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ABSTRACT 

Liquid crystals are traditionally aligned via a rubbed substrate.   The 

rubbing creates anisotropic defects and strain in the material which 

provide an energetically favorable orientation for the liquid crystal (LC).  

This is a well-developed technology that is used in virtually all liquid 

crystal displays (LCDs).    However, it is only capable of uniform 

alignment on a large planar substrate.   This work utilizes a new class of 

photoalignment materials (PM) that replace the traditional buffing 

technique.  PMs allow for patterned LC alignment using polarized photo-

lithography.  Further, instead of using a nematic liquid crystal, a UV 

curable liquid crystal polymer (LCP) is coated on this patterned alignment 

material.  This generates a cured, aligned, and patterned thin film that 

has retardance and diattenuation if a dichroic dye is incorporated in the 

LCP.  Using these materials and methods, retarders, polarizers, and 

polarized fluorescent sources are fabricated with dimensions as small as 

a few microns. 

In addition to exploring the material and processing properties of the PM 

and LCP system, arrays of micropolarizer are fabricated for the 

construction of a prototype polarization camera, termed an imaging 

polarimeter.  An imaging polarimeter is a device that measures not only 

the intensity but also the polarization state of a light field.  My imaging 
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polarimeter design incorporates a patterned LCP polarizer focal plane 

array (FPA) that is aligned and mounted to a charge-couple-device (CCD) 

image sensor. A polarizer FPA allows an individual pixel on a CCD sensor 

to detect a unique polarization state, such as a specific linear polarization 

orientation or right or left handed circular polarization.  Neighboring 

pixels are designed to detect different states and each cluster can then 

estimate the incident polarization state.   Results of a linear LCP 

polarimeter operating in the visible spectrum are presented. 
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CHAPTER 1: INTRODUCTION 

1.1 Liquid Crystal Background 

Liquid crystals are a state of matter first suggested by Georges Friedel in 

his paper “mesomorphic States of Matter,” published by Annales de 

Physique in 1922[1].   The basic structure of most commonly occurring 

liquid crystals consists of a rigid core, referred to as the mesogen, 

connected to a more flexible side chain.  The mesogen portion of the 

molecule, often composed of two or more aromatic rings, generates the 

structural order, while the flexible side chains induce fluidity in the liquid 

crystal.  These molecules can be quite large and highly anisotropic.      

Liquid crystals are classified according to their physical parameters and 

their associated liquid crystalline phases.   There are three types of liquid 

crystals; thermotropic, lyotropic, and liquid crystalline polymer.  Lyotropic 

liquid crystals are obtained when an appropriate concentration of a 

material is reached in a solvent.  Polymeric liquid crystals are polymer 

versions of a monomer liquid crystal.  They are usually classified based 

on their flexibility.  Thermotropic liquid crystals, the most common kind, 

exhibit different liquid crystalline phases based on their temperature.  

Thermotropic liquid crystals can be thought of as rigid rods that interact 

with one another to form different ordered structures, called phases.  In 

general, there is a critical temperature, T
C
, above which a disorder 
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isotropic phase exists and below which a highly order phase exists.  The 

different phases have been classified as a function of their orientational 

order, orientational order of bonds to the nearest neighbor, positional 

order in a layer, and positional order across layers.  A full description of 

each possible phase can be found in “Nematic and Cholesteric Liquid 

Crystals” by Patrick Oswald[2].  Three common phases, nematic, 

cholesteric, and smectic-A, are illustrated in Figure 1.  A nematic phase 

has only orientational order, with no positional order.  Their axes align in 

a general direction, denoted by the vector n, which is called the director.  

The orientation of the director does not change direction between layers.   

A cholesteric phase does have a change in the director orientation 

between layers.  The director twists in a helical manner and can be either 

left or right handed.  A cholesteric liquid crystal can be obtained by 

adding a chiral, meaning non-symmetric, molecule to a nematic liquid 

crystal.   Unlike a nematic or cholesteric phase, in a smectic phase the 

molecules have both positional and orientational order.  There are a 

variety of different packing configurations and the molecules can be tilted 

with respect to the layer normal depending on the specific smectic phase.  

Finally, the isotropic phase has no positional or orientational order. 
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Figure 1. Molecular alignment of nematic, cholesteric, and smectic-A 

phases.  

For all the phases, the order parameter S can be defined as the statistical 

average variation of the molecular alignment to the director.  S is defined 

as 

 𝑆 = 1
2
〈3 𝑐𝑜𝑠2𝜃 − 1〉 1.2-1 

where θ is the angle between the long molecular axis and the director of 

an individual molecule and the brackets denote a statistical average.  

Perfect alignment is where θ is 0 for all molecules and therefore S = 1.  

For an isotropic phase S = 0 because there is no long range order.   
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1.2 Liquid Crystal Polymer 

Liquid Crystal Polymers (LCPs) are liquid crystalline materials with unique 

side chains or additives that can permanently fix the phase of the 

material through polymerization.  The mesogen core of the materials can 

be identical to other LC materials and any phase can be achieved.  

Additionally, while LC materials are normally aligned in liquid crystal cell 

consisting on two surfaces with a slight separation (~10μm), LCP 

materials can be dissolved in a solvent and then coated onto a substrate 

using spin coating, a wire bound bar, or other thin coating techniques.  

This is advantageous as very thin coatings can be made and then stacked 

to create sophisticated retardance profiles. 

