of the contribution is plotted 
versus the pinhole diameter to zone width ratio.11 

The increase in the net constructive contribution at the focal point as the d/w ratio 

was increase as in from point A to point B in Figure 2-17, was verified experimentally by 

Menon.32 
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2.4 Applications of Diffractive Lens 

Diffractive lenses such as FZP or PS are generally fabricated by patterning a thin 

metal film or a metal foil. Because they can be constructed to avoid the absorption issues 

that arise when using refractive optics, zone plates have been used extensively to focus x-

rays for microscopy.43,44 Kipp pioneered the use of photo sieves for x-ray microscopy in 

2001.11 Zone plates and photon sieves have also been used to focus x-rays and extreme 

ultraviolet (EUV) radiation for maskless lithography.8,19,45-50 Smith51 first proposed using 

an array of zone plates coupled with MEMS shutters to lithographically expose patterns 

without the use of a mask. Gil8,48 and Menon32 have modeled using photon sieves in 

similar arrays to carry out maskless lithography. Although diffractive optics have been 

primarily used to focus short wavelength radiation they are also well suited in 

applications where volume and weight are important design considerations. Examples of 

such applications include micro unmanned aerial vehicles5, and space-based 

telescopes.6,7,9,35,52 Anderson6 proposed a photon sieve based telescope and Artzner35 

proposed using photon sieves in the EUV telescope of the Solar Orbiter.  

2.5 Impetus for Research 

Although large body of work has been devoted to Fresnel zone plates, the majority 

of this work has been focused on zone plates designed for short wavelength radiation (i.e. 

X-ray and EUV wavelengths). There has been little research concerning the use of zone 

plates or photon sieves at longer wavelengths (visible and near infrared). It is of interest 

to investigate whether the photon sieves designed for long wavelengths can be optimized 

to improve their transmission characteristics and resolution. Several approaches can be 

incorporated simultaneously to achieve this goal. The shape of the pinhole apertures used 

in the photon sieve can be adjusted to more closely conform to the zone shape. This 
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would more efficiently use the available transmitting area and yield an increase in 

intensity at the focal point. Some of the zones of the photon sieves can be left completely 

open rather than populating them with discrete apertures. This can be down without 

altering the shape of the transmission window and should therefore increase the 

transmission without contributing to the secondary maxima,



 

28 

CHAPTER 3  
EXPERIMENTAL PROCEDURE 

3.1 Introduction 

In this chapter the process developed to fabricate photon sieves and Fresnel zone 

plates will be described. A variety of fabrication processes were explored and 

subsequently discarded in the course of developing of the following process. Alternative 

processes included a reversed image etching process, a lift-off process, a direct wet 

etching process, and the current direct dry etching process with several different resist 

schemes. The details of these processes are excluded for the sake of brevity but can be 

referred to in the dissertation of Hsiu Hsin Chung.53 The process used for fabrication in 

this research was a direct dry etching process using PMMA both as an electron beam 

resist and a mask material in the dry etching pattern transfer step. There is some 

precedent in the use of PMMA both as a high resolution electron beam resist 54-59 and as a 

mask material for pattern transfer. 60,61 

3.2 Photon Sieve Fabrication 

The direct dry etching process used in the fabrication of photon sieves can be 

described in terms of three major steps, namely: substrate preparation, patterning, and 

pattern transfer via etching. An overview of the entire process is shown in Figure 3-1 

with a detailed description of each of the processing steps in subsequent sections. 
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Figure 3-1.Overview of the diffractive lens fabrication process. 
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3.2.1 Substrate Preparation 

Substrate preparation consist of partitioning and cleaning the glass substrates, 

depositing thin metal films via electron beam deposition, and applying a layer of electron 

beam resist. 

3.2.1.1 Substrate clean 

Fisher Scientific 12-549 microscope slides62 were used as substrates. The 1 inch by 

3 inch by 1mm thick slides were scored using a diamond scribe and fractured into 1 inch 

by 1 inch pieces. These pieces were hand scrubbed using a brush in a solution of Alconox 

detergent in DI water. The substrates were rinsed with DI water remove any Alconox 

residue and then further cleaned by sequentially submersion in a three tier cascading DI 

water bath with nitrogen bubblers to remove any particulate matter remaining on the 

surface. Substrates were submerged in the first tier for 5 minutes, in the second tier for 5 

minutes and in the third tier for 10 minutes. Subsequently, they were dried using a stream 

of dry nitrogen. 

3.2.1.2 Thin film deposition 

 The metal thin films were deposited using an electron beam evaporation system.63   

The critical elements of the system are illustrated in Figure 3-2. The dry mechanical 

pump, a Leybold Dryvac 100P scroll pump,64 evacuates the chamber to low vacuum in 

the range of 100-150 millitorr. The cryogenic pump,64 a CTI Cryogenics Cryo Torr 8, 

evacuates the chamber to high vacuum, in the range of 10-6 Torr. A thermocouple gauge 

in the roughing line was used to measure the pressure at low vacuum (1-1000 milliTorr) 

and an ionization gauge is used to measure chamber pressure at high vacuum (<10-3  

Torr). An INIFICON crystal monitor65 and INFICON XTC/266 deposition controller 
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allowed real time monitoring of the deposition rate and semi-automatic control of the 

thickness of the deposition.. The water cooled hearth, which held up to five crucibles, 

could be rotated to allow any one of the crucibles to serve as a deposition source. 

 

Figure 3-2. Electron beam evaporator system. This system was used to metallize the glass 
substrates 

In a standard deposition, two of the 1 inch by 1 inch substrates were mounted 

above the hearth containing the crucibles. Care was taken to mount the substrates as close 

as possible in direct line of sight of the crucible in order to minimize variations in 

thickness of the deposited metal across the substrate area. The source to substrate 

distance was approximately 15 cm. The INFICON deposition controller was inputted 

with the density (8.910g/cm3) and the Z ratio (0.311) of nickel, and with the total 

deposition thickness of 30Å.  

The chamber was first evacuated using the dry rough pump. While the chamber 

was being evacuated the substrates were heated by two 100 watt halogen bulbs to aid in 

the removal of any residual adsorbed moisture. When the readout of the thermocouple 

Chamber 

Cryo Pump 

Dry Pump 

Exhaust 

High Vacuum Valve 

Roughing Valve 
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gauge indicated a pressure of ~150 mTorr, the roughing valve was closed and the dry 

pump was turned off. The high vacuum valve, between the cryo pump and the chamber 

was opened and the chamber further evacuated until the ionization gauge indicated a 

pressure of ~3x10-6 Torr. Once the chamber had been evacuated, the power to the 

electron source filament was turned on and the current was slowly increased to raise the 

temperature to that necessary for thermionic emission. With a shutter between the source 

and substrates, the current to the filament was manually adjusted until the deposition rate 

stabilized at one angstrom per second. Once the deposition rate had stabilized, the shutter 

was manually opened and the substrates were exposed to the evaporating nickel. The 

INFICON deposition controller automatically rotated the shutter to shield the substrates 

from the evaporating nickel when 30 angstroms of nickel had been deposited. Once the 

shutter was closed, the current to the filament was turned off and the hearth was rotated 

to allow heating of the crucible containing silver. The INFICON deposition controller 

was inputted with the density (10.50g/cm3) and Z ratio (0.529) of silver, as well as the 

total deposition thickness of 1500 Å. Current to the electron source filament was again 

increased with the shutter closed until the crystal monitor indicated that the deposition 

rate had stabilized at 20 angstroms per second. The shutter was opened and silver was 

deposited until the crystal monitor controller closed the shutter at a thickness of 1500Å. 

The substrate was allowed to cool for 15 minutes before closing the high vacuum valve 

and back filling the chamber with dry nitrogen up to atmospheric pressure. 

3.2.1.3 Application of resist 

 Polymethyl methacrylate (PMMA) was used as high resolution positive tone 

electron beam resist. PMMA is used extensively as an electron beam resist because of its 
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low cost and ease of processing. PMMA thin films readily adhere to a most substrate 

materials without the application of an adhesion promoter. Additionally they are 

insensitive to white light and stable in air. PMMA is a positive tone resist in which chain 

scission occurs in areas exposed to an electron beam or ultraviolet radiation. The PMMA 

in these areas is more susceptible to dissolution in a developer solution than areas that 

have not been exposed. The PMMA used was obtained from Microchem and was 

provided as a solution of 4% 950 MW PMMA in chlorobenzene.67 The PMMA solution 

was applied to the sample using a programmable spin coater (Specialty Coating Systems 

Inc. Model P6708). Three parameters were programmed when using the spin coater: 

ramp up times, revolutions per minute, and hold times. The following is an example of a 

set of parameters used to program the spin coater. 

Table 3-1. Spin coater parameters 
Parameter Value Units 

RPM1 300 Revolutions per minute 
Ramp1 0 Seconds 
Time1 15 Seconds 
RPM2 3000 Revolutions per minute 
Ramp2 5 Seconds 
Time2 30 Seconds 
RPM3 0 Revolutions per minute 
Ramp3 5 Seconds 

 
The spin coater would begin spinning at 300 revolutions per minute, and hold this 

rate of rotation for 15 seconds. After the 15 seconds had transpired, the spin coater would 

ramp the rotation rate from 300 rpms up to 3000 rpms over a period of 5 seconds and 

hold this rate of rotation for 30 seconds. After 30 seconds had transpired, the spin coater 

would decelerate to zero rpms over a period of 5 seconds. After the spin coater had been 
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programmed, the sample was placed on the vacuum chuck. The program described above 

was run twice; once as a clean run where the sample was rinsed with isopropyl alcohol 

and methanol, and again with the first 15 second hold in the program being used to 

dispense ~200 μL of  4% PMMA in chlorobenzene on the sample. A spin speed versus 

thickness chart, obtained from the specification sheet for the PMMA from MicroChem is 

shown in Figure 3-3. The spin curve for the 4%PMMA in chlorobenzene shows that a 

spin speed of 3000 rpm would result in a PMMA layer thickness of approximately 

500nm.  

 
 

Figure 3-2. PMMA thin film thickness as a function of spin speed as specified by the 
manufacturer.67 

After the spin coater had been used to apply a thin film of PMMA to the sample, 

the sample was soft baked on a hot plate at 180ºC for 15 minutes to drive off any 

remaining solvent. A Cole Parmer Data Plate 720 Series Digital Hot Plate was used to 

bake the sample under a fume hood. 
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3.2.2 Lithographic Patterning 

Patterning of the resist can be described it terms of three steps; pattern generation 

using a CAD program, electron beam lithography using a standard scanning electron 

microscope controlled by a commercial electron beam lithography system and subsequent 

pattern development.  

3.2.2.1 Pattern generation 

 Photon sieve and Fresnel zone plate patterns are generated with DesignCad LT 

2000, a computer aided design software package produced by Upperspace Corporation. 

DesignCad supports the use of user written macros which facilitates the generation of 

relatively complex patterns. Examples of macros written to generate patterns are in 

Appendix A. A DesignCad representation of a Fresnel zone plate (FZP) pattern to be 

generated by electron exposure of the PMMA resist is shown in Figure 3-3.  

 
Figure 3-3. DesignCad pattern of the Fresnel zone plate  

3.2.2.2 Electron beam lithography 

 The patterns were loaded into the Nano Pattern Generation System (NPGS),68  a 

scanning electron microscope lithography software package produced by JC Nabity 
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Lithography Systems. The NPGS software allows control over a wide array of variables 

which are specified in a run file. A screen capture of the run file is displayed below. 

Among the important parameters specified in each run file were the patterns to be 

written, stage movements that were required prior to or after writing each pattern, and the 

dose(μC/cm
2) to be used when writing the pattern. Multiple lenses were written on a 

single 1” x 1” substrate, therefore the stage movements between writing each pattern had 

to be designed to ensure that individual patterns did not over lap with each other. The 

NPGS software would use the beam current and dose specified by the user to calculate 

the dwell time of the electron beam.  

 
 

Figure 3-4. NPGS run file. Shown are the pattern file to be written and the interface used 
to specify the measured beam current as well as the dose to be used in writing 
the pattern. 
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The NPGS system was attached to and could control the electron beam of a Philips 

XL 40 field emission scanning electron microscope (SEM). All of the functions of the 

SEM were controlled through a computer interface. The XL40 had a large automated 

stage capable of holding up to five 1” x 1” samples at a time. Generally, two of the five 

sample positions on the stage were already occupied by a gold standard used to focus and 

stigmate the beam, and by the Faraday cup used to measure the beam current.  Since there 

was no load lock, the entire chamber was vented to load or unload samples. The sample 

chamber was evacuated by a turbomolecular high vacuum pump backed by a mechanical 

vacuum pump. 

 The PMMA coated substrates were placed on the sample holder and loaded onto 

the stage of the SEM. The chamber was closed and pumped down. The accelerating 

voltage was set to 30 kV, and the probe current is set to spot size 4 (probe current of 

~1.2x103 pA). The working distance is set to 10mm, and the beam was focused and 

stigmated using a Ted Pella Inc. high resolution gold on carbon standard sample.69  After 

the beam had been focused and stigmated, the beam current was measured using a 

Faraday cup to ensure that the entire beam current was collected and secondary emission 

was suppressed. The Faraday cup consisted of a TEM aperture with a 100 micron hole 

that has been attached to a sample holder with a drilled hole. A picoammeter attached to 

the SEM was used to measure the collected probe current. The measured probe current 

was entered in the NPGS run file. After the probe current had been measured, the stage 

was moved so the field of view was centered at the edge of the sample. Since the surface 

of the gold standard and the surface of the sample are at slightly different heights, the 

height of the stage is adjusted so that the beam was in focus at the surface of the sample. 
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Although the flatness of the surface was not characterized, the sample was sufficiently 

flat to avoid variation in the working distance large enough to result in an observable 

detrimental impact in the lithography. With the beam focused at the sample surface, 

NPGS was activated and controlled the beam, writing the pattern that had been specified 

in the NPGS run file. After the NPGS had finished executing the run file, it released 

control of the beam to the SEM. The beam was turned off, and the chamber back filled 

with dry nitrogen to bring it up to atmosphere. The sample was removed and placed in a 

gel box for transportation.  

 The patterned PMMA was developed by a 90 second immersion in a 1:3 solution 

of methyl isobutyl ketone and isopropyl alcohol. It was subsequently rinsed with 

isopropyl alcohol and blown dry using dry nitrogen. Samples were inspected using an 

optical microscope at 50x magnification immediately following development. 

3.2.2.4 Electron beam lithography issues and optimization 

There were several issues encountered in the use of electron beam lithography as a 

patterning process that merit mention and brief discussion.  

The field of view of the SEM is determined by the working distance, or the 

distance from the final aperture assembly to the sample.70,71 Because the field of view 

determines the maximum size of the pattern that can be written, it follows that in order to 

write larger patterns, the working distance would have to be increased. However, there is 

a maximum working distance at which lithographic pattern can be successfully achieved. 

If this maximum working distance is exceeded, the degree of variance in the written 

pattern from the design pattern can become unacceptably large. There are several factors 

that contribute to degradation of the lithography at longer working distance; however the 
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primary culprits are magnetic fields in the vicinity of the lithography tool and mechanical 

vibration. Magnetic fields in the vicinity of the SEM limit the maximum usable working 

distance because as the working distance increases, the effect of the magnetic field on the 

electron beam become more pronounced.54,68 To a certain extent, this degradation of the 

electron beam positioning control can be mitigated by working at higher accelerating 

voltages. As such, the maximum usable working distance, and therefore the maximum 

pattern size that can be written, is specific to the electron beam lithography tool used and 

to the environment in which the tool is used.  

It was discussed in Section 3.2.2.2 that the NPGS would allow the electron dose 

required to expose the resist to be specified as one of the processing parameters. 

However, there was often a discrepancy between the specified dose and the actual dose 

received by the sample. This would occur because the specified dose only accounts for 

the electrons present in the beam and would not take into account the additional flux of 

electrons backscattered from the substrate. As a result of this additional dose arising from 

the backscattered electrons, the actual dose received by any given point in a pattern was 

unique not only to the resist being used, but also to the substrate material, and the density 

of the elements in the pattern. This problem, known as the proximity effect, is well 

documented 54 and a variety of solutions have been proposed and implemented with 

varying degrees of success. Attempted solutions fall into one of two categories: proximity 

effect avoidance and proximity effect correction. There are a variety of methods to 

achieve proximity effect avoidance. Some of the methods include using less sensitive 

resists or using multilayer resist schemes, and writing at very low energies where the 

range over which an electron may scatter is less than the smallest element in the pattern. 
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54,72,73 The simplest proximity avoidance method is to iteratively adjust the dose until the 

elements of the pattern are successfully written with the designed dimensions.  Proximity 

effect correction can be also be achieved by a variety of methods. There are three main 

categories of proximity effect correction: dose modulation, pattern biasing, and a 

technique called GHOST. Dose modulation involves varying the specified dose for each 

pattern elements taking into account additional electron dose resulting from proximity to 

other pattern elements. There are a variety of methods that may be used to calculate the 

dose variation 74-77, however dose modulation in general is computationally intensive and 

requires specialized software. Pattern biasing involves changing the size of pattern 

elements to account for the increase dose they receive from backscattered electrons.78, 79 

As with dose modulation, this approach is somewhat computationally intensive and 

requires specialized software. The GHOST proximity correct scheme involves equalizing 

the background dose by writing the inverse tone of the pattern with a defocused 

beam.80,81  

In this research, the relatively simple method of iteratively adjusting the dose until 

the elements of the pattern are successfully written with the designed dimensions was 

used to adjust for the proximity effect. 

3.2.3 Pattern Transfer 

 Pattern transfer was accomplished by means of a sputter etch to transfer the 

pattern from the resist to the metal thin films. The sputter etch was followed by a resist 

removal step.  
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3.2.3.1 Sputter etching 

The plasma reactor used for pattern transfer was a PlasmaTherm SLR 770 series 

electron cyclotron resonance (ECR) system. The PlasmaTherm used a Leybold Turbovac 

1000 turbomolecular vacuum pump64, backed by a Leybold Trivac BSC mechanical 

pump to evacuate the main process chamber and a second Leybold Trivac BCS 

mechanical pump to evacuate the loadlock. The PlasmaTherm is equipped with an 

ASTEX 4400 ECR plasma source, capable of applying 1000 watts of microwave power 

at 2.45GHz to ionize process gasses. The sample is biased by a 500 watt RF power 

supply operating at 13.56 MHz, which acts to accelerate the ionized process gasses 

toward the sample. A system schematic is shown in Figure 3-5. 

 

Figure 3-5. PlasmaTherm ECR etching system schematic 
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The PlasmaTherm allowed control of a number of parameters including process gas 

flow rate, chamber pressure, RF power, and ECR power and etch time. All of the 

PlasmaTherm process parameter selection and control parameters were entered via 

computer interface.  

A summary of the process important parameters used to dry sputter etch the 

silver/nickel films is shown in Table 3-2. A typical pattern transfer run consisted of 

placing the sample on a 2 inch wafer and loading into the load lock. The load lock was 

closed and pumped down to approximately 

Table 3-2. Sputter etch parameters 
Parameter  Units 
Process Gas Argon  
Flow Rate 15 SCCM 
Chamber Pressure 1 mTorr 
RF Power 100  Watts 
ECR Power 800 Watts 
Etch Time 15+15 Seconds 
 

3.5 mtorr. While the load lock was being pumped down and before the sample had been 

transfer to the main process chamber, the process parameters were entered via a computer 

interface and tested to ensure that a stable plasma could be initiated and maintained. The 

color of the plasma was also observed to confirm that no residual gasses from a 

previously executed process remained in the system. After the load lock had completed 

the pump down cycle and the process parameters had been tested, the wafer and sample 

were transfer to the main process chamber by an automated mechanical arm. The process 

gas flow rate and chamber pressure were allowed to stabilize at specified values. The 

ECR and RF power supplies were activated and until they were automatically shut off 

after the programmed time interval of 15 seconds. The sample was then removed from 
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the process chamber to the load lock, which was then vented up to atmospheric pressure. 

The sample was removed and inspected via optical microscopy. Any debris that were 

evident on the surface of the sample were removed using a dry nitrogen stream. The 

sample was subsequently reloaded into the load lock and the entire process repeated to 

complete the etch. 

3.2.3.2 Resist removal 

After the sample had been removed from the PlasmaTherm, it was submerged in a 

beaker of Posistrip EKC830 that had been heated to 80°C on a hot plate. 

Posistrip is a resist remover series produced by EKC Technology, a subsidiary of 

Dupont Electronic Technologies. According to the manufacturer, EKC830 is specifically 

formulated to remove resist that has been exposed to a harsh process history. The product 

specification sheet recommends using the resist remover at elevated temperatures, in the 

vicinity of 75°C. 

The sample was left submerged in the Posistrip and maintained at 80°C for 2-3minutes 

after which the beaker was placed in an ultrasonic agitator. The sample was agitated until 

the Positrip had cooled to room temperature, typically 5 minutes.  

3.2.3.3 Pattern transfer issues and optimization 

A review of literature reveals that a variety of dry etch processes have been 

investigated to pattern silver. Most prominent among this efforts are the use of halogens 

as process gases. Examples of gasses used included  CF4 82,83, CF4/O2 83,84, Cl2/O2
85. 

Plasmas of all of these gasses will react will silver films, however, the etch products are 

not volatile. Because the etch product of these processes are not volatile, the processes 

rely on subsequent removal step involving the use of a resist stripper at elevated 
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temperatures. These processes typically resulted in a rough surface profile and jagged 

edges on the pattern. 

 For this research an alternative process was investigated using argon plasma to 

etch the silver and nickel thin films with the PMMA acting as a mask. The etch was 

purely physical sputtering with no chemical reactivity to assist in the etch. George 60 

reported that an argon sputter etch could be effectively used to transfer submicron 

features to a gold thin film using PMMA as a mask. The processing conditions used in 

research of George60 were used as a starting point in developing the pattern transfer 

process. 

Because the etch is entirely physical sputtering, there would be essentially no 

selectivity with respect to the mask; and because of the relatively low atomic mass of the 

PMMA it’s etch rate would be higher than that the etch rate of the metal thin films. 

However the because PMMA was more than 3 times as thick as the combined metal thin 

film layers, it would be sufficiently thick act as a sacrificial mask while the silver and 

nickel layers were etched. It was found that the substrate heating as a result of the plasma 

bombardment significantly reduced the effectiveness of PMMA as a mask. The 

PlasmaTherm is equipped with a sample cooling system to alleviate this problem. The 

cooling system uses a stream of helium applied to the backside of the wafer to remove 

heat resulting from the plasma bombardment. However, the samples were sitting atop the 

wafer and in practice it proved difficult to achieve thermal contact between the sample 

and the wafer to avoid heat build up. To circumvent heat build up in the sample and the 

resulting accelerated degradation of the PMMA, the etch was divided into several etch 

steps of 15 seconds each. This approach proved to be effective, resulting in an etch 
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through the metal thin films while simultaneously reducing the accelerated degradation of 

the PMMA that resulted from higher temperatures.  

The resist removal was initially performed using acetone. Acetone had been 

previously used to successfully to remove PMMA from substrates. However, the 

processing in the PlasmaTherm hardened the PMMA to the point that acetone did not 

completely remove all of the residual PMMA from a sample after the sputter etch step. 

This hardening probably occurs because of crosslinking of the PMMA which could result 

from a combination of energy deposited via ion bombardment and from exposure to some 

ultraviolet radiation from the plasma. PMMA has been know to reverse tone, from 

positive to negative, when exposed to a dose an order of magnitude in excess of the dose 

required for exposure. Prolonged ultrasonic agitation at elevated temperatures did not 

improve removal of the residual PMMA. 

An alternative resist removal process was devised using Posistrip EKC830 as a resist 

removal agent. Posistrip is a resist remover specifically formulated to remove positive 

photoresist that has been exposed to harsh process conditions. Submerging the sputter 

etched sample in a beaker of Posistrip at 80°C and subsequently subjecting the sample to 

ultrasonic agitation proved effective in removing the residual PMMA remaining after the 

sputter etch processing.  

3.3 Conclusions 

A relatively simple process to fabricated thin film photon sieves has been 

developed and tested. The issues associated with the use of PMMA as an etch mask have 

been address by segmenting the etch process to reduce heating of the PMMA which 

reduces its etch resistance and by using Posistrip EKC830 as an resist remover.  
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CHAPTER 4 
PHOTON SIEVE PROPERTIES 

4.1 Introduction 

Photon sieves promise many opportunities to improve on the optical characteristics 

of the Fresnel zone plate. However, in many instances, capitalizing on these opportunities 

has resulted in significant trade offs. For example, Kipp11  have shown that an 

appropriately designed photon sieve occupying the same area, with the same number of 

transparent zones as a Fresnel zone plate, provides an improved contrast ratio as a result 

of the suppression of secondary maxima, as discussed above in Chapter 2. However, the 

photon sieve may suffer from significantly reduced intensity at the primary focus 

compared to the Fresnel zone plate, primarily as a result of the reduced transmitting area 

of the photon sieve compared to the zone plate. With an eye towards increasing the 

transmitting area, several photon sieve patterns were designed. These photon sieve 

designs were fabricated using the process described in Chapter 3, and tested to 

characterize their focal length, the maximum intensity at the first order focal point, and 

their resolution. 

This chapter will begin with a description of the testing equipment and procedures.  

This is followed in Section 4.3 by the results of testing the various photon sieve designs. 

The results are subsequently discussed in Section 4.4 and the chapter closes with a 

summary and conclusions in Section 4.5. 
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4.2 Characterization 

The characteristics of the photon sieves that were measured included the maximum 

focused intensity, the full width at half maximum (FWHM) of the peak intensity, focal 

length, minimum resolvable separation between two point sources, and the transmitted 

intensity. The intensity distribution at the focal plane, FWHM of the peak intensity, and 

focal length of the photon sieve were measured on an optical rail, using a Dataray 

WinCamD-UCM CMOS detector while the transmission was measured on a separate 

optical bench, using an Oriel 77345 photomultiplier tube. Because of the differences 

between the apparati used in their measurement, the transmission measurements and the 

peak intensity measurements cannot be directly compared. Both of the experimental 

apparati are described in Section 4.2.1.  

4.2.1 Characterization Equipment 

The illumination source used in the measurement of the focal plane intensity 

distribution, peak intensity and focal length of the photon sieves was an Ocean Optics 

LS-1 Tungsten Halogen Light Source with a 900 hour bulb.86 The LS-1 is a white-light 

source optimized for the VIS-NIR (360-2500 nm). The spectral power distribution of the 

LS-1 as provided by the manufacturer is shown in Figure 4-1. 

 

Figure 4-1. Spectral power distribution for the LS-1 illumination source.86 
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The output of the LS-1 illumination source was filtered using an Edmund optics 

narrow bandpass interference filter with a specified central wavelength of 694nm. The 

manufacturer specified a central wavelength tolerance of ±2nm and a full width half 

maximum of 10nm±2nm.87 The measured spectral distribution of the filtered light is 

shown in Figure 4-2. The measured central wavelength was 688nm with a full width half 

maximum of 13nm. 
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Figure 4-2. Measured spectral distribution of filtered source illumination  

The filtered light from the LS-1 source was passed through an Edmund Scientific 

100µm precision pinhole. The 100µm pinhole was formed in 0.001 inch thick stainless 

steel and sealed within a 25mm diameter black-anodized aluminum mount for a secure 

mechanical support. A Dataray Inc. WinCamD was used as a detector. The WinCamD 

uses a high resolution progressive scan IBIS5A-1300 FillFactory Complementary metal–

oxide–semiconductor (CMOS) image sensor with 1280(H) x 1024(V) 6.7 μm
2 active 

pixels. The detector is also equipped with 4MBs of on-board RAM for image buffering, a 

FPGA controller and a Cypress CY7C68013 USB 2.0 interface chip.88 The detector 

interfaces with control software installed on a computer via a USB 2.0 connection.  
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The LS-1 source, narrowband filter, aperture, sample holder and detector were all 

mounted on an Oriel Corp. optical rail (schematic layout shown in Figure 4-3). The 

source, filter, aperture and sample holder were fixed while the detector was translated 

along the optic axis to determine the focal length of the photon sieve.  

 
Figure 4-3. Schematic of optical rail. Components include a tungsten halogen 

illumination source, a 100µm aperture, a narrow band pass filter, a sample 
holder and a WinCamD CMOS detector. The distance from the source to the 
photon sieve, s, was fixed at 100mm and the distance from the photon sieve to 
the detector, s’, was varied to find the focal length. 

A slight variation on the setup described was used to measure the resolution of the 

photon sieves. The 100µm Edmunds Industrial Optics aperture was replaced by a 

resolution test sample. This test sample consisted of a metallized Fisher Scientific 12-549 

microscope slide (n=1.5) that had been lithographically patterned with a series of three 

pairs of 100µm apertures. The pairs of apertures were separated by 100 µm, 18 µm, and 

0.5 µm, respectively. As discussed in Chapter 2, the resolution of a zone plate, defined as 

the minimum separation between two apertures at which the individual apertures can still 

be resolved, should be determined by the width of the outermost zone. Based on an outer 

zone width of 14.8 µm, the maximum achievable resolution for the designs tested should 

be 18µm. The pairs of apertures were separated by distances where they would be clearly 
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resolved, at 100µm, barely resolved, at 18µm and not clearly resolved, at 0.5µm. Each of 

these distances were measured from the edges of the apertures as shown in the SEM 

micrographs of the aperture pairs are in Figure 4-4a. The test sample was then mounted 

on a translating slide so that a particular pair of aperture could be imaged. The modified 

test setup is show in Figure 4-4B.  

 

 

A 

  
 
B 

 
Figure 4-4. Apertures for resolution test and modified test setup. A) SEM micrographs of 

a resolution test sample consisting of 100µm diameter aperture pairs separated 
by 100µm (left), 18µm (center), and 0.5 µm (right at higher magnification of 
4150X). B)a modified setup for resolution test with 100µm aperture replaced 
with the resolution test sample mounted on a stage. Stage translation (red 
arrows) allowed selection of a specific aperture pair. 
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The transmission of each photon sieve design was characterized using a second 

optical bench. On this optical bench, illumination from a tungsten halogen source was 

passed through a 3mm aperture, the sample and the narrow band pass filter. The narrow 

band pass filter was used to avoid variation between the various experimental setups and 

allow for the possibility of comparing results from the different setups. The light 

transmitted was passed via reflective optics to an Oriel MS257 0.25m monochromator. 

An Oriel model 77345, silicon-based photomultiplier tube (PMT) capable of detecting 

incident light up to 800nm was used to detect the transmitted intensity. An Oriel Merlin 

radiometry system was used to interface and control both the monochromator and the 

detector. The Merlin system also made use of a chopper system that was phase locked to 

the detector in order to improve the signal to noise ratio. A schematic of the second 

optical bench is shown in Figure 4-5. 

 

Figure 4-5. Schematic of optical bench used for transmission measurements. Components 
of note include a tungsten broadband illumination source, a 3mm aperture, a 
grating spectrometer, and a photomultiplier tube used as a detector. 

4.2.2 Characterization Procedures 

With the optical rail setup in Figures 4-4, the illumination source was turned on and 

allowed to stabilize for 30 minutes before any measurements were made. Once the source 
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had stabilized, the sample was mounted in the sample holder without the narrow 

bandpass filter in place. This allowed any adjustments in sample position required to 

bring the photon sieve being tested into alignment. The filter was then placed in line and 

the cap on the detector was removed. The position of the 100µm point source aperture 

and the photon sieve fixed, and the focal length was found by varying the position of the 

detector to find the position resulting in the smallest spot size and to the maximum 

measured intensity. An image of the intensity distribution at the focal plane and the 

intensity profiles in the horizontal and vertical directions were then captured for 

measurement of the FWHM. This procedure was repeated for each of the photon sieve 

designs.  

The 100µm point source aperture was replaced with the 100µm pair resolution test 

sample, which was mounted on a stage. The stage allowed translation to select which of 

the aperture pairs was being imaged. The detector was fixed at the previously determined 

position corresponding to maximum measured intensity and images of the intensity 

distribution at the focal plane and the raw data of the intensity profiles in the horizontal 

and vertical directions were then captured for each of the aperture pairs. 

The photon sieve was placed on the second optical bench in the position shown in 

Figure 4-5. The intensity at each wavelength was measured in 1nm increments across the 

transmission window of the narrowband filter, from 660nm to 720nm in order to measure 

the transmission for each design. This was done for each of the photon sieve designs.  

4.3 Photon Sieve Design Variations 

The traditional photon sieve design was generated by replacing the completely 

open zones of a FZP with a distribution of discrete circular apertures. Several 

modifications to the design of the traditional photon sieve were considered for 
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development of increased transmitting area. The first modification considered was the 

degree of apodization. As described in Chapter 2, apodization consist of adjusting the 

open area of a photon sieve in such a way as to create a smooth transmission window to 

reduce the intensities of the higher order maxima. Apodization was achieved by using a 

cosine function to modulate the open area of the photon sieve. In order to determine how 

significant an effect the degree of apodization would have, several designs were 

developed. Each design consisted of a photon sieve in which the onset of apodization was 

varied (Table 4-1).  

The second modification considered was hybridization of the photon sieve pattern. 

Hybridization consisted of borrowing elements of the Fresnel zone plate and 

incorporating them into the photon sieve. Specifically, a number of the zones close to the 

center of the diffractive lens were continuously open as in a FZP rather than populated 

with discrete apertures as in the traditional photon sieve. From the onset of apodization to 

the outer edge of the diffractive lens, zones were populated with large numbers of 

discrete circular apertures as in traditional photon sieve (Table 4-1).  

The third modification to the photon sieve design was the replacement of the 

circular apertures with zone segment apertures. Filling a Fresnel zone with circular 

apertures will result in a loss of useful transmitting area. Using an aperture whose shape 

conforms to the shape of the zone would result in a more complete use of the available 

transmitting area. In these designs, the apodized zones were populated with discrete 

apertures resembling segments of the underlying zone (Table 4-1). 

The final design modification considered was varying the aspect ratio of the 

segmented zone apertures. Use of large aspect ratio apertures would allow a small 
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increase in transmitting area. In these designs, the apodized zones were populated with 

discrete apertures shaped resembling segments of the underlying zone, but with the 

circumferential extent of the aperture extended to be 2, 3 or 4 times larger than the radial 

extent. Representative images of these modifications are shown in Table 4-1. 

4.3.1 Photon Sieves with Various Degrees of Apodization 

The development of a photon sieve design begins by selecting the wavelength of 

light that will be focused. As discussed in Chapter 2, Equation 2-17 can be used to 

determine the radial placement of the even and odd Fresnel zones. The processing 

requirements to maintain optimal conditions for the electron beam lithography were a 

limiting factor in selecting the diameter of the photon sieve. As the diameter of the 

outermost zone gets larger, a larger field of view is required to write the pattern. To 

increase the field of view, a larger working distance is required. However, increasing the 

working distance increases the distance that electrons must travel in free flight (after 

leaving the influence of the magnetic lens in the column of the SEM). As the working 

distance increases, the effect of stray magnetic fields in the vicinity of the SEM becomes 

increasingly pronounced, resulting in a degradation of the written pattern. If the 

immediate environment of the SEM is not shielded perfectly from magnetic fields, it is 

best to minimize the working distance used to reduce the time any magnetic fields would 

have to affect the trajectory of the electrons after leaving the final lens assembly. This 

limits the field of view and subsequently limits the size of the pattern that can be written. 

Experience has shown that the optimum working distance for electron beam lithography 

in the SEM in the environment at the Major Analytical Instrumentation Center occurs at 

10mm.This results in a field of view of 2600µm2.  However, because the beam is 

typically poorly focused at the edges of the field, it is advantageous to limit the maximum 
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size of the pattern to approximately 90% of the field of view. This resulted in the 

diameter of the photon sieve being limited to ~2.4mm. As such the diameter of the 

outermost zone was specified and used to determine the focal length. The calculated focal 

length was 50.7mm for a wavelength of 700nm. 

Table 4-1. Diffractive lens designs 
Representative Image 

 
Zone plate 
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Table 4-1. Continued 

 
Photon sieve 

 
Apodized Photon sieve 
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Table 4-1. Continued 

 
Hybrid Photon sieve w/ circular apertures 

 
Photon sieve with segmented zone apertures (AR=1) 
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Table 4-1. Continued 

 

Photon sieve with large aspect ratio (AR=4) segmented zone apertures 

 
The next step in the development of the photon sieve design is to populate all of the 

even zones of the Fresnel zone plate pattern with transmitting pinholes. Two main criteria 

were responsible for determining the maximum density of pinholes possible in each zone.  

The first of these criteria is the width of the zone that the pinhole is occupying. Although 

Kipp11 has shown that the pinholes can have a diameter several times as large as the 

width of the zone they are occupying, in these designs the diameter of the pinhole was 

limited to the width of the zone. Because the width of the zone determines the diameter 

of the pinhole, it also determines the maximum number of pinholes that can fit in the 

zone. The second criterion was determined by the limitations of the lithography system 

used. In any lithographic patterning system, there is some maximum density of pattern 

Initial aperture  
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elements that is possible before the fidelity of individual pattern elements is lost. As 

described in Chapter 3, the maximum pattern density for the electron beam lithography 

system is defined by the tolerable proximity dose which in turn is determined by a 

number of interrelated variables including the accelerating voltage on the electron beam, 

the resist used and the composition of the substrate beneath the resist.  In the photon sieve 

design, the pinholes are spaced such that in a zone populated at maximum density, the 

closest any individual pinhole may be to another pinhole is 0.5 m. A photon sieve with 

each zone maximally populated in this way is shown in Figure 4-6. 

 

Figure 4-6. A photon sieve created by populating the even Fresnel zones with a 
maximum density of circular apertures 

The photon sieve design in Figure 4-6 is completely unapodized and as a result has 

a transmission window similar to that of a FZP.  As discussed in Chapter 2, there are a 

number of continuous functions commonly used to generate a smooth transmission 

window. For these designs a cosine function was used to gradually decrease the density 

of pinholes in each subsequent zone for a smooth transmission window. An example of 

the implementation of the cosine function can be seen in Equation 4-1. 



60 

 


















 


12

90
cos

r

c

s

t
n

        4-1 

where n is the number of pinholes in a particular zone, t is an integer defined by the 

current zone, s is the total number of zones over which the function is being applied, c is 

the circumferential distance around the zone, and r is the radius of the pinhole. The “1” in 

the denominator of the second term of the equation results from the lithographic 

limitations. An example of how this function is applied to apodize a portion of the open 

area of a diffractive lens is outlined below. 

In order to determine the effects of apodization on transmission and resolving 

power of the lenses, the zone in which the onset of apodization occurred was varied to 

produce three designs. The onset of apodization was varied to generate three designs. As 

an example, consider the first design, in which 25% of the original total open area of the 

photon sieve was apodized. Recall from Chapter 2 that the width of each of these zones is 

defined such that all of the zones have equal area. If the photon sieves consist of 20 open 

zones populated with pinholes, 5 of those zones represent 25% of the total area of the 

photon sieve. Therefore, for the first design, the cosine function used to apodized the 

photon sieve was applied over the last 5 zones of the sieve. For the second design, the 

apodizing cosine function was applied over the last 10 zones, resulting in 50% of the 

original area of the photon sieve being apodized and for the third design the cosine 

function was applied over 15 of the 20 zones resulting in 75% of the original area being 

apodized. Varying the onset of apodization resulted in two immediately observable 

variations in the patterns generated. First, the slope of the apodization function varies 

inversely to the percentage of the area that was apodized. This can be seen in the plots of 
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calculated area versus zone number (area distributions) for a FZP and apodized photon 

sieves with circular apertures, shown in Figure 4-7.  

 
Figure 4-7. Calculated transmission window of a FZP and photon sieves with circular 

apertures, with and without apodization. 

This plot of area versus zone number will be referred to as the transmission 

window. Second, by inspecting the transmission window shown in Figure 4-7, the total 

transmitting area also varies inversely to the degree of apodization. The calculated total 

transmitting areas in square millimeters and as a percentage of the open area of a FZP for 

each design are tabulated in Table 4-2. 
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Table 4-2. Calculated open area of FZP and various photon sieve patterns with circular 
apertures 

Pattern Open Area(mm2) Percent of zone plate area 

Zone Plate 2.18 100 

No Apodization 1.64 75.1 

25% Apodized 1.50 68.8 

50% Apodized 1.36 62.1 

75% Apodized 1.21 55.4 

 
Although the open area of each design was not measured directly to confirm the 

veracity of the calculations, the trends in the transmission measurements, shown in Figure 

4-8, are consistent with the calculated open area tabulated in Table 4-2. Quantitative 

comparisons of the trends in the calculated open area and the measured transmission are 

made in Section 4.4. 

 

Figure 4-8. Measured transmissions of the Fresnel zone plate (FZP), unapodized photon 
sieve, 25%, 50%, and 75% apodized photon sieves. 
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As expected, a reduction in total transmitting area of the apodized sieved resulted in 

a reduction of the intensity of the transmitted light. However, since Kipp had established 

that apodization could reduce secondary maxima and subsequently improve image 

quality11, it was of interest to investigate to what extent the degree of apodization would 

affect the FWHM and maximum intensity at the focal point. DesignCad representations 

of each of the patterns, accompanied by optical and SEM micrographs of the fabricated 

design, are shown in Figures 4-9 through 4-13 for a FZP, unapodized PS, 25% apodized 

PS, 50% apodized PS and 75% apodized PS, respectively, all PSs with circular holes. The 

optical and SEM micrographs show that the fabricated photon sieves conform to the 

intended designs.  

The intensity of the first order peak for the photon sieve designs is shown in Figure 

4-14, with the transmission intensity of the zone plate included as a reference. The 

intensity at the focal point for the unapodized PS is 60% of that for the FZP, and as the 

degree of apodization increases the intensity at the focal point of the PS decreases, 

dropping to 50% of the FZP at 75% apodization. The full width half maxima (FWHM) of 

the spot size resulting from focused transmission through the photon sieve designs are 

shown in Figure 4-15 along with the FWHM of the intensity distribution pattern for 

transmission through the zone plate, which is included for reference. Inspection of the 

FWHM for each of the designs shows that while there is a suggestion of a decreased 

FWHM at larger degrees of apodization, the error bars show that this trend may not be 

significant.  
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Figure 4-9. The Fresnel zone plate. A) DesignCad representation of FZP. B) Optical 
micrographs of fabricated FZP. C) SEM micrographs fabricated FZP 
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Figure 4-10. Unapodized photon sieve. A) DesignCad representation of unapodized PS. 
B) Optical micrographs of fabricated PS. C)SEM micrographsof fabricated 
PS. 
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Figure 4-11. 25% apodized photon sieve. A) DesignCad image of 25% apodized PS.     
B) Optical micrographs of fabricated PS. C) SEM micrographs of fabricated 
PS. 
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Figure 4-12. 50% apodized photon sieve. A) DesignCad image of 50% apodized PS.     
B) Optical micrographs of fabricated PS. C) SEM micrographs of fabricated 
PS. 
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Figure 4-13. 75% apodized photon sieve. A) DesignCad image of 75% apodized PS.        
B) Optical micrograph of fabricated PS. C) SEM micrographs of fabricated 
PS. 
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Figure 4-14. Intensity of first order peak. Intensity for the various photon sieve designs. 
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Figure 4-15. FWHM of first order peaks. FWHM of the Fresnel zone plate , the 

unapodized photon sieve , the photon sieve with 25% of it’s area apodized, the 
photon sieve with 50% of its area apodized and the photon sieve with 75% of 
its area apodized 
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4.3.2 Hybrid Lenses with Circular Apertures 

The calculated transmission windows (distribution of open area versus zone 

number) for the FZP and PSs (Figure 4-7) show that even the zones of the photon sieves 

that are not apodized contribute significantly less transmitting area than the equivalent 

zones of the FZP. For example, consider the 25% PS, in which 15 of the 20 zones are 

unapodized. The summed open area of the apertures in the unapodized zones is 124mm2 

compared to 164mm2 for the first 15 zones of the FZP. As discussed above in Section 

4.3.1, this smaller open area for PSs occurs in part because of limitations of the 

lithographic process which restricts how closely individual apertures can be placed, and 

in part as a result of the incomplete filling of the zone due to the circular shape of the 

open apertures. The incomplete filling of the zone by the open circular aperture is directly 

analogous to a circle inscribed in a square. As a result, the transmitting area is reduced 

even though the transmission window of these unapodized zones has the same shape as 

the completely open zones of a FZP.  This similarity in the shape of the transmission 

window results because there is no variation in the density of apertures across these 

zones. Adopting the completely open zones of the FZP in the place of the unapodized 

zones would result in an increase in transmitting area without changing the shape of the 

transmission window over the affected zones. Because contribution from the zones still 

transition to zero transmission relatively smoothly, the oscillations in the diffraction 

pattern (i.e. secondary maxima) that result from an abrupt drop in transmission could be 

avoided. This change in design would allow an increase in the intensity of the primary 

focus without increasing the contribution to the intensity of the secondary maxima. 

Therefore the hybrid PS design consists of completely open zones like in a FZP out to the 

zone where apodization begins, after which the zones are filled with circular apertures, 
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with a distribution modulated by the cosine function in the outer zones. The calculated 

open areas of a FZP and each of the hybridized and normal photon sieve designs are 

compared in Table 4-3. 

Table 4-3. Calculated open area of hybrid photon sieve patterns 
Pattern Open Area(mm2) Percent of zone plate area 

Zone Plate 2.18 100 

25% Apodized Hybrid PS 1.90 87.2 

25% Apodized PS 1.50 68.8 

50% Apodized Hybrid PS 1.62 74.1 

50% Apodized PS 1.36 62.1 

75% Apodized Hybrid PS 1.34 61.2 

75% Apodized PS 1.21 55.4 

 
Hybridizing the photon sieve pattern results in a 27% (from 1.5 to 1.9mm2) 

increase in transmitting area for the 25% apodized design, a 19% increase (from 1.36 to 

1.62mm2) for the 50% apodized design and a 11% increase (from 1.21 to 1.34mm2) for 

the 75% apodized design. Plots of the calculated open area as a function of open zone 

number are shown in Figure 4-16. The measured transmission of the FZP and of each of 

the hybrid designs are shown in Figure 4-17. The total integrated transmission of the 

75%, 50% and 25% apodized hybrid design are 59%, 69.5% and 88.6% of the FZP, 

respectively. 

Although the distribution of open area in Figure 4-17 shows that the transmission 

window for the unapodized portion of the photon sieve remained essentially the same for 
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the different designs, the plots also show that a discontinuity was introduced at the 

interface of the unapodized and apodized zones. The sharp drop in area results from the 

reduction in transmitting area resulting from the incomplete filling of the zone by circular 

apertures. DesignCad representations of each of the hybrid design patterns accompanied 

by optical and SEM micrographs of the fabricated design, and a focused image of the 

100m aperture are shown in Figures 4-18 through 20. 

 
Figure 4-16. Calculated area versus zone number for hybrid photon sieves with circular 

apertures and different degrees of apodization. 
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Figure 4-17. Measured transmission for the FZP and the 25%, 50%, and 75% apodized 
hybrid photon sieve with circular apertures. 

The fabricated lenses match the DesignCad drawing and analysis of the focused 

images are reported below. The full width half maxima (FWHM) of the first order peak 

in the intensity distribution for hybrid designs and the zone plate are shown in Figure 4-

21. As in the case of normal PS designs, there is a trend towards smaller FWHMs as the 

degree of apodization increases, and the error bars suggest that the decrease is larger than 

the possible error. The intensities of the first order peak for the hybrid designs are shown 

in Figure 4-22, and the 50% and 75 % apodized intensities are 91%  and 73% of the 25% 

lens’ intensity. 
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Figure 4-18. 25% apodized hybrid photon sieve with circular apertures. A) DesignCad 
image of PS. B) Optical micrograph of fabricated PS.C) SEM micrograph of 
fabricated PS. 
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Figure 4-19. 50% apodized hybrid photon sieve with circular apertures. A) DesignCad 
image of PS. B) Optical micrograph of fabricated PS.C) SEM micrograph of 
fabricated PS. 
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Figure 4-20. 75% apodized hybrid photon sieve with circular apertures. A) DesignCad 
image of PS. B) Optical micrograph of fabricated PS.C) SEM micrograph of 
fabricated PS. 
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Figure 4-21. Measured FWHM of peak intensity. FWHM for the hybrid designs with 

circular apertures with 25%, 50%, and 75% of their area apodized. 
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Figure 4-22. Measured peak intensities for the hybrid designs with circular apertures with 

25%, 50%, and 75% of their area apodized  
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4.3.3 Segmented Zones  

Based on the designs for the hybrid photon sieve patterns, it is evident that the 

transmission would be higher if apertures were used that more completely filled the 

zones, i.e. if the apertures were non circular. As discussed in Section 4.2.1, the maximal 

filling of unapodized zones is determined by two limiting factors. The first factor is the 

limitation imposed by the maximum allowable pattern density for electron beam 

lithography, which cannot be circumvented. However, the second factor is the choice of 

the appropriate aperture shapes which could not only increase the fraction of the open 

zone used by the apertures, but could also be used to reduce or eliminate the discontinuity 

in the transmission window shown in Figure 4-16. An example of a maximally filled 

zone when using circular apertures is shown in Figure 4-23, where the area inside the 

circles is open and transmitting, but the roughly triangular areas defined by two adjacent 

circles and the inner or outer zone boundaries are opaque areas and are non-transmitting. 

  

Figure 4-23. Maximally filled zone using circular apertures 

Using an aperture shaped to correspond to segments (i.e. conform to the shape) of 

the zone would result in a more complete use of the available transmitting area, as shown 

in Figure 4-24. 
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Figure 4-24. Optimized transmitting area of the zone using segments of the zone as 
apertures. 

Although upon cursory inspection, the apertures shown in Figure 2-24 would seem 

to be square, they are actually segments of the zone they inhabit. The edges of the 

aperture that coincide with the inner and outer boundaries of the zone are curved to 

conform to the curvature of the zone. As a result the edges of the apertures that coincide 

with the inner limit of the zone are slightly shorter than the edges of the apertures that 

coincide with the outer limit of the zone. This is shown in a magnified view of the pattern 

shown in Figure 4-25. 

 

Figure 4-25. Magnified view of segmented apertures filling a zone 

To allow direct comparison with the photon sieve designs that used circular 

apertures, the aspect ratio of the apertures was initially limited to unity. The aspect ratio 

is defined as the ratio of the two extents of the aperture. These two extents are defined as 

the circumferential distance through the center of the zone that was enclosed by the 
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segment, and the length of the intercept of a radial line between the inner and outer 

boundaries of the segment. The two extents are shown in Figure 4-26 as the lines AB and 

CD, respectively. 

 

Figure 4-26. Defining the aspect ratio of an aperture. 

The aspect ratio, AR, of the aperture is therefore defined by Equation 4-2 as 

CD

AB
AR   4-2 

To allow direct comparison to the hybrid photon sieve patterns designed with circular 

apertures, three hybrid photon sieve patterns with segmented apertures were designed and 

fabricated. Comparisons of the total transmitting area of the patterns with circular 

apertures and zone segment apertures are tabulated in Table 4-4. 

Using segmented apertures resulted in a 4% increase (from 1.90 to 1.98mm2) in 

total transmitting area for the 25% apodized design, a 9% increase (from 1.62 to 

1.76mm2) in total transmitting area for the 50% apodized design and a 16% increase 

(from 1.34 to 1.55mm2) in total transmitting area for the 75% apodized design. The 

calculated distributions of open area versus zone number for each of the designs using 

zone segment apertures are shown in Figure 4-27. The measured total transmitted 

intensity increased by 2.0%, 12.9% and 13.4% for segmented versus circular apertures 

and 25%, 50%, and 75% apodization, respectively. 
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Table 4-4. Comparison of total open areas of hybrid photon sieve designs with circular 
versus segmented apertures. 

Pattern Open Area(mm2) Percent of zone plate area 

Zone Plate 2.18 100 

25% Apodized w/segmented 1.98 90.5 

25% Apodized w/circular 1.90 87.2 

50% Apodized w/segmented 1.76 80.7 

50% Apodized w/circular 1.62 74.1 

75% Apodized w/segmented 1.55 71.1 

75% Apodized w/circular 1.34 61.2 

 
Comparison of the distribution of open area of the hybrid photon sieve designs with 

circular apertures, shown in Figure 4-16, to the distribution of open area for the hybrid 

photon sieve designs using segmented zone apertures with an aspect ratio of 1, shown in 

Figure 4-28, reveals that the use of the segmented apertures significantly reduces the 

sharpness of the discontinuity in the transmission window at the transition from 

completely open zones to apodized zones. DesignCad representations of each of the 

hybrid designs using segmented zone apertures, SEM and optical micrographs of the 

fabricated design are shown in Figures 4-29 through 4-31. As for the previous PSs and 

hybrid PSs, the hybrid PS fabricated with segment apertures match very well with the 

DesignCad images. 
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Figure 4-27. Calculated area distributions of hybrid photon sieve designs with segmented 
zone apertures 

 

Figure 4-28. Measured transmission of Fresnel zone plate (FZP) and 25%, 50%, and 75% 
apodized photon sieve designs with segmented zone apertures with AR=1. 
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Figure 4-29. 25% apodized hybrid photon sieve incorporating segmented zone apertures 
with AR=1. A) DesignCad image of PS. B) Optical micrograph of fabricated 
PS.C) SEM micrograph of fabricated PS. 
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Figure 4-30. 50% apodized hybrid photon sieve incorporating segmented zone apertures 
with AR=1. A) DesignCad image of PS. B) Optical micrograph of fabricated 
PS.C) SEM micrograph of fabricated PS. 
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Figure 4-31. 75% apodized hybrid photon sieve incorporating segmented zone apertures 
with AR=1. A) DesignCad image of PS. B) Optical micrograph of fabricated 
PS.C) SEM micrograph of fabricated PS. 
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The full width half maxima (FWHM) of the first order peak in the intensity 

distribution of the transmitted light for hybrid lens designs with segmented zone apertures 

are shown in Figure 4-32. As in both previous designs, the FWHM trends smaller as the 

degree of apodization is increased, but the magnitude of the changes are within the error 

bars.   
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Figure 4-32. Measured FWHM of peak intensity for hybrid designs with segmented zone 

apertures (SZA) with AR=1. 
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Figure 4-33. Measured peak intensity for hybrid designs with segmented zone apertures 
(SZA) with AR=1. 
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The intensities of the first order peak for the hybrid designs with segmented zone 

apertures are shown in Figure 4-33. The intensity at the focal point is reduced 20% as the 

degree of apodization in increase from 25 to 75%.  

4.3.4 Large Aspect Ratio Zone Segments Lenses 

Some small additional increases in the transmitting area can be realized by using 

large aspect ratio (AR > 1) zone segments as apertures. Because the limitations imposed 

by the lithography system dictate that there be some minimum distance between each 

pattern element, a zone filled with large numbers of low aspect ratio apertures (e.g. AR 

<1) will have a larger fraction of non-transmitting area because of the required minimum 

separation distance (set at 500nm in the present case)  between each aperture. 

Conversely, a zone filled with fewer apertures of larger aspect ratio will have a smaller 

fraction of non-transmitting area. It was also expected that the small improvement in use 

of available transmitting area of each zone would be sufficient to further reduce the 

remaining small discontinuity in the transmission window (Figure 4-27). Area 

distributions of 75% apodized hybrid with segmented zone apertures of aspect ratios 

varying from 0.25 to 4 are shown in Figure 4-34. Designs with aspect ratios of less than 

one incorporated larger numbers of apertures in each zone and as a result of the minimum 

separation between apertures, suffered from a lower transmitting area, as tabulated in 

Table 4-5. A low AR also led to an increase in the size and sharpness of the discontinuity 

in the transmission window at the transition from the completely open zones to apodized 

zones. On the other hand, designs incorporating apertures with an aspect ratio larger than 

one showed a slight increase in total calculated open area and elimination of the 

discontinuity at the transition between completely open unapodized zones and apodized 

zones. The measured transmission confirms a slight increase (5%) in intensity as the 
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aspect ratio of the segmented zone aperture is increased from 2 to 4. 

 

Figure 4-34. Calculated area distributions for hybrid 75% apodized photon sieves with 
segmented apertures of various aspect ratios (AR) 

Table 4-5. Calculated open area of hybrid photon sieves w/segmented zone apertures  
Pattern Open Area(µm2) Percent of zone plate area 
Zone Plate 2.18 100 
75% Apodized, AR=0.25 1.43 65.5 
75% Apodized, AR=0.33 1.47 67.2 
75% Apodized, AR=0.50 1.51 69.1 
75% Apodized, AR=1 1.55 71.1 
75% Apodized, AR=2 1.58 72.2 
75% Apodized, AR=3 1.59 72.6 
75% Apodized, AR=4 1.59 72.8 
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Figure 4-35. Measured transmission for Fresnel zone plate (FZP), and 75% apodized 

hybrid photon sieves with segmented zone apertures of aspect ratio 4 (AR=4), 
3 (AR=3) and 2 (AR=2). 

DesignCad representations of the designs, accompanied by optical and SEM 

micrographs of the fabricated designs incorporating apertures with an aspect ratio larger 

than one, are shown in Figures 4-36 through 4-38. The optical and SEM micrographs 

show that the designs have been successfully fabricated. The full width half maxima 

(FWHM) of the first order peak in the diffraction  pattern for hybrid designs with large 

aspect ratio segmented zone apertures are shown in Figure 4-39 and the transmitted 

intensities for the hybrid designs with larger aspect ratio segmented zone apertures are 

shown in Figure 4-40. The data in Figure 4-39 show that the FWHM decreased from 

73.5m to 70.6m for ARs of 2 and 4, respectively, with error bars <+0.3m. The 

measured peak intensity at the focal point increases slightly (9.5%) as the aspect ratio is 

increase from 2 to 4. 
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Figure 4-36. 75% apodized hybrid photon sieve incorporating segmented zone apertures 
with AR=2. A) DesignCad image of PS. B) Optical micrograph of fabricated 
PS.C) SEM micrograph of fabricated PS. 
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Figure 4-37. 75% apodized hybrid photon sieve incorporating segmented zone apertures 
with AR=3. A) DesignCad image of PS. B) Optical micrograph of fabricated 
PS.C) SEM micrograph of fabricated PS. 
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Figure 4-38. 75% apodized hybrid photon sieve incorporating segmented zone apertures 
with AR=4. A) DesignCad image of PS. B) Optical micrograph of fabricated 
PS.C) SEM micrograph of fabricated PS. 
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Figure 4-39. Measured FWHM of peak intensity for hybrid designs with large aspect 

ratio segmented zone apertures 
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Figure 4-40. Measured peak intensity for hybrid designs with large aspect ratio 

segmented zone apertures. 
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4.4 Results and Discussion 

The measured focal lengths of all the lens designs (Table 4.6) were within +2.2% 

of the design focal length of 50mm. The discrepancy between the design and measured 

focal lengths can be attributed to a combination of several factors. First, the calculated 

focal length from the design assumes that the incident wavelength is 700nm; however, 

the measured spectrum of the incident light transmitted by the narrow bandpass filter 

shows that the peak transmission actually occurs at 688nm (Figure 4-2). When this 

difference between design and actual experimental wavelength is taken into account, the 

experimentally measured focal lengths all fall within +1.3% of the expected focal length. 

Other factors contributing to the discrepancy between calculated and measured focal 

length include the assumption that the incident wavefront is planar. The experimental 

setup deviates from this ideal situation since the incident wavefront is actually slightly 

spherical because it originated from a point source that was situated at a finite rather than 

an infinite distance. Additionally, the calculated focal length from the design does not 

account for refraction by the glass substrate. The calculated focal length assumes an ideal 

situation in which the indices of refraction of the media on both sides of the photon sieve 

are the same. However, one interface of the photon sieve is with air (n=1) and the other 

interface is with glass (n=1.5). Light incident on the glass would be refracted, shifting the 

focal length to a slightly shorter distance. All of these factors may have played a role in 

generating the small discrepancy between the calculated focal lengths and the measured 

focal lengths. The measured focal lengths for all of the photon sieve designs are shown in 

Table 4-6. 
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Table 4-6. Measured focal lengths vs. Lens design (all units are given in mm unless 
indicated otherwise) 

Designs Image 
distance 

Object 
distance 

Focal 
Length 

Percent 
difference from 
Design(700nm) 

Percent 
difference from 
Design(688nm) 

Fresnel zone 
plate 103.5 100.0 50.8 0.3 -0.6 

Unapodized 
Photon sieve 105.5 100.0 51.3 1.3 0.4 

25% Apodized 
photon sieve 104.5 100.0 51.1 0.8 -0.1 

50% Apodized 
photon sieve 104.5 100.0 51.1 0.8 -0.1 

75% apodized 
photon sieve 105.5 100.0 51.3 1.3 0.4 

25% Apodized 
hybrid with 
circular 
apertures 

106.5 100.0 51.6 1.7 0.8 

50% Apodized 
hybrid with 
circular 
apertures 

106.5 100.0 51.6 1.7 0.8 

75% Apodized 
hybrid with 
circular 
apertures 

105.5 100.0 51.3 1.3 0.4 

25% Apodized 
hybrid with 
segmented 
zone apertures 

106.5 100.0 51.6 1.7 0.8 

50% Apodized 
hybrid with 
segmented 
zone apertures 

106.5 100.0 51.6 1.7 0.8 
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Table 4-6. Continued 

Designs Image 
distance 

Object 
distance 

Focal 
Length 

Percent 
difference from 
Design(700nm) 

Percent 
difference from 
Design(688nm) 

75% Apodized 
hybrid with 
segmented 
zone apertures 

107.5 100.0 51.8 2.2 1.3 

75% Apodized 
hybrid with 
segmented 
zone apertures, 
AR=2 

103.5 100.0 50.8 0.3 -0.6 

75% Apodized 
hybrid with 
segmented 
zone apertures, 
AR=3 

102.5 100.0 50.6 -0.2 -1.1 

75% Apodized 
hybrid with 
segmented 
zone apertures, 
AR=4 

102.5 100.0 50.6 -0.2 -1.1 

 
The measured transmission of the each of the photon sieve designs (Table 4-2 

through 4-5) show that the transmission decreased when the transmitting area was 

reduced by apodization. This can be seen in Figure 4-8, which shows the transmission of 

the traditional photon sieve designs decreasing from 67% to 56% of the FZP’s 

transmission as the degree of apodization was increase from 25% to 75%. Similarly, 

Figure 4-17 shows the measured transmission of the hybrid photon sieve designs with 

circular apertures decreasing from 88% to 59% of the FZP’s transmission as the degree of 

apodization was increased from 25% to 75%, but the transmission was from 5% for the 
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25% apodized to 32% for the 75% apodized, higher than the traditional PS design. Figure 

4-28 shows the measured transmission of the hybrid photon sieve designs with segmented 

zone apertures with an aspect ratio of 1 and Figure 4-35 shows the measured transmission 

for hybrid photon sieve designs with large aspect ratio (AR of 2-4) segmented apertures, 

and the transmissions decrease from 90% to 66% of FZP transmission as the degree of 

apodization is increase from 25% to 75%. As pointed out above, the measured 

transmissions confirmed the calculated increase in transmission from fully open zones in 

the hybrid photon sieve designs or by use of segmented zone apertures (Figures 4-41 

through 4-43 which compare the transmission of 25%, 50% and 75% apodized designs, 

respectively). All of the large aspect ratio design were 75% apodized and are included in 

Figure 4-43 for comparison to the other 75% apodized designs  
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Figure 4-41. Measured transmission for the 25% apodized designs 
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Figure 4-42. Measured transmission for the 50% apodized designs 
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Figure 4-43. Measured transmission for the 75% apodized designs 
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Numerically integrating the measured transmission vs. wavelength and representing 

the total transmission of each design as a fraction of the total transmission of a 2.4mm 

diameter aperture allows a comparison with the calculated open area of the various 

fabricated designs. Shown in Table 4-7 are the results of using the trapezoid rule to 

numerically integrate the measured transmission. The integrated areas under the 

measured transmission curves represent the total transmission and are compared with the 

total calculated open area of the fabricated designs. The relative measured transmission 

corresponds closely to the calculated relative open area with none more than +4.6% and 

84% of the designs varying +2.4% or less, indicating that the fabrication of the photon 

sieves with larger open areas has produced brighter images of the source aperture  

without a loss of FWHM resolution.  In Table 4-7, FZP refers to Fresnel Zone Plate, PS, 

refers to Photon Sieve SZ refers to hybrid photon sieves with Segmented Zone apertures, 

and C refers to hybrid photon sieve with circular apertures. 

Table 4-7. Measured transmission and calculated open area for different designs and FZP 

Design 

Measured 

Transmission 

(arb. units) 

Measured Percent 

transmission 

Calculated Percent of open 

area 

3mm Aperture 4.484 100.0 100 

FZP 2.094 46.7 48.19 

0% PS 1.600 42.2 43.77 

25% SZ 1.892 41.4 42.00 

25% C 1.854 31.4 33.16 

25% PS 1.408 35.7 36.25 

50% SZ 1.644 36.7 38.90 

50% C 1.455 32.4 35.81 

50% PS 1.309 29.2 30.06 

75% SZ 1.399 31.2 34.26 
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Table 4-7. continued 

Design 

Measured 

Transmission 

(arb. units) 

Measured Percent 

transmission 

Calculated Percent of open 

area 

75% C 1.234 27.5 29.62 

75% PS 1.174 26.2 26.75 

AR=2 1.461 32.6 34.26 

AR=3 1.522 33.9 34.93 

AR=4 1.535 34.2 35.15 

 
The peak intensity at the focal point, measured using the Dataray beam profiler 

setup, as discussed in Section 4.2.1 and shown in Figure 4-3, are consistent with the 

trends in the measured transmission. The measured peak intensities at the focal point of 

all of the designs are shown together in Figure 4-44. The designs with larger calculated 

transmitting area, had a higher measured transmission and higher peak intensity at the 

focal plane. The 25% apodized hybrid design with circular apertures and with segmented 

zone apertures, respectively, achieved a 38% and 41% increase in measured intensity at 

the focal point compared to the 25% apodized traditional photon sieve design. The 50% 

apodized hybrid design with circular apertures and with segmented zone apertures 

respectively achieved a 30% and 35% increase in measured intensity at the focal point 

compared to the 50% apodized traditional photon sieve design. Similarly, in a 

comparison of the measured intensities of the 75% apodized designs, the hybrid designs 

outperforming the traditional photon sieve design, with the hybrid with segmented zone 

apertures and circular apertures respectively achieving a 34% and 23% increase relative 

to the traditional photon sieve. The 75% apodized hybrid designs incorporating large 

aspect ratio segmented zone apertures also exhibited increased intensity at the focal point 
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compared to the traditional photon sieve design. The design incorporating segmented 

zone apertures with the largest aspect ratio, an aspect ratio of 4, showed an increase of 

55% compared to the traditional photon sieve design and a 15.5% increase relative to the 

design with segmented zone aperture of aspect ratio of one. In all cases the secondary 

maxima was less 1% of the central peak height and therefore not discernable.  
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Figure 4-44. Intensity at focal point vs. total transmission for various lens designs 

All of the designs exhibited roughly the same resolving power as shown by the 

resolution test using the aperture pairs and by the measurement of the full width half 

maximum (FWHM). The measured FWHM in the x direction consistently differed from 

the FWHM in y direction, with the FWHMx being, on average, 11% larger than the 

FWHMy. This probably occurred as a result of the macro used to generate the designs. 

The macro generated the distribution of apertures in a zone by creating a single aperture 

and then filling the zone with copies of that initial aperture. Because the macro placed all 

of the initial apertures for the zone along the same radial line, a symmetrical placement of 
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the apertures resulted. This is especially discernable in the SEM micrographs of the large 

aspect ratio segmented aperture designs (Figures 4-36 to 4-39). The reported FWHMs 

were averages of the FWHMx and the FWHMy. This observation and data discussed 

below are evidence that apodization affects the FWHM and therefore the trends towards 

smaller FWHM are real. Specifically, the measured FWHMs for all of the designs were 

75µm+2.45 with the exception of the large aspect ratio segmented zone designs which 

had FWHMs of 72+1.95 µm. For all three designs (PS with circular apertures, and 

Hybrid PS with either circular or SZ apertures) there was consistently a trend to smaller 

FWHMs at larger degrees of apodization, although the magnitude of change was close to 

the error limits. There was a systematic decrease in FWHM with increasing aspect ratio 

for PS with zone segment apertures, from 73.6+0.3 for AR=2 to 70.7+0.2 for AR=4 

(Figure 4-48). These trends are consistent with Kipp’s
11 results, which showed that an 

apodized photon sieve had a smaller FWHM than a comparable FZP. 
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Figure 4-45. Measured FWHM of peak intensity for large aspect ratio segmented zone 

apertures. Shown are FWHM for segmented zone apertures of aspect ratio 2 
(AR=2), 3 (AR=3) and 4 (AR=4). 
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Figure 4-46. Measured FWHM of peak intensity for 75% apodized designs. Shown are 

FWHM for 75% apodized hybrid designs with segmented zone apertures, 
75% apodized hybrid designs with circular apertures, and for traditional 
photon sieve.  
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Figure 4-47. Measured FWHM of peak intensity for 50% apodized designs. Shown are 

FWHM for a 50% apodized hybrid design with segmented zone apertures, a 
50% apodized hybrid design with circular apertures, and for a 50% apodized 
traditional photon sieve design.  
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Figure 4-48. Measured FWHM of peak intensity for 25% apodized designs. Shown are 

FWHM for a 25% apodized hybrid design with segmented apertures, a 25% 
apodized hybrid design with circular apertures, and for a 25% apodized 
traditional photon sieve design.  

As described in Section 4.2.1, all of the lens designs were tested using three pairs of 

100µm apertures separated by 100µm, 18µm and 0.5µm (Figure 4-4-b). As discussed in 

Chapter 2, the Rayleigh criterion can be used to define the limits of resolution. The 

Rayleigh criterion states the limit of the resolution of an optical instrument being used to 

image two adjacent apertures has been reached when the center of the diffraction pattern 

from one aperture overlaps the first minima of the diffraction pattern of the adjacent 

aperture. This condition occurs when there is a 26.5% reduction in intensity between the 

two maxima. Therefore, according to the Rayleigh criterion, the two apertures can be 

resolved if the reduction in intensity between the two maxima is 26.5% or greater. By this 

criterion, all of the lens designs successfully resolved the test aperture pairs separated by 

either 100µm or 18µm. Just as in the case of FWHM data, all of the designs performed 

similar to one another with respect to this test of resolution. A representative example of 

the intensity distributions that resulted from the aperture pair test are shown in Figures 
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4-49 through 4-51. The intensity distributions are for the 75% apodized with segmented 

zone apertures with an aspect ratio of 4. The results for the other designs are compiled in 

Table 4-9. 
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Figure 4-49. Resolution test of aperture pair with a 100µm separation for 75% hybrid 
apodized photon sieve with SZ apertures and aspect ratio of 4. 
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Figure 4-50. Resolution test of aperture pair with a 18µm separation for 75% hybrid 
apodized photon sieve with SZ apertures and aspect ratio of 4. 
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Figure 4-51. Resolution test of aperture pair with a 0.5µm separation for 75% hybrid 
apodized photon sieve with SZ apertures and aspect ratio of 4. 

Table 4-8. Resolution Test 

 
Percent reduction in 

intensity 

between 

apertures 

separate

d by 

100µm 

Percent reduction 

in 

intensit

y 

betwee

n 

apertur

es 

separat

ed by 

18µm 

Percent reduction in 

intensity 

between 

aperture

s 

separate

d by 

0.5µm 

FZP 91 40 8 

Unapodized PS 93 36 10 

25% apodized PS 91 40 7 

50% apodized PS 95 48 13 

75% apodized PS 95 46 16 

25% w/ circular apertures 93 40 7 

50% w/ circular apertures 94 43 12 

75% w/ circular apertures 96 46 15 

25% w/ SZ aperture 92 38 8 

50% w/ SZ aperture 96 45 9 

75% w/ SZ aperture 97 50 9 

AR=2 97 50 11 

AR=3 96 48 11 

AR=4 96 49 8 
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4.5 Summary and Conclusions 

A variety of photon sieve designs have been developed and tested. All of the 

photon sieve designs shared a fixed outer diameter of 2.4mm and a resulting design focal 

length of 50.7mm at 700 nm or 51.1 mm at 688 nm. The focal length was measured using 

a narrow bandpass filter centered at 688nm, and the measured focal lengths were 

determined to be 51.1 + 0.5 mm.  

To minimize anticipated second order diffraction effects resulting from an abrupt 

termination of the diffraction apertures, photon sieves may be designed such that their 

open or transmitting area is gradually decreased, a process called apodization. For the 

photon sieve designs that were apodized, a cosine function was applied over the apodized 

zones, decreasing from the onset of apodization at cos0º to the edge of the photon sieve at 

cos90 º. For the designs tested, the secondary maxima were found to be <1% of the first 

order focused intensity and were therefore not important. 

The FZP exhibited the largest transmissions and peak intensities of all designs. The 

hybrid PS designs with segmented zone apertures exhibited higher transmissions and 

peak intensities compared to the traditional PS designs and the hybrid designs with 

circular apertures, with a measured peak intensity that were 41%, 35%, and 34% higher 

than the measured peak intensities of the 25%, 50%, and 75% apodized traditional photon 

sieve designs respectively. The hybrid designs with large aspect ratio (4) segmented 

zone apertures exhibited the largest relative increases in peak intensity, e.g. with 

intensities that were 55% higher than the 75% apodized traditional photon sieve design 

with circular apertures. The large aspect ratio designs also exhibited the smallest FWHM, 

with a 6% decrease in FWHM compared to the 75% apodized traditional photon sieve 
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design. The hybrid designs with large aspect ratio apertures achieved a reduction in 

FWHM, an increased transmission relative to the other 75% apodized designs. Therefore 

the hybrid designs incorporating large aspect ratio apertures satisfy the goals of 

improving the transmission of the photon sieve without degrading the resolution.
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CHAPTER 5 
CONCLUSIONS 

5.1 Diffractive Lens Fabrication 

A process to fabricate Fresnel zone plates and photon sieves has been developed 

and implemented. This multi step process consisted of 1) depositing thin metal films on a 

glass substrate using electron beam deposition, 2) depositing polymethalmethcrelate 

(PMMA) on the substrate using spin coating 3) patterning the PMMA using electron 

beam lithography 4) developing the patterned PMMA in a solution of methyl isobutyl 

ketone and isopropyl alcohol and 5) transferring the pattern from the PMMA to the 

underlying metal thin film by argon sputter etching. Literature and previous work had 

shown that PMMA suffers from poor etch resistance and typically leaves residuals on the 

surface that can be difficult to remove. This poor etch resistance was proposed to be 

exacerbated in part by heat build up in the substrate resulting from the ion bombardment. 

Avoiding heat buildup by splitting the etch into several shorter etch steps was found to 

improve PMMA effectiveness as a mask. Using acetone at room temperature had proven 

to be successful at removing PMMA under most circumstances. However, when the 

PMMA had been subjected to extended exposure, either from the electron beam or from 

ion bombardment, acetone failed to completely remove all of the PMMA. In these 

instances using a photoresist stripper at elevated temperatures proved to be an effective 

means of removing the hardened PMMA.  
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5.2 Diffractive Lens Properties 

A variety of diffractive lens designs have been studied. These designs include a 

Fresnel zone plate, both unapdodized and partially apodized traditional photon sieve 

designs, hybrid photon sieves which incorporate some of the completely open zones of 

the Fresnel zone plate for a portion of their area, hybrid photon sieves with segmented 

zone apertures, and hybrid photon sieves incorporating segmented zone apertures of 

varying aspect ratios. 

 Although the measured focal lengths did deviate slightly from the design focal 

length, the deviation was typically very slight, with the largest deviation being no larger 

than 2.2% from the design focal length. The deviation could be explained in part by the 

difference in the wavelength used from the design wavelength. The design wavelength 

was 700nm; however the wavelength actually used was 688nm. When this difference 

wavelength of the incident illumination is taken into account the difference in calculated 

focal length and measure focal length is reduced to 1.3%. This difference can be 

attributed to several factors not accounted for in the calculated focal length. These factors 

include refraction in the glass substrate and a non ideal source of illumination. The hybrid 

PS designs with segmented zone apertures exhibited higher transmissions and peak 

intensities compared to the traditional PS designs and the hybrid designs with circular 

apertures, with  measured peak intensities that were 41%, 35%, and 34% higher than the 

measured peak intensities of the 25%, 50%, and 75% apodized traditional photon sieve 

designs respectively. The hybrid designs with large aspect ratio (4) segmented zone 

apertures exhibited the largest relative increases in peak intensity, e.g. with intensities 

that were 55% higher than the 75% apodized traditional photon sieve design with circular 
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apertures. The large aspect ratio designs also exhibited the smallest FWHM, with a 6% 

decrease in FWHM compared to the 75% apodized traditional photon sieve design. 

5.3 Conclusions 

A relatively simple process to fabricate thin film diffractive lens has been 

developed and successfully implemented in the fabrication of photon sieves. The hybrid 

photon sieve designs with segmented zone apertures exhibited an increased transmission 

and an increase first order focus intensity compared to the traditional photon sieve design. 

This was achieved without any loss of resolution as demonstrated by measurements of 

the FWHM of the various designs and imaging of a resolution test sample. The hybrid 

photon sieve design incorporating large aspect ratio segmented zone apertures represents 

an improvement over the traditional photon sieve design with a 55% increase in intensity 

and a 6% reduction in FWHM compared to the traditional photon sieve. 
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CHAPTER 6 
FUTURE WORK 

Several directions for further research are interesting for future work. Several 

assertions made in the course of this research are speculative and warrant further 

investigation. With regards to the fabrication process, the observation that the PMMA 

suffered from degradation that was exacerbated by the heating of the substrate fit with 

observations in the course of the experiment and reports in the literature that PMMA etch 

resistance reduced with increase temperature, however it would be interesting to actually 

measure the etch resistance as a function of substrate temperature to confirm this 

speculation. The assertions that the differences in refractive indices from one side of the 

photon sieve to the other and the non-planar natural of the incident illumination also 

warrant further investigation. This could be accomplished by using an index matching 

fluid or applying a film with a similar refractive index to that of glass and by modifying 

the optical bench setup to incorporate a planar source. 

It was observed that prolonged submersion of the sample in the Posistrip EKC830 

at elevated temperatures resulted in discoloration of the silver surface. Although this does 

not occur in the time span required to remove the residue PMMA, it is indicative of some 

attack by the Posistrip on the silver surface and also warrants further investigation. 

One of the advantages of the photon sieve theoretically lies in its ability to reduce 

secondary maxima through appropriate application of an apodization scheme. When the 

photon sieve is used as a lens, this has been reported to result in an improvement in the 

contrast of the image. It would be interesting to image the intensity distribution at the 
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focal plane to investigate how the design variations implemented in this research affected 

the intensity of the secondary maxima and subsequently the contrast in the image. This 

would require use of photographic film, since digital detectors lack the dynamic range to 

capture the peak intensity at the first order maxima, as well as the secondary maxima. 

All of the photon sieve designs fabricated and tested in this research maintained a 

d/w ratio of 1, where d is the diameter of the pinhole aperture and w is the width of the 

underlying zone. Because the photon sieve designs were relatively small, the advantages 

arising from using large d/w ratio would not be realized. It would be interesting to 

fabricate a series of larger photon sieves and compare traditional designs consisting of 

circular apertures with d/w ratios of unity close to the center and larger d/w ratio 

apertures at the outer extents to a hybrid design incorporating segmented zone apertures 

with large aspect ratios close to the center and circular apertures with larger d/w apertures 

at the outer extents. 

It would also be interesting to attempt to fabricate a series of such photon sieves 

using a metal foil or metal membrane rather than using a thin film applied to a glass 

substrate to compare the savings in weight that result. Fabricating the photon sieve in a 

metal foil would result in media with the same indices of refraction on the incident and 

transmitting sides of the photon sieve and therefore alleviate any reduction in image 

quality results from refraction in a substrate. 

It was also observed that the FWHM in the x direction consistently differed from 

the FWHM in y direction, with the FWHMx being, on average, 11% larger than the 

FWHMy. This was speculated to be the result of symmetrical placement of the apertures 

in the zone which occur as a result of the macro used to generate the designs and is 



114 

 

especially discernable in the SEM micrographs of the large aspect ratio segmented 

aperture designs (Figures 4-36 to 4-39). The macro generated the distribution of apertures 

in a zone by creating a single aperture and then filling the zone with copies of that initial 

aperture. The symmetrical placement resulted because the macro placed all of the initial 

apertures for the zone along the same radial line. Using a random placement of the initial 

aperture would break this symmetrical distribution and result in a more consistently 

circular intensity distribution at the focal plane, i.e. the FWHM in the x and y directions 

would be in better agreement. 
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APPENDIX A 
MACROS USED TO GENERATE PATTERNS 

Fresnel Zone Plate Macro 

/* opens a text file containing dimensions of a Fresnel zone plate*/ 

open "i", 1, "f50mm_d3mm_m64_l695nm.fzp" 

 

/* a counter used to limit the number of zones in the zone plate*/ 

p=0 

 

do while p<20 

 

/*read values from the open files specifying the location of the beginning and ending 

edges of even zones*/ 

input #1, x, y, 

 

/*define z, the width of the zone*/ 

z=y-x 

 

/*define r, the radial distance from the center of the zone plate to the mid point of the 

current zone*/ 

r=x+(z/2) 

 

/* write a transparent zone of radius r, width z*/ 

>Circle4 

{ 

 <Color 0, 255, 255 

 <Linestyle 0, 1, [z] 

 <Type 0 

 <Radius [r] 

 <Pointxyz 0, 0, 0 

 <Pointxyz 0, 0, 0 
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 <Pointxyz 0, 0, 0 

} 

/*calculate the are of the transparent zone*/ 

g=3.1415926535897932384626433832795*(sqr(y)-sqr(x)) 

 

/*add the area of the transparent zone to the total transparent area*/ 

h=g+h 

 

/*iterate the counter*/ 

p=p+1 

loop 

 

/* display the calculated transparent area of the zone plate*/ 

t$= h, "square microns is the total transmitting area" 

>Text 

{ 

 <color 100, 100, 100 

 <style 2 

 <justification 1 

 <size 25 

 <font "Courier New" 

 <text [t$] 

 <angle 0 

 <Pointxyz 0, 700, 0 

} 
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Photon Sieve Macro 

/* opens a file for input, the file contains dimensions of a Fresnel zone plate*/ 

open "i", 1, "f50mm_d3mm_m64_l695nm.fzp" 

 

/*opens a file to output data*/ 

open "o", 2, "25percentapod_ps50mm_d3mm_m64_l695nm-02-12-06.area" 

 

/* a counter used to limit the number of zones used*/ 

p=0 

 

/* a counter used to vary the onset of apodization*/ 

q=1 

 

/* a counter used to keep track of how many zones have been apodized*/ 

t=1 

 

 

/*main body of the macro, fills each zone with aperatures until the 20th zone is filled*/ 

do while p<20 

 

/*read values from the open files specifying the location of the beginning and ending 

edges of even zones*/ 

input #1, x, y, 

 

/*define r, half the width of the zone; also the radius of the circular apertures filling the 

zone*/ 

r=(y-x)/2 

 

/*define z, the distance from the origin to the middle of the zone*/ 

z=x+r 

 

/*define c, the circumferential distance around the center of a zone*/ 

c=2*3.1415926535897932384626433832795*z 

 

/*test if condition for onset of apodization is met*/ 
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if q>15 then 

/*determine number of apertures in the zone using an apodization scheme based on 

cosine distribution*/ 

n=cos(90*t/6)*(c/(2*r+1)) 

 

/*update apodization counter*/ 

t=t+1 

 

else 

 

/*determine number of aperatures in the zone with no apodization applied*/ 

n=c/(2*r+1) 

 

endif 

 

/*this conditional is a work around inserted to avoid a limitation of DesignCad which only 

allows the Circular Array command to process a maximum of 198 elements*/ 

if n<197 then 

 

>Circle4 

{ 

 <Color 0, 255, 255 

 <Linestyle 1, 1, 0 

 <Layer 1 

 <Type 1 

 <Radius [r] 

 <Pointxyz [z], 0, 0 

 <Pointxyz 0, 0, 0 

 <Pointxyz 0, 0, 0 

  

} 

 

/*selects the aperature just created*/ 

>pointselect 

{ 

<pointxyz [x],0,0 
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} 

 

/*fills the zone with aperatures*/ 

>circulararray 

{ 

 <angle 360 

 <axis 2 

 <ncopy [n] 

 <offset 0 

 <pointxyz 0, 0, 0 

 

} 

 

 

/*calculates the area of all of the aperatures in the zone*/ 

a=n*3.1415926535897932384626433832795*sqr(r) 

 

/*send calculated area and zone number to output file*/ 

print #2, a, p 

 

/*total area of all of the zones*/ 

b=a+b 

 

/*conditional section to address DesignCad limitation. If the number of aperatures in the 

zone exceeds the maximum number of elements allowed by DesignCad, the zone is split 

into four parts*/ 

 

else  

 

>Circle4 

{ 

 <Color 0, 255, 255 

 <Linestyle 1, 1, 0 

 <layer 2 

 <Type 1 

 <Radius [r] 
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 <Pointxyz [z], 0, 0 

 <Pointxyz 0, 0, 0 

 <Pointxyz 0, 0, 0 

  

} 

 

 

e=n*3.1415926535897932384626433832795*sqr(r) 

 

print #2, e, p 

 

f=e+f 

m=n/4 

>pointselect 

{ 

<pointxyz [x],0,0 

} 

 

>circulararray 

{ 

 <angle 90 

 <axis 2 

 <ncopy [m] 

 <offset 0 

 <pointxyz 0, 0, 0 

} 

endif 

q=q+1 

p=p+1 

loop 

 

layer(2)=14 

layer(1)=0 

>selectall 

{ 

} 
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>circulararray 

{ 

 <angle 360 

 <axis 2 

 <ncopy 4 

 <offset 0 

 <pointxyz 0, 0, 0 

 

} 

layer(1)=6 

 

/*total area of aperatures*/ 

k=b+f 

 

/*sends total open area of sieve to outputfile*/ 
print #2, k, 
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