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ABSTRACT 

This dissertation investigates challenges associated with optics in the 10-500 

wavelength size regime. For the visible spectrum, this size range (5-250μm) is classified 

as micro-optics, but is set apart from other size ranges by a noticeable lack of suitable 

simulation and metrology tools. Optics of this size are gaining popularity in applications 

such as solid immersion lenses (SIL) and laser beam shaping, but require more research 

into simulation, testing, fabrication, and assembly in order to be easily integrated into 

commercial applications. 

A survey of previous work on SILs and micro-optics simulation/testing is given, 

including past work with gallium phosphide (GaP) microlenses. A new SIL aberration 

treatment is described using spherical-parent 3rd order aberrations. Agreement is shown 

with previous work, and the lack of hemisphere approximations gives a broader 

understanding of aberrations for varying SIL thicknesses. Results show that aberration 

reduces with lens radius, but thickness tolerances become tighter as dimensions shrink. A 

study of GaP intrinsic birefringence and the theoretical impact on the induced 

polarization signal is also given. 

A survey of beam propagation simulators is given and a sequential piece-wise 

diffraction (SPWD) simulator is developed for arbitrary optical systems that overcomes 

the difficulties of simulation in the 10-500 wavelength size regime. A discussion of a 

future extension to the work to determine reflected and transmitted field amplitudes with 

a non-sequential method is presented with specific discussion on the challenges of 

electric field surface transfer.  
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The design and operation of a micro-interferometer is discussed and testing 

results from the first sub-100μm diameter GaP SILs are shown. A novel method for 

determining the shape profile of aspheric surfaces using information from annular fringes 

is presented. Theoretical beam shaping applications for micro GaP lenses is also 

discussed with results using the SPWD method. Experimental results are also shown for a 

1x1x0.3mm beam shaper package that images a laser diode beam to an approximate size 

of 60μm at a working distance of 4mm. 

Finally, designs and experimental results are shown for the integration of GaP 

micro-optics into conventional systems as SILs or beam-shaping elements including 

methods and equipment for lapping and polishing GaP. 
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CHAPTER 1 - INTRODUCTION  

1.1 Basic description of research 

With the ever increasing needs for higher resolution in optical data storage and 

microscopy applications, resolution enhancement techniques are increasingly being 

utilized to create spot sizes smaller than the diffraction limit. At the same time, optical 

systems are shrinking in size to fit into smaller sized mechanical packages. One 

promising technique for resolution enhancement is using a solid immersion lens (SIL) to 

increase resolution. A SIL is analogous to water or oil immersion in microscopy, but 

‘immerses’ the space of interest in a glass by placing a lens in an aberration free 

configuration, typically a hemisphere, very close to the image. The wavelength of light 

decreases inside the optically dense material, which in turn reduces the spot size. If the 

sample or data layer is within a fraction of a wavelength from the bottom surface of the 

SIL, the small spot size in the lens material is preserved and transferred across the air gap 

via coupling of evanescent energy. The higher index of refraction that glass affords 

enables greater resolution enhancement than traditional liquid immersion techniques. 

Since a SIL must fit within the back focal distance of the focusing optics, miniature 

packaging or very high NA objectives with short back focal distances require micro-sized 

SILs. 

Unfortunately, optics in the size regime of ~5-250μm, corresponding to ~10-500 

wavelengths for the visible spectrum, exhibit a particular lack of suitable metrology tools 

for high surface slope optics and a deficiency of simulation tools that can model the 

diffraction effects that dominate the behavior of these systems. This size regime is 
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conventionally under the ‘micro’ optics classification, but to differentiate it from the 

larger micro optics and smaller nano optics categories, this size regime will be referred to 

as the ‘nicro’ optics size regime. 

1.2 Motivation for this study 

The current growth of industrial applications that incorporate optical systems in 

sub-centimeter packages1,2,3,4,5,6,7,8,9,10 has led to an increase in the research, development 

and use of micro optics. While no universal definition exists, a typical description of a 

microlens is a continuous relief refractive element with diameters ranging from ~5μm to 

nearly a millimeter.11 The improvements in micro optics fabrication methods in the last 

20 years has been an enabling technology for the general size reduction of nearly every 

kind of optical system application, including: telecommunication,10 optical data storage,12 

medical imaging, displays,13 biometric sensing,14 micro-imaging systems15 and micro-

optic-electro-mechanical systems (MOEMS). Arrays of microlenses are also widely used 

in lithography,16 illumination,17 network interconnects,18 beam steering,5 wavefront 

sensing, and laser beam shaping.19 The two main applications considered in this work are 

the solid immersion lens for optical data storage and laser diode beam shapers. 

Several high-index materials, such as GaP (n = 3.3) and ZnSe (n = 2.5), are 

desirable as prospective SIL materials. However, such materials are not easily 

manipulated with conventional fabrication techniques. They are, however, easily etched 

using lithographic techniques in addition to many other common materials, making 

grayscale lithography an attractive method for fabricating micro optics. Most grayscale 
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lithographic processes result in less than 100μm surface departure (sag) to achieve high 

quality surface roughness after etching.20 The small sag limitation can result in high-

aspect-ratio lenses with radii in the 5-250μm range that are difficult to test and simulate. 

For high numerical aperture (NA) applications, such a low sag lens necessarily has a 

radius which categorizes it in the nicro regime. Figure 1.1 shows how sag constraint and 

NAair determine the SIL radius RSIL. As NAair approaches 1.0 with increasing θm , the 

radius RSIL approaches the sag constraint. In practice, the SIL is used so that the laser 

illumination is focused at the center of curvature of the hemispherical SIL surface. In 

Figure 1.1b, the substrate material must be thinned before it can be utilized as a SIL. 

 

Figure 1.1 - Schematic showing the change in SIL radius for different NA applications 
given a maximum sag constraint. A) For low NAair applications, RSIL is large; and B) For 
high NAair applications, RSIL is small and approaches the sag constraint set by fabrication 
methods. 
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Testing lenses such as that pictured in Figure 1.1b is a significant challenge. If the 

surface slope of the part remains low, as in Figure 1.1a, then conventional micro-optics 

testing methods may be used. But there are few commercially available tools that can 

measure high NA optics under 1mm in diameter. 

Currently, the most common commercial metrology tools for micro optics are 

stylus profilometry and vertical scanning interferometry (VSI). While these tools work 

for the majority of micro optics testing, neither method can simultaneously map an entire 

surface and measure slopes beyond 60°. Solid immersion lenses used with illumination 

NA up to 0.95 require edge surface slopes up to 70°. This large surface slope makes 

testing the entire surface to within optical tolerances very difficult. (A further discussion 

of current measurement techniques is presented in Section 2.5.) 

Simulation of optics in the nicro regime is also challenging. A subjective 

classification of optics into size regimes based on available simulation methods is shown 

in Figure 1.2, along with representative commercial software packages. While the 

divisions between each regime are indistinct and exact delineations are not agreed upon, 

there are currently several commonly discussed optical size regimes with approximate 

upper bound demarcations as follows: nano (~0.5μm), micro (~500μm), meso (~1mm) 

and macro (> 10mm). 
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Figure 1.2 - Subjective comparison of current optics simulation tools grouped by 
simulation method and categorized by approximate size regime over which they are 
commonly used.  

Optics on the order of several wavelengths of light λ and smaller are under the 

jurisdiction of electromagnetic solvers such as finite difference time domain (FDTD).21 

For macro, meso and some micro optics, ray-based design software is used for systems 

that do not require diffraction simulation. However, diffraction effects dominate the 

optical behavior of optics in the nicro range. Consequently, ray-based simulation tools are 

inadequate to model these elements. However, the geometries are too large for more 

rigorous numerical methods like FDTD, which require a volumetric sampling of less than 

λ/10. Modelling an arbitrary system in this size range with aspheric and non-symmetric 

surfaces is also beyond the scope of typical diffraction simulators. These simulators 

frequently calculate only plane-to-plane diffraction or use entrance-pupil and exit pupil 

conjugates to transfer an electric field distribution through an optical system. This type of 
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consequence of the nicro range falling between FDTD and traditional ray-based 

methodologies is a lack of tools necessary to design systems incorporating these optical 

elements. 

In reality, this gray area for simulation tools is correlated with wavelength, and 

any optics with sizes in the ~10-500λ range exhibit this problem. For example, optics that 

are normally considered in the meso/macro region (~1-50mm) that are used in the 

terahertz electromagnetic spectrum (λ ~ 100μm) exhibit the same simulation problem. 

This lack of simulation and metrology tools is a distinguishing attribute for nicro 

optics, which requires the development of customized tools to design and test systems 

that incorporate such optical elements. While some commercial equipment and 

applications come close to being able to adequately test and model such systems, none 

are particularly suited for the task, which increases the challenge for creating miniature 

and micro sized optical systems. The research effort in this dissertation is centered 

around three main efforts that directly relate to the specific simulation, testing, and 

assembly challenges involved in using nicro optics in an optical system. An in-depth 

discussion of SIL aberrations and issues pertaining to high-index crystalline nicro-sized 

SILs is also examined. 

1.3 Outline of Dissertation 

This dissertation is organized as follows:  Chapter 2 provides a background of 

previous work in solid immersion lenses, including work on SIL aberrations, the induced 
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polarization signal, current advances in small form factor optical data storage applications, 

micro optics simulation and testing, and gallium phosphide optics fabrication.  

Chapter 3 gives a treatment for finding 3rd order aberrations in SILs using 

spherical-aberration as the basis for a polynomial power expansion of the wavefront. 

Unlike previous work, the treatment is general for any incident and lens media, for any 

lens thickness, and any chief-ray specification. Using this treatment, a tolerance analysis 

is given with particular discussion on thickness tolerance and limitations on field of view. 

Major findings include very tight thickness tolerance for high-index hyperhemisphere 

SILs and a thickness tolerance window for hemispheres skewed to values less than the 

radius of curvature of the lens. Chapter 3 also includes a section on the study of heptaxial 

intrinsic birefringence for SILs made from cubic fluoride crystalline materials, such as 

calcium fluoride, diamond and gallium phosphide (GaP). 

Chapter 4 presents a detailed discussion of several customized simulation 

techniques for modeling the behavior of light as it propagates through an arbitrary optical 

system. One method is based on the angular spectrum of plane waves propagation 

technique,22 modified to include refraction from arbitrary surfaces. Limitations to this 

method include non-rigorous refraction modeling and the requirement of propagating the 

field in very small steps and resampling at each step to prevent observation window edge 

effects. The other method is based on an implementation of the Huygens-Fresnel 

principle, called Sequential Piece-Wise Diffraction (SPWD). A study of the ranges of 

validity for the method and three simulation test cases are presented. The chapter 

concludes with a discussion of a proposed method for using the SPWD method in a non-



 30

sequential manner and applying reflection and transmission coefficients to the field at 

surface interfaces to build up information on the relative intensity, reflected components, 

and polarization state of the field. The major challenge with this method is determining 

the surface transfer coefficients. 

Chapter 5 discusses the issues involved in testing GaP microlenses. Detailed 

design and use of a specialized pupil-imaging phase-shifting interferometer is given for 

the particular application of testing high NA micro optics. Design of a field-of-view 

imaging arm is also given. Major results include test results of a 21μm radius of 

curvature GaP nicro lens with surface departure from spherical less than 160nm out to a 

marginal ray angle of 42°, giving an effective NA of 2.2. A new geometric method is also 

outlined for rough determination of highly aspheric surface shapes from a collection of 

annular fringe patterns. 

Chapter 6 gives an overview and design discussion of a few applications for nicro 

GaP optics, including a laser diode beam shaper and a micro optical pickup. 

Experimental results are given for a 1x1x0.3mm beam shaper package including a laser 

die, submount, and a plano-convex lens. Results show that a first-generation assembly 

process is capable of assembling a system that achieves an angular beam deviation from 

the lens optical axis within ~1°. 

Chapter 7 gives a detailed discussion of assembly methods for incorporating nicro 

lenses into systems. A detailed discussion on the lapping and polishing process for GaP 

follows, including description of customized lapping equipment that enables lapping 

parallel to the bottom of a non plane-parallel part. An experimental process is discussed 
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for creating a two-stage SIL comprised of a high-index GaP nicro-sized SIL attached in a 

concentric configuration to a truncated glass hemisphere. The first induced polarization 

pupil image from a two-stage GaP SIL with NA = 2.5 is also shown. 

Chapter 8 presents a summary of this work and suggestions for future work. 
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CHAPTER 2- BACKGROUND 

This chapter presents background information on solid immersion lens systems, a 

general survey of current microlens applications, simulation and testing, and past work 

with refractive gallium phosphide optics. 

2.1 SIL systems 

The solid immersion lens (SIL) was first developed by Mansfield and Kino in 

1990.23 A SIL is a lens placed very close to the image that serves as a resolution 

enhancement device. The lateral resolution of an optical system, interpreted as the full-

width-at-half-maximum of the focus spot s, is approximately 

 
NA

s
2

λ
= , (2.1)  

where λ is the free-space wavelength and NA is the numerical aperture of the focusing 

optics, defined as  

 mnNA θsin= , (2.2) 

where n is the index of refraction and θm is the maximum marginal ray angle inside the 

image space material. A SIL increases the index of refraction in the image space, creating 

a spot size n times smaller than in air. The physical interpretation of the spot size 

reduction is that the optically-dense medium of the lens reduces the wavelength of light 

inside the material, creating a smaller focus spot. A typical SIL configuration is shown in 

Figure 2.1.   
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Figure 2.1 - Schematic of a typical hemispherical SIL configuration. 

Using a SIL with n = 2.0 and λ = 436nm, Mansfield and Kino were able to achieve a 

focus spot half the size of a conventional microscope.23 

The spot size achieved inside the SIL is preserved via evanescent coupling. The 

portion of light in the pupil that normally totally internally reflects off the bottom surface 

of the SIL creates evanescent energy that extends beyond the SIL, but decays 

exponentially away from the bottom surface. If the sample or object is within a distance 

of ~λ/3 of the surface, the energy is coupled across the air gap.22 SILs have been 

successfully implemented in flying disc optical data recording and microscopy 

applications.24,26  

θm 

Focusing 
objective 

Air gap, h 

Flat, polished 
surface

Sample/object n

Light from laser



 34

The majority of work with SILs is performed using a hemispherical SIL, since the 

geometry and implementation is simple due to the image location remaining constant 

with or without the SIL. The image plane stays fixed, since no refraction occurs at the 

curved surface, thereby introducing no aberrations to the beam. Another aberration-free 

SIL configuration was introduced and demonstrated by Davidson27 for microscopy and 

later by Terris et al. 28 for optical data storage applications. This SIL refracts the beam, 

but introduces no spherical aberration, coma or astigmatism upon refraction due to the 

SIL surface being in an aplanatic condition. This type of SIL, pictured in Figure 2.2, is 

called a hyperhemisphere, and is also referred to in the literature as a supersphere29 or 

Weierstrass SIL.30  

  

Figure 2.2 - Schematic of an aplanatic hyperhemisphere SIL 

The thickness of the aplanatic SIL is equal to )11( nRt += , or R/n greater than the 

thickness of a hemisphere. The NA of a hyperhemisphere SIL is equal to )sin(2
mn θ , 

nR

mθ
n

R
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which reduces the spot size by a factor of n2, though nNA = is the same upper bound as 

the hemisphere SIL. The main advantage to a hyperhemisphere is the ability to use low 

NA focusing optics to achieve system NAs that would otherwise require very high NA 

illumination optics when used with a hemisphere.32 Using a hyperhemisphere SIL with n 

= 1.83 and laser light with λ = 780nm, Terris et al28 were able to create a 388nm FW 1/e2 

focus spot, image a 500nm pitch grating, and read/write 350nm domain bits on a 

magneto-optical disk. 

2.1.1 Aberrations 

Since the formation of a spot n times smaller than in air with a SIL (or n2 times 

smaller for a hyperhemisphere) assumes a perfect aberration free focused beam, it is 

important to consider the behavior of a lens that does not meet this aberration free 

condition. The work done by Mansfield35 represents the earliest work on aberrations for 

the particular case of a hemispherical SIL. The main purpose behind the study of 

aberrations for SILs is to achieve a tolerance condition on certain parameters, such as SIL 

thickness, aspheric departure, field of view and the effect of air gap height. The work 

presented in Chapter 3 is mainly concerned with thickness tolerance and field of view 

tolerances. Mansfield, and a later work by Baba et al36, arrive at a paraxial hemisphere-

only approximation of the relationship between the induced spherical aberration WSA and 

thickness error d, 

 )(sin)1(
8

4
2

θ−≈ nn
a

dWSA , (2.3) 
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where a is the radius of curvature, and θ is the marginal ray angle inside the SIL. Using a 

λ/4 condition on the aberration, Eq. (2.3) gives a thickness error tolerance of  

 
)1(2

||
−

<
nn
ad λ . (2.4) 

Baba takes the hemisphere aberration study further to include aspheric errors, 

polarization effects and how the effective NA, based on the spot size, changes with air 

gap thickness. The findings showed that the effective NA decreases sharply away from 

the bottom of the SIL to approximately NA = 1 at a distance of λ/3. SILs that achieve a 

higher NA have a much steeper drop-off and require an air gap less than λ/20 to preserve 

the NA inside the SIL. The thickness tolerance is one of the main advantages of the 

hemisphere over the hyperhemisphere, which exhibits a tolerance an order of magnitude 

smaller.38,30 Chromatic aberrations are also more severe for the hyperhemisphere, in part 

due to the fact the thickness tolerance is so small. Because of lens material dispersion, a 

change of wavelength effectively changes the focal point, which results in an effective 

thickness error. The resolution enhancement of the hemisphere, on the other hand, is not 

wavelength dependent, due to the lack of refraction, and experiences only mild lateral 

chromatic aberration. In spite of this drawback for the aplanatic SIL, recent efforts have 

used diffractive optical elements (DOEs) to correct chromatic aberration and 

hyperhemispheres have successfully been used to read and write data with a 160nm pitch 

from a flying phase change optical data storage disc.39  

In practice, most physical systems are toleranced using a commercial lens design 

software package.40 However, since the ultimate metric for a SIL is the size of the spot, 
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further simulations have been done using the raytrace optical path difference information 

as input to diffraction simulators to determine the effect on the point spread function in 

the media or sample.32  

Another significant addition to the work on SIL aberrations is the work done by 

Jo,41 that couples the study of 3rd order aberrations with a vector diffraction analysis of 

the point spread function within the context of optical recording. Jo also includes a 

comprehensive study on the tolerancing of a SIL system involving radius, beam 

misalignment, decentration, and thickness tolerances that include diffraction, polarization 

and aberration effects. Findings show that the behavior of some geometrical system 

aberrations are dramatically affected by polarization in high NA systems.  

2.1.2 Induced Polarization imaging 

Since the sample or data storage media must be less than λ/3 from the bottom 

surface of the SIL, previous attempts at using a SIL for data storage were limited to 

statically held SILs in direct or near-contact with the media.28 In 2002, members of Sony 

corporation demonstrated using an induced polarization signal—light in the portion of the 

pupil that undergoes frustrated total internal reflection off the bottom SIL surface—to fly 

a SIL over an optical disc using traditional servo technology.26,42 The induced 

polarization signal occurs in SILs with NA > 1 for the portion of light coming to focus 

that is incident at the bottom surface of the SIL at an angle beyond the critical angle. In 

the absence of a sample, this light totally internally reflects, undergoing a polarization-

dependent phase change, changing the state of polarization. When the sample is within 
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λ/3 of the SIL, the light that would normally undergo TIR is transferred across the air gap 

via evanescent coupling, which maintains the spot size inside the SIL. Since no TIR 

occurs when the SIL is in contact, the polarization state remains the same as without a 

SIL. This change in the polarization distribution in the pupil is used to detect very small 

changes in the air gap, and enables maintaining a SIL fly height of 50±2nm.26 

Due to the extreme sensitivity to air gap, the induced polarization signal also has 

promising applications in microscopy. Research done at the University of Arizona has 

demonstrated evanescent microscopy imaging using the induced polarization signal with 

a similar longitudinal resolution to data storage applications of ±2nm and lateral 

resolution of 175nm.24  

Due to the promising applications of the induced polarization signal in all 

applications of SILs, the formation and alteration of the signal is of great importance. 

Many of the ultra high-index materials in the visible spectrum (Si, GaP, Diamond, GaAs, 

Ge) exhibit cubic fluorite crystalline structure. Recent research has proven that materials 

with this crystalline structure exhibit intrinsic spatial-dispersion induced heptaxial 

birefringence.44 Previously, it was generally assumed that any birefringence present in a 

crystalline material lens was due to the internal material stresses involved in the growth 

process and could be reasonably minimized. The most notable and commonly used cubic-

fluorite glass in lithography is calcium fluoride, CaF2. For wavelengths down to 293nm, 

the intrinsic birefringence of CaF2 is minimal. However, at 157nm, the next desired deep 

UV operating wavelength for lithography, the intrinsic birefringence is nearly 10 times 

the acceptable limit. Due to the symmetry of the birefringence function,45 the 
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birefringence can be corrected by specifically orienting matching lenses to cancel the 

birefringence effects. However, this removes the rotational freedom the individual lenses, 

effectively eliminating the main method of lens aberration correction during assembly. 

While SILs exhibit optical path lengths several orders of magnitude smaller than current 

lithographic lenses, the promising high-index materials exhibit very high birefringence 

near the wavelength cutoff for each material.45 Currently, the effect of this intrinsic 

birefringence on the calibration curve of the induced polarization signal has not been 

studied. The nature of the intrinsic birefringence is discussed in further detail in Section 

2.6.1. 

2.2 Small form factor devices 

The constant push for smaller optical devices is one example of an application 

that fuels the growth of micro optics. Currently the optical data storage industry is 

experiencing not only a push to reduce spot size to achieve higher data densities, but also 

to reduce dimensions to create smaller and smaller drives for applications such as mobile 

data storage.8,6 Recent advances in the small form factor optical data storage industry has 

produced complete optical pickup units in sizes ranging from 30mm3 down to 5mm.1 

Current development in this arena continues to focus on microlenses for optical data 

storage9 as well as micro SILs for near-field recording.4   

2.3 Simulation 

Since diffraction effects are an important factor in the behavior of microlenses, 

some type of diffraction simulation is necessary in the design of micro optical systems. 
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Optics on the order of several wavelengths of light and smaller are under the jurisdiction 

of electromagnetic solvers such as: finite difference time domain (FDTD),21 Method of 

Moments (MoM), Rigorous Coupled Wave Theory (RCWT), Boundary Solvers, and 

Green Function Solvers, though FDTD remains the most widely used method. FDTD 

requires that the sampling of the geometry is much less than λ. Since this sampling 

pertains to all space, the calculation time even for two-dimensional systems with 

propagation distances larger than ~50μm become very long.46 For example, to model the 

2-D propagation of a collimated laser beam through a lens 100μm in length and 50μm in 

height for a wavelength of 500nm would require 2 million grid points for a λ/10 sampling, 

and require 2000 timesteps to propagate the scattering effects of one surface to the other. 

To reach a steady-state solution would require hundreds of thousands of timesteps for the 

2 million sample grid. Even with high performance computing clusters, this simple and 

confined problem would have a computation time on the order of several days. 

Larger micro optics with dimensions and radii greater than 500λ are on the border 

of requiring full diffraction simulation and as such, ray-tracing software packages are the 

simulation tool of choice for systems in this size range.40 There have been many studies 

of SIL behavior and near-field spot formation that use a combination of ray-

tracing/plane-wave decomposition methodologies32, vector diffraction29, and even a 

combination of vector diffraction and Mie theory for ultra-small micro SILs (radius < 

5μm)47. 

For illumination and beam shaping propagation studies where raytracing cannot 

adequately model the optical system behavior, a number of beam propagation techniques 



 41

are typically used.48 Many raytrace softwares endeavor to simulate diffraction in the 

image space by using ray density and optical path differences to create an estimate of the 

electric field distribution in the pupil of an optical system. The electric field distribution 

is then propagated through space to the image plane, typically through Fresnel 

propagation.49 This technique is adequate for describing the diffractive nature of macro 

optical systems, but it fails for systems that require diffraction modeling up to the exit 

pupil, for example, when the behavior of an optical system is more accurately described 

by the imaging of beam waists. To solve this problem, modern beam propagation 

alternatives have arisen such as Fourier-based methods,50,51 Gaussian Beam 

Decomposition,52,53 and the relatively new Stable Aggregate of Flexible Elements 

(SAFE)54.  

Gaussian beam decomposition (GBD) is implemented in several non-sequential 

ray tracing codes and represents the best coherent simulation tool currently available for 

micro optics.52 GBD decomposes a source into a summation of Gaussian beams that are 

propagated through an optical system by tracing waist, divergence and central rays of the 

Gaussians. The Gaussians are reconstructed at the image plane and summed to create the 

irradiance distribution that includes diffraction and coherent effects. Though GBD can 

model complex sources through any ray-traceable system, GBD has limitations involving 

aperture clipping, modelling sources on the order of a wavelength in size and observing 

points closer than several wavelengths to an aperture. In general, GBD also reaches a 

lower-bound sampling size limitation, since fine decomposition sampling of the source 
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corresponds to higher Gaussian divergence angles and a greater chance the divergence 

rays will not experience the same optical influence as the central ray.48 

2.4 Fabrication 

There are many techniques currently available to fabricate SILs. SILs 1mm in 

diameter or larger are most commonly formed from a polished sphere, or ball lens. This 

sphere is lapped and polished to thickness to form either a hemisphere or 

hyperhemisphere. The final thickness is controlled by some means of stopping the 

lapping process or using some indicator that disappears when the final thickness has been 

reached. Figure 2.3 shows a schematic of the hardware used for fabrication utilizing this 

method. 

 

Figure 2.3 - Schematic of traditional glass SIL lap & polish fabrication method. 

A glass blank with one flat and polished side is used as a carrier for the SILs during the 

lapping process. To prevent lensing of the bottom SIL surface during polishing, the blank 

Glass spheres

Hk matching glass blank 
Epoxy

Ejection device

Target polish plane
Indicator bead Material to 

remove 



 43

has a Knoop Hardness (Hk) matching that of the SIL lenses. Holes the same diameter as 

the spheres are drilled into the blank along with auxiliary holes into which the indicator 

beads are placed. The indicators beads have the same diameter as the amount of material 

to be removed. The blank is placed on a flat reference surface and the SIL spheres are 

placed in the larger diameter holes and the hole is filled with epoxy. To prevent capillary 

action from pulling the SIL up from the reference surface, a rod is placed on top of the 

spheres and weight is applied as the epoxy is cured. The rods are then cut down to the top 

surface of the blank. This rod also aids in ejection of the SIL from the epoxy after the 

process is complete. The lapping process is controlled by observing how much material 

from the indicator beads is left. When the diameter of the remaining indicator material 

becomes small, the unit is moved to a polishing machine. Once no more indicator 

material remains, the SIL has reached the final thickness. The disadvantages to this 

process are that determining the end of the lapping process requires constant checking of 

the indicator beads. If the beads are not all completely in contact with the reference 

surface during mounting, some indicator beads may be gone while others remain, and it 

can be difficult to determine if the final lap thickness has been achieved. For a 

hyperhemisphere configuration, indicator spheres that match the exact thickness to be 

removed are usually difficult to obtain. The main disadvantage, however, is that the 

indicator beads have a tendency to be ejected from the epoxy during the final stages of 

lapping when very little surface area contact with the epoxy remains. Lapping hardware 

that addresses this problem is discussed in Section 7.3. 
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Another method for fabricating SILs uses plastic spheres with a low glass 

transition temperature. By carefully applying heat, such lenses can be melted on a flat 

substrate to specific thicknesses. Figure 2.4 shows the fabrication process and sample 

images of a polystyrene bead in varying stages of melting.55 

 

Figure 2.4 - Fabrication of plastic SILs showing: a)  schematic of melting process , and b) 
photographs of micro polystyrene beads in varying stages of the melting process. 

This process is capable of making very small SILs with good sphericity in mass quantity 

with very few and repeatable fabrication steps. Polystyrene beads are also commercially 

available with very uniform diameters. In addition, the density and small size of the beads 

lends itself to manipulation via laser tweezers which is promising for microfluidic and 

biological applications. The disadvantage is that the index of refraction for common 

plastics remains low, typically below 1.5, and has limited resolution enhancement 

capability, especially if used in water where the change of index across the SIL surface is 

very small.  

Quartz block 
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Another fabrication method involves using lithography to pattern photoresist, 

which is then used in an etch process to create lenses in a substrate material. A popular 

technique to create hemispheres from photoresist is called reflow, where the photoresist 

is heated, similar to the plastic beads, to the glass transition temperature. The surface 

tension of the fluid photoresist creates a hemisphere shape.56 Figure 2.5 shows the 

process steps for creating a lens using the reflow method. 

 

Figure 2.5 - Schematic of lithography fabrication process for SILs using a photoresist 
reflow process. 

A first exposure and develop process creates cylindrical shapes in the photoresist. To aid 

in the formation of the photoresist hemishphere during reflow, an intermediate etch step 

can be implemented to create a small pedestal in the substrate to confine the footprint of 

the hemisphere. The photoresist is heated to form the hemisphere and a final etch process 

transfers the shape into the substrate. To access the center of curvature, the remaining 

substrate is lapped and polished off to the desired thickness. If any substrate remains, the 
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lenses are separated by dicing and/or scribing and breaking. This process is used to create 

the first generation GaP SILs discussed in Section 2.6.3. 

2.5 Testing 

Optical testing can be defined as quantifying surface departure from a known or 

desired profile. Currently, the measurement of this surface departure, or profile, is 

divided into a multi-measurement process corresponding to at least two spatial frequency 

regimes: surface figure and surface roughness. For macroscale optics, these two spatial 

frequency regimes are distinctly separated. For example, testing of a spherical mirror 

involves a first measurement, typically using phase shifting interferometry, to determine 

departure from a known figure over the entire surface. The mirror is then tested with 

micro-scale profilometry, such as vertical scanning interferometry, stylus profilometry, or 

chromatic confocal microscopy, to measure roughness at a several locations on the 

surface to determine micro surface departure from a perfectly polished surface.57,58 One 

of the major difficulties of measuring nicro optics is the close proximity of the spatial 

frequency regimes for surface figure and surface roughness. For example, a macro-scale 

lens 1” in diameter measured on an interferometer for surface figure with a 1000 pixel 

image detector has a sampling of 25μm. A surface roughness measurement for this lens 

would typically be measured over a field of view of ~100μm, giving a sampling of 

100nm, nearly 250 times smaller than the sampling for surface figure. The 100μm field 

of view, however, is about the same field of view necessary to image the entirety of a 
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nicro lens, meaning the surface figure measurement of a nicro lens has approximately the 

same sampling as a traditional surface roughness measurement for a macro-scale optic. 

Consequently, the only commercial testing equipment currently available for 

measuring fields of view less than 250μm use techniques designed for measuring macro 

optic surface roughness and semiconductor wafer structure. These techniques are 

designed for measuring relatively flat surfaces, which results in convenient testing of 

only low NA, low surface slope lenses. Of the micro-scale profilometry techniques 

mentioned in the previous paragraph, vertical scanning interferometry and chromatic 

confocal microscopy offer horizontal resolution similar to conventional microscopy, and 

vertical resolution down to several nanometers.57 Stylus profilometry achieves even 

greater horizontal and vertical resolution, limited by the probe tip geometry and 

deflection detection method. To completely specify both surface figure and roughness of 

high NA, high surface slope nicro optics, a measurement technique is required that is 

capable of measuring the entire surface, the full surface height (~100μm), and the 

maximum surface slope of the lens (~70° for high NA optics).  Unfortunately, none of the 

testing methods mentioned exhibit all three capabilities.59,60,61 A more detailed discussion 

of each method follows. 

Vertical scanning white-light interferometry (VSI) uses the short coherence length 

of white light to determine which portions of the image are at a matched path length from 

a reference surface.62 A camera and frame grabber are used to find the maximum contrast 

at each image point while scanning vertically. The maximum of the fringe visibility 

envelope corresponds to a matched path with the reference surface and allows calculation 
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of height information over the full field of view. The vertical dynamic range and 

resolution are limited only by the stepper motor used on the machine. However, the 

maximum measurable surface slope is limited, determined by the NA of the microscope 

objective. Typical Mirau interference objectives exhibit NAs in the range of 0.2-0.55, 

which is lower than conventional mid-range magnification objectives.63 Higher NAs can 

be achieved, but at significantly higher magnifications that reduce the field of view, 

which requires multiple stitched scans to measure surface profile. 

Stylus profilometry uses a fine pointed stylus and a sensitive force or deflection 

gauge that measures height information as the stylus is dragged over the part. It has fewer 

limitations on measurable surface slope and a typical test machine can measure up to 60° 

surface angle depending on tip radius and the radius of the part being measured. The 

disadvantages to stylus profilometry are that only one linear profile may be taken at a 

time and the stylus must make contact with the surface, possibility damaging the surface 

of the unit under test. If a spherical surface is measured, it is difficult to determine 

whether a single profile coincides with the vertex. In addition, full surface profiles 

require many stitched scans. 

Chromatic confocal microscopy (CCM) uses traditional microscope objectives to 

image the surface of the part and can achieve much higher NAs with a given 

magnification objective than white-light profilometry. Longitudinal chromatic aberration 

(LCA) present in an objective lens gives rise to different focal planes for different 

wavelengths of light. A confocal microscope configuration is used to isolate a particular 

focus point. A spectrometer is then used to measure the central wavelength, which 
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corresponds to the sample height within the axial chromatic focus spread. Horizontal 

scanning of the sample yields the topographic information of the surface. The main 

limitations of CCM are, like stylus profilometry, the requirement to scan the sample to 

achieve a full surface profile and the vertical dynamic range, which is limited by the LCA 

of the objective lens. The paraxial LCA of a thin lens, shown in Eq. 2.5, is proportional to 

the focal length,64  

 
ν
fLCA −= . (2.5) 

For a given practical objective diameter D, Eqs. (2.6) and (2.7)65 show that f is inversely 

proportional to NA and NA is inversely proportional to the square root of the depth of 

focus δ, where 

 
NAD
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2
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and 

 22NA
λδ = . (2.7) 

Thus, higher NA objectives measure higher slopes and have better lateral and vertical 

resolution, but have decreased dynamic range.  The dynamic range may be maximized by 

designing a custom objective with maximum dispersion characteristics. However, the 

practical limit of longitudinal chromatic aberration in high NA objectives remains at tens 

of microns. 

Scanning electron microscope (SEM) photographs are frequently used to measure 

small optics when other methods cannot resolve the surface profile and can give a 
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qualitative estimate of surface shape. However, they cannot be used to determine 

quantitative surface profile or roughness to within optical tolerances. 

An emerging technique called chromatic confocal spectral interferometry 

combines aspects of VSI and CCM techniques to achieve interferometric measurements 

with a high NA in a single-shot manner.66 Currently, and at the time of testing, no 

commercial product utilizing this method existed. 

Given the limitations of the above testing methodologies, another method is 

needed to determine surface profile of high surface slope micro optical elements. Phase 

shifting interferometry is commonly used to test macro-scale surface profile. The 

measurable surface slope is limited only by the diverger lens used. The technique is 

limited to testing optics that are spherical to within a few waves, but aspheric surfaces 

can be testing with the use of null correctors. In the case of measuring nicro-lenses, there 

are few commercial products that can measure optics with radii of curvature less than 

1mm out to surface slopes of 60-80°. However, many well corrected high NA microscope 

objectives exist for use as a diverger lens in a custom built interferometer with working 

distances from tens of microns to several millimeters. The wide selection of objectives 

enables flexible testing of convex spherical surfaces with radii up to the working distance 

of the objective, out to a marginal ray angle corresponding to the objective’s NA. 

Interferometry on the micro scale exhibits many challenges including diffraction 

effects, requirement of non-common path configurations and short depth of focus 

objectives, and difficulty in calibration due to radius-specific calibration target retrace 

errors.67 Advances in micro-interferometry began in the mid 1990s by Schwider et al68,69 
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and Hutley et al70 and research efforts on calibration and improvement of measurement 

accuracy have continued at the University of North Carolina.67 Current research at UNC 

has lead to a Micro-Interferometer that can measure microlens radii from 150μm-3mm 

with an eventual goal of measuring radii with an uncertainty of 0.01%.11,71,72  

The limitation of conventional interferometers to measuring spherical parts with 

just a few wavelengths of asphericity presents even more challenges to high-NA aspheric 

microlens metrology. Current asphere metrology efforts in the macro scale focus on use 

of null correctors, which are impractical for microlenses. A method of defining Zernikes 

over annular subapertures was first developed by Mahajan73 and later used in the context 

of asphere testing by Liu et al74 and extended to use information from overlapping 

subapertures.75 A type of annular interferogram method that does not rely on Zernike 

fitting and can measure extreme amounts of asphericity is detailed in Chapter 5. 

2.6 Gallium phosphide optics 

2.6.1 Crystalline birefringence 

In 2001, the National Institute of Standards and Technology (NIST) published a 

report indicating that materials with a cubic fluorite crystalline structure exhibit intrinsic 

heptaxial spatial-dispersion induced birefringence.44 This finding was contrary to the 

general belief that temperature related stresses, induced in the crystal growth process, 

were the only source of birefringence in cubic crystals and, in theory, could be eliminated 

with a properly controlled growth process. The issue of crystal birefringence is of great 

importance to 157nm lithography, since the only available material for fabricating lenses 
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at that wavelength is calcium fluoride (CaF2), which is classified as a cubic crystalline 

material. The NIST study shows that, at 157nm, CaF2 exhibits an intrinsic birefringence 

greater than 10 times the acceptable limit for the lithography industry. 

This finding is of importance to SILs since the majority of available high-index 

materials in the visible region are also cubic crystalline in nature. Table 2.1 shows a list 

of the top 5 highest index materials for use in the visible to near-visible region.  

Material Index, n Wavelength Range 

Silicon 3.4 λ > 1μm 

GaP 3.3 λ > 500nm 

ZnSe 2.5 λ > 500nm 

Diamond 2.4 λ > 200nm 

KTaO3 2.2 λ > 365nm 

Table 2.1 - Index of refraction and wavelength range for several high-index materials for 
the visible and near IR. 

All the materials, with the exception of KTaO3, exhibit cubic crystalline structure. Figure 

2.6, copied from Reference [76] for convenience, shows theoretical and measured 

birefringence for several common semiconductor materials. For 157nm, the measured 

birefringence for CaF2 is 11x10-7 and the acceptable birefringence for lithography 

applications is 1x10-7. This tight tolerance is mostly due to the large amount of glass and 

long optical path lengths involved in lithography lenses. 
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Figure 2.6 - Theoretical and measured intrinsic birefringence as a function of wavelength 
for several semiconductor materials.76 

To address design issues associated with the intrinsic birefringence of CaF2 and 

other cubic fluorite crystals, Optical Research Associates included a cubic crystal 

birefringence modeler into their CodeV77 optical design software. Lithography machines 

designed with this new birefringence modeling are just now coming to market.78 

2.6.2 Mass Transport Fabrication 

Since the resolution enhancement of a SIL is dependent on the index of refraction, 

very high index materials are desirable for use as SILs. While diamond SILs are 
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frequently used in research due to the large spectrum over which the material is 

transparent (λ > 250nm), the cost of such lenses reduces viability of diamond as a widely 

used commercial SIL material. The highest-index naturally-occurring material in the 

visible spectrum is gallium phosphide (GaP) with n = 3.3. Consequently, it makes a 

desirable material for use as a SIL. In addition, GaP also makes a good material for any 

microlens requiring high power due to the lower maximum surface relief (sag) 

requirement because of the high index of refraction. Unfortunately, like many other III-V 

semiconductors, typical lens fabricating methods do not work well for GaP. 

Consequently, most systems that use GaP optical elements incorporate them in the form 

of microlenses. One notable exception is the work done by Wu et al at Yale that used a 

500μm radius GaP hemisphere as a SIL to image 40nm diameter fluorescent polystyrene 

balls, achieving an effective NA of 2.0.79 Unfortunately, the commercially acquired 

500μm radius GaP hemisphere from Digital Instruments is no longer available and 

represents the only mention in the literature of such a large non-lithographically 

fabricated GaP lens.  

The first efforts at GaP lens fabrication centered around mass transport smoothing 

which utilizes traditional binary lithographic techniques to create a structure that forms 

the desired lens after a surface diffusion process at elevated temperatures.80,81,82 Figure 

2.7 shows two scenarios of mass transport smoothing using either a multi-step mesa-like 

or single step exposure/etching process to create a structure with high surface energy. 

Annealing in a high phosphorous vapor environment reduces surface energy, smoothing 

out the structure to create the lens surface.83 
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Figure 2.7 - Images of 1) before and 2) after the mass transport smoothing process for 
GaP using, A)  a multi-etch mesa structure process and B) a single etch step process for 
creating a GaP microlens.84 

The theoretical lens sag is limited by the binary lithography process etch depth. 

Consequently, high sag lenses are achievable, though relatively low-sag lenses (< 10μm)  

have typically been fabricated,84 with a maximum sag reported of 23μm.85  

Mass transport smoothing, while producing good results, can suffer from adverse 

effects from impurities in the smoothing process, ripple effects for the single-etch step 

process, and exhibits a limit to the transport smoothing distance due primarily to oxide 

passivation. In addition, the extra steps required for the multi-step and the ~20 hour 

smoothing time result in a fairly complex and expensive process.85 

A) B)

1)

2)
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2.6.3 Grayscale Lithography Fabrication 

Recent efforts at fabricating GaP lenses have used grayscale lithography and a 

single reactive-ion etch step to create lenses with up to 30μm sags, and with approximate 

maximum sag of 50μm.86 The limit to the etch depth is mainly determined by the 

thickness of the grayscale resist as any roughness in the resist pattern is amplified into the 

substrate material upon etching.  

Hemispherical GaP nicro lenses tested at the University of Arizona were 

fabricated in a clean room manufacturing facility at MEMS Optical, Inc. in Huntsville, 

AL.  The effort comprises two principal steps: (1) photolithographic patterning to create 

an etch mask; and (2) transferring the photoresist pattern into the GaP wafer by plasma 

etching.  After two iterations of the process, good quality lenses were achieved. 

The first iteration consists of patterning a positive photoresist etch mask in the 

form of hemispheres using a traditional reflow process, with the base diameter of the lens 

being constrained by a structure etched into the wafer surface.  The lithography process 

yields nearly spherical shapes for the photoresist etch mask.  However, the etching 

process into GaP results in conically shaped lenses, as shown in Figure 2.8. The conical 

shape is the result of the selectivity of the GaP during etching, where selectivity is 

defined as the ratio of substrate material etching rate to photoresist etching rate. 
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Figure 2.8 - A GaP lens resulting from a photoresist hemisphere etched into the surface 

The photoresist hemispheres require a selectivity of less than 1:1 in order to 

correctly transfer the photoresist pattern into the substrate.  The etch process is performed 

in a modern inductively coupled plasma (ICP) etcher using a combination of halogen 

gases and other non-reactive gases.  In this situation, GaP etches approximately three 

times more rapidly (selectivity in the range of 2.5:1 to 3.5:1) than the photoresist etch 

mask. 

The second fabrication design iteration focuses on a new etching process 

developed to produce more hemispherical lens shapes in GaP.  The new etch process is 

developed using aspherical photoresist mask patterns with greater diameter and sag-

height aspect ratios than for the reflow hemispherical photoresist pattern. The aspheric 

shapes are produced using gray-scale lithography techniques. These aspherical patterns 

are chosen so that the lens profiles being processed can be measured with the existing 

metrology tools at MEMS Optical. The parameters measured include lens radius of 

curvature and surface quality. The masks are optimized to capitalize on the 3:1 selectivity 

range, where the best quality etching is obtained with GaP.  An additional modification 
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reduces the plasma loading, which is the percentage of wafer exposed to the plasma 

during etching, by approximately 50%. The first iteration that produced conical lenses 

exhibits wafer loading of 100% at the end of the etch process. For better shape control 

and better uniformity, the initial loading starts around 70% exposed area and finishes at 

50%.  The revised layout approach results in lenses at the bottom of holes, as depicted in 

the scanning electron microscope (SEM) image of Figure 2.9. 

 

Figure 2.9 - SEM photograph of a GaP nicro lens array fabricated using the new 
hemisphere etching method 

This approach yields nearly hemispherical GaP lenses. It is observed that the halogen 

etch process significantly degrades the etch mask, and approximately 12μm of lens 

diameter is lost due to lateral etching.  This loss can be compensated for by an alteration 

of the gray-scale photomask design in future fabrication iterations. 

Using this technique, micro-lenses have been fabricated with a radius of 21μm 

and a maximum aspheric departure of 160nm over a marginal ray angle of 42°.20 
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Attempts at using such GaP nicro SILs for data storage applications have recently been 

made, though no successful implementations were achieved.4  

Other attempts at utilizing GaP for a SIL material have forgone any lens 

fabrication steps and used photoinduced reflectivity to create transient diffractive optical 

elements, focusing beams through a bulk planar GaP wafer.87 

2.6.4 Applications 

Another common application of GaP microlenses, due to the high achievable 

power with low surface sags, is as laser beam shapers and collimators.86,88,89,91,92  Work 

done by Liau et al claims laser diode collimation with a far-field FWHM divergence of 

0.62°x0.71° for a laser diode with FWHM divergences of 40°x16° in the perpendicular 

and parallel directions to the junction, respectively.92 This data was obtained using a 

spherical GaP lens designed for collimating a point source placed directly in front of the 

laser diode bar. The same group also performed research into the design of a dual-sided 

anamorphic GaP lens designed to circularize and collimate a tapered active region laser.89 

This type of laser results in a natural round beam spot fairly distant from the laser facet, 

typically ~200μm.91 More common modern mass-produced lasers use straight gain-

guided active regions which result in a round beam location much closer to the laser facet. 

Recent efforts at laser diode circularization and correction have used the grayscale 

technique to fabricate dual-sided anamorphic GaP lenses for laser diode beam correction 

and collimation.86,88 Results show ability to achieve a beam aspect ratio of 0.98 and a 

peak-to-valley wavefront aberration of λ/5. 
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CHAPTER 3- THIRD-ORDER SIL ABERRATION THEORY 

In this chapter, a geometric paraxial treatment of solid immersion lenses is 

presented. Several fabrication methods and specific ramifications for microlenses 

resulting from lithographic fabrication are described.  In addition, a study of the effects of 

cubic fluorite crystal birefringence is presented in the context of solid immersion lenses. 

3.1 Introduction 

Optical resolution can be greatly enhanced by use of a solid immersion lens (SIL). 

As described in Section 2.1, a SIL reduces the wavelength of light inside the optically 

dense medium of the lens and, as a result, reduces the focused spot size, 
θ

λ
sinn

s = . 

Since a SIL acts as a single refracting surface, the paraxial aberrations introduced by the 

lens have simple geometric relationships. The following sections investigate the 3rd order 

aberrations for a single refracting surface and their implications for fabrication and usage 

of SILs.  

3.2 3rd Order Discussion 

This section outlines and utilizes aberration theory and notation as presented by 

Roland Shack.93 

3.2.1 3rd Order aberrations 

Refraction by a spherical surface deviates the transmitted wavefront such that rays 

do not focus to a single point. This wavefront deviation is referred to as aberration and is 



 61

commonly separated into a polynomial expansion based on the dependence on pupil 

position and field position. The wavefront function can be expanded in such a way as to 

define each of the 3rd order elements in terms of a parent aberration, spherical aberration 

(W040), given in Eq. (3.1). Thus, coma (W131), astigmatism (W222), and distortion (W131) 

can be described in relation to the equation for W040, as given in Eqs. (3.2) through (3.6). 

The background derivation to these equations is given in Appendix B. 
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and where the refraction invariant for the marginal and chief rays is given by 
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and 
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respectively. The change in u/n is given by 
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The 3rd order aberration corresponding to field curvature, W220, is discussed in detail in 

Section 3.3.5. The collection of these equations will be referred to as spherical parent 3rd 

order (SP3O) equations. 

 

Figure 3.1 - Geometry of chief and marginal ray bending at a single refracting surface. 

It is desirable to find W040 in terms of the known quantities: n , n′ , R , l ′ , NA , y , 

and u , as defined in Figure 3.1. To accomplish this relationship, A , A , y , u ′ , u , and 

u′  need to be reformulated in terms of the known quantities. To start, several geometric 

relationships are defined: 
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chief ray 
surface normal 

u ′

u′αα

i
u y i ′

u ′

u′

i′

i
u

n n′

y

y′

R
l′

l



 63

 nuNA −=  (3.11) 

 
R
y

=−α  (3.12) 

 luy −=  (3.13) 

 uly ′′−=  (3.14) 

 ulyy ′′−=−′  (3.15) 

 α−= ui  (3.16) 

 α−′=′ ui  (3.17) 

 α−′=′ ui  (3.18) 

Eq. (3.14) gives the relationship for y as a function of u′ , which is determined in terms of 

the other known quantities later in  Eq. (3.32). From Eqs. (3.8) and (3.16), 

 )( α−= unA . (3.19) 

Substituting in Eq. (3.12) yields an expression for A , 

 )( RyunA += . (3.20) 

A similar process gives A , 

 )( RyunA += . (3.21) 

To find u ′ , the refraction equation is used, 

 φyunun −=′′ , (3.22) 

where 

 
R

nn )'( −
=φ . (3.23) 

Solving for u ′ , 
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To findu′ , Eq. (3.17) is reformatted to 

 α+′=′ iu . (3.25) 

Snell’s law states that 

 inni ′′= , (3.26) 

and when substituted, along with Eq. (3.16), into Eq. (3.25), yields 
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Utilizing Eqs. (3.12) and (3.14), u′ is found: 
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n
u  is found by applying the refraction equation to the marginal ray, 
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The unknown quantities ( A , A , y , u ′ , u , u′ ) are now known in terms of the known 

quantities ( n , n′ , R , l ′ , NA , y , u ) and the SP3O aberrations can be evaluated. Further 

investigation of the behavior of the SP3O equations is continued in Section 3.3.1. 

To find the location of focus in the material given n, n′ , R and l, Eq. (3.14) is 

reformulated into 

 
u
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Adding u′  from Eq. (3.32) gives 
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Applying Eq. (3.13) gives the relationship for the focal point, 
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Taking Eq. (3.40) and solving for l gives the focal point in the absence of the medium as 

a function of the focal point inside the medium, both measured from the vertex, 

 
)( nnlRn

nRll
−′′−′

′
= . (3.42) 

3.2.2 Hemisphere and Hyperhemisphere 

There are two conditions that will result in zero spherical aberration in Eq (3.1): 

1) 0=A , which corresponds to no refraction across the surface; or 2) 0=⎟
⎠
⎞

⎜
⎝
⎛Δ

n
u , which 

is called an aplanatic condition. To find the focus point in the medium under these two 

circumstances, condition 1) is used along with Eq. (3.20): 

 0)( =+′′ Ryun  (3.43) 

 Ruy ′−=  (3.44) 

Applying Eq. (3.14) yields 

 Rl =′  (3.45) 

The result is a concentric surface, or a hemisphere, which agrees with the stipulation that 

0=A , since no refraction takes place across a surface concentric with focus. 

To find l′  for condition 2), the aplanatic condition 
n
u

n
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′
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 and Eq. (3.34) is 

solved for 
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u : 
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Applying Eq. (3.14) gives l′  for the aplanatic condition, 
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Placing Eq. (3.49) into Eq. (3.41) and solving for l gives the location of focus in the 

absence of the refracting surface, 

 R
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nnl )( +′
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A refracting surface that obeys 0=⎟
⎠
⎞

⎜
⎝
⎛Δ

n
u , with virtual object and image distances given 

by Eqs. (3.49) and (3.50), is called an aplanatic surface and introduces no spherical 

aberration, coma or astigmatism. A truncated sphere with a thickness given by Eq. (3.49) 

is called a hyperhemisphere. 

3.2.3 Spot size reduction 

The relationships in the previous section can be used to determine the spot size 

reduction inside the SIL. The spot size outside and inside the SIL for paraxial angles is 

given by 
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= , (3.51) 

and 
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respectively. Plugging in u′  from Eq.(3.32) gives 
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Conditions on l′  for the hemisphere, Eq. (3.45), and hyperhemisphere, Eq. (3.49), are 

used to find the spot size for both aberration-free cases. The spot size for the hemisphere 

is given by: 
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Similarly, the spot size for the hyperhemisphere is: 
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Given an incident medium of air where n = 1, the hemisphere increases NA' and reduces 

the spot size by a factor of n', whereas the hyperhemisphere increases NA' and reduces 

the spot size by a factor of n' 2. Both configurations have the same maximum achievable 

NA', since u' has a maximum physical value of 1. However, since the hyperhemisphere 

refracts the beam, whereas the hemisphere does not, the NA required to achieve the 

maximum NA' is less for the hyperhemisphere. Maximum NA' conditions for both 

configurations are shown in Figure 3.2. 

  

Figure 3.2 - Maximum NA' conditions for hemisphere and hyperhemisphere SIL 
configurations. 

3.3 Aberration study 

3.3.1 SP3O equations vs. raytracing 

Equations (3.14), (3.32), (3.20), and (3.36) allow calculation of W040 and, as a 

result of Eqs. (3.2) through (3.6), the other SP3O aberration equations. Figure 3.3 shows 

a graph of an analytical calculation of W040 superimposed on data numerically generated 
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by an optical design program for n = 1, n' = 1.5, R = 1.5mm, and NA = 0.1. The 

horizontal axis is shown as l'/R, where the hemisphere point is located at l'/R = 1 and the 

hyperhemisphere at l'/R = 1.67. 

 

Figure 3.3 - Graph of W040 generated using raytrace methods and the analytical approach 
described as a function of SIL thickness for n = 1.0, n' = 1.5, R = 1.5mm, NA = 0.1. 

The raytrace and analytical data exhibit excellent agreement for the low NA used in 

Figure 3.3. Since the equations used in Section 3.2.1 are defined for the paraxial region, 

one would expect to see this agreement begin to fail for non-paraxial systems with larger 

amounts of W040. Figure 3.4 shows a companion graph to Figure 3.3 with an increased 

input NA of 0.6. 
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Figure 3.4 - Graph of analytical and raytrace generated W040 at a larger NA than Figure 
3.3, showing deviation due to paraxial approximations made for the analytical 
calculations. 

In this scenario, as the curve moves away from the horizontal axis, the analytical method 

underestimates the amount of aberration compared to raytrace data. However, the 

analytical curve agrees well with the numerical data for small values of W040, which 

means the data in the near vicinity to the hemisphere and hyperhemisphere points of 

interest agree well with raytrace values for W040.  

Figure 3.4 shows analytical results for an input NA of 0.5, which is close to an 

input u of -0.667 that results in a marginal ray inside the SIL at the hyperhemisphere 

point of u' = -1, the maximum NA' condition. However, since the 3rd order equations are 

defined for the paraxial region, there is nothing inherent in the equations to show this 
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limitation on u. In fact, non-physical values greater than 1 can be used for input NA or u 

and the curve will generate non-physical data. Thus, as an indicator of non-physical 

results, u' is superimposed on the aberration curve. The condition -1 < u' < 0, represents 

the physical limitation on u' inside the SIL and gives an indicator of where the analytical 

data are valid.  

 

Figure 3.5 - Graph of W040 and u' for a high input NA that results in a non-physical 
hyperhemisphere location. Only when -1 < u' < 0 are the results from the analytical 
solution valid. 

Figure 3.5 shows a W040 curve for a high NA geometry, using GaP as the SIL material. 

For a GaP hyperhemisphere SIL, the maximum input NA (assuming air incidence) is 
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goes below -1 before the hyperhemisphere point, so all data beyond, as shown in the 

grayed box, is non-physical and invalid. From the graph, u' = -NA at the hemisphere point, 

l'/R = 1, verifying that u = u' and that no refraction takes place. 

3.3.2 Agreement with previous work 

In the aberration study by Baba,36 which agreed with the previous aberration 

treatment by Mansfield,35 the form of the induced spherical aberration based on the SIL 

thickness is given by,  

 ⎟
⎠
⎞

⎜
⎝
⎛ −−−

−′
−= θθ 2

2

40 sin
2
1)cos(1)1()( nn

R
RlW  (3.62) 

for spherical aberration present in a near-hemispherical SIL in air. This expression is in 

agreement with the SP3O equations very close to l' = R, as shown in Figure 3.6, but the 

implicit assumption that the SIL is a hemisphere leads to a symmetric aberration function, 

which is not strictly the case.  
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Figure 3.6 - Comparison of spherical aberration curves for the current 3rd order treatment 
vs. the previous treatments by Baba and Mansfield. 

The overall thickness tolerance near the hemisphere point is in close agreement for both 

treatments, but the equation put forth by Baba and Mansfield slightly overestimates W040 

when l' < R and underestimates for l' > R. The SP3O treatment results in asymmetrical 

limits to the thickness tolerance, explained in the next section, whereas the Baba and 

Mansfield treatments assume the thickness tolerance is symmetrical about the hemisphere 

point. The previous treatments, being hemisphere approximations, also do not correctly 

model the aberration behavior further away from the l' = R point. 

In the other major aberration study in the literature, discussed in Section 2.1.1, the 

equations used by Jo41 to arrive at geometric aberrations, based on techniques put forth 
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The SP3O equations have no such limitation and can be used to generate the geometric 

aberrations used as the input to the vector diffraction tolerance study done by Jo 

including diffraction, and polarization effects.  

3.3.3 Tolerancing 

The third order aberration curve also gives information about the tolerance on SIL 

thickness. The majority of SILs are fabricated by lapping and polishing spheres to a 

desired thickness. Imperfections and errors in the fabrication process result in an error in 

SIL thickness, which induces aberration.  

 

 

Figure 3.7 - Graph of W040 for fixed u, showing λ/20 thickness tolerance windows. 
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If a tolerance window is added to the graph of W040, the thickness values at the 

intersection of the aberration curve with the tolerance window gives the thickness 

tolerance. Figure 3.7 shows the aberration curve for a 500μm radius GaP SIL with NA = 

0.25 and ±λ/20 tolerance windows. Due to the high slope of the aberration curve at the 

hyperhemisphere point, the thickness tolerance is very tight with Δt = 317nm, or just 

0.05% of the SIL thickness at that location. Table 3.1 shows a compilation of tolerance 

values for a 500μm radius SIL and differing SIL and incident indices. It displays the 

thickness tolerance calculated through the 3rd order equations as well as tolerances 

achieved through an inverse limit tolerance analysis in an optical design program. 

Zemax95 is used to generate the raytrace tolerance data using a user script for the 

tolerancing routine optimized on a paraxial marginal ray height of zero at the image plane 

and the full pupil marginal ray optical path difference of λ/20 as the tolerance criteria. 

The illumination NA, which is represented by |u|, is chosen to achieve a |u'| of 0.65 at the 

hyperhemisphere point.  

   Δt Hemisphere (μm)  Δt Hyperhemisphere (μm)  

|u| n n' 3rd order Zemax NA' 3rd order Zemax NA' 

0.433 1.0 1.5 225.2 213.7 0.65 2.958 2.055 0.975

0.197 1.0 3.3 460.9 446.9 0.65 0.823 0.625 2.145

0.295 1.5 3.3 214.4 209.0 0.975 0.942 0.696 2.145

Table 3.1 – 3rd order and raytrace derived tolerance data for several 1.5mm radius SIL 
configurations and fixed u. 
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The thickness tolerance windows listed in Table 3.1 are not necessarily 

symmetrical about the nominal thickness value since the curve is not symmetrical, as 

discussed in Section 3.3.2. 

Since the angles chosen for comparison are far away from paraxial, the 

underestimation of the aberrations by the 3rd order equations is apparent in Table 3.1. 

Though the raytrace and analytical approaches exhibit good agreement near the 

hemisphere and hyperhemisphere points, the slight underestimation of the 3rd order 

equations reduces the slope of the aberration curve away from the axis, resulting in larger 

tolerances. This underestimation is more apparent for the hyperhemisphere, as the very 

small tolerances due to the very steep angles involved are affected greatly by small 

changes in slope. Regardless of the differences in 3rd order and raytrace tolerances, Table 

3.1 shows the interesting result that the hyperhemisphere tolerances are more than two 

orders of magnitude tighter than the hemisphere configuration. Another notable result 

from the table is that tolerances for the lower two hyperhemisphere SILs change, even 

though NA' remains constant. The reason for this change is that both 3rd order and 

raytrace methods assume the illumination is generated from within a medium with an 

index of refraction of n. The third configuration in the table uses n = 1.5 which lowers the 

Δn across the SIL interface and reduces the induced W040 due to thickness change. In 

reality, this index would most likely be the result of some attached conformal material, 

such as epoxy, separated in air from the final element of the illumination system. This 

interface would have its own spherical aberration component and would be added to the 

contribution of the SIL. 
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In the design stage of a system incorporating a SIL, if the NA of the illumination 

system is fixed and unchangeable, Table 3.1 presents the fabrication tolerance and 

possible NA' for several SIL materials and illumination configurations. However, for 

designs where parameters such as illumination NA are variable, it is desirable to compare 

the fabrication tolerances for hemisphere and hyperhemisphere with the same NA', since 

this value is proportional to the actual spot size reduction. 

To accomplish this the calculation requires W040 as a function of l’ for fixed u 

instead of fixed u'. Considering u' as a specified system variable, of the Eqs. (3.14), 

(3.20), and (3.36), only Eq. (3.36) requires reformulation of u as a function of u'. This is 

accomplished by solving for u in Eq. (3.32), 

 
nR

nnlRnuu )( −′′−′
′= . (3.63) 

 Figure 3.8 shows 
u

lW
′

′)(040 for a 1.5mm radius SIL with index n' = 1.5. 
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Figure 3.8 - Graph of analytical and raytrace generated spherical aberration and input 
marginal ray angle u for fixed u'. 

Figure 3.8 can be best interpreted and thought of in the reverse optical direction as Figure 

3.3. The graph represents the amount of spherical aberration in a beam originating from a 

source point l' away from the vertex of a spherical refracting surface with a marginal ray 

angle of u'. As the point source is moved closer to the vertex, the marginal ray angle of 

the beam exiting the surface, given by u, increases, as is also shown in Figure 3.8.  

Since a typical function of a lens in the vicinity of a point source is collimation, 

an interesting side note is to look at the condition when u = 0. Setting Eq. (3.63) to zero 

and solving for l' gives the condition for collimation, 
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Setting u = 0 in Eq. (3.36), and the non-primed version of Eq. (3.20) and applying Eq. 

(3.64) yields 
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To minimize Eq. (3.65), one must minimize u', R, and maximize Δn. To maximize Δn, an 

obvious choice is to use GaP as the lens material and air as the exit medium. Since laser 

diodes are a common point-like source that require collimation, a maximum u' can be 

approximated. A typical large fast axis FWHM divergence is 40°, which, immersed in a 

high index like GaP, reduces to approximately 12°, which gives an approximate 

maximum |u'| of 0.2. With this information and a λ/10 aberration tolerance, a maximum 

radius value is calculated, λ560≤R , which for λ = 500nm, μm280≤R . To a 

geometrical and paraxial approximation, this radius is the maximum for a GaP lens 

required to achieve less than λ/10 spherical aberration from a purely spherical collimating 

lens. 

The aberration curve given in Figure 3.8 can be used to compare the thickness 

tolerance for a hemisphere and hyperhemisphere for similar NA'. Using identical system 

parameters and u' equal to the hyperhemisphere point in Figure 3.7, Figure 3.9 shows the 

tolerance windows for constant NA'. 
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Figure 3.9 - Graph of W040 for fixed u' showing λ/20 thickness tolerance windows. 

The tolerance for the hyperhemisphere point stays the same in Figure 3.9 as in 

Figure 3.7. However, the tolerance for the hemisphere case is dramatically reduced due to 

the larger input marginal ray angle, shown by the line of u crossing -0.825 at the 

hemisphere point. Even with identical NA', the hyperhemisphere has a thickness tolerance 

30 times smaller than the hemisphere. Table 3.2 shows the same data as Table 3.1 with 

fixed u' instead of u. The result is similar to the comparison between Figure 3.7 and 

Figure 3.9. The hyperhemisphere tolerances stay the same while the hemisphere 

tolerances are reduced. Because u' is fixed, both hemisphere and hyperhemisphere 

configurations are compared at the same final system NA'.  
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   Δt Hemisphere (μm)  Δt Hyperhemisphere (μm)  

|u'| n n' 3rd order Zemax NA' 3rd order Zemax NA' 

0.65 1.0 1.5 99.4 87.4 0.975 2.958 2.055 0.975

0.65 1.0 3.3 31.2 27.5 2.145 0.823 0.625 2.145

0.65 1.5 3.3 43.2 38.0 2.145 0.942 0.696 2.145

Table 3.2 - 3rd order and raytrace derived tolerance data for several 1.5mm radius SIL 
configurations and fixed u. 

Compared with the hemisphere tolerances at the same u', the hyperhemisphere tolerances 

are still more than 40 times smaller. On a conceptual level, the tighter tolerances are due 

to the fact that, to create the equivalent angle u' inside the SIL as the hemisphere, the 

hyperhemisphere requires strong bending of the rays. For a spherical surface, the strong 

bending results in larger values of spherical aberration for an equivalent change in l'. 

3.3.4 Chromatic aberrations 

In addition to wavefront aberrations, dispersive chromatic effects are also 

modeled using the spherical parent 3rd order equations. Specifically, chromatic aberration 

is calculated as the spread of focus in the longitudinal direction along the axis and in the 

transverse direction. The longitudinal and transverse aberrations, respectively, are defined 

as follows: 

 ⎟
⎠
⎞

⎜
⎝
⎛Δ=

n
nAyW δδλ 2

1
020 , (3.66) 

and 
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 ⎟
⎠
⎞

⎜
⎝
⎛Δ=

n
nyAW δδλ 111 , (3.67) 

where 
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and 
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nn
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−
−

=
1ν , (3.69) 

where ν is a generalized dispersion coefficient and nS, nM, and nL are indices at three 

arbitrary wavelengths: short, medium and long.  

There are several conditions that result in zero chromatic aberration. Both 

longitudinal and transverse aberration are zero if 0=⎟
⎠
⎞

⎜
⎝
⎛Δ

n
nδ . 

 
νν ′′
−′

=
−

n
n

n
n 11  (3.70) 

Cross multiplying and solving for n yields an expression for n(ν) for a given n' and ν', 

 
νν

ν
′′+′−

′′
=

nn
nn

)1(
 (3.71) 

Figure 3.10 shows this curve superimposed on a Schott glass chart. The 0=⎟
⎠
⎞

⎜
⎝
⎛Δ

n
nδ  line 

passes through the n' and ν' specified for the calculation and exhibits a slight concave up-

ward shape and negative slope due to the dependence on 1/ν. The curve shape is in the 

opposite direction to the traditional glass line, also shown in Figure 3.10, which greatly 

limits the glass types available for dispersion matching. Glasses with high index and low 
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dispersion (high ν) have higher probabilities of matching with a lower index, higher 

dispersion glass that satisfies the 0=⎟
⎠
⎞

⎜
⎝
⎛Δ

n
nδ  condition. The achromatization process is 

similar to other methods that require balancing glass dispersion and can be considered a 

special case of an achromatic doublet with matching incident and exit medium indices of 

refraction. 

For glasses in the Schott catalog, the glasses in the LASF family offer the best 

combination of high n and high ν. A SIL material of LASF41 exhibits a line of n(ν) for 

0=⎟
⎠
⎞

⎜
⎝
⎛Δ

n
nδ , as depicted in Figure 3.10.  
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Figure 3.10 - Plot of n(ν) for the zero chromatic aberration condition 0=⎟
⎠
⎞

⎜
⎝
⎛Δ

n
nδ  and with  

n' = 1.835 and νd' = 43.1. 

Any glasses close to this line will result in low aberration for both longitudinal and 

transverse chromatic aberrations. For LASF41, F2 represents the closest glass with the 

lowest nd. Conceptually, the dispersion of these two glasses are matched so that, as 

wavelength changes, the indices of both glasses change and u' stays constant. Figure 3.11 

shows the longitudinal chromatic focal shift for Fraunhofer C, D, and F wavelengths for a 

hyperhemisphere LASF41 SIL computed in Zemax. 

(n',ν'): LASF41 

close match: F2

n(ν) for         = 0 ⎟
⎠
⎞

⎜
⎝
⎛Δ

n
nδ

glass line
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Figure 3.11 - Chromatic focal shift graphs for an LASF41 hyperhemisphere SIL with 
incident mediums of: A) N-PSK53, nd = 1.62, νd = 63.5, and B) N-F2, nd = 1.62, νd = 
36.4. 

Both graphs show the chromatic focal shift for the LASF41 SIL in an incident medium 

with nd = 1.62. The incident glass in Figure 3.11a is N-PSK53, which lies far away from 

A) 

B) 
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the 0=⎟
⎠
⎞

⎜
⎝
⎛Δ

n
nδ  line in Figure 3.10 resulting in a large chromatic focal shift. The incident 

glass in Figure 3.11b is the dispersion-matched N-F2, which lies close to the 0=⎟
⎠
⎞

⎜
⎝
⎛Δ

n
nδ  

line. 

 

Figure 3.12 - Lateral  (transverse) color aberration graphs for an LASF41 SIL and 
incident media of: a) N-PSK53, b) N-F2 with a 5 degree field angle. 

A) 

B) 
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Similarly, Figure 3.12 shows the transverse chromatic aberration for both N-PSK53 and 

N-F2 incident media for u = 5°. The vertical axis represents the field angle and the 

horizontal axis represents the difference in y′  for C and F wavelengths. This result 

verifies that both δλW020 = 0 and δλW111 = 0 if Eq. (3.71) is satisfied. 

While LASF41 and F2 combine to exhibit very low chromatic aberration, the Δn 

across the interface is very small, and a high index glass SIL embedded in a slightly 

lower-index glass is not feasible for most SIL applications. Nicro SILs made from GaP, 

however, have a high probability of being attached to a larger optical system using epoxy 

that could serve to achromatize the SIL if an epoxy exists that can satisfy Eq. (3.71). 

Since GaP becomes absorbing beyond 550nm, νd  does not exist for GaP. The ν 

parameter in Eq. (3.69), however, is a generalized dispersion coefficient approximating 

the change of index at a particular wavelength for a given wavelength spread. Using this 

information, a ν parameter can be calculated for GaP. Using 650nm ±5nm as the 

wavelength region, ν650 = 229. By comparison, the dispersion coefficient for F2 for the 

same wavelength region is ν650= 975. The glass with the lowest ν parameter (highest 

dispersion) is SF66 (νd = 20.9) which exhibits a similar dispersion coefficient of ν650 = 

585. This result shows the extreme dispersive nature of GaP since wavelengths in the 

visible are near the resonance wavelength. 

  Since the 0=⎟
⎠
⎞

⎜
⎝
⎛Δ

n
nδ  line moves down and to the right of the given (n',ν') point, 

any epoxies that could correct for chromatic effects would have to exhibit higher 

dispersion than GaP. An analysis in Zemax shows an incident medium with nd = 1.5 and 
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νd = 3.5 is necessary to equalize the chromatic dispersion for a GaP SIL over the 700-

550nm range, where GaP is transmitting. Currently, no epoxy exists that exhibit such 

high dispersion. Even if such an epoxy existed, maintaining the chromatic correction of 

such a highly dispersive medium with the illumination optics previous to the SIL would 

require much consideration. Therefore, it is unlikely that a GaP SIL will be able to be 

achromatized using the 0=⎟
⎠
⎞

⎜
⎝
⎛Δ

n
nδ condition. 

However, there are two more conditions that result in zero δλW020 and δλW111 

separately. Longitudinal chromatic aberration is zero when 0=A . This condition is the 

same as condition 1) for zero spherical aberration and is satisfied when the SIL is a 

hemisphere, l' = R. Transverse chromatic aberration, in contrast, is also zero when 0=A . 

This condition means the chief ray does not undergo refraction at the SIL surface. In 

other words, the chief ray is always normal to the SIL surface, and as a result, passes 

through the center of curvature of the lens. Setting Eq. (3.21) equal to zero and solving 

for u  gives the condition to satisfy 0=A  for zero transverse chromatic aberration, 

which is 

 
R
yu −= . (3.72) 

This condition is also equivalent to saying that 0=y  at the image plane, or that the 

system aperture stop is located at the bottom of the SIL. Since the stop cannot be 

coincident with the image plane, Eq. (3.72) is only possible for a system with an infinite 

conjugate source, i.e. a plane wave coming to focus. Such a condition can be more easily 



 90

considered as the SIL being tilted about its center of curvature rather than considering the 

entire optical system rotating about the center of the SIL. 

Figure 3.13 shows the two chromatic aberrations superimposed on the curve of 

W040 as a function of SIL thickness for a 0.5mm radius SIL with n' = 1.5 and ν' = 62. 

Since transverse chromatic aberration is zero unless the chief ray height or angle is non-

zero at the SIL surface, a marginal ray height of 10μm is used, which emulates a 

telecentric illumination system. 

 

Figure 3.13 - A graph of W040, δλW020 and δλW111 as a function of SIL thickness for a SIL 
with R = 0.5mm, NA = 0.2, and μm10=y . 
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Since the system is telecentric and 0≠⎟
⎠
⎞

⎜
⎝
⎛Δ

n
nδ , δλW111 is nonzero everywhere except at 

the trivial point where the SIL has zero thickness, l' = 0. The δλW020 curve crosses the 

axis at the hemisphere point where A = 0. However, the slope of the δλW020 curve 

increases rapidly, resulting in very large longitudinal chromatic aberration at the 

hyperhemisphere point. In addition to the tighter fabrication tolerances for the 

hyperhemisphere point discussed in Section 3.3.3, the amount of longitudinal chromatic 

aberration makes the hyperhemisphere impractical as a SIL for some applications. 

3.3.5 Field of view considerations 

Section 3.3.3 shows how Eqs. (3.1) through (3.6) help determine fabrication 

tolerances on thickness. They can also be used to determine the field of view inside the 

SIL for a particular aberration tolerance. Figure 3.14 shows two simple methods of 

obtaining non-zero image height. One method is to vary y , which corresponds to a 

system that is telecentric, and the other method is to vary u , which corresponds to a 

system with the stop at the vertex of the SIL. A real optical system that is neither 

telecentric or has the stop at the SIL vertex employs a combination of both y  and u to 

achieve field angle, but for the sake of discussion and presentation, the chief ray 

parameters are discussed in a decoupled manner. 
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Figure 3.14 - Illustration of two methods to achieve non-zero image height in a SIL: a) 
lateral chief ray displacement in a telecentric system; and b) changing chief ray angle for 
a system with the stop at the SIL vertex. 

For a hemisphere, A = 0, which means that off axis, all 3rd order aberrations are 

zero, except for W222. Figure 3.15 shows the W222 curve for a glass hemisphere with R = 

1.5mm and NA = 0.36. 

Telecentric Stop at Vertex 

y

y′

u

y′
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Figure 3.15 – 3rd order aberrations vs. image coordinate for a hemisphere. W040 and W131 
are both zero, and the W222 curves for the telecentric and stop at vertex conditions are 
degenerate. 

W040 and W131 lie along the axis since both are zero for A = 0. W222 then determines the 

field of view according to a set acceptable aberration tolerance. Since l' = R, the curves 

for the telecentric and vertex stop method are degenerate. 