1.3 Optical Properties of Liquid Crystals 

The orientational ordering of liquid crystals in smectic or nematic phases 

results in differing dielectric constants in the direction parallel and 

perpendicular to the molecular axis.  The dielectric anisotropy, Δε, is 

defined as 

 ∆𝜖 =  𝜖∥ − 𝜖⊥ 1.3-1 

The macroscopic dielectric constant depends on the order parameter of 

the liquid crystals.  In an isotropic phase the macroscopic dielectric 

constant is the mean value, defines as 
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 𝜖̅ =  𝜖∥+2𝜖⊥
3

 1.3-2 

When a slab of liquid crystal is uniformly aligned in a nematic or smectic 

phase the material is uniaxally symmetric and due to the dielectric 

anisotropy it has both an ordinary and extraordinary refractive indices n
o 

and n
e
.   Light polarized perpendicular to the director sees the ordinary 

refractive index while light parallel to the director sees the extraordinary 

refractive index.  The birefringence of the material is defined as 

 ∆𝑛 = 𝑛𝑒 − 𝑛𝑜 1.3-3 

Most liquid crystals exhibit a positive birefringence that ranges from 0.05 

to 0.45 with an ordinary refractive index of roughly 1.5[3].  

Liquid crystals are commonly used as tunable retarders.  A retarder is an 

optical element which has two polarization dependent optical path 

lengths.  A common type of retarded utilizes a birefringent material to 

divide light into two orthogonal modes.  A retarder can be specified by its 

optical path difference, δ, and its fast and slow axis.  For a liquid crystal 

with positive birefringence, the fast axis is parallel to the director and the 

slow axis is perpendicular to the director.  Its optical path difference in 

radians is defined as 

 𝛿 = 2𝜋𝑡∆𝑛/𝜆  1.3-4 
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where ‘t’ is the thickness of the birefringent medium and λ is the 

wavelength.  The retardance of the element can then be tuned by 

applying an external electric field which causes the liquid crystals to 

reorient and therefore rotates the fast axis of retarder.  The reorientation 

is due to the induced dipole moment not being parallel to the applied 

field which creates a net torque on the molecules in the direction of the 

electric field. 

1.4 Uniform Surface Alignment 

The ability to engineer the orientation on the liquid crystal director over a 

large area is critical to controlling the optical properties of the material.  

Uniform alignment has most often been the primary objective. This has 

been achieved by chemically or mechanically altering the surface on 

which the liquid crystal presides.  Without such treatment a liquid crystal 

will have a multitude of alignment domains and defects.  This is easily 

observed when liquid crystal is in a bottle and has a cloudy or milky 

appearance.   However, the interaction between a treated substrate and 

liquid crystal is one of the least understood aspects of LC behavior[3].  

Important factors include dipole interactions, chemical and hydrogen 

bonding, van der Waals forces, steric factors, surface topology.  Figure 2 

demonstrates the two primary ways a LC aligns to a surface.  A common 
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method of achieving homeotropic alignment is treating the surface with a 

surfactant such as hexadecl-trimethly-ammoniumbromide[4].   

 

Figure 2. The two possible configurations for surface alignment are (a) 

homeotropic and (b) parallel homogeneous alignment. 

Homogeneous alignment, also called planar alignment, can be 

achieved in many ways including using a predefined substrate[5, 6], an 

external magnetic field[7, 8], an external electric field[9], or plasma 

treatment[10].   In particular, the planar alignment of liquid crystals, such 

as those in a display, has relied on mechanically buffing a film, such as 

polyimide[11, 12].  However this process has inherent disadvantages that 

include surface defects[13],  particle generation, and electrostatic 

charging[14], which all detract from production yields.   Secondly, all of 

the above techniques are only capable of uniform planar alignment of an 

entire surface.   
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1.5 Patterned Surface Alignment 

For many display and non-display applications, it is necessary to 

generate arbitrary patterns of aligned molecules instead of a uniform 

film.  A variety of new methods have been developed that are both non-

contact and allow for patterned alignment.  Micropatterned LC alignment 

has been demonstrated using atomic force microscopes, ion beams [15], 

oblique angle gold deposition [16], and photoalignment with polarized 

light[17, 18].  While smaller resolution alignment has been demonstrated 

using the first two techniques, it is impractical for large areas.  

Photoalignment with linearly polarized ultraviolet light (LPUV) has been 

achieved using a variety of different materials including polyimide[19-21], 

azo-dye doped polymer[17], and cinnamoyl or coumarin side-chain 

polymers[22].  The primary mechanism for LPUV alignment it these 

photoalignment materials (PM) is believed to be due to the angular 

dependence on the probability of photoreactions[23].   This results in an 

anisotropic distribution of the photoreaction byproducts and therefore 

induces easy axis for liquid crystal materials to align to. 
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CHAPTER 2: PATTERNED MICRO-RETARDERS 

2.1  Introduction 

Our first goal was to determine the resolution capabilities of a 

photoalignment material and LCP system in order to generate high 

resolution patterned retarders, polarization converters, and interference 

filters[24]. This work was initially published in 2009[25].  

2.2  Fabrication 

For this experiment the photoalignment material, ROP-103, and liquid 

crystal polymer, ROF-5102, were procured from Rolic Technologies 

(Switzerland).  Small domains of LCP are patterned using contact 

photolithