
 

 

 

 

 

 

 

Three-dimensional Gradient Index Optics Fabricated in 
Diffusive Photopolymers  

by 

Chunfang Ye 

B.A., Zhejiang University, 2004 

M.S., Zhejiang University, 2006 
 

 

 

 

 

A thesis submitted to the 

 Faculty of the Graduate School of the  

University of Colorado in partial fulfillment 

of the requirement for the degree of 

Doctor of Philosophy 

Department of Electrical, Computer and Energy Engineering 

2012 
 

 

  

 



 

 

 

 

 

 

This thesis entitled: 

Three-dimensional Gradient Index Optics Fabricated in Diffusive Photopolymers  

written by Chunfang Ye 

has been approved for the Department of Electrical, Computer and Energy Engineering 

 

 

 

 

       

Robert R. McLeod 

 

 

 

       

Carol Cogswell 

 

 

Date    

 

 

The final copy of this thesis has been examined by the signatories, and we 

Find that both the content and the form meet acceptable presentation standards 

Of scholarly work in the above mentioned discipline.



iii 

 

Ye, Chunfang (Ph. D., Electrical, Computer, and Energy Engineering) 

Three-dimensional Gradient Index Optics Fabricated in Diffusive Photopolymers  

Thesis directed by Associate Professor Robert R. McLoed 

        

This thesis demonstrates three-dimensional gradient index (GRIN) optics fabricated in 

two diffusive photopolymers. These polymer optical components have localized gradient index 

structures, which are self-developed in diffusive photopolymers by introducing localized 

illuminations. Based on the sizes of the formed index structures, the photopolymer optics studied 

in this thesis fall into two categories: GRIN lens based optics and waveguide based optics. GRIN 

lenses and lens arrays with parabolic index profiles are created through Gaussian beam exposure, 

while GRIN lenses with arbitrary index profiles are created through a dual-axis galvo scanning 

system. Waveguide based optics, which include uniform waveguides, waveguide tapers, 

waveguides through thin optics and 900 sharp waveguide bends, are fabricated through direct-

write lithography.  

Several quantitative characterization methods for the fabricated polymer optics are 

described.  The index profiles of the GRIN lens based optics are quantitatively measured by a 

modified scanning transmission phase microscope and a Shack-Hartmann wavefront sensor.  

Three-dimensional mode profile characterization of the polymer waveguides is carried out 

through a novel polymer sample preparation procedure and an active mode imaging system.  A 

single mode performance is confirmed for the fabricated waveguides.  A loss measurement for 

the waveguides is also accomplished. 

An index formation model is developed for a diffusive polymer developed by Dr. 

McLeod’s group, which provides a fundamental guidance for fabricating custom-design index 

structures in the polymer. A hybrid GRIN axicon lens is fabricated to significantly extend the 

depth of focus in an endoscopy OCT application.  Potential applications of the fabricated polymer 
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optics include hybrid integrated optical circuits. The diffusive photopolymer with self-

development characteristics provides a platform to integrate various optoelectronic 

subcomponents in integrated optical circuits.   
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Chapter 1 

Introduction 

This thesis demonstrates three-dimensional gradient index (GRIN) optics fabricated in 

diffusive photopolymers. These polymer optical components have localized index structures, 

which are self-developed in diffusive photopolymers by introducing localized illuminations.  

Based on the sizes of the formed index structures, the photopolymer optics studied in this 

thesis fall into two categories: GRIN lens based optics and waveguide based optics. GRIN lenses 

and lens arrays with parabolic index profiles are created through Gaussian beam exposure, while 

GRIN lenses with arbitrary index profiles are created through a dual-axis galvo scanning system. 

Waveguide based optics, which include uniform waveguides, waveguide tapers, waveguides 

through thin optics and 900 sharp waveguide bends, are fabricated through direct-write 

lithography.  

These diffusive polymer components can be potentially applied to hybrid integrated 

optical circuits. The diffusive photopolymer with self-development characteristics provides a 

platform to incorporate various optoelectronic subcomponents in integrated optical circuits.  

1.1  Hybrid integrated optical circuit  

Integrated optical circuits have a number of benefits over standard electronic circuits and 

conventional free space optical systems.  Optical circuits are capable of handling a larger 

bandwidth and are immune from electromagnetic interference.  A conventional free optical 

system is composed of large discrete elements, and requires alignment of each element generally 

on a stable optical table.  Since the integrated optical circuits turn a table size optical system into 

a chip, it is of smaller size, lighter weight, and greater stability.  
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However, unlike purely electronic circuits, the majority of optical systems demand 

multiple material components. These materials include drawn glass fiber, lithographically 

patterned semiconductors, deposited dielectric films, grown crystals, replicated diffractive 

elements and ground lenses [1]. Such material diversity cannot be grown or doped from a single 

semiconductor process. Thus optical systems are inherently heterogeneous, which necessitates 

hybridization of integrated optical circuits.  

However, integrating various optoelectronic elements in the optical circuits faces two 

major challenges. The first challenge is to develop a material platform that is suitable for 

hybridization.   Research in silicon photonics has demonstrated that many optical functions can 

be performed with a single material. For example, it suffices to use silicon for fabricating 

detectors and planar waveguides. However, keeping the breadth of functionality requires the 

system to be capable of incorporating the full variety of materials used in tabletop optical systems. 

The second challenge arises from optical interconnection, which includes (1) on-chip 

interconnection to connect various optoelectronic elements; (2) on-chip interconnection to guide 

the light through the optoelectronic elements that can be up to cm scale and back into the 

waveguide circuit with tolerable loss and (3) off-chip interconnection to connect the chip to the 

outside world generally through fibers.  

Current available integration methods cannot sufficiently tackle these two challenges.  

Hybridization solutions from the integrated microelectronics field such as flip-chip bonding [1] 

are inappropriate for optical interconnects due to the sub-micron alignment tolerances required to 

match optical wavefronts. Since most optical subcomponents involve at least one cleaving, 

sawing or a polishing step, the dimensions of each individual hybrid subcomponent typically vary 

by many micrometers.  Therefore, each device requires a customized alignment, excluding the 

use of lithographically-defined optical interconnects such as planar lightwave circuits (PLCs) [2,3] 

or lithographically-defined alignment features such as silicon optical benches [4,5]. 
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This need for device-to-device customization explains the current approach for optical 

fabrication which requires manual active alignment of optical components followed by epoxy to a 

machined metal scaffold.  This approach was used by Galileo and van Leeuwenhoek several 

hundred years ago and has advanced very little since then.  The resulting device is expensive due 

to the intensive manual labor, large due to the scaffold, delicate due to the nanometer tolerances 

held only by adhesive and limited to small quantities due to active alignment. These features are 

acceptable in high-value applications but not in high-volume applications which demand the 

opposite characteristics.   

To overcome the above-mentioned limitations for current approaches, I investigate a 

novel optoelectronic lithography platform that uses diffusive photopolymer as an optically-

addressable encapsulant in which embedded micro-optical components are interconnected by 

waveguides directly written into the photopolymer via 3D direct-write lithography.  The details 

for the proposed lithography platform are discussed in the next section. The diffusive 

photopolymer is introduced in Sec 1.4.  

1.2 Hybrid integrated optical circuits in diffusive photopolymers 

The proposed lithography platform can potentially fabricate hybrid integrated optical 

circuits in five main steps, shown in Fig. 1.1 below.  

 

Figure 1.1.  Process steps illustrated for a single subcomponent of a hybrid integrated 
circuit. 
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Position: Hybrids such as fibers, laser diodes, detectors, thin film filters, etc. are first loosely 

positioned on a substrate.   

Encapsulate: The liquid polymer is then cast over the assembly.  A unique property of the 

diffusive polymer is its very low shrinkage and shrinkage stress as it thermally cures into a solid 

at room temperature. The polymer naturally adheres to glass, plastic and dielectric surfaces and 

thus encapsulates and hermetically seals all of the subcomponents.  

Locate: The locations and tolerances of the parts are now detected with a scanning confocal 

microscope [6] and/or a scanning transmission microscope [7] that operate in the red, which is 

outside the sensitivity band of the polymer material. The system controller records these 

fabrication and location deviations and adjusts the interconnection design accordingly. 

Interconnect: The writing beam of moderate numerical aperture (0.1 to 0.6) and very low power 

(µW) is scanned in three dimensions to selectively write optical index features. The index 

response in the polymer is localized at the focus of the beam in response to the intensity profile. 

The introduced index structure in the diffusive polymer material can be controlled both by 

materials formulation and lithography hardware configurations.  

Cure: Finally, uniform incoherent exposure bleaches the writing dye and fully cures the polymer 

making the part optically clear and insensitive to further exposure.  

The proposed materials and lithography platform have applications in a broad range of 

markets.  By encapsulating arbitrary hybrids, virtually any optical or optoelectronic component 

can be integrated into a guided-wave microcircuit.  By aligning the waveguides in 3D to these 

encapsulated parts, the system avoids all physical active alignment, one of the major cost and 

reliability constraints of nearly all optical devices.  For example, the cost of fiber pigtailing a laser 

diode is typically 50% of the total cost and is the source of 80% of device failures [8]. The high 

sensitivity of the materials enables CW lasers that are inexpensive and naturally write smooth 

waveguides for low scattering loss.  The single, maskless process step enables low cost at low 
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volumes, which is essential for most optical circuit applications today.  These applications 

include telecommunications, signal processing, medical devices, biological and chemical sensing 

systems. 

Previous graduate students have already demonstrated the 3D direct-write lithography 

platform [9] and a polymer waveguide to interconnect two fibers [10], shown in Fig. 1.2. My 

thesis work has extended the existing work in three ways.  First, this thesis extends the GRIN 

optics that are fabricated in the diffusive polymers to single mode low loss waveguides, 

waveguide tapers, 900 sharp waveguide bends,  GRIN lenses and lens arrays. Second, this thesis 

presents the methods that quantitatively characterize the index profile and performance of the 

fabricated GRIN polymer elements. Third, I studied the index formation in a diffusive 

photopolymer, which provides fundamental guidance to fabricate GRIN polymer optics with high 

fidelity.  The next section will briefly demonstrate the GRIN photopolymer optics that I have 

made.  

 

 

Figure 1.2.  Preliminary demonstration of proposed hybridization method.   (a) shows the 
fiber mounting by encapsulation in 0.7 mm thick photopolymer.  The waveguide which 
bends in 3D is dimly visible via refraction of the light source in the background. (b) is a 
preliminary result of the proposed lithography platform to show a waveguide written 
directly up to the fiber core. 
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1.3 Three-dimensional diffusive photopolymer optics  

Previous work has demonstrated 3D waveguides fabricated in the diffusive 

photopolymers, which potentially provide the interconnection between the encapsulated 

optoelectronic components. However, guiding the light through optical-electronic components 

with various thicknesses, off-chip interconnection and others are the remaining problems. First of 

all, the light is not guided in optical-electronic components. Secondly, the mode diameter is 

approximately several micrometers for single mode waveguides at the visible spectrum. Thus, the 

light diffracts through the optical-electronic component and only a small portion will couple back 

to the waveguide circuit. For example, a photorefractive crystal or a gain medium in a laser 

system has an optical path length of about 1cm. After the guided mode diffracts through a 1cm 

unguided region, less than 1% of the original light couples back into the waveguide circuit. The 

off-chip interconnection generally requires an adiabatic guided mode conversion to match the 

mode size of the on-chip waveguide and the off-chip fiber.  

This thesis demonstrates several types of 3D GRIN optics I have made in diffusive 

polymers to provide various interconnection needs for hybrid integrated optical application. 

These polymer elements include GRIN lenses, single mode waveguide tapers, single mode 

uniform waveguides through thin transmission optics and 900 sharp waveguide bends.  The 

potential functions of these polymer elements in a hybrid integrated optical circuit are shown in 

Fig. 1.3. GRIN lenses with parabolic index profile can provide a mode expansion ratio up to 

1:100. Thus, the light out of the single mode waveguide is now collimated by the GRIN lens to 

go through optics with thickness up to cm. Then another GRIN lens focuses the collimated light 

back to the single mode waveguide circuit. Single mode waveguide tapers can provide mode 

expansion ratios typically around 1:2 to 1:5, which are especially useful for coupling between 

waveguides with different mode sizes and off-chip interconnection between the waveguide and 

the optical fiber in order to reduce the coupling loss.  
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Waveguides fabricated by  parallel direct-write lithography, which will be discussed in 

chapter 5, can naturally go through thin transmission optical elements or bounce back at the 

reflective optical elements to form sharp waveguide bends. Thus single mode uniform can 

directly connect thin films with tolerable coupling loss, since the thickness of thin film filters that 

are used in hybrid integrated optical system are typically at the order of tens of micrometers.  

Sharp waveguide bends make the optical circuit more compact and integrate reflective optics into 

the optical waveguide circuits.   

 

Figure 1.3.   Four types of polymer GRIN optics that provide various interconnections for 
hybrid integrated optical applications. (a) shows a polymer GRIN lens to collimate the 
light out of a single mode waveguide in order to go through thick subcomponents. (b) 
shows waveguide tapers for mode transformation.  (c) shows a single mode uniform 
waveguide through thin transmissive optics.  (4) shows a 900 sharp waveguide bend.   

Furthermore, this thesis will demonstrate the ability to fabricate arbitrary index structure 

in the diffusive photopolymer, and with high fidelity. This capability enables customized low-

volume GRIN optics to be produced in a rapid and cost-effective way.  Although fully 
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hybridizing the integrated optical circuits is still at its nascent stage, the research demonstrated in 

this thesis is a meaningful step forward by building up the tool box to fabricate a hybrid 

integrated optical circuit. 

1.4 Introduction to diffusive photopolymers 

This section will briefly discuss the characteristics of the diffusive photopolymers used in 

this thesis. A simplified index formation model is demonstrated to help readers to gain a better 

understanding of the diffusive polymers. Diffusive photopolymers, also referred to as volume 

photopolymers, are originally an active research area in applications involving holographic data 

storage. Dupont introduced [ 11 ] and commercialized photopolymer films intended for 

holography with thickness up to 100μm in the 1970’s[12,13]. Such photopolymers self-develop 

index change by diffusion and were primarily utilized for display holography.  Other U.S. and 

Asian chemical companies, including Polaroid [14] (now Dow Corning [15]), also developed 

similar materials for the display, security and storage markets. In 1993, Bell Laboratories initiated 

an effort to develop an improved material that would meet the stringent demands by high-density 

holographic data storage. This improved photopolymer, named TapestryTM [ 16 ], has a 

fundamental advantage thanks to a two-chemistry strategy that enables the host matrix and the 

photo-active response to be independently controlled. Benefits of TapestryTM photopolymers 

include unmatched dynamic range, high photosensitivity, dimensional stability, optical clarity, 

manufacturability, large (cm) thickness, and environmental as well as thermal stability. In this 

thesis, I used two types of diffusive photopolymers, both of which are based on TapestryTM. The 

first is the TapestryTM HDS 3000 polymer from InPhase Technologies, a local company that was 

spun off from Bell Laboratories.  The second one is created in our group using Tapestry as a 

model, and named as Russet. This non-commercial formulation enabled us to study the material 

characteristics as a function of its formulation.  The material is sensitive to 405 nm and has very 

low absorption as is needed for thick (many mm) optics, thus the specific formulation used in this 
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thesis is referred to as Light Blue Russet (LBR). I conducted a preliminary material study of this 

LBR polymer, which is demonstrated in chapter 3.  

These two diffusive photopolymers are flexible solids. Their active components consist 

of (1) an initiator that absorbs a fraction of the incident light to form radicals or other initiating 

species and (2) a monomer that polymerizes by reacting with this photo-initiator. Therefore, a 

localized illumination is used to create high molecular-weight polymers in the illuminated region 

via the consumption of low molecular-weight monomer units. This local depletion of monomers 

causes monomers to diffuse into the exposed region, resulting in an area of increased density and 

refractive index. After this mass-transport has locally increased the refractive index, a uniform 

optical exposure is used to consume all remaining initiators and monomers, making the polymer 

chemically and optically inert. 

The unique properties of the diffusive photopolymers make them appealing for hybrid 

integrated optics application because of the following reasons. Firstly, the diffusive 

photopolymers initially are liquid and can encapsulate various optoelectronic components. The 

polymers then harden at room temperature, permanently fixing the positions of the components. 

A step-growth polymerization is used to to reduce shrinkage stress the matrix solidification.  

Secondly, unlike traditional photopolymers such as photoresists, the index structure formation 

process in diffusive photopolymers does not require any thermal or wet processing [13-14,]. A 

necessary step for making structures in photoresists is material removal via solvent wash and wet 

processing also makes photoresists inappropriate for the fabrication of 3D index structures, since 

the solvent access is not possible.  Thirdly, one photo-absorption mechanism makes the diffusive 

photopolymers highly sensitive to incident light, allowing index structures to be written using low 

power, continuous wave and thus inexpensive lasers.  Furthermore, these photopolymer materials 

are themselves inexpensive and can be engineered to have low optical absorption and scatter after 

flood cured.  
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A final advantage of the diffusive photopolymer is its tunability.  For example, the 

material can be made more sensitive by increasing the initiator concentration or choosing an 

initiator with higher absorption. Increasing the monomer concentration or using monomers with 

higher index of refraction can lead to higher index change.   Functionality or stiffness of the 

matrix monomer impacts modulus and diffusion time.  Therefore, the material formulation can be 

altered accordingly to suit different applications. While this flexibility is useful, in order to 

optimize photopolymer material’s performance, a quantitative model about the index structure 

formation is needed, which is described next. 

Here, a simplified index formation model is presented, which describes the functional 

dependence of recorded index structures on the optical exposure pattern within the photopolymer 

sample. This model is important for all applications in volume photopolymers, especially for 

hybrid integrated optics applications, where precise index structures are required to produce 

desired functionality in integrated optical components.  

There are three main steps involved in the index formation process in the diffusive 

photopolymers: initiation, polymerization and termination.  Here, the three main steps are 

assumed to be well separated, which means that the initiation rate is much higher than 

polymerization rate and polymerization rate is much higher than the monomer diffusion rate. In 

the simplified model, it is also assumed that none of active species are diminished, which implies 

the concentration of active species is assumed to be constant. A more complete model that 

removes these assumptions is presented in chapter 3.  The details regarding the index formation 

process are shown next.  

Initiation When a volume photopolymer sample is illuminated, a photoinitiator molecule 

PI absorbs a photon and then cleaves into a pair of radical R•, expressed as 

        •→+ RhPI 2υ .         (1.1) 
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These primary radicals, R• , react with a monomer functional group M to produce  propagating 

radicals M• 

  •• →+ MMR .         (1.2) 

Polymerization The polymerization process then proceeds via chain growth with 

successive addition of monomer units, which can be generally expressed as 

  
•
+

• →+ 1nn MMM .        (1.3) 

Termination The polymerization reaction propagates until the reaction terminates. The 

termination process can generally be classified into two mechanisms: bimolecular termination 

and unimolecular termination.  

In bimolecular termination, two radical centers annihilate each other and transform into 

inactive polymers.  Such a transformation process can take two likely routes: either by coupling, 

resulting in a single dead polymer chain, or the two chains can be terminated by the process of 

disproportionation, resulting in two unlinked dead polymer chains. These two possibilities can be 

summarized by two equations shown in Eq. 1.4.  The important feature of bimolecular 

termination is that its rate depends on the square of the radical density since it involves two 

radicals.   

  mnmn

mnmn

MMMM
MMM

+→+

→+
••

+
••

.        (1.4) 

In contrast, in unimolecular termination, the propagating radical center is terminated by a 

quenching molecule to stop the polymerization reaction; alternatively, radicals are trapped that 

causes active radicals to cease participation in the polymerization reaction; or, mathematically, 

 QMQM nn →+• .        (1.5)  

The kinetics of bimolecular versus unimolecular termination yield very different relationships 

between index contrast and exposure intensity. To see that this is the case, consider the rates at 
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which the initiation, polymerization and termination steps occur. For initiation via photo-

dissociation of initiator molecules, the initiation rate Ri will be given by 

               02 IRi η= ,                      (1.6) 

where I0 is the intensity distribution of the localized illumination, the parameter η is the quantum 

yield, indicating the number of initiated polymer chains per photon. The factor of 2 indicates that 

each cleaved photoinitiator molecule produces a pair of radicals.  

The polymerization step involves the reaction of a monomer molecule with a radical center, and 

as such, the polymerization rate Rp will be proportional to the concentrations of radicals and 

monomer 

   ]][[ MMkR pp
•= ,           (1.7) 

where kp is the is the kinetic rate constant of the polymerization reaction, [M•] is the propagating 

radical concentration, and [M] is the monomer concentration. First, restricting to the case of just 

bimolecular radical termination, where each termination event involves two propagating radical 

centers, the termination rate Rt can be expressed as, 

  
2][2 •= MkR tt .          (1.8) 

In the steady state, the initiation rate equals the termination rate (Ri = Rt). This results in a radical 

concentration given by 

   
0][ I

k
M

t

ϕ
=• .            1.9) 

Substituting [M•] with Eq. 1.9 in Eq. 1.7, the overall polymerization rate is  

 

 
0][ I

k
MkR

t
pp

ϕ
= .        (1.10) 

Thus, the polymerization rate is proportional to the square root of the incident irradiance for the 

case of bimolecular termination.  It is typical to assume a constant polymerization rate and a 
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resulting index contrast proportional to monomer consumption and I will validate this assumption 

in chapter 3. This assumption leads to an index change δn given by 

     tRn p∝δ ,          (1.11) 

where t is the duration of the optical exposure. Thus, for the case of bimolecular termination, 

        
tIn 0∝δ

.                                (1.12) 

This result, well known in the polymer literature, says that monomer conversion and thus index 

change is proportional to the square root of intensity due to bimolecular termination.  This would 

result in index structures that are not copies of incident intensity and to an apparent reduction in 

sensitivity as intensity is increased.  

Now, the index change dependence on exposure intensity for unimolecular termination is 

derived in the same way.  The termination rate for pure unimolecurlar termination is given by 

   
]][[ QMkR Qt

•= ,        (1.13) 

where [Q] is the concentration of the inhibiting species and kQ is the kinetic constant for the 

inhibition reaction. In this case, the steady state solution yields 

     
0][

2][ I
Qk

M
Q

ϕ
=•         (1.14) 

and the polymerization rate is governed by 

      
0][

][2
I

Qk
Mk

R
Q

p
p

ϕ
= .        (1.15) 

So in the case where the dominant termination pathway is unimolecular, the polymerization rate 

is directly proportional to the incident irradiance, expressed as 

     
tITRn p 0∝∝δ .        (1.16) 

In most radical photopolymer systems, termination is a mixture of unimolecular and 

bimolecular mechanisms.  The polymerization rate in these cases is accurately described as Iαt, 
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where I is the writing beam intensity, t is the exposure time and α is between ½ (pure bimolecular) 

and 1 (pure unimolecular) termination.  Note that, in the case that α does not equal 1, the relevant 

dose for the material cannot be described by mJ/cm2 but instead by independently characterized 

as intensity for a specific time.  This model is simple; yet it is able to capture the key chemical 

reactions that occurred in the polymer to form the index structure. On the other hand, real-world 

applications of diffusive polymers require a generic and corresponding more complicated index 

formation model, due to the two assumptions made by this simplified model. I will present a 

more sophisticated index formation model in chapter 3, which is developed in collaboration with 

two other graduate students in Prof. Robert R. McLeod’s group. 

1.5 Outline of the thesis 

The purpose of this thesis is four-fold. First, I demonstrate how to fabricate three-

dimensional gradient index (GRIN) optics in two diffusive photopolymers. Second, I present the 

methods that quantitatively characterize the index profiles of the polymer optics. Third, I discuss 

some of the potential applications of GRIN optics.  Fourth, I will show an index formation model 

for the LBR polymer, which provides a fundamental guidance for fabricating polymer optics with 

arbitrary index profiles.   

More specifically, chapter 2 shows GRIN lenses and lens arrays formed in the TapestryTM 

HDS 3000 photopolymer, which is photoinitiated by a defocused laser beam with a wavelength of 

532nm. A modified scanning phase microscope [7] is used to quantitatively measure the index 

profile of the fabricated GRIN lenses. The measured index profiles of lenses created under 

Gaussian exposures turn out to fit well with parabolic shapes, which are the standard index 

profiles of commercial GRIN lenses. Chapter 3 introduces a more general method to make GRIN 

lenses with arbitrary index profiles in a diffusive photopolymer initiated at a wavelength of 

405nm. A preliminary study of this LBR polymer is also discussed in this chapter. A dual-axis 

galvo scanning system is implemented to draw two-dimensional exposure dose distributions, thus 
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forming arbitrary index changes in the diffusive photopolymer. The index profiles of the 

fabricated lenses are characterized in transmission by a Shack-Hatmann wavefront sensor.  

Chapter 4 gives an example of the application of GRIN lenses with arbitrary index profiles: a 

hybrid GRIN axicon lens to increase the depth of focus (DOF) for an endoscope optical coherent 

tomography application. The hybrid GRIN axicon consists of a GRIN phase plate, which is made 

in the LBR polymer and a commercial GRIN rod lens. An 8-step fabrication procedure is 

established to solve problems that emerged during the polymer packaging and index formation 

process. Chapter 5 presents single-mode uniform and parabolically tapered three-dimensional 

waveguides that are fabricated via direct-write lithography in the TapestryTM HDS 3000 

photopolymer. Modulation of the writing power is demonstrated to compensate for Beer-Lambert 

absorption in the single-photon initiator, and to provide precise control of modal tapers.  A 

laminated sample preparation is introduced to enable full 3D characterization of these modal 

tapers.  The propagation loss measurement of the uniform waveguides is also described. Finally, 

two extensions of uniform 3D waveguides are discussed, namely waveguides through thin optics 

and sharp waveguide bends. Chapter 6 summarizes this thesis and discusses future work.  
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Chapter 2 

GRIN Micro Lens and Lens Array Fabrication in 

the HDS 3000 Polymer 

2.1 Introduction 

This chapter introduces a new method of making GRIN micro lenses and GRIN lens 

arrays in the HDS 3000 photopolymer. At its core, this method exposes the photopolymer under a 

low-power CW laser, leading to the following advantages. First, the index profile of the GRIN 

lens can be controlled by changing the size, power of the laser beam and the exposure time. 

Second, the GRIN lens arrays are fabricated by a simple step-and-repeat process, where the lens 

position and properties can be flexibly changed on demand.  I used a modified scanning 

transmission microscope [7] to quantitatively measure the index profile of the fabricated GRIN 

lens. Third, this differential transmission phase microscope is conveniently integrated into the 

lens exposure system which facilitates monitoring of index formation during the fabrication. In 

the following, I review the strengths and weaknesses of the existing techniques in order to 

demonstrate the intended contribution of the newly-developed technique.  

Micro lenses and lens arrays are important photonic and optoelectronic devices with a 

wide range of applications in fiber optic communication [ 17 , 18 ], imaging systems [ 19 ], 

biomedical devices [20,21], lithography [22], among others [23]. Broadly speaking, refractive 

micro lenses fall into two main types, namely conventional surface shape lenses and gradient 

index lenses, based on their underlying working principles. A conventional micro lens has a 

homogeneous refractive index and uses surface curvatures to perform its function as shown in Fig. 

2.1-(a). In contrast, a GRIN micro lens generally has two flat end surfaces, and the continuous 

variation in the index of refraction in the material enables the lens function. Currently, there are 
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three primary types of index gradients: axial gradient, spherical gradient and radial gradient. In 

axial gradient, the index of refraction varies in a continuous way along the optical axis but is 

invariant transverse to this axis. In spherical gradient, the index of refraction is centro-symmetric, 

i.e., the surfaces with constant index are spheres. The refractive index of radial gradient lenses 

varies continuously outward from the optical axis.  In this chapter I focused on lens with a radial 

gradient index, shown in Fig. 2.1-(b), whose index is highest in the center of the lens and 

gradually deceases away from the center of the lens. I will discuss the fabrication method for 

GRIN lenses with arbitrary index profiles in a new diffusive photopolymer in chapter 3.  

 
Figure 2.1.  Comparison of the two types of micro lenses: (a) conventional lenses have a 
surface shape and a constant refractive index; (b) radial gradient index lenses have two 
flat surfaces, while the refractive index is continuously varying. 

Compared to conventional surface lenses, GRIN lenses have several advantages. The flat 

surfaces of GRIN lenses simplify the mounting of the lens, making them more attractive for 

(a)

(b)

(a)

(b)
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photocopiers, scanners and telecom components [24], where many very small lenses need to be 

mounted together. The flat surfaces also allow a GRIN lens to be easily fused to an optical fiber 

[ 25 , 26 ] to collimate the light out of the fiber. Finally, gradient index can be applied to 

conventional surface lenses in order to enhance the focusing power, correct aberration and 

provide additional freedom of optimizing the lens [27,28].   

Several methods have been developed to fabricate GRIN lenses [29], such as neutron 

irradiation [30], chemical vapor deposition (CVD) [31], ion exchange [32], ion stuffing [33] and 

polymerization. Each of these existing techniques has its upsides and downsides. The index of 

refraction of boron glass such as BK7 glass can be locally altered under neutron irradiation by 

changing the boron concentration. The variation in the index of refraction is approximately linear 

to the neutron irradiation dose. The downside of the neutron irradiation technique is that a large 

amount of neutrons is needed to cause the index change; and there is a possibility that the index 

change is not permanent.  The CVD technique deposits layer by layer of glass materials with 

different index of refractions onto a surface to produce a cumulative refractive change. Each layer 

creates a step index of refraction. The CVD technique has been widely applied in manufacturing 

preforms for gradient-index fibers. When the fiber is drawn, the layers become thinner than the 

wavelength of light. Therefore the gradient index appears to be continuous. However, this CVD 

technique has limitations for large-geometry lenses due to the step index formation through the 

layer by layer depositing process.  

The ion exchange and diffusion technologies are widely used in current mass 

manufacturing. Ions from a bath of salt such as lithium bromide diffuse into a glass and exchange 

with ions in the glass such as sodium ions.  A one-for-one exchange of ions with different density 

results in a gradient index of refraction in the glass. The ion exchange technique can make lenses 

with a diameter range of 0.5 ~ 10 mm.  However the nature of diffusion limits the index profiles 

formed to be either Gaussian, Lorentzian or linear.  
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In ion stuffing, a special glass is heated for phase separation. One of these phases 

dissolves out of the glass in an acid solution. Then the glass is exposed to an ion or molecule bath. 

As the ions or the molecules diffuse into the material, a gradient index of refraction is formed. 

The glass is then re-condensed by heating, and the index-of-refraction profile is finalized. Similar 

to the ion exchange technique, only limited types of profiles can be created using ion stuffing.   

Furthermore, a major challenge of this technique is that few glasses can phase separate. 

Furthermore, an uneven phase separation results in uneven index gradient. GRIN lens rods 

fabricated in polymers through thermal treatment [34] or UV irradiation [35] also have been 

reported.   

 To summarize, all the techniques discussed above have a complex control procedure and, 

with only a few exceptions, are not able to fabricate GRIN lens arrays. To my best knowledge, 

there are two techniques for fabricating GRIN lens arrays. The first combines ion exchange with 

high precision structuring of metal masks [36]. This technique involves two steps: the first step 

uses ion exchange through a precisely designed titanium mask to form a phase distribution that 

represents the mask; and the second step involves post heating process or field assist ion 

exchange by applying an electrical field to smooth out the phase distribution. Unfortunately, the 

index profile created by this technique is not uniform through the thickness. The second method 

is a stack-and-draw technique [37]. This technique starts with stacking two types of glass rods 

with different refractive indices together to create an initial preform; the initial preform is then 

processed to generate an intermediate perform in a way similar to making photonic crystal fibers 

[38] but with a larger size; finally, a set of intermediate preforms are stacked together to form an 

index structure, e.g. lens arrays. The final index profiles depend on the index contrast and 

distribution of the two different types of glass rods. This stack-and-draw technique is capable of 

making GRIN elements with arbitrary index profiles. However, this technique has two major 

limitations: (1) the index distribution is not continuous, which is problematic especially for large-
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size elements; (2) the glass rods with different refractive index must be thermally and 

mechanically matched in order to reduce the internal stress.  

In light of the problems of fabricating GRIN lenses using existing methods, researchers 

have turned to alternative micro-fabrication technologies to manufacture refractive micro lens 

arrays. These micro lens array fabrication technologies include photolithography [39], excimer 

laser ablation [40], two-photon polymerization [41], thermal reflow/resist-melting [42], UV laser 

irradiation of doped PMMA [43], photosensitization [44], drop-on-demand ink-jet printing [45], 

embossing [46] and stamping [47,48]. These techniques, however, are not without weaknesses. 

Photolithography, excimer laser ablation, two-photo polymerization and stamping techniques are 

capable of fabricating micro lens arrays with arbitrary lens shapes. However, photolithography 

involves gray-scale masks, a layer-by-layer process and multiple post-process steps. The excimer 

laser ablation and two-photo polymerization are slow and requires large laser energy. The 

stamping method requires precise molds, making this technique economical only for large 

volume production. The drop-on-demand printing, UV laser irradiation, and photosensitization 

methods can potentially be fast; however the underlying physical principle of these methods is to 

use the surface tension of liquid droplets or melted solids to form spherical or semispherical 

lenses, which limits their flexibility to fabricate lenses of arbitrary shape.  

This chapter and chapter 3 propose and demonstrate new forms of lenslet and lenslet 

array fabrication techniques that overcome the above-mentioned limitations. The proposed new 

techniques excel in its ability to print complex parts with a large degree of control over the lens 

parameters. Specifically, the method demonstrated in this chapter makes polymer GRIN lenses 

and GRIN lens arrays by exposing diffusive photopolymers to a low-power CW laser. Initiators 

absorb the incident light to start polymer chain growth and monomer diffusion, resulting in a 

permanent volume index change which is approximately proportional to the light intensity [49]. 

This produces GRIN lenses in a single, simple step with no wet chemical processing. It is similar 
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to waveguides written by a tightly focused laser [50], but in this case the large spot size induces 

slow diffusion and thus avoids the complexity of self-trapping. There are several promising 

features for this fabrication method: GRIN lenses fabricated with this method can be integrated 

with other polymer optics (i.e. photopolymer waveguides [9]); it enables the researcher to control 

the index profile of the GRIN lens; and the cost of fabrication equipment and individual parts is 

low.  

I also used a modified scanning transmission phase microscope [7] to quantitatively 

measure the index profile of the fabricated GRIN lenses, which is easily integrated with the GRIN 

lens fabrication platform. This testing system scans the fabricated GRIN lens, acquiring data that 

are proportional to the derivative of the index profile of the lens. A post-processing algorithm can 

then be employed to calculate the quantitative index profile.  

2.2 Diffusive photopolymer sample  

The diffusive photopolymer used in this chapter is TapestryTM HDS 3000 provided by 

InPhase Technologies. This photopolymer was originally optimized for holographic data storage 

and thus exhibits shrinkage of less than 0.1%.  The InPhase TapestryTM HDS 3000 material is 

phase-uniform and scatters less than 10-6 per steradian, making it an extraordinary high-quality 

optical material. The TapestryTM diffusive photopolymers are flexible solids with active 

components consisting of an initiator that absorbs a fraction of the incident light to form radicals 

and a monomer that polymerizes by reaction with this photo-initiator. A localized illumination 

therefore creates high molecular-weight polymer in the illuminated region via the consumption of 

low molecular-weight monomer units. This local depletion of monomer causes monomer 

diffusion into the exposed region, resulting in an area of increased density and refractive index. 

The sample geometry used to fabricate GRIN lens and lens array is illustrated in Fig. 2.2.  

The polymer layer is sandwiched by two pieces of glass slides with thickness of 1mm. The 

thickness of the polymer layer is controlled by spacers. These samples are fabricated via a simple 
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pour-and-set casting process, and do not require the spinning process. A packaging method 

patented by Inphase Technologies Inc. as ZeroWaveTM process [51] is used to form polymer slide 

samples within λ/4 flatness, using low-cost, unpolished glass, shown in Fig. 2.3.  

 

 
Figure 2.2.  The geometry for the polymer slide sample: a photopolymer layer with a 
thickness of 1mm is sandwiched by two pieces of microscope glass slides with a 
thickness of 1mm. 

 

Figure 2.3.  Demonstration of the flatness of polymer slide samples fabricated using the 
ZeroWaveTM technique. (a) is the photo of a slide sample. (b) shows the optical phase of 
the slide sample measured by an interferometer. 

(a) (b)(a) (b)
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2.3 GRIN lens fabrication method 

Arbitrary index structures can be achieved by creating arbitrary analog intensity patterns, 

because locally introduced index change in a diffusive photopolymer is dependent on the 

exposure light intensity. Two methods are generally used to form arbitrary intensity patterns:  

analog spatial light modulators and rapid scanning modulated laser beam. I will discuss the rapid 

scanning modulated laser beam method in chapter 3. Here I used a simple method that enables a 

large variety of high quality lenses to be fabricated with a simple exposure geometry.  

This method uses a focused Gaussian beam at variable distances to the sample to change 

the exposure scales. The optical setup for the GRIN lens exposure is shown in Fig. 2.4. As the 

HDS 3000 photopolymer is photo-initiated with 532 nm light, a frequency-doubled Nd:YAG 

laser with wavelength of 532nm is used as the write beam. This laser beam, controlled by a 

Vincent Associates mechanical shutter, is focused at some distance in front of the sample. The 

polymer sample is mounted on a high-precision 5D stage. The x, y, z part motions are 

implemented with Newport PM500 stages controlled by a PM500-C6 driver and custom designed 

LabView software. Two rotation axes, used primarily to orient the part perpendicular to the 

incident laser beam, are motorized via Newport TRA12CC actuators controlled by a Newport 

EPS7000. 

 
Figure 2.4.  Optical layout for the direct write lithography system, consisting of a 
frequency doubled Nd:YAG laser, a spatial filter, a collimation lens, a shutter and a 
focusing lens. 
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The one-photon initiation and self-developing index through monomer diffusion make 

this polymer attractive for 3D micro fabrications. However, these advantages also come at a cost: 

they make the polymer very sensitive to any modulation to the exposure beam intensity 

distribution. The glass slides in the photopolymer slide sample are not antireflection coated. Thus, 

about 4% of the incident beam intensity reflects at the back glass/air boundary. Another 4% of the 

reflected beam intensity reflects at the front air/glass. As the writing laser beam is highly coherent, 

the reflected beams interfere with the incident beam, thus modulating the light intensity 

distribution with an interference pattern in the polymer layer. Such intensity modulation 

deteriorates the quality of GRIN lens fabricated. Furthermore, impurities in the photopolymer 

sample, such as dust, air bubbles or undissolved monomers, and spots or dust on the optical 

elements near the polymer sample, introduce scatter patterns in the polymer sample.  

In order to significantly reduce these undesirable high frequency light modulations, I 

employed two methods. To suppress reflections, an absorbing ND filter with an optical density of 

3 was attached to the back glass surface with index matching oil (Type A microscope immersion 

oil). To suppress interference patterns due to reflections outside of the part, I oscillated the slide 

sample in z direction with an oscillation distance of 200µm and an oscillation speed of 10mm/s 

during exposure of the GRIN lens to effectively wash out residual interference patterns. These 

two methods significantly reduce the interference pattern recorded in the exposed index structures.  

Next I discuss the way to fabricate a large variety of high quality lenses. As discussed in 

Chapter 1, in the simplest model, the index change is proportional to Iαt, where I is the writing 

beam intensity, t is the exposure time and α is between ½ for pure bimolecular termination and 1 

for pure unimolecular termination. 
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Figure 2.5.  Demonstration of Gaussian beam width 2w(z) as a function of the axial 
distance z, with a beam waist of 2w0 and a Rayleigh range of ZR. 

The intensity of the defocused Gaussian beam (shown in Fig. 2.5) in the polymer sample is 

expressed as  
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w0 and 2ZR are the radius and Rayleigh range of the focused laser beam.  

Therefore, the introduced index profile of the out-focus Gaussian beam exposure in the 

photopolymer sample, assuming index response is proportional to steady-state polymerization 

rate, is  
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Equation 2.2 shows that the formed index profile of the GRIN lens depends on the incident 

exposure power P0, exposure beam radius w(z) at the defocus distance z and exposure time t. I 

can use these three parameters to fabricate GRIN lenses with different index profiles. The 

exposure beam size at the sample is conveniently controlled by changing the defocus distance z. 

The incident exposure power P0 can be manually adjusted through a pair of a half-wave plate and 
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a polarized beam splitter, or automatically controlled by a continuous variable ND filter via a 

LabVIEW program. The exposure time t is controlled by the shutter via the LabVIEW program. 

These variables are sufficient to explore a wide range of GRIN lenses in single convenient 

exposure geometry.  

I used a simple step-and-repeat process to create GRIN lens arrays in the diffusive 

photopolymers. Similar to the single polymer GRIN lens fabrication, a glass/polymer/glass 

sample with polymer thickness of 1mm is mounted to the direct-write lithography stage, shown in 

Fig. 2.4. A lens array is formed by a sequential multi-exposure, shown in Fig. 2.6. After the 

system is properly setup, I only need to repeatedly (1) open the shutter to expose GRIN lens A; (2)  

close the shutter and move the sample through the computer control to the desired location and (3) 

open the shutter to expose GRIN lens B to fabricate the GRIN lens array.  

 

Figure 2.6.  Fabrication of a GRIN lens array through a step-and-repeat process. 

This step-and-repeat process of GRIN lens array fabrication method is convenient, 

because the lens position and properties can be changed on demand.  For example, a GRIN lens 

array with the required fill factor can be conveniently fabricated. Differential interference contrast 
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(DIC) microscope images of two fabricated GRIN lens arrays with different sizes and periods are 

shown in Fig. 2.7.  

       
Figure 2.7.   DIC images of two fabricated GRIN lens arrays with different lens sizes and 
periods.  (a) shows a GRIN lens array with an exposure power of 7µw, an exposure time 
of 10s, an exposure beam diameter of 100µm and a period of 200µm. (b) shows a GRIN 
lens array with an exposure power of 7µw, an exposure time of 10s, an exposure beam 
diameter of 40 µm and a period of 50µm. 

2.4 GRIN lens characterization methods 

So far, I have demonstrated that the direct-write lithography is capable of fabricating 

GRIN lenses and lens arrays in the HDS 3000 diffusive photopolymer. The qualitative index 

profiles of these lenses can be acquired through a DIC microscope. However in order to make 

controllable GRIN lenses, quantitative index measurements of the fabricated GRIN lenses are 

necessary. These measurements allow me to predict the characteristics of the GRIN lenses I have 

made. More importantly, the precise index measurement for each GRIN lens provides the insight 

into the index change formation model for the polymer, making it possible to design exposure 

condition to fabricate custom-designed GRIN lenses.  

Several methods, such as phase microscopy, interferometry, optical diffraction 

tomography, raster scanning of surface reflectivity and near field pattern methods [52,53], have 

been developed to measure GRIN structures.  These methods differ in whether the transverse 

field, the scattered field, or the reflected field of the micrometer scale index structure is collected 

to measure the index distribution. Phase imaging microscopes, such as DIC microscopy [54], 

(a) (b)(a) (b)
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typically offer a qualitative index picture. Quantitative implementations of phase microscopy 

have been reported, but are limited to thin objects [55]. Interferometry is widely used to precisely 

characterize phase objects. However, the GRIN lenses I made have strong index structures that 

are not equivalent to thin objects with the same projected optical path length.  Thus any simple 

projection method, such as interferometry, will not yield the index profile. Also, interferometry 

has difficulty to measure small (diameter below 1mm) phase objects.  Scanning reflectometry [56] 

measures the reflectivity distribution of the end surface of the GRIN lens, which are directly 

related to the refractive index profile of the sample. In order to only collect the reflectivity 

information at the surface of the index object, two types of techniques have been developed by 

two graduate students in Prof. Robert R. McLeod’s group respectively: one through confocal 

filtering [57] and the other through optical frequency domain reflectometry (OFDR) [58].  These 

two can achieve an index precision on the order of 10-4. However the reflection method can only 

provide the index distribution at the sample surfaces. Also, laser instability, noise in the detection 

system and imperfections in sample surfaces are problematic for these reflection methods [59,60].  

Optical diffraction tomography can potentially provide 3D index distribution of the index 

structure by measuring the fields diffracted from the object at a number of incident probe beam 

angles and back propagating the fields to reconstruct the scattering object[ 61 ]. Normally, 

diffraction tomography requires information about the phase of the scattered fields, which 

significantly complicates both the experimental setup and the numerical reconstruction. Also, the 

scattered field generally is so weak that it is difficult to separate the measured scatter field from 

the background noise.  A novel technique has been reported to solve these two problems for 

measuring index profile of waveguides [9]. However, the fundamental limitation of this method is 

that it is only valid for weak scatter objects with a phase delay of less than one wavelength. 

Therefore, the optical diffraction tomography unfortunately does not apply to the GRIN lenses we 

fabricated.  
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I modified a quantitative index measurement technique previously developed in our 

group [7] to characterize the fabricated GRIN lenses and lens arrays. This method uses a position 

sensitive detector (PSD) to acquire data that are proportional to the first derivative of the index 

profile of the lens. Then a post-processing algorithm is employed to calculate the quantitative 

index profile. I call this method differential transmission phase microscope in this thesis. This 

microscope is readily integrated into the GRIN lens fabrication platform.  

2.4.1 A modified differential transmission phase microscope 

The differential transmission phase microscope to quantitatively measure the index 

profiles of the fabricated GRIN lenses is shown in Fig. 2.8. This differential transmission phase 

microscope is easily integrated into the exposure hardware. After the sample is exposed to the 

writing beam and a localized index structure has developed by polymerization and monomer 

diffusion, the system is switched to the differential transmission microscope using a longer 

wavelength laser to which the polymer is significantly less photosensitive.  This allows the 

diffusion-driven index development to be monitored before the final step of flood curing the 

polymer.  
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Figure 2.8.  Optical layout for the direct-write lithography system and the integrated 
differential transmission microscope used to measure the resulting index profiles. 

In the differential transmission microscope, the collimated HeNe laser beam is focused 

onto the photopolymer sample with a spot size of 20 µm. The focused beam is deflected by an 

angle of ds/dx in the x direction and ds/dy in the y direction, where s = n(x,y)L is the optical path 

delay of the lens, n(x,y) is the index profile of the lens and the L is thickness of the lens. Upon 

emerging from the sample, this deflected beam is Fourier transformed before it arrives at the ON-

TRAK model PSM2-45 position sensitive detector (PSD). With appropriate calibration, this 

measures the x and y positions of the centroid of the power on the PSD, whose coordinates are 

given by 
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where px(x,y) and py(x,y) are the data from the x and y channels of PSD respectively, f is the focal 

length of the Fourier lens. Based on the Fourier transform relationship  
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we get the amplitude transfer function 
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where Sx(kx,ky), Px(kx,ky) and Py(kx,ky)  are the Fourier transforms of s(x,y), px(x,y) and py(x,y) 

respectively. As a result, the estimates of the index profile transform from each channel can be 

calculated as 
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The two estimates are combined in the Fourier domain in a manner that maximizes the signal-to-

noise ratio[7] 
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Therefore, the index profile in the Fourier domain is 
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Then by Fourier transforming back to the spatial domain, we get the measured index profile of 

the lens from the PSD data.    

Here, I performed a numerical simulation to demonstrate this index profile estimation 

process for a phase object with Gaussian index profile. The results are shown in Fig. 2.9-(a). The 

gradient of the phase object in x and y directions computed using Eq. 2.1 are shown in Fig. 2.9-(b) 

and Fig. 2.9-(c) respectively.  The estimated quantitative phase object from the inverse Fourier 

transform of Eq. 2.8 is shown in Fig. 2.9-(d). 
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Figure 2.9.  Simulation of the quantitative phase estimation: (a) object with Gaussian 
index profile; (b) index gradient in x direction; (c) index gradient in y direction; (d) 
estimated index profile for the object. 

The validity of this differential transmission phase microscope testing method hinges on 

the assumption that the acquired raw data from the PSD precisely represent the phase gradient of 

the test object. This assumption may not hold if the probe beam size and the thickness of the 

GRIN lens testing sample are not chosen properly.  This raster scan phase measurement method 

basically divides the GRIN lens into a number of small sub areas. Thus the spatial resolution of 
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the testing system is the sample size. Since I use the focused laser beam into the GRIN lens 

sample as the probe beam, the laser beam focus spot size (2w0) determines both the sample size 

and thickness of the sample.  The thickness of the GRIN lens sample should be within the 

Rayleigh range of the laser focus and the sample size is twice size of the laser spot.  Ideally I’d 

like to have small focus spot size and a thin sample in order to increase the spatial resolution. 

However a thinner sample leads to lower phase resolution, defined as the minimum detectable 

phase gradient of each sampling size, which can be expressed as
Lf
b

dx
dn x=
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, where bx is the 

resolution of the PSD in the x direction (the resolution is the same in the y direction), L is the 

thickness of the GRIN lens sample, and f is the focal length of the Fourier lens. Furthermore, the 

sample thickness is also restricted by the maximum phase gradient of each sampling area, express 

as
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 . It means that the probe beam should not be significantly deflected to the 

adjacent sample area by the GRIN profile. Therefore, given the probe beam size and our prior 

knowledge of the GRIN lenses under test, such as the range of the peak index change and size, I 

expect there to be a proper range for the sample thickness. I carried out a beam propagation 

simulation method to find out such range for choosing the sample thickness.  

In the experimental measurement setup, the probe beam focus spot in GRIN lens is 20µm 

and sampling step is 40µm for both x and y directions. The tested resolution of the PSD I used is 

10um [ 62 ].  The focal length of the Fourier lens is 250mm.  In the beam propagation 

simulation, I only studied index gradient along the x coordinate. The index profile of the GRIN 

lens is a Gaussian profile with a radius of 250um and a peak index change of 5×10-3. A Gaussian 

spot with 2w0 = 20 µm propagates though the each sub sampling area of GRIN lens and then 

continuously propagates in air for a distance of 250mm. The sampling step is 40 µm. The location 

shift of the Gaussian spot at the output plane compared with the input plane, together with the 

resolution of PSD, provides the simulated phase gradient for each sampling step.  Then the index 



34 

 

gradient is estimated by dividing the phase gradient by the thickness of the GRIN lens. The 

thickness of GRIN lens varied in the simulation, and the estimated index gradient for each sample 

thickness is achieved.  Examples of the estimated index gradient with sample thickness of 100 

µm, 1200 µm and 8000 µm are shown in Fig. 2.10-(a).  From this figure, we see that when the 

sample is too thin, e.g. 100 µm, some of the phase gradient signals are buried in the PSD noise. 

On the other hand, when the sample is too thick, the measured index gradient deviates from the 

actual one, because the probe beam is significantly deflected by the index profile in the GRIN 

lens. The root mean square (RMS) errors of the estimated index gradients form the actual ones for 

the simulated sample with different sample thickness is shown in Fig. 2.10-(b). This figure 

indicates that for the GRIN lens with an index change around 10-3 over 100 µm, the proper 

sample thickness is in the range of 500 µm to 2000 mm. The HDS 3000 photopolymer I used for 

GRIN lens fabrication has the peak index change at the order of 10-3 and the diameters of GRIN 

lenses are approximately one to couple hundred micrometers. All GRIN lenses were fabricated in 

slide samples with thickness of 1mm, which is within the optimum sample thickness.   
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Figure 2.10.  The beam propagation simulation results for the index gradient estimation 
of GRIN lens with different thickness.  (a) is the comparison of actual and estimated 
gradient for the GRIN lens with thickness of 100µm, 1200 µm and 8mm respectively. (b) 
is the RMS error between the actual and the estimated gradient with different sample 
thicknesses. 

2.4.2 Quantitatively measured index profiles  

The 1 mm thick photopolymer is sandwiched between two 1 mm thick glass slides to 

create a part that is optically flat initially. The exposure power, exposure beam diameter and 

(a)

(b)

(a)

(b)
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exposure time at the sample are in the range of 5µW to 30µW, 20µm to 1000µm and 1s to 30s 

respectively to fabricate structures with peak index change on the order of 10-3. After exposure, 

the samples are kept in the dark for several days to finish the monomer diffusion.  Finally, 

incoherent light is used to flood cure the entire sample, which consumes all of the remaining 

photoinitiators and polymerizes the remaining monomers. This makes the index structure 

permanent and the polymer insensitive to light.  

One example of quantitatively measured index profile of GRIN lenses I fabricated is 

shown in Fig. 2.11. The GRIN lens was fabricated by exposure to the green laser beam with an 

exposure power of 30uw and an exposure beam diameter of 145um for 5s. Figure 2.11-(a) and 

Fig. 2.11-(b) are the raw data from the PSD x and y channels respectively. By employing the data 

processing algorithm discussed in Section 2.4.1, I calculated the index profile of the fabricated 

GRIN lens with peak index change ∆n=2.9×10-3. Figure 2.11-(e) shows x and y cross sections 

with a parabolic fit to the measured index profiles. The accuracy of the measurements using the 

modified differential transmission phase microscope is characterized by testing several off-the-

shelf plano-convex singlet lenses, shown in Appendix A.   

The numerical aperture (NA) of a parabolic GRIN lens is given by 

2
0

2
0 )( nnnNA −∆+= [63], where n0 = 1.481 is the bulk refractive index, yielding NA = 

0.093 and the corresponding focal length of the GRIN lens with a thickness of 1 mm is 

approximately 4.5 mm. Similar calculations using the measured index profiles of GRIN lenses 

with the exposure power, exposure beam diameter and exposure time in the range of 5µW to 

30µW, 20µm to 1000µm and 1s to 30s, demonstrate the feasibility of creating GRIN lenses with 

NA between 0.05 and 0.13 and diameter from 40 to 1000 µm. 
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Figure 2.11.   Quantitative measurement results of a GRIN lens with an exposure power 
of 30µw, a beam diameter of 290 µm and an exposure time of 5s: (a) raw scanning data 
from PSD x channel; (b) raw scanning data from PSD y channel; (c) measured index 
profile in gray scale; (d) measured index profile in mesh grid; (e) horizontal (x) and 
vertical (y) line plots through the center of the measured index profile and a parabolic fit 
(dashed blue curve). 

As discussed in Sec. 2.3, the direct-write GRIN lens fabrication process can be repeated 

with a motion stage under the computer control. Figure 2.12 shows the measured index profile of 

(a) (b)

(c)

(e)

(d)

(a) (b)

(c)

(e)

(d)
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a GRIN lens array I made using the differential transmission phase microscope. I used the 

parabolic fit to get the diameter and peak index change of every GRIN lens in this 3×2 GRIN lens 

array. The mean of the measured lens diameter is 129.3μm with a standard deviation of 2.5% of 

the mean, while the mean of the measured peak index change is 2.1×10-3 with a standard 

deviation of 6.0% of the mean, indicating the repeatability of the GRIN lens fabrication and 

testing method.  

 

Figure 2.12.   Quantitatively measured index profiles of a GRIN lens array with an 
exposure power of 7µw, an exposure time of 10s, an exposure beam diameter of 100µm 
and a period of 200µm. 

2.4.3 Imaging the focal spots of fabricated GRIN lens  

Another typical method used to characterize the fabricated GRIN lens is to test the 

quality of focused spots by the GRIN lenses. The experiment setup is shown in Fig. 2.13.  A 

spatially filtered and collimated He-Ne laser beam is shined into the fabricated GRIN lens arrays 

and the focal spots of the GRIN lens arrays were imaged to a digital camera.   
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Figure 2.13.  Experimental setup for imaging the focal spot of the GRIN lens arrays. 

The camera is focused first on the back surface of the sample, then on the spot focal plane 

in order to measure the back focus distance of the GRIN lenses.  Fig. 2.14 shows the imaged focal 

spots for GRIN lens arrays at different writing conditions. The GRIN lens arrays in Fig. 2.14-(a) 

are exposed under the power of 7µw, the exposure time of 10s, the exposure beam diameter of 

100µm and a period of 200µm and the measured back focal length is ~1.466 mm. The GRIN lens 

arrays in Fig. 2.14-(b) are exposed under the power of 7µw, the exposure time of 10s, the 

exposure time of 20s, the exposure beam diameter of 200µm and a period of 500µm and the 

measured back focal length is ~3.321mm.  The full width half maximum (FWHM) of the four 

focal spots in Fig. 2.14-(b) is measured to be 9.8 ± 5µm, while the calculated focus spot diameter 

at the diffraction limit condition is 10.5µm, which is the FWHM of the Airy disk. The FWHM of 

the Airy disk is expressed as λF#, where λ is the wavelength of the probe beam and F# is defined 

as the focal length over the diameter of the GRIN lens. Here the diameter of the GRIN lens is 

assumed to be the same as the exposure beam diameter of 200µm. This indicates that the 

performance is approximately diffraction-limited.   

He-Ne Laser

Spatial filter

CameraBack focal length

Fabricated GRIN lens 
array on translation stage

He-Ne Laser

Spatial filter

CameraBack focal length
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Figure 2.14.   Imaged focal spots of fabricated GRIN lens with writing condition: (a) an 
exposure power of 7µw, an exposure time of 10s, an exposure beam diameter of 100µm 
and a period of 200µm; (b) an exposure power of 7µw, an exposure time of 20s, an 
exposure beam diameter of 200µm and a period of 500µm. 

2.5  Fabrication of GRIN lenses with a specified parabolic profile   

So far I have shown our abilities to fabricate GRIN lenses and lens arrays in the HDS 

3000 photopolymer and to quantitatively measure the index profiles of these lenses, which fit 

parabolic curves well. The inverse process, which is to fabricate a GRIN lens given its index 

profile, is more challenging and important for practical applications. In order to solve this inverse 

problem, it is necessary to understand how the material responds to the incident laser beam. 

Diffusive photopolymers were originally designed for holographic data storage and material 

modeling research has been done on holographic grating formation [64,65]. However, index 

formation modeling has not been carried out for large scale index formation, such as GRIN lenses. 

Here, I derived a simplified index formation model for large structures such as GRIN lens. This 

model takes into account the inhibition period at the beginning of the exposure due to oxygen and 

uses a simple saturation model to account for limited total index change.  In chapter 3, this model 

is further refined by identifying and modeling the specific chemical species which causes this 

saturation.   
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A localized index change in the volume polymer is formed by polymerization and 

monomer diffusion. When a defocused laser beam is incident onto the polymer slide sample, 

photoinitiators absorb the incident light and cleave into initiating radicals. These primary radicals 

combine with nearby available monomers to start polymer chain growth. Such polymerization 

turns the low molecular weight monomers into high molecular weight polymers, which drives 

monomer diffusion into the exposed area. Thus the locally introduced index change roughly 

represents the light pattern. However, oxygen molecules in the polymer have two possible effects 

for the index structure formation [66]. The first is the quenching effect during the photoinitiating. 

When an initiator absorbs a photon promoting it to its excited state, an oxygen molecule can steal 

the energy from the excited initiator, preventing this excited initiator from becoming radicals. 

Quenching thus reduces the quantum yield of the photoinitiating process. The second is the 

termination effect during the polymerization. Oxygen molecules react with primary radicals and 

growing polymer radicals to form peroxy radicals, which are three orders of magnitude less active 

[67], thus terminating the polymerization process. Therefore, an effective exposure dose, Dthres, is 

needed to consume all the oxygen in the exposed area before the polymerization will start to 

proceed. As discussed previously in chapter 1, I can then assume that the index structure is 

proportional to polymerization rate which varies as Iαt, where I is the writing beam intensity, t is 

the exposure time and α is a fit parameter that describes the termination kinetics, which can range 

from ½ for pure bimolecular termination to 1 for unimolecular termination. This indicates that 

higher exposure does lead to stronger index change until a maximum index change of ∆n is 

reached, when the exposed area runs out of active species, e.g. radicals or monomers.  I call such 

exposure dose saturation dose, Dsat.  By incorporating the oxygen threshold effect and saturation 

effect, the introduced index change profile vs. the incident exposure dose can therefore be 

expressed as 
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where ∆n is the maximum index change that the material can achieve, I is the incident light 

intensity and t is the exposure time.  

The four parameters ∆n, α, Dthres and Dsat in this simplified index formation model can be 

derived from fits to quantitatively measured index profiles of three arrays of GRIN lenses I made. 

A polymer slide sample with a thickness of 1mm is exposed under a laser beam with w0 of 145 

µm. This sample is not pre-cured to clear out oxygen. The exposure power and exposure time are 

varied to form three arrays of GRIN lenses. Each array has 10 GRIN lenses with the same 

exposure power, but different exposure times of 0.5s, 1s, 1.5s, 2s, 2.5s, 3s, 3.5s, 4s, 4.5s and 5s, 

respectively. Exposure powers for the three arrays are 20µw, 30µw and 30µw, respectively. The 

index profiles of these GRIN lenses were measured using the differential transmission phase 

microscope discussed in Sec. 2. 4.1. The peak index changes of GRIN lenses are shown in Fig. 

2.15.  
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Figure 2.15.  The measured peak index changes from three sets of GRIN lens arrays, 
which are fitted into a simplified index formation model.  

The peak index changes of the three GRIN lens show saturation at large exposure times 

and similar shapes, indicating a single model may predict this behavior. These three sets of peak 

index changes vs. exposure times are then fit to Eq. 2.9 using a nonlinear fitting MATLAB 

function, nlinfit. The fit curves are shown in Fig. 2.15.  From the nonlinear fitting, the maximum 

index change ∆n is 0.0037, the oxygen threshold dose Dthres is 35mJ/cm2, and the saturation 

energy dose Dsat is 176mJ/cm2 and the kinetic parameter α is 1.1. The index formation model 

therefore becomes 

 ( ) 17635
350037.0 1.1

1.1

+−
−

=
tI

tInδ .       (2.10) 

The interesting part about this index formation model is that the kinetic parameter α is 1.1, 

which indicates that the HDS 3000 polymer has a close to linear (α =1) response to the incident 

light. Such linear response is potentially caused by oxygen inhibition and dark polymerization. 

Dark polymerization here is defined as the continuous polymerization after the polymer is left in 
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the dark for the monomer diffusion. As discussed in chapter 1, for a radical initiation polymer 

with purely bimolecular termination, when radicals combine with radicals to terminate the 

polymerization process, the introduced index structure is the square root of the incident irradiance 

pattern.  When the polymer exhibits purely unimolecular termination, when radicals combine 

with inhibitors, the index structure replicates the incident irradiance pattern. The oxygen 

molecules in the polymer function as inhibitors, therefore the existence of oxygen in polymer 

pushes the kinetic parameter α towards 1.  Previous study of waveguide fabrication with a high-

intensity focused laser in the same polymer showed that the kinetic parameter α is approximate 

0.8 [Error! Bookmark not defined.].  For the waveguide with the size around of 5μm, it only 

takes about milliseconds for the oxygen to diffuse from the unexposed region to the center of the 

exposed region, thus shutting down the dark polymerization. However, for a GRIN lens with the 

size of hundreds microns, it takes tens of seconds for the oxygen to diffuse to the center of the 

GRIN lens. Thus, while oxygen has already shut down the dark polymerization at the edge, the 

dark polymerization is still going on at the center of the lens. Therefore, the center gains extra 

index change than the periphery. A more sophisticated modeling and detailed quantitative study 

of the oxygen effect for the index formation is demonstrated in chapter 3.    A conclusion that can 

be drawn at this point, however, is that these experiments do not show the sublinear (α <1) 

behavior common to nearly all radical photopolymers.   This will also be studied again in Chapter 

3 where I find, for a second material in this diffusive polymer class, that α ≈ 1.   

The maximum peak-to-valley index change ∆n can also be derived from M/#, which is a 

parameter that succinctly characterizes the dynamic range performance of a holographic 

recording material [68].   For a set of M overlapped, multiplexed holograms of equal strength, the 

diffraction efficiency is defined to be (M /M#)2.  M/# can be found from the Kogelnik diffraction 

formula to be M/# = π L ∆n / λ, where L is the material thickness and λ is the wavelength of the 

exposure beam.  Experimentally, M/# is measured by summing the square roots of the diffraction 
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efficiencies of a set of angle multiplexed holograms.  The recording exposure schedule is adjusted 

to consume all the photoactive species in the recording media, and thus yields holograms with 

nearly equal diffraction efficiency. The M# for the HDS 3000 photopolymer is 4 for L= 200 

microns. Therefore the ∆n of HDS 3000 is 0.0034 at a wavelength of 532nm. The maximum 

achievable index change from Eq. 2.10 is 0.0037, which agrees with the holographic 

measurement to within 10%. Given that the GRIN lenses have ~300 micron scale compared to the 

~300 nm scale of the holograms and that the GRIN lenses consume all of the dynamic range in 

single exposure in comparison to many weak holograms, this agreement is quite good.  

Importantly, it suggests that material parameters may be acquired at one scale or exposure 

condition and applied with moderate accuracy to vastly different scales and recording conditions.  

The complete material response model developed in chapter 3 for GRIN lenses is thus potentially 

applicable to holographic recordings at nm scales which are much more difficult to characterize.  

I also applied the model of Eq. 2.10, derived only from the peak index change, to predict 

the profile of a lens given the Gaussian incident intensity profile. The measured and calculated 

index profiles from the model are shown in Fig. 2.16. The experimental data is congruent with the 

theoretical prediction, with the exception that a ‘dip’ is observed in the tail of the experimental 

index profile. Such local difference is likely due to insufficient monomer diffusion time. The 

Gaussian, when truncated by O2  threshold, yields a generally parabolic shape. Since the Gaussian 

exposure is convenient and the parabolic index profile is a standard GRIN profile, this motivates 

why Gaussian exposure is actually a useful way of making lenses.  
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Figure 2.16.  Comparison of experimentally measured index profile and calculated index 
profile from the derived model. Shown heare is the cross section of the index profile of 
the GRIN lens with an exposure power of 30µw, a beam diameter of 290 µm and an 
exposure time of 5s.  

2.6 Application and Conclusion 

GRIN lenses and lens arrays fabricated in the diffusive photopolymer have a great 

potential for applications in hybrid integrated optical circuits.  As discussed in chapter 1, one 

main challenge for hybrid integrated optical circuits is guiding the light out of a single-mode (SM) 

waveguide or fiber through an optoelectronic component and back into a SM waveguide or fiber 

without significant loss.  The mode size of a SM guide at visible wavelengths is about several 

micrometers.  When the mode propagates out the guide, it diffracts immediately. When this 

diffracting light goes through an optoelectronic component with thickness that can be up to a 

centimeter, such as electronic an optical (EO) modulators, photorefractive crystals etc., only a 

tiny fraction of light couples back to the waveguide.  A GRIN lens pair can solve this problem, 

shown in Fig. 2.17.  A GRIN lens couples the light out of the guide into a collimated beam, 



47 

 

allowing it to pass through the micro optics with a minimal loss. Then another GRIN lens focuses 

the beam back into the guide with a high efficiency.  

 

Figure 2.17.  Demonstration of the function of a GRIN lens pair in a hybrid integrated 
optical curcuit  the first GRIN lens couples the light out of the guide so that the light can 
go through a thick micro optics; then the second GRIN lens couples the light back into 
the guide. 

To demonstrate this application, I did a beam propagation simulation where the GRIN 

lens is used to collimate and then refocus a beam passing through an optical element with a 

thickness of 25mm. Two pieces of glass with thickness of 1.5mm are the entrance and exit 

windows. The thickness of the GRIN lenses is 2mm. Figure 2.18-(a) shows the index distribution 

of the simulation setup. The index profile of the GRIN lenses is modeled using the parabolic 

fitting curve from the measured index profile of the GRIN lens shown in Fig. 2.18-(e). A TEM00 

beam with a radius ω0 = 5μm at the wavelength of 632 nm is incident at the entrance face. Figure 

2.18-(b) shows the amplitude of the electric field of the fast Fourier transform (FFT) beam 

propagation simulation. One can see the GRIN lens collimates the light out of the SM waveguide 

and the other GRIN lens refocus the beam after passing through the thick optical element. The 

coupling efficiency from the simulation is over 95% based on the overlap integral of the electrical 

fields at the input and output planes.  
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Figure 2.18.   Simulation demonstration of the photopolymer GRIN lenses used in the 
integrated optics to expand the beam: (a) the index profile of the sample; (b) the absolute 
value of the E field through the FFT beam propagation simulation; (c) the absolute value 
of the E field at the input and output planes. 

This GRIN lens pair can also be integrated with thin film filters, such as thin film 

polarizers or narrow band filters, to form useful optoelectronic devices for telecommunication 

applications.  These devices can be fabricated in high volume utilizing wafer level procedures, 

significantly reducing the cost. For example, a thin film filter can be sandwiched by two layers of 

photopolymer. Then two pieces of cover glass can be used to provide protection windows, shown 

in Fig 2.19.  GRIN lens array pairs can then be fabricated by sequentially exposing under a 

collimated laser beam. Finally, the wafer can be diced into many individual functional 

optoelectronic components.  

(a)

(b) (c)

(a)

(b) (c)
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Figure 2.19.  Demonstration of the wafer level fabrication of GRIN lens devices. 

In summary, this chapter has presented a new fabrication method for GRIN lenses and 

GRIN lens arrays in diffusive photopolymers exposed with a low-power CW laser. A quantitative 

testing method was employed to test the fabricated lenses; with a demonstrated experimental 

error of about 1%. Parabolic fits to the measured index profiles demonstrate the capability to 

create GRIN lenses with NA between 0.05 and 0.13 and diameter from 40 to 1000 µm. The 

lithography method uses simple, inexpensive hardware with integrated metrology. The materials 

are cost efficient and self-develop with no wet chemical processing. The combination provides a 

simple and direct control over lens index profiles via optical exposure patterning, which makes 

this method attractive for rapid prototyping of GRIN lenses and GRIN lens arrays. 

With the index profile formulation model, exposure conditions and development time can 

be chosen to fabricate desired GRIN lenses with index profiles that fit parabolic curves. Existing 

holographic photopolymers optimized for low shrinkage of ~0.1% have M/# as high as ~40 in one 

mm of material [16]. These holographic photopolymers can achieve a peak-to-valley index 

change of roughly 0.01 in the visible. Materials with ten times the index change are reasonable, 

although shrinkage will almost certainly be greater [16]. In the thin, paraxial limit, this range of 

index change enables lenses with a NA up to 0.5 at diameters up to 1 mm.   
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Chapter 3 

GRIN Lens with Arbitrary Index Profiles 

Fabrication in the LBR Polymer 

3.1 Introduction 

I have elaborated in chapter 2 a new method for fabricating GRIN micro lenses and lens 

arrays. This method exposes a diffusive photopolymer to Gaussian laser beams at a wavelength of 

532nm such that the index profiles turn out to be parabolic. I demonstrate in this chapter a more 

general method with arbitrary index profiles in a diffusive photopolymer initiated at a wavelength 

of 405nm. A preliminary study of a new diffusive polymer, Light Blue Russet, is discussed in this 

chapter. In sum, this study includes the material absorption, energy dose to clear out oxygen and 

an index-formation model. I use a galvo scanning system to draw two-dimensional exposure dose 

distributions, thereby forming arbitrary index changes in the diffusive photopolymer.  The index 

profiles of the fabricated lenses are characterized in transmission by a Shack-Hartmann wavefront 

sensor (SHWFS).   

There is a correspondence between the index change, locally introduced in a diffusive 

photopolymer, and the exposure light intensity at an appropriate wavelength. To the extent that 

this relationship can be inverted, we can create a desired index pattern by an appropriate exposure 

light intensity distribution. The straightforward way of implementation is to project a gray-scale 

transmission optical mask, which defines the exposure light pattern, onto the photosensitive 

materials. A true gray-scale mask can be fabricated in a high-energy, beam-sensitive glass by 

changing the glass transmission with a laser beam or an electron beam [69,70].  This mask is 

continuous; but expensive to make. A more cost-effective and popular alternative approach is to 

use a commercial binary chrome mask to mimic a gray-scale light distribution for fabricate index 
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structures [71,72]. Different light transmission levels are created by modulating the size and the 

distribution of transparent holes in the chromium mask [73].  Afterwards, the transmitted light 

distribution is projected to form corresponding structure in photosensitive resin. The size of the 

transparent holes, also referred to as the pixel size of the mask, should be below the resolution 

limit of the exposure tool. The number of gray levels achievable is also dependent on the 

resolution and magnification of the projection lithography system, the minimum pixel size and 

increment between subsequent pixel sizes used to create the gray-scale mask. Furthermore, the 

sharp edge of binary mask may introduce diffraction. Alternatively, an inexpensive optical mask 

can be made using a high resolution film inkjet printer [74,75].  This technique modulates the ink 

dot density on a transparent film to produce the different transmission levels.  These methods 

with optical masks suffer the same major drawback: they require different static masks for 

different structures, which is costly and time consuming.   

To circumvent this drawback, spatial light modulators have been developed to generate 

dynamic masks that are capable of modulating the exposure light intensity distribution 

electronically, avoiding physically replacing the mask for each exposure. There are two main 

types of commercial spatial light modulators: liquid crystal display (LCD) and digital 

micromirror device (DMD). Liquid crystal display is an array of liquid crystal pixels. By 

controlling the orientation of the liquid crystal molecules at the level of individual pixels, each 

pixel can be set either at a transparent state or an opaque state. The LCD based commercial  

SLMs can contain as much as 1280×1024 pixels, with a typical pixel size of 17-30μm [76]. This 

commercial LCD modulator functions a convenient dynamic pattern generator, and have been 

used in projection micro-stereolithography [ 77 ]. However, LCDs have some intrinsic 

disadvantages [76]: (1) low fill factor; (2) low switching speed (~20ms); (3) low 

contrast/dynamic range of the transmitted pattern and (4) high UV absorption during the ON 

mode.  
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In order to address these limitations in the LCD based modulators, an alternative 

technology, called DMD has been developed in Texas Instruments. DMD is a semiconductor 

based array of fast, reflective digital light switches that exercise precise control of a light source 

[78]. Micromirrors on the DMD have two stable states: one indicates light on and the other 

indicates the light off. The grayscale modulation of the incident light is achieved by a binary 

pulse width modulation technique [79], which turns light on and off rapidly by the beam-steering 

action of the micromirrors. The mechanical switching time for the micromirror is ~15µs [80].  

This opto-mechanic and electro-mechanic technique makes the DMD modulator more compact; 

have a full fill factor and a high dynamic range.  However the LCD and DMD modulators have 

the following limitations: (1) can only make rectangular grid of features; (2) edges of pixels must 

be spatially filtered, reducing effective resolution; (3) maximum of ~ 1 megapixel set by chip 

fabrication; (4) typically only 8 bits of grey scale; (5) quite expensive.  

Here, I use a galvo scanning system to introduce a two-dimensional dose distribution at a 

high speed. Even though the exposure is sequential, if it is significantly faster than the time scale 

of polymerization in the material, then it is effectively instantaneous.  It takes the galvo scanner 

less than a second to draw an exposure pattern, while the polymerization time of the material is 

over tens of seconds. Therefore, it is analogous to an instantaneous exposure to the material 

instead of a sequential exposure.  The dose and XY locations of the “pixels” of the scanner 

system can be analog, while the SLMs and chrome masks are digital, such that the sizes of their 

pixel size limit the resolution. This rapid scanning modulated laser focus method provides 

convenient way to fabricate arbitrary index structures in the diffusive photopolymer. 

The outline for the rest of the chapter is as follows. Section 3.2 introduces a new diffusive 

photopolymer called Light Blue Russet (LBR).  A series of studies about this new photopolymer, 

including absorption, bulk index of refraction and pre-cure energy dose are conducted. Section 

3.3 demonstrates an index formation study in the LBR polymer. Section 3.4 describes a galvo 
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scanning system to fabricate programmable GRIN lenses in the new diffusive photopolymer. 

Section 3.5 presents a quantitative index profile measurement method using a Shack-Hatmann 

wavefront sensor. Section 3.6 discusses the advantages and limitations of the programmable 

index structure fabrication method using the galvo scanning.  

3.2 Light Blue Russet photopolymers  

One of the advantages of the diffusive photopolymer is its incredible tunability.  For 

example, increasing the initiator concentration can increase the sensitivity of the material. 

Increasing the monomer concentration or using monomers with higher index of refraction can 

achieve a higher peak index change. Therefore we can alter the material formulation accordingly 

to suit different applications. However we lose this tunability because the InPhase 

TapestryTM HDS 3000 polymer is a commercial polymer. We do not know the formulation in 

detail and we cannot readily change it. Another drawback for the TapestryTM HDS 3000 polymer 

is its complicated photoinition kinetics due to the particular photoinitiator, Irgacure 784, which is 

used because of the low energy 532 photos [81]. Two absorptive intermediate photoproducts are 

generated during photoinitiation, temporarily increasing the absorptivity of the material and thus 

making it difficult to understand this polymer material. In order to avoid these drawbacks, we 

propose to use a new photopolymer in this chapter. This new polymer is created in our group 

using TapestryTM polymer as a model, and named as Russet.  The material is sensitive to 405 nm 

and has very low absorption as is needed for thick (many mm) optics, thus the specific 

formulation discussed here is referred to as Light Blue Russet. 

3.2.1 Formulation of the LBR polymer 

Similar to the InPhase HDS 3000 photopolymer, the LBR polymer comprises two 

independent and compatible polymerizable systems: one forms a solid yet permeable matrix 

polymer that functions as a mechanical scaffold; and another serves as the active components 
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consisting of initiators that absorb a fraction of the incident light to form radicals and monomers 

that polymerize by reacting with radicals. The detailed LBR formulation is shown in Table 3.1. 

Polyester block polyether and desmodur 3900 are the two components that thermally polymerized 

to form the matrix polymer. The catalyst, dibutyltin dilaurate with a purity of 95%, accelerates 

this thermal polymerization process to be within 24 hours at room temperature. When premixed 

with the matrix polymer components, the active components, namely photo initiators and 

monomers, are uniformly distributed in the spongy matrix polymer. Butyl phthalate is used as a 

plasticizer, which increases the flexibility and permeability of the matrix polymer so that the 

active components are free to diffuse in the polymer matrix.    

Table 3.1:  Formulation of the Light Blue Russet polymer 

Chemical component Chemical function wt % 

Diphenyle(2,4,6-trimethylbenzoyl) 
phosphine oxide (TPO) Photo initiator 0.067 

Tribromophenyl Acrylate Monomer 6.00 

Butyl phthalate 99% Plasticizer 0.50 

Polyester Block Polyether Matrix polymer component 1 55.61 

Desmodur 3900 Matrix polymer component 2 37.81 

Dibutyltin Dilaurate, 95% Catalyst 0.01 

3.2.2 The absorption of the LBR polymer  

The photoinitiators absorb part of incident light energy to generate radicals, which initiate 

polymerization. The absorption of the diffusive polymer depends on the molar absorptivity and 

concentration of the photoinitiator. Generally, higher concentration of the photoinitiators provides 

greater absorption and thus greater sensitivity of the material. However, higher concentration of 

the photoinitiators results in less uniformity of initiation in depth due to the Beer-Lambert 

absorption of the material.  Also, there must be sufficient initiator concentration to meet the 
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stoichiometric needs of the formulation.  Therefore, applications with thick optical materials lead 

to the use of initiators on the tail of their absorption bands so that the materials have low total 

absorption at the required concentration.  

In this section, I calculate the absorption of the LBR polymer based on the molar 

absorptivity and molar concentration of the photoinititaor (TPO).  Then, I experimentally measure 

the absorptions of the polymer with different photoinitiatior concentrations. Here, I define several 

parameters associated with the absorption of material. These parameters include absorbance, 

molar absorptivity, molar concentration, path length of light through the material and 

transmission. The symbols and units for each term are shown in Table 3.2.   

Table 3.2:  List of symbols and their units in absorption calculation 

 Symbol Unit 

Absorbance A Unitless 

Molar absorptivity ε [L/( mol.cm] 

Molar concentration [c] [mol/L] 

Path length of light through material l [cm] 

Transmittance T Unitless 

 

Based on Beer-Lambert law, the transmittance of a polymer sample can be expressed as 

 

A

I
IT −== 10

0

1            (3.1) 

where A is the absorbance of the material, I0 and I1 are the intensities of the incident light and the 

transmitted light respectively, as shown in Fig. 3.1. The absorbance of the LBR polymer sample 

depends on the molar absorptivity of TPO, the path length of light through the sample and the 

concentration of TPO through the relationship lcA ][ε= . 
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Figure 3.1.  Diagram of Beer-Lambert absorption of a light beam as it travels through a 
material with length of l and molar concentration of [c]. 

The molar absorptivity, also referred to as molar absorption coefficient or molar 

extinction coefficient, is a measure of how strongly chemical species absorb light at a given 

wavelength. The molar absorptivity is an intrinsic property of the material. The molar 

absorptivity of the TPO at 405nm is about 240 L/mol.cm [82]. The molecular weight of TPO is 

348.37g/mol [83]. The weight concentration of the TPO in the LBR formulation is 0.067%. The 

density of the LBR polymer is tested to be 1.189g/mL.  The molar concentration of TPO in LBR 

formulation can be calculated be 2.3×10-3mol/L. Given the path length of the light through the 

material is 1cm, the absorbance A = 0.576, the transmittance is calculated to be T = 10-A = 0.266.  

Since the absorption of the material equals 1-T, the Beer-Lambert absorption of the LBR is 

calculated to be 0.73 for the light through a 1cm material sample.  

Next, I measured the absorption at 405 nm of four polymer samples with TPO 

concentrations of 0%, 0.07%, 0.1% respectively. The measured absorptions are shown in Fig. 3.2. 

By linear fitting, the relationship of the absorption vs. the TPO concentration is y=49.126[TPO] 

+0.024, where y is the absorption through 1mm material and [TPO] is the TPO molar 

concentration. The y intercept indicates that the scatter of the matrix polymer is around 

0.09dB/cm.  Given the molar concentration of TPO in LBR formulation is 2.3×10-3mol/L, the 

I0 I1

l

[c] ε
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absorption through 1mm LBR polymer is 49.126×0.0023= 0.113, which excludes the matrix 

scatter.  Thus absorption through 1cm LBR polymer is 0.70, which is accurate to the second 

decimal point, compared with theoretical calculated absorption 0.73 through 1cm LBR polymer. 

Now I can calculate the exposure dose versus depth, initiator consumption and radical generation 

rate, given the published values of the quantum yield.  I first calculate the energy dose needed to 

consume the oxygen in the LBR polymers in next section. 

 

Figure 3.2.  Material absorptions vs. initiator concentrations. The dots are measured 
absorption and the line is the linear fitting.  

3.2.3 Pre-cure energy dose to clear out oxygen 

Oxygen molecules in the polymer have two possible effects for the index change 

formation [84]. The first is the quenching effect during the photoinitiating. More specifically, 

when an initiator absorbs a photon and moves to its excited state, oxygen molecule steals the 

energy from the excited initiator, preventing the excited initiators to become radicals. Quenching 

reduces the quantum yield of the photoinitiating process. The second effect is the termination 

effect during the polymerization:  oxygen molecules react with primary radicals and growing 

polymer radicals to form peroxy radicals, which are three orders of magnitude less active [85], 

thus terminating the polymerization process.  
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These effects due to the presence of oxygen can be avoided by a pre-cure procedure that 

consumes all the oxygen before the sample is used to index structure fabrication.  This pre-cure 

process places the polymer under a uniform and incoherent light at the wavelength of 405nm to 

generate just enough radicals through photoinitiator depletion, to scavenge oxygen in the polymer.   

Here, I first discuss the TPO bleaching process, as the amount of radicals generated is the 

amount of TPO consumed with a quantum yield.  The rate of TPO bleaching can be express as 

       [ ]TPOIkTPO
dt
d

PII 0][ −−= ,                    (3.2) 

where [TPO] is the molar concentration of photoinitiators with a unit of mol/L, kI-PI is the 

bleaching rate constant, I0 is the exposure beam intensity and t is the exposure duration time.  The 

left side of this equation describes the amount of photons absorbed per volume per second in the 

polymer, assuming that every photon absorbed initiate a TPO molecule. Thus the right side of the 

equation can be expressed as 

          [ ]
photonA

PII EN
lTI

TPOIK
/)1(0

0
−

=− ,                     (3.3) 

where Ephoton is the photon energy, 1-T is the absorption of the TPO, l is sample thickness, and NA 

is the Avogadro constant, which expresses the number of photons per mole and is valued at 

6.022×1023. The photon energy equals hν, where h is Planck constant 6.626×10-34 J.s and v is the 

frequency of the 405 light. Given the transmittance ( ) [ ]lTPOlTPO eT εε 10Ln][10 −− == , Eq. 3.3 

becomes 

            
( ) [ ]( )

ν

ε

hN
leI

TPO
dt
d
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lTPO10Ln
0 1

][
−−

= .         (3.4) 

Taylor expanding 
( ) [ ]lTPOe ε10Ln−

 and assuming the absorbance of the material is small, kI-PI , 

becomes  a constant, expressed as  
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=− .            (3.5) 

Substitute kI-PI with Eq. 3.5 in Eq. 3.2, a dynamic relationship between the TPO bleaching and 

exposure dose is derived, expressed as   

     [ ] [ ]
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where Dexpose  is the expose dose. This exponentialy decay of TPO is shown Fig. 3.3.  

 

Figure 3.3.  The photoinitiator bleaching curve for the LBR polymer. 

This initiator bleaching provides a convenient way to calculate the pre-cure dose. The 

equilibrium dissolved oxygen concentration in acrylates is reported to be ~10-3mol/L [86].The 

quantum yield of generating radicals through consuming TPO is reported to be around 0.8[87]. 

Therefore, the amount of TPO that needs to be consumed for clear outing oxygen is 

approximately 1.25×10-3mol/L, resulting in a pre-cure dose of 517mJ/cm2.  

The pre-cure dose is also experimentally measured by exposing a LBR polymer slide 

sample with polymer thickness of 1mm to a set of exposure doses and monitoring the index 

development. Index change starts to show up when the exposure dose is approximately 
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900mJ/cm2. The difference between the calculation and the experimental measurement is due to 

the approximation of Eq. 3.4. This approximation achieves a constant kI-PI, thus yielding an 

exponentially decayed initiator concentration during the bleaching process, which is intuitive to 

describe the initiator bleaching process. However the approximation does introduce calculation 

error, especially when the absorption of the polymer is not small. Numerically solving Eq. 3.4, 

the pre-cure dose is calculated to be 780mJ/cm2, yielding a 15% error compared to the measured 

pre-cure dose, which is reasonable, given that reported dissolved oxygen concentration and 

quantum yield in literature are used in the calculation. I use the experimentally measured 

900mJ/cm2 as the pre-cure dose to clear out oxygen for the LBR polymers in this chapter and 

chapter 4.  

3.2.4 Bulk refractive index and dispersion 

The bulk refraction index of the polymer material depends on the refractive indices and 

the concentrations of the matrix polymers and the monomers.  Given the refractive index of the 

monomer is higher than the matrix polymer, a higher monomer concentration in the formulation 

leads to a higher bulk refractive index of the polymer material based on the refractive index 

mixture rules [88].   In order to derive the relationship between the bulk refractive index and the 

monomer concentration, the LBR polymer samples with different monomer concentration are 

made. After the samples are uniformly flood cured, the bulk refractive indices of the samples are 

measured.   

The bulk index of refraction is measured with a Metricon prism coupler model 2010/M.  

The photopolymer sample is clamped against the prism. The angle of the laser beam incident at 

the prism and polymer interface is varied, while the reflectivity is captured by a detector.  Given 

the refractive index of the polymer sample is higher than the refractive index of the prism, total 

internal reflection occurs when the angle reaches the critical angle. The refractive index of the 

polymer is determined by the critical angle, expressed as cnn θsin1= , where n is the refractive 
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index of the sample under test, n1 is the refractive index of the prism and cθ  is the measured 

critical angle. The measured bulk refractive indices of the LBR polymers at wavelength of 633nm 

with different monomer concentration are shown in Fig. 3.4.  

 

 
Figure 3.4.  The measure bulk index of refraction of the BR polymer with monomer 
concentration of 0%, 5% and 10% respectively. The line is linear fitting from the 
measured three bulk indices.  

By linearly fitting the data, we can write down the equation that conveniently calculates 

the bulk index change based on the monomer concentration as follows 

  ( ) 5033.1][000371.0][633 += mmn ,         (3.7) 

where n633 is the bulk index of refraction at the wavelength of 633nm and [m] is the wt% of 

monomer concentration. The y intercept indicates that the bulk index of pure the polymer matrix 

is 1.5033.  The maximum localized index change than can be achieved for the LBR polymer with 

6 wt% monomer concentration is about 2.2×10-3. This conclusion is based on the assumption that 

the polymerization process and monomer diffusion are well separated. That means the monomers 

diffuse into the exposed region after the polymerization has finished. Section 3.3 will demonstrate 

that I measured a peak index change of 2.2×10-3 for large structures in the LBR polymer where 

the monomer diffusion is expected to be slow. However, the peak index changes are measured to 
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be more than twice of 2.2×10-3 when the LBR polymer sample is baked in oven after exposure at 

600C to increase the monomer diffusion speed. An index formation model is developed in next 

section to reveal the underling chemical reactions to cause this difference.   

The dispersion of the matrix polymer is also characterized by measuring the bulk 

refractive indices at different wavelength for the matrix only sample, shown in Fig. 3.5. By power 

fitting the measured data points, the dispersion of the LBR polymer is found to be:  

         ( ) 4

8

2

10286.15897489.1
λλ

λ ×
−+=n .

                    
(3.8) 

 

Figure 3.5.  The bulk index of the matrix polymer measured at the wavelength of 410nm, 
532nm, 633nm, 832nm, 1302nm and 1553nm respectively. The curve line is a power 
fitting for these six data points. 

3.3 Index formation model for the LBR polymer   

In this section, I derive an index formation model by studying the locally introduced 

index structures with a spatial scale of couple hundred micrometers in the LBR polymer.  As 

discussed in chapter 1, in the simplest model, the index change is proportional to Iαt, where I is 

the exposure beam intensity, t is the exposure time and α is a single fit parameter. In chapter 2, I 

develop an index formation model for the HDS 3000 polymer, which includes the oxygen 

inhibition effect and an ad hoc mechanism of saturation with no explanation of what caused this.  
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Here, I extended the model in the following ways for the LBR polymer. First, index development 

at high temperature (600C) will be shown to increase index contrast by a significant factor. 

Second, quantitative local index measurement will be converted to local monomer conversion. 

This measurement is not possible with standard chemical reaction testing methods, such as 

Fourier transform infrared spectroscopy (FTIR) [89], since over 90% of the LBR formulation is 

the matrix polymer.  Third, the exposure dose will be converted into the initiator consumption, 

through the published quantum yield and the primary radical generation.  This will be shown to 

be the source of the observed saturation. 

These advances will enable the following conclusions.  First conclusion is that a 

previously-unknown thermal initiation mechanism occurs at 600C, reinforcing the exposure 

pattern without changing its shape. Second conclusion is that at room temperature and at the 

spatial scales investigated, polymerization and diffusion occur sequentially, limiting maximum 

monomer conversion to 100% of the formula concentration. Third conclusion is that the monomer 

diffusion is accelerated relative to polymerization at 600C such that polymerization can continue 

in the dark, fed by diffused monomers.  This enables the local polymer concentration to be 

several times greater than the formula concentration of the monomer. Fourth conclusion is that at 

the investigated scales, oxygen acts as a local threshold with minimal non-local behavior due to 

diffusion.  Last conclusion is that the parameter α is found to be close to 1, indicating limited 

radical-radical termination events in contrast to typical radical polymerization mechanisms.   

In summary, the index formation model captures a quantitative description of the roles of 

oxygen, monomers and initiators under four different conditions (pre-cured and not, room 

temperature and 600C development).  This model is shown in the following section to enable 

accurate design of experimental conditions to yield a desired index structure.   
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3.3.1 Experiment design 

The experimental design philosophy is to capture as many factors that affect the index 

formation in the LBR polymer as possible. In order to capture effects of the exposure dose, 

oxygen and development temperature on the index formation separately, four LBR polymer slide 

samples are used and are divided into two groups. The two samples in one group are pre-cured 

under a uniform incoherent UV lamp at the wavelength of 405nm with an exposure dose of 

900mJ/cm2 to clear out the oxygen for the entire polymer sample. The two samples in the other 

group are not pre-cured. The reason to pre-cure just one group is to confirm the oxygen inhibition 

for localized index formation in the LBR polymer. The oxygen inhibition has been demonstrated 

experimentally in the TapestryTM HDS 3000 polymer.  Then each polymer slide sample is 

exposed to a Gaussian beam with 2w0 of 635µm to form a set of GRIN lenses with different 

exposure durations. Previous experiment in the HDS 3000 polymer has demonstrated that a two-

dimensional Gaussian beam exposure forms a circularly symmetrical GRIN lens, whose peak 

index change occurred at the center.  

Originally, baking the sample during the index formation is used to increase the monomer 

diffusion, thus lower the development time required. The rule of thumb is that increasing the 

temperature by every 100C doubles the monomer diffusion speed.  After the exposure, one sample 

of each group is left in the room temperature, and the other sample of each group is left in the 

oven at 600C. The baking temperature of 600C is carried over from the previous experiment for 

the TapestryTM HDS 3000 polymer, which becomes thermally unstable above approximately 700C.  

The experiment design for the index exposure and development is summarized in Table 3.3.  

After the index structures in the samples are fully developed, the index profiles of GRIN 

lenses in these four samples are measured using a Shack-Hartmann wavefront sensor setup 

descried in Sec. 3.5. Next, I convert the experimentally measured index changes into the actual 

chemical reactions in the polymer step by step, to derive the index formation model. First, I 
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derive an index formation model from the on axis index changes of the four groups of exposed 

GRIN lenses. Then I show that the model established using just the peak response predicts the 

complete profile of the lens to a reasonable accuracy.   
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Table 3.3:  Summary for the experiment design 

 Pre-cure Development temperature 

Sample 1 Yes Oven 600C 

Sample 2 No Oven 600C 

Sample 3 Yes Room Temperature 

Sample 4 No Room Temperature 

3.3.2 Peak index change vs. exposure dose 

The curves of the measured peak index change in each GRIN lens vs. on axis exposure 

dose are shown in Fig. 3.6. These four curves reveal several patterns:  (1) the curves  for peak 

index change vs. on axis exposure dose corresponding to the two samples without pre-cured are 

shifted to the right with an exposure dose approximately 1000mJ/cm2, confirming the oxygen 

threshold effect in the LBR polymer; (2) baking the sample immediately after the exposure can 

boost the maximum achievable index change by at least two times, which suggests a previously 

unknown reaction may have happened; (3) in the low exposure dose range, the index has a linear 

relationship with the exposure dose, indicating that the unimolecular termination dominates; (4) 

the peak index changes tend to saturate in the large exposure dose regions. Such saturation can be 

potentially attributed to exhaustion of photoinitiators or monomers. Next I first convert the 

exposure dose into photoinitiator consumption and then convert the on-axis index change into the 

on-axis monomer conversion, to explain the underlying chemical reactions that cause these 

patterns.  
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Figure 3.6.  The measured on-axis index change vs. on axis exposure dose for the four 
samples.   Each symbol represents the on-axis index contrast of a different GRIN lens.  

3.3.3 Monomer conversion vs. photoinitiator consumption 

The initiator concentration decreases due to photolysis during the exposure, reducing the 

material sensitivity.  Therefore, I converted the dose into initiator consumption in order to express 

the initiation in more natural units. This conversion is calculated by solving Eq. 3.7, the similar 

way to calculate the pre-cure dose for clearing out oxygen, which is discussed in Sec. 3.2.3.  

Figure 3.7 illustrates the peak index change against TPO consumption.  
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Figure 3.7.  Measured relationship between index change and photoinitiator consumption. 
The symbols are the measured on-axis index change of the GRIN lenses in the four 
samples respectively. The lines are linear fits.  

It is apparent that for all four exposure and development conditions, the on-axis index 

change increases linearly with the photoinitiator (TPO) consumption. Also the on-axis index 

change tends to saturate when the TPO is completely consumed. As discussed in Sec. 3.2.4, the 

localized index change is proportional to polymer formed at the exposed region, assuming that 

diffusion completely replaces any monomer consumed. Thus, the peak index change can be 

transformed into the monomer conversion using the Eq. 3.7.  

Now I have turned the experimental measured relationship (exposure dose vs. index 

response) into a relationship between two chemical components in the polymers, shown in Fig. 

3.8.  For the LBR polymer, when the normalized conversion of monomers is 1, it means that all 

the formulary monomers (6wt%) are transformed into polymers in the exposed region when the 

index development has completely finished. When the normalized conversion of monomer is > 1, 

it indicates that more than 6wt% monomers are polymerized, which happens through continuous 
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polymerization with monomers that diffuse from the outside of the exposed region into the 

exposed region. Such continuous polymerization when the sample is left in the dark to develop 

index change is defined in this thesis as dark polymerization. Thus, conversion of monomers for 

the four cases will provide information about the time sequence of the chemical reactions 

(photointiation, polymerization and monomer diffusion) for these four cases.  

All GRIN lenses in the group which is pre-cured and developed in room temperature 

have monomer conversion under 1. This indicates the process does not overlap in time for the 

pre-cured and developed in room temperature sample.  That is, initiation causes polymerization 

which then terminates, followed by diffusion. All other three samples have lenses with monomer 

conversion >1, indicating that some polymerization of diffusing monomer took place. The on-

axis monomer conversion for the lenses in the not pre-cured and developed in room temperature 

sample, is slight above 1 when the TPO consumption is over 0.85 and the monomer conversion is 

saturated towards 1 when the TPO consumption is reaching 1.  This is potentially due to the 

increased monomer diffusion speed caused by sharper monomer concentration gradient due to 

oxygen threshold effect, which I will discuss in detail in Sec. 3.3.4.  

The two oven baked samples show monomer conversions much higher than the samples 

left in room temperature for the on-axis exposure regions, indicating something significant 

happens in the baking process.  First, the baking process is expected to significantly increase the 

monomer diffusion speed, thus the diffused monomers continuously feed the polymer gain 

growth in the exposed region when the polymerization is not terminated, resulting a monomer 

conversion > 1. Second, a previously-unknown thermal initiation during the baking process is 

discovered in my experiment and validated in a separate experiment by Dr. Michael C. Cole, a 

research associate in our group. As mentioned in Sec. 3.2.3, when a LBR polymer is exposed to a 

405nm light beam, the radicals generated by cleaving the TPO molecules first react with oxygen 

to form peroxy radicals. These peroxy radicals are stable in room temperature, but can be 
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thermally initiated when the temperature is above ~550C to initiate polymerization process. Thus 

baking process not only increases the monomer diffusion speed but also brings in a thermal 

initiation to boost the index change.  

 

Figure 3.8.  Demonstration of the linear relationship of  the monomer conversion  and the 
TPO consumption. The dark dash line shows where monomer conversion is 1. The lines 
are the linear fits with the fitting equation next to each line.   

All the four monomer plots of conversion vs. TPO consumption are apparently show a 

linear relationship between the monomer conversion and the TPO consumption. Thus I used a 

line fit to fit all the four plots, shown in Fig. 3.8. The linear fit can be express as 

   ])/[][]/[]([]/[][ 0010 TPOTPOTPOTPOaMp thresholdconsumed −= ,            (3.9) 

where [p] is molar concentration of monomers that are polymerized into polymers, [M0] is the 

formulary molar concentration of the writing monomer, a1 is the slope of the linear fit, [TPO0] is 

the formulary molar concentration of the initiator, [TPOconsumed] is the molar concentration of the 
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initiators that are totally consumed during the exposure and [TPOthreshold] is the molar 

concentration of the initiators that are consumed to clear out the oxygen.  

I extracted two interesting parameters from Eq. 3.6. First, the slope of each line can be 

used to estimate the average polymer chain length, which is defined as the number of monomers 

per polymer chain. The polymer chain length is difficult to be measured experimentally. The 

calculated polymer chain length for each sample is shown in Table 3.4. The line fits also indicate 

that in the same sample, the average polymer gain length in on-axis region of each formed GRIN 

lenses is almost the same, despite the differences in the exposure dose for each GRIN lens. 

Second, the x intercept of each line fits is the TPO consumption to clear out oxygen, shown in 

Table 3.4.  The averaged TPO consumption to clear oxygen is 0.58±0.06 of the total TPO. The 

pre-cure dose we used is 900mJ/cm2, which consumes 0.60 of total TPO.  Thus, the fitted TPO 

consumption to clear oxygen in the LBR photopolymer has < 10% error with the experimentally 

measured TPO consumption for pre-curing the sample.  

You may also notice that the linear fit for the GRIN lens array that is not pre-cured and is 

oven baked is broken and shifted when the TPO consumption is over 0.9, which indicates a 

potential new chemical reaction. But with the current data I could not come up a clear explanation 

for it.  Extra data are needed to shed insights into the new chemical mechanism.   

Table 3.4:  Polymer chain length and TPO consumption to clear oxygen for the four samples 

 Slope 

 

Average polymer chain length  
[monomers/chain] 

[TPOconsumed]/TPO0 

to clear oxygen 

Pre-cure RT 2.1495 96 0.57 

Not Pre-cure RT 3.3419 150 0.54 

Pre-cure Oven 6.9224 310 0.57 

Not Pre-cure Oven 7.8366 351 0.65 
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3.3.4 Index shapes of the Gaussian exposures 

So far, I have discussed the index formation based on the relationship between on-axis 

index changes and the on-axis TPO consumptions. The experiments measured the index profile of 

each GRIN lens in the four samples, not just the peak, thus there is considerably more data 

available.  Here, I show that the model established using just the peak response predicts the 

complete profile of the lens to a reasonable accuracy.   

 

Figure 3.9.   Measured index profile calculated via an azimuthal average of the measured 
2D index profile of each lens.  Parts (a)-(d) show the index profiles for the labeled cases 
and also the Gaussian intensity profile (the green dash line), normalized to the peak index 
change.  Note that the index scales are not the same for all cases. 

The index profiles of GRIN lenses in the four samples are shown in Fig. 3.9.  First, 

comparing the index shapes of the not pre-cured sample to the pre-cured sample for both the oven 

baked and room temperature cases demonstrates that oxygen narrows the index structures by 
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locally inhibiting the polymerization under a threshold dose.  In the sample that is not pre-cured 

and developed in room temperature sample, shoulders show up in the index profiles with large 

exposure doses.  A potential explanation for the shoulder to emerge is the increased monomer 

diffusion speed due to sharper monomer concentration gradient caused by the oxygen threshold 

effect, shown in Fig. 3.10.    

 

Figure 3.10.  Demonstration of the normalized monomer concentration after the photo 
cleaved radicals react with monomers and turn monomers into polymers, thus carving a 
hole in the monomer concentration. Here two monomer concentrations are shown for 
oxygen and no oxygen presence situations respectively.  The oxygen threshold effect 
causes a sharper monomer gradient, thus increasing the monomer diffusion speed.  

Another trend of the index shapes in Fig. 3.8 is when the exposure dose increases, the 

introduced index profile are broader, compared to the Gaussian exposure intensity distribution. 

This may due to a saturation effect as was shown earlier in Fig. 3.6.  Next, I identify which specie 

is being depleted and leads to this saturation. Given the TPO concentration in the LBR polymer 

before any exposure is only 0.067wt%, I believe that the TPO depletion is the main factor for the 

broadening effect. The TPO consumption vs. exposure dose is shown in Fig. 3.11, which is 

calculated through numerically solving Eq. 3.4.   
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Figure 3.11.  The depletion of TPO in the polymer as the expose dose is increasing.    

Now, I have converted the exposure dose distributions of the GRIN lenses in the four 

samples to the normalized TPO consumption distributions, and compared the normalized TPO 

consumption distributions to the normalized index profiles of each corresponding lens, shown in 

Fig. 3.12. The normalized index profiles match well with the normalized TPO consumption 

curves, except for the shoulder regions in case that was not pre-cured and left in room 

temperature. This confirms that the TPO consumption distributions, instead of the expose dose 

patterns, determine the index profiles. Thus, when I design the exposure condition to fabricate 

arbitrary index structure, the TPO consumption distribution that replicates the required index 

profile should be used to calculate the exposure dose pattern.  
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Figure 3.12.  Comparison of the normalized index profiles and the normalized TPO 
consumption distributions for three group of GRIN lenses. Each group has four lenes that 
exposured at the same on axis exposure dose, but for different condistions: pre-cured 
oven baked, not pre-cure oven baked, pre-cured room temperature, not pre-cured room 
temperature respectively. The solid blue curves are the normalized measured index 
profiles and the dash pink curves are the normalized calcualted TPO consumption 
distributions.    

I also noticed that the index profiles of the lenses that are developed in room temperature 

are similar to those that are developed in oven at 600C, given the on-axis exposure dose is the 

same for each comparison. The difference is that the peak index changes are much higher for 

lenses left in oven. This indicates the baking process can significantly boost the index change 

without distorting the index shapes.  This pattern is confirmed through the comparison of the 
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measured index profiles with the same on axis exposure dose, shown in Fig. 3.13. This finding is 

exciting. First, this is the evidence for the thermal initiation happened during the baking process. 

Second, baking at 600C after exposure provides two advantages: (1) reducing the required 

development time, since high temperature increase the monomer diffusion speed; (2) the thermal 

initiation reinforcing the exposure pattern.  

 

Figure 3.13.  Comparison of the index profiles in the four samples with same expose 
doses. (a) shows the normalized measured index profiles with on axis dose of 1,222 
mJ/cm2.  (b) shows the normalized measured index profiles with on axis dose of 2,445 
mJ/cm2 

3.3.5 Conclusions for the index formation study   

The index formation study reveals several useful characteristics of the LBR polymer. 

First, the profile of the introduced index structures is determined linearly by the photointiatior 

consumption distribution. Second, oxygen narrows structures by locally suppressing 

polymerization below a threshold dose.  No significant diffusion of oxygen is observed at these 

size and time scales, which simplifies the design of structures using this effect. Third, baking the 

sample at 600C after exposure increases the index change without changing the index shape, 

which provides a convenient way to fabricate high index structures with controlled profiles. And 

last, the index change is linear to radical generation, which is not typical of most radical systems 

that undergo bimolecular termination and sublinear initiation kinetics.  This linear response also 

simplifies design. 
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This index formation model provides a guidance to design the fabrication process to 

make arbitrary index structures in the LBR polymer. Exposure condition, oxygen and the 

development temperature are the design variables I can use to form required index structure. 

However, the oxygen concentration is hard to control. Thus it is better to clear out oxygen 

through the pre-cure process before making any index structure. To design the exposure condition, 

I need to first ensure that a TPO consumption distribution is determined to replicate the required 

index profile. Then, I convert the TPO consumption distribution into the corresponding exposure 

dose pattern.  

3.4 Fabrication of programmable GRIN lenses  

This section elaborates a method to fabricate GRIN lenses with programmable index 

profiles in diffusive polymers. This method uses a galvo scanning system to introduce arbitrary 

index structures in polymers.  The galvanometer scanner draws a two-dimensional image in the 

polymer sample that describes the exposure energy dose distribution.  

3.4.1 The galvo scanning system 

The optical layout of the galvo scanning system is shown in Fig. 3.14. This galvo 

scanning system was originally developed under a capstone project by several senior 

undergraduate students. Later on, a confocal microscope with a HeNe laser as the probe beam 

was added to locate the polymer sample, which is discussed in detail in chapter 4. The laser beam 

from a pigtailed laser diode, Thorlabs LP405-SF10, is collimated using an adjustable aspheric 

collimator, Thorlabs CFC-5X-A. This collimator has a focal length of 4.6mm.  The collimated 

laser beam goes through a Thorlabs dual-axis galvo scanner GVS001, and then is focused by an 

objective lens into the polymer sample. The polymer sample is mounted onto a three dimensional 

stage.  The dual-axis galvo scanner consists of two galvanometer-based scanning motors and two 

optical mirrors. The mirrors are mounted on the shaft for x, y axis respectively. GRIN lenses with 



78 

 

any arbitrary index profile can be fabricated by mapping out the exposure dose distributions at the 

polymer sample using this dual-axis galvo scanner. The collimator is chosen based on the 

specifics of the pigtail diode laser and the dual-axis galvo scanner.  A single mode fiber, Thorlabs 

SM405-HP, is used to spatially filter the diode laser beam. The mode field diameter of the fiber is 

2.9 µm at the wavelength of 405nm.  

The focal length of the collimator for the pigtailed laser diode is chosen so that the 

repeatability of the scanner must be small in comparison to the laser spot size in order to reliably 

position the writing spot. Given the focal length of the writing objective lens, the maximum 

variance of the exposure spot at the polymer sample is  

 δθδ objspot fx 2= ,        (3.10) 

where δθ is the repeatability of the dual-axis galvo scanner, which is 15 µrad for the Thorlabs 

dual-axis galvo scanner. The laser focus spot size at the polymer sample plane is  
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Consider the requirement for the accuracy of locating the laser spot at the polymer sample, which 

is 
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From the above inequality we get the upper limit of the collimated beam size, which is 
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Given that
0w

fw col
col π

λ
= , 2w0 is about 2.9µm,   the focal length of the collimation lens fcol should 

be less than 9 mm. The focal length of the collimator is chosen to be 4.6mm.  
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Figure 3.14.   The optical layout of the galvo scanning system. 

A custom designed circuit is used to control the galvo scanning system.  The system 

block diagram is shown in Fig. 3.15. A microcontroller unit (MCU), TI MSP430 F5436, is used 

to communicate between the user and the optical system. A parameter file and a vector file are 

downloaded onto the MCU by a RS232 UART, which connects the external PC to the MCU.  The 

parameter file sets the key control parameters for the system, such as the output power of the 

diode laser, the drawing mode, and so on.  The vector files consists of  x, y axis coordinates and 

laser “on” time spans of the sequential exposure spots, which are designed to draw any arbitrary 

index structure in the polymer sample.  The x, y coordinates, which are integers from 0 to 216-1, 

are converted into analog voltage signals that drive the galvanometer based mirrors. In order to 

gain the ability to translate and scale the optical field produced by the galvo scanner, a basic 

summer and inverter op-amp circuit is placed in series after the digital to analog convert (DAC) 

output. At the same time, the signal that controls the laser output power and duration is converted 

into an analog voltage and sent to the laser diode controller, ILX Lightwave LDC-3724B.  

Therefore the galvo system is capable of drawing arbitrary two-dimensional energy dose 
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distributions at the exposure plane by designing the parameter and vector files. Three-

dimensional energy dose distribution can also be realized by synchronizing the z-coordinate of 

the translation stage and the vector commands for different layers. Because the locally introduced 

index change in the diffusive polymers is determined by the exposure dose distribution, any 

arbitrary index structure can be fabricated by programming the parameter and vector files.  The 

dose distribution at the exposure plane can be captured by a camera and displayed on a computer. 

The calibration procedure for this galvo scanning system is shown in Appendix A. 

 

Figure 3.15.  The system block diagram to show how the galvo scanning system works.  

 The main drawback of this galvo scanning system is the limitation of the scan speed.  

This system works with a step-and-hold mode: steer the laser focus spot to one location; turn on 

the diode laser for a short time span; then steer the laser focus to next location. This work mode 

fundamentally limits the scan speed.  It takes 300 µs for the galvo mirror to move and stabilize 

for small angle scanning, compared to the minimum laser on/off cycle time of 1.2µs. Therefore 

the amount of time required to draw an index structure is determined by the amount of scan 

points needed. For example, for an index structure that needs 1000 scan points and the average 

laser on duration for each scan point is 100 µs, the minimum time required is 400ms.   
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Also the internal memory of the MCU only accepts the vector file that contains less than 

2000 scan points. This limitation can be easily overcome by using an external memory.  The 

focus spot at the polymer sample is  

   col

obj
spot w

f
w

π
λ

= .         (3.14) 

The distance for two adjacent scan spots is set to be 0.8wspot so that the adjacent scan spots 

overlap smoothly.  Therefore the focal length of the writing objective lens is determined by the 

size of the index structure, in order to maintain the number of scan points needed around 2000. 
 

3.4.2 Examples of fabricated programmable GRIN lens  

So far, I have demonstrated the galvo scanning system and the procedure to calibrate the 

system in order to design the vector file for any arbitrary index structure. Next, I show this 

capability using several examples of two-dimensional programmable index structures. 

The first example is a 9×9 matrix of dots with different exposure dose through a raster 

scanning mode, show in Fig. 3.16-(a). The four corner spots indicate the workable scanning area. 

The eight dots after the up-left corner is a binary code for each sample, shown in the white circle. 

Here, the binary code is set to be 104.  The black spots are the location for each scan spot. The 

black line is the trace of the laser focus movement. This exposure pattern is through a raster 

scanning mode. The color scale demonstrates the exposure dose distribution.  The introduced 

index structure is qualitatively imaged under a DIC microscope, shown in Fig. 3.16-(b).  
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Figure 3.16.  The expose pattern with a 9×9 matrix of dots with different exposure dose 
in the LBR polymer. (a) represents the exposure pattern designed in MATLAB. The 
circled 8 dots is a binnary code used uniqucly for each sample. (b) is the DIC phase 
image of the index profile of the exposed structure in the sample with a thickness of 
200μm. The sample is not pre-cured. The last two arrays of dots are almost invisible due 
to the oxygen threshold effect. 

I used a spiral scanning mode, especially for circularly symmetric index pattern.  Two 

examples are shown here, one is a square index pattern and the other is a double parabolic index 

pattern, shown in Fig. 3.17 and Fig. 3.18 respectively.   

 

Figure 3.17.  The exposed square pattern in the LBR polymer. (a) represents the exposure 
pattern designed in MATLAB. (b) is the DIC phase image of the index profile of the 
exposed structure in the sample with a thickness of 200μm.  

100 μm

(a) (b)

100 μm

(a) (b)
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Figure 3.18.  The exposed double parabolic pattern in the LBR polymer. (a) represents 
the exposure pattern designed in MATLAB. (b) is the DIC phase image of the index 
profile of the exposed structure in the sample with a thickness of 200μm. 

3.5 Quantitative index measurement with a Shack-Hartmann wavefront sensor 

I introduced a modified transmission scanning phase microscope in chapter 2 to 

quantitatively measure the index profile of the GRIN lens. This phase microscope is naturally 

integrated into the fabrication setup for convenient process monitoring. However, this testing 

method is slow due to its raster scanning nature.  Here I use a Shack-Hartmann wavefront sensor 

to quantitatively characterize the index profile of the arbitrary structures. The Shack-Hartmann 

wavefront sensor is convenient to use and provides a two dimensional index profile within a 

second.  A brief introduction to the Shack-Hartmann wavefront sensor is shown in Appendix B.  

3.5.1 Design of the testing setup  

The setup to make transmission measurement for the index profile of the fabricated 

GRIN lenses is shown in Fig. 3.19. The main elements includes (1) a laser source that is spatially 

filtered and collimated to illuminate the GRIN lens under test, (2) a reimaging component and (3) 

a Shark-Hartmann wavefront sensor. The magnification of the reimaging component is chosen to 

match the sizes of the lens and the sensor. The specifics of the test setup are listed in Table 3.5. 
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Figure 3.19.  The optical layout of the setup for testing the index profile of fabricated 
GRIN lenses using a Shack-Hartmann wavefront sensor. 

Table 3.5:  The list of parameters of the index measurement setup  

 

3.5.2 Examples of the measurement results  

Here I show two examples of the measurement results using the wavefront sensor setup. 

First, I validated this testing by measuring an off-the-shelf plano-convex singlet lens. The 

measured optical path delay (OPD) profile fits the known surface profile with an error of 5%.  

The off-the-shelf singlet lens is Newport KPX211AR.14, with a focal length of 500mm. The 

measured wavefront slope distribution and wavefront profile are show in Fig. 3.20.  The 

comparison of the measured optical path delay profile with the calculated one from the surface 

profile is shown in Fig. 3.20-(c).  
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Figure 3.20.  Confirmation of the accuracy of the (a) is the measured wavefront slope of 
the off-the-shelf plano-convex singlet lens. (b) is the reconstructed wavefront surface of 
the lens. (c) is the comparison between measured optical path delay profile and the 
calculated one from the surface profile. 

Here, I show one example for the measured index profile of fabricated GRIN lens using 

the galvo scanning system is shown in Fig. 3.21. The wavefront sensor measures the relative 

optical path delay (OPD) due to the index variance or thickness variance in the sample.  Given 

that thickness of the GRIN lens sample is uniform and assume that the index profiel of the 

fabricated GRIN lenses is uniform in depth, the index profile equals the measured OPD divided 

by the thickness of the lens.  
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Figure 3.21.  One example of measured index profile the fabricated GRIN lens by the 
galvo scanning system. The thickness of the sample is 1mm and the sample is not pre-
cured.  (a) is the rendered exposure pattern for a double parabolic lens. (b) is the 
measured optical path delay (OPD) from the Shack-Hartman sensor. (c) is the calculated 
index profile based on the measured OPD and the thickness of the GRIN lens. (d) is the 
x-cross section of the exposure pattern and the measured index profile.  

3.6 Conclusion  

This chapter demonstrated our ability to fabricate GRIN structures with arbitrary index 

profiles in the new LBR polymer.  First, I have derived an index formation model in the LBR 

polymer based on index structures with size of hundred micrometers formed in the polymer. The 

index formation model shows that the introduced index structures is determined linearly by the 

photointiatior consumption distribution and an oven baking process after the exposure reinforces 
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the exposure pattern without changing the index shape. This index formation model simplifies the 

design of the fabrication process to make arbitrary index structures in the LBR polymer. 

Second, I have demonstrated in this chapter a method to fabricate GRIN lenses with 

programmable index profiles using a galvo scanning system and a quantitative index 

measurement using a Shack-Hartman wavefront sensor. The galvo scanner draws a two 

dimensional dose distribution in the polymers sequentially. This method can also be used to 

fabricate three dimensional structures through layer-by-layer exposure by moving the sample in z 

direction.  Although the scanning speed of the galvo scanner may limit the scanning spots for 

each GRIN structure, this method is more convenient than static masks and cheaper than DMD 

modulators. Furthermore, the galvo scanner can be used at some special applications that other 

method may have difficulties.    

One exemplar context is to fabricate a fan-out waveguide array by a layer-by-layer 

exposure using the galvo scanner, shown in Fig. 3.22. Since the intensity distribution of each 

scanning spot is a smooth Gaussian shape. Similar to the parallel direct-write waveguide 

fabrication discussed in chapter 5, the Gaussian laser spot in the galvo scanning system can 

introduces symmetric waveguides. Except that the parallel direct-write draws each waveguide 

separately, while the galvo scanner draws the waveguide array at the same time through layer-by-

layer exposure. The thickness of each layer (the movement in z direction for each layer) should 

be within a Rayleigh range to produce a smooth transition between two layers. Generally, the size 

of a single-mode waveguide is around several microns, while the pixel size of DMD modulator is 

normally over 15μm.  It is difficult for the DMD modulator to fabricate structures that have such 

fine resolution over large area.  
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Figure 3.22.  Demonstration of the fan-out waveguide array that can be fabricated using 
the galvo scanning system through a layer-by-layer expsoure. (a) is the simulated index 
profile of the fan-out waveguide array. (b) is the simulated exposure pattern that the 
galvo scanner drawed for the first layer, where z=0µm. The colorbar indicates the 
normalized expousre dose. (c) is the simulated exposure pattern that the galvo scanner 
drawed for the last layer, where z = 4000µm.  

  

(a)

(b) (c)
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Chapter 4 

Hybrid GRIN Axicon Lens Fabricated in the 

LBR Polymer 

4.1 Introduction 

This chapter demonstrates a potential application of a hybrid GRIN axicon lens in 

endoscope micro-optical coherent tomography (µOCT) [ 90]. This hybrid GRIN axicon lens 

significantly increases the depth of focus (DOF) by combining a GRIN phase plate with a 

commercial glass GRIN rod lens to form a quasi-diffraction-free beam and an off-the-shelf glass 

GRIN rod lens to provide the primary focal power. The GRIN phase plate is fabricated by a rapid 

galvo scanning system in the LBR polymer, which is discussed in chapter 3. Two main 

challenges arise during the fabrication of the hybrid GRIN axicon lens. The first challenge is to 

design a GRIN phase plate that meets the optical performance requirements. The second 

challenge is to package the flexible diffusive photopolymer under a size restriction and fabricate 

the designed index structure in the polymer. A radial BPM program is implemented in MATLAB 

to optimize the index profile of the phase plate.  An 8-step fabrication procedure is developed to 

overcome the package and fabrication challenge.  

The OCT technique was invented in 1991[91] in order to provide non-invasive, high 

resolution, cross-sectional images for biological tissues.   Unlike conventional optical imaging 

systems where the axial and transverse resolutions are correlated, the axial and transverse 

resolutions of OCTs are independently determined. More specifically, the transverse resolution of 

OCTs is determined by the numerical aperture (NA) of imaging lens in the sampling arm, while 

the axial resolution is determined by the coherence length of the light source. Broadband 

light sources are generally used in OCT to improve the axial resolution [92].   



90 

 

However the trade-off between transverse resolution and the DOF still exists as 

long as conventional optical elements are used. The transverse resolution is proportional 

to 1/NA. Increasing the NA of the imaging system will increase the transverse resolution. 

However the DOF, defined by the full width at half-maximum (FWHM) of the modulus 

of the axial amplitude distribution, is proportional to 1/NA2. That means increasing the 

transverse resolution will degrade the DOF quickly. In practice, a large DOF is preferred 

and sometimes necessary in OCT applications, especially in endoscopic applications [93].  

Dynamic focus compensation [3], also referred to as a zone-focusing and image-fusion 

technique, has been reported to overcome the limitation of a short DOF. However, this technique 

can only be used in low frame rate OCTs [ 94 ], which is not preferred for vivo imaging 

applications. Also, dynamic focusing lenses are bulky and cannot be used when physical space is 

restricted, such as in the case of endoscopic OCTs.  Therefore, development of improved DOF 

techniques is currently an active area for the OCT research.  

Several methods have been proposed in literature to improve the DOF to be used in the 

imaging systems. These methods include apodization and chromatic dispersion technique [90], 

binary-phase spatial filters [ 95 ], wavefront coding technique [ 96 , 97 ] and axicon lenses 

[ 98 , 99 , 100 ]. All the existing methods are not without their own limitations. Apodization 

techniques sacrifice the illumination efficiency, since part of the incident light is blocked. The 

wavefront coding technique, on the other hand, needs a post imaging process to computationally 

regain the transverse resolution across the extended DOF.  Thus, this method cannot meet the 

frame rate requirement for in vivo bio-imaging.  The axicon lens is so far the most effective one. 

This chapter will demonstrate a hybrid GRIN axicon that is fabricated in the LBR photopolymer 

to extend the DOF for the µOCT application.  

The outline for the rest of the chapter is as follows.  Section 4.2 introduces the axicon 

lenses, including the main types, fabrication methods and applications of axicon lenses. Section 
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4.3 describes the design process for the hybrid GRIN axicon lens. Section 4.4 elaborates the 

package and fabrication procedure for the hybrid GRIN axicon lens.  Section 4.5 shows the test 

results of the hybrid GRIN axicon lens. Section 4.6 discusses the ways to improve the design and 

fabrication of the hybrid GRIN axicon and concludes this chapter. 

4.2 Introduction to axicon lenses  

The axicon was introduced by John McLeod in 1954 to describe the optical element that 

images a point source into a line focus [101]. Later non-diffraction beams [102,103], reported by 

Durnin et al. enhance the researcher’s interests into axicon lenses. Because of such unusual 

properties, axicons have been found to be very useful in many applications. Axicon is initially 

used in precision alignment [104], which still remains the most important application. Axicons 

form a long and narrow light segment along the optical axis, which serves as a reference line, 

providing alignment accuracy on the order of 10-6[105]. Other important applications include 

scanning optical systems, such as the supermarket bar code reader [ 106 ], laser machining 

[107,108], optical trapping [109,110] and nonlinear optics [111]. In the past decade, axicons 

have been applied to high resolution biomedical imaging to significantly extend the depth of 

focus [96-98,112]. From the literature, axicon lenses generally can extend the depth of focus by 

about 10 times over conventional systems.  Researchers have already reported 1.5μm resolution 

across a 200μm DOF using an axicon lens [98].  

Based on the surface profile, axicons generally can be divided into two types: linear 

axicons and logarithmic axicons. Linear axicons have a conical surface, such as a classical 

conical prism. A conical mirror is a reflection version of the classic conical prism. Logarithmic 

axicons have a profile of a logarithmic-curved surface [113-114].  Linear axicons provide a 

constant central-core width while the axis intensity is varied linearly. The logarithmic axicons 

provide a constant axial intensity [114, 115,116], which is very useful for optical scanning and 

light sectioning. 
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The traditional conical prisms are made through standard glass lens fabrication. Linear 

axicons can also fabricated into an Fresnel surface [117, 118].  Fiber-tip axicon microlenses can 

be fabricated by a selective chemical etching process [119,120 ]. A logarithmic axicon is more 

difficult and more expensive to make than a linear axicon, because it is a challenge to precisely 

control the logarithmic surface during the fabrication. The first logarithmic axicon that is 

experimentally demonstrated is a holographic version [115]. Micro logarithmic axicon lens is 

fabricated through a femtosecond laser nanofabrication via two-photon polymerization of resins 

[113] and CW laser effusion [121].  

The axicons described above are all fabricated in a single material and generally are 

surface lenses. Next, I will introduce a hybrid version of GRIN axicon lens that has similar 

characteristics of a linear surface axicon lens. The classical axicon prisms produce extended focus 

that begins at the back surface of the axicon. In OCT applications, it needs to produce a line focus 

that is shifted away from the back surface. The hybrid GRIN axicon I’ve made forms an extended 

DOF that is shifted 2mm away from the back surface of the lens. This hybrid GRIN axicon lens 

consists of two parts:  a GRIN polymer phase plate and a commercial glass GRIN rod lens. The 

nominal focus of the GRIN rod lens provides the focal shift and the GRIN phase plate provides 

the extended DOF. This GRIN version of axicon lenses is easier for alignment and is cost 

efficient.  

4.3 Design of the hybrid polymer GRIN axicon lens  

The hybrid polymer GRIN axicon lens I’ve made is applied to an endoscope Fourier 

domain μOCT[90]. This μOCT probe is used to image the subcellular structures of human 

coronary atherosclerosis. The optical layout of this endoscope OCT probe is shown in Fig. 4.1. 

The light is out of the single mode fiber and is collimated by a glass GRIN collimator. The hybrid 

GRIN axicon accepts the collimated light to form an extended DOF for imaging. By rotating the 
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prism reflector in the probe while pulling the probe through the coronary artery, a three-

dimensional spiral image about the inside wall of the artery is formed. 

 

Figure 4.1. The optical layout of the endoscope OCT probe.  

4.3.1 Specifics of the hybrid GRIN axicon lens 

We collaborate with a research group in Massachusetts general hospital (MGH) to make 

this OCT probe. Our responsibility is to make the hybrid GRIN axicon lens. The MGH research 

group will use the hybrid GRIN axicon to make the OCT probe and test its performance. The 

design specifications for this GRIN axicon lens are listed in Table 4.1. For a conventional optical 

system, given the transverse resolution 2w0, the depth of focus is ∆f =πw0
2/λ, where λ is the 

wavelength of the light source. Thus, with the wavelength of 800nm and 2w0=2µm, the depth of 

focus ∆f is about 4 µm. Therefore, this GRIN axicon needs to extend the depth of focus by 100 

times, which is a huge challenge.  
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Table 4.1:  Specifications of the hybrid GRIN axicon lens 

Transverse resolution  2µm 

Back focal position  2mm 

Depth of focus (∆f ) 400µm 

Clear aperture  1mm 

Length  < 9mm 

Single pass transmission 600-1000 nm* >70% 

 

4.3.2 Design of the GRIN axicon lens 

In this section, I first demonstrate a thin-lens version of the GRIN axcion design. Then I 

move to a hybrid version. The first step in the design process of a GRIN axicon is to determine 

the refractive index profile necessary for a radial gradient lens to produce an extended DOF. The 

object distance is infinite for the design.  Also, the GRIN axicon offsets the line focus from the 

back surface. The index profile is derived with geometrical optics and an optical path length 

(OPL) argument. This method is demonstrated by Charman to determine the index profile for 

concentric varifocal lenses [122]. The same method has also been reported by Fisher to determine 

index profile of a GRIN axicon [123]. The thin-lens design procedure demonstrated here is based 

on Fisher’s method.   

                                                 

* The single pass transmission> 70% here means that less than 30% off the incident collimated 

Gaussian beam is chopped off by the hybrid GRIN axicon lens. 
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Figure 4.2.  Parameters used to derive the index profile of a thin GRIN axicon. 

The GRIN axicon lens has a planar surface with a radial gradient index profile. When the 

incident light is collimated and perpendicular to the GRIN lens, by geometrical ray tracing, the 

back focal length is proportional to the incident ray height, shown in Fig. 4.2. Thus, the back 

focal length can be expressed as,  

( ) f
rr
rrfrf ∆

−
−

+=
12

1
1           (4.1) 

where r is the radial ray position, r1,2 is the minimum and maximum incident ray heights allowed, 

f1,2 is the back focal length for the ray height of r1,2, Δf  is the depth of focus that is equal to f2 - f1, 

and n(r) is the radial gradient index profile.  

Assuming the GRIN axicon is a thin lens, the incident light experiences a negligible 

beam displacement through the lens. This assumption allows the index profile of the lens to be 

determined by the optical path argument. The radial ray position at the emerging wave front is 

then considered equal to the input position, expressed as ( ) ( ) ( )rtrntn ϕ+=0 , where φ(r) is the 

wavefront displacement at the radial ray position r, t is the thickness of the lens.  Therefore the 

index profile of the lens is 

( ) ( )
t
rnrn ϕ

−= 0 ,         (4.2) 

where n0 is the index of refraction at the center of the lens. The slope of the transmitted 

wavefront is given by  
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Given the geometrical ray angle is equal to the slope of the wavefront normal, and assuming the 

wavefront displacement φ(r) is much smaller than the back focal length f(r), the slope of the 

transmitted wavefront is  
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The wavefront displacement φ(r) is determined to be 
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Replacing f(r) with Eq. 4.1, the wavefront slope can be expressed as 
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Substituting φ(r) with Eq. 4.2 in Eq. 4.6, and assuming no central obscuration, r1 = 0, the index 

profile can be simplified to be 
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To illustrate this thin-lens design, I discussed two special cases from Eq. 4.7.  The first case is 

when the design is reduced to be a unifocal lens and the index profile is  
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In this case, the lens has a quadratic radial-gradient index profile and a back focal length of f1. 

The other case is when the focus begins at the back surface of the lens, and the index profile is 
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 In this case, the index profile has a linear form, which is similar to a classic conical axicon prism.  
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Now I use this thin-lens design method to calculate the index profile of the GRIN axicon 

that meets the specs in Table 4.1. The thickness of the GRIN axicon is chosen to be t = 5mm. The 

bulk index of refraction of the LBR is approximately 1.5.  Other parameters are:  f1 = 1.8mm, ∆f 

= 400um and the r1=0, r2 = 500um.  The calculated index profile based on the thin-lens design 

from Eq. 4.7 is shown in Fig. 4.3.  

 

Figure 4.3.  The index profile of the derived thin-lens GRIN axicon to meet the specifics
 

The calculated peak index change required for the GRIN axicon lens is 0.012.  However 

the maximum index change that can be potentially achieved in the LBR polymer is about 0.008 

based on the material characterization that is discussed in chapter 3. Also, since the calculated 

GRIN axicon is a lens with a large index change and a thickness of 5mm, it might invalidate the 

thin-lens assumption. A radial beam propagation method is implemented in MATLAB to 

simulate the performance of the GRIN axicon with the index profile shown in Fig. 4.4. The back 

focal distance from the simulated intensity distribution is ~1mm.  The DOF from the simulation 

that meets the required specs is about ~120µm. The way to calculate the DOF will describe in 

detail in Sec. 4.3.3.  
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Figure 4.4.  The simulated intensity distribution of the thin-lens GRIN axicon lens. (a) 
shows the GRIN axicon lens focusing the incident Gaussian beam ~ 1mm away from the 
back of the lens  while (b) is the intensity distribution in the focus region. 

In summary, the thin-lens design method is not proper for designing the index profile of 

the GRIN axicon because the index change from the thin-lens design exceeds the material 

capability. Furthermore, the derived GRIN axicon does not meet the design specifications and 

invalidates the thin-lens assumption.  

However the calculated index profile from this thin-lens design method does provide the 

inspiration for a hybrid design of the GRIN axicon. The reader might already notice that the index 

profile of the thin-lens GRIN axicon looks very close to a parabolic curve. Using a series 

expansion, Eq. 4.7 can be expressed as 
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The first two terms on the right hand of Eq. 4.10 are the same as the right hand of Eq. 4.8. These 

two terms describe the primary focal power of the lens that provides the offset of the focal region 

from the back surface. The remaining terms can be treated as phase aberration for the parabolic 

lens. Similar to theory of using an aberrated lens system [124], this phase aberration extends the 

DOF.  Therefore I can design a hybrid GRIN axicon lens by utilizing an off-the-shelf GRIN rod 
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lens to provide the primary focal power and a polymer GRIN phase plate to extend the DOF, 

shown in Fig. 4.5.  

 

Figure 4.5.  Demonstration of the design of the hybrid GRIN axicon lens.   

The commercial GRIN rod lens used here is from Edmund optics, part# NT64-525. The 

index profile of this  GRIN rod lens is  

              
432 104.4107.0629.1 rrn −×+−= ,       (4.11) 

where r is measured in minimeter.  The polynomial index profile of the GRIN phase plate is 

expressed as  

         
3

3
2

210 rnrnrnnn +++= ,                    (4.12) 

where 0n  is the bulk refractive index of the LBR polymer with a value of  approximiately1.5. 

Through an optimization process, the index profile of the polymer phase plate becomes  
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303.0002.05.1 rrn +−= ,                    (4.13) 

where r has a unit of minimeter.  The index profile optimization of the polymer phase plate will 

be discussed in Sec. 4.3.3. The optimized index profile of the phase plate is shown in Fig. 4.5. 

Now the peak index change of the polymer GRIN phase plate is only 0.003, which is in the linear 

index formation region from the material modeling in chapter 3.  

4.3.3 Index profile optimization of the polymer GRIN phase plate 

This section will demonstrate a radial BPM program that is implemented in MATLAB to 

optimize the index profile of the phase plate. The three parameters n1, n2 and n3 in Eq. 4.12 are 

varied while the simulated point spread functions across the focus region from the BPM program 

are characterized to calculate the DOF.   The goal of the optimization is to find the largest DOF in 

the three-dimensional search space defined by parameters n1, n2 and n3. 

The depth of focus is defined as the axial extent of the focus region that meets four 

requirements: (1) The transverse resolution is less than 2 µm; (2) The fractional encircled power 

is more than 4.5%. The fractional encircled power is the ratio of the power carried by the central 

lobe within the 1/e2 beam radius to the total power of the Bessel field; (3) The intensity drops less 

than -20 dB compared with the peak intensity before the focal position and the intensity drops 

less than-6dB compared with the peak intensity after the focal position; (4) The ratio of the peak 

intensity between the first side lobe and the main lobe at 800 nm is less than 0.17. 

Professional optical design software, such as Zemax, is typically used to optimize optical 

systems. However the polynomial index profile of this phase plate requires a custom-made 

Zemax dll file. Also, the Zemax cannot evaluate the given specifications for calculate the DOF.  

Finally, I show that the DOF is an ill-conditioned merit function in that it is discontinuous in the 

search variables n1, n2 and n3.  This defeats the deterministic gradient optimization methods built 

into Zemax.  In summary, the GRIN axicon design problem is not well-matched to commercial 

ray-tracing optimization software such as Zemax. 
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Thus I used a radial BPM program written in MATLAB to simulate the performance of 

the hybrid GRIN axicon lens. The simulation space is shown in Fig. 4.6-(a). The phase plate has a 

thickness of 2mm and a third-order polynomial index profile. The window has a thickness of 0.5 

mm and uniform index of refraction of 1.515. The GRIN rod lens has a thickness of 2.5mm and 

an index profile from Eq. 4.11. The tissue-filled region behind the OCT endoscope probe is 

modeled as a saline solution with a refractive index of 1.33.  

Since the index distributions of the phase plate and the GRIN rod lens are all circularly 

symmetric, a Fourier split-step BPM program implemented in polar coordinates is used to 

optimize the index profile of the phase plate to gain the maximum DOF. This radial BPM method 

use Hankel transforms of zero order based on a Fourier-Bessel series expansion [125]. Figure 4.6-

(b) shows the intensity of the Gaussian beam that propagates through the index distribution setup 

shown in Fig. 4.6-(a). The radius of the Gaussian beam is chosen so that 70% of the beam 

intensity will pass through the clear aperture of 1mm. This truncated Gaussian beam goes through 

the polymer GRIN phase plate, the window and the GRIN rod lens to focus in the saline solution 

2mm from the back surface of the GRIN rod lens.  
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Figure 4.6.  Simulation of the index profile optimization of the GRIN phase plate through 
a MATLAB simulation program. (a) is the index distribution setup for the simulation. (b) 
is the simulated intensity distribution of the hybrid GRIN axicon lens. 

Now zoom in the focus region to see the point spread function characteristics, show in 

Fig. 4.7. Z is the back focus distance across the focus region. The DOF is calculated based on the 

intensity distribution cross the focus region.  



103 

 

 

Figure 4.7.  The simulated intensity distribution at the focused region of the hybrid GRIN 
axicon lens 

As discussed before, the DOF is defined as the length, in z, where the focus region meets the four 

requirements. I marked the focus regions that meet each of the four requirements respectively, 

shown in Fig. 4.8.  The red region in Fig 4.8-(a) is the focus region that has a transverse 

resolution less than 2µm. The transverse resolution is defined as the FWHM of the main lobe of 

the intensity distribution in the focus region. The green region in Fig. 4.8-(b) is the focus region 

that meets the fractional encircled power specification. The pink region in Fig 4.8-(c) is the focus 

region that meets the on axis peak intensity requirement. The blue region in Fig. 4.8-(d) is the 

focus region that meets the slide lobe ratio requirement.  
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Figure 4.8.  Demonstration the four requirements to defined the DOF.  

The DOF of the simulated lens is shown in Fig. 4.9, which meets all the four 

requirements. As can be seen in Fig. 4.8-(a), small oscillations in the point spread functions (PSFs) 

cause the DOF to be discontinuous in lens specs, defeating deterministic optimizers.  Thus, a 

direct search method is used to calculate the DOF while varying the parameters n1, n2 and n3 in 

Eq. 4.12. 
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Figure 4.9.  The region that is defined as the DOF. The dip at ~1950µm is due to the 
slight oscillation for meeting the transverse resolution shown in Fig. 4.8-(a).  

The direct searching results are shown in Fig. 4.10. Several restrictions are placed during 

the direct searching: (1) the allowed peak index change is less than 0.005; (2) all the thicknesses 

are fixed; (3) the polynomial index curve is only to third orders. These restrictions reduce the 

researching time but limiting the searching space.  

 

Figure 4.10.  Demonstrate the direct search results for optimized the index profile of the 
GRIN phase plate.  

DOF

dip
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The best result is the circled one with the DOF of ~275µm and the peak index of 0.003. 

The optimized index profile is shown in Fig. 4.11. I brought the edge of the optimized index 

profile down in order to practically make this index structure in the diffusive polymers. Next 

section, I will show the procedure to fabricate the polymer GRIN phase plate and assemble with 

the GRIN rod lens to form the hybrid GRIN axicon lens.  

 

Figure 4.11.  Index profile for the GRIN phase plate design. The blue dash line is the 
optimized index profile of the GRIN phase plate from the MATLAB simulation. The red 
solid line is the designed index profile for the galvo scanner to fabricate in the polymer 
sample.  

4.4 Fabrication of the hybrid GRIN axicon lens 

So far, I have demonstrated the design process for the hybrid GRIN axicon lens in the last 

section. The required index profile for GRIN phase plate is shown in Fig. 4.11. How to fabricate 

this hybrid GRIN axcion lens is the remaining challenge. In this section, I first elaborate the 

packaging and fabrication procedure. Then I explain why I used this procedure, which includes a 
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discussion of the problems that emerged during the package and fabrication process and the 

corresponding solutions.   

4.4.1 Fabrication procedure 

The lens geometry of the hybrid GRIN axicon I’ve made is shown in Fig. 4.12. The 

polymer material is cast into an aluminum tube with an inside diameter of 1.5mm. Two glass 

windows with thickness of 0.5mm are attached to the aluminum tube using the polymer itself as 

the adhesive. After the index structure is formed in the polymer and the index profile is 

quantitatively measured, a commercial GRIN rod lens, NT64-525 from Edmund Optics, is 

attached to the GRIN phase plate with a UV-cured polymer. This GRIN rod lens is polished from 

the length of 4.34mm down to 2.5mm. 

 

Figure 4.12.  The designed lens geometry of the hybrid GRIN axicon lens. (a) is the 
three-dimensional cartoon of the lens. (b) is the photo of the hybrid GRIN axicon lens 
I’ve made compared to the one cent coin. (c) shows the cross section of the lens. 

The fabrication procedure can be divided into 8 main steps, outlined below:  

Step 1 Insert the aluminum tubes into a plastic sheet with holes. The diameter of holes in the 

plastic sheet is 3.1mm, while the outside diameter of the metal tubes is 3mm. The 
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thickness of the plastic sheets and tubes is 2mm. Then, cast the polymers into the tubes. 

Two microscope slides are attached to both sides of the plastic sheet. In this way, the 

polymer tube samples are assembled into a wafer, shown in Fig. 4.13. This polymer tube 

wafer provides three advantages: (1) it avoids delamination and oxygen termination of 

the polymerization during the baking process; (2) it is efficient in that many phase plates 

are fabricated at once; (3) it reduces bubbles trapped in the polymers. 

  

Figure 4.13.  The photo of a wafer sample I’ve made with 16 polymer tubes. 

Step 2,  The whole wafer sample is pre-cured under a uniform, incoherent light at the 

wavelength of 405nm with a dose of 900mJ/cm2 to get rid of oxygen in the polymer. 

Next, the GRIN phase plates are exposed into the polymer tubes by using the rapid 

galvo scanning system that is shown in Fig. 4.14. Since the LBR photopolymer is 

insensitive to the red light, a He-Ne laser is used as the probe beam for a confocal 

detector setup. This scanning confocal detector locates the front air/glass and back 

glass/air surfaces and the center of the polymer tube. Then the rapid galvo scanner draws 

a 2D exposure dose distribution in the polymer tube to form the index change of the 

designed GRIN phase plate.  

3mm
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Figure 4.14.  The optical layout of the galvo scanning system, which is used to fabricate 
the GRIN polymer phase plates. 

Step 3,  The exposed wafer is baked in the oven at constant temperature 600C for several days. 

This baking process provides two benefits: (1) it increases the monomer diffusion speed, 

thus reduces the required develop time; (2) it can increase the index change by about 2 

times compared to samples developed at room temperature, which is demonstrated in 

Sec 3.3 in chapter 3. This baking process in fact is required to get the peak index change 

of 0.003. The maximum achievable index change without the baking process in the LBR 

polymer is approximately 2.2×10-3.  

Step 4,  Test the index profiles of the GRIN phase plates in the wafer using a Shack-Hartman 

wavefront sensor setup discussed in Sec. 3.5 in chapter 3. 

Step 5,  Disassemble the wafer sample into individual polymer tubes.  First, heat the wafer 

sample in the oven to 800C to loosen the bonding between the polymer and the glass 
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slides.  Then delaminate the two microscope slides from the wafer sample. Finally, 

disassemble the individual tube from the plastic sheet.  

Step 6,  Attach two windows with thickness of 0.5mm and diameter of 1.5mm to each polymer 

tube. After the microscope slides are delaminated from the polymer tube surfaces, a 

concave curve is formed due to the polymer material shrinkage. I will discuss the 

material shrinkage in Sec. 4.4.2. Therefore, two windows will be applied to each side of 

the polymer tube. I use the matrix only formulation of the LBR as the adhesive, which is 

index matched.   

Step 7,  Measure the index profile of individual GRIN phase plate under the Shack-Hartman 

wavefront sensor setup. This step shows that the effective index profile of the phase 

plate is the same as the one measured in Step 4.   

Step 8,  Attach the off-the-shelf GRIN rod lens to the GRIN phase plate to form the hybrid 

GRIN axicon lens through an active alignment process, shown in Fig. 4.15. The GRIN 

phase plate and the GRIN rod lens are amounted to two 5 dimensional stages 

respectively. A 532nm laser beam is spatial filtered and collimated. The GRIN phase 

plate and the GRIN rod lens accept the collimated beam and focus it ~2mm away from 

the back of the GRON rod lens. The PSFs through the focus region are then magnified 

by the 40x microscope objective and captured by the beam profiler.   
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Figure 4.15.  The optical layout of the stage to assemble the GRIN phase plate with the 
GRIN rod lens through an active alignment procedure.  The inset shows part of the actual 
experimental setup to assemble the phase plate with the GRIN rod lens. The phase plate 
and the GRIN rod lens are hold by two custom-made plastic scaffolds respectively.  Each 
plastic scaffold is mounted to a 5D stage.  

The sample geometries during each step of the fabrication procedure are shown in Fig. 

4.16. The reader may wonder why I did not use the sample geometry in Step 7 to start with. In 

that case, dissembling the wafer and attaching the windows to the polymer tube steps can be 

avoided, simplifying the fabrication process. In fact, originally the GRIN phase plates were 

fabricated individually by casting polymers into each metal tube with two windows on both sides.  

However, during the polymer packaging and index structure development process, I found several 

problems, which lead to establish the 8-step fabrication procedure. Firstly, it is not easy to 

package the polymer tube sample individually, because both the tube and windows are small. 

Secondly, it is more likely to trap bubbles in the polymer tube during the individual sample 

packaging process than the wafer making process. Thus the yield for the individual sample 

packaging is much lower.  More importantly, during the baking process, the windows are likely to 

delaminate from the polymer. This delamination leads to two problems, material shrinkage and 

oxygen diffusion into the polymer which terminates the polymerization, limiting the index change.  
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Figure 4.16.  Demonstration of the sample geometries during each step of the 8-step 
fabrication procedure 

Baking the sample helps to speed up the monomer diffusion process. At room 

temperature the measured monomer diffusion constant in LBR is about 0.05µm2/sec, which is 

calculated through the equation diffusiondiffusion Ltv =2  , where vdiffusion is the monomer diffusion 

constant, t is the diffusion time, and Ldiffusion is the monomer diffusion length. Given the radius of 

the fabricated GRIN phase plate is about 0.6mm, it takes about 20 days for the monomers to 

diffuse from the outside of the exposed region to the center of the exposed region. To accelerate 

this process, I placed the sample in the oven at 600C after exposure, which is estimated to 

increase significantly the diffusion speed, thus reducing the development time. However, baking 

the individual polymer tube samples will cause the windows to delaminate from the polymers, 

due to the difference in the thermal expansion coefficients of the polymer and the aluminum tube.  

This delamination leads to two major problems during the GRIN phase plate fabrication. The first 

problem is polymer shrinkage that forms a concave surface, as the polymer now is not bonded to 
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the window surface. The second problem is the contamination by oxygen from the atmosphere 

that can freely diffuse into the polymer, which terminates the polymerization process. I will 

discuss the polymer shrinkage in Sec. 4.4.2 and discuss the oxygen problem in Sec. 4.4.3.  

4.4.2 Material shrinkage 

Material shrinkage may introduce stress and deformation in the polymer sample. Thus 

polymer packaging design needs to accommodate these weaknesses of the polymer material. First, 

stress in the polymer caused by the material shrinkage is qualitatively tested. The polymer is cast 

into a plastic sheet with holes with diameter of 1mm.  The plastic sheet is sandwiched by two 

standard microscope glass slides.  Three polymer samples, with thickness of 1mm, 2mm and 

3mm respectively, are tested under a bright field microscope with two crossed polarizers. The 

microscope images are shown in Fig. 4.17.  Low stress is observed in the polymer before the final 

flood cure step, which implies very low shrinkage stress during the matrix solidification.  Some 

stress is observed after the flood cure step, but the stress is confined to edges with stiff 

mechanical boundary. Therefore, the inside diameter of the metal tube is chosen to be 1.5mm, 

which is larger than the size of the index structure of the designed GRIN phase plate.  This 

relative large tube size provides two benefits: (1) avoiding the stress at the stiff mechanical 

boundary; (2) providing a monomer source to form index structure for the GRIN phase plate.  
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Figure 4.17.  Stress testing results of the polymer samples in aluminum tubes with 
thickness of 1mm, 2mm and 3mm. The images are captured by a bright field microscope 
with two crossed polarizers. The upper row images are taken before the samples are flood 
cured. The lower row images are taken after the samples are flood cured.  

Next, the uniformity of the polymer tube sample is quantitatively measured by a Shack-

Hartmann wavefront sensor, shown in Fig. 4.18.  The polymer thickness of the tube sample is 

2mm and the diameter of the polymer is 1.5mm. The maximum measured optical path difference 

is about 0.5µm, which is equivalent to a peak index change of 2.5×10-4.  This optical path length 

variance in the polymer tube sample may be due to the nonuniformity of the glass slides thickness 

or stress during the matrix solidification to cause the polymer thickness to be uneven.  
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Figure 4.18.  The measured uniformity of the polymer tube sample. (a) shows the sample 

geometry. (b) is the two dimensional plot of the measured OPD. (c) is the x cross section of 

the measured OPD. (d) is the y cross section of the measured OPD.  

 

Then, I removed the glass slides from the polymer to mimic the delamination during the 

baking process and to measure the material shrinkage. After the two glass slides are removed, 

concave surfaces are formed in the polymer sample. The optical path length of the polymer is 

quantitatively measured using a Shack-Hartmann wavefront sensor. The measured results are 

shown in Fig. 4.19. Assuming that the density of the polymer is uniform, the volume shrinkage of 

the polymer in the metal tube is calculated to be ~ 0.3%.  This estimated shrinkage value is 

consistent with published values for commercial two-component diffusive photopolymers such as 

those from InPhase TapestryTM polymers [16].  This 0.3% volume shrinkage in the polymer tube 

sample is equivalent to a peak index change of ~6×10-3, which is two times of the required index 
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change for the GRIN phase plate. Thus material shrinkage after delamination will destroy the 

intentionally introduced index structure in the polymer tube sample.    

 

Figure 4.19.  The deformed polymer surface due to material shrinkage in the tube sample 
without glass slides on both sides. (a) shows the sample geometry. (b) is the two 
dimensional plot of the measured OPD. (c) is the x cross section of the measured OPD. (d) 
is the y cross section of the measured OPD.  

The delamination and material shrinkage problems can be solved by reattaching the glass 

windows back to the polymer tube sample. In order to index match with the polymer and avoid 

another flood-cure process, a matrix-only formulation of the LBR polymer is used as an adhesive 

to reattach the windows to the polymer tube. The measured index profile before and after the 

window reattachment for an individually packaged polymer tube sample is shown in Fig. 4.20. 
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Figure 4.20.  The measured index profiles of a individually packaged polymer tube 
sample:  (a) when the windows was delaminated from the polymer; (b) after the windows 
were reattached to polymer. The missing part on the down-right corner is due to a small 
air bubble trapped in the polymer. 

4.4.3 Oxygen termination effect during the index development 

The window delamination during the baking process exposes the polymer to the air. 

Oxygen in the air diffuses into the polymer and terminates the index development process. Thus 

the index structure formed in the polymer is no longer what we expect to have. One example of 

the measured index profile for the GRIN phase plate with this oxygen termination effect is shown 

in Fig. 4.21. This is an individually packaged polymer metal tube sample. Delamination occurred 

at the polymer and window intersurface around the metal tube edge. After the index change in the 

polymer was fully developed, the window was removed and reattached to the polymer. Then the 

index profile is measured by the Shack-Hartmann wavefront sensor. The peak index change is 

only half what is expected and the index shape also shows the evidence of the oxygen termination 

effect around the metal tube edge.  

Oxygen termination is also the reason that I switched from a plastic tube to a metal tube. 

A polymer cylinder can be formed in an acrylic-like plastic tube, which can be conveniently made 

with a 3D rapid prototyper. However, this plastic stores and transmits atmospheric oxygen. Thus 

even though the polymer tube sample is pre-cured to clear out the effect of oxygen, the oxygen 
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that continuously diffuses from the plastic tube shuts down the polymerization and prevent 

formation of the desired index structure.   

Thus, I established the 8-step fabrication procedure to solve the material shrinkage and 

oxygen problems, in order to form the required index structure in the polymer tube sample. 

 

Figure 4.21.  The measured index profile for the GRIN phase plate with oxygen 
termination effect around the edge. (a) is the measured two-dimensional index plot. (b) is 
the cross section of the measured index compared to the exposure dose distribution.   

4.5 Experiment results 

4.5.1 Index profile of the GRIN phase plate 

The measured index profile of the GRIN phase plate is shown in Fig. 4.22. It is the 

experimental result of Step 7 during the frabricaiton procedure. The eposure dose distribution is 

designed assuming that the index change responds linearly to the exposure dose. The index 

profile is calcuated from the measured optical path difference, assuming that the index 

distribution through the entire length of the polymer tube sample is uniform. Given the measured 

transmission of the LBR polymer is 0.89/mm and the thickness of the polymer tube sample is 

2mm, this assumption is reasonable.  The measured index profile has a peak index change that 

meets the design requirment. Also the measured index profile is very close to the exposure dose 

distribution , except that the center part of the index profile is higher than the expected. The 

potential reason and the way to fix it will be discussed in Sec. 4.6. This similarity of the measured 
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index shape to the exposure dose confirms that the total exposure time is sufficiently smaller than 

the characteristic time of polymerization that the exposure, although sequential, is effecitively 

instantaneous.  

 

Figure 4.22.  The measured index profile of the GRIN phase plate I made.  (a) is the 
exposure does pattern. (b) is the measured two-dimensional index plot. (c) is the 
comparison between the cross section of the index structure and the exposure dose 
pattern. 

I aslo confirmed that the delamination and reattachement of the windows to polymer tube 

sample has  negligible effect on the function of the GRIN phase phate, by comparing the 

measured index profile from Step 4 to that of Step 7, shown in Fig. 4.23. Thus, it validates the 8-

step fabrication procedure.   
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Figure 4.23.  The index profile of the GRIN phase plate compared at Step 4 and Step 7 
validates the fabrication procedure. (a) is the measured index profile plot from Step 4; (b) 
is the measured index profile plot from Step 7; (c) is the cross-section index profile 
comparison between Step 4 and Step 7.   

4.5.2  DOF of the hybrid GRIN axicon lens 

This section shows a preliminary performance test of the hybrid GRIN axicon lens to 

extend the DOF.  A complete characterization of the hybrid GRIN axicon lens will be carried out 

at the MGH research group.  

After the commercial GRIN rod lens is attached to the GRIN phase plate, the point spread 

functions through the focus region are captured by a beam profiler. The test setup is shown in Fig. 

4.15. The measured PSFs through the focus region are shown in Fig. 4.24. Due to the lack of the 

required laser source, these PSFs are measured at the wavelength of 532nm. The DOF is 

calculated based on the main lobe diameters. The main lobe diameters are ~2µm over a focus 

region of 300µm, shown in Fig. 4.25.  On the other hand, the DOF of the commercial GRIN rod 
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lens only is measured to be < 20 µm, shown in Fig. 4.26.  This demonstrates that the hybrid 

GRIN axicon lens I have made extends the DOF by more than 10 times.  

 

Figure 4.24.  The measured PSFs of the hybrid GRIN axicon lens from the beam profiler 
through the focus region. The color bar stands for the intensity scale.  
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Figure 4.25.  The main lobe diameters over the focus region for the hybrid GRIN axicon 
lens I have made. 

 

Figure 4.26.  The measured PSFs of the glass GRIN rod lens from the beam profiler 
through the focus region. The color bar stands for the intensity scale. 

4.6 Conclusions  

I have demonstrated the design, fabrication and testing process for a hybrid GRIN axicon 

lens. This hybrid GRIN axicon includes an off-the-shelf GRIN rod lens to provide the primary 

optical power to offset the focus and a polymer GRIN phase plate to extend the depth of the focus.  

A radial BPM MATLAB simulation program is used to directly search for the optimal index 

profile of the GRIN phase plate. An 8-step fabrication procedure is established to make the 

designed index in a polymer metal tube sample. This 8-step fabrication procedure solves various 

problems that emerged during the index fabrication process, such as clearing out oxygen effect 
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and accommodating material shrinkage.  The fabricated index profile of the GRIN phase plate is 

measured by a Shack-Hartman wavefront sensor.  

The introduced index structure in the polymer metal tube sample yields a good fidelity, 

except that the center part of the lens has a higher index than the designed. I believe that it is 

caused by the depletion of the photoinitiators during the exposure. Thus, I converted the exposure 

dose distribution into the photoinitiator consumption distribution and then compared to the 

measured index profile, shown in Fig. 4.27.  The measured index profile yields a better fitting 

with the photoinitiator consumption distribution than the exposure dose pattern. This is also 

confirmed by the index formation model I derived in chapter 3. Thus, the index formation model 

provides the guidance to  improve the fidelity of the fabricated index structure as follows:  (1) 

calculate a TPO consumption to replicate the required index profile; (2) convert the TPO 

consumption distribution into the corresponding the exposure dose pattern; (3) then make the 

index structure with the designed exposure dose pattern. 

 

Figure 4.27. The measured index profile yields a better fitting with the photoinitiator 
consumption distribution than the exposure dose pattern. (a) is comparison between the 
measured index profile and the exposure dose.  (b) is comparison between the measured 
index profile and the normalized photoinitiator consumption. 

A preliminary measurement of the PSFs through focus region demonstrates that the 

hybrid GRIN axicon lens I’ve made has a transverse resolution of ~2μm across a DOF of ~300μm 

at the wavelength of 532nm.  There is a more than 10 times improvement for the DOF, compared 
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to the PSFs that are measured for the GRIN rod lens. However, a more rigid procedure is needed 

to characterize the performance of the hybrid GRIN axicon lens to extend the DOF.   
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Chapter 5 

Uniform and Tapered Single-Mode 3D 

Waveguides      

5.1 Introduction 

This Chapter demonstrates single-mode uniform and parabolically tapered three-

dimensional (3D) waveguides fabricated via direct-write lithography in the TapestryTM HDS 3000 

photopolymer. Modulation of the writing power is shown to compensate Beer-Lambert 

absorption in the single-photon initiator and to provide a precise control of modal tapers.  A 

laminated sample preparation is introduced to enable a full 3D characterization of these modal 

tapers without the need for sample polishing, which is difficult for this class of polymer.  The 

accuracy and repeatability of this modal characterization is shown to allow precise measurement 

of propagation loss from single samples. These testing procedures are used to demonstrate single-

mode waveguides with an excess propagation loss of 0.147 dB/cm and symmetrical tapers up to 

1:2.5 using 1.5 microwatts of continuous write power at wavelength of 532 nm. Uniform 

waveguides through transmissive optics and with reflective optics are also demonstrated.  

Traditional optical waveguide circuits are planar devices with uniform thickness and 

discrete index profiles. In the past decade, there has been growing interest in 3D waveguides 

whose paths, peak indices and cross section can all be controlled along an arbitrary guide path. 

These additional degrees of freedom enable novel optical circuits and may provide a platform for 

the interconnection of fiber and other traditional waveguide devices, including mode 

transformations. 

Current approaches to 3D waveguide fabrication can be characterized by the lithography 

method (direct write vs. “self-written”) and the material photo-response (multiphoton vs. single 
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photon). The most common technique is 3D scanning direct-write lithography with a 

femtosecond laser which undergoes multiphoton absorption at the focus to locally change the 

index of refraction of glass or polymer[ 126, 127, 128]. This method is popular because the 

lithography approach provides programmable 3D control over the waveguide path and the 

nonlinear absorption confines the response to the focal region. The primary disadvantages are low 

fabrication speed enforced by the small multiphoton cross section and difficulty in aligning the 

waveguides to other devices. The second common approach is to “self-write” waveguides in a 

one-photon sensitized photopolymer. Here, light from a stationary focus or embedded fiber is 

introduced directly into the photopolymer, forming a waveguide which propagates into the 

polymer in a soliton-like fashion [129]. The advantages of this approach are its simplicity and the 

automatic alignment of the self-written waveguide to an embedded or butt-coupled source. 

However this technique has limited control over the shape and direction of the resulting 

waveguides and single-mode operation has not yet been demonstrated over millimeter scale 

[ 130 , 131 ]. Finally, nearly all studies of 3D waveguides to date have performed limited 

characterization because the deeply buried, gradient-index guide is not compatible with 

profilometry, prism coupling or other measurement methods designed for planar devices. This 

lack of characterization methods is particularly problematic for studies of non-uniform guides 

such as modal tapers [132,133,134]. 

In this work, I investigate the use of direct-write lithography, which provides control over 

the waveguide path and mode, with a one-photon photopolymer, which requires only a low-

power continuous laser source. Specifically, I show that direct-write lithography with a µW laser 

focused into a one-photon photopolymer can form symmetric, single-mode, 3D waveguides. The 

power of the writing laser is varied to compensate for absorption and to create precisely 

controlled modal tapers. 
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Additionally, I report test procedures for deeply-buried polymer waveguides not 

compatible with existing measurement techniques. The waveguides written are small (diameter < 

10 µm), weak (peak index change < 0.01) and deeply embedded in thick (mm) polymers, 

defeating most index and modal characterization methods. Near-field techniques such as electron 

microscopy and profilometry can provide precise index shape of ridge planar waveguides, but do 

not apply to embedded 3D waveguides. Phase microscopy such as differential interference 

contrast (DIC) microscopy [54] typically offers a qualitative, but not quantitative, index picture. 

Quantitative phase microscopy has been reported [55], but is limited to physically thin objects. 

Specialized methods for index profiling of 3D waveguides and fiber cores including modified 

optical diffraction tomography (ODT) [135], scanning transmission microscopy [7] and reflection 

scanning [136] do not provide a complete 3D measurement of the guide index. This incomplete 

characterization prevents the calculation of the critical waveguide properties including mode size, 

shape and loss. 

An alternative is to forgo index measurement and instead to directly measure modal 

properties along the guide length. The prism-coupling method is commonly used for planar 

waveguides, but it is not applicable for deeply embedded 3D waveguides. The cutback method 

allows mode characterization of 3D waveguides including tapers but requires an optical-quality 

polish after each cut. While appropriate for inorganic glasses and crystals, this polishing step is 

often impossible for polymers, particularly those with low glass transition temperature as used 

here.   This lack of index or modal test methods for 3D glass and polymer waveguides is reflected 

in virtually no reported characterization beyond total loss and end-facet mode profile.   

Here, I introduce a procedure that enables optical-quality cut-back surfaces in polymers 

that cannot be cut or polished. Thick, optical-quality materials are first fabricated as laminates of 

a number of thin polymer layers.  After waveguide lithography, the layers are separated and 
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independently tested for modal properties. This provides complete characterization of modal 

properties as a function of distance along the guide.   

I use this test procedure to show symmetric 3D tapered and untapered polymer 

waveguides and confirm that they are single mode over a length of 10mm. Precise 

characterization of the mode profile allows the total measured loss to be separated into coupling 

and propagation loss. These measurements are used to verify the repeatability of uniform 

waveguide fabrication which in turn provides an accurate validation of the propagation loss 

measured via cutback.   

The outline for the rest of the chapter is as follows. Section 5.2 introduces and the 

photopolymer sample preparation for 3D waveguide fabrication.  Sec. 5.3 describes a direct-write 

lithography system that fabricates 3D photopolymer waveguides. A convenient power control 

method is employed to control waveguide tapers. Section 5.4 introduces a novel polymer sample 

preparation technique that achieves optical-quality cut-back surfaces in rubbery polymer without 

actually cutting these polymers. This technique, combined with an active mode imaging system, 

is demonstrated to precisely characterize the mode profiles along the deeply-buried 3D 

waveguide. The single-mode waveguide performance is confirmed and various waveguide mode 

tapers are presented in Sec 5.4.  Two types of loss measurement methods are presented in Sec. 5.5. 

Finally, Section 5.6 discusses two extensions of uniform 3D waveguides, namely waveguide 

through thin optics and sharp waveguide bends. Section 5.7 summarizes this chapter.    

5.2 Diffusive photopolymer samples 

Photopolymer offers several advantages over glass as a material platform for optical 

waveguides including greater optical sensitivity, widely tunable material properties and lower 

cost. However, polymers used for 3D waveguides must self-develop an index change in response 

to light, unlike 2D waveguides in which wet chemistry (e.g. solvents) can be used to develop 

structure [13]. For example, multiphoton absorption writing uses the increased index of the 
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photopolymerized region at the focus [126,127].  Unfortunately, the structure is only stable so 

long as one-photon or thermal processes do not cause the large remaining quantity of initiator and 

monomer to react. Since this assumption is not applicable for one-photon absorbers, an additional 

process is required to form permanent structures in 3D one-photon polymers. 

Diffusive photopolymers were originally developed for holographic data storage (HDS) 

[ 137] and have recently been adapted for 3D optical interconnections [130, 134, 138]. As 

discussed in chapter 1, typical diffusive photopolymers consist of two chemical components: one 

that forms a solid yet flexible matrix and the photo-active components consisting of an initiator 

that absorbs a fraction of the incident light to form radicals and a monomer that polymerizes by 

reacting with this photoinitiator. A localized illumination therefore creates a high molecular-

weight polymer within the illuminated region through the consumption of low-molecular-weight 

monomers. This local depletion of monomers causes monomers to diffuse into the exposed region, 

resulting in an area of increased density and refractive index. After this mass transport has locally 

increased the refractive index, a uniform optical exposure is used to consume all the remaining 

initiators and monomers, rendering the polymer chemically and optically inert. 

The diffusive photopolymer used in the work of this chapter is InPhase Technologies 

TapestryTM HDS 3000 polymer, with two modifications. The absorbance of the commercial 

formulation is optimized for samples with 1-2 mm thickness which would allow only a small 

amount of the incident light to reach the back of a sample with thickness of 10mm as used later in 

this chapter.  Thus a custom formulation was ordered with ½ density of the normal photo-initiator. 

The second modification is the use of O2 as a radical inhibitor.  This is present due to diffusion 

from the atmosphere but can be removed prior to use of these materials via a nitrogen bath or an 

optical pre-cure process. This process was skipped in the study of this chapter to leave the O2 in 

the material. Two sample formation geometries are used in this chapter: slide samples with a 

thickness of 1mm and rectangular glass cuvette samples, shown in Fig. 5.1. 
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Figure 5.1. Two sample formation geometries used in 3D waveguides fabrication and 
testing. (a) Cuvette sample: photopolymer material HDS 3000 with half photoinitiator is 
casted into a glass cuvette with size of 5mm×10mm×50mm.  (b) Slide sample:  
photopolymer material is casted into a 1mm polymer layers between two pieces of glass. 
The polymer layer later is delaminated from the glass and stacked together to form an 
optical-quality thick sample for 3D characterization of the waveguides. 

The cuvette samples are used for a qualitative study of the taper properties of the 3D 

waveguides, which helps to narrow down the writing condition for uniform 3D waveguides. 3D 

waveguide arrays are written into the cuvette samples in the direction with a polymer thickness of 

10mm.  The Beer-Lambert absorption will naturally taper the waveguides if the incident power is 

held constant.  Therefore, by varying the incident power while writing the waveguide, the taper 

properties of the 3D waveguides can be controlled. The waveguide fabrication process and the 

taper control method are demonstrated in detail in Sec. 5.3.  After the waveguides are formed in 

the cuvette sample, the side view of 10mm long 3D waveguide is imaged under a DIC phase 

microscope.  The front, middle and back portions of the waveguides are imaged separately. Two 

sets of images of waveguides under different exposure condition are shown in Fig. 5.2. By 

comparing the waveguide widths in the front, middle and back position, a proper power control 

modulation curve is achieved to fabricate roughly uniform 3D waveguides over 1cm length.  For 
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example, the waveguides with power modulation curve TEff = 0.65 gain more uniformity than the 

waveguides with the power curve TEff = 0.70, shown in Fig. 5.2. The power modulation is 

discussed in Sec. 5.3.2.   

 

Figure 5.2.  DIC microscope images of waveguides with the different power modulation 
curves. The photopolymer used for these two waveguides is the LBR polymer with 0.2% 
photoinitiators, which is discussed in chapter 3. (a) The writing power is 10.1 µW at the 
front surface, modified by power profiles TEff = 0.75. The writing velocity is 1mm/s. (b) 
the writing power is 10.1 µW at the front surface, modified by power profiles TEff = 0.70. 
The writing velocity is 1mm/s. 

The slide samples are used to build a stacked thick sample for characterizing the mode 

profile along the 3D waveguide without the need to cutback the waveguide, this method is 

defined as pseudo-cutback method in this thesis and demonstrated in Sec. 5.4. 

The one-photo initiation and self-index-development make the diffusive polymer 

attractive for 3D waveguide fabrication. For example expensive high power pulse laser is not 

required. However, these advantages also come at a cost: they make the polymer very sensitive. 

Any dusts or impurities in the sample or on the optics that is near the sample will produce 

filaments or scatter patterns in the sample.  Examples of such occurrences are shown in Fig. 5.3.  
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Figure 5.3.  DIC microscope images of waveguide arrays that show destructive effects 
due to dust or impurities in the material.  (a) The scatter pattern recorded in a waveguide 
grating with period of 50µm (b) The filaments formed in a waveguide grating with period 
of 50µm. 

In order to significantly reduce these destructive effects due to existence of dusts, several 

preventative procedures are employed during the sample preparation and waveguide fabrication 

process. Firstly, per-clean the cuvettes and glass slides used to make polymer samples. Second, 

filter the liquid material mixture through a pressure filter with a pore size of 0.2 µm. Third, a 

HEPA filter is stored above the direct-write lithography platform to keep the waveguide 

fabrication platform clean.   

5.3 Fabrication of 3D waveguides in diffusive photopolymers 

3D waveguides are fabricated using a direct-write lithography system, which can be 

implemented by moving the polymer sample primarily perpendicular or parallel to the optical 

axis. A laser beam of a wavelength that initiates polymerization is focused into the bulk of a 

photopolymer slab. By moving the polymer sample perpendicularly or parallel to the optical axis 

[9], a localized line of index change is created in the material, shown in Fig. 5.4.   
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Figure 5.4.  Waveguide fabrication by direct-write lithography through parallel writing or 
perpendicular writing  

As discussed in chapter 1, the index change created in the material is proportional to tI α , 

where I is the writing intensity, t is the time over which the material is illuminated, and α is a 

single fit parameter that describes the termination kinetics. Therefore, when the photopolymer 

slab is moved at a constant speed of v  and the movement distance is much longer than the 

Rayleigh range of the writing beam, the introduced index change in the perpendicular writing can 

be expressed as:  

  
dtzvtyxIzyxn ),,(),,( 0 +∝ ∫

+∞

∞−

αδ ,         (5.1) 

And for parallel writing, the index change is:  

   
dtvtzyxIzyxn ),,(),,( 0 +∝ ∫

+∞

∞−

αδ ,         (5.2) 

0I  is the incident Gaussian shape irradiance, expressed as 
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where P is the incident power, Z0 is the Rayleigh range, and w0 is the 1/e2 intensity radius at the 

laser focus. Previous research showed that α is ~ 0.75 for the InPhase HDS 3000 polymer 

modified for lower absorption by half the usual photoinitiator concentration [9].  Therefore the 

calculated index cross sections of waveguides fabricated by perpendicular writing and parallel 

writing are shown in Fig. 5.5.   

 

Figure 5.5.  The calculated index cross section of waveguides fabricated by (a) parallel 
writing and (b) perpendicular writing respectively.  

These two direct-write waveguide fabrication geometries have their own advantages and 

disadvantages. Perpendicular writing geometry provides convenience for wiring 3D waveguides 

over a large area, for example a big photopolymer wafer. However perpendicular writing tends to 

create asymmetrical guides and weak confinement in the z direction. Two technologies have 

developed to potentially correct these issues. Beam shaping has been demonstrated in 
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multiphoton absorption to create symmetrical waveguides [127,139]. However, beam shaping is 

much more challenging for the material with linear or sub-linear responses. A two-color 

irradiation scheme [140] is reported to achieve sub-diffraction spatial control over polymerization.  

Alternatively, parallel writing automatically creates symmetrical guides from a symmetrical focus. 

However the length of waveguide that can be written is limited to the working distance of the 

objective lens. A summary of these two writing geometries is shown in Table 5.1. 

Table 5.1:  Comparison of perpendicular writing and parallel writing for waveguide 

fabrication 

 Perpendicular Writing Parallel Writing 

Advantages Wire waveguides over large area circularly symmetrical guides  

Disadvantages 
Asymmetrical guides 

Weak confinement in z direction 

Working distance limitation 

Beer-Lambert absorption 

 

5.3.1 Parallel lithography to fabricate 3D waveguides 

The index structure written in parallel geometry is cylindrically symmetric and tightly 

confined, making the parallel writing more applicable for interconnection of hybrid encapsulated 

components.  Therefore the parallel writing geometry is used in this thesis work.  
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Figure 5.6.  Optical layout of the parallel direct-write lithography system. The 
logarithmic neutral density filter modulates the laser with large dynamic range naturally 
matched to the exponential Beer Lambert absorption. 

 
The optical layout of the direct-write lithography platform is shown in Fig. 5.6.  A 532nm, 

50 mW Coherent Compass 315M laser is used as the direct-write laser and a 660 nm, 60 mW 

Coherent Cube-660-60C laser as the confocal microscope probe laser.  The two wavelengths are 

chosen to be sufficiently separated so that the write laser efficiently initiates polymerization while 

the longer-wavelength probe laser is only very weakly absorbed by the photoinitiator.  However, 

the two wavelengths must also be sufficiently close so that chromatic aberrations of the common 

optics are minimized.  The unavoidable longitudinal chromatic aberration of the primary 

objective is compensated by shifting the z coordinate of the stage between sensing and writing.  

The Linos achromatic doublet with focal length of 20mm is used as the objective lens. Both lasers 

are modulated via Vincent Associates mechanical shutters. The confocal microscope is used to 

locate the position of the polymer sample. Then 3D waveguides are formed by focusing several 

μW of the CW laser into the moving polymer.   

Additionally, the 532 nm power is modulated by a variable ND filter, Thorlabs NDL-

10C-4, on a motorized stage synchronized to the sample motion. The stages used for both the 1D 

ND filter motion and the x,y,z part motion are Newport PM500s controlled by a PM500-C6 driver 
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and custom LabView software. Custom hardware and drivers are used to enable 790 Hz position-

synchronized measurements in the x axis. Two rotation axes, used primarily to orient the part, are 

motorized via Newport TRA12CC actuators controlled by a Newport EPS7000.  

5.3.2 Taper control  

The InPhase HDS 3000 media used for the waveguide fabrication in this chapter contains 

0.35% photoinitiator, which results in an absorption of ~10% per mm. Therefore, although the 

cm-thick polymer is optically thin, this weak Beer-Lambert absorption naturally tapers the 

waveguide index if incident power is held constant.  The front part of the material, which is closer 

to the writing objective lens, get higher exposure energy dose than the back part. Therefore, the 

peak index change of the front part of waveguide is larger and the size of the index profile is 

wider. These waveguides, with index tapered into two dimensions, are useful in applications 

involving mode converting, such as coupling the light from a laser diode into an optical 

fiber[141], interconnecting single-mode fibers to  waveguides with much more compact mode 

profiles[142,143] and etc. However in these applications, the index contrast and subsequently the 

mode field diameters along the waveguide taper need to be specifically designed and precisely 

controlled during the fabrication. This section introduces a novel taper control method for the 

parallel direct-write waveguide fabrication.  

As the introduced index contrast of the parallel writing express in Eq.5.2., the taper 

properties of the waveguide can be controlled in two ways:  by varying the writing velocity while 

holding the incident power constant; and by varying the incident writing power while holding the 

constant velocity.  For control using velocity modulation, the Newport PM500 linear stages in the 

writing platform have limited options. The only straightforward way to modulate the velocity 

during waveguide writing is to move the z stage at a constant rate of acceleration. The maximum 

acceleration is limited by the moving range and the maximum speed of the stage.  Alternatively, 

the taper can be controlled or eliminated by a logarithmic-variable neutral density (ND) filter, 
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Thorlabs NDL-10C-4, which is moved synchronously with the sample via Newport PM500 

stages. The transmittance along the logarithmic neutral density filter modulates the laser. This 

modulation offers a large dynamic range and is naturally matched to the exponential Beer 

Lambert absorption.  

Due to the Beer-Lambert absorption, the intensity of laser focus is attenuated 

exponentially when dragging the laser focus through the material to fabricate a waveguide, more 

specifically,  

                      
z

mTzyxIzyxI ),,(),,( 0= ,                             (5.4) 

where I0(x,y,z) is the laser focus intensity in the material, I0(x,y,z) is the incident laser focus 

intensity without material absorption and Tm is the pre-measured material transmittance, and z is 

the material depth to the focus in mm.. When the incident laser power is held constant while 

moving the polymer sample, I0(x,y,z) equals I0(x,y,0),  where I0(x,y,0) is the incident laser 

intensity when the laser focus is at the front surface of the material.. Tm is 0.92/mm for InPhase 

HDS 3000 polymer with 0.35% photoinitiator concentration. By moving the ND filter in parallel 

to writing the waveguide, the incident laser intensity is modulated as 

z
EffTyxIzyxI −= )0,,(),,( 00 ,           (5.5) 

where TEff is the effective material transmittance.  TEff depends on the attenuation modulation of 

ND filter, NDM and the ratio between the material moving velocity mv  and the ND filter moving 

velocity NDv  , which can be expressed as
NDND

m
Eff vM

vT = .  Therefore, by varying the velocity of 

the ND filter relative to the velocity of the polymer, the incident writing power can be modulated 

proportional to z
EffT − . Beer–Lambert absorption is compensated at the focus when TEff equals the 

pre-exposure transmittance of 1 mm of material.  

The intensity of laser focus in the material thus can be expressed as 
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In theory, if one wish to choose the velocity of ND filter movement such that TEff equals the pre-

measured material transmittance, the index change introduce into the material should be made 

uniform along the material depth. Alternatively, the index profiles of the waveguide can be 

tapered up or tapered down when the TEff is designed to be smaller or larger than the material 

transmittance. Therefore, taper properties of the waveguides fabricated in the parallel direct-

writing method are precisely controlled.  

5.4 Pseudo-cutback method for 3D mode characterization 

Both tapered and uniform 3D waveguides written into this diffusive photopolymer bulk 

are difficult to characterize by functions of length, because it is difficult to cut and polish polymer 

materials particularly the rubbery materials required for diffusion of the monomer. However, this 

difficulty can be overcome by exploiting the flexible nature of the polymer.  A pseudo-cutback 

sample preparation process is developed, enabling optical quality surfaces along the waveguides 

for testing without cutting the material. I demonstrate that the mode performances along the 

waveguides can be characterized using an active mode imaging system. The test results show that 

I can fabricate SM 3D polymer waveguides, which have a uniform mode profile over 8mm and 

mode tapers up to 1:2.5.  

5.4.1 Pseudo-cutback sample preparation method 

I utilized the flexible nature of the polymer and develop a sample preparation procedure 

in order to characterize the waveguide performance as a function of length, shown in Fig. 5.7. 

The outline of the procedure is as follows. First, the liquid polymer materials are cast between flat 

glass plates separated by 1mm spacers.  Room-temperature thermal polymerization solidifies the 

material into optical-quality slabs. The polymer slide samples are heated in oven at 600C in order 
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to reduce the bonding between the polymers and glass surface, making the separation of the 

polymer slab from the glass mode much easier.  Then bare polymer slabs are laminated together 

to form multi-mm samples. The coherent confocal microscopy verifies that the laminate 

boundaries have less than 0.1% reflectivity, indication of intimate contact. Glass microscope 

slides are then laminated to the front and back to act as optical windows. After waveguides are 

written and developed, the laminated stack is easily separated into optically-flat sections, 

avoiding the need to cut or polish the polymer. Since this material preparation process is different 

from the traditional cutback method, I call it “pseudo-cutback”. 

 
Figure 5.7.  Pseudo-cutback method developed for polymers that cannot be cut or 
polished. Step 1: Cast individual polymer layers. Step 2: Laminate the layers into a thick 
polymer sample. Step 3: Write guides through the laminated polymer sample. The 
material transmittance (dashed line), the incident power curve (dash-dot line) and power 
at the focus (solid line) along the depth are also shown. Step 4: Separate the stack sample 
the individual layers. Step 5: Test individual layers. 
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5.4.2 Active mode imaging system 

I have demonstrated the pseudo-cutback sample preparation method to achieve optical 

quality surfaces along the waveguide for testing without cutting the material. Here I present an 

active mode imaging system I have created to test the mode profiles of individual polymer layers, 

thus characterizing the taper performance of the waveguide. This active mode imaging system is 

integrated into the waveguide exposure platform, shown in Fig. 5.8. Each polymer layer is 

laminated to a front-surface metal mirror so that test of the waveguide can be performed in 

reflection.   

 

Figure 5.8.  Optical layout of the active mode imaging system for waveguide 
characterization. A typical measured profile from a single-mode guide in shown in  in the 
inset, which is nearly perfect Gaussian in shape.   

The incident laser focus with 2.6µm 1/e2 diameter is aligned to the buried waveguide 

front facet. The incident laser beam is coupled into the fundamental mode of the waveguide. This 

guided mode propagates through the waveguide, reflects at the front surface mirror, and 

propagates back through the waveguide. When the guided mode exits the waveguide, it diffracts 

and is captured by the writing objective lens.  Part of the captured beam goes to the confocal filter, 

while the rest of the beam goes to the mode imaging system. The coupling efficiency of the 
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incident laser beam into the guided mode is optimized by maximizing the power returned through 

the confocal filter, which rejects radiation modes and out-of-focus reflections to precisely 

characterize total round-trip loss. This precise round-trip loss measurement provides a convenient 

way to characterize the loss performance of the waveguides, which is used in Section 5.5.  

Without the waveguide, the incident laser beam diffracts through the 1mm polymer slab, reflects 

at the mirror. At most only 0.02% of incident light couples back to the detector. This reflection 

test method provides two advantages: (1) the path length is doubled, helping to separate guided 

from radiation modes; (2) only one alignment is needed, improving the repeatability of coupling 

loss measurement. 

The magnified image of the guided mode is captured by a commercial beam profiler, 

WinCamD-UCD12 from DataRay Inc. The focal length of the writing objective is 20mm, and the 

focal length of the imaging lens is 25mm, providing a magnification of 1.25. Then, a 40x 

objective lens is used to further magnify the imaged mode profile. The total magnification of the 

mode imaging system is calibrated by using a single mode fiber, or a mirror.  The light out of a 

single mode fiber patch cable, Thorlabs P1-630A-FC-1, at the wavelength of 633nm is imaged 

into the beam profiler. The mode field diameter at 633nm for the guided mode of the fiber is 

4.3µm. The imaged mode field diameter is 239.3µm, yielding a magnification of about 55.7. 

Alternatively, a collimated laser beam from the diode laser at 635nm is focused at the mirror. 

This focus spot with a field diameter of 4.0µm is imaged onto the beam profiler with size of 

228.7µm, yielding the magnification of about 56.6. I used a magnification of 56, which is the 

average of these two independent measurements, to calculate the mode size from the magnified 

images.   

A typical user interface of the beam profiler for the measured mode profile is shown in 

Fig. 5.9.  The effective diameter is used for the waveguide mode profile testing. The effective 

diameter is defined as the radius of a circle with the same size as all pixel areas that have the 
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intensity over 1/e2 of the peak intensity of the mode profile image. The quality of the measured 

mode profiles is characterized by ellipticity and the Gaussian fit parameter. The ellipticity is the 

ratio between the minor diameter and the major diameter. The Gaussian fit parameter is defined 

as
∑

∑ −
−

fit

fitm

f
ff

1 , where fm is the profile of the measured mode and ffit is the Gaussian fit 

profile.  This Gaussian fit is based upon a fit algorithm that, while keeping the total area and 

centroid of the fitted Gaussian curve the same as the measured profile, iteratively adjusts the 

height and width of the Gaussian until the least squares difference between the actual profile and 

the Gaussian profile is minimized. 

 

Figure 5.9.  A typical user interface of the beam profiler for mode profile measurement. 

5.4.3 Verification of single mode performance 

Next section of this chapter shows that the measured mode profile successfully enables 

calculation of coupling efficiency, allowing propagation loss to be extracted from total measured 

loss. However, such success hinges on the premise that the guides support only a single mode. 

Since the mode image shown in Fig. 5.9 could be the sum of the fundamental and one or more 
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symmetric higher-order modes, an independent test must be conducted to verify that only a single 

mode is present. Scanning the incident beam focus across the guide excites the fundamental and 

possibly higher-order anti-symmetric modes. Coupling efficiency versus offset to these multiple 

modes will be broader than coupling to a single mode.  This latter quantity can be calculated via 

the overlapping integral of two displaced Gaussian fields as shown in Fig. 5.10-(a) ~ (c). When 

the incident laser focus mode with radius w1 scans across the end facet of the buried waveguide, 

the incident laser mode couples into the waveguide and the confocal return is recorded. If the 

waveguide supports only a single Gaussian mode of radius w2, the coupling efficiency is 

predicted by the overlap integral of this mode and the offset Gaussian incident focus mode be 
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I measured the coupling efficiency with the offset only in x, y or z direction respectively. 

The coupling efficiency is measured via the confocal filter to reject extraneous signals such as 

surface reflections and radiation modes. As shown in Fig. 5.10-(d)~(f) the measured coupling 

efficiency agrees well with the theoretical prediction. This confirms that the waveguides support 

only a single mode. 
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Figure 5.10.  Verification of single-mode performance.  (a) - (c) are the test geometries 
for x, y and z direction respectively. (d) - (f) are the measured and theoretically calculated 
coupling efficiencies as a function of offset in the x, y and z direction respectively. 
Disagreement at z>0 may be due to uncorrected spherical aberration. 

5.4.4 Mode profile test results 

Mode profiles versus thickness for single-mode 3D uniform and tapered waveguides are 

presented in Fig. 5.11. These waveguides are written at 1mm/s using a focused spot of 4.36µm 

1/e2 diameter at wavelength of 532nm. The writing power is 1.5µW at the front surface, modified 

by three power profiles z
EffT −   along the waveguide’s depth. One example of these power profiles is 

shown as the dash-dot line in Fig. 5.7. The power profile with TEff = 0.71 yields a uniform 
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waveguide with mode diameters of approximately 5.2µm, while the modes of waveguides written 

with TEff = 0.73 and 0.75 are parabolically tapered. The mode profiles are nearly Gaussian 

(Gaussian fit quality [144] ≥ 0.92) and symmetric within measurement limits. The narrow error 

bars in Fig. 5.11 demonstrate the ability to write repeatable uniform and tapered waveguides. I’d 

like to point out one interesting finding. The pre-measured transmittance of the HDS 3000 

polymers with half photoinitiation concentration is 0.92, which is quite different from the 

effective material transmittance TEff = 0.71. In theory, TEff  should equal the pre-measured material 

transmittance in order to gain uniform index change along the material depth. This mismatch is 

due to the complicated photoinition kinectics [145] of this HDS 3000 polymer.  Two absorptive 

intermediate photoproducts are generated during photoinitiation, temporally increasing the 

absorptivity of the material and thus making it difficult to characterize this polymer material. This 

is one of the main reasons that we switch to the LBR polymer to fabricate GRIN structures with 

arbitrary index profiles, discussed in chapter 3.  

 

Figure 5.11.  3D characterization of tapered and untapered buried waveguides. The test 
procedure shown in  Fig. 5.10 verifies that the waveguides are single mode at all points. 
The error bars are one standard deviation of seven samples at each point, demonstrating 
the repeatability of the process. Dotted lines are parabolic fits to show trends. Accurate 
data for several points could not be taken because the coupling between incident laser 
mode and the guided mode plummets in the weakly guiding limit so that the mode could 
not be captured on the beam profiler. 
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Given the index profile of a waveguide, the mode profile is uniquely determined but not 

vice versa. The index profile of a waveguide is not uniquely determined by the mode profile. 

However I can estimate peak index change ∆n by assuming the index shape of the waveguide. 

Since the introduced index structure is proportional to the writing intensity with a single fit 

parameter, it reasonable to assume a Gaussian-shape index profile for the waveguides. For a 

single-mode waveguide with a Gaussian-shaped index profile
2)/(22

0
2 )( ρreNAnrn −+= , the field 

radius 0r  of the guided mode can be expressed as [146] 
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2

0
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=
ρ
ρ

NAk
r  *,         (5.8) 

where ρ is the radius of the index profile, NA is the numerical aperture of the mode, n0 is the bulk 

refractive index of the waveguide, and k0 = 2 π / λ0 is the vacuum wavenumber with λ0 = 635 

nm. Sublinear kinetics of radical photoinitiation [147] result in an index change proportional to 

Iα, where I is the writing beam intensity and α  is a single fit parameter [144]. Previous work has 

shown the sub-linear kinetic parameter α to be ~0.75 for this material [9].  Given

2
0 )/(2

0)( wreIrI −= , where w0 is the 1/e2 radius of the writing beam, the index profile is

2
0 )/(2)( wrern α−∝ , resulting )2/(0 αρ w= . Therefore, the calculated NA for the uniform 

waveguide shown in Fig. 5.11 is estimated to be 0.12. Since NA of a single-mode waveguide can 

be approximated as 2
0

2
0 )( nnnNA −∆+= , where n0 = 1.481, the estimated peak index change 

∆n is 4.64×10-3, which is consistent with holographic recordings in the same material [137]. 

                                                 

* In the reference [146], the mode field is defined as
2
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2
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0)(
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=ψψ  , while the mode field in the 

mode profiler measurement is defined as
2

0 )/(
0)( rrer −=ψψ . 
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5.5 Loss measurement for uniform single-mode polymer waveguides 

This mode characterization along the guide length enables simple and accurate 

measurement of propagation loss of a single waveguide via calculation and subtraction of 

coupling loss.  To confirm the accuracy of this measurement, I exploit the repeatability 

demonstrated in Fig. 5.11 to test individual waveguides with different lengths, shown in Fig. 

5.12-(a). Uniform waveguides are written with an exposure power of 1.5 µW and power profile 

TEff = 0.71 in three polymer slabs of thickness L = 1, 5, and 10 mm, respectively. Each slab is 

tested as shown in Fig. 5.8 to obtain a calibrated total round trip loss that only includes the excess 

propagation loss for length 2L and coupling efficiency, by calibrating out the reflection loss at the 

front surface mirror and absorption of the material. Excess propagation loss was obtained by 

fitting the results of four experiments at each length to a line, as by the standard practice of the 

cutback method, shown in Fig. 5.12- (b). Excess propagation loss of four samples of each length 

yields 0.147 ± 0.009 dB/cm waveguide loss. The y intercept from the linear fit gives the coupling 

loss, which equates 0.393± 0.124 dB. Coupling loss can also be calculated based on the overlap 

integral of the incident laser focus and the mode profile of the single mode waveguide. The 

calculated coupling loss turns out to be 0.413± 0.056 dB, which is close to the measured one.  

 
Figure 5.12.  Experimental layout and results of loss measurement for the uniform single-
mode waveguides. (a) is modified cutback method for the loss measurement. Couple the 
incident laser beam into the waveguide and capture the maximum power in the guided 
mode on the mode profiler. By comparing the power in the guided mode to the measured 
power when the incident laser beam is focused at the front surface mirror, the material 
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absorption and loss at the reflection surfaces are calibrated out.  (b) Loss versus guide 
length. 

This accuracy enables propagation loss measurement from a sample of a single length by 

subtracting the coupling loss calculated from the mode measurement from the total loss.  For a 

10-mm waveguide, the calibrated total round trip loss is 0.692dB. The calculated coupling loss 

due to mode mismatch is 0.413dB. Thus the excess propagation loss of the 10mm waveguides is 

0.140 ± 0.043 dB/cm, which agrees with the loss measured from the linear fit.  Since the 

calibrated total round trip loss excludes bulk material absorption, an independently measured 

material absorption of 0.141 ± 0.038 dB/cm needs to be added back to get a propagation loss of 

0.28 dB/cm. This bulk material absorption is primarily due to incomplete initiator bleaching, 

which reflects on the yellowish color of the sample even after the flood cure.  A new polymer 

material (the LBR polymer) is developed in our group to reduce the bulk material absorption at 

visible spectrum to a level that the absorption after the flood cure is mainly due to material scatter. 

This new diffusive photopolymer is initiated at the wavelength of 405nm.  The formulation and 

other advantages compared to the HDS 3000 polymer are demonstrated in chapter 3.  

The characterization of mode size and single-mode condition versus length enables 

precise understanding of the coupling loss even for tapered guides, which in turn permits 

measurement of propagation loss from a single sample length and avoids the need for cutback 

loss measurement.   

5.6 Two extensions of uniform single mode waveguides  

So far, I have shown that it is feasible to make single mode uniform 3D waveguides in 

diffusive photopolymers with excess propagation loss less than 0.15dB and symmetrical 

waveguide tapers up to 1:2.5, which are very useful for optical interconnection for hybrid 

integrated photonics. Optical interconnection is a ubiquitous problem in the fabrication of nearly 

all single-mode optoelectronic devices, because, unlike purely electronic circuits, the majority of 
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optical systems demand multiple materials that cannot be fabricated in a single process. These 

materials include drawn glass fiber, lithographically patterned semiconductors, deposited 

dielectric films, grown crystals, replicated diffractive elements and ground lenses [148]. Surfaces 

are cleaved, diced or polished, resulting in dimensional tolerances incompatible with passive 

registration of single-mode interconnects, even when the initial fabrication is lithographically 

precise. The active search for a solution to this problem is documented in journals [ 149], 

conferences [150] and textbooks [151]. A representative problem is interconnection of single-

mode waveguides. Examples include chip-to-chip communication, pig-tailing of lasers and fiber 

micro-optic components.  Micro-machined V-grooves have been used to passively align fibers to 

on-chip waveguides [152] but cannot match dissimilar modes, while on-chip grating couplers can 

couple from a near-normal fiber into a smaller waveguide but must be actively aligned and 

adhered to the chip [153].   Although such solutions are employed in niche applications, the 

method first formalized for telescopes [154] remains the one that is universally used. Specifically, 

the first of this step matches the two modes via waveguide tapers and/or micro-optics. The second 

step aligns the component to within several hundred nm to maximize performance of the active 

circuit. Then, attach the components to a mechanical scaffold using an adhesive. Finally, seal the 

enclosure to isolate the optical surfaces from the environment. The resulting device is (1) 

expensive and limited to small quantities due to active alignment, (2) large due to the scaffold and 

(3) delicate because of the nanometer tolerances held only by adhesive. These features are 

acceptable in high-value applications but not high-volume applications that demand the opposite 

characteristics. 

The unique characteristics of the diffusive photopolymer provide an alternative way to 

integrate a variety of thin transmission, reflective optics with single mode waveguides, making 

the diffusive photopolymer a highly preferable material platform for hybrid integrated optics 

applications.  The optical components are encapsulated in an initially-liquid diffusive polymer 
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that protects against contaminants.  The encapsulant hardens at room temperature, permanently 

fixing the component positions. The lithography system uses the microscopes [7] to determine the 

3D locations of the subcomponents to sub-100 nm precision. These coordinates and the known 

mode profiles are used to directly write a custom mode-matching interconnect. 

This section demonstrates two extensions of this 3D optical wire bonding in diffusive 

photopolymers. Waveguides fabricated by the parallel direct-write can naturally go through thin 

transmission optical elements or bounce back at the reflective optical elements to form sharp 

waveguide bends. The uniform single mode waveguide and these two extensions are essential for 

hybrid integrated optics applications.  

5.6.1 Waveguides through thin optics 

When demonstrating waveguides through thin optics, I used thin glass sheet instead of 

thin optics for simplicity. One 5mm bare photopolymer slab is laminated to each side of a thin 

glass sheet. A 1mm microscope slide is laminated to the front of the sample to provide a writing 

window and a front surface mirror to the back for waveguide characterization. The sample 

geometry is shown in Fig. 5.13. I used three thin glass sheets with thickness of 30um, 50um and 

100um respectively.   

 

Figure 5.13.  Sample geometry for direct-writing a waveguide through thin optics.  
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Waveguides are written into the sample by dragging the incident laser focus through the polymer 

sample. The exposure condition is the same as the uniform single mode waveguides demonstrated 

in Fig. 5.11. After the waveguides are formed, the sample is flood cured under an incoherent 

uniform light source. Then the waveguides are tested under the active mode imaging system to 

get the mode performance and the coupling loss through the thin optics. When the incident laser 

focuses at the front glass slide and polymer surface, without waveguides, the beam diffracts, 

shown in Fig. 5.14-(a). With waveguides, the incident light couples into the guided mode, which 

propagates through the waveguide, diffracts at the thin glass, and couples back to the waveguide, 

as shown in Fig. 5.14-(b).  

 

Figure 5.14.  Demonstration of the light guided in the waveguide through thin glass. (a) 
The incident laser focus diffracts without waveguide. (b) The incident laser focus couples 
into the waveguide. 

Given that the waveguides before and after the thin glass are identical, the coupling loss 

through the thin glass, demonstrated in Fig. 5.15, can be theoretically calculated as 
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where w0 is the mode radius of the uniform single mode waveguide at 635nm, z∆ is the thickness 

of the thin glass sheet, 
λ

π 2
0

0
wn

z =  is the Rayleigh range of the diffracted mode in the thin glass 

and n is the refractive index of the thin glass.  

 

Figure 5.15.  The coupling loss through the thin glass due to the shife in z. 

The measured mode field diameters and coupling loss of waveguides through thin glass sheets 

with different thickness are shown in Table 5.2. The mode field diameter is the mean of six 

measured data points for each sample.  The coupling loss is the mean of six measured data points 

for each sample.    

Table 5.2:  Experiment results of mode profiles and loss measurement for waveguides 

through thin glass with different thickness 

Glass 

thickness 

(µm) 

Mode field 

diameter 

(µm) 

Standard 

Deviation 

(µm) 

Coupling 

loss through 

glass 

(dB) 

Standard 

Deviation 

(dB) 

30 4.83 0.07 0.837 0.043 

50 5.13 0.04 1.353 0.041 

100 5.05 0.08 5.413 0.014 
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The comparison of the measured coupling loss to the theoretical calculated ones is shown 

in Fig. 5.16.  The mismatch between theoretical calculation and experiment measurement are 

0.2881dB, 0.2908dB and 0.1084dB respectively for 30um, 50um and 100um thin glass.  Such 

differences, all of which are within 0.3dB, may be attributed to shift between the two layers, 

which might be caused by the material shrinkage during the flood-cure step and/or different 

thermal expansion coefficient between the polymer and the glass.   

 
Figure 5.16.  The comparison of the measured coupling loss to the theoretical calculated 
ones through thin glasses at the thickness 30μm, 50μm and 100μm.  A polynomial fitting 
is applied to both the measured and theoretical calculated coupling losses. 

5.6.2 Sharp waveguide bends 

Sharp waveguide bends make integrated optical circuit compact [ 155 ] and provide 

convenient vertical coupling for optical circuits [156,157]. The size of sharp waveguide bends 

typically limits the degree of the integration, because the propagation loss at the waveguide bends 

increases exponentially with the inverse bend radius [158]. Also, this bend radius is determined 

by the index contrast of the waveguide. Therefore, high-index-contrast waveguides, such as 

silicon (Si) and polycrystalline silicon (poly-Si) embedded in a low index cladding of 

SiO2[159, 160], gain some advantages over low-index-contrasts waveguides, such as silica and 
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polymer waveguides [161, 162]. First, high-index-contrast waveguides will confine the light by 

total internal reflection even when the bend radius is at the order of microns [163,164], while 

low-index-contrast waveguides typically have a minimum radius of multiple millimeters 

[165,166]. Secondly, the size of a sharp waveguide bends can be reduced furthermore by using 

resonant cavities [167,168] or corner mirrors [169,170] in the bending region. While the high-

index-contrast waveguides offers dense integration, they also bear several disadvantages. The 

interface roughness of waveguide with such high index contrast (∆n≈2) results scatter loss, which 

is proportional to (∆n)3 [171]. Also it poses challenges for fiber-to-chip interconnection because 

of high insertion loss due to mode shape mismatch, tight tolerance for misalignment and 

sensitivity to fabrication defects. 

Alternatively, materials with a large refractive index can be arranged to form waveguides 

with low refractive index contrast, for example, SiGe on Si waveguides [172] and silicon-on-

insulator (SOI) rib waveguides [173]. Vertically etched faces can be functioned as mirror to 

realize sharp waveguide bends [174,175,176].  

However, both the silica waveguide and polymer waveguides have low refractive index 

contrast as well as low refractive index. Silica waveguides are most commercial available planar 

lightwave circuits (PLCs). Polymer waveguides continue to receive attention as an attractive 

candidate for lightwave circuits. Reducing the size of waveguide bends for this type of 

waveguides has been an active research area in the past decade. One solution is to introduce an 

etch region that defines a high index contrast bend with tapers on both ends to couple light into 

and out of the bend region [177,178], thereby reducing the size of the silica waveguides to 

microns. However this method increases fabrication complexity and is impractical for polymer 

waveguides. Alternatively, corner mirror and air trenches have been applied in planar silica and 

polymer waveguides to form compact sharp waveguide bends [179,180].  
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Here I demonstrate a single-mode 900 waveguide bend in diffusive photopolymers by 

using a corner mirror. The polymer sample geometry for fabricating and characterizing 900 sharp 

waveguide bends is shown in Fig. 5.17. The isosceles right triangle polymer sample is made by 

casting the material into a glass mold. Then the bare photopolymer is dissembled from the 

triangular glass mold. A front surface mirror is laminated to the hypotenuse of the triangle sample 

to provide 90 bending. A standard microscope cover glass is laminated to one side of the right 

triangle sample to provide a writing window and a front surface mirror is laminated to the other 

side for mode imaging and loss measurement.   

 

Figure 5.17.  Sample geometry for 900 sharp waveguide bend:  (a) waveguide bends 
fabrication through parallel writing and (b) waveguide bends characterization through the 
active mode imaging.  

The sharp waveguide bend is naturally formed when the incident laser focus is moved 

through material and reflected 900 at the front surface mirror. After the sharp waveguide bend is 

form and the sample is flood cured, the waveguide bend is tested using the active mode imaging 

setup. The incident 660 nm diode laser beam focus spot at the front glass and photopolymer inter-

surface is 2.56 um.  The measured mode diameter of the polymer waveguide is 5.28μm. The total 

length of the waveguide is 10 mm. The calibrated total round trip loss is 5.78dB, which includes a 

mode coupling loss, an excess propagation loss and the loss at the 900 sharp waveguide bend. The 

coupling loss is due to mode size mismatch and the angle misalignment.  
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The angular misalignment is caused by the imperfection of the isosceles right triangle 

polymer sample I made.  Due to the limited availability of high quality isosceles right triangle 

glass mold, the isosceles right triangle polymer samples are made from commercial square glass 

cuvettes with size of 10mm×10mm×50mm. A piece of glass slide with thickness of 1mm is 

dropped into a glass cuvette, which separates the cuvette into two isosceles right triangle regions. 

Thus, after casting the liquid polymer material into this cuvette, two isosceles right triangle 

polymer samples are formed after the polymer is thermally cured. Then, isosceles right triangle 

bare polymer samples are delaminated from the glass mold for experimental use, shown in Fig. 

5.17. However the location of the glass slide deviates from the actual diagonal plane of the square 

cuvette. Therefore the bare polymer sample is not perfect isosceles right triangle, shown in Fig. 

5.18.  

 
Figure 5.18.   Demonstration of the deviation of the polymer sample from a perfect 
isosceles right the triangle. ∆θ1  shows the deviation of the angle between the diagonal 
plane of the sample and the x-y plane from 450.  ∆θ2 is the angle that diagonal plane of 
the sample deviates from perpendicular to x-z plane. S1 is the x-y plane, S2 is he y-z 
plane, and S3 is the diagonal plane of the triangle sample. Guide 1 is the front portion of 
the waveguide bend, while Guide 2 is the back portion of the waveguide bend. 
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During the waveguide bend fabrication, the polymer sample is precisely aligned so the 

front surface (S1 in Fig. 5.18) of the sample is perpendicular to the incident laser beam. The 

waveguide bend is formed by the reflecting of the laser beam at the corner mirror.  The front 

portion of the waveguide bend (Guide 1 in Fig. 5.18) is perpendicular to Surface 1. However, the 

back portion of the waveguide bend (Guide 2 in Fig. 5.18) is not perpendicular to back surface of 

the sample (S2), because of the two deviation angles. Even worse, the reflection of laser beam at 

the corner mirror during the waveguide fabrication doubles the effect of the two deviation angles 

∆θ1 and ∆θ2 for Guide 2.   

During the waveguide test, a front surface mirror is laminated to the front surface of the 

sample (S1), so that the guided mode in the waveguide reflects at the front surface mirror and 

automatically couples into the waveguide with minimum loss, since the formed waveguide is 

perpendicular to the front surface mirror. A diode laser beam at the wavelength of 660nm is 

aligned perpendicularly to back surface of the sample (S2) and is coupled into the guided mode in 

the waveguide. The deviate angle in y-z plane for Guide 2 from perpendicular to S2 is 2∆θ1, 

while the deviate angle in x-y plane for Guide 2 from perpendicular to S2 is 2∆θ2, shown in Fig. 

5.19. The coupling efficiency from the incident laser beam to the fundamental mode of the Guide 

2 is express as:  
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Figure 5.19.  Demonstration of the waveguide coupling loss, which is due to angular 
misalignment in (a) y-z plane and (b) x-y plane.    

The angle 2∆θ1 is measured to be 0.045rad and 2∆θ2 is 0.069rad. The coupling loss is calculated 

to be 3.745 dB. Given the excess propagation loss is previous measured to be 0.140 dB/cm, the 

excess loss at the 900 sharp waveguide bend is 0.868dB/bend. This excess loss at the bend is 

potentially due to the complicated index formation at the bending area, which is caused by 

exposure beam overlapping due to mirror reflection. The experimental measured 900 sharp 

waveguide bend reported in the literature is in the range of 0.5~3 dB/bend [181,182,183]. The 

lowest measured 900 bend loss, to my best knowledge in the literature, is 0.32dB/bend in a SOI 

rib 900 waveguide bend [165].  A 0.74 dB per bend loss is reported for a polymer multimode 

waveguide 900 bend with a bend radius of 13.5mm and peak index change of 0.0296[184]. Thus, 

the 900 sharp waveguide bend I fabricated has satisfactory loss performance. The ability to make 

sharp waveguide bends in diffusive polymers with a satisfactory loss performance is meaningful 

for the hybrid integrated optical circuits, such as making the circuits compact and being able to 

integrated reflective optics.   
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5.7 Conclusions  

I have demonstrated uniform and parabolically tapered single-mode 3D waveguides in 

diffusive photopolymers and introduced methods to accurately measure mode profile and 

propagation loss along the guide length. Single-photon holographic photopolymers developed for 

data storage are shown to be an attractive platform for 3D photonics due to their high sensitivity 

and self-developing index change. A logarithmic ND filter synchronized to the sample motion is 

shown to be a natural external modulator to compensate for the Beer-Lambert absorption in order 

to fabricate uniform and tapered single-mode waveguides. A laminated sample fabrication 

method is shown to provide optical-quality surfaces for direct measurement of the evolution of 

the single-mode profile along the taper length. This precise and repeatable characterization 

enables coupling loss to be accurately calculated to find propagation loss from single sample 

measurements.  The accuracy and repeatability of both the fabrication procedure and testing 

methods are verified by loss measurements for guides of 1 to 10 mm length which show excellent 

agreements.  These results demonstrate single-mode waveguides with 0.147 dB/cm excess 

propagation loss and symmetrical tapers up to 1:2.5 using 1.5 µW of continuous write power.  

Two extensions of this 3D optical wire bonding in diffusive photopolymers are also demonstrated. 

Waveguides fabricated by the parallel direct-write can naturally go through thin transmission 

optical elements or bounce back at the reflective optical elements to form sharp waveguide bends. 

The uniform single mode waveguide and these two extensions are essential for hybrid integrated 

optics applications. 
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  Chapter 6 

Conclusion and Future Work 

6.1 Summary 

This thesis demonstrated three-dimensional gradient index (GRIN) optics fabricated in 

diffusive photopolymers. These polymer optical components have localized index structures, 

which are self-developed in the diffusive photopolymers by introducing localized illuminations. 

Several quantitative characterization methods for the index structures are also demonstrated in 

this thesis. Based on the size of the formed index structures, the photopolymer optics studied in 

this thesis can be divided into two categories: GRIN lens based optics and waveguide based 

optics. GRIN lenses and lens arrays with parabolic index profiles are created through Gaussian 

beam exposure, while GRIN lenses with arbitrary index profiles are formed through a dual-axis 

galvo scanning exposure. Waveguide based optics, on the other hand, are fabricated through the 

parallel direct-write lithography, and includes uniform waveguides, waveguide tapers, 

waveguides through thin optics and 900 sharp waveguide bends.  

Chapter 2 introduced a single convenient method to make GRIN micro lenses and GRIN 

lens arrays in the TapestryTM  HDS 3000 photopolymer. At its core, this method exposes the 

photopolymer under a defocused Gaussian beam from a low-power CW laser. This fabrication 

method has the following advantages. First, the exposure dose distribution can be controlled by 

changing the exposure power, the exposure time and the defocus distance thus the exposure beam 

size. These variables are sufficient to explore a wide range of GRIN lenses in single convenient 

exposure geometry. Second, the GRIN lens arrays can be fabricated by a simple step-and-repeat 

process, where the lens position and properties can be flexibly changed on demand.  Third, I use a 

revised scanning phase microscope [7] to quantitatively measure the index profile of the 
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fabricated GRIN lens. This revised differential transmission phase microscope is conveniently 

integrated into the lens exposure system, which facilitates monitoring of index formation during 

the fabrication. Furthermore, the Gaussian, when truncated by O2 threshold, yields a generally 

parabolic shape. Since the Gaussian exposure is convenient and the parabolic index profile is a 

standard GRIN profile, this motivates why Gaussian exposure is actually a useful way of making 

lenses.  I have demonstrated the capability to create GRIN lenses with NA between 0.05 and 0.13 

and diameter from 40 to 1000 µm. 

Chapter 3 extended to a more general GRIN lens fabrication method with arbitrary index 

profiles in a new diffusive polymer, named Light Blue Ressuet.  This method utilizes a galvo 

scanning system to rapidly draw a two dimensional dose distribution in the polymers. Thus, it is 

analogous to an instantaneous exposure to the material instead of a sequential exposure.  The 

index profiles of the fabricated lenses are characterized in transmission by a Shack-Hatmann 

wavefront sensor, which is convenient to use and provides a two dimensional index profile within 

a second. The LBR polymer is developed in our group. Thus we can study this polymer based on 

the formulation and alter the formation to suit different applications. A preliminary index 

formation study reveals several useful characteristics of the LBR polymer. First, the profile of the 

introduced index structures is determined linearly by the photointiatior consumption distribution. 

Second, oxygen narrows structures by locally suppressing polymerization below a threshold dose.  

Third, baking the sample at 600C after exposure increases the index change without changing the 

index shape, which provides a convenient way to fabricate high index structures with controlled 

profiles. And last, the index change is linear to radical generation, which is not typical of most 

radical systems that undergo bimolecular termination and sublinear initiation kinetics.  This linear 

response also simplifies design. This index formation model provides a meaningful guidance to 

fabricate arbitrary index structures with high fidelity in the LBR polymer. 
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Chapter 4 demonstrated the design, fabrication and testing process for a hybrid GRIN 

axicon lens. This hybrid GRIN axicon includes an on-shelf GRIN rod lens to provide the offset of 

the focus and a polymer GRIN phase plate to extend the depth of the focus.  A radial BPM 

MATLAB simulation program is used to directly search the optimal index profile of the GRIN 

phase plate. An 8-step fabrication procedure is established to make the designed index in a 

polymer metal tube sample. This 8-step fabrication procedure solves various problems that 

emerged during the index fabrication process, such as clear oxygen effect and accommodate 

material shrinkage.  The fabricated index profile of the GRIN phase plate is measured by a 

Shack-Hartman wavefront sensor. The measured index profile of the GRIN phase plate shows a 

good fidelity with the design. And the DOF of the hybrid GRIN axicon lens I made shows 10 

times improvement compared to the DOF from the off-the-shelf GRIN rod lens at the testing 

wavelength of 532μm.  

Chapter 5 has demonstrated uniform and parabolically tapered single-mode 3D 

waveguides in diffusive photopolymers and introduced methods to accurately measure mode 

profile and propagation loss along the guide length. Single-photon holographic photopolymers 

developed for data storage are shown to be an attractive material platform for 3D photonics due to 

their high sensitivity and self-developed index structures. A logarithmic ND filter synchronized to 

the sample motion is shown to be a natural external modulator to compensate for Beer-Lambert 

absorption in order to fabricate uniform and tapered single-mode waveguides. A laminated 

sample fabrication method is shown to provide optical-quality surfaces for direct measurement of 

the evolution of the single-mode profile along the taper length.  This precise and repeatable 

characterization enables coupling loss to be accurately calculated to find propagation loss from 

single sample measurements.  The accuracy and repeatability of both the fabrication procedure 

and testing methods are verified by loss measurements for single mode uniform waveguides. 

These results demonstrate single-mode waveguides with 0.147 dB/cm excess propagation loss 
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and symmetrical tapers up to 1:2.5 using 1.5 mW of continuous write power.   This chapter also 

demonstrated two extensions of this 3D optical wire bonding in diffusive photopolymers. 

Waveguides fabricated by the parallel direct-write can naturally go through thin transmission 

optical elements or bounce back at the reflective optical elements to form sharp waveguide bends. 

The uniform single mode waveguide and these two extensions are essential for hybrid integrated 

optics applications.   

6.2 Future research directions 

The future research about fabricating 3D GRIN optics in diffusive photopolymers has 

two main directions. The first direction is to make new forms optical components in the diffusive 

polymers and to apply these polymer optical elements to create functional devices. The second 

direction is to continuously characterize the diffusive polymer materials and engineer the 

materials to suit different needs.  

6.2.1 Future studies for 3D index structure fabrication   

I have demonstrated our ability to fabricate and quantitatively characterize GRIN lens 

based polymer optics and waveguide based optics. Thus, the future work on one hand will 

continue exploiting current methods or developing new methods to fabricate new forms of 

polymer optics. On the other hand, continuous efforts are needed to apply the individual polymer 

optics to make functional devices. For example, a 3D waveguide taper can be used to connect an 

on-chip SiN ridge waveguide to an off-chip fiber, which is essential for silicon chip package, 

shown in Fig. 6.1.  
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Figure 6.1.  Process for on-chip rib waveguide to off-chip fiber connector packaging.  (a): 
The chip is hard-mounted within a package which includes a thin (~25 micron) window 
centered on an external fiber connector.  (b): The edge of the chip is encapsulated with 
polymer which fills the chip-window gap.  (c): The optical bonder, working through the 
package window, identifies the waveguide and window center coordinates.  (d): The 
written waveguide tapers for asymmetry and mode-mismatch of the waveguide and bends 
from the uncontrolled position of the chip to the center of the connector ferrule.  A fiber 
later inserted into the connector is efficiently connected to the waveguide.  

 
After electrical and physical bonding of the chip, the encapsulating polymer is injected 

into the package between the edge of the chip containing the waveguide facet and the package 

wall containing a fiber-optic connector with a thin window.  This is a typical hybrid single-mode 

interconnect in that the relative 3D offset between the center of the fiber connector and the 

waveguide facet are unknown due to the tolerances of the chip location.  Additionally, at 1550 nm 

the modes mismatch by a typical factor of 2.5 if an on-chip taper is utilized. Conveniently, if 

component location and waveguide writing are performed through the side of the package, as 

illustrated, this application can use the symmetric SM waveguides investigated in chapter 5.    
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This problem illustrates why active coupling is impractical as an alignment guide – the 

silicon ridge behind the SiN taper is opaque at the visible sprectrum.  Even if a 1550 nm probe 

laser were employed, the circuit may contain no detectors and is not complete, so cannot be 

operated electrically.  Instead, the position of the SiN ridge is detected through confocal reflection 

microscopy which is integrated into the parallel direct-write lithography platform as shown in Fig. 

5.6. A 3D S-bend waveguide path combined with a 1:2.5 taper can be fabricated by the parallel 

direct-write lithography. Then, the polymer is flood-cured to remove all active chemical species 

and crosslink the remaining monomers.  An external fiber can now be inserted into the external 

ferrule to efficiently and robustly communicate with the on-chip integrated optics.  

And finally, significant further efforts are needed to make a functional hybrid integrated 

optical circuit in the diffusive photopolymer. One example is implementing a 1550nm mode-

locked laser into an integrated circuit, which is more compact, stable and less expensive through 

potential mass production, shown in Fig. 6.2.   

 

 
Figure 6.2.  A 1550 nm mode-locked laser that is implemented (a) in fiber and (b) in a 
hybrid optical integrated circuit via 3D-routed waveguides in an encapsulating 
photopolymer.  Note the 90o bends implemented with embedded prisms, the integrated 
fiber connection and complete hybridization on VLSI. 
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6.2.2 Future studies for characterizing and engineering polymer materials 

I have derived an index formation model for the LBR polymer. This index formation 

model provides a fundamental guidance to fabricate custom design GRIN optics in the polymer. 

However this model is based the finalized index structures of large scale exposures with a 

diameter of couple hundred micrometers. Research work done by other two group members has 

shown that the size of the exposure feature affects the dynamic interaction of the chemical 

reactions during the index formation process, which includes initiation, polymerization, 

termination process and diffusion of all the active species in the polymer. Therefore, a more 

general and correspondingly more complicated model is needed to fully capture the dynamic of 

the chemical reactions in the polymer. A complete understanding the chemical reactions in the 

polymer during the index formation is essential.  

 The monomer diffusion speed limits the turnaround time for fabricating large scale index 

structures in the polymer, which may become the main obstacle to commercial applications. One 

potential solution is to use a liquid system to significantly increase the monomer diffusion. An 

alternative solution is to design sample geometry to reduce the required monomer diffusion 

distance. One example is to coat a layer of liquid monomers to the bare thin polymer layer. Now 

the monomers can diffuse from the liquid monomer layer directly into the polymer layer, 

potentially remove the limitation for fabricating large scale structures in the polymer.    

The rubbery and permeable polymer matrix is required for monomer diffusion to form 

the localized index structures in the diffusive polymer. Also the rubbery matrix has the 

advantages to encapsulate various optoelectronic components in the polymer. However, as 

described in chapter 4, the rubbery polymer is not mechanically strong enough, requiring a high 

modulus material to seal the polymer element, thus complicating the polymer packaging process. 

One potential solution is to develop a polymer material with controlled material properties during 

the polymer optics fabrication process. For example, the polymer is rubbery to form localized 
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index structures, then turns into a high modulus solid through a final flood cure process. A two-

stage network forming polymer [185] has been reported recently to achieve material properties at 

different stages of the material processing.    
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Appendix A 

Calibration of the modified differential 

transmission phase microscope 

This section briefly introduces the PSDs and discusses the calibration of the differential 

transmission phase microscope. PSDs are a type of photo detector used to precisely measure the 

position of a light spot. PSDs can be classified into two types: isotropic sensors and discrete 

sensors. The isotropic PSDs have a uniform sensor surface that supplies continuous position data, 

while discrete PSDs have multiple isolated detectors on the sensor surface and return position 

data through differences of the individual photocurrents. The PSD used in my experiment is an 

isotropic duo-lateral silicon photo detector that provides an analog output directly proportional to 

the position of a light spot on the active area of the detector. The PSD consists of an n-type 

silicon substrate with two uniform resistive layers separated by a p-n junction, shown in Fig. A.1-

(a). The front side has a p-type resistive layer with two contacts at opposite ends. The back side 

has an ion implanted n-type resistive layer with two contacts at opposite ends placed orthogonally 

to the contacts on the front side. A light spot within the spectral range of silicon will generate a 

photocurrent that flows from the incident light location through the resistive layers to the 

electrodes. The resistivity of the ion implanted layer is extremely uniform. Therefore, the photo-

generated current at each electrode is inversely proportional to the distance between the incident 

spot of light and electrodes. The PSD outputs track the motion of the centroid of power density to 

a resolution up to 1.25 µm independent of light intensity and the linearity is better than 0.3%. The 

linearity here is defined as geometric position error divided by the detector length and is 

measured within 80% of the detector length [186]. The photoelectric current generated by the 
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incident light flows through the device and is seen as two input currents and two output currents, 

shown in Fig. A.1-(b).  

 

Figure A.3.  Theory of operation of a duolateral isotropic position sensitive detector 
[186]. (a) shows the layout and working principle of an isotropic PSD. (b) shows the 
photocurrent that flows in a duo-lateral PSD. 

The distribution of the output currents directly reflects the light position in the Y dimension, and 

the distribution of the input currents reflects the light position in the X dimension. Thus, the 

location of the centroid of the incident light can be expressed as [187]:  
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where px, py are the x and y position of the light spot centroid, Ix1, Ix2,  Iy1,  Iy2 are the four 

currents respectively and L is the length of the resistor layer. These four currents are amplified, 

digitized and processed to capture a single data set Ix for the x channel of the PSD data 
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acquisition device and a single data set Iy for the y channel, which are then captured by the 

LabVIEW program in the PC. Therefore, the transformation from these two data sets into 

coordinates of the PSD detector surface can be express as:  
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where kx, ky are the scaling factors for the x, y channels respectively.  The PSD is calibrated by 

recording the x and y channel data after placing the PSD on a three dimensional PM500 stage and 

then moving the PSD in the x and y directions. The recorded data sets for the x and y channels vs. 

movement in x and y directions respectively are shown in Fig. A.2. By fitting the raw data using a 

linear model, I got the scaling factors and biases for x, y channels. The transform equation 

becomes 
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Figure A.4.  Calibration of the ON-TRAK PSD detector model PSM2-45 for  (a) the x 
channel and (b) the y channel. 

The accuracy of the measurement using the modified differential transmission phase 

microscope is characterized by measuring several off-the-shelf plano-convex singlet lenses.  For 

example, one plano-convex lens I used has a clear aperture of 22.4mm, a thickness of 2.7mm and 

the index of refraction of 1.5151 at the wavelength of 632.8nm. The radius curvature of the 
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convex surface is 104.41mm. The measured lens surface shape is shown in Fig. A.3-(a). The 

cross section of measured surface shape is compared to the calculated one from the lens 

parameters, shown in Fig. A.3-(b). The measured optical path delay profiles agree well with the 

known surface profiles and are within an experimental error of about 1%. The experimental error 

is the standard deviation between the actual and measured lens surface profile.  Generally, this 

phase microscope is slower than an imaging interferometer or a Shack-Hartmann wavefront 

sensor, which I will discuss in chapter 3 for GRIN lens measurement. However, it is easily 

integrated into the fabrication setup for convenient process monitoring and can be optimized for 

small parts which are often difficult on commercial interferometers. 

 

Figure A.5.  Validation of the differential transmission phase microscope metrology by 
measuring an off-the-shelf plano-convex singlet lenses. (a) Measured shape profile of the 
lens. (b) Comparison of the x cross section of the measured lens shape to the actual one, 
indicating an experimental error of about 1%. 
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Appendix B 

Calibration of the galvo scanning system 

 

This appendix describes the calibration process so that the exposure light dose 

distribution from the galvo system is consistent with the one from the designed parameter file and 

vector file. Both the parameter and vector files are designed through MATLAB and are 

downloaded to the galvo control board.  

First, the relationship between the driving current and the output power from the diode 

laser after the collimation lens is calibrated. While the driving current varies, the output powers 

from the diode laser after the collimation lens are recorded, as shown in Fig B.1. The linear fitting 

shows the threshold current for lasing is approximately 15.35mA.  The output power can be 

expressed as )35.15(2066.0 −= iP , where i is the driving current. 

 

Figure B.6.  The output powers from the laser diode vs. driving currents.  

Next, calibrate the laser target power command in the parameter file vs. the laser 

modulation voltage sent to the diode laser controller. The parameter file sets the key control 

parameters of the system, which contains six four-digit hexadecimal values. The first parameter is 
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the minimum acceptable power, measured in μW. The second one is the target power in μW. The 

third one is the maximum acceptable power μW. The fourth one is the scaling factor for the galvo 

mirror. The fifth one is the mode of drawing, which is either 1 when the image will be drawn 

repeatedly and continuously or 0 when the image will only be drawn once. The last one is an 

ASCII value that indicates two characters, which describes the drawing method that corresponds 

to a software function. The second parameter determines the voltage that is sent to the laser diode 

controller and ultimately the output power from the laser diode.  Now by giving different values 

to the target power in the parameter file, the output voltage to the laser diode driver is measured 

conrespondingly.  The relationship is shown in Fig. B.2. The target power parameter is set so that 

output laser modulation voltage from the PCB is saturated at 4.34V.  This setting gives two 

advantages: (1) the laser output is stable and (2) the maximum output power is used so that the 

duration for each scan point is minimum, thus fast to fabricate each lens.  The driving current 

from the controller is 60.84mA given the input voltage is 4.34V. 

 

Figure B.7.  The laser modulation voltage vs. target power command in the parameter file. 
The laser modulation voltage saturates at 4.34V. 

Then, the time command in the vector file is calibrated.  The vector files consist of the x, 

y coordinates for the two dimensional laser scanning spots and the time command for laser “on” 
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duration at each spot.   While the time command in the vector file varies, the laser “on” time is 

recorded by an oscilloscope. The measured results are shown in Fig. B.3. By linear fitting, the 

laser duration time vs. the time command in vector file is expressed as LoopNt 284.10572.42 += , 

where NLoop is the time command for laser “on” duration in vector file.  

 

Figure B.8.  The modulation pulse width vs. time duration command in the vector file. 

Now the energy dose at the each scanning point is given by the equation  

                                                2

2

spotw
TPtE

π
= ,          (B.1)  

where t is the duration time of laser, P is the output power from the diode laser, T is the 

transmittance of the laser beam after the collimated lens to the sample plan and wspot is the radius 

of the Gaussian exposure spot in the polymer sample.  Given the driving current is set to be 60.84 

mA, the output power is 9.40 mW. The total transmittance is 29.2% primarily due to the loss at 

the mirrors at the wavelength of 405nm.  
 

The last step of calibration is to make sure the size of the exposed index structure is as 

same as the design. I used a square to calibrate and adjust the maximum exposure area. Recall 

that the x, y coordinates in the vector file are 0 to 216-1 integers. The four corner x, y coordinates 

in the vector file for the maximum exposure area are (0, 0), (216-1, 0), (0, 216-1) and (216-1, 216-1).  
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During the calibration, I used a doublet lens with a focal length of 20mm as the writing objective 

lens. The maximum exposure area is targeted to be 250×250 µm2. The designed exposure pattern 

for the square is shown in Fig. B.4. The dark spots are the locations of each scan spot, while the 

dark lines trace the laser spot movement. The four bright spots with color scale indicate the 

exposure intensity of the laser focus.  

 

Figure B.9.  The calibration pattern. The dark spot is the exposure laser focus spot 
position. The dark line traces the movement of the laser focus spot. The color bar 
represents the exposure dose distribution. 

The exposure pattern is captured by a camera. As mentioned earlier, a summer and 

inverter op-amp circuit is placed on the PCB to translate and scale the exposure pattern. Adjust 

the scale knob while watching the exposure pattern on the camera until the size of the captured 

square is 250µm×250µm. Then the square pattern is exposed into a polymer slide sample with 

thickness of 200µm. The DIC microscope image for the exposed square pattern is shown in Fig. 

B.5, demonstrating that the exposed pattern is the replicate of the designed one.  
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Figure B.10.  The measured phase image from a DIC microscope for the calibration 
square pattern.  
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Appendix C 

Introduction to the Shark-Hartmann wavefront 

sensor 

 

A Shack-Hartmann wavefront sensor has three main optoelectronic components, which 

are lenslet arrays, a CCD detector and data analysis software, shown in Fig. C.1. The lenslet 

arrays dissect the incident wavefront into a large number of small segments. The light from each 

of these segments is collected by the lenslet and focused onto the detector. Since the size of each 

segment is small, a well-formed focal spot is recorded by the CCD detector. The position of those 

focal spots corresponds to the average wavefront slope cross each lenslet aperture. Therefore the 

distribution pattern of those focal spots provides the information about the spatially-resolved 

wavefront slopes, which can be integrated to reconstruct the incoming wavefront.  

 

Figure C.11.  The basic elements of a Shack-Hartmann sensor. 

Compared to other wavefront test methods, such as shearing interferometer, the Shack-

Hartmann wavefront sensor is simpler and less expensive to implement.  It does not need tight 

Incoming wavefront Lenslet arrays Detector arraysIncoming wavefront Lenslet arrays Detector arrays
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alignment, and is insensitive to vibration due to the fact that the wavefront information is 

captured rapidly by a single frame.  These advantages make the Shack-Hartmann wavefront 

sensor favorable in a variety of applications. The Shack-Hartmann technique is originally 

developed to improve distorted images from ground-based telescopes due to atmosphere 

turbulence. Later, this technique has been applied to high-energy laser application [188,189], 

retinal imaging [190,191], measuring optical component quality during manufacture and testing 

[192], optical system calibration and alignment [193], fluid mechanics [194] and other areas 

[195,196].  

The data analysis software takes three main steps to reconstruct the shape of the incoming 

wavefront from the raw image captured by the detector, shown in Fig.  B.2.  First, locate the focal 

spots from the lenslet arrays to get the centroids of focal spots. Second, calculate the wavefront 

slope by comparing the centroids of focal spots to the reference centriods. Finally, use 

reconstruction algorithm to estimate the wavefront profile from the wavefront slope.  

 

Figure C.12.  The data flow diagram for the wavefront analysis. 

During the detector calibration process, the detector surface is divided into a number of 

small areas-of-interest (AOIs), where the focal spot for a given lenslet is expected to fall onto. 

The locations of each focal spot are determined by the light distribution within the each AOI.  A 

center-of-mass algorithm is used to calculate the centriod of each focal spot, whose x, y 

coordinates is expressed as 
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where Iij is the measured pixel intensity, xij, yij  are the coordinates of each pixel within 

the AOI.   

The wavefront slope distribution is determined by the comparison of the measured 

centroids to the centriods of a reference wavefront. A reference wavefront can be provided by the 

manufacturer of the sensor or captured by a calibration step. During the calibration process, a 

reference set of centriods is also computed. Therefore the wavefront slopes can be calculated:  
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 where reflx |,ρ , refly |,ρ  are the referemce centriod coordinates, L is the distance from the lenslet 

array to the detector, which is normally set to be the focal length of the lenslet. Therefore, 

absolute accuracy of the sensor is largely dependent on creating an accurate reference beam. 

There are several methods for creating very good reference sources, including high quality beam 

expanders, pinhole diffraction and single mode fibers.  

Finally, the wavefront is reconstructed by solving the gradient equation: 

                                         jyxiyxyx yx
ˆ),(ˆ),(),( θθϕ +=∇ .         (C.3) 

A variety of approaches have been developed to reconstruct the wavefront phase profile from a 

set of discrete phase slope measurements. These estimation approaches can be categorized into 

two basic types [197,198], modal reconstruction and zonal reconstruction, depending on whether 

the estimated phase is a set of value in local zones or a set of coefficients of a polynomial 
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expansion. Both types of phase reconstructions use least-squares algorithm. In modal method, the 

measured wavefront slope data is fit to the derivative of an analytical surface described by a 

polynomial expansion, which provides a very compact notation for describing the wavefront. 

Since Zernike polynomials are closely related to the aberration introduced in the optical systems, 

the reconstructed wavefront  phase is often fit into Zernike polynomials,  

 ...),(...),(),(),(),( 20201111101000 ++++++= yxZayxZayxZayxZaayx mnmnϕ ,  (C.4) 

where ),( yxZmn is the mth Zernike polynomial of nth order. The derivatives of the phase in x and y 

direction respectively can be expressed as:  
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Equation C.5 is then fit to the measured wavefront slope data using a least-square method to get 

these coefficients mna .These individual polynomials describe parameters such as defocus, 

astigmatism, coma and spherical aberration.  

Although the Zernike approximation is effective for describing the individual aberrations, 

they also have a smoothing effect over the high frequency components in the wavefront. 

Alternatively, zonal reconstruction gains a unique description of the wavefront surface at every 

measurement point. The zonal reconstruction supports point-by-point variation in the wavefront 

surface and thus provides a high resolution wavefront description. However it does not provide 

for a direct interpretation in optical terms. Therefore, an additional calculation step is required to 

determine defocus, spherical, astigmatism, or other aberration terms from zonal reconstruction.  

The Zonal reconstruction method implemented in the software of the SHWFS I use is 

iterative matrix implicit.   In principle this method follows the formulation of Southwell [198] to 

derive a set of relations for the phase given a number of slope measurements. The phase at a 

given point is predicted from the four adjacent points. An iterative technique is used to solve for a 
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set of phase that are both internally consistent with the adjacent slope measurements. Generally, 

most of zonal reconstructors do not include the irradiance in the analysis, which is acceptable for 

astronomical or other adaptive optics systems, when the irradiance is usually uniform over the 

aperture. However, when the irradiance of the incoming light varies strongly across the aperture, 

such as a laser beam, the irradiance must be considered to obtain accurate wavefront results. In 

the matrix interactive method, the irradiance is used to weight the distribution of the slope 

measurements in order to prevent low light level portion of the measurement from having too 

strong influence the resulting phase. The matrix iterative reconstructor thus is faster and more 

accurate than other zonal reconstruction methods.    
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