The aberration behavior grows more interesting, however, when l' is perturbed 

slightly to either side of the hemisphere condition. 
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Figure 3.16 – 3rd order aberrations vs. image coordinate for l' = 0.9R. 

Figure 3.16 shows a SIL with a thickness thinner than a hemisphere at l' = 0.9R. W040 is 

non-zero, represented by the dashed horizontal line below the axis, but is constant with 

field since W040 has no field dependence. Since both A and A  are non-zero, coma is 

visible now as the dash-dot line. The sign of the aberration changes across the field, since 

it depends on an odd power of A , which changes sign itself at the optical axis. Also 

visible is the fact that the telecentric and vertex stop methods do not create the same 

amounts of aberration for the same image coordinate, which is evident by the splitting of 

the W131 and W222 lines. The stop at vertex method creates more W222, whereas the 
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telecentric method creates less W222 than the hemisphere condition. However, using a 

truncated hemisphere with a telecentric system does not mean one can actually increase 

the field of view, since the added coma increases the overall aberration, which decreases 

the field of view. Figure 3.17 shows the other case of an augmented hemisphere where l' 

= 1.1R. 

 

Figure 3.17 – 3rd order aberrations vs. image coordinate for l' = 1.1R. 

A particular chief ray angle inside the SIL u ′  that creates an image point on one 

side of the optical axis for a truncated hemisphere creates an image point on the opposite 

side of the axis for an augmented hemisphere. As a result, any odd 3rd order aberrations 

change sign on either side of the hemisphere condition. The sign change is shown by the 
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change in slope of the W131 curve in Figure 3.17 from Figure 3.16. This behavior also 

results in identical splitting of the aberration curves for the telecentric and vertex stop 

methods, except the telecentric method creates more W222 for the augmented hemisphere 

than the vertex stop method for a particular image coordinate. Conceptually, the lower 

aberration for the vertex stop method is because of Eq. (3.15), since a longer l' requires a 

smaller u ′  to achieve the same y′ , which reduces W222. 

Since a hyperhemisphere obeys the 0=⎟
⎠
⎞

⎜
⎝
⎛Δ

n
u  condition, all three main 3rd order 

aberrations are zero when Eq. (3.49) is met. In this case, W040, W131, and W222 do not limit 

the field of view, rather the tolerance on the field curvature, W220, specifies the acceptable 

field of view. The total field curvature for sagittal (W220S), medial (W220M) and tangential 

(W220T) foci are given by: 

 222220220 2
1 WWW PS += , (3.73) 

 222220220 WWW PM += , (3.74) 

and 

 222220220 2
3WWW PT += . (3.75) 

The Petzval curvature is given by 

 PW P
2

220 4
1

ℵ−= , (3.76) 

where ℵ  is the Lagrange invariant 

 ynuyun −=ℵ , (3.77) 
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and 

 
nRn

nn
n

CP
′

′−
=⎟

⎠
⎞

⎜
⎝
⎛Δ=

1 . (3.78) 

 

For a hemisphere, 222220 2
1 WW P −= , resulting in a flat sagittal field (W220S = 0). As 

previously discussed (Figure 3.15), it is the astigmatism present that limits the field of 

view for the hemisphere configuration. The sole presence of W222 off axis for the 

hemisphere brings up a point worth noting for the particular application of solid 

immersion lithography. Since the sagittal foci are coradial with the optical axis, if the 

pattern area is limited to an area immediately surrounding a meridional plane, features 

that are parallel to the plane (such as lines patterned for memory) can be patterned using 

the higher resolution of the SIL with no loss of field of view in the direction of the 

meridional plane. 

Since W222 is zero for the hyperhemisphere, W220S, W220M, and W220T are 

degenerate and the contribution to field curvature due to the any of the astigmatic fields 

do not balance out the Petzval field curvature. Thus, W220 is the limiting aberration 

determining the field of view for a hyperhemisphere. Figure 3.18 shows the acceptable 

field of view due to field curvature for a hyperhemisphere with the same system 

parameters and u' as the hemisphere in Figure 3.15. 
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Figure 3.18 – 3rd order aberrations vs. image coordinate for a hyperhemisphere. 

Because the Lagrange invariant and the P parameter in Eq. (3.76) do not change 

with l', W220P is constant with l'. Since 222220 2
1 WW P −=  at l' = R, there is half the amount 

of field curvature at the hyperhemisphere point as there is astigmatism at the hemisphere 

point. Depending on actual SIL usage, the lower amount of aberration means there is a 

larger field of view, due solely to the tolerance on monochromatic 3rd order aberrations, 

for a hyperhemisphere than for a hemisphere. However, due to the chromatic aberration 

effects and fabrication tolerances of the hyperhemisphere, the hemisphere remains the 

more suitable SIL configuration for many applications. 
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This section ends with Figure 3.19, showing an overview of the four main 3rd 

order aberrations as a function of l', with a telecentric offset of μm80=y . 

 

Figure 3.19 – 3rd order aberrations as a function of SIL thickness with n'=1.5, R = 1.5mm,  
NA = 0.36, and μm80=y . 

3.4 Nicro SILs 

The examples discussed in Section 3.3 use SILs with either 500μm or 1.5mm 

radii. These values are used mainly for display purposes. Due to properties of the 
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with a radius of curvature of 21μm, which gives a clear aperture radius of 

μm14)sin( == θRRCA . 

 

Figure 3.20 - Comparison schematic of hemisphere and hyperhemisphere configurations 
for a SIL with a constrained clear aperture. 

Figure 3.20 shows the geometry involved with a nicro lens exhibiting a constrained clear 

aperture. Since l'hyper > l'hemi, the nicro GaP lens actually has a lower achievable NA' as a 

hyperhemispherical SIL than as a hemisphere. Figure 3.21 shows the geometry of the 

problem. With the knowledge of the maximum marginal ray angle for the hemisphere 

case, θhemi, the real (non-paraxial) hyperhemisphere marginal ray angle due to the 

resulting clear aperture constraint, θhyper, can be calculated via the following: 

 hemiCA RR θsin= , (3.79) 

 hemiRh θcos= , (3.80) 

 
Rlh

RCA
hyper −′+

=θtan , (3.81) 

and 
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 ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−′+′+

=
1cos

sinatan
nnnhemi

hemi
hyper θ

θθ . (3.82) 

 

Figure 3.21 - Illustration of the change in marginal ray for hemisphere and 
hyperhemisphere configurations given a clear aperture constraint. 

In addition to the tight fabrication tolerances and large amount of chromatic aberration 

(depending on source bandwidth), the hemisphere is a much more desirable configuration 

over the hyperhemisphere configuration for high-index nicro SILs. Figure 3.22 shows the 

W040 tolerance curve for the nicro GaP SIL. Since a marginal ray angle beyond 42° results 

in interaction with the non-spherical part of the lens surface, the lower limit on u' is 

changed from -1 to -0.67. This extra limitation on u' effectively cuts the fabrication 

tolerance for the hemisphere in half. However, even with this limitation, and a tight λ/20 

θhyper

RCAR

l'

θhemih
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tolerance, there is still a 4μm thickness tolerance, which is reasonable for current lapping 

and polishing techniques. 

 

Figure 3.22 - Graph of W040 for a 21μm radius nicro GaP SIL and u = 0.67. 

3.5 Birefringence 

Section 2.6.1 discusses the unique intrinsic heptaxial birefringence present in 

cubic fluorite crystalline materials. The retardance due to this birefringence in a SIL can 

be problematic to achieving a small spot size, and has a direct impact on the induced 

pupil polarization signal. To find a specification for the birefringence tolerance for GaP, a 

total acceptable phase retardance tolerance of λ/10 is defined for all locations in the pupil. 
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Figure 3.23 (copied from Reference [76] for convenience) shows the measured 

birefringence for GaP as a function of wavelength. 

 
Figure 3.23 – Maximum birefringence of GaP vs. wavelength. 

Using the worst-case scenario where GaP’s birefringence is the highest at 550nm, 

the birefringence  is Δn = 2.5x10-5. The thickness of the material multiplied by Δn gives 

the optical path difference between S and P polarized light through the crystal, 

 ndOPD Δ= . (3.83) 

Solving for the tolerance condition,  

 
n

qd
Δ

≤
λ , (3.84) 

where q is the phase retardance tolerance in waves. Using q = 1/10, d is calculated to be 

less than 2.2mm to achieve the tolerance specified. This extreme limitation on the 

Theory 
Measurement 
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thickness of a GaP optical system is due to the fact that the birefringence of GaP is more 

than two orders of magnitude higher than CaF2 at λ = 157nm, as shown in Figure 2.6. A 

lithography lens may have up to 1m of glass thickness, so for a material with a 

birefringence value 250 times greater, a much smaller lens will produce the same amount 

of phase retardance.  

Figure 3.24 shows a 3D representation of the 12-lobed heptaxial birefringence 

distribution for cubic fluorite crystals.  

 

Figure 3.24 - A 3D representation of the heptaxial birefringence function for cubic 
flourite crystals.  

The result is seven directions of propagation in the crystal that exhibit zero birefringence, 

and 6 directions that have maximum phase retardance. Figure 3.25 shows one quadrant of 

the function showing the different crystal orientations 
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Figure 3.25 - One quadrant of the cubic fluorite birefringence function showing crystal 
orientations. 

As described in Section 2.1.2, use of a SIL as a resolution enhancement device for 

data storage requires detection of an induced polarization signal due to the phase change 

of the light upon total internal reflection (TIR) at the bottom interface.24,26 In this case, 

while a sensitivity study has not been performed, a λ/10 tolerance may be too large 

depending on the effect of the birefringence on the induced polarization signal. This 

tolerance is a convincing argument for using very small GaP lenses to achieve high 

resolution while maintaining a short optical path to reduce the amount of phase 

retardance. 
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Utilizing the advanced heptaxial birefringence model and the polarization ray 

tracing capabilities of CodeV, the effects of the birefringent nature of GaP is investigated 

in the context of a solid immersion lens. Using a hemispherical SIL with a thickness 

corresponding to the λ/10 tolerance of 2.2mm, a customized macro is used to trace a grid 

of rays to the focus plane. Information regarding the phase retardance magnitude, 

retardance orientation, and intensity resulting from transmission through an analyzing 

polarizer is generated. The command window output is saved and images are generated 

by a custom Matlab96 script. (The code for both programs is give in Appendix B.)  

Since l' > R for a hyperhemisphere, a shorter radius SIL is required to achieve the 

same amount of phase retardation. The input NA to the hyperhemisphere is chosen so that 

u' is the same as for the hemisphere, as in Figure 3.2. The following pictures are pupil 

images of the three polarization parameters for hemisphere and hyperhemisphere 

configurations and for the three unique crystal orientations, [100], which exhibits four-

fold symmetry, [110], which exhibits two-fold symmetry, and [111], which exhibits 

three-fold symmetry. To capture as much birefringent behavior as possible, an input NA 

is chosen to yield a |u'| of 0.995. The figures are in direction cosine pupil coordinates, so 

decreasing NA radially truncates the pattern proportionately. A 3D birefringence graphic 

is also provided to aid in the visualization of the orientation of the crystal axes for each 

data set. 
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3.6 Summary 

This chapter presents an aberration treatment for any single surface refracting lens, 

most notably a solid immersion lens (SIL), using the 3rd order spherical parent expansion 

to the wavefront aberration function put forth by Roland Shack. The treatment is 

completely general for any incident and image space media and gives a complete picture 

of how the aberration functions change with lens thickness, input marginal ray angle, 

chief ray angle and chief ray displacement. Since 3rd order quantities are inherently 

paraxial, the marginal ray angle u' can technically be greater than 1. Therefore, the value 

of u' is a good indicator of the region of physical validity for the equations. 

Equations are derived for the two aberration-free SIL configurations and the 

resulting spot sizes for arbitrary incident and lens indices. The resulting aberration values 

show excellent agreement in the paraxial regime with numeric calculations using a 

raytrace software package. In the non-paraxial regime, the shape of the curve is still valid, 

but the equations underestimate the amount of aberration. The equations also show good 

agreement with the hemisphere-only expressions for aberration given in the literature. 

The previous expressions correctly model the aberrations only immediately surrounding 

the hemisphere point and do not model the value and asymmetry of the aberration on 

either side of the hemisphere point. The specific nature of the tolerance window is not 

usually important with traditional SILs with diameters in the several mm range, since 

common fabrication methods can achieve less than 10μm thickness tolerance. However, 

for high-index micro SILs, the value of the aberration decreases, but the tolerances on 

thickness do not decrease as rapidly, meaning the aberration asymmetry results in a 
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tolerance window skewed to thicknesses thinner than a R. In addition, the maximum 

marginal ray angle constraint on many lithographed microlenses has the overall effect of 

eliminating all values l' > R. Assuming a hard stop on the upper tolerance bound of the 

marginal ray angle, this restriction further skews the tolerance window to lower values of 

l'. 

The hyperhemisphere is found to have a thickness tolerance several orders of 

magnitude tighter than the hemisphere. Coupled with the severe chromatic aberrations 

and lower achievable NA' for microlenses with a clear aperture constraint, the 

hyperhemisphere configuration is less practical than the hemisphere design for micro 

SILs. 

Thickness tolerances for a constant u' are also discussed and the tolerances for a 

hemisphere given a defined NA' are shown to be much tighter than for a constant input 

NA. This formulation also enables the investigation of the aberrations of a point source 

collimator. Since the amount of aberration decreases with radius, a spherical collimator 

with a small radius can achieve collimation while not violating a given aberration 

tolerance. 

For the hemisphere, it is shown that astigmatism determines the field of view. 

However, since the sagittal field is flat, the imaging of lines in the direction of a 

meridional plane suffers no limit on the field of view. For the hyperhemisphere, field 

curvature limits the field of view, but exhibits half the aberration for the same image 

coordinate, resulting in a larger field of view than the hemisphere. If the SIL is not a 

perfect hemisphere, then for l' < R, a telecentric configuration gives a slightly larger FoV 



 115

than a configuration with the stop at the SIL vertex, while the converse is true for 

thicknesses l' > R. Since locating the stop at the SIL vertex is difficult, this fact reinforces 

the movement of the thickness tolerance window to values of l' < R. 

Finally, the first investigation of heptaxial spatial-dispersion induced intrinsic 

birefringence in cubic fluoride crystalline materials was given for the specific case of a 

GaP SIL. 
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CHAPTER 4 – SIMULATION 

As detailed in Section 2.3, few simulation tools currently available are 

particularly suited for simulating optics in the 10-500 wavelength size regime. This 

chapter presents a discussion on several methods that address the lack of simulation tools 

in this size regime. Three methods are discussed, including an angular spectrum 

propagation method and two methods based on the Huygens-Fresnel principle. Results 

are presented for the angular spectrum method and one of the Huygens-Fresnel methods, 

including a discussion on the approximations made in each method and the impact on the 

final results. 

4.1 Methods 

4.1.1 Modified angular spectrum of plane waves technique 

4.1.1.1 Angular spectrum added surface phase method 

The first custom simulation tool involves a propagation study using the angular 

spectrum of plane waves technique.97 The angular spectrum method propagates an 

electric field by transforming the source distribution into the spatial frequency domain via 

a Fourier transform. The resulting collection of plane waves is propagated a certain 

distance, then transformed back into the spatial domain. Mathematically, the Fourier 

transform of an electric field at an observation plane located at z = z0  is equal to the 

Fourier transform of the field at a plane located at z = 0, multiplied by the transfer 

function of free space. That is, 
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where γ is the z direction cosine component of the propagation vector, 
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and the spatial frequency transform coordinates ),( ηξ  are related to direction cosines 

),( βα by 
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Thus, the electric field U at the z = z0 observation plane is determined by  
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The first application case of interest is modeling a laser diode beam propagating 

through a lens in the nicro size regime. To model the laser diode source, a Gaussian 

source with an electric field amplitude distribution of 
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is created that exhibits the same far field full-width-at-half-maximum (FWHM) 

divergence angle θFWHM as the laser specification.*1 

Gaussian beam theory dictates that the 1/e radius divergence in the far-field is 

related to the beam 1/e radius w0 as 

  
0

/1 we π
λθ = , (4.7) 

where w0 corresponds to the σ parameters in Eq. (4.6). Since the divergence given in 

laser specifications is the irradiance FWHM divergence, the amplitude 1/e radius 

divergence angle is related to the irradiance FWHM divergence (both in radians) by  

 FWHMe θθ
)2ln(2

2
/1 = . (4.8) 

Therefore, to convert a laser specification divergence to a Gaussian source the following 

relationship is used  
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where θFWHM is in radians. 

Since the angular spectrum calculation propagates the electric field in one plane to 

another plane, modeling the effect of refraction by a lens surface requires an additional 
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step. To model refraction, the field is determined at the location of the lens vertex zv. The 

phase change due to the surface departure from the vertex plane Δφ is added to the field, 

and the field is propagated to a new plane z0, where 

 [ ][ ])0(-1
x

-1
y0 );,(FFFF);,( vzzjkjk

v eezyxUzyxU −Δ= γφ
ξη . (4.10) 

 If the departure of the lens surface from the vertex plane is small, the amplitude 

of the field at the vertex plane can be considered the same as on the surface of the lens, 

with an added phase term corresponding to the surface departure, 

 sagznnk )( ′−=Δφ , (4.11) 

 In the case where the lens departure is not small, as illustrated in Figure 4.1, the 

added phase is not a simple function of the surface departure. However, if the field at the 

observation plane is the result of a very small source, as in the case of the laser diode 

facet, and the lens surface is approximately concentric with the source, then the field 

amplitude at the vertex plane can be considered the same as the field at the lens surface 

along a radial direction from the origin. In this case, the phase change experienced by the 

field at a point on the vertex plane Pv is given by 
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 zzyyxxP vvvv ˆˆˆ ++= . (4.15) 

 

Figure 4.1 - Geometry showing phase change due to propagation through a lens surface 
for an electric field calculated at the vertex plane. 

Table 4.1 describes the process flow for simulating an optical system with the 

described angular spectrum technique.  

1) Create a source that models the divergent behavior of the laser diode 

2) 
Use angular spectrum to transfer to a plane coincident with the lens vertex 
using Eq. (4.5) and λ0/n as the propagation wavelength, with λ0 equal to the 
wavelength in vacuum 

3) 
Add the phase due to the departure of the lens surface, using Eq. (4.11) if the 
surface departure is small or (4.12) if the surface is in a near concentric 
condition to a point-like source 

4) Continue propagation with the new complex electric field distribution using Eq. 
(4.10) and λ0/n' as the new propagation wavelength 

Table 4.1 - Process flow for the angular spectrum added surface phase method. 
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This process of using angular spectrum propagation and adding phase due to 

surface departure is referred to as the angular spectrum added surface phase method. 

4.1.1.2 Simulation problems & limitations 

The angular spectrum added surface phase method works well for modeling the 

behavior of an arbitrary electric field propagating through a dielectric, homogeneous, 

isotropic and linear material. However, there are several shortcomings and limitations, 

that limit the accuracy of this technique. 

The main limitation with the angular spectrum added surface phase technique is 

the fact that addition of phase due to the lens surface departure is not rigorous. In addition, 

the angular spectrum method experiences a problem when trying to model highly 

divergent sources. The number of sample points remains the same between spatial and 

frequency domains during a finite Fourier Transform. Because of the inverse relationship 

between the size of the distribution in the spatial and frequency regimes, the source needs 

to be small in comparison to the calculation window to accurately sample the distribution 

in the frequency domain. However, a small distribution size results in poor spatial 

sampling of the source. Consequently, the window size and sampling of the source are 

very important factors when considering the accuracy of angular spectrum propagation. 

Very small sources require a large calculation window to adequately sample the Fourier 

space, but also require a large number of sample points to adequately sample the spatial 

domain. In addition, upon propagation and inverse transformation back into the spatial 
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domain, the computation window of the observation space is the same physical size as 

the source window.  

For example, after a propagation distance of 500μm, a Gaussian beam source with 

a FWHM of 1μm achieves a FWHM of 150μm that requires a calculation window greater 

than 750μm wide to capture the field distribution out to the 3σ point. To achieve this 

calculation in one angular spectrum propagation step, the source window would also have 

to be 750μm wide, with a sampling of 250nm to achieve a conservative 20 samples 

across the field distribution, which results in 9,000,000 samples for a 2D treatment. 

Taking the Fourier transform of a 3000x3000 array can currently be accomplished only 

by very high-end computers, and, even then, it results in a very long computation time.  

One way around this memory and computation time problem is to use angular 

spectrum to propagate very short distances (~1μm) and slightly increase the border 

around the computation space and resample the distribution at each step, keeping the 

same number of samples. Thus, a more reasonable sampling, such as 256x256, can be 

used throughout the computation that allows the computation window size to increase 

according to the divergence of the field. This method is used to arrive at the 1/e2 radius 

profiles in this chapter. The tradeoff for using this method is that many sequential 

calculations are required to propagate long distances. In addition, the resampling of the 

field distribution at each propagation step plane magnifies any phase errors due to 

machine numerical precision in a cascading fashion. Therefore, if the simulation involves 

highly curved phase fronts, fine sampling is required in addition to numerous propagation 

steps. 
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Problems also arise if the field distribution encounters the edge of the 

computation space. This condition has the effect of filtering the high frequency 

components in Fourier space corresponding to the portion of the beam outside the 

computation window and results in a ringing diffraction pattern at the edge of the window 

in the observation plane. Therefore, the size of the border that is added at each step before 

reinterpolation is very important to the final results. Too little border and the beam will 

eventually encounter the window boundary and cause edge effects, too much border and 

the distribution will shrink at each step and spatial information will be lost upon 

reinterpolation until only a single point remains. The current method addresses this 

problem by making the calculation window to be approximately twice the size of the 

electric field distribution that is above a given threshold. 

All of these factors point to the need for another simulation tool to more 

rigorously model optical systems in the nicro regime and to verify the angular spectrum 

added surface phase technique results. 

4.1.2 Piece-Wise Diffraction 

An approach that solves the limitations of the angular spectrum added surface 

phase method uses the Huygens-Fresnel principle, which states that the electric field U at 

an observation point P0 is determined by a summation of weighted spherical waves 

emanating from a source comprised of a collection of point sources.97 Mathematically, 

 ∫∫
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where 
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and U'(P1) is the complex amplitude of each source and contains an additional phase and 

obliquity factor. 

 From such a collection of sources, the electric field can be calculated anywhere 

in space on any arbitrary surface. Considering propagation only through dielectric, 

isotropic, linear, homogenous media, the only factor determining the behavior of the 

propagation is the wavelength of the source, which is altered by the index of refraction of 

the medium.  

The sequential piece-wise diffraction (SPWD) model is a straight-forward 

implementation of the Huygens-Fresnel principle.  Since diffraction is a linear, shift-

invariant process, the sum of the diffracted fields from a collection of sub-apertures is the 

same as the diffracted field from the entire aperture. This extension of the Huygens-

Fresnel principle, which is technically true only in a continuous sense, is applied to 

discrete sub-sections of an aperture. Thus, the problem of diffraction from a complex 

aperture (or surface in this case) may be broken up into components that are propagated 

separately and summed at the observation surface. Therefore, the geometry of SPWD is 

specified by a series of arbitrary surfaces, along with the index of refraction between each 

surface. Each surface is comprised of many samples, or facets, each of which acts as an 
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individual sub-aperture. The diffracted field from each facet is calculated at the next 

surface and summed to yield the electric field at that surface. An identical process is used 

to propagate this field distribution to the next surface using λ0/n as the propagation 

wavelength.  

Two methods are presented for solving the vector diffraction problem starting 

from the well-known Kirchoff/Helmholtz integral theorem. The problem is formulated as 

a small aperture in a screen in the xy plane. The first method assumes an ideal screen (IS), 

using Dirichlet boundary conditions that specify the electric field within the aperture and 

outside the aperture (in the shadow) as 

 incidentaperture UU = , (4.21) 

and 

 0=shadowU . (4.22) 

Under these conditions, following the treatment in Reference [97], given the 

electric field at a point 1P
v

 within an aperture Σ in the xy plane, the electric field vector U
v

 

at an observation point 0P
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and where nv  is the unit normal in the aperture. 

The second method assumes a perfectly conducting screen (PCS) that uses 

Neumann boundary conditions that specify 
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and 
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∂
n

Ushadow . (4.27) 

Using these conditions, and following the treatment in Reference [99], the analogous 

equation to Eq. (4.23) is given by 
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Equations (4.23) and (4.28) are equivalent in that each method determines the 

electric field based on a summation of spherical point source radiators. The ideal screen 

treatment modifies the spherical wave by a phase and an obliquity factor, and these 

equivalents arise for the PCS treatment via the curl operation. The main difference in the 

two methods is the effect on the orientation of the electric field vector. For the IS method, 

the electric field in the entirety of the observation space remains undeviated from the 

field in the aperture, whereas the surface currents generated by the PCS method give rise 

to electric field components normal to the screen. These components are small for large 

apertures and decay rapidly as the observation distance is increased. But for small 

apertures and distances closer than several wavelengths to the aperture, the curl operation 

results in a mixing of electric field components, changing the orientation of the field 
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vector. A further discussion about the ramifications of this difference is given in Section 

4.2.3.2. 

To reach a solution that can be easily implemented in a numerical calculation 

routine, the first assumption in this model is that the geometry of the problem can be 

broken up into facets where the electric field over each facet can be accurately modeled 

by the field value at the center of the facet. Thus, )( 1PU
vv

 is constant over the sub-aperture 

and can be brought outside the integral. Equations (4.23) and (4.28) can then be 

formulated into 
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respectively. 

The integrals in Eqs. (4.29) and (4.30) are challenging to determine and require 

some approximations for efficient calculations. Two approximations are made based on 

the size of the rectangular facet and the observation distance. In the case where the facet 

is small compared to the observation distance,  

 max
2

1
2

101 yxr +>> , (4.31) 

01r  can be considered constant and all factors moved outside the integral, which reduces 

to ∫∫
Σ

ds . Equations (4.29) and (4.30) reduce to 
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respectively. Equations (4.32) and (4.33) are the equivalent to modeling the facet as a 

single-point-source radiator. The form of the point spread function h given in Eq. (4.24) 

and functionally present in Eqs. (4.32) and (4.33), is called the Huygens wavelet. 

Consequently, this approach will be referred to as the Huygens method for the SPWD 

technique. 

If the size of the facet violates Eq. (4.31), extra approximations must be made to 

solve the integral. The next approximation made is the one first introduced by Fresnel, 

 λ>>01r , (4.34) 

which allows the leading term in the integral in Eq. (4.29) to be approximated by 
λ
j

−  

and removed from the integral. The square root in the denominator in the integral from 

01r  is still problematic. Since each facet is assumed to be in the xy plane, with the center 

at the origin, 01 =z . In addition, only the right-hand side of the facet is considered such 

that 00 >z . The most common method to solve the 01r  denominator problem is to make a 

paraxial approximation 
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  Rewriting 01r  as 
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the expression is now in the form of ε+1  with 1<<ε . A power series expansion is then 

applied to 01r , 
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Continuing the customary treatment, any terms past the 1st order term for 01r  are ignored 

and only the zero order term for 011 r  remains. Because 
001

11
zr

≈ , this series of 

approximations results in 

 1≈zγ . (4.38) 

Equations (4.29) and (4.30) now reduce to 
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and 
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respectively, and the bracketed integral term becomes identical for both the ideal and 

perfect conductor screens. After expanding and separating out the exponential term, the 

integral in Eqs. (4.39) and (4.40) becomes 
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where 
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Making one more limitation on the observation distance eliminates the first Gaussian 

term in the integral, where 

 ( )max
2
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2
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This approximation is referred to as the Fraunhofer approximation and is effectively a 

constraint on the observation distance based on how large the aperture is compared to the 

wavelength. Using this approximation, 

 10

2
1

2
1
2 ≈
+
z

yxjk
e . (4.44) 

The integral is now separable into 1x and 1y and is in the form of a Fourier transform. 

Using the transform variables 
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and rearranging the term outside the integral, Eq. (4.41) becomes 
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Evaluating the transform integrals, the final expression for the integral term is given by 
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where 
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Replacing the integral in Eqs. (4.39) and (4.40) with Eq. (4.48) yields the final form of 

the electric field using the paraxial approximation, which will be referred to as the 

Fraunhofer method for the SPWD technique, 
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and 
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There are now four equations that can be easily implemented into a numerical simulation. 

Equations (4.32) and (4.33) represent modeling the facet as a single Huygens wavelet 

point source radiator (Huygens method) and Eqs. (4.50) and (4.51) represent modeling 

the facet as a rectangular aperture in the Fraunhofer regime (Fraunhofer method). 
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4.1.3 Non-Sequential Diffraction Calculation 

As described by Jackson,99 the properties of the interaction of light and a 

dielectric interface can be divided into two classes; 1) kinematic: angle of incidence 

equals angle of reflection and Snell’s law; and 2) dynamic: intensities of reflected and 

refracted light, phase changes and polarization. The kinematic properties of surface 

transfer are automatically modeled by the change of index on either side of the surface, as 

demonstrated by the results for the SPWD simulations. However, if simulation of the 

dynamic properties of the interaction with a surface are desired, a more sophisticated 

calculation is required. 

One possible technique is to use SPWD methodology and combine it with non-

sequential ray tracing techniques. In this combined methodology, called non-sequential 

piece-wise diffraction (NSPWD), each facet or sub-aperture is propagated to the next 

surface and all other facets in the geometry that are within the line of sight of the source 

facet. Technically, light diffracted from a facet will be incident on facets that are not 

strictly within line of sight, such as in the shadow of a knife edge. However, the line of 

sight treatment is the closest approximation that can be made without a priori knowledge 

of how the electric field behaves around edge-like structures. The line of sight calculation 

is given in Appendix C1. 

Figure 4.2 shows a schematic of how the NSPWD method works. Once the fields 

from all the source facets have been summed at all the destination facets, a transmission 

and reflection coefficient is calculated for each facet. All destination facets then act as 

new sources for transmission and reflection to all other line of sight facets. The 
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methodology is similar to non-sequential ray tracing,100 but uses a diffraction engine, 

described in the previous section on SPWD, instead of ray tracing. This iterative process 

continues until the summed electric field calculated at a particular facet drops below a 

certain threshold, at which point it is removed from the collection of source facets. Once 

no source facets remain, the total summed electric field at each facet is used to determine 

the electric field anywhere in space.  

 

Figure 4.2 – Schematic showing a sample geometry illustrating the NSPWD method. The 
field from each source facet is calculated at all facets that have line-of-sight with the 
source facet. Reflected and transmitted fields are found from this incident field, which 
then behave as two new source facets to all other facets within line-of-sight. 

4.2 Results/further discussion 

This section provides a more in-depth discussion of the results and limitations of 

the three methods described in Section 4.1. 

[U1x,U1y,U1z] 

Reflection/ 
Transmission 

[U0x,U0y,U0z]
 

[U'0x,U'0y,U'0z] 

n’ n 

Example 1st iteration 
(source) propagation 

Example 2nd iteration 
propagation 

Geometry 
Facets 

Source Facet 



 134

4.2.1 Angular spectrum added surface phase 

4.2.1.1 Laser diode circularizer 

Using Eq. (4.9), the source size for a Hitachi HL-6738MG laser diode, with θ║ = 

8.5°, θ⊥ = 19°, and λ = 690nm, is σ║ = 1.743μm and σ⊥ = 0.7798μm. Because the laser 

beam expands more quickly in the optically confined direction, the beam undergoes an 

aspect ratio inversion, observable in the 1/e2 radius profile of the beam irradiance shown 

in Figure 4.3. 

 

Figure 4.3 – X (horizontal) and Y (vertical) 1/e2 radius profile of a Hitachi HL-6738MG 
laser diode propagating in gas calculated with the angular spectrum technique. The 
images of the beam are shown at either end of the graph. 

The aspect ratio inversion creates a location where the x and y beam diameters are 

equal, exhibiting an aspect ratio of 1, called the circular point (CP). Though the beam is 

circular at the CP, it exhibits severe astigmatism. An anamorphic refracting surface 
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placed at this CP can correct for the astigmatism, equalize the beam divergences, and 

keep the far-field beam shape circular. Typically, the CP is very close (< 10μm) to the 

laser facet. Fabrication of anamorphic optics of this size and thickness is difficult. 

However, if the refractive index n of the medium adjacent to the laser facet is increased, 

the divergence angle is reduced proportionate to n, and the CP is moved further from the 

laser facet. Figure 4.4 is an identically scaled companion plot to Figure 4.3 for an exit 

medium of GaP (n = 3.3), which shows that the CP is moved from 6.0μm to 20.4μm from 

the facet.  

 

Figure 4.4 - X (horizontal) and Y (vertical) 1/e2 radius profile of a Hitachi HL-6738MG 
laser propagating in GaP, showing the change in location of the circular point (CP). 

GaP lenses with a radii of 21μm have recently been demonstrated.20 (The testing 

results from such lenses are discussed in Chapter 5, and the lapping and polishing efforts 
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toward creating a SIL configuration are covered in Chapter 7.) Since fabrication and 

assembly methods exist for creating such a circularizing element, the remaining challenge 

is to discover the prescription of the lens and simulate how the beam behaves propagating 

through the lens. 

Using the angular spectrum added surface phase technique, an anamorphic GaP 

surface with R|| = ∞ and R⊥ = 26μm located at the circular point of a laser diode is found 

to adequately correct the astigmatism and circularize the laser beam. Figures 4.5 and 4.6 

show the propagation of the laser beam in air and through the GaP circularizing element. 

Notice that matched divergences are achieved in the || and ⊥ directions in the far-field. 

 

Figure 4.5 – X (horizontal) and Y (vertical) 1/e2 radius profile of a Hitachi HL-6738MG 
laser propagating in air. (This figure has an expanded horizontal scale compared to Figure 
4.3, but it shows propagation of the same laser beam.) 
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Figure 4.6 - X (horizontal) and Y (vertical) 1/e2 radius profile of a Hitachi HL-6738MG 
laser propagating through an anamorphic GaP circularizing element. 

One interesting result of the circularizing element is that the lower divergence 

inside the GaP is conserved across the interface. The low divergence preservation is due 

to the near-concentric GaP surface in the ⊥ (y) direction. Therefore, only a low power 

microlens is needed downstream to collimate the low divergence beam. A further 

discussion of this application is given in Chapter 6. 
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4.2.2 Sequential piece-wise diffraction (SPWD) 

4.2.2.1 Approximation study 

Since the final equations in Section 4.1.2 involve several different approximations, 

it is worthwhile to discuss the ramifications of each. This section discusses the 

approximations made for the Huygens and Fraunhofer methods, which are summarized in 

Table 4.2. 

Huygens Fraunhofer 

max
2

1
2

101 yxr +>>  

λ>>01r , (only for ideal screen) 
2

10
2
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2
0 )()( yyxxz −+−>>  

( )max
2
1

2
10 2

yxkz +>>  

Table 4.2 - Summary of approximations made for Huygens and Fraunhofer methods. 

Only one approximation is made for the Huygens technique, described by Eqs. 

(4.32) and (4.33), that the observation distance is much greater than the size of the facet 

or sub-aperture. However, there is another effect that limits the useful observation 

distance for the Huygens treatment. To illustrate this effect, consider the example of a 

0.25mm diameter aperture illuminated by a plane wave. If a single point source is used to 

model each sample in the aperture, the net result is analogous to a grating, and diffracted 

orders are present, depending on the sampling in the aperture. Figure 4.7 shows the yz 

plane of a SPWD simulation using the Huygens wavelet for propagation from the sample 

points in a 0.25mm aperture. 
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Figure 4.7 – A plot of the normalized log(|E|) in the yz plane from a 250μm aperture with 
1μm sampling showing the diffracted orders from the grating effect of the Huygens point 
sources. The region of order overlap, region B, is shown by the dotted line. Region A 
represents the region of valid simulation. 

The ±1 diffracted orders are visible, which, for the most part, miss the observation 

plane. If the sampling is changed to 2μm, more orders are present, as seen in Figure 4.8. 

The pattern repetition and pattern overlap in the observation plane will obviously yield 

erroneous results for any further propagation of the electric field. 
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Figure 4.8 – A plot of the normalized log(|E|) in the yz plane from a 250μm aperture with 
2μm sampling showing the overlap of diffracted orders at the observation plane from the 
Huygens point source treatment. The region of order overlap, region B, is shown by the 
dotted line. Region A represents the region of valid simulation. 

To investigate the problem, the standard grating equation is used, assuming on-

axis illumination: 

 
n

md m
0)sin( λθ = , (4.52) 

where d is the sample separation, θm is the diffraction angle with reference to the optical 

axis, m is the order number, λ0 is the wavelength in vacuum and n is the index of the 

material in the z0 > 0 direction. If the first order diffraction angle is set to θ1 = 90°, to 

assure no diffraction order overlap exists, then the facet size must follow the relationship 
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If long calculation times are not an issue, using the above relationship and the Huygens 

formulae gives very accurate results. However, since using a model sampling less than 

the wavelength can result in long calculation times, a further refinement of the source 

sampling criteria can be made. Because the observation surface typically subtends a finite 

angular extent, the sampling size criteria given in Eq. (4.53) is unnecessarily stringent. 

Rather, the diffracted order angle must be larger than the maximum angle between the 

source and observation surfaces 

 max1 )sin(sin obsm θθ >= , (4.54) 

where 
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Rearranging for the maximum condition on the facet size, d,  
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nd

θ
λ

<  (4.56) 

Where the cf is a user-settable constant that ensures the tails of the diffraction pattern do 

not overlap in the observation plane. In reality, the amount of overlap between diffraction 

orders also depends on the spatial frequency bandwidth of the source distribution. A very 

small source has a higher spatial-frequency bandwidth, resulting in a larger diffraction 

pattern and a larger overlap region. This relationship is a direct result of the sampling 

theorem, which states that an exact reconstruction of a sampled source is possible only if 

the sampling frequency is larger than twice the bandwidth cutoff frequency. In this case, 

the maximum cutoff frequency is analogous to the maximum direction cosine between 
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the source and observation surfaces added to the cutoff frequency of the spatial frequency 

content of the source. The larger the angular subtense of the observation surface, or the 

smaller the source distribution, the smaller the source sampling required to prevent 

repetition of the pattern in the observation space. 

However, without a priori knowledge of the source distribution, the cf factor is 

added to Eq. (4.56) to help ensure the tails of the higher diffracted orders stay out of the 

observation plane. Values for cf typically range from 1 for sources larger than 200λ and 

up to ~2 for sources with sizes less than ~10λ. Given the calculated electric field at an 

observation surface and the maximum direction cosine between source and observation 

surfaces, a verification of the facet size is a straightforward calculation. However, this 

verification would require calculation time to determine the field at the observation 

surface, possibly invalidating the sampling of the model and requiring the simulation to 

be rerun. Therefore, a cf factor of 1.5 is a sufficient pre-screen value to check model 

sampling without knowledge of the electric field at all surfaces. 

Another question one might ask is, “Given a source sampling and wavelength, 

what is the region of validity for the Huygens point source formulation?” In this case, the 

region of validity in terms of off-axis angle, shown as region ‘A’ in Figures 4.7 and 4.8, 

is before the first diffracted order and beyond the last. Considering the latter condition, 
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The region of validity is given by 
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where, again, cf is a factor to reduce order overlap for small source distributions. 

It is important to note these “diffraction orders” are copies of the real propagated 

beam and do not physically act like a diffraction grating, which spreads the incident 

power into the various diffraction orders. Fourier analysis shows why power is not 

conserved over the observation space in the presence of sampling-induced pattern 

repetition. Consider a two-dimensional source U1 sampled at a spacing of Δx, 

 ⎟
⎠
⎞

⎜
⎝
⎛

ΔΔ x
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xU 1)(1 . (4.61)  

Fraunhofer diffraction states the electric field amplitude at an observation plane 

U0 is the Fourier transform of a source distribution multiplied by phase and obliquity 

factors.97 For a sampled source, this methodology results in the transform of the source 

convolved with a comb function with a period of 1/Δx in spatial frequency coordinates, 

 [ ] ( )ξξ xcombxUFU Δ⊗∝ )(10 , (4.62) 

where, as with Eqs. (4.45) and (4.3), 
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In direction cosine space, the period converts to λ/Δx.  

Power conservation dictates that, in the absence of any diffraction orders, the 

source and the observation distribution will have the same total power in the distribution, 

defined as 

 ∑ ΔΔ= yxEcnP 20

2
ε , (4.64) 

where Δx and Δy are the dimensions of an individual facet. Since the period of the pattern 

repetition of the comb function in α is λ/Δx, if the following condition is met,  

 1>
Δx
λ , (4.65) 

the comb period will be beyond 1=α , resulting in a single delta function in the 

observation space. Convolution with the delta function yields a single observation 

distribution, which will, by the law of power conservation, have the same power as the 

source. Incidentally, Eq. (4.65) is equivalent to the relationship in Eq. (4.53) that was 

arrived at using diffraction grating equations. The condition λ/Δx < 1 results in the 

‘diffraction orders’ described in this section.  

The central ordinate theorem states that the integral of a Fourier transform equals 

the value of the its inverse transform at the origin. From Eq. (4.64), the integral of the 

observation distribution is proportional to the power at the observation plane. Since the 

central value of the source distribution does not change with Δx, a change in the source 

sampling does not change the power in the central observation distribution, even if the 

comb function frequency is such that the convolution operation results in extra 

distributions in the observation space. 
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This power duplication can be seen numerically in the SPWD method. A 500nm 

wavelength Gaussian source with σ = 2μm is propagated 100μm to an observation plane. 

The sampling of the source is 1.5μm, which violates Eq. (4.65) and results in pattern 

repetition from the convolution effect. With a maximum central electric field amplitude 

of 1, the power in the source is 8.334x10-15W. The observation window is set to capture 

the central 9 patterns upon propagation. The distribution, shown in Figure 4.9, results in a 

power at the observation plane of 7.5x10-14W, or 8.9997 times the source power. 

 

Figure 4.9 - Image of A) source and B) observation distributions for the SPWD power 
verification test. The observation distribution exhibits exactly nine times the power 
present in the source. 
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The Fraunhofer method models the aperture samples as square elements, and as 

such, does not exhibit the diffraction order problem of the Huygens method. Figure 4.10 

shows the same 250μm aperture and the same 2μm sampling as Figure 4.8.  

 

Figure 4.10 - The log(|E|) in the yz plane from a 250μm aperture with 2μm sampling 
using the Fraunhofer treatment. 

As Figure 4.10 demonstrates, the beam is correctly modeled as it passes through 

the aperture and exhibits some ringing from Fresnel diffraction effects as the field 

propagates, visible in the horizontal banding in the beam. The amplitude falloff is due to 

the fact that the source is modeled in just the yz plane as a line source, effectively acting 

like a diffraction slit, spreading out energy in the x-direction. To model a source that is 

large in the x-direction using a 2-D formulation, an alteration to the model is required. 
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For the Fraunhofer method, which has only limitations on the observation distance 

normal to and off-axis from the facet, there is no limitation on the physical size of the 

facet and the facet size in the x-dimension can be increased, as long as Eq. (4.43) is not 

violated. The Huygens method has more strict limitations on the facet size, so a method 

that renormalizes the field value at the observation plane is more appropriate.  

As shown in Table 4.2, there are more approximations in the Fraunhofer method 

than the Huygens method. To investigate the effects of the Fraunhofer approximations, a 

different case study is examined on a smaller scale: a Gaussian source with σ = 2μm. To 

see effects of the approximations made in the Fraunhofer treatment, it is compared 

against a simulation using the Huygens method and a sub-wavelength sampling of 200nm, 

with λ = 500nm, to eliminate the diffraction order overlap problem. Figure 4.11 shows 

the resulting SPWD-Huygens simulated beam propagating to 100μm. Figure 4.12 shows 

the same source and sampling using the Fraunhofer method to calculate the field.  
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Figure 4.11 – SPWD-Huygens simulation of a Gaussian source, σ = 2μm, 200nm 
sampling  

 
Figure 4.12 – SPWD-Fraunhofer simulation of a Gaussian source, σ = 2μm, 200nm 
sampling  
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What looks like smaller diffraction orders in 4.12 are the result of the lobes of the 

sinc function used in the calculation. The normalized difference between the fields in 

Figures 4.11 and 4.12 is shown in Figure 4.13 along with the paraxial region division 

shown by a dotted black line. In this case, the “much greater than” (>>) in Eq. (4.35) is 

interpreted as “greater than 10 times” (>10). 

 

Figure 4.13 – Normalized difference error between the Huygens (EH) and Fraunhofer (EF) 
simulations in Figures 4.11 and 4.12. Dotted line represents the boundary of the region 
described by ( )2

max10
2
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0 )()(10 yyxxz −+−> . 

Figure 4.13 shows that the field calculated for this example via the Fraunhofer method is 

within 5% of that arrived at from the less approximate Huygens method in the region 

over which it is valid. The agreement between Huygens and Fraunhofer increases if a 

factor of 20 or more is used, instead of 10, in the interpretation of “>>”, at the expense of 

a reduction in the region of validity. 
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4.2.2.2 Regions of validity 

Equations (4.53) and (4.56) can be used to ensure the pattern repetition problem 

with the Huygens method does not affect the field in the observation space. The 

relationships ensure an observation space that lies entirely within the region of validity 

for the Huygens method. However, given a set wavelength and aperture size, the 

equations summarized in Table 4.2 and Eqs. (4.59) and (4.60) can be used to create a map 

of the resulting regions of validity, shown in Figure 4.14.  

 

Figure 4.14 - Regions of validity for Huygens ( ) and Fraunhofer ( ) 

The Fraunhofer method is valid over a constant paraxial region, independent of aperture 

size, and beyond a plane parallel to the aperture that is controlled by the aperture size 

compared to the wavelength. The Huygens method is valid beyond a given aperture-size-

dependent radial distance from the aperture in order to model the aperture as a point 
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source. Due to the grating-like behavior of a collection of Huygens point sources, the 

Huygens method is also only valid in regions where there is no overlap of orders. The 

regions of validity arising from the equations in Table 4.2 and Eqs. (4.59) and (4.60) are 

qualitatively summarized in Table 4.3.*2 

Method Regions of Validity Dependencies 

-Beyond radial distance from 
aperture 

-Aperture size  

 
Huygens 

-Angular regions where no 
diffracted order overlap occurs  

-Aperture size, λ and 
cf factor 

-Paraxial region -None 

-Beyond a plane parallel to the 
aperture 

-Aperture size 
compared to 
wavelength Fraunhofer 

-Much greater than λ from the 
aperture 

-Aperture size (only 
for ideal screen) 

Table 4.3 - Summary of region of validity for Huygens and Fraunhofer SPWD methods. 

Figure 4.15 shows actual regions of validity calculated for a real system with 

several different aperture sizes. 

                                                 
*2 In the event that an observation point lies in neither region of validity, a warning is given to the user in 
the current code impilementation to re-examine the model sampling. Once the user is notified, the 
Fraunhofer method is used to generate the electric field at any non valid points. This results in inaccuracies 
in the calculation, but even outside the region of validity, the Fraunhofer method gives a better estimate of 
the electric field than the Huygens method does in the region of diffraction order overlap.   
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Figure 4.15 - Regions of validity for several aperture sizes with λ = 500nm, cf = 1.5, and 
>> represented by >10. All lateral dimensions are in μm.  – Huygens only,  – 
Fraunhofer only,  – Both 

d = 0.5μm d = 0.75μm 

d = 1.0μm d = 1.25μm 

d = 1.75μm d = 1.5μm 
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4.2.2.3 Sampling issues 

Even with the guidelines for sampling given in Eqs. (4.53) and (4.56), there are 

other issues that can affect the required sampling for an accurate simulation. For instance, 

the diffraction order overlap treatment is performed with an incidence angle of 0°. In 

reality, the grating equation is given by  

 [ ]
n

md im
0)sin()sin( λθθ =+ , (4.66) 

where θi is the incidence angle. In the event that a plane surface is used at an angle, the 

region of validity, based on diffraction order overlap given above, is different. Without 

knowledge of the specific effective angle of incidence of the beam at the surface, this 

change in validity is not calculable based just on the knowledge of the geometry. 

However, a higher cf factor can ensure pattern repetition does not occur at the observation 

surface. Alternately, the user can specify a higher sampling rate for the tilted surface.  

Another case is when a surface experiences a highly curved wavefront. Examples 

include a positive radius of curvature surface collimating a diverging beam, as in Figure 

4.16, or a highly curved surface bringing a collimated or diverging beam to focus.  

 

Figure 4.16 - Schematic showing geometry of a lens surface requiring higher sampling 
due to large phase departure of wavefront from the surface. 

wavefronts lens
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In this scenario, the optical path between the wavefront and the curved surface is very 

large. As such, the phase oscillates very rapidly near the edges of the surface. If there is 

appreciable electric field amplitude at these edges, the sampling of the surface must be 

high enough to resolve the phase oscillation to adequately model the collimating behavior 

of that portion of the surface.  

4.2.2.4 Test Cases 

This section describes simulation results from three test cases using the sequential 

piece-wise diffraction (SPWD) method: a prism, perfect conjugate lens, and a laser diode 

circularizer. 

The first test case for the SPWD method is refraction involving a prism. Starting 

with a source 100μm in diameter and λ = 500nm, the goal is to model a prism face that 

displaces the beam by 50μm after 200μm from the center of the prism face. Using a 

prism refractive index of 1.5, the prism angle to achieve this deviation is α = 24.6°. The 

geometry is shown in Figure 4.17 with the log(|E|) SPWD results in the yz plane shown 

in Figure 4.18. 
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Figure 4.17 - Geometry of refracting prism SPWD test. 

 

Figure 4.18 - Log(|E|) in the yz plane for a 100μm diameter beam propagating through a 
prism face. 

The field directly after the interface appears to increase in Figure 4.18, which is 

due to the fact that this region violates the Eq. (4.31) condition. As a consequence, the 

fields in this region are suspect. All figures in this document that illustrate SPWD results 

in a meridional plane show this behavior, but the shape of the beam after this region is 

still valid. 
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Figure 4.19 – Electric field magnitude showing 50μm of lateral offset after 200μm 
propagation from the prism face. 

The center of the electric field distribution, shown in Figure 4.19, is exactly at 

+50μm in the y-direction, verifying that changing the simulation wavelength after the 

prism face surface does adequately model refraction. Additionally, the Fresnel pattern is 

visible in the field profile of Figure 4.19 and in the horizontal banding observed in the 

beam in Figure 4.18. The number of peaks in the diffraction pattern corresponds to the 

Fresnel number, which is defined as  
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where a is the radius of the aperture and 
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and where z1 is the distance from the source to the aperture, and z2 is the distance from 

the aperture to the observation point. Since the source is collimated, z1 = ∞ and Eq.  

(4.68) reduces to 

 2zL = . (4.69) 

In the case of the prism with a bent optical path, L is equal to the linear distance along the 

chief ray from the aperture to the observation plane, which results in Nf = 12.3. There are 

12 peaks in the distribution in Figure 4.19, which agrees with the analytical Fresnel 

number result. 

 

The second test case involves modeling a hyperbolic perfect conjugate lens to 

create an Airy disk focus spot. This calculation not only tests the ability to model 

aspheric surfaces, but it also provides another rigorous test for the simulation of 

diffraction while propagating through the lens by way of the size of the focus spot. To 

form an aberration-free spot with a single plano-convex lens, the image side of the lens 

must be a hyperbola with a conic constant given by 

 2nk −= , (4.70) 

where n is the index of refraction of the lens.65 If the last surface of the lens is masked to 

a defined aperture size, this geometry results in an Airy spot at focus with a diameter at 

the first zeros given by 

 
θ
λ

sin
22.1

n
sairy = . (4.71) 
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However, since the system is modeled in just the yz plane, the spot is in the form of a 

sinc function, not a Bessel function. This geometry results in a 1-D spot size of  

 
θ

λ
sin1 n

s D = . (4.72) 

Figure 4.20 shows the normalized log of the absolute value of the electric field in 

the yz plane, giving a visual indication of how the beam changes as it propagates. The 

calculation of the field between surfaces is just for display, since it is the electric field on 

the lens surfaces that is of interest and serves as the source to calculate the field at the 

next surface.  

 

Figure 4.20 – Log(|E|) in the yz plane for a beam propagating through a hyperbolic lens, 
coming to focus. 

A 500μm diameter mask is applied to the posterior surface of the lens, which has 

a back focal distance of 1mm, to achieve a well defined θsin  for spot size calculation, 
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which gives a theoretical spot diameter of 2.062μm. Figures 4.21 and 4.22 show the 

profile of the irradiance and phase, respectively, at the image plane. 

 

Figure 4.21 – Plot of the normalized magnitude of the electric field at the image plane for 
a hyperbolic lens using the SPWD method. 

 

Figure 4.22 – Plot of the phase of the electric field at the image plane for a hyperbolic 
lens using the SPWD method. 
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The spot size from the calculated image plane irradiance measures at 2.069μm. The phase 

also correctly oscillates between 0 and –π  at the boundary of each ring of the sinc 

function. 

 

With the success of the tests for modeling refraction, the final test case 

investigated is the laser diode corrector that is modeled with the angular spectrum added 

surface phase technique in Section 4.2.1.1. Taking the prescription arrived at using the 

previous angular spectrum simulation, the resulting images of the beam behavior in the 

xz and yz meridional planes, modeled with SPWD as line sources in each plane, are 

shown in Figure 4.23. 
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Figure 4.23 – SPWD-Huygens simulation image of log(|E|) in the xz and yz planes for a 
GaP circularizing element attached to a Hitachi HL-6738MG laser diode. 

 Figure 4.24 plots the beam 1/e2 radius as a function of z for the test geometry and 

is analogous to the profiles in Figure 4.6 calculated with the angular spectrum added 

surface phase technique. The anomaly immediately after the corrector surface is a result 

of a region of invalidity for the Huygens method due to Eq. (4.31), but after a certain 

distance from the surface, the beam size reaches the expected size.  
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Figure 4.24 – 1/e2 beam radius as a function of z, propagating through an anamorphic 
GaP beam circularizer. The anomaly after the circular point is a result of the region of 
invalidity for the Huygens method.  

From the propagation profile, it is clear that the lens surface radius designed with the 

angular spectrum added surface phase method does not circularize the beam as expected. 

The aspect ratio is very close to 1 at the 20.5μm location, but the refractive nature of the 

lens is not completely modeled using angular spectrum. This result is to be expected, due 

to the concerns of how the phase is added to the field at the lens vertex plane in the 

angular spectrum added surface phase method. SPWD does not have this limitation, and 

simulation results in Figure 4.24 show that the lens, with a radius of 26μm in the y 

direction, is not curved enough to bring the y divergence in line with the x divergence. 

(An improved design prescription for a circularizing element along with a collimating 

lens using the SPWD method is discussed in Chapter 6.) The normalized field magnitude 

at a plane 200μm away from the laser facet is shown in Figure 4.25. The x and y profile 
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1/e2 radii at the output plane are sx = 16.01μm and sy = 22.11μm, which yield an aspect 

ratio of 1.38. 

 

Figure 4.25 – SPWD-Huygens calculation of normalized electric field magnitude for the 
x (blue) and y (red) directions at an observation plane 200μm away from the laser facet 
using the prescription for the GaP correction obtained using the angular spectrum added 
surface phase method. 

Another metric to compare the SPWD and angular spectrum added surface phase 
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k

OPD φ
= , (4.73) 

 
R

yOPD
2

2

= , (4.74) 

and 

 
Rdy

OPDd 1
2

2

= . (4.75) 

Rearrangement and formulation of Eq. (4.75) as a discrete difference function yields  

 
)(2

2

kdiff
yRlocal φ

Δ
= . (4.76) 

Using Eq. (4.76), the local phase radius of curvature at the center of the beam at 

the z = 200μm observation plane is Rx = 127.4μm and Ry = 128.6μm. The close proximity 

of the centers of curvature for the beam phasefront in the x and y directions indicates that, 

though the y-direction exhibits a higher divergence, both directions behave as if 

emanating from approximately the same location. The aspect ratio, while not being 1, 

will stay approximately the same upon propagation and a radially symmetric lens could 

approximately collimate the beam for both x and y directions.   

4.2.2.5 Sequential piece-wise diffraction (SPWD) summary 

In summary, the SPWD method achieves a much more rigorous result for the 

behavior of a beam propagating through optics where the dominate effect is diffraction. 

With the exception of electric field observation very close to surfaces, it can model both 

diffraction effects and refraction from complex arbitrary surfaces. In addition, the 
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theoretical limitations of the angular spectrum technique in modeling highly divergent 

beams through refractive optical systems are observable in the discrepancies of the laser 

diode beam circularizer simulation results calculated using the angular spectrum added 

surface phase method and the SPWD method. 

4.2.3 Non-sequential piece-wise diffraction (NSPWD) 

4.2.3.1 Surface transfer 

The main difference between the SPWD and NSPWD methods, other than 

simulation code structure, implementation and electric field bookkeeping, is the 

determination of transmitted and reflected fields from the incident field at each facet. The 

discussion begins with Maxwell’s equations, which are 

 
t
BE

∂
∂

−=×∇
v

v
, (4.77) 

 J
t
DH

v
v

v
+

∂
∂

=×∇ , (4.78) 

 ρ=⋅∇ D
v

, (4.79) 

and 

 0=⋅∇ B
v

. (4.80) 

Assuming the both media on either side of the interface are homogeneous, linear 

and isotropic, there are no free charges or surface currents. Therefore,  

 0=J
v

, (4.81) 

and 



 166

 0=ρ . (4.82) 

Next, the relationship between D
v

and E
v

is formulated, 
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 (4.83) 

 χε += 1r , (4.84) 

 rεεε 0= , (4.85) 

and 

 ED
vv

ε= . (4.86) 

A similar treatment gives B
v

in terms of H
v

, where 

 HB
vv

μ= . (4.87)  

The material properties can further be simplified by 

 
,

00 με
με

με

=

= rrn
 (4.88) 

 0μμ ≈ , (4.89) 

and 

 2
0nεε = . (4.90) 

Utilizing the above relationships, a modified set of Maxwell’s equations define the fields 

at an interface, which are 
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t
EnH

∂
∂

=×∇
v

v 2
0ε , (4.92) 

 0=⋅∇ E
v

, (4.93) 

and 

 0=⋅∇ H
v

. (4.94) 

From here, the traditional boundary condition treatment using Gauss’s Law and 

Ampere’s Law arrives at four matching boundary conditions at the interface: 

 0)( =−′× EEn
vvv , (4.95) 

 0)( =−′× HHn
vvv , (4.96) 

 0)( =−′⋅ DDn
vvv , (4.97) 

and 

 0)( =−′⋅ HHn
vvv . (4.98) 

Expanding and simplifying Eqs. (4.95) through (4.98) using the relationships given in 

Eqs. (4.89) and (4.90), the boundary conditions on the electric and magnetic field on 

either side of the interface are 

 |||| EE
vv

=′ , (4.99) 

 ⊥⊥ =′′ EnEn
vv 22 , (4.100) 

 |||| HH
vv

=′ , (4.101) 

and 

 ⊥⊥ =′ HH
vv

, (4.102) 
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which are the well-known boundary conditions that state the tangential component of the 

electric field and normal component of the magnetic field are continuous across the 

interface. Both media are non-magnetic, so a consequence of Eq. (4.89) is that both 

tangential and normal components of the magnetic field are continuous. Equations (4.99) 

through (4.102) represent the boundary conditions on the total field.  

There are two methods of proceeding to calculate dynamic properties at the 

interface. The first method assumes a methodology formed by the traditional incident, 

reflected and transmitted fields. On the incident side, the total field is comprised of the 

incident and reflected fields, while on the other side, the total field is equal to the 

transmitted field, where  

 ri EEE
vvv

+= , (4.103) 

and 

 tEE
vv

=′ . (4.104) 

Rewriting the boundary conditions gives the basic relationships between incident, 

reflected, and transmitted fields. That is, 

 |||||| rit EEE
vvv

+= , (4.105) 

 ( )⊥⊥⊥ +=′ rit EEnEn
vvv 22 , (4.106) 

and 

 rit HHH
vvv

+= . (4.107) 

The second method, used in many finite-difference time domain (FDTD) 

algorithms, discussed in Section 2.3, assumes the incident field is present through all 
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space without the interface present. The presence of the interface gives rise to a scattered 

field in both directions sE
v

, where 

 si EEE
vvv

+= , (4.108) 

and 

 si EEE ′+=′
vvv

. (4.109) 

In this circumstance, there is a similar set of boundary conditions to Eqs. (4.105) through 

(4.107), where 

 |||||||| sisi EEEE ′+=+
vvvv

, (4.110) 

 ( ) ( )⊥⊥⊥⊥ +=′+′ sisi EEnEEn
vvvv 22 , (4.111) 

and 

 ss HH
vv

=′ . (4.112) 

Since only the incident field is known, both methods arrive at two equations and 

four unknowns in terms of solving for the electric field components. The magnetic field 

relationships from Eqs. (4.107) or (4.112) adds additional information, which yields three 

equations and six unknowns. In either case, both treatments require extra knowledge in 

order to solve the problem. 

There are traditionally two methods to overcome this impasse that loosely follow 

the two separate incident/reflected/transmitted and incident/scattered treatments 

discussed above. The first method assumes the electric field in the vicinity of the 

interface can be represented by a plane wave. In this case, the relationship between the 

orientation of the magnetic and electric fields is given by 
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 ( )EkH
vvv

×=
μ
ε . (4.113) 

This extra information allows Eq. (4.107) to be used as one of the equations for solving 

the electric field. Now there are three equations and three unknowns for the electric field, 

and the magnetic fields can be calculated from Eq. (4.113) once the reflected and 

transmitted fields are determined. Equations (4.105) and (4.106) give rise to the classical 

Law of Reflection and Snell’s Law. This treatment, using the additional connection 

between H
v

 (technically B
v

) and E
v

, arrives at the well known Fresnel equations for 

determining reflection and transmission coefficients for s and p polarized light. 

However, if the electric field is not a plane-wave at the interface, some other 

information must be provided to overcome the lack of relationships. The other common 

method of solving the problem is to include information of the dynamic time-component 

of the electric field by using Eqs. (4.91) and (4.92) in a method identical to FDTD. In 

short, FDTD makes use of a convenient, finely sampled cellular geometry, and uses the 

electric field distribution to calculate the magnetic field a short time step later. The 

magnetic field is then used in a similar fashion to find the electric field at the next time 

step. Taking Eqs. (4.91) and (4.92) and applying them to the incident/scattered field 

formulation, 
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For the incident fields alone, this relationship is, 
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Putting this result into Eq. (4.114), and changing the continuous derivatives to discreet 

differences, the change in scattered electric field in time at a given point is determined by 
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The magnetic field at the next time step is then calculated using the updated values for 

sE
v

, 

 s
s E

t
H v
v

×∇−=
Δ

Δ
μ
1 . (4.117) 

In this manner, the scattered field is built up from the constant driving incident field, iE
v

. 

This scattered field represents the perturbation effect from the spatial dielectric constant 

function. 

4.2.3.2 Ideal versus perfectly conducting screens 

So which method is the one to use? The localized k vector treatment is by far the 

most computationally efficient method, since the calculation of a k vector is 

straightforward, and, consequently, so are reflection and transmission coefficients. 

However, the method used to determine the diffracted field has a significant impact on 

the discussion. Since the ideal screen (IS) method does not alter the orientation of the 

electric or magnetic fields, it results in undeviated E and H vectors throughout the 

observation space. Calculating an effective k
v

 from HE
vv

×  results in identical k vectors 

throughout the observation space. Using the phase front normal to determine a localized k 

vector (the theory of which is given in Appendix C2) gives a better sense of the 
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“direction of propagation” of that portion of the wavefront. However, using this k vector 

results in a component of the electric and magnetic fields in the direction of propagation. 

This non-physical effect, illustrated in Figure 4.26, can not be interpreted in the context 

of the Fresnel equations. 

 

Figure 4.26 – Illustration of the problematic 0≠⋅kE
vv

scenario when using the ideal 
screen diffraction method and calculating a localized k

v
 from the wavefront normal. 
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from the surface currents running along the screen and more accurately describes the 

behavior of a real aperture. This field component normal to the screen has the effect of 

altering the orientation of the incident field in the observation space, ensuring that 

HE
vv

× does, in fact, lie in the direction of propagation.  

However, one of the tenets of the discussed piece-wise diffraction method is the 
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contributions of each sub-aperture. A sub-aperture in a perfectly conducting screen, on 

the other hand, generates electric field normal to the screen in the vicinity of neighboring 

sub-apertures. This normal component decays rapidly away from the screen, but the 

result for very small apertures can be a significant effect in the observation space. 

Babinet’s principle still holds for the perfect conductor screen (PCS) method, and the 

result of a summation of co-planar sub-apertures is understandably the same as a larger 

illuminated hole in a perfectly conducting screen. However, it requires more careful 

thought as to how well such a collection of sub-apertures, each modeled by a hole in its 

own perfectly conducting plane screen, could model a curved or arbitrary surface.  

The PCS method is calculated nearly identically to the IS method, with the 

exception that the curl operation is approximated by calculating the field at six points 

surrounding the observation point. The three spatial partial derivatives are then discreetly 

calculated from the differences in field values from the six points. One side effect of this 

calculation is that, to get a more accurate approximation of the curl, the calculation points 

should be as close together as possible. The close proximity, however, makes the 

differences in the field very small. In regions of low field magnitude, the numerical 

precision error is amplified as a result and can give noisy data in those regions. Since 

regions of low field magnitude are usually not of high interest, this typically does not 

pose a problem.  

Both methods arrive at nearly identical answers in the far-field, but the effect in 

the near field can be seen in Figure 4.27. 
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Figure 4.27 – Simulations using the perfectly conducting screen method. Case 1 is a 
virtual surface illuminated by a plane wave with λ = 500nm, with a sampling of 250nm, 
propagating to a distance z = 2μm. Case 2 is a Gaussian source with σ = 1μm, and a 
sampling of 250nm, propagating to a distance z = 30μm. Both cases have a starting 
source field vector of 1=yE . All lateral and transverse scales are in μm. The displayed 
quantities in each row are as follows: A) the magnitude of the electric field, (arbitrary 
non-linear scaling for display purposes); B) the real component of the electric field y 
component; C) the real component of the electric field z component with the same scale 
as row B; D) the ratio of the real z component to the real y component of the electric field. 

In the example above of a plane wave illuminating a virtual surface, the Ez 

component arising from the perfectly conducting screen is limited to the area 

immediately surrounding the point sources in the aperture. Since this region is in 

violation of the condition in Eq. (4.31), data in this region are not valid and does not pose 

a problem. The scenario in Figure 4.27 case 2 shows an example where the small extent 
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of the source creates a marked impact on the field throughout the observation space via 

the non-zero Ez components, even in regions not considered in the near field. However, in 

this case, the result is that the k vector calculated by HE
vv

× accurately follows the 

direction of the expanding wavefront of the Gaussian beam.  

Thus, there may be an impasse with using the localized k vector treatment: the IS 

method does not achieve 0=⋅kE
vv

, and the validity of the application of Babinet’s 

principle on PCS sub-apertures for curved and arbitrarily shaped surfaces is suspect 

(though not disproven). In addition, the assumption that the electric field can be 

approximated by a plane wave at the interface restricts the amount of curvature the 

wavefront incident onto a facet may exhibit.  

Barring the validity of the PCS method for modeling arbitrary surfaces, this 

predicament suggests the FDTD method, though being less computationally efficient, 

represents the better method for finding the reflected and transmitted fields. The method 

assumes knowledge of the field’s time dependence, included in the tEi ΔΔ
v

 term in Eq. 

(4.116). Since the vector diffraction equations determine the electric field amplitude 

vector and a phase at an observation point, it can be assumed that the electric field 

calculated at that point can be described by 

 )(
00

0 tjeAE ωφ −=
vv

. (4.118) 

Thus, the time derivative is given by  

 )(
0

0 0 tji eAj
t

E
t

E ωφω −−=
∂

∂
≈

Δ
Δ v

vv

. (4.119) 
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Using this form of the time derivative, Eqs. (4.116) and (4.117) can be used to build up 

the reflected and transmitted fields.  

Currently, NSPWD remains a theoretical tool awaiting more rigorous testing of 

the PCS method using the localized k vector method and implementation of an FDTD 

surface transfer routine. 

4.3 Summary 

One particular challenge with designing systems that use optics in the 10-500 

wavelength size regime is the lack of particularly suitable simulation tools. Two classes 

of customized simulation tools are discussed including a modified angular spectrum 

propagation method capable of semi-accurately modeling refraction from lenses, and two 

variants of a piece-wise diffraction simulator. Sequential piece-wise diffraction (SPWD) 

breaks up a system geometry into many facets, or sub-apertures and utilizes Babinet’s 

principle to sum the diffracted field contribution of all the facets onto the next surface. 

Results from several test cases are presented in addition to a study on the regions of 

validity resulting from approximations made in the treatment. Non-sequential piece-wise 

diffraction (NSPWD) utilizes the diffraction engine of the sequential piece-wise 

diffraction method and applies it to the concept of non-sequential ray tracing. The major 

challenge with NSPWD is determining the reflection and transmission coefficients, since 

either a localized plane wave approximation or knowledge of the time-dependence of the 

electric field is required.  
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CHAPTER 5 - NICRO GaP LENS TESTING 

In this chapter, a customized testing system is described for testing nicro lenses. 

The setup utilizes a phase shifting interferometer and a 0.95 NA objective lens to measure 

the surface departure of a lens or mirror from a spherical wavefront. Nicro gallium 

phosphide lenses are tested using the setup and exhibit less than 160nm surface departure 

out to a marginal ray angle of 42°. (Part of the work in this chapter was presented at the 

International Symposium on Optical Memory 2004, and published in the Japanese 

Journal of Applied Physics.20) 

5.1 Interferometer Design 

Due to the limitations of VSI, stylus profilometry and CCM in measuring nicro 

optics, outlined in Section 2.5, a custom phase-shifting Twyman-Green interferometer is 

used at the University of Arizona (Micro Twyman-Green, or MTG) to measure the GaP 

nicro lenses, discussed in Section 2.6.3, and determine the surface departure from 

spherical. A piezo-electric stack transducer (PZT) is attached to a mirror to serve as the 

reference surface. A non-polarizng beam splitter cube is used to separate the reference 

and test arms, and a Keplerian-type pupil relay telescope is used to image the 

interferogram onto the image detector. A computer controller using Intelliwave101 

software manipulates the voltage applied to the PZT while acquiring images from a CCD 

detector. The software determines the shape of the wavefront returned from the lens by 

combining images acquired at several PZT deflections. This wavefront gives information 
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about the difference in surface profile of the lens from a perfectly spherical shape. Figure 

5.1 shows an illustration of the first generation interferometer layout. 

 

Figure 5.1 - Schematic of first generation PSI interferometer using a piezo electric 
transducer (PZT) attached to the reference mirror as the phase-shifting mechanism and an 
infinity-corrected microscope objective as the diverger. 

Typical phase shifting interferometers image the unit under test through the diverger lens 

directly onto the image detector. The resulting interferogram has lateral units of distance 

and maps directly to the surface of the part. This mapping is particularly useful for 

determining the location of a defect on the part; for instance, a section on a mirror that 

requires further polishing. However, since a high NA objective is used on the MTG in 

order to maximize measurable surface slope, the depth of focus is very small. The 

particular objective lens used is a Leitz Wetzlar PL 80x 0.95 NA objective with a depth of 

focus, from Eq. (2.7), of approximately 350nm. Even if the depth of field of the objective 

is such that the entire sag of the nicro lens is in focus, the mapping of lateral coordinate to 
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actual surface location on a high aspect-ratio lens, such as hemisphere, is non-linear. It is 

desirable to know the surface departure of the lens as a function of marginal ray angle, or 

direction cosine space if the coordinate origin is at the center of curvature of the lens. As 

a result, the notable difference between the MTG interferometer and a typical phase 

shifting interferometer is that the pupil of the objective lens is imaged onto the detector 

rather than the image plane of the objective. The pupil image results in an interferogram 

with xθsin  as the horizontal x-coordinate and yθsin  as the vertical y-coordinate. In an 

interferogram taken in retro-reflection off the vertex of a lens, fringes are present over the 

entire pupil. The coordinate at the edge of the interferogram corresponds to mθsin , where 

θm is the marginal ray angle, which is equal to the NA of the objective. 

A picture of the first iteration MTG interferometer is shown in Figure 5.2. One of 

the critical components in a successful interferometer is elimination of vibration between 

optical components that do not share a common optical path. Vibration causes a random 

fluctuation of the optical path length to the reference surface and to the sample. These 

fluctuations result in non-quarter-wave steps between each reference surface position and 

introduce errors into the measurement.  
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Figure 5.2 - Photograph of the first iteration MTG interferometer. 

Figure 5.3 shows an image through the illumination arm of the first iteration MTG 

and the haze caused by the beam splitter cube back reflection, reducing the image 

contrast. Also visible is the laser spot reflecting off the GaP substrate between lenses. For 

the first iteration MTG, a laser safety goggle lens is used in front of the illumination 

camera to shield the return laser beam from saturating the camera. 
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Figure 5.3 - Image of a GaP nicro lens array through the illumination arm of the first 
iteration MTG interferometer. The focused laser spot is visible in the middle left of the 
image. 

While the first iteration MTG is able to perform measurements and generate 

interferograms, its design flaws are three-fold, shown in Table 5.1. 

1) Multiple optical elements are free-standing and, though mounted to an 
isolating optical table, are prone to vibration that causes non quarter-wave 
phase steps for each frame, resulting in errors in surface measurement 

2) Critical non common-path system components (reference mirror, objective, 
sample) are held in place with rods that act as cantilever arms and magnify 
any vibration present in the mount 

3) The illumination arm, designed to aid in centering the part before testing, 
suffers from back-reflections from the beam splitter cube and reference arm 
attenuator 

Table 5.1 - Design flaws of the first generation MicroTG interferometer. 

To solve the design flaws of the first iteration MTG listed in Table 5.1, the second 

generation interferometer, illustrated in Figure 5.4 and pictured in Figure 5.5, features an 

Laser spot
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optical cage construction that houses the beam splitter and provides attachment points for 

rails to mechanically couple the reference mirror and other elements. A microscope 

objective thread mount allows the diverger objective lens to be threaded into the cage, 

further reducing the possible vibration between non common path components. The 

locations of the objective and reference mirror are designed to minimize non-common 

path length to reduce spurious fringe sources such as thermal differences and air currents. 

The interferogram telescope is also redesigned, replacing the rear element with two 

lenses to enable variable magnification and filling of the image detector with the entrance 

pupil of the objective to achieve better lateral resolution. This arrangement allows 

different objectives with variable entrance pupil diameters to be used in the setup with no 

loss of lateral resolution. A 100mm focal length lens is used as the front element with -

30mm and 40mm focal length lenses comprising the compound rear element.  
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Figure 5.4 - Layout schematic of second generation MTG interferometer. 

The reference mirror for the first iteration MTG is mounted on a ¼ x ¼ x 1-inch 

long PZT stack with 15μm of travel. The narrow and long PZT stack not only causes 

cantilever-like vibration, but uses only 5% of the travel range for the measurement, 

reducing the necessary voltage range to acquire data. Since the digital-to-analog (DAC) 

converter has a non-variable output of 10V represented by 10 bits, only a fraction of the 

available dynamic range is used, introducing higher quantization noise into the motion of 

the PZT. Therefore, the PZT reference mirror is changed in the second generation MTG 

interferometer to a 3-segment Burleigh PZT Aligner Translator with all three actuators 

tied to the same voltage source. The sensitivity of the piezo segments is sufficient to use 

the direct output of the DAC board and achieve a travel distance of ~1.5μm, 
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corresponding to about 2λ. The new reference mirror allows much better use of the 

dynamic range of the computer and reduces quantization noise in the motion of the PZT 

reference surface. A phase-shifting interferometer should have tip-tilt functionality on the 

reference surface to null out any tilt fringes introduced by the orientation of the sample. 

Therefore, a custom made mount enables the Burleigh PZT mirror to have tip-tilt 

variability while maintaining restriction-free motion of the PZT elements and rigid 

connection to the optical cages via four ¼-inch rails. 

The bias due to aberrations in the objective lens is measured using the random 

ball test (RBT) with a 300μm diameter ball lens, which is then removed from each 

interferogram that is measured with the same objective. Calibration errors due to retrace 

errors,11,67 discussed in Section 2.5, are still a problematic issue with the MTG. However, 

the bias interferogram with the 80x 0.95NA objective exhibits a wavefront aberration of 

just 0.03 waves. This low instrument bias and the minimization of non-common path 

lengths serves to minimize the calibration errors due to retrace errors. 
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Figure 5.5 - Photograph of second generation MTG showing central optical cage 
construction and rail attachments. 

5.2 Illumination Assembly 

Since the MTG interferometer images the pupil of the objective lens onto the 

interferogram detector, a second camera system that images the objective field of view is 

required to aid in selecting and centering of the lens before measurement. The 

illumination assembly for the first iteration MTG interferometer represents an attempt to 

retrofit an existing interferometer, adding imaging capabilities through the diverger lens 

with available optical components. A single LED is used as an illumination source with 

two 50% beamsplitters to combine the illumination with the imaging path and then with 
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the laser path. To avoid the return laser light from saturating the illumination camera, an 

absorbing filter is placed in front of the camera. The location of optical elements 

necessary for the imaging and laser paths prohibits the placement of lenses necessary for 

Kohler illumination, which is a common method of microscope illumination. Therefore, a 

single lens is used to concentrate the LED illumination. Placing the LED at the focus of 

the condenser results in the highest irradiance condition at the objective lens. The 

disadvantages of this design are that the source is conjugate to the image plane and the 

structure of the source is visible in the image. 

To solve these problems, the second generation MTG illumination path is 

redesigned to compliment the new hardware and achieve Kohler illumination with 

maximum throughput. The absorbing filter used in front of the camera is replaced with a 

dichroic mirror in the laser path. The dichroic mirror passes the red Helium-Neon (HeNe) 

laser light (λ=632.8nm) while reflecting the green LED light (λ~525nm). Due to the 

spectral response of the dichroic mirror, some laser light reflected from the sample is 

directed toward the illumination camera. However, this reflection is desirable for 

verifying the focus of the substrate and which lens in the field of view is centered with 

respect to the focused laser beam. For example, when the substrate is in focus with the 

laser beam, a small dot is present in the image, as shown in Figure 5.3. 

A Kohler illumination design requires imaging of the source into the pupil of the 

imaging system, which is the pupil of the diverger objective lens. Figure 5.6 shows the 

layout of the redesigned illumination system with prescription information. One major 

design constraint is the fixed 150mm between the dichroic mirror and the objective pupil 
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position due to the two optical cage mounts housing the dichroic mirror and laser beam 

splitter, as pictured in Figure 5.5. To maximize the irradiance at the objective, the 

magnification of the illumination system should match the size difference between the 

objective pupil and the source. The LED cluster source is approximately one inch in 

diameter. Depending on objective used, the target magnification for the second 

generation MTG is therefore 0.5-0.2. The magnification can be decreased by moving the 

source further from the condenser lens. Due to the limited size of the LED source, 

moving it further away from the condenser lowers the etendue, given in Eq. (5.1), and 

reduces throughput of the system, 

 Ω= AG , (5.1) 

where G is etendue, A is the area of a circular source and Ω is the solid angle subtended 

by the collecting aperture. Placing the source closer to the condenser allows for collection 

of more light, but increases magnification and reduces the amount of light entering the 

objective aperture. The LEDs used in the source cluster are high brightness, high 

intensity LEDs from Super Bright LEDs (part # RL5-G13008) with an 8° half-brightness 

viewing angle, the light is already narrowly directed due to the plastic LED domes. The 

domes effectively add another condenser lens into the system and etendue is then not 

proportional to distance from the condenser lens, as would be the case for a diffuse 

extended source. Therefore, design preference is given to lowering magnification rather 

than increasing the AΩ product of the source. The second design constraint is that the 

projection lens is shared by the illumination imaging telescope. This constraint sets a 

range of focal lengths available for the projection lens before the illumination imaging 
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telescope becomes too long to be practical. The design parameters given in Figure 5.6 

result in a magnification of 0.6 and an imaging telescope length of approximately 350mm. 

A magnification of 0.6 allows for light from all LEDs to enter, at least partially, an 

objective aperture diameter of ½”. For objective apertures < 5mm, the central LED 

provides the majority of the illumination.  

 

Figure 5.6 - Layout and prescription information of second generation illumination 
design. 
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Other improvements to the illumination design include reducing back reflections 

by using a non-cube beam splitter for the laser path and an iris at the intermediate image 

in the illumination telescope. 

5.3 Results 

5.3.1 First iteration GaP SILs 

The first lenses tested on the MTG were GaP lenses of the type shown in Figure 

2.8. The design is an 80μm diameter hemispherical lens. However, lateral etching and 

GaP selectivity, explained in Section 2.6.3, produce a very non spherical surface. At the 

time of testing, this surface figure was not known, and VSI measurements returned data 

from only a very small area around the vertex, as shown in Figure 5.7. When measured 

on the MTG, fringes are present in only an annular region, as is shown in Figure 5.8. 
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Figure 5.7 - VSI profile of first iteration GaP SIL showing reflection from a small area 
around the vertex. 

 

Figure 5.8 - Representative interferogram from first iteration GaP SIL lenses. 

Fringes present in only an annular region indicates that all points on the surface 

do not share a common radius of curvature. Fringes appear only when the radius of 

curvature of the wavefront matches the local radius of curvature of the surface. Therefore, 

the surface is tangent to the wavefront at an angle in the focus beam corresponding to 

θsin at the midpoint of the annulus ring. All other light is reflected in such a way that it 
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does not enter the objective, or is blocked by the iris in the imaging telescope. Figure 5.9 

depicts such a condition, where the surface is tangent to the wavefront at a point. 

 

 

Figure 5.9 - Illustration of surface and wavefront interaction that results in an annular 
fringe pattern. 

Though it is impossible to measure the entire surface with one measurement, it is 

possible to infer the surface profile from the local radius of curvature at each ring. Given 

the radius of the pupil r, and the midpoint of the annulus ρ, as shown in Figure 5.10, the 

surface derivative 
dx
ds can be calculated. 
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Figure 5.10 - A first generation GaP SIL interferogram superimposed on a retro-
reflection interferogram showing the full size of the pupil. 

Figure 5.11 illustrates the geometrical relationships necessary to calculate the 

slope value of the surface at the midpoint of the fringe annulus. 

  

Figure 5.11 - Surface geometry showing  surface derivative as a function of tangent angle. 
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Figure 5.12 - Annular interferograms  taken at varying distances from the vertex of the 
lens. 

Figure 5.12 shows interferogram data at different distances from the vertex for the 

first iteration GaP SIL. During testing, the nearly straight side walls of the conical surface 

are tangent to the curvature of the beam at different location of objective lens focus. Thus, 

as the surface is moved from the location of retro-reflection from the vertex toward the 

objective lens, the reflected annular ring becomes wider and narrower. This behavior 

indicates the surface is steeper or more “bullet-shaped” than a hemisphere. Since the 

horizontal coordinate of the pupil interferogram is sinθ, the ratio of ρ to r is given by  

 
NAr θ
θρ

sin
sin

= , (5.2) 

and, as illustrated in Figure 5.11, the slope at the tangent location is 

 
)2tan(

1
θπ −

=
dx
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The difficulty with this relationship is that 
dx
ds is defined at a particular angle θ instead of 

a particular x, which would allow integration of Eq. (5.3) to determine the shape of the 

surface. Since 

 
R
x

=θsin , (5.4) 

and the radius of the wavefront R interacting with the surface at the angle θ is unknown, 

the problem is unconstrained. The slope of the surface is known, but the location in space 

along a radial line at an angle θ is unknown. The only known and measured quantities are 

d and θ, as defined in Figure 5.11.  

5.3.2 Bisection tangent intersection method 

If an assumption is made about the relationship of the surface tangents at each 

location with respect to one another, a surface profile can be calculated. The assumption 

made in this case is that best guess surface location is determined if the surface tangent 

lines are assumed to intersect along a line bisecting the angle 1−′− nn θθ , as illustrated in 

Figure 5.13. 
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Figure 5.13 - Schematic illustrating the geometrical relationships governing the best 
guess surface fitting from two measured wavefront concentric data points. 

The surface locations are found using an iterative method involving simple 
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dss += , (5.5) 

where 
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The equation of the line connecting the local center of curvature and the surface tangent 

point, the n radial line, is given by  

 n

R

n
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dss += , (5.7) 

where 

 
n

R

ndx
ds

θtan
1

= . (5.8) 

To find the intersection point for consecutive tangent lines, ),( 11 −− ′′ nn sx , the intersection is 

found between the n-1 tangent line 
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Setting Eqs. (5.9) and (5.10) equal and solving for 1−′nx  yields 
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Next, nc  is found to define the n tangent line, 
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n
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The intersection of the n tangent line and the n radial line is determined in the same way 

as Eq. (5.13) and results in  
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Thus, with initial conditions of 0;0;0 000 === csx , the BTI method finds surface 

locations ),( nn sx  for each measurement and yields a best guess surface profile given the 

marginal ray angle, where the surface is concentric to the focus beam and the distance 

from the vertex from which the measurement is taken.  

Raw data measurements from a first iteration GaP SIL taken with an objective 

with NA = 0.8 are given in Table 5.2. Figure 5.14 shows a surface reconstruction using 

the BTI method. Matlab code used to generate the surface reconstruction is included in 

Appendix A. 
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h (μm) r (pixels) ρ (pixels) θ (degrees) 

0 126 0 0 

5 126 96 37.6 

10 126 106 42.3 

16 126 112 45.3 

20 126 114 46.4 

25 126 120 49.6 

30 126 122 50.8 

35 126 122.5 51.0 

Table 5.2 - Annular fringe data from first iteration GaP SIL. 

 

Figure 5.14 - Surface reconstruction from interferogram data taken from a first iteration 
GaP SIL. 
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The conical nature of the GaP lens shown in Figure 2.8 is clearly visible in the 

surface reconstruction shown in Figure 5.14. An extrapolation of the surface to a depth of 

33μm also coincides with the 35μm radial footprint, shown in the VSI profile in Figure 

5.7, to within 5μm. However, the area around the reconstructed surface vertex is not as 

steep as in Figure 2.8. The BTI method assumes the tangent lines intersect halfway 

between measured data points. This assumption is equivalent to creating a surface 

segment between data points that is symmetric about the local radius of curvature. The 

data shown in Table 5.2 are taken at 5μm intervals from the vertex. This increment 

represents the minimum motion resolution on the sample manipulation micrometers for 

the first iteration MTG. To map the surface more precisely, finer steps are required. 

5.3.3 Second generation GaP SILs 

The failure of the first iteration GaP SIL process to produce hemispheres resulted 

in fabrication design changes outlined in Section 2.6.3. The second generation MTG 

update coincided with the fabrication overhaul. Consequently, the second generation GaP 

SILs are tested using the new interferometer design. Figure 5.15 shows an interferogram 

of a representative second generation GaP SIL. Tilt fringes from the reference mirror are 

visible superimposed on circular spurious fringes. The extent of the interferogram is also 

reduced compared to the full diameter of the pupil. 
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Figure 5.15 - Interferogram of second generation GaP SIL 

Figure 5.16 shows an SEM picture of a second generation GaP SIL and also gives 

clues as to the peculiar fringe pattern. The behavior is the result of the non-spherical, 

conical sides of the lens reflecting light at the edges of the pupil into the interior portion 

of the pupil, resulting in circular fringes. Since the circular fringe pattern is added to any 

fringe pattern created by the surface and tilt from the reference mirror, the interior of the 

interferogram exhibits tilt fringes from only the reference mirror while the outside of the 

pattern exhibits a combination of the fringe patterns. Figure 5.17 shows a ray-based 

pictorial explanation of the origin of the circular spurious fringes. 
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Figure 5.16 - SEM picture of second generation GaP SIL a) in wafer form; and b) as a 
single element.  

 

Figure 5.17 - Ray-based schematic of the origin of annular spurious fringes for the 
second generation GaP SIL. 
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To solve this behavior, a limiting iris is introduced just prior to the objective pupil 

to reduce the marginal ray angle of the objective. As the iris is closed, the circular 

spurious fringes disappear from the interior of the interferogram to the edge. Further 

closing of the iris after the spurious fringes are removed simply truncates the 

interferogram to a smaller radial extent. The point where the spurious fringes disappear 

represents an important measurement. This location is where the NA of the focus beam 

corresponds to the spherical portion of the lens under test.  Figure 5.18 shows the final 

measurement setup for the second generation GaP SIL and the angle at which the surface 

becomes non-spherical. 

 

Figure 5.18 - Final GaP SIL measurement setup showing limiting iris and the angle at 
which the surface becomes nonspherical, θs. 
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Since the NA of the objective and the radial extent of the pupil are known, the 

actual marginal ray angle is calculated using Eq. (5.2). This marginal ray represents the 

angle past which the interferometer is unable to perform the measurement due to the 

asphericity of the lens. Figure 5.19 shows the resulting interferogram with the limiting 

iris added to the system to match the NA of the objective to that of the spherical portion 

of the lens. 

 

Figure 5.19 - Interferogram of the second generation GaP SIL with an NA matching iris 
added to the system. 

Ten sample lenses are chosen at random from an array of second generation GaP 

SILs and multiple average radial profiles calculated for each lens. The phase unwrapping 

algorithm used by the Intelliwave software results in an arbitrary phase offset of the 

wavefront error. Thus, all surface profiles are similar in shape, but vary by an additive 
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constant. Each data set is paired with an offset that is varied until the RMS difference of 

all data are minimized using an unconstrained nonlinear optimization algorithm.  

 

Figure 5.20 - Average surface departure radial profile for 10 second generation GaP SILs 
chosen at random from an array of lenses. 

The wavefront data along with RMS difference error bars, as shown in Figure 

5.20, indicate less than ¼ wave departure from spherical over a 42° range. This aspheric 

departure corresponds to a maximum optical path difference ≈−= tnOPD )1( ½ wave in 

transmission. The quartic shape of the surface departure suggests the form of the 

aberration induced by the surface irregularity is spherical aberration, which implies that 

the error introduced by the surface departure can be corrected by designing the optical 
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system to have a matching and opposite amount of spherical aberration. Since the 

maximum variation in surface shape across the measured sample at random locations is < 

35nm, it is expected that such a compensating optical system would function within 

acceptable tolerances for all lenses on the wafer. 

To properly implement the second generation GaP SIL into an optical design 

program, best-fit aspheric coefficients for the surface are required. Since the measured 

data are in the form of surface departure from a spherical wavefront, the radius of that 

wavefront is also required. The effective radius of the lens is measured using a Lion 

Precision C1-B capacitive sensor to measure the absolute location of the sample holder. 

The probe exhibits a 50μm measurement range with a 2nm RMS error. Three pico-motor 

actuators are used to enable fine-motion control and manipulate the sample in steps 

varying from 2-10nm depending on the force required to move the sample. The location 

of the vertex is determined by placing the sample beyond focus and moving the sample 

toward the objective until a retro reflection pattern from the vertex is achieved. The 

sample is moved forward again until the back reflection pattern at the concentric 

condition, or cat’s eye, is observed. The difference between the measurements yields the 

effective lens radius. This radius is used with Eq. (5.16) and a process similar to the 

average surface departure optimization to find the aspheric lens prescription, given in 

Table 5.3.  
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R 0.0192 
k -0.6 
a4 -0.00516 
a6 -0.00186 
a8 0.000716 
a10 0.0008316

Table 5.3 – Best fit even asphere coefficients for the second generation GaP SIL surface. 

 

Figure 5.21 - Graph of aspheric fit residual of the GaP SIL surface. 

The difference between the aspheric fit and the actual lens surface is shown in 

Figure 5.21 and achieves a fit to within λ/50 of the real surface shape. The Matlab scripts 
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used to minimize the RMS difference for the average surface departure and aspheric 

coefficients are given in Appendix A. 

5.4 Summary 

This chapter presents experimental efforts on metrology for microlenses. A brief 

discussion of currently available testing methods and their limitations pertaining to 

microlens testing is discussed. An overview of the fabrication methods for grayscale GaP 

micro optics is given along with a discussion of the improvements to the process made 

from the first GaP SIL fabrication attempts to later, more successful efforts.  

Detailed design and implementation of a Twyman-Green interferometer with a 

microscope objective diverger lens is given, along with the implementation of an 

improved design. This second system minimizes the length of uncommon paths and 

drastically reduces uncommon path vibration. In addition, an afocal zoom telescope is 

added to allow variable magnification to fill the CCD with the pupil image. An in-depth 

discussion of the addition of an objective field of view illumination/imaging arm is 

discussed along with relevant design constraints and their ramifications. 

A new method is proposed for determining the shape of extremely aspheric lenses 

with steep slopes using the annular fringe pattern to determine a local radius of curvature. 

Second generation GaP SILs are measured using the MTG, with special consideration to 

image only the extent of spherical region. The GaP SILs measured spherical to with λ/4 

out to a marginal ray angle of 42° with a radius of curvature of 21μm determined by use 
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of a capacitance probe. An optimization routine is also implemented to determine 

approximate aspheric coefficients for the surface. 
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CHAPTER 6 - NICRO TEST CASE APPLICATIONS 

Chapters 5 and 7 discuss in-depth the testing and assembly, respectively, of a GaP 

nicro-lens for application as a solid immersion lens. However, there are other interesting 

applications for lenses in the nicro size regime. This chapter presents the design, 

fabrication and experimental work for a single fused silica lens laser diode beam shaper.  

A discussion is also given of several theoretical applications for nicro-optical elements 

for beam shaping. 

6.1 Beam shaper 

The experimental embodiment of a microlens for beam shaping involves using a 

conventional glass lens to create a beam spot at a defined working distance from a laser 

die. To solve the problem of attaching the lens to a laser die, a test case single lens beam 

shaper is designed, fabricated and tested. Though it uses a single plano convex lens, it 

exhibits many of the fabrication and assembly challenges that micro-optic assemblies 

share. Overcoming these engineering problems is an enabling step in considering the 

feasibility of more complex multi micro and nicro-element systems. 

6.1.1 Design 

The laser diode beam shaper design is shown in Figure 6.1 and consists of a laser 

die supported by a gold-coated silicon submount that also serves as the electrical contacts 

for the p-junction of the diode and a beam shaping lens attached to the submount. The 

laser source is a model SLD-650-P10-C-RG-300-03 12mW 655nm laser die obtained 

from Union Optronics Corp. The beam shaping element is a plano-convex fused silica 
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lens with a radius of 118μm, a nominal conic constant of 0.53, and a sag height of 45μm. 

This lens is designed to create a 60μm spot at a working distance of 4mm. 

 

Figure 6.1 – Drawings of the laser diode beam shaper utilizing a single plano-convex 
fused silica lens and a silicon submount. 

The starting point for the optical design is a target 1/e2 spot size of 60μm at a 

working distance of 4mm. The diffraction limited 1/e2 spot size is given by θλ sin=s . 
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Solving for θ yields a marginal ray angle constraint of 0.625°. In this case, since no 

circularization correction is applied to the laser beam, neither the horizontal (xz) nor 

vertical (yz) marginal rays achieve this target value. Instead, a balance is achieved by 

setting a loose weight to the marginal ray target constraint in the ray trace program 

optimization merit function. The lens thickness is constrained to 400μm by the fused 

silica substrate thickness. Utilizing the divergence data for the Union Optronics laser, 

converted to 1/e2 values of θ║ = 6.8° and θ⊥ = 26°, the radius and conic of the surface are 

varied to minimize the merit function. The final geometric spot diagram and wavefront 

error plots are shown in Figure 6.2. 

 

Figure 6.2 - Spot diagram and wavefront error plot for the laser diode beam shaper. 

The diffraction-limited spot size, represented by the oval boundary in the spot size 

diagram of Figure 6.2, shows that the spot size in the horizontal direction is close to the 

60μm target. However, because of the high divergence perpendicular to the junction, the 

larger size of the beam at the lens in the vertical direction results in a higher marginal ray 

angle and consequently, a smaller spot size. The astigmatism present in the wavefront 
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plot is due to the lack of correction of the astigmatism present in the beam exiting from 

the laser diode. 

Since the beam shaping lens is in the nicro regime, a diffraction study is 

performed using OptiScan.104 The resulting irradiance distribution and phase front data 

are shown in Figure 6.3. 

 

Figure 6.3 - Diffraction simulation irradiance and phase profiles calculated at the working 
distance for the laser diode beam shaper. 
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There are three main errors introduced in the assembly process that can affect the 

final position and shape of the beam spot: laser-lens gap (lens shift in +z), laser 

misregistration (lens shift in x or y), and wedge between the first lens surface and the 

laser facet (rotation about x or y). These quantities are illustrated in Figure 6.4. 

 

Figure 6.4 - Illustrations of the three errors used in the beam shaper tolerance analysis 
between the lens(white) and the laser(gray). The three errors are: A) lens xy 
misalignment; B) lens-laser gap; and C) tilt between lens and laser. 

A laser-lens gap other than the nominal value can be adequately compensated for 

by changing the working distance. Similarly, the tip/tilt errors introduced by wedge 

between the laser and lens up to 5° can be compensated by a redefining of the optical axis 

of the system. A focus spot that exhibits coma results, but the geometric spot size is still 

smaller than the diffraction limit. The main errors that can be introduced in the assembly 

process come from misregistrations between the laser and the lens. The tolerance on 

misregistration for a λ/10 rms wavefront error is 10μm in Y and 15μm in X. The 

difference is due to the higher y-axis divergence, which increases the sensitivity to 

vertical misregistrations. 

A) B) C) 
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6.1.2 Fabrication/assembly 

The beam shaper lens is fabricated at MEMS Optical, Inc., in Huntsville, AL, 

from a single wafer of fused silica in a process similar to the GaP lenses discussed in 

Chapter 5. Individual lenses are diced out and assembled using the facilities at Advanced 

Research Corporation (ARC), in White Bear Lake, MN. Silicon submounts are fabricated 

at ARC and are created from a 300μm thick silicon wafer with a KOH etched trench to 

eventually accommodate the laser die. The University of Arizona (the author) was 

responsible for the system design, oversight and improvements in the assembly process, 

the design of the testing apparatus, the system testing method and image analysis 

software.  

Specialized assembly hardware is used to align the laser die to the center of the 

lens and a very small amount of transparent UV curing epoxy is used to fix the laser die 

to the lens. A picture of a lens with attached laser die is shown in Figure 6.5. 

 

Figure 6.5 - Picture of the beam shaper lens after being bonded to a laser die. 
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After the epoxy is cured, the lens and laser are attached to the gold-coated silicon 

submount using a thermally and electrically conductive epoxy. The final laser beam 

shaper system is pictured in Figure 6.6 at the end of a vacuum tweezer. 

 

Figure 6.6 - Picture of final beam shaping optical system. 

6.1.3 Testing 

Initial tests are performed using wire bond connections to the laser die and the 

silicon submount. Figure 6.7 shows images of an operational laser die attached to a 

submount with and without a lens. The size of the expanding beam is visible from the 

reflection off the circuit board on which the systems are mounted. 

Si submount 
Laser die

Lens 
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Figure 6.7 - Pictures of beam shaper systems attached to a wire bond circuit board: A) 
without beam shaping lens and B) with beam shaping lens, showing formation of a beam 
waist approximately 3.5mm from the lens vertex. 

Using the size of the beam shaper system as a calibration, a rough measurement of the 

distance from lens vertex to the center of the beam waist pictured in Figure 6.7b measures 

3.5mm, which is a good indication that the working distance goal of 4mm is met to 

within the accuracies of this loose test. 

A) 

B) 

Extent of beam shaper system 
Focus Spot (beam waist)

~3.5mm
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To achieve better and more accurate test results, a beam shaper testing apparatus 

is designed for imaging the beam exiting the beam shaper device. To accomplish this, a 

CCD camera attached to a microscope tube and objective is mounted to several stages 

that are in turn mounted to a base plate and registered to a beam shaper mount using 

metal pins. Figure 6.8 shows a 3D CAD side view of the testing apparatus. 

 

Figure 6.8 - Side view of a 3D CAD drawing of the beam shaper testing apparatus. 

Utilizing this testing fixture, the images of the beam are captured through space, 

giving the angular deviation of the beam as well as the location of the waist. Figure 6.9 

shows a close-up of the final testing apparatus showing the microscope objective focused 

on a beam shaper system.  
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Figure 6.9 - Close-up of testing apparatus showing microscope objective, beam shaper 
mount, and electrical contact pins. 

The testing procedure is as follows. The beam shaping device is seated in the testing 

fixture. The contact pins are lowered and device alignment is verified with a stereoscope. 

The laser current is set to 38mA and the CCD settings are modified to maximize the 

signal, which are used for all images for that sample. The microscope is focused on the 

clear aperture trough surrounding the lens, which creates a distinct circular scatter pattern 

that provides for an accurate focus starting point and reference for the center of the lens. 

The lens center is used in conjunction with the beam centroid to determine angular 

deviation. Images and distances are then recorded at the lens vertex, beam waist, and the 

working distance. Figure 6.10 shows pictures taken through a microscope of the laser 

module seated in the testing fixture with the laser turned off, and the laser operating at a 

low power voltage. Figure 6.11 shows representative images of the beam at the four 

recorded locations. 
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Figure 6.10 - Microscope images of beam shaper system mounted in the testing apparatus 
with: A) the laser turned off and B) the laser turned on at a low power voltage. 
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Figure 6.11 - Images of the beam exiting the beam shaper system at A) the clear aperture, 
B) lens vertex, C) beam waist, and D) working distance. 

Using a calibration target to determine an effective μm/pixel value, the center of 

the lens is measured from the clear aperture image. The centroid and horizontal/vertical 

size of the beam is then measured for the working distance image to arrive at beam size 

and deviation measurements. The images are analyzed using a custom Matlab-based 

A) B) 

C) D)
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image processing program designed by the author. To lower the noise floor and maximize 

the portion of the exposure bit-depth available for the signal, images are captured with a 

gamma compression factor of γ = 0.45 setting on the CCD camera. Therefore, the first 

image processing step corrects for the non-linear exposure characteristic of the camera by 

setting the corrected pixel value, I, to 

 γ/1
0II = , (6.1) 

where I0 is the original intensity value of the pixel. The clear aperture center is 

determined via a three-point circle fitting algorithm that uses user input to define the 

three points around the clear aperture. The images are then thresholded at 95% of the 

maximum value, and the centroid of the resulting blob is used to define the center of the 

beam hot spot. The working distance in addition to the lateral offset between the clear 

aperture center and the center of the beam at the working distance are used to determine 

the angular deviation. 

Included in the beam deviation measurements are any errors that result from the 

process of placing the beam shaper device into the testing fixture. For the first set of 

angular deviation measurements, the beam shaping device was seated against the back 

reference surface. Unfortunately, the back surface of the fixture is angled back slightly 

from the back surface of the submount, resulting in less accurate placement of the beam 

shaper device in the testing fixture.  Subsequently, the side reference surface was used to 

do further testing. Figure 6.12 shows plots of angular deviation for several samples using 

the back reference surface and an angular deviation repeatability test for one particular 

sample using the side reference surface. 
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Figure 6.12 - Plots of beam angular deviation for A) several samples using the back 
reference and B) a repetition study with the sample E01B02S02 (designated with a box in 
part A) using the side reference. 

Using the side reference enabled very repeatable results and less angular deviation due to 

misalignment during device mounting. The repetition test in Figure 6.12b is carried out 

using one particular device and shows an average angular deviation less than 1°. 

An average beam size measurement is less significant due to the shape of the 

beam for each beam shaper device. Figure 6.13 shows a collection of some of the higher 

quality beam images taken at the working distance. 
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Figure 6.13 - Images of the beam shaper device beam at the designed working distance 
for 9 different device samples. 

Clearly, the variable nature of the output beam between laser diodes and the 

uncertainties involved in the first attempt at assembly result in very different beams at the 

working distance with sizes that are difficult to determine. One hypothesis for the 

samples that exhibit large diffraction tails is that the shelf for device mounting is 

approximately 25% longer than the beam shaping device itself. This extra shelf reflects 

some of the light that is incident on it, as is visible from the laser flares in Figure 6.10. 

However, even with the diffracted tails, the percentage of the beam that falls within a 

60μm box around the centroid is consistently above 50%, as shown in Figure 6.14. 
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Figure 6.14 - Beam integral percentage in a 60μm box surrounding the beam centroid 
compared to total beam integral. 

 

6.2 Laser diode corrector/collimator 

The feasibility of attaching a lens directly to a laser die generates several 

interesting application avenues. In Chapter 4, an anamorphic GaP lens attached to a laser 

diode is used as a test case for several different simulation techniques. This test case is 

the core idea behind the following two applications in this chapter and is summarized 

briefly here for convenience.  

Due to diffraction, the beam from a laser diode diverges more quickly in the 

optically confined direction, resulting in an aspect ratio inversion, as shown in Figure 

6.15. Calculated according to equations defined in Section 4.1.1, a laser diode with a 

Gaussian-distributed full-width-at-1/e2-of-maximum (FW1/e2) diameter of 2.34μm 
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parallel (s||) and 1.05μm perpendicular (s⊥) to the junction exhibits an aspect ratio of 2.2 

at the exit facet of the diode. At a distance of 30μm away from the facet, s|| = 22.25μm 

and s⊥ = 10.1μm, which is an aspect ratio of 1/2.2 = 0.45. However, 4μm away from the 

facet the beam profile is circular with a diameter of 2.5μm in both directions. 

 

Figure 6.15 - Schematic showing a laser diode beam A) undergoing aspect ratio inversion 
in air, and B) movement of the circular point away from the laser facet with propagation 
in a medium with higher refractive index. 

At this circular point (CP), the phase front exhibits severe astigmatism. An 

anamorphic refracting surface placed at the CP can equalize the beam divergences, 
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reduce the astigmatism, and keep the far-field beam shape circular. Beam divergence is 

proportional to wavelength, which is inversely proportional to the refractive index outside 

the laser facet. Thus a high-index material, such as gallium phosphide (GaP, n=3.3), has 

the benefit of moving the circular point away from the facet by a factor of n. In the case 

of a laser diode with a CP located 7μm away from the laser facet in air, a GaP exit 

medium moves the CP to a distance of 23μm. The longer distance to the circular point in 

GaP means optics with arbitrary surfaces can be more easily fabricated and placed at this 

location. The angular spectrum diffraction simulations discussed in Section 4.2.1.1, and 

shown in Figures 4.5 and 4.6 show profiles of the 1/e2 radius of a beam from a laser, with 

FWHM angular divergences of θ║ = 8.5° and θ⊥ = 19°, propagating in air and through an 

anamorphic GaP lens with R⊥ = 26μm and R|| = ∞  and with the vertex located at the 

circular point.  

Continuing the design where Chapter 4 left off, once the laser astigmatism is 

corrected and the beam is circularized, a lens placed downstream of the correcting 

element collimates the beam. Figure 6.16 shows top and side views of the micro laser 

corrector design concept.  
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Figure 6.16 - Top and side views of proposed optical laser diode circularizer. The top 
illustrations show top and side views of typical laser diode beam behavior with air as the 
exit medium. The bottom illustrations show the same laser diode with a correcting GaP 
element. The correcting element is held by a support layer that connects to a collimating 
lens element. 

Since the radius of the correcting surface in the perpendicular direction is nearly 

concentric with the laser facet, the lower divergence exhibited before the correcting 

surface is preserved, resulting in a full-width-at-half-maximum (FWHM) angular 

divergence of only 5° after the correcting element. Consequently, only a low-focal-power 

element is required to collimate the beam. Angular spectrum added surface phase 

analysis, defined in Section 4.1.1, shows a 4μm sag 95μm radius of curvature element 

fabricated into a glass support layer 300μm from the correcting lens is sufficient to 

collimate the beam in this example. 

Since laser diode divergences vary from device to device, a tolerance study is 

performed to investigate the behavior of the system with maximum, typical, and 
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minimum divergence values given for the λ = 690nm Hitachi HL-6738MG laser diode, as 

a typical example. Figure 6.17 displays the X and Y beam 1/e2 radius profiles for the 

corrector design given above for the range of HL-6738MG divergence values given in 

Table 6.1, obtained from the laser specification sheet. 

 Minimum Typical Maximum 
θ║ 7 8.5 10.5 
θ⊥ 17 19 23 

Table 6.1 - Table of FWHM divergence values for the Hitachi HL-6738MG laser 

Figure 6.17b is analogous to Figure 4.6 and shows the beam radius profile including the 

collimating element for a system designed for the typical divergence values given in 

Table 6.1. Using the same design prescription, the minimum and maximum divergence 

cases, shown in Figure 6.17a and 6.17c, respectively, exhibit slightly different output 

beam sizes and aspect ratios. However, the beam divergence angle exiting the 

collimator/corrector system is nearly zero, indicating that the exiting beam is 

approximately collimated. The beam shape change away from circular is also limited to 

within 20% of an aspect ratio of 1. 
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Figure 6.17 - X and Y 1/e2 profiles for the laser diode corrector/collimator given 
minimum, typical, and maximum divergence values for the Hitachi HL-6738MG laser. 

Laser diode corrector collimator horizontal (X) and vertical (Y) 1/e2 radius profiles 
for minimum, typical and maximum divergences for Hitachi laser HL-6738MG 
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As discussed in Chapter 4, the angular spectrum added surface phase method isn’t 

completely rigorous, and the phase errors introduced from the short plane-to-plane 

propagation suggest using an alternate simulation method to verify system behavior. 

Application of the sequential piece-wise diffraction method (SPWD) described in Section 

4.1.2 indicates a slight change in the system prescription is necessary to achieve a flat 

wavefront and identical x and y beam radii at the output. The SPWD design is shown in 

Table 6.1 with the x and y electric field amplitude and phase profiles given in Figure 6.18 

and 6.19. 

Surface Radius (μm) Thickness Index 1/e2 radius (μm) Sag (μm) 
Laser facet ∞ 20 3.3 x: 1.74    y: 0.76 -- 

GaP Corrector 16 280 1.5 x: 1.90    y: 1.91 0.11 
Collimator 99 200 1.0 x: 24.4    y: 24.2 3.1 

Table 6.2 - Laser corrector collimator prescription using the SPD simulation method. 

Since the required sags for both the GaP correcting and the collimating elements 

in Table 6.2 are below 10μm, it is reasonable to fabricate both elements with a clear 

aperture greater than the 1/e2 diameter. However, the sag heights and radii listed in Table 

6.2 result in edge slopes of 7° and 14°, respectively, so both elements can be easily tested 

with VSI, even with larger clear apertures. 
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Figure 6.18 - Profile of the absolute value of the electric field at the output surface for the 
xz (x profile) and yz (y profile) planes. 

   

Figure 6.19 - Profile of the  phase of the electric field at the output surface for the xz (x 
profile) and yz (y profile) planes.  
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Figure 6.20 - Plots of log(|E|) in the xz and yz planes for the laser diode corrector/ 
collimator design. The elements are outlined in white. 

Figure 6.20 displays images of the normalized log of the absolute value of the 

electric field as it progresses through the system for the xz and yz meridional planes. The 
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slight difference in amplitude between planes is a result of the 2D treatment, and the 

slightly discontinuous beam shape change across an interface is discussed in Section 

4.2.2.4. 

A prototype of the corrector/collimator has not been fabricated, though Sections 

5.3.3, 6.1.3, and 7.4.2 show results for solutions to many of the individual engineering 

challenges pertaining to the fabrication of this design. If a prototype were manufactured, 

it would represent the first system to correct and collimate a laser diode in a package on 

the order of twice the size of the laser die. 

6.3 Micro-optical pickup 

There are numerous system applications that require laser diode 

correction/collimation in small packages that could benefit from the design given in 

Section 6.2. Perhaps the most common example is for a laser pickup used in optical data 

storage applications. Anamorphic prism pairs are currently used to circularize laser diode 

beams and miniature lenses are used for collimation, resulting in systems with package 

dimensions 10mm or larger.3 The possibility of using the corrector/collimator discussed 

above suggests that such systems could achieve size scales an order of a magnitude 

smaller. Current laser diode corrected pickups are generally 10-20mm in length,3 with 

some specialized non-corrected systems achieving sizes down to 5mm.1,7 Figure 6.21 

shows a schematic of a hypothetical pickup design utilizing the GaP 

correcting/collimating system and the HL-6738MG laser described in Section 6.2 and a 

glass prism element block that houses a beam splitter, turning prism face and focusing 
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element. Alternatively, the 90° turn can be left out, eliminating the prism face and 

resulting in an undeviated optical axis system, which may be easier to fabricate. This 

design achieves a package size five times smaller than that of current laser diode 

canisters, much less full optical pickup systems.  

 

Figure 6.21 - A cross sectional view of a conceptual micro-optical pickup for data storage 
utilizing a nicro optical laser diode circularizer. 

The design goal of the micro optical pickup is to create a focus spot on the same 

order as the DPHI, Inc. small form factor optical pickup unit.2 The first generation small 

form factor pickup exhibits an NA of 0.60, capable of reading a first-surface disc with a 

track pitch of 0.74μm, roughly equivalent to the current DVD track pitch standard of 

0.8μm.   

The micro pickup system requires a design methodology that involves diffraction 

simulation for a complete specification. However, a first-order ray trace design using 

Zemax suggests the laser and GaP correcting element combination given in Table 6.2 
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requires a 73μm radius surface for a collimating lens with a 200μm thickness. In order to 

achieve an NA of approximately 0.6 with a clear aperture of roughly 30μm at the 

focusing element, the working distance for the system is 17μm. To achieve this working 

distance using a high-index glass for the prism element, such as LaSFN9 (n = 1.85), the 

focusing lens requires a radius of 14.5μm and a conic of -3.4225 to achieve the 

hyperbolic shape necessary for aberration-free focusing. 

Using these raytrace values as a starting point, SPWD is used to arrive at a 

realistic system prescription including diffraction effects, given in Table 6.3. 

Surface Radius Thickness Index 1/e2 radius (μm) Sag  
Laser facet ∞ 20 3.3 x: 1.74  y: 0.76 -- 

GaP Corrector Ry:16   Rx:∞ 180 1.5 x: 1.90  y: 1.91 0.11 
Collimator 63 30 1.0 x: 16.0  y: 15.9 2.03 
Prism block ∞ 500 1.85 x: 16.0  y: 15.8 -- 

Focusing lens 16 (k = -3.42) 19 1.0 x: 16.1  y: 16.0  5.68 
Focus -- -- -- x: 0.43  y: 0.43 -- 

Table 6.3 – Micro optical pickup prescription using the SPD simulation method. All 
values with the exception of index are in μm. 

SPWD simulation demonstrates the system achieving a FWHM spot size of 0.52μm, 

giving an effective NA of 0.66. The edge slope angles for the three lens surfaces at the 

1/e2 radius point are 6.5°, 14.5°, and 28.4°, for the correcting, collimating, and focusing 

elements, respectively, which indicates that each lens is still within the ~30° limit of VSI 

metrology with medium power interference objectives63 and can easily be measured. 

Figures 6.22 and 6.23 show plots of the normalized irradiance of the electric field and 

phase at the focus plane for the yz and xz meridional planes.   
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Figure 6.22 - Profile of the normalized irradiance of the electric field at focus for the xz 
(x profile) and yz (y profile) planes for the micro optical pickup design. The irradiance 
profile exhibits a FWHM spot size of 0.52μm. 

 

Figure 6.23 - Profile of the phase of the electric field at focus for the xz (x profile) and yz 
(y profile) planes for the micro optical pickup design. 
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Figure 6.24 shows an image of the normalized absolute value of the electric field 

as it passes through the system with an undeviated optical axis with a logarithmic scale 

for the xz and yz meridional planes. 

 

Figure 6.24 – Images of electric field amplitude with a normalized logarithmic color scale 
in the xz and yz planes for the micro optical pickup design. The elements are outlined in 
white. 
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appreciable amounts of aberration. Therefore, the size of the beam can be slightly 

increased at the focusing element without significant change to the system performance. 

The prism element can also be shortened, lengthening the distance from the GaP 

circularizing element to the collimating surface and creating a larger size beam. Both 

methods of increasing the beam at the focusing element would require a larger sag for the 

focusing surface, but sags larger than the 5.7μm sag listed in Table 6.3 are easily 

achievable. 

Conventional optical pickup units that utilize anamorphic prism pairs and other 

free-standing optics have many more surfaces that contribute to system transmission 

losses.102 For the micro optical pickup, the following are assumed in order to calculate an 

effective throughput: the interface between the GaP corrector and the glass substrate 

exhibits a 98% transmissive coating (such as Si3N4), all glass surfaces assume a typical 

anti-reflection coating transmission of 99.8%, and all element diameters are such that 

95.56% of the beam power passes through (corresponding to a clear aperture equal to the 

irradiance 1/e2 beam diameter). The resulting total transmission is 93%. This number 

assumes no losses at the beam splitter, such as when a polarizing beam splitter is used 

with a quarter wave plate. Such a setup could be impractical on a small scale, so adding 

in a 50% reflective beam splitter lowers the system transmission to 46.5%. 

A tolerance analysis is necessary to determine the final performance of the micro 

optical pickup. Due to the large quantities of surfaces and error sources, a thorough 

tolerance analysis would be very intensive, and as such, is not performed in this study. 

However, the results of the angular spectrum added surface phase tolerance analysis on 
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the range of laser divergences suggests the collimation from the corrector/collimator 

element is maintained with variation between laser dies. Thus, it is expected such 

variances would have only a small effect on the final size of the laser spot.  

The possibility of such a micro optical pickup system being realized opens the 

door for many micro-sized optical data storage devices, or even systems with several 

pickups working in parallel to increase data bandwidth. 

6.4 Summary 

This chapter presents a discussion of several non-SIL applications for a GaP 

nicro-lens. The design, fabrication, assembly and testing of a 1x1x0.3mm laser beam 

shaper is presented. The beam shaper uses a single rotationally symmetric lens to create a 

spot with an average size of 60μm in the horizontal and vertical directions at a distance of 

4mm. First generation assembly methods show achievable angular deviations from the 

lens optical axis below 1°. Designs for a laser diode circularizer are also given which use 

a single anamorphic GaP surface at the beam circular point, which is typically very close 

to the laser facet for modern common gain guided lasers diodes. Analysis of the system is 

presented using sequential piece-wise diffraction and a tolerance study on laser 

divergence values using the angular spectrum method. Finally, a larger application 

utilizing the circularizer for a micro optical pickup is discussed including meridional 

plane simulations with sequential piece-wise diffraction that show a focus spot with a 

FWHM of 0.52μm. The system uses optical surfaces with sags < 6μm and edge slope 

angles < 28°, enabling convenient traditional VSI metrology.  
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CHAPTER 7 - PRACTICAL GAP SIL 

In this chapter, experimental efforts to create a solid immersion lens (SIL) from a 

nicro Gallium Phosphide (GaP) lens are described. Special considerations for the 

handling of nicro optics are discussed, including several design philosophies that address 

the problems introduced by a planar support layer. Specific manufacturing steps 

involving lapping and polishing of GaP are covered, as well as the specialized equipment 

and methods used. The results of many fabrication attempts are discussed in addition to 

an induced polarization pupil image taken from the first two-stage GaP SIL with NA = 

2.5. 

7.1 Nicro-Optics Mounting & Handling 

Due to the aberration and birefringence issues discussed in Sections 3.3 and 3.5, a 

SIL made from a high-index cubic crystalline material requires a small radius. In addition, 

the main methods for creating smooth lens surfaces in GaP, as outlined in Section 2.4, 

use lithography that achieves sags up to 100μm. Both factors suggest that any mass-

produced SIL made from GaP will be in the nicro size regime. As such, special 

considerations must be made for handling such a small lens. Conventional opto-

mechanics and assembly methods simply do not work for holding and manipulating a 

lens with a diameter on the same size order as a human hair. Some other method is 

required to implement a single nicro lens into a system for use as a SIL. 

To such an end, there are two main fabrication challenges with taking a wafer of 

nicro GaP lenses and creating individual SILs ready to be used. The first challenge is 
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creating a lens with the correct thickness of l', as defined in Chapter 3. For the 

hemispherical SIL case, the correct thickness is equal to the radius of the lens, which 

allows access to the center of curvature. The second problem involves how the lens, after 

being separated from the wafer either by dicing or by lapping past the lowest surface 

point, is physically handled or mounted to the optical system. The solution to the first 

problem, while not simple, is straightforward: the bulk wafer must be lapped and 

polished off to the center of curvature of the lens. The solution to the second problem has 

many design solutions. The solution chosen for this work uses an optically transparent 

epoxy to fix the lens array to a planar support material. The support material holds the 

lenses from above while the wafer is being lapped away. Figure 7.1 shows a schematic of 

the geometry involved. The epoxy is chosen to be a close match to the index of refraction 

of the support layer in order to reduce ghost reflections. 

 

Figure 7.1 – Schematic of support layer and epoxy geometry 

The support layer also serves as attachment point for conventional mounting of 

the lens unit. If the SIL is to be used with an air gap, rather than being in direct contact 

with the object surface, a chamfering step is required to reduce the contact area and 
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increase the tolerance to tip/tilt alignment errors. Figure 7.2 shows the fabrication flow 

for creating an individual SIL from an array of nicro lenses. 

 

Figure 7.2 - Schematic of fabrication steps to create an individual SIL from an array of 
nicro lenses. 

The steps shown include the following: 1) application of epoxy to the sample, which may 

include a vacuum treatment to remove air bubbles; 2) addition of the support layer and 

attachment to a lapping fixture; 3) the lapping and polishing of the substrate to the 
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location of beam focus; 4) dicing, and if necessary, chamfering; and 5) mounting to the 

focusing optics. 

There arises two significant problems with using a planar support layer to hold the 

nicro lenses: 1) due to refraction at the top surface of the support layer, the system NA is 

reduced to 

 NA
n
nAN

g

′
=′ , (7.1) 

Where ng is the index of the support layer, as shown in Figure 7.3; and 2) induced 

spherical aberration caused by the converging beam propagating through a plane parallel 

plate. The amount of this aberration is given by 
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where t is the thickness of the support layer. 

 

Figure 7.3 - Schematic showing reduction of system NA when propagating through a 
support layer. 
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For example, a 21μm radius GaP nicro SIL in air with NA = 0.55 results in NA' = 1.82. 

The same lens with an attached glass support layer where ng = 1.5 and t = 500μm, results 

in NA' = 1.21 and W040 = 2.12μm.  

For systems where the design of the focusing optics is not determined, the 

induced spherical aberration can be corrected by designing focusing optics with an equal 

and opposite amount of aberration, which solves problem #2. However, problem #1 can 

only be solved by eliminating refraction at the top support layer interface. If there is no 

refraction, the refraction invariant, A, equals zero, which also results in zero spherical 

aberration, thereby solving problem #2 without the need for custom designed focusing 

optics. This solution is accomplished by using a first-stage SIL-like surface on top of the 

support layer that keeps the marginal ray angle constant across the interface. The first-

stage SIL is achieved by using either a diffractive or refractive lens. Both options behave 

like a low-index first-stage SIL with a common center of curvature to the high-index 

second-stage SIL. The first option uses a diffractive optical element (DOE) to achieve the 

A = 0 condition, which is known as a diffractive SIL, or dSIL.103 Figure 7.4 shows a 

schematic for each design. 



 246

 

Figure 7.4 - Diagram of the dSIL (a) and refractive cap (b) mounting methods. 

Lithography can be used to fabricate such structures in photoresist on top of the support 

layer. The resist can be used as the optical element or the photoresist pattern may be 

transferred into the support layer using an etching step. Figure 7.5 shows a flow diagram 

of the fabrication procedure including both first-stage SIL steps. 
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Figure 7.5 -  A flow diagram of the two-stage SIL fabrication design: A) GaP lens arrays 
etched into bulk material. B) Epoxy is applied to the GaP lens substrate. C) A support 
layer is applied and the epoxy is cured. D) The bottom of the GaP substrate is polished 
down to the focus plane. E) Photoresist is spun on the top of the support material F1) The 
dSIL is patterned in the photoresist centered on the optical axis of the GaP lens. G1) 
Transfer etch into the support layer. F2) Alternately, disks are patterned in the photoresist, 
aligned to the SIL. G2) A reflow process is applied to create the lens shape and the 
photoresist is cured. 

For the refractive cap design, the lens patterned into the photoresist may be used as the 

actual lens if the sag requirements are low. Cylindrical shapes may also be patterned and 

a reflow process used to create the spherical shape.56 In addition, the lens shape created in 

the photoresist may be etched into the support layer. 

The GaP nicro SILs detailed in Section 5.3.3 have a slight aspheric departure 

given by the coefficients in Table 5.3. Unfortunately, this departure results in spherical 

aberration of the same sign as the spherical aberration induced by the support layer. 

Therefore, the support layer can not be used as a partial correction to the aberration added 

by the physical GaP SIL surface shape. 
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7.1.1 Diffractive Element Solution 

The dSIL is designed using the Sweatt model105 and optimized using a 

commercial lens design software package. With the information of the effective index of 

the Sweatt surface and the surface sag, the phase profile of the dSIL is retrieved. The 

phase profile is then analyzed and the edge zone width calculated. To achieve the high 

ray deviation necessary to defeat refraction at the support layer interface, the slope of the 

optical path difference (OPD) at the edge of the DOE becomes very steep. The steep 

OPD results in a very narrow zone width at the edge of the DOE, which can become 

problematic for high NA applications if the edge zone width becomes narrower than λ.103 

Figure 7.6 shows a graph of edge zone width as a function of input NA in air for a dSIL 

design at λ = 650nm and t = 300μm. 
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Figure 7.6 - Graph of edge zone width vs. input NA for a dSIL in a hemispherical 
configuration with λ = 650nm and support layer thickness t = 300μm. 

In the example, the edge zone width for NA > 0.4 is less than 3μm. To avoid a staircase-

like profile, a minimum number of gray levels is necessary across the edge zone. If at 

least 5 gray levels are required to achieve a smooth profile, the required minimum 

patternable feature size approaches λ. Fabricating such a dSIL requires very high 

resolution patterning equipment.  

The thickness of the support layer is available as a design variable. Figure 7.7 
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thicknesses. The trendline show that the support layer thickness does not appreciably 

affect the edge zone width of the dSIL.  

 

Figure 7.7 - Graph of DOE edge zone width versus support layer thickness for the dSIL 
design in Figure 7.6. The trendlines show the zone width does not change appreciably 
with support layer thickness variation. 

The result is due to the fact that the OPD slope at the edge is proportional to the 

diameter of the Sweatt surface and inversely proportional to the radius of curvature. Both 

quantities increase proportionately as the support layer thickness is increased and the 

dSIL is moved away from the high-index nicro SIL. Therefore, the edge zone width 

remains nearly constant with changes in support layer thickness. 

Lacking any further design variables, there are no effective solutions to reduce the 

demanding fabrication requirements of creating a dSIL for high NA applications. The 
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aberration in the support layer, but also for the aberration introduced by the physical GaP 

nicro SIL surface. 

7.1.2 Refractive Element Solution 

The second design solution using a refractive cap eliminates the difficult 

fabrication requirements of the dSIL. The design is also straightforward. Traditional SIL 

manufacturing processes can be used to make thin spherical caps from glass spheres. To 

maintain a wafer-scale process, lens shapes can be patterned in photoresist, or a reflow 

process as described in Section 2.6.3 can be used. As the input NA is increased, the 

thickness of the support layer decreases and the thickness of the spherical cap increases to 

accommodate the larger marginal ray angle. In the limiting case as NA approaches 1, the 

support layer disappears and the design consists of the high-index nicro SIL attached to 

the bottom of a slightly truncated hemisphere. 

While the dSIL design is able to correct for both the aberration in the support 

layer and the physical GaP nicro SIL, the spherical cap design, by virtue of satisfying the 

A = 0 condition, corrects only for the aberration in the support layer. This limited 

aberration compensation ability is because the W040 curve, shown in Figure 3.22, does not 

cross the axis at the hemisphere point. Altering the support layer thickness to move the 

spherical cap surface to either side of the concentric location adds spherical aberration of 

the same sign as the GaP nicro SIL. An aspheric profile that corrects for the GaP nicro 

SIL W040 may be added to the lens shape if a grayscale lithography step is used to create 

the cap either directly in the photoresist or upon an etching step into the support layer. 
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However, an alternate solution is to vary the index of the spherical cap with respect to the 

support layer. In the main design methodology, the spherical cap and the support layer 

have exactly the same index, so as to eliminate refraction at the support layer interface 

and not induce aberration. If the spherical cap index is lower than the support layer index, 

then W040 of the same sign as the GaP nicro SIL is introduced. However, if the index of 

the cap is greater than the support layer, the marginal ray is refracted in the opposite 

direction, ⎟
⎠
⎞

⎜
⎝
⎛Δ

n
u  changes sign, and, as a consequence, W040 changes sign as well. The 

index difference across the cap-support layer interface and the thickness of the support 

layer interface can be altered such that an equal and opposite amount of W040 is added 

with respect to the GaP nicro SIL. For example, if NA = 0.67 and λ = 657nm, the GaP 

nicro SIL surface exhibits W040 = -0.44μm. For the same NA, a 200μm thick 500μm 

radius LaSFN9 lens (n = 1.842) attached to a 200μm thick SF57 (n = 1.836) support layer 

exhibits W040 = 0.35μm. The negative W040 of the GaP SIL is mostly canceled by the 

positive W040 of the cap and support layer. Figure 7.8 shows the final residual aberration 

of the system with added epoxy layers (n = 1.56) between the support layer and the GaP 

SIL and the spherical cap. 
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Figure 7.8 - Residual aberration plot for LaSFN9 spherical cap on an SF57 support layer 
and the physical GaP nicro SIL. 

The plot shows a well corrected system with an RMS wavefront error less than λ/6 for 

the index corrected spherical cap two-stage SIL combination. 

7.1.3 Hyperhemisphere consideration 

The dSIL and spherical cap designs are presented using a hemispherical SIL 

configuration that increases system NA by a factor of n'/n. Both designs can be made 

using a hyperhemispherical SIL configuration that increases NA by a factor of (n'/n)2. A 

hyperhemisphere has the effect of significantly lowering the required input marginal ray 

angle necessary for a particular NA'. A lower input marginal ray angle reduces the edge 

zone width requirement for the dSIL design and makes the fabrication requirements less 
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severe. However, physical nicro GaP SILs exhibit a clear aperture constraint caused by 

the wafer-scale fabrication process, as explained in Section 3.4. The net effect is that a 

hyperhemispherical SIL actually achieves a lower NA' than a hemispherical SIL, as 

illustrated in Figure 3.20. For example, the GaP lenses discussed in Section 5.3.3 exhibit 

a clear aperture of 28μm. For this lens, a hemispherical configuration has a maximum 

NA' = 2.26, and a hyperhemisphere has a maximum NA' = 1.63. In addition to a lower 

achievable NA', the thickness tolerance and chromatic aberration issues discussed in 

Sections 3.3.3 and 3.3.4 makes the hyperhemisphere configuration less practical. 

Therefore, though a hyperhemisphere nicro SIL eases the fabrication requirements of the 

dSIL design, the disadvantages to a high-index nicro hyperhemisphere SIL eliminate it as 

an effective solution to overcome the demanding fabrication requirements of creating a 

dSIL for high NA applications. 

7.2 GaP lapping & Polishing 

For all considered mounting options, one fabrication step remains the same: 

lapping and polishing of the substrate to the desired thickness. While lapping and 

polishing is well understood and straightforward for glass, these processes do not directly 

transfer to crystalline semiconductors such as GaP. GaP is significantly softer than 

normal glasses and cleaves easily along crystal planes. A normal process step that would 

remove a small portion of glass removes large amounts of GaP and can result in 

crumbling of the substrate. Therefore, customized methods for lapping GaP are discussed. 

Polishing semiconductors also requires a process different from glass, requiring chemical 
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mechanical polishing (CMP) for high degrees of polish. The research efforts of the 

silicon processing industry have led to many options for CMP processes. However, 

because semiconductors can vary from each other chemically, each material requires a 

specific type of CMP slurry and pad. Sine GaP is not a common semiconductor, there are 

few CMP options specifically tailored for GaP. Gallium arsenide (GaAs), commonly 

used for laser diodes, is chemically close to GaP and so several materials and pads 

designed for polishing GaAs are used for lapping and polishing attempts. The following 

Sections discuss several lapping and polishing processes and their relative efficacy. 

7.2.1 Lapping 

Traditional glass lapping involves rubbing of a glass part on a plate with a hard 

abrasive in a liquid suspension, which is also called grit. The grit serves not only as the 

abrasive to remove material, but also as lubrication as the plate and the part move past 

each other. The amount of material removed is proportional to the size of the particles 

performing the abrasion and the frictional force experienced by the part. This force is due 

to a combination of the downward pressure on the part and the speed of the lapping plate. 

Figure 7.9 shows a picture of a Lapmaster, Inc. 15” lapping system, which is used in 

these experiments. 
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Figure 7.9 - A) Top view of a lapping system; B) front view of the lapping system used 
for lapping and polishing GaP. 

A yoke holds the part stationary while the lapping plate rotates beneath it. Because the 

outer portions of the part experience a greater plate velocity than the inner portions, the 

part rotates, ensuring an equal distribution of friction across the part and resulting in an 
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even lap. Conditioning rings are used to even out the wear experienced by the lap plate 

and maintain plate flatness.  

As the size of grit is reduced, less material is present between the part and the 

lapping plate. In the case where there is too little material to facilitate sliding, the speed 

of the plate passing by and the thin layer of liquid between the plate and the part can 

create a suction force. This force resists the lateral motion of the lapping plate and results 

in chattering as the yoke prevents the part from moving that can cause deep scratches or 

damage to the part. Therefore, smaller grits require either slower speeds or higher 

concentration of grit to give more material between the part and the plate, or both.  

Aluminum Oxide (Al2O3) is the traditional grit used for lapping and bulk material 

removal for glass. Conceptually, Al2O3 can be thought of as hard block-like crystals that 

use a rolling and gouging action to remove material. Since GaP has a very low hardness, 

even small sizes of Al2O3 grit have very high removal rates and can result in scratches. 

Clumps of small grit particles do not necessarily yield and break apart when pressed on 

by the weight of the soft GaP part and can gouge out scratches in the material. Therefore, 

Al2O3, while being the mainstay for traditional glass lapping, is suitable mainly for large 

removal of bulk GaP material on the order of hundreds of microns. A finer finishing step 

can be implemented to bring the part closer to a polished state and remove any scratches. 

Calcined, or unfused, alumina is produced by a heat treatment of Al2O3 and results in flat 
plate-like crystals that perform a slicing or shaving action versus the gouging action of 
normal Al2O3.106 The shape also distributes the frictional force over more surface area 
because of the plate-like structure.   
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Figure 7.10 shows an SEM picture comparison of normal fused alumina and 

calcined alumina. 

   

Figure 7.10 - SEM picture comparison of A) normal alumina and B) calcined alumina 
powder107. 

The more gentle lapping behavior of calcined alumina makes it more suitable for lapping 

GaP. Very small grit sizes result in high removal rates, but result in a more uniform 

lapped surface with less chance of damage or scratches. Therefore, 9μm calcined alumina 

grit is used as a first step bulk material removal grit and 1μm grit is used as a final 

lapping step before polishing. Because of the very small grit size, a very low lap plate 

speed is used, typically less than 5rpm for a 15” diameter lap plate. 
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7.2.2 Polishing 

As a semiconductor, a very fine polish can only be achieved on GaP with a CMP 

process. However, since GaP can also be considered as a soft glass, it also responds, by 

varying degrees, to conventional polishing techniques. The current discovery of a suitable 

process for polishing GaP is a result of many attempts at polishing with a large number of 

CMP and mechanical polish pad and slurry combinations. For the sake of brevity, only 

three pads and four slurries are discussed. The following paragraphs explain the different 

pads and polishing compounds used in the work, with results given in Section 7.4. 

7.2.2.1 Polishing pads 

Polishing pads are typically made from a flexible material, such as polyurethane, 

and provide a soft, porous or hair-like surface that serves as the carrier medium for the 

polishing slurry. In the case of CMP polishing, the soft, porous and sponge-like surface 

gently wipes away material, typically with the help of a micro-abrasive such as colloidal 

silica, while the chemical reaction from the slurry slowly dissolves the surface. As such, 

the hardness and microstructure of the pad greatly influences the type and quality of the 

polish. The following are three CMP pads used for GaP polishing. 

The Fujimi Corp Surfin SSW1 pad is designed for CMP of semiconductors such 

as InP, GaAs, and Ge. DPC 6350 is a pad marketed by Rohm and Haas suitable for many 

specialty surface polishing applications. The microstructure for both the Surfin and DPC 

pads are spongy, with the DPC pad exhibiting a finer nap and shorter pore structure than 

the Surfin pad. Suba 1200 is a harder and coarser pad marketed by Rohm and Haas, 
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which is used for chemical mechanical stock or intermediate polishing. It exhibits a 

harder plastic-like base, not unlike hardened epoxy, with a microstructure of fine hairs. 

 

Figure 7.11 - SEM photographs of the micro structure for A) the DPC 6350 pad and B) 
the Suba 1200 pad. 

The Suba pad exhibits a higher material removal rate than the other pads and does 

not result in a highly polished surface. It does not remove enough to be considered as a 

substitute for mechanical grit-based lapping, where hundreds of microns are to be 

removed. However, after an extended time of use, the Suba pad experiences a type of 

break-in, and the micro hairs are observed to either break off or disappear, leaving a 

smoother surface that behaves more as a final polishing surface than a Suba pad before 

break-in. The finer nap and shorter pore structure of the DPC pad makes it more suitable 

for the final CMP step for GaP. Conversely, though not used as intended, the longer nap 

of the Surfin pad gives more surface area to collect mechanical polish grit and is well 

suited as a pad for fine mechanical polishing. 

A) B) 



 261

7.2.2.2 Polishing compounds 

Since GaP is a semiconductor, the highest quality polish is achieved using a CMP 

process. However, GaP can still be polished using mechanical polishing techniques. 

Below are two mechanical polishing and two CMP slurries used for GaP polishing. 

Colloidal Silica is a stable colloid suspension of very small silica particles with 

diameters typically < 100nm. It is used for very fine polishing due to the very small 

particle size.  

Linde A is a generic term used for very high quality ( > 99.98% purity) fine sub-

micron alumina powder. The very small size of Linde A lends itself to agglomeration, or 

clumping due to the electrostatic attraction of small particles to each other. However, the 

soft yielding surface of the polishing pads allows the agglomerated clumps to smear apart 

and does not result in scratches as is prone to happen when polishing soft metals with fine 

alumina powders that have a tendency to agglomerate. 

Fujimi INSEC P is a CMP slurry companion to the Fujimi Surfin pad. INSEC P is 

recommended for polishing applications of materials such as GaAs, GaP, and InP. It is 

packaged in a powder form that is dissolved in ultra-pure de-ionized water and has a shelf 

life of 4 hours after mixing. INSEC P is also very toxic and contains a strong oxidizing 

agent, making handling of the chemical more hazardous than other polishing methods.  

Nalco 2360 is a high Ph colloidal silica concentrate designed as a CMP slurry for 

many semiconductor materials. To create a polishing slurry it is mixed with bleach and 

DI water in a 1:1:10 mixing ratio, respectively. 
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7.2.2.3 Summary 

The lapping and polishing grits, pads and slurries described in the previous 

Section, their indeed use, a short description of the results obtained, and their final use is 

summarized in Table 7.1. A further discussion of the results is given in Section 7.4. 

Material/
pad 

Intended Use Results Final Use 

Alumina 
(Al2O3) 

General lapping  High removal rate for GaP; 
can result in scratches 

Bulk removal of 
thicknesses > 
0.5mm 

Calcined 
Alumina 

Lapping of certain 
metals 

High removal rate, but less 
scratching than Alumina 

Small grit sizes (< 
9μm) at low speeds 
(< 5rpm) for bulk 
GaP wafer removal 

Surfin 
SSW1 

CMP pad for InP, 
GaAs, Ge 

Good quality polish Mechanical polish 
pad 

DPC 
6350 

General specialty 
surface CMP pad 

Better polish than Surfin due 
to shorter pore structure 

CMP polish pad 

Suba 
1200 

Bulk or 
intermediate 
semiconductor 
CMP pad 

Not enough bulk removal for 
lapping replacement, not fine 
enough polish for final polish 
use  

None 

Colloidal 
Silica 

General fine 
polishing 

Very slow removal rate None 

Linde A Metal polishing Slow removal of GaP, high 
removal of epoxy; results in 
severe lensing if used solely 

Mechanical polish 
grit to remove 
epoxy after CMP 
step 

INSEC P CMP of GaAs, 
GaP, InP 

Hazardous and very slow 
removal rate 

None 

Nalco 
2360 

General CMP of 
semiconductors 

Good polish and reduced ‘de-
polishing’ when used at half-
concentration 

CMP slurry at half-
concentration 

Table 7.1 - Summary of lapping and polishing consumables and results 
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7.3 Equipment 

There are many methods and fixtures available to support a thin planar part during 

the lapping process. The simplest method is fixing the part to a flat glass or metal disk. 

However, unless the part is perfectly centered and rotationally symmetric about the axis 

of the disk, the part does not rotate with a constant angular velocity, resulting in uneven 

lapping and introducing wedge into the sample. The following are discussions of several 

more advanced alternatives for lapping fixtures. 

7.3.1 Center plunge dial-indicator fixture 

A dial indicator center plunge fixture solves the uneven lap problem by using a 

platform attached to a conditioning ring-like base via a spring loaded central rod or other 

type of moveable piston. The platform is lapped parallel to the bottom surface of the 

fixture so that, in theory, it holds the part parallel to the lap plate at all times. A spring 

controls the downward force on the part and a dial indicator is used to determine the 

progress of the platform. A picture of a center plunge dial-indicator fixture is shown in 

Figure 7.12. 
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Figure 7.12 - Picture of a center-plunge lapping fixture. 

The dial indicator gives straightforward information about how much material is 

removed relative to the starting value of the indicator. However, the main disadvantage to 

the center plunge fixture is that the accuracy of the final lap plane is determined not only 

by the accuracy of the dial indicator, but whether or not the original starting value set 

point is valid at the end of the lapping process. If the grit used is very small and the slurry 

concentration is not high enough, the resulting suction and chatter can throw off the 

reading of the dial indicator by tens of microns relative to the starting reading. In addition, 

the indicator references off a particular location on the platform, which is near the edge. 

In theory, the platform is always perpendicular to the piston shaft, but, because of the 

Fixture platform

Dial indicator

Center-plunge 
piston 

Conditioning
ring base 
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inherent fabrication tolerance in all the moving parts of the center plunge fixture, the 

platform has tip/tilt tolerances and the forces involved in lapping can result in a 

magnified vertical displacement at the edge of the platform. The measurement and 

movement tolerances combine and result in an uncertainty in the final stopping point. 

Figure 7.13 depicts an occurrence where the final stop plane was overreached and 

resulted in destruction of the sample. In summary, the center plunge fixture excels at 

indicating progress, but due to the design and mechanical tolerances, it does not have a 

defined stop plane accurate enough to lap to within a few microns of a target plane. 

 

Figure 7.13 - Picture of failed lapping test using a center plunge fixture. 

7.3.2 Traditional diamond stop fixture 

The diamond stop fixture presents a solution for an absolute definition of the stop 

plane. The fixture incorporates three threaded posts with a large radius of curvature 

diamond tip, referred to as diamond stops. The diamond stops are designed to neither lap 

nor scratch the lap plate, but to rub against the plate and burnish it. Thus, when the 

diamond stops reach the lap plate, the lapping process is stopped in the vicinity of that 
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particular diamond stop. If the other diamond stops are not in contact, the lapping process 

continues near the other diamond stops until all three are contacting the lap plate. The 

contact point of the diamond tips at three locations then defines the final target lap plane. 

Figure 7.14 shows a picture of a traditional diamond stop fixture on a lapping plate, and a 

close-up of the tip of a diamond stop.  

 
Figure 7.14 - A) Picture of a traditional diamond stop lapping fixture with all three 
diamond stops contacting the lap plate and B) a close-up of the tip of a diamond stop. 

Lapped Part 

Diamond Stop 

Set screw

Lap Plate

A) 

B) 
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The fixture pictured is a Lapmaster LAP5-0019-002-0001 diamond stop 

lapping/polishing fixture. 

The advantage of the diamond stop fixture is that changes in rotation speed of the 

part do not affect the final target lap plane of the part, since the final plane is defined 

solely by the diamond stops. Thus, the accuracy of the final lap plane is directly related to 

the accuracy with which the diamond stop heights are set. The diamond stops on a 

traditional diamond stop fixture are set in the following way: the fixture is placed 

inverted on a stand and a dial indicator is used to set the heights of all three diamond 

stops at the same height above the bottom fixture surface. Figure 7.15 shows a traditional 

diamond stop fixture in the setting position and a schematic of the setting process.  

 

Figure 7.15 - Picture of traditional diamond stop fixture and schematic of diamond stop 
setting process. 

This setting procedure is ideal if the goal of lapping is to create parts with bottom 

surfaces parallel to the bottom surface of the lapping fixture, such as creating wafers. The 

Diamond Stops

Target lap 
thickness

Dial 
indicator
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goal of lapping the nicro lenses, however, is to lap parallel to the bottom surface of the 

lens array wafer. Any wedge in the epoxy or support layers results in a support layer top 

surface that is not parallel to the bottom of the lens wafer. If such a wafer-support layer 

sandwich is lapped using a traditional diamond stop fixture, the resulting top and bottom 

surfaces of the part will be parallel, but the actual lens array will have been lapped at an 

angle and the final lens thickness will vary across the sample. An example of a nicro lens 

array lapped using a traditional diamond-stop fixture is pictured in Figure 7.16. The 

lenses at the upper right hand portion of the image have had more material removed than 

lenses on the lower left. This difference means the upper right portion of the sample was 

located closer to the lap plate, introducing wedge into the lap process. 



 269

 

Figure 7.16 - Picture of nicro lens array lapped at an angle to the lap plate. The clear rings 
around each lens is the trough where the substrate has been lapped completely away. 

7.3.3 Custom diamond stop fixture & setting stand 

To overcome the stop plane uncertainty, the traditional diamond stop fixture and 

setting stand is altered to allow lapping parallel to the bottom surface of an attached 

sample. The threads on the diamond stop posts are removed and a new stainless steel 

plate is machined to house the new diamond stops. Set screws are used to fix the height 

of the stops. To prevent diamond stop motion while tightening the set screws, small brass 

plugs are placed in between the set screw and the post. A setting stand is also fabricated 

to assist in setting the diamond stops. The setting stand is comprised of a stainless steel 

Direction of 
wedge 

0.5mm 
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plate that had been lapped flat and suspended on a central column. Three holes through 

the plate house high resolution carbine-faced micrometers that are located at the same 

radius as the diamond stops in the fixture. A schematic of the custom diamond stop 

fixture is shown in Figure 7.17, and a picture of the setting stand is shown in Figure 7.18. 

 

Figure 7.17 - Schematic of custom fixture during diamond stop setting. 

The micrometers are zeroed to the plane of the setting stand plate using an optical 

flat. The fixture is placed upright on the setting stand with the sample in place and the 

diamond stop holes directly over the micrometers of the setting stand. The micrometers 
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are set at a height corresponding to the amount of material to be removed. The diamond 

stops are placed into the holes and lowered until they touch the micrometer’s carbide face. 

The setscrews are then tightened and the fixture removed from the setting stand. Since 

the bottom of the part is in contact with the setting stand, the diamond stops are now set 

coincident with a plane that is parallel to the bottom surface of the part. The final lap 

plane is also located at a height above the bottom surface equal to the micrometer reading. 

 

Figure 7.18 - Picture of the setting stand for the custom diamond stop fixture. 
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The micrometers used in the setup pictured in Figure 7.18 are Mitutoyo digimatic 350-

354 digital micrometer heads with an accuracy of ±2μm and 1μm resolution.  

The disadvantage to both the traditional and customized diamond stop fixture is 

the lack of a progress indicator. However, the problem of over-lapping the part that 

existed with the center-plunge fixture no longer exists because of the diamond stops. 

Therefore, the lack of a progress indicator is less of a problem for the accuracy of the 

final lap plane and more a nuisance for the user, since changing grit sizes requires 

knowledge of the amount of material that has been removed. Determining the time to 

change grits must be accomplished in a less convenient way with the diamond stop 

fixture. However, the most important metric is the accuracy of the final lap plane, which 

is determined, theoretically, solely by the accuracy of the micrometers and the precision 

with which they are set. The custom diamond stop fixture can still function like the 

traditional diamond stop fixture by setting the fixture on gauge blocks during the 

diamond stop setting process and compensating for the gauge thickness with the height of 

the setting micrometers. Thus, parts can be lapped parallel to the bottom surface of the 

fixture or to the bottom of the part. 

7.4 Fabrication methods & Results 

The following discusses the methods and results for lapping and polishing of the 

GaP nicro SILs discussed in Section 5.3.3. 
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7.4.1 Lapping 

The nicro lens array/support layer structure is assembled in a manner as described 

in Section 7.1. Epoxy is applied to the lens array and is placed in a vacuum to remove any 

air bubbles. The support layer is carefully lowered onto the sample, avoiding introduction 

of any air bubbles in the process. An example of such air bubbles in a sample that was 

not carefully handled and vacuum treated is shown in Figure 7.19. 

 

Figure 7.19 - Top view of a nicro lens array exhibiting air bubbles in the epoxy layer near 
the vertex of the lenses. 

Weight is applied to the support layer and excess epoxy is removed from the edges. The 

sample is then allowed to cure overnight. The epoxy hardness may be increased slightly 

Air bubblesNo air bubble 

0.5mm 
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by using a high temperature cure. A higher hardness is desirable for the mechanical 

polish process if epoxy is exposed during the lapping process, since epoxy is much softer 

than GaP. However, a high temperature cure can also introduce shrinkage and induce 

stress into the sample. The stress can result in curvature of the sample, depending on the 

thickness of the support layer. Therefore, a room temperature cure epoxy is chosen that 

achieves high transmittance, is a close index match to the support layer, and exhibits 

maximum hardness for the selection available. 

After the cure process, the sample is fixed to the custom diamond stop fixture 

using wax. In this case, wax is not used, but rather a low temperature melting 

thermoplastic, Unibond 5.0 obtained from Universal Photonics. However, the term for 

the material used to attach the sample to the fixture is described in general terms as ‘wax’. 

Such a thermoplastic exhibits low viscosity when melted, which allows very thin 

applications. In addition, since thermoplastics are non-organic in nature, as opposed to 

many forms of bees wax, paraffin and other forms of wax, it exhibits low shrinkage upon 

cooling. Low shrinkage is desirable, since the total thickness of the lens array and support 

layer is very thin and flexible, and is easily deformed during the wax cooling process. 

Once the wax has solidified, the fixture is placed on the setting stand and the 

micrometers set at the desired lap thickness. The diamond stops are placed in the fixture 

and the setscrews are tightened. To assist in even lapping, three blocking pieces are then 

attached to the lapping fixture. The blocking pieces consist of a piece of scrap GaP with a 

thickness greater than the set lap thickness, epoxied to a glass substrate of sufficient 

thickness such that the bottom surface of the blocking piece is located just below that of 
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the part to be lapped. The blocking pieces are heated and waxed to the fixture at equal 

radii from the center of the fixture. This configuration gives a larger contact footprint on 

the lap plate during the lapping process before the diamond stops contact the lap plate, 

and results in a lower chance of introducing wedge into the sample. Even though the 

diamond stop fixture can remove wedge at the end of the lapping process, the small size 

of grit used in the final lapping results in long lap times to correct wedge still present at 

the end of the process. In addition, if severe wedge is introduced and the direction of 

wedge lies between two diamond stops, then the induced wedge can be permanent on the 

portion of the sample that extends beyond the triangle connecting the diamond stops. 

To counteract the lack of a progress indicator, a customized spherometer is used 

to determine the height of the bottom surface of the part from the bottom fixture surface. 

Since the tips of the spherometer legs must contact the fixture surface, it exhibits three 

independent legs that can be placed at several different radii to allow measurement of 

many sample geometries. The spherometer allows measurement of an average lap 

progress and of wedge in the sample. The spherometer is pictured in Figure 7.20. 
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Figure 7.20 - Picture of customized spherometer for gauging progress during lapping. 

Due to considerations discussed in Section 7.2.1, calcined alumina is used for 

bulk material removal of GaP. For small samples less than 5mm square, 1μm grit is used. 

This grit is the smallest size used before polishing. However, due to the small surface 

area involved, the lap rate with a plate speed of 5rpm still exceeds 5μm/minute. A larger 

grit, such as 9μm, may be used if a large removal thickness or the surface area of the part 

results in long lap times. In this case, when the part reaches a thickness that is 

approximately 3-5 times the size of the current grit away from the final stopping point, 

the sample is removed and all lapping equipment thoroughly cleaned to prevent 
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contamination of the smaller grit by the previous larger size grit. The sample is then 

replaced and lapped to the final stopping point with the smaller size grit. 

Using the described process and with proper micrometer setting technique, both 

the wedge tolerance over the footprint of the diamond stops and the lap thickness 

tolerance approach the accuracy of the setting stand micrometers, which in the particular 

case of the micrometers pictured in Figure 7.18, is ±2μm.  

The structure of the GaP nicro lens arrays, such as that pictured in Figure 7.21, 

lend themselves to a very accurate test for achieving a particular lap plane. 

  

Figure 7.21 - Picture of a double-sided GaP nicro lens array and cross-section schematic 
illustrating the location of the lens trough. 

The diameter of the lens, once the lapping process has separated it from the substrate, 

gives a clear visual indication of the final lap plane. Figure 7.22 shows a picture of a 

25μm sag, 500μm radius GaP nicro lens array that has been lapped just past the lens 

trough, called the break-through point, exposing the epoxy. The scratches and ragged 

edges of the lenses are likely due to the use of non-calcined alumina as the lapping grit. 

However, the diameter of the lenses do not measurably change across the sample, 

Lens trough
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indicating the goal of lapping just past the break-through point is achieved to within the 

±2μm accuracy of the setting micrometers. 

 

Figure 7.22 - Picture of the bottom of a nicro lens array after reaching the target lap plane. 

7.4.2 Polishing 

Starting from a 5μm grit lapped finish, both the Colloidal Silica and the INSEC P 

polish GaP very slowly. In fact, INSEC P did not show significant progress toward a final 

polished figure even after the rated 4 hour shelf life. A 5μm finish is too rough to bring to 

a final polish with INSEC P or colloidal silica alone. Therefore, 1μm calcined Alumina is 

0.5mm
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used for the final lapping grit to achieve a surface that is closer to being polished. Due to 

the toxicity and hazardousness of INSEC P, it was not used after the first few polishing 

efforts. Instead, Nalco 2360 and Linde A give the best results from the many polishing 

tests performed. The main difference between the two techniques comes from the fact 

that Linde A is a mechanical-only polish powder whereas the Nalco slurry is a CMP 

slurry. On bare lapped GaP wafers, the Nalco slurry achieves the best polish with less 

rounding of edges than Linde A and comes to a polish more quickly than the mechanical-

only process. However, when polishing a wafer that has been lapped past the break-

through point, exhibiting exposed epoxy, each polishing process principally affects either 

the GaP or the epoxy, but not both. Due to the significantly lower hardness of the epoxy 

compared to GaP, Linde A removes epoxy much more quickly than GaP. This 

differential polishing rate results in a depression where the epoxy is present and 

significant convex lensing and edge rounding of the GaP, shown in Figure 7.23. 



 280

 

 

Figure 7.23 - 3D profiles from a VSI profiler showing the epoxy depression and 
lensing/edge round off resulting form purely mechanical polishing for A) an individual 
lens and B) the surface near the edge of the sample. 

The Nalco slurry has the opposite effect, since the chemical makeup of the epoxy renders 

it inert to the reaction that dissolves the GaP. This results in raised epoxy rings and 

concave lensing, shown in Figure 7.24. Because of the limitations of the VSI 

measurement, valid data is available for only the top portion of the epoxy ring. 

 

B) 

A) 

5μm
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Figure 7.24 - 3D VSI surface profile of a GaP lens showing a raised epoxy ring after 
CMP processing. 

Therefore, when the desired thickness of the lens requires lapping or polishing past the 

lens trough, so as to completely separate the lens from the substrate, a combination of 

CMP polishing and mechanical polishing is required. The CMP process achieves a 

suitably polished surface and the mechanical polishing step removes the raised epoxy 

ring, and turns down the raised edges of the lens. Figure 7.25 shows a 3D VSI surface 

profile of such a lens polished using a combination of chemical and mechanical polishing. 

9μm
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Figure 7.25 - 3D VSI profile of a sample that has been polished using a combination of 
CMP and mechanical polishing to eliminate the epoxy ring and severe edge round off. 

Several polishing attempts resulted in a polished but bumpy surface. In these trials, 

the sample becomes very nearly polished after several minutes of polishing, and then 

becomes de-polished upon application of new slurry to the polishing pad. A hypothesis is 

that some chemical in the slurry, most likely chlorine from the bleach solution that 

contributes to dissolution of the substrate, has a high concentration when fresh slurry is 

1μm 
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applied, but evaporates quickly. The effect of the initial high dissolution rate is not 

noticeable when starting from a rough lapped surface. However, after the surface is semi-

polished, application of new slurry increases the dissolution rate again. Any impurities or 

contaminants on the substrate or the pad act similarly to an etch resist and result in 

uneven substrate erosion as areas on the substrate dissolve more rapidly than other areas. 

This uneven erosion effectively creates a micro surface topography that is very difficult 

to remove through continued polishing. Figure 7.26 shows the bottom surface of a lapped 

and polished nicro lens array that illustrates this de-polishing effect.  

 

Figure 7.26 - Bottom surface of a GaP nicro lens array illustrating the de-polishing effect 
of the original polishing process. 

The hypothesis is tested by two methods: 1) reducing the concentration of the 

Nalco slurry to 1:1:20 (Nalco, bleach, DI water) and 2) waiting one minute to allow the 
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dissolving chemical to evaporate before continuing the polishing process. Both methods 

reduce the occurrence of the de-polishing effect. However, the slurry concentration 

change represents the more convenient and controllable process change. Thus, halving 

the Nalco slurry concentration significantly reduces the de-polishing effect. Figure 7.27 

shows a picture of the bottom surface of a GaP nicro lens array that is lapped just prior to 

the breakthrough point, then polished using a CMP process with half-concentration Nalco 

slurry. The white object in the right side of the picture is a swab, which serves as a 

diffuse reflective source to subjectively view the quality of the polish. 

 

Figure 7.27 - Picture of the bottom surface of a GaP nicro lens array after a CMP process 
using half-concentration Nalco slurry. 

swab 
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The 3D profile in Figure 7.24 is taken from a lens in Figure 7.27 and achieves a root 

mean square (rms) surface roughness less than 25nm in the center of the lens and a 

bottom surface radius of 60mm over the lens diameter of 340μm. Further polishing can 

reduce the surface roughness, but tends to increase surface curvature depending on the 

presence of exposed epoxy during polishing. Subsequent polishing efforts have achieved 

rms surface roughnesses below 5nm for a 100μm diameter unbroken GaP surface and a 

radius of curvature of 20mm. (This particular example is pictured in Figure 7.35.) 

7.5 Single lens dual-stage SIL 

The previous examples and discussion cover strictly wafer-scale processes. 

However, for research and prototype purposes of making a GaP SIL, the process is made 

simpler by mounting the GaP nicro lens to the bottom of a truncated glass hemisphere. 

This configuration is effectively the same as the refractive cap solution discussed in 

Section 7.1.2 in the limit of zero support layer thickness. For this process, a hemisphere is 

waxed onto a support rod and a thickness is lapped and polished off corresponding to the 

final thickness of the high-index nicro SIL. The nicro SIL is epoxied and centered to the 

glass lens. Figure 7.28 shows a picture of the support rod with 0.5mm and 1.5mm glass 

lenses attached after the GaP nicro SIL substrate is epoxied to the bottom of the lens. 
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Figure 7.28 - Pictures of truncated glass hemisphere with attached GaP nicro SIL before 
lapping for A) a 21μm radius GaP lens on a 0.5mm radius glass lens and B) a 115μm 
radius GaP lens on a 1.5mm radius glass lens. 

The GaP SIL is then lapped to the desired thickness. The support rod is inserted at 

an angle into the diamond stop fixture to chamfer the edges of the sample. The final step 

involves polishing the bottom surface of the nicro SIL using a CMP process and, if there 

is exposed epoxy in the polishing process, a mechanical polishing step. The process flow 

is shown in the schematic of Figure 7.29. 

A) B) 
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Figure 7.29 - Process schematic for making a single two-stage SIL: A) A hemisphere is 
lapped and polished to make room for the high-index nicro SIL (polish step not shown); 
B) A high-index nicro SIL is epoxied to the glass lens and lapped; C) The lapped part is 
placed in the diamond stop fixture at an angle and the corners of the two-stage SIL are 
chamfered; D) The high-index nicro SIL is polished using a CMP process. 

To accomplish this process, two new holes with setscrews are made in the diamond stop 

fixture, one perpendicular to the fixture bottom surface and one tilted at 15 degrees for 

creating the chamfer. A picture of the modified diamond stop fixture is shown in Figure 

7.30 and two finished two-stage SILs are pictured in Figure 7.31. 
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Figure 7.30 - Picture of modified custom diamond stop fixture with perpendicular hole 
for lapping singular lenses, and a 15° hole for chamfering. 

 

Figure 7.31 - Picture of final polished and chamfered two-stage SILs with a 21μm radius 
GaP SIL on A) a 0.5mm radius and B) 1.5mm radius glass lenses. 
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The 3D surface profile for the GaP nicro SIL in Figure 7.31b is shown in Figure 7.32. 

 

Figure 7.32 - 3D VSI surface profile of the bottom of a two-stage SIL. The polished GaP 
nicro SIL is visible surrounded by epoxy and the polished bottom surface of the glass SIL. 

The 21μm radius of curvature nicro lens profile is shown in Figure 7.33 and shows the 

lens has a top wafer surface-to-vertex height of 7.8μm. In Figure 7.32, if the assumption 

is made that the epoxy layer between the top surface of the GaP wafer and bottom surface 

of the glass lens is negligible, then the sag of the final polished lens is 23.6μm, which is 

within the thickness fabrication tolerance of the measured 21μm radius of curvature. 

After polishing, the bottom surface of the GaP SIL exhibits a 1.5mm radius of curvature 

and an rms surface roughness of 5nm. 

31.4μm
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Figure 7.33 - VSI profile of the 21μm radius GaP nicro lens. 

Unfortunately, both 0.5mm and 1.5mm radius of curvature two-stage SILs utilizing the 

21μm radius of curvature GaP SIL experienced unfortunate destructive accidents before 

any SIL performance could be verified. 

7.5.1 New 115μm radius of curvature GaP SIL 

Due to the exposed epoxy during polishing, the 21μm radius GaP SIL is difficult 

to achieve both a flat and well polished surface. In addition, the lens was originally 

designed to be a hemisphere, but only achieves suitable sphericity out to a marginal ray 

angle of 42°. A lens with a larger radius of curvature is easier to manufacture and can 

attain sphericity over a higher marginal ray angle. Such a lens also has a radius larger 

than the lens sag, eliminating the need to polish past the breakthrough point and manage 

the complications added with exposed epoxy adds during the CMP process. For a lens 

with a given sag and an undeviated marginal ray requirement, the radius and clear 

aperture are constrained and determined by a very simple geometric relationship. Figure 

7.34 shows the geometry of the problem. 

7.8μm 

32.5μm 
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Figure 7.34 - Geometry for a SIL with a given sag s and marginal ray angle θ. 

The radius is found using the Pythagorean theorem and the quadratic formula, 

 222 )( sRRR CA −+= , (7.3) 

where 

 θsinRRCA = . (7.4) 

Setting Eq. (7.3) equal to zero,  

 222 2sin0 ssRR +−= θ , (7.5) 

and solving for R yields 
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Simplifying Eq. (7.6) gives the constraint on R as a function of sag height and marginal 

ray angle, 
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Replacing sinθ with NA in Eq. (7.4) gives the clear aperture as a function of input NA and 

R, 

 RNACA ⋅= 2  (7.8)  

 Utilizing Eqs. (7.7) and (7.8), a GaP SIL with NA' = 2.5 and with a sag limit of 40μm has 

a radius of 115μm and a clear aperture of 174μm, which is the lens prescription for the 

third generation GaP SILs received from MEMS Optical. This lens is pictured in Figure 

7.28b after mounting to the glass lens before the lapping process. Figure 7.35 shows a 

bottom view of the final two-stage SIL using the 115μm radius GaP SIL after lapping, 

chamfering and polishing. 
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Figure 7.35 - Picture of finished two-stage SIL with a 115μm radius GaP lens and a 
1.5mm radius glass lens. 

Figure 7.36 shows a top-view of this two-stage SIL sitting on a 40lp/mm grating. 

The effective magnification is found by comparing the ratio of the grating linewidth in 

the background to the linewidth in the center of the GaP SIL. For a perfect lens, the 

magnification for region (b) should approximately equal the index of refraction of the 

glass lens. The material in contact with the object is GaP, but the thin planar interface 

does not contribute significantly to magnification. Likewise, for region (c), the 

magnification should equal the index of the high-index SIL, since both the glass lens and 

high-index SIL surfaces are, in theory, concentric. 

GaP SIL

Truncated 
glass 

hemisphere 

Chamfered 
Edge 
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Figure 7.36 - Image of SIL from Figure 7.35 through the top of the lens. Regions are 
labeled as (a), the 40lp/mm grating, (b) the image of the grating through the glass lens 
and the flat portion of the GaP substrate, and (c), the image of the grating through both 
the GaP SIL and glass lens. 

The 40 lp/mm grating in region (a) has a linepair width of 25μm. Region (b) has a 

measured width of 35.6μm, and region (c) exhibits a 67μm linepair width. The resulting 

magnifications are 1.43 and 2.7, respectively. The magnification for region (b) is very 

close to the index of the BK7 glass lens, n = 1.52. In reality, the thickness of the GaP 

wafer does change the magnification, due to the extra optical thickness in the substrate 

layer that lowers the theoretical paraxial magnification to 1.485, which makes the 

agreement closer. The fact that the magnification in region (b) is still smaller than the 

(b)

(a)

(c)
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theoretical magnification indicates the final two-stage lens is thinner than the nominal 

design thickness. 

The magnification in region (c) is 80% of the expected paraxial magnification. 

This discrepancy has three possible explanations: 1) there are only two linepairs visible 

within the GaP SIL, making the result more susceptible to measurement errors, since the 

average width for regions (a) and (b) are measured across many linepairs; 2) due to the 

high index of GaP, the distortion present within the field of view of the SIL can reduce 

the apparent width of the linepairs, reducing the measured magnification; and 3) if the 

final thickness of the two-stage SIL is less than the nominal value, the actual 

magnification will be lower, with a greater dependence on the thickness error of the GaP 

lens. Regardless of the lower magnification, Figure 7.36 represents the first image 

through a lithographically fabricated GaP SIL and the first image using a two-stage SIL 

consisting of a small high-index SIL attached to a conventional truncated glass SIL. 

7.5.2 Induced polarization pupil image  

Recently, it has been shown that a SIL can be used as a resolution enhancement 

device for spinning disk data storage applications.26 Utilization of an induced polarization 

signal from the frustrated total internal reflection (FTIR) at the SIL/air interface enables 

dynamic control of the disk-SIL air gap to less than ± 2nm, as explained in Section 2.1.2. 

Figure 7.37 shows simulated and measured induced polarization pupil images for three 

different air gap heights for an LaSFN9 SIL with NA' = 1.5. 



 296

 

Figure 7.37 - Near-field induced polarization signal at the lens pupil for different gap 
heights with an NA' = 1.5 LaSFN9 SIL. The white dash circles on the (b) pupil pictures 
indicate the boundary of the total internal reflection (TIR) critical angle. The grayscale is 
linearly proportional to optical power. The box indicates regions of Fabry-Perot fringes 
as rings inside the TIR boundary.108 

Therefore, a significant test to determine usability for the two-stage GaP SIL is achieving 

a suitable induced polarization pupil image. Obtaining such an induced polarization pupil 

image is more challenging with a two-stage SIL, since there are four surfaces that give 

back reflections, three of which are closely spaced together. A conventional SIL has only 

two surfaces that are spaced further apart. Figure 7.38 shows the first recorded 

polarization pupil image taken with a GaP SIL. 
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Figure 7.38 - An induced polarization pupil image of a GaP SIL with NA = 2.5. 

The larger annulus width in Figure 7.38 compared to the pupil images in Figure 7.37 is a 

result of the smaller TIR critical angle due to the high index of GaP. 

Step Fabrication/Assembly Description 

1) -Glass hemisphere waxed to holder 

2) -Hemisphere lapped and polished to accommodate GaP SIL thickness 

3) -Single GaP lens diced out 

4) -Epoxy applied, attached to glass lens, vacuum treated to remove bubbles 

5) -Lens centered under microscope using image analysis and centering software 

6) -Epoxy allowed to cure 

7) -GaP wafer lapped using 1μm calcined alumina 

8) -GaP lens polished using half-concentration Nalco 2360 slurry and DPC 6350 
pad 

9) -15° hole used to chamfer edges of SIL to increase tip/tilt tolerance 

Table 7.2 - Summary of fabrication process for creating a high index two-stage GaP SIL 
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This section concludes with a summary of the fabrication prescription for the two-

stage GaP SIL given in Table 7.2.  

7.6 Summary 

This chapter discusses experimental efforts to create a SIL from a GaP nicro lens. 

A wafer scale process is presented using a planar support material fixed to the lenses with 

epoxy to provide support during lapping and polishing. Two solutions are given to the 

reduced system NA and induced spherical aberration resulting from the support layer 

including use of a dSIL and a spherical cap. The dSIL is capable of correcting for any 

asphericity in the GaP SIL, but the edge zone thickness of the resulting DOE is 

sufficiently small to require state of the art patterning equipment to fabricate. Alteration 

of the cap and support layer index of refraction is shown capable of providing positive 

spherical aberration, enabling partial correction of the negative spherical aberration 

present in the slightly aspheric surface of the GaP SIL. An in-depth discussion of GaP 

lapping and polishing efforts is discussed, culminating in the first two-stage high-index 

SIL, for which an induced polarization pupil image is shown. 
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CHAPTER 8 - CONCLUSIONS AND FUTURE WORK 

This dissertation presents several detailed investigations into the challenges 

associated with systems that use optics on the order of 5-250μm in size. Various 

difficulties include the lack of particularly suited simulation and metrology tools for high-

NA optics, and the difficulty in the assembly of single elements into systems when wafer-

scale processes are used for fabrication. 

8.1 Thesis summary 

The main test case considered in this thesis for micro optics is a solid immersion 

lens. Since SILs necessarily must fit within the back focal distance of an optical system, 

micro SILs have great promise for resolution enhancement in small form factor 

applications. The SIL aberration study in this thesis arrives at expressions for all 3rd order 

aberrations, conditions on radii and thickness for aberration free use, spot size change, 

and tolerances on SIL thickness and field of view. Unlike previous treatments, this study 

is completely general and, to a paraxial approximation, valid for any incident and image 

space media and any chief ray specification. The results show excellent agreement with 

paraxial numerical ray-trace values and the hemisphere-only expressions for aberration 

given in the literature. In addition, the current treatment correctly models the asymmetric 

aberration behavior surrounding the hemisphere point. This behavior can be important for 

micro SILs when trying to accurately model the thickness tolerance. Results show the 

maximum marginal ray angle caused by a clear aperture constraint, the aberration 
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asymmetry with thickness, and field of view tolerances in a telecentric configuration all 

favor a thickness tolerance window skewed toward SIL thicknesses less than the radius.  

The treatment also agrees with previous findings that an aplanatic 

hyperhemisphere SIL exhibits a thickness tolerance several orders of magnitude tighter 

than a hemisphere SIL. Coupled with severe chromatic aberration and lower achievable 

system NA for microlenses with a clear aperture constraint, the hyperhemisphere 

configuration is found to be less practical than the hemisphere design for micro SILs. 

A tolerance analysis is performed setting the marginal ray angle inside the SIL 

constant and varying the input NA to compensate to more accurately compare the 

tolerances between systems with similar NA'. As expected, the resulting thickness 

tolerances for the hemisphere is smaller than with a fixed input marginal ray angle, but 

still larger than the hyperhemisphere by over an order of magnitude. This formulation 

also enabled investigation of the aberrations of a point source collimator which show a 

spherical surface with a small enough radius can collimate a point source within the lens 

medium while not violating a given aberration tolerance. 

For the hemisphere, it is shown that the field of view is determined by 

astigmatism. The saggital field is flat, however, so for the particular case of imaging lines 

in the direction of a meridional plane, the only limit to the field of view is the size of the 

lens, within a paraxial geometric approximation. For the hyperhemisphere, field 

curvature limits the field of view, but there is half the amount of field curvature as there 

is astigmatism for the hemisphere, resulting in a larger field of view for the 

hyperhemisphere.  
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In the visible spectrum, many of the promising high-index materials exhibit 

heptaxial spatial-dispersion induced intrinsic birefringence due to a cubic fluorite 

crystalline structure. The unusual shape of the birefringence function can adversely affect 

the induced polarization signal used for controlling the air gap height if the magnitude of 

the birefringence is high. Since the birefringence for GaP is large in the visible spectrum, 

the only method for reducing the birefringence is to minimize the path length through the 

lens, which makes using micro-SILs attractive. 

The difficulty involved in designing systems that incorporate optics in the 10-500 

wavelength size regime is discussed, with a focus on the lack of particularly suited 

simulation tools. Electromagnetic solvers have a functional top end to the size of systems 

they can simulate, and ray-tracing methods do not adequately describe systems where the 

behavior is dominated by diffraction. Diffraction simulators typically involve propagation 

only from plane to plane, as in the case of propagation from the exit pupil of a system to 

the focus plane. As such, few tools exist for the complete description of the behavior of 

light throughout a system involving arbitrary surfaces with diameters and radii in the 10-

500 wavelength size regime. 

Towards the solution of this problem, two novel customized simulation tools are 

discussed including a modified angular spectrum propagation method capable of semi-

accurately modeling refraction through lens surfaces, and two variants of a piece-wise 

diffraction simulator. Sequential piece-wise diffraction (SPWD) uses the well-known 

Huygens-Fresnel principle to model a system geometry by the individual contributions of 

many facets, or sub-apertures. Utilizing Babinet’s principle, the diffracted field 
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contributions from all the facets are summed at the next surface to yield the total field 

distribution. Results from several test cases are presented, showing accurate modeling of 

refraction and diffraction, in addition to a study on the regions of validity resulting from 

approximations made in the treatment. Non-sequential piece-wise diffraction (NSPWD) 

utilizes the diffraction engine of the SPWD method and applies it to the concept of non-

sequential ray tracing. The major challenge with NSPWD is determining the reflection 

and transmission coefficients upon surface transfer since either a localized plane wave 

approximation or knowledge of the time-dependence of the electric field is needed at 

each facet. This is the first in-depth study of such piece-wise methods and represents the 

only published discussion to date. 

In the visible spectrum, optics in the 10-500 wavelength size regime also coincide 

with a deficiency in metrology tools for measuring high NA micro optics. Typical micro-

structure metrology tools, such as VSI, cannot measure both steep surface slopes and an 

entire surface to within optical tolerances. Traditional laser unequal path interferometers 

scaled-down to utilize microscope objectives for divergers provide the most promise in 

this area of testing, but none are commercially available at this time.  

Detailed design and implementation of a pupil-imaging micro Twyman-Green 

(MTG) interferometer is discussed along with implementation of an improved design 

using an afocal zoom telescope to allow variable magnification to fill the CCD with the 

pupil image. The improved system minimizes the length of uncommon paths and 

drastically reduces uncommon path vibration, reducing the effects of some of the difficult 

issues in micro-interferometer calibration. An in-depth discussion of the addition of an 
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objective field of view illumination/imaging arm is discussed along with relevant design 

constraints and ramifications. 

A new method is also proposed for determining the shape of extremely aspheric 

lenses with steep slopes using the annular fringe pattern to determine local radii of 

curvature. Second generation GaP SILs are measured using the MTG, with special 

consideration to imaging only the extent of the spherical portion of the surface. The GaP 

SILs measured spherical to within λ/4 out to a marginal ray angle of 42° with a radius of 

21μm, determined by use of a capacitance probe. An optimization routine is also 

implemented to determine approximate aspheric coefficients for the surface. 

The design of several non-SIL applications for GaP nicro lenses is also 

investigated. Designs for a laser diode circularizer are given which use a single 

anamorphic GaP surface at the beam circular point, which is typically very close to the 

laser facet for modern gain guided lasers diodes. Analysis of the system is presented 

using the SPWD method and a tolerance study on laser divergence values using the 

angular spectrum method. This concept is applied to the application of a miniature optical 

pickup utilizing the laser diode circularizer with a total track length of 1mm. Meridional 

plane simulations with SPWD show an achievable focus spot with a FWHM of 0.52μm, 

which is capable of reading modern DVD data marks with 0.8μm track spacing. The 

system uses optical surfaces with sags < 6μm and edge slope angles < 28°, enabling 

convenient traditional VSI metrology. The design, fabrication, assembly and testing of a 

1x1x0.3mm laser beam shaper is also presented. The beam shaper shares many of the 

engineering design challenges of the other application studies and uses a single 
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rotationally symmetric lens to create a spot with an average size of 60μm in the 

horizontal and vertical directions at a distance of 4mm. First generation assembly 

methods show achievable angular deviations from the lens optical axis below 1°. This is 

the first demonstrated free-standing laser-lens package in a 1mm square footprint. 

Finally, experimental efforts to create a SIL from a GaP nicro lens are discussed. 

A wafer scale process is presented using a planar support material fixed to the lenses with 

epoxy to provide support during lapping and polishing. Two solutions are given to the 

problems of reduced system NA and induced spherical aberration resulting from the 

support layer, including use of a dSIL and a spherical cap. The dSIL is capable of 

correcting for any asphericity in the GaP SIL, but the edge zone thickness of the resulting 

DOE is sufficiently small to require state of the art patterning equipment to fabricate. 

Alteration of the cap and support layer indices was shown capable of providing positive 

spherical aberration, enabling partial correction of the negative spherical aberration 

present in the slightly aspheric surface of the GaP nicro SIL. An in-depth discussion of 

GaP lapping and polishing efforts is discussed, culminating in the first two-stage GaP SIL, 

for which an induced polarization pupil image is demonstrated. 

8.2 Future Work 

Additional work is required to improve the capabilities and efficiency of the 

discussed simulation methods, the accuracies and calibration of the MTG micro optics 

testing tool, and the fabrication/assembly methods for creating two-stage GaP SILs. 

Suggestions for future work include: 
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1) Further study of the heptaxial intrinsic birefringence effects on the induced 

polarization signal. The calibration curve of the returned integrated intensity 

from the induced polarization signal will be clearly affected by the 

birefringence of the material. It’s not clear whether the retardance due to the 

birefringence would simply add an offset or if more complex behavior would 

result. The birefringence would also affect imaging with the induced 

polarization signal. 

2) Increase efficiency and accuracy of the SPWD method. The code for the 

SPWD method can be made more efficient, increasing the speed of 

computation. In addition, more investigation is necessary into alternate 

methods, such as using more terms in the power expansion or modeling as 

dipole radiation, for the regions where both the Fraunhofer and Huygens 

methods are invalid. 

3) Achieve a working NSPWD algorithm. The majority of future simulation 

work will be investigating the surface transfer problem for NSPWD. More 

work is required to determine the validity of the perfectly conducting versus 

ideal screen treatments and under what circumstances a localized plane wave 

approximation can be made for the electric field at the facet. An FDTD 

surface transfer routine needs to be implemented and whatever final methods 

are used for NSPWD, the results need to be validated with known analytical 

solutions such as the infinite dielectric cylinder.109 
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4) Improvements in the MTG calibration and sample manipulation. Though 

using short uncommon paths and very high quality objectives minimize 

retrace errors, the instrument bias needs to be studied with higher quality and 

different sizes of calibration targets to determine the effect of retrace errors on 

this particular system. To this end, the most important improvement to be 

made is in the mechanics and hardware for sample holding and manipulation 

in order to reduce hysterisis. In addition, calibration may be improved by 

obtaining high quality calibration targets, such as silicon nitride ball 

bearings,110 closer to the radius of the lenses to be tested. 

5) Improvement on the 2-stage GaP SIL manufacturing process. The current 

lapping and polishing process produces parts with acceptable quality, but 

further investigations on the GaP polishing process and taking the next step in 

process control could achieve better uniformity of polish from batch to batch. 

Currently small surface areas obtain a fairly high curvature during polishing 

and further testing and research into GaP polishing could possibly reduce this. 

One of the most critical metrics for making a useable SIL is the tip/tilt 

tolerance on the SIL for making contact with the sample. This tolerance is 

improved by creating a very small contact area at the bottom of the SIL. 

Currently the faceting process with the diamond stop fixture suffers from 

periodic over-lapping, which effectively destroys the SIL. Because of the risk 

of destruction, great care must be taken in faceting to get the facet as close to 

the center as possible, thus creating a small contact area, while not lapping off 
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the GaP nicro SIL. This goal can be accomplished with very careful and slow 

lapping progress during faceting, but clearly an improved faceting procedure 

would be ideal.  

In general, increasing the accuracy of the final lap plane would decrease 

the errors associated with nearly every manufacturing step associate with 

making a 2-stage SIL. Currently the minimum uncertainty achievable on the 

lap plane is ±2μm, but even when all procedures are followed if the utmost 

care is not taken in every step, the uncertainty can be as high as ±20μm. 

Errors can include, but are not limited to, bad micrometer calibration, particles 

present between the micrometer face and the diamond stop or between the 

sample and the setting stand, diamond stop motion during set screw tightening, 

and deviations of fixture and setting stand from flat. The displacements for 

each of these issues must be zero, or at least known, to better than the required 

accuracy of the final lap plane. Improvements can also be made to the sample 

thickness measuring capabilities and accuracy. More investigation is needed 

of the effects on the final lap plane location using the diamond stop fixture. 

Currently, it is not known if the sample is left on the lapping plate after the 

diamond stops make contact if an extra grit-size thickness is lapped off the 

sample or if lapping truly does stop once the diamond stops make contact.  

In the assembly of the support layer and lens array, more investigations 

are needed in how to reduce contamination of the micro SIL before and the 

occurrence of air bubbles during epoxy application. Locating harder epoxies 
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to better fix the lens to the support layer would also improve the lapping and 

faceting process. In addition to improving the faceting procedure, reduction of 

the micro SIL contact surface area would aid in operability of the SIL since 

higher index SILs require a smaller air gap to achieve the maximum NA'. 



 309

APPENDIX A – COMPUTER CODE 

%************************************************************************** 
%  Bisection tangent intersection method 
%       This Matlab script implements the bisection tangent intersection 
%       method for determining a best guess surface profile from annular 
%       fringe measurements. Annular fringes result from interferometry  
%       on parts too aspherical to measure the entire surface with a single  
%       measurement. 
% 
%       Inputs: 
%       d - distance from vertex for each data point 
%       r - radius of the pupil in arbitrary units (usually pixels) 
%       rho - midpoint of the annular fringe 
%       NA - Numerical Aperture of the microscope objective 
% 
%************************************************************************** 
 
clear; 
% Define inputs 
d = [0 5 10 16 20 25 30 35]; 
r = 126*ones(size(d)); 
rho = [0 96 106 112 114 120 122 122.5]; 
NA = 0.8; 
 
% Create surface and radius slope data 
theta = asin(rho./r.*NA); 
dsTdx = -1./tan(pi/2-theta); 
dsRdx = 1./tan(theta); 
 
% Initialize variables 
x = 0; 
s = 0; 
c = 0; 
xp = []; 
sp = []; 
 
% Perform the iterative calculation 
for n = 2:length(d) 
    thetap(n-1) = atan(x(n-1)/(d(n)-s(n-1))); 
    dspdx(n-1) = 1/tan((theta(n)+thetap(n-1))/2); 
    xp(n-1) = (c(n-1)+d(n))/(dspdx(n-1)-dsTdx(n-1)); 
    sp(n-1) = dsTdx(n-1)*xp(n-1)+c(n-1); 
    c(n) = sp(n-1)-dsTdx(n)*xp(n-1); 
    x(n) = (c(n)+d(n))/(dsRdx(n)-dsTdx(n)) 
    s(n) = dsTdx(n)*x(n)+c(n) 
end 
 
% Interpolate a smooth surface profile based on calculated surface points 
xup = [0:.5:20]; 
sup = interp1(x,s,xup,'spline'); 
figure(1); 
plot(xup,sup,'k','Linewidth',3);ylim([-33 1]);xlim([-1 33]);axis square 
hold on 
plot(x,s,'ok','MarkerSize',10,'Linewidth',2); 
hold off 
 
 



 310

%************************************************************************** 
% Profile offset calculator 
% author: Matthew Lang 
% 
% This script takes an imported data set with a radial coordinate as the 
% first column and y values for all other columns and computes the offset 
% for each set of y values which minimizes the RMS difference for all data 
% sets. 
% 
%   IMPORT - imported data 
% 
% 
%************************************************************************** 
 
 
% Set X and Y data from the imported data set 
Y=IMPORT(:,2:end)'; 
X=IMPORT(:,1)'; 
 
% Start out each offset as the maximum of each set of Y values 
C=max(Y')'; 
 
% View all data uncorrected data sets 
figure(1);plot(X,Y); 
 
% View all data sets with initial offset subtracted 
figure(2);plot(X,Y-C*ones(1,size(Y,2)));title('Profiles, initial offsets'); 
 
% Set up options for optimization and find new offset values 
options=optimset('MaxFunEvals',[]); 
Cnew = fminsearch('radialprofilerms',C,options,X,Y); 
 
% Calculate new profiles given new offsets 
Ynew = Y-(Cnew*ones(1,size(Y,2))); 
 
% View new profiles and calculate mean and standard deviations at each 
% point, use the standard deviation to plot error bars on the graph 
figure(3);plot(X,Ynew); 
Ymean   = mean(Ynew); 
Ystd    = std(Ynew); 
figure(4);errorbar(X(1:4:end),-
Ymean(1:4:end)+min(Ymean),Ystd(1:4:end));title('Average profile, corrected 
offsets'); 
 
 
 
function [rmserror] = radialprofilerms(C,X,Y) 
 
M=Y-(C*ones(1,size(Y,2))); 
 
Mmean=sum(M,2)/size(M,2); 
 
rmserror=sqrt(sum(sum((M-Mmean*ones(1,size(M,2))).^2))/prod(size(M))); 
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%************************************************************************** 
% Aspheric surface departure fitting routine 
% author: Matthew Lang 
% 
%   X - radial coordinate in pixels 
%   Y - surface departure profile to fit in waves 
%************************************************************************** 
 
 
 
HCA = 0.014447; %half clear aperture, for casting eventual data into units of 
mm 
R = 0.021;   %radius of lens 
lambda = 0.0006328; %wavelength of interferometer in lens units 
 
Xscaled=X*HCA/max(X); 
 
Refsph = sqrt(R^2-Xscaled.^2)-R; 
Yref = Refsph+Y*lambda; 
 
%Initial aspheric parameter guess (do 1 iteration then put result back here 
%for better result 
P=[0.01921432146830  -0.59991296501756  -0.00516036517403  -0.00185746877527   
0.00071604512522   0.00083157706389]; 
 
% inputs to GaPsurf_errorfunc are the initial aspheric parameters, the 
% fminsearch options, X which has been scaled to correspond to the maximum 
% CA, then the GaP surface vector. The function calculates the aspheric 
% surface and computes the rms difference with the GaP surface 
 
Pfit = fminsearch('AsphericFit_errorfunc',P,options,Xscaled,Yref) 
Yfit = asphere(Pfit,Xscaled); 
 
figure(7);plot(Xscaled,Yref,Xscaled,Yfit);title('Original vs. fitted 
Surface');legend('Ref','Fit'); 
figure(8);plot(Xscaled/1e-3,(Yref-Yfit)/lambda,'k');title('Fit residual 
(waves)'); 
xlabel('Radial distance (um)');ylabel('Aspheric fit residual (waves, HeNe)');  
 
 
 
 
function [rmserror] = AsphericFit_errorfunc(P,X,Y) 
 
Yfit = asphere(P,X); 
rmserror=norm(Yfit-Y)/sqrt(length(Y));  
 
 
 
 
function Y = asphere(C,X) 
 
C = [C zeros(1,10-length(C))]; 
Y = -(X.^2/C(1))./(1+sqrt(1-
(1+C(2))*X.^2/C(1)^2))+C(3)*X.^4+C(4)*X.^6+C(5)*X.^8+C(6)*X.^10+C(7)*X.^12+C(8)
*X.^14+C(9)*X.^16+C(10)*X.^18;  
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!********************************************************************** 
! CodeV birefringence polarization pupil map generator macro 
! author: Matthew Lang 
! date: 3/10/07 
! 
! Description: This macro generates a grid of rays in the pupil 
!  and traces them through the system using the polgrid 
!  command. The resulting data is then printed to the  
!  command line window. 
! 
! User settable constants: 
! radiuspixelnum -  the number of pixels, or rays, to define 
!         over the radius of the pupil. The final results 
!         will be a grid of rays 2x radiuspixelnum 
!         square. 
! inp, outp -       variables that contain the input array of 
!         rays (inp) and the results from polgrid (outp). 
!    The input array of rays for polgrid requires a 
!    2 by N array, where N is the number of rays to  
!    trace, and the values for each column are the x 
!    and y pupil positions. The output from polgrid 
!    gives 43 data results for each ray traced as 
!    well as the chief ray. 
!    **since all variable definitions must appear 
!      before any executable code, the user must set 
!      the N parameter in the definition of the inp 
!      variable to be (2*radiuspixelnum+1)^2, and 
!      the length of the outp parameter to be N+1 
! 
! Output: The program outputs the pupil positions, retardance 
!      magnitude, retardance orientation, the [X,Y,Z] direction 
!    cosines, retardance ellipticity, and the intensity 
!    through X and Y analyzer polarizers. 
! 
!********************************************************************** 
 
NUM ^raycount ^radiuspixelnum ^j ^i  ^tr 
NUM ^inp(2,40401) ^outp(43,40402)   ! Set ^inp to 
(2,(2*radiuspixelnum+1)^2)  
        ! and outp to 1 greater 
^radiuspixelnum == 10 
^raycount == 0 
 
! Generates the inp ray input array for the polgrid operation  
for ^ii -^radiuspixelnum ^radiuspixelnum     
 for ^jj -^radiuspixelnum ^radiuspixelnum   
  ^raycount == ^raycount + 1 
  ^i == ^ii/^radiuspixelnum 
  ^j == ^jj/^radiuspixelnum 
  ^inp(1,^raycount) == ^i 
  ^inp(2,^raycount) == ^j 
 end for 
end for 
write "Raycount = " ^raycount 
 
! Perform the polarization raytrace 
^tr == polgrid(1,1,1,0,^raycount,^inp,^outp) 
 
! Output the desired results to the command window 
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write "               PupX          PupY          RetM          RetO          
Xcos          Ycos          Zcos         RetEll         IntXPol         
IntYPol" 
for ^ii 1 ^raycount 
 ^jj == ^ii+1 
 write 'data ' ^inp(1,^ii) ^inp(2,^ii) ^outp(12,^jj) ^outp(13,^jj) 
^outp(4,^jj) ^outp(5,^jj) ^outp(6,^jj) ^outp(14,^jj) ^outp(15,^jj) 
^outp(16,^jj) 
end for 
 
 
 
 
 
%********************************************************************** 
%  Birefringence pupil map image generator 
%  author: Matthew Lang 
%  date: 3/10/07 
% 
%   Description: This script opens a text file generated by the CodeV 
%                macro 'BiFpupilmap.seq' and creates images for the 
%                retardance magnitude, retardance orientation, and 
%                intensity through X and Y analyzer polarizers, which 
%                it then converts and saves to .png files.  
% 
%********************************************************************** 
  
clear 
[file,path] = uigetfile('*.txt','MultiSelect','on'); 
  
for jj = 1: length(file) 
    clear PGD Xs Ys rho outpup RetM RetO Xpol Ypol 
    filename = char(file(jj)); 
    fid = fopen([path filename]); 
  
%Loop through the file and build the polgrid data variable 
    PGD = []; %POLGRID data 
    ii = 0; 
    while feof(fid) == 0    
        tline = fgets(fid); 
        ii = ii+1; 
        if strcmp(tline(1:3),'dat') == 1 
            PGD(end+1,:) = sscanf(tline(5:end),... 
                '%f %f %f %f %f %f %f %f %f %f'); 
        end 
        disp(['line ' num2str(ii)]); 
        pause(.005); 
    end 
    fclose(fid);beep 
  
    ppix = size(PGD,1)^.5;              %# of pixels across pupil 
    Xs = reshape(PGD(:,1),ppix,ppix);   %X pupil position 
    Ys = reshape(PGD(:,2),ppix,ppix);   %Y pupil position 
    rho = sqrt(Xs.^2+Ys.^2);            %radial pupil position 
  
%Find all data within the rho = 1 pupil boundary, set outside = 0 
    inpup = find(rho <= .977); 
    outpup = find(rho > .977); 
    RetM = reshape(PGD(:,3),ppix,ppix); 
    RetM(outpup) = 0; 
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    RetO = reshape(PGD(:,4),ppix,ppix); 
    RetO(outpup) = 0; 
    Xpol = reshape(PGD(:,9),ppix,ppix); 
    Xpol(outpup) = min(min(Xpol(inpup))); 
    Ypol = reshape(PGD(:,10),ppix,ppix); 
    Ypol(outpup) = min(min(Ypol(inpup))); 
     
%Generate figures of the 4 polarization images 
    figure(1);imagesc(Xs(1,:),Ys(:,1),RetM);colormap('gray');... 
        colorbar('vert');title('Retardance Magnitude(deg)'); 
    set(gcf, 'color', 'white','Position',[10 600 432.5 312.5]); 
    set(gca,'FontName','Times New Roman','XTick',[],'YTick',[]); 
    axis square; 
    figure(2);imagesc(Xs(1,:),Ys(:,1),RetO,[-90 90]);colormap('gray'); 
    colorbar('vert','Ytick',[-90:45:90]); 
    title('Retardance Orientation(deg)'); 
    set(gcf, 'color', 'white','Position',[400 600 432.5 312.5]); 
    set(gca,'FontName','Times New Roman','XTick',[],'YTick',[]); 
    axis square; 
    figure(3);imagesc(Xs(1,:),Ys(:,1),Xpol);colormap('gray'); 
    colorbar('vert');title('Retardance Orientation(deg)'); 
    set(gcf, 'color', 'white','Position',[800 600 432.5 312.5]); 
    set(gca,'FontName','Times New Roman','XTick',[],'YTick',[]); 
    axis square; 
    figure(4);imagesc(Xs(1,:),Ys(:,1),Ypol);colormap('gray'); 
    colorbar('vert');title('Retardance Orientation(deg)'); 
    set(gcf, 'color', 'white','Position',[1200 600 432.5 312.5]); 
    set(gca,'FontName','Times New Roman','XTick',[],'YTick',[]); 
    axis square; 
  
%Convert and generate .png image files 
    [imgfile,imgpath] = uiputfile('*.png','name of image'); 
    RetMim = uint16((RetM-min(min(RetM)))/... 
        (max(max(RetM))-min(min(RetM)))*2^16); 
    imwrite(RetMim,[path filename(1:end-4) 'RetM.png'],'png',... 
        'XResolution',2963,'YResolution',2963,'ResolutionUnit','meter'); 
    RetOim = uint16((RetO-min(min(RetO)))/... 
        (max(max(RetO))-min(min(RetO)))*2^16); 
    imwrite(RetOim,[path filename(1:end-4) 'RetO.png'],'png',... 
        'XResolution',2963,'YResolution',2963,'ResolutionUnit','meter'); 
    Xpolim = uint16((Xpol-min(min(Xpol)))/... 
        (max(max(Xpol))-min(min(Xpol)))*2^16); 
    imwrite(Xpolim,[path filename(1:end-4) 'Xpol.png'],'png',... 
        'XResolution',2963,'YResolution',2963,'ResolutionUnit','meter'); 
    Ypolim = (Ypol-min(min(Ypol(inpup))))/... 
        (max(max(Ypol))-min(min(Ypol(inpup))))*2^16; 
    Ypolim(outpup) = 0; 
    Ypolim = uint16(Ypolim); 
    imwrite(Ypolim,[path filename(1:end-4) 'Ypol.png'],'png',... 
        'XResolution',2963,'YResolution',2963,'ResolutionUnit','meter'); 
  
%Save the workspace data 
    filename = filename(1:end-4); 
    filename = [filename '.mat']; 
    fprintf('saving: %s\n', filename); 
    save(filename); 
end 
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APPENDIX B – WAVEFRONT ABERRATION THEORY 

This appendix follows the aberration treatment given in Roland Shack’s 

aberration theory notes93 that results in the spherical aberration parent relationships listed 

in Eqs. (3.2) through (3.6). 

  

The wavefront aberration function can be separated into a polynomial expansion 

based on powers of the field vector H
v

, pupil vector ρv , and the cosine of the angular 

separation of the field and pupil vectors ϕcos . Each term is denoted by the dependence 

on the powers of each of the expansion variables,  

 ∑=
nmj

mlk
klmHWW

,,
cos ϕρ , (B.1) 

where 

 mjk += 2 , (B.2) 

and 

 mnl += 2 . (B.3) 

To a 3rd order approximation, the aberration due to a spherical surface is 

equivalent to the aberration introduced by an aspheric plate located on-axis at the center 

of curvature with the spherical surface contributing only 1st order properties to the system, 

such as image location and magnification. In this context, the wavefront departure in the 

projected pupil footprint on the aspheric plate, shown in Figure B.1 (copied from 

Reference [93] for convenience), will generate the same 3rd order aberrations as the 

original spherical surface. 
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Figure B.1 – Schematic of aspheric plate at the center of curvature with field and pupil 
footprints showing the relationship between pupil and field vectors and the wavefront 
aberration expansion variable, G

v
. 

Since the aspheric plate is on-axis, the wavefront aberration function at the plate 

is in the form of spherical aberration based on a new variable G
v

, which is a combination 

of the pupil vector and a scaled field vector, 

 HG
vvv

γρ += , (B.4) 

where (copied from Eqs. (3.7) through (3.9) for convenience), 

 
A
A

=γ , (B.5) 

and where the refraction invariant for the marginal and chief rays is given by 

 inniA ′′== , (B.6) 

and 

ρv

H
v

γ

G
v

Aspheric plate @ 
center of curvature 

Field of view 
footprint 

Pupil footprint (beam 
intersection) 
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 ininA ′′== , (B.7) 

respectively.  

Using this methodology, the wavefront aberration function is written in terms of 

the new aspheric plate variable, 

 
( ) .2

040

4
040

GGW

GWW
vv

⋅=

=
 (B.8) 

Expanding the ( )GG
vv

⋅  term in Eq. (B.8) using Eq. (B.4) gives the wavefront function in 

terms of the original pupil and field vectors, 

 
( ) ( )

.2 HHH
HHGG

vvvvvv

vvvvvv

⋅+⋅+⋅=

+⋅+=⋅

ργρρ
γργρ

 (B.9) 

Squaring Eq. (B.9) shows how the expansion based on G
v

 is equivalent to the traditional 

forms of the 3rd order aberrations,  

  (B.10) 

Placing this expansion into the ( )2GG
vv

⋅  term in Eq. (B.8) and solving for each of 

the third order aberration coefficients in terms of W040 yields the spherical parent 

aberration relationships given in Eqs. (3.2) through (3.6).  
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APPENDIX C – PIECE WISE DIFFRACTION ROUTINES 

C1) Line-of-sight calculation 

For a particular destination facet to have line-of-sight (LOS) with a source facet, it 

must be determined that the line separating the source and destination does not intersect 

any other facet in the geometry. To determine whether a rectangular facet a location 

 zzyyxxP ffff ˆˆˆ ++=
v

, (C.11) 

with physical dimensions, w and h, and unit normal fnv , is intersecting (or blocking) the 

line of sight between a source facet at location  

 zzyyxxP ˆˆˆ 1111 ++=
v

, (C.12) 

and an observation facet at  

 zzyyxxP ˆˆˆ 0000 ++=
v

, (C.13) 

the intersection of the line-of-sight and the blocking facet plane is calculated, and then it 

is determined whether that intersection point lies within the boundaries of the facet. The 

procedure is as follows.  

A line-of-sight direction vector is formed from the separation between the source 

and destination facets, 

 01 PPD
vvv

−= . (C.14) 

Two factors, a and b, are calculated, the ratio of which determine how far from 0P
v

 the 

facet plane intersection is compared to the length of the line-of-sight vector, 

 )( 0PPna ff

vvv −⋅= , (C.15) 
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 Dnb f

vv ⋅= , (C.16) 

 
b
ar = . (C.17) 

If 0 < r < 1, then the facet plane intersection is between the source and destination facets 

and has the possibility of interrupting the line of sight. Facets that fall out of this range 

are not considered. The intersection point of the line-of-sight and the facet plane is then 

given by, 

 DrPI
vvv

+= 0 . (C.18) 

The next task is to determine whether this intersection point lies within the physical 

boundaries of the facet. The intersection point, along with the vertices of the facet, are 

transformed using matrix transformations such that all points lie in the xy plane. If the 

intersection point is within the rectangle formed by the vertices, then the four 

determinants taken between any two consecutive vertices and the intersection point, 

 
1
1
1

11

yx

i
y

i
x

i
y

i
x

II
VV
VV

++ , (C.19) 

where i
yxV , are the facet vertices taken in either clockwise or counterclockwise order and 

Ix,y is the intersection point, will all have the same sign. If they do not all share the same 

sign, then the intersection point is outside the facet boundaries and is not blocking line-

of-sight. Technically, the determinant step in Eq. (C.19) could use the full 3-D [x, y, z] 

coordinates of the vertices and the intersection point. It is possible, however, for the 3x3 

matrix to have a rank less than 3, such as if the plane of the facet includes the origin, 
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resulting in a determinant equal to zero. The zero valued determinant makes the problem 

unsolvable and is the reason behind transforming the coordinates to the xy plane. 

C2) Finding k vector from phase values  

The basic tenet behind using a localized k vector to give an incidence angle is that 

on the scale of the facet size, the electric field behaves like a plane wave, 

 )(
0

trkjeEE ω−⋅=
vvvv

, (C.20) 

where 

 ( )zyxkk ˆˆˆ γβα ++=
v

, (C.21) 

 zzyyxxr ˆˆˆ ++=v , (C.22) 

and the phase of the wave in the exponent at t = 0 is, 

 ( )zyxkrk γβα ++=⋅ v
v

. (C.23) 

Based on this assumption, it is possible to use additional sub-sampled calculation 

points in the plane of the facet immediately surrounding the center to find an effective 

localized plane of constant phase, given Eq. (C.23). The normal to that plane is the 

localized k vector at the facet. Due to the summation of the electric field from numerous 

source facets, the phase does not have a global origin, unlike spatial coordinates, so 

relative phase values must be used with respect to the center of the facet. Reformulating 

Eq. (C.23) in terms of the phase at a particular sub-sampled coordinate, φi, and the phase 

at the center of the facet, φ0, we arrive at an equation that represents a system of 

equations that can be solved for the k vector direction cosine components, α, β, and γ. 
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−

=
Δ 0  (C.24) 

In matrix notation, the system of equations is, 
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. (C.25) 

Since the phase values must be relative to the center of the facet, so must the 

coordinate values of the sub-sampled points. This necessarily creates a condition where 

the plane of the facet containing the points in the matrix in Eq. (C.25) contains the origin. 

This creates a 3x3 matrix with a rank of 2, resulting in a determinant equal to zero. No 

inverse to this matrix exists, and the system of equations that is unsolvable. A solution is 

found by transforming all the points to be in the xy plane, using matrix translation and 

rotation transforms, such that all zi = 0. This reduces the size of the matrix and makes a 

new smaller set of equations that can be used to solve for α and β. 
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 (C.26) 

The z-direction cosine component, γ, can then be found by making use of the fact that the 

sum of the square of the components equals 1, 

 221 βαγ −−=  (C.27) 

This process is done four times, for each pair of points around the rectangle of 

sub-sampled coordinates, and the resulting k vectors are averaged, arriving at a local 

incidence k vector at the facet. 
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If the phase values are such that the spread of phase problematically straddles a 

±π boundary, then a simple solution is to add 2π to all phase values, take the modulo 2π, 

and subtract π. This effectively shifts all the phase values by π such that the values now 

straddle the border of zero phase. 



 323

REFERENCES 

1 Blankenbeckler, D., Bell, B., Davies, D., Lee, L., An Increased Capacity DataPlay Optical Disc and 

Drive, Proc. SPIE 5380, 171 (2004) 

2 Blankenbeckler, D., Bell, B., Ramadurai, K., Mahajan, R., Recent Advancements in DataPlay’s Small 

Form-Factor Optical Disc and Drive, Jpn. J. Appl. Phys. 45(2B), 1181-1186 (2006) 

3 Cheong, Y., Lee. J., Kwang, K., Kim, S., Choi, J., Chung, C., Park, I., Pickup for small form factor 

optical drive with 2.3mm height actuator, Jpn. J. Appl. Phys. 44(5B) 3356 (2005) 

4 Davies, D., Bell, B., Wilson, S., Blankenbeckler, D., Recent Advances in Near-Field-Based Small Form 

Factor Optical Storage, IEEE Trans. Mag., 43(2), 768 (2007) 

5 Goring, R., Glockner, S., The potential of transmittive microoptical systems for miniaturized scanners, 

modulators and switches, Proc. SPIE 3008, 70 (1997) 

6 Kim, S., PCMCIA like Ultra Small Form Factor Optical Drive, Optical Data Storage, OSA Technical 

Digest Series, paper MA2 (2003) 

7 Nakata, H., Nagata, T.,Tomita, H., Ultra compact optical pickup with integrated optical system,  J. Appl. 

Phys. 45(8B) 6713 (2006) 

8 Park, Y., Park, N., Kim, C., Small Form Factor Information Storage Devices for Mobile Applications in 

Korea, JSME International Journal 48(3), 318 (2005) 

9 Sohn, J., Cho, E., Lee, M., Kim, H., Jung, M., Suh, S., Kim, W., Park, N., Park, Y., Development of 

microlens for high-density small-form-factor optical data storage, Jpn. J. Appl. Phys. 45(2B) 1144 (2006) 

10 Walker,  J.A., The future of MEMS in telecommunications networks, J. Micromechanics and 

Microengineering, 10, R1-R7 (2000) 



 324

11 Gardner, N., Davies, A., Advances in micro-lens surface metrology: the role of retrace errors, Frontiers 

in Optics, OSA Technical Digest, paper OTuD3 (2004) 

12 Goto, K., Kim, Y., Kirigaya, T., Masuda, Y., Near-Field Evanescent Enhancement with Nanometer-

Sized Metal Grating and Microlens Array in Parallel Optical Recording Head, Jpn. J. Appl. Phys. 43(8B) 

5814 (2004) 

13 Huang, Y., Chen, J., Ko, F., Shieh, H., Multidirectional Asymmetrical Microlens Array Light Control 

Film for Improved Image in Reflective Color Liquid Crystal Displays, Jpn. J. Appl. Phys. 41, 646 (2002) 

14 Feldstein, M., Golden, J., Rowe, C., MacCraith, B., Ligler, F., Array biosensor: Optical and fluidic 

system, J. Bio. Devices 1:2, 139-153 (1999) 

15 Tkaczyk, T., Rogers, J., Rahman, M., Christenson, T., Gaalema, S., Dereniak, E., Richards-Kortum, R., 

Descour, M., Multi-modal miniature microscope – Successful merger of optical, MEMS and electronic 

technologies, Proc. SPIE 6050, 605016 (2005) 

16 Davidson, M., A microlens direct-write concept for lithography, Proc. SPIE 3048, 346 (1997) 

17 Monk, D.W., Gale, R.O., The digital micromirror device for projection displays, Microelectronic 

Engineering 27, 489-493 (1995) 

18 Kufner, M., Kufner, S., Monolithically integrated refractive optical interconnection networks, Proc. 

SPIE 1992, 150 (1993) 

19 Savander, P., Haumann, H., Microlens array used for collimation of linear laser diode array, Meas. Sci. 

Tech. 4, 541 (1993) 

20 Lang, M., Fabrication and characterization of sub-100μm diameter gallium phosphide solid immersion 

lens arrays, Jpn. J. Appl. Phys Special Issue for Optical Memories 44(5B), 3385 (2005) 



 325

21 Compton, R., McPhedran, R., Popovic, Z., Rebeiz, G., Tong, P., Rutledge, D., Bow-Tie Antennas on a 

Dielectric Half-Space: Theory and Experiment, IEEE Trans. Ant. Prop. AP-35, 622 (1987) 

22 Milster, T., Jo, J., Hirota, K., Roles of propagating and evanescent waves in solid immersion lens 

systems, Appl. Opt. 38(23), 5046 (1999) 

23 Mansfield, S.M., Kino, G.S., Solid immersion microscope, Appl. Phys. Lett. 57(24), 2615 (1990) 

24 Chen, T., Milster, T., Park, S., McCarthy, B., Sarid, D., Near-field solid immersion lens microscope with 

advanced compact mechanical design, Opt. Engr. 45(10), 103002 (2006) 

25 Ichimura, I., Kishima, K., Osato, K., Yamamoto, K., Kuroda, Y., Saito, K., Near-Field Phase-Change 

Optical Recording of 1.36 Numerical Aperture, Jpn. J. Appl. Phys., Part 1 39(2B) 962-967 (2000) 

26 Ishimoto, T., Saito, K., Shinoda, M., Kondo, T., Nakaoki, A., Yamamoto, M., Gap servo system for a 

biaxial device using an optical gap sign in a near field readout system, Jpn. J. Appl. Phys., Part 1 42(5A) 

2719-2724 (2003) 

27 Davidson, M., Aplanatic microlenses and applications in the semiconductor industry, Proc. SPIE, 1926, 

84 (1993) 

28 Terris, B.D., Mamin, H.J., Rugar, D., Studenmund, W., Kino, G.S., Near-field optical data storage using 

a solid immersion lens, Appl. Phys. Lett. 65, 388 (1994) 

29 Zhang, Y., Design of high-performance supersphere solid immersion lenses, Appl. Opt. 45, 4540 (2006) 

30 Yoshita, M., Koyama, K., Hayamizu, Y., Baba, M., Akiyama, H., Improved High Collection Efficiency 

in Fluorescence Microscopy with a Weierstrass-Sphere Solid Immersion Lens, Jpn. J. Appl. Phys. 41(Part 2, 

No. 7B), L858 (2002) 



 326

31 Zijp, F., Martin B. van der Mark, Julian I. Lee, Coen A. Verschuren, Benno H. Hendriks, Marcello L. 

Balistreri, H. Paul Urbach, Michael A. van der Aa, and Alexander V. Padiy, Near-field read-out of a 50-GB 

first-surface disc with NA=1.9 and a proposal for a cover-layer-incident, dual-layer near-field system, Proc. 

SPIE 5380, 209 (2004)  

32 Wu, Y., Wang, J., Hong, T., Aberrations introduced by a hemisphere solid immersion lens in an optical 

data-storage system, Proc. SPIE 4390, 459 (2002) 

33 Shinoda, M., K. Saito, T. Ishimoto, Kondo T., Nakaoki A., Furuki M., Takeda M., Akiyama Y., 

Shimouma T., and Yamamoto M., High-density near-field optical disc recording using phase change 

media and polycarbonate substrate, Proc. SPIE 5380, 224  (2004) 

34 Shinoda, M., Saito, K., Ishimoto, T., Kondo, T., Nakaoki, A., Furuki, M., Takeda, M., Yamamoto, M., 

High-density near-field readout over 100GB capacity using solid immersion lens with NA of 2.05, Optical 

Data Storage Proceedings, 306  (2003) 

35 Mansfield, S.M., Solid Immersion Microscopy, PhD Dissertation, Standford University (1992) 

36 Baba, M., Sasaki, T., Yoshita, M., Akiyama, H., Aberrations and allowances for errors in a hemisphere 

solid immersion lens for submicron-resolution photoluminescence microscopy, Appl. Phys. 85(9), 6923 

(1999) 

37 Baoxi, X., Chong, C., Minyu, L., Boopathi, V., Gaoqiang, Y., Tolerance analysis of near-field optical 

recording system, Proc. SPIE 3401, 40 (1998) 

38 Kino, G.S., Applications and theory of the solid immersion lens, Proc. SPIE 3609, 56 (1999) 

39 Vershuren, C., Zijp, F., Lee, J., ven den Eerenbeemd, J., van der Mark, M., Urbach, H.P., Near Field 

Recording on First-Surface Write-Once Media with a NA=1.9 Solid Immersion Lens, Jpn. J. Appl. Phys. 

55(5B), 3564 (2005) 



 327

40 Koyama, O., Horiguchi, H., Nagura, C., Nishikawa, K., Nagatsuka, O., A study of near field recording 

optics for cover-layer incident dual-layer disc with an NA = 1.45 hemispherical solid immersion lens, Proc. 

SPIE 6282, 628229 (2006) 

41 Jo, J., The Vector Behavior of Aberrations in High Numerical Aperture (0.9<NA<3.1) Laser Focusing 

Systems, PhD Dissertation (2001) 

42 Lee, J., van der Aa, M., Verschuren, C., Zijp, F., van der Mark, M., Development of an Air Gap Servo 

System for High Data Transfer Rate Near Field Optical Recording, Jpn. J. Appl. Phys., 44(5B), 3423 

(2005) 

43 Zijp, F., van den Eerenbeemd, J., Urbach, P., Verschuren, C., Effects of Polarization on Wave Front 

Measurements and Manufacturing of Solid Immersion Lenses for Near-Field Optical Recording, Jpn. J. 

Appl. Phys. 45(2B), 1341 (2006) 

44 Burnett, J., Levine, Z., and Shirley, E., Intrinsic birefringence in calcium fluoride and barium fluoride, 

Phys. Rev. B 64, 241102 (2001) 

45 Burnett, J., Levine, Z., Shirley, E., Bruning, J., Symmetry of spatial-dispersion-induced birefringence 

and its implications for CaF2 ultraviolet optics, JMMM 1(3), 213-224 (2002) 

46 Burr, G.W., Farjadpour, A., Balancing accuracy against computation time: 3-D FDTD for 

nanophotonics device optimization, Proc. SPIE 5733 336 (2005) 

47 Fletcher, D., Crozier, K., Goodson, K., Quate, C., Kino, G., Optical characterization of microfabricated 

solid immersion lenses, Proc. SPIE 3919, 100 (2000) 

48 Stone, B., Practical considerations for simulating beam propagation: A comparison of three approaches, 

Proc. SPIE 4832, 359 (2002) 

49 Goodman, J., Introduction to Fourier Optics 2nd ed., (McGraw-Hill, 1996), Ch. 4 



 328

50 Lawrence, G., Bernard, C., Viswananathan, V., Global Coordinates and Exact Aberration Calculations 

Applied to Physical Optics Modeling of Complex Optical Systems, Modeling and Simulation of 

Optoelectronic Systems, J.D. O’Keefe, ed., 642, SPIE, Bellingham (1986)  

51 Engelberg, Y., Ruschin, S., Fast method for physical optics propagation of high-numerical-aperture 

beams, J. Opt. Soc. Am. A, 21(11), 2135 (2004) 

52 Greynolds, A., Vector Formulation of Ray-Equivalent Method for General Gaussian Beam Propagation, 

Proc. SPIE 679 129 (1986) 

53 Popov, M., A new method of computation of wave fields using Gaussian Beams, Wave Motion 4, 85 

(1982) 

54 Alonso, M., Forbes, G., Using rays better, I. Theory for smoothly varying media, J. Opt. Soc. Am. A 18, 

1132 (2001) 

55 Birkbeck, A., Zlatanovic, S., Mihrimah, O., Esener, S., Laser tweezer controlled solid immersion lens for 

high resolution imaging in microfluidic and biological samples, Proc. SPIE 5275, 76 (2004) 

56 Audran, S., Faure, B., Mortini, B., Aumont, C., Tiron, R., Zinck, C., Sanchez, Y., Fellous, C., Regolini, 

J., Reynard, JP., Schlatter, G., Hadziioannou, G., Study of dynamical formation and shape of microlenses 

formed by the reflow method, Proc. SPIE 6153, 61534D (2006) 

57 Caber, P. J., Interferometric profiler for rough surfaces, Appl. Opt. 32, 3438 (1993). 

58 Dove, J.E., Jarrett, J.B., Friction behavior of granular materials on ideal counterfaces, MRS Workshop 

Series Proceedings (1999) 

59 Santiago, R.R., Topographic measurements of non-rotationally symmetrical concave surfaces using 

Ronchi deflectomerty, PhD dissertation, 1999 



 329

60 Hibbard, R.L., Bono, M.J., Meso-scale metrology tools: A survey of relevant tools and a discussion of 

their strengths and weaknesses, Proc. ASPE Winter Topical Meeting, (2002). Available from: 

http://www.doc.gov/bridge  

61 Conroy, M., Armstrong, J., A Comparison of Surface Metrology Techniques, Proc. SPIE 6188, 61880B 

(2006) 

62 Yatagai, Y., Recent Progresses in White Light Interferometry, Proc. SPIE 2340, 338 (1994) 

63 Zygo NewView 6000 product guide: http://www.zygo.com/products/nv_acc/nv_acc.pdf 

64 Kingslake, R., Lens Design Fundamentals (Academic Press, 1978), p. 79 

65 Smith, W. Modern Optical Engineering (McGraw-Hill, 2000), p. 348 

66 Papastathopoulos E., Korner K., Osten W., Chromatic confocal spectral interferometry, Appl. Opt. 

45(32), 8244 (2006) 

67 Gardner, N., Davies, A., Measurement advances for micro-refractive fabrication, Proc. SPIE 5858, 

58580P (2005) 

68 Schwider, J., Falkenstorfer, O., Twyman-Green interferometer for testing microspheres, Opt. Eng. 34(10, 

2972 (1995)  

69 Schwider, J., Lamprecht, J., Interferometric testing of refractive micro-cylinder lenses, Proc. SPIE 4778, 

177 (2002) 

70 Daly, D., Hutley, M., Stevens, R., Mach Zehnder Interferometer for Measuring Microlenses, Proc. SPIE 

2340, 258 (1994) 

71 Medicus, K., Karodkar, D., Bergner, B., Gardner, N., Davies, A., Compact interferometer for micro-

optic performance and shape characterization, Proc. SPIE 5183, 85 (2003) 



 330

72 Samara, A., Bergner, B., Davies, A., Medicus, K., Gardner, N., Traceable Radius Measurements of 

Micro-lenses, Diffractive Optics and Micro-Optics, OSA Technical Digest (OSA, 2004), paper XWA4 

73 Mahajan, V., Zernike annular polynomials for imaging systems with annular pupils, J. Opt. Soc. Am. 

71(1), 75 (1981) 

74 Liu, Y., Lawrence, G., Koliopoulos, C., Subaperture testing of aspheres with annular zones, Appl. Opt. 

27(1), 4504 (1988) 

75 Granados-Agustin, F., Escobar-Romero, F., Cornejo-Rodriguez, A., Testing Parabolic Surfaces with 

Annular Subaperture Interferograms, Optical Review 11(2), 82 (2004) 

76 Shirley, E., Burnett, J., Levine, Z., Intrinsic Birefringence in Cubic Crystalline Optical Materials, 

Seminar presentation slides: http://math.nist.gov/mcsd/Seminars/2004/2004-06-10-shirley-presentation.pdf 

77 CodeV: commercially available software from the Optical Research Assocciates 

78 Resor, G., Charting different roadmaps for lithography at Japanese litho firms:  http://sst.pennnet.com 

/Articles/Article_Display.cfm?Section=Archives&Subsection=Display&ARTICLE_ID=126086 

79 Wu, Q., Feke, G., Grober, R., Realization of numerical aperture 2.0 using a gallium phosphide solid 

immersion lens, Appl. Phys. Lett. 75(26), 4064 (1999) 

80 Ballen, T., Leger, J., Mass-transport fabrication of off-axis and prismatic gallium phosphide optics, 

Appl. Opt. 38(14), 2979 (1999) 

81 Ballen, T., Leger, J., Use of Mass transport to reduce surface roughness in replicated gallium phosphide 

refractive microlenses, Opt. Lett. 25(8) 515 (2000) 

82 Liau, Z.L., Diadiuk, V., Walpole, J.N., Mull, D.E., Gallium phosphide microlenses by mass transport, 

Appl. Phys. Lett., 55(2), 97 (1989) 



 331

83 Liau, Z.L., Mull, D.E., Dennis, C.L., Williamson, R.C., Large-numerical-aperture microlens fabrication 

by one-step etching and mass-transport smoothing, Appl. Phys. Lett. 64, 1484 (1994) 

84 Liau, Z.L., Mass transport: semiconductor microstructure fabrication by surface energy, Materials 

Science and Engineering-R: Reports, R42(2) 41 (2003) 

85 Swenson, J., Fields, R., Enhanced mass-transport smoothing of f/0.7 GaP microlenses by use of sealed 

ampoules, Appl. Phys. Lett. 66(11), 1304 (1995) 

86 Brown, J., Brown, D., Borek, G., Anamorphic lenses for laser diode circularization, Proc. SPIE 3945, 82 

(2000) 

87 Cohn, K., Simanovskii, D., Smith, T., Palanker, D., Transient photoinduced diffractive solid immersion 

lens for infrared microscopy, Appl. Phys. Lett. 81(10), 3678 (2002) 

88 Crouse, R., Pezzaniti, J.L., Caneer, A., Optical performance of a diode laser circularizer microlens, Proc. 

SPIE 4984, 136 (2003) 

89 Liau, Z.L., Walpole, N., Mull, D.D., Dennis, C.L., Missaggia, L.J., Accurate fabrication of anamorphic 

microlenses and efficient collimation of tapered unstable-resonator diode lasers, Appl. Phys. Lett. 64(25), 

3368 (1994) 

90 Liau, Z.L., Walpole, J.N., Livas, J.C., Kintzer, E.S., Mull, D.E., Missaggia, L.J., DiNatale, W.F., 

Fabrication of Two-Sided Anamorphic Microlenses and Direct Coupling of Tapered High-Power Diode 

Laser to Single-Mode Fiber, IEEE Photonics Technology Letters 7(11), 1041 (1995) 

91 Rose, T., Hinkley, D., Fields, R., Efficient Collection and Manipulation of Laser Diode Output Using 

Refractive Micro-optics, Proc. SPIE 2383, 273 (1995) 

92 Liau, Z.L., Tsang, D.Z., Walpole, J.N., Simple Compact Diode-Laser/Microlens Packaging, Journal of 

Quantum Electronics, 33(3), 457 (1997) 



 332

93 Shack, R., Introduction to Abberations, personal communication 

94 Welford, W.T., Aberrations of Optical Systems, (Adam Hilger, 1986) 

95 Zemax: commercially available software from the Zemax development corporation 

96 Matlab: commercially available software from Mathworks, Inc. 

97 Milster, T.: Basic Diffraction Notes (2006) Ch. 6, http://www.optics.arizona.edu/milster/505 

Lecture/Lecture Notes and Slides/Chapter 10 - 11 Diffraction Introduction and 

Math/ch6B_505RChapter10-11-12-PartB_2006.pdf, personal communication 

98 Gaskill, J., Linear Systems, Fourier Transforms, and Optics, (John Wiley & Sons, 1978), pg. 47 

99 Jackson, J., Classical Electrodynamics, Third edition (John Wiley & Sons, Inc., 1999), p. 487 

100 Klein, J., Challenges and Problems in Non-Sequential Ray Tracing, Proc. SPIE 4442, 60 (2001) 

101 Intelliwave: Commercially available phase-shifting interferometer control software available from 

Engineering Synthesis Design, Inc.  

102 Sohn, J., Cho, E., Lee, M., Kim, H., Jung, M., Suh, S., Kim, W., Park, N., Park, Y., Development of 

Microlens for High-Density Small-Form-Factor Optical Pickup, Jpn. J. Appl. Phys., 45(2B), 1144 (2006) 

103 Brunner, R., Bischoff, J., Rudolf, K., Ferstl, M., Diffractive Solid Immersion Lenses Characterization 

and Manufacturing, Proc. SPIE 4449, 235 (2001) 

104 Milster, T., Physical Optics Simulation in matlab for High-Performance Systems, Opt. Rev. 10(4), 246 

(2003) 

105 O’Shea, D.C., Specifying dispersion in the design of diffractive optics, Appl. Opt. 33(34) 8124 (1994) 

106 US Products website: http://www.us-products.com/sitehtml/lappingabrs.html 



 333

107 Product literature on alumina abrasives: http://www.abrasivematerials.saint-gobain.com 

108 Chen, T., Milster, T., Properties of induced polarization evanescent reflection with a solid immersion 

lens (SIL), Optics Express 15(3), 1191 (2007) 

109 Itagi, A., Challener, W., Optics of photonic nanojets, J. Opt. Soc. Am. A 22, 2847 (2005) 

110 Cundill, R., High-precision silicon nitride balls for bearings, Proc. SPIE 1573, 75 (1992) 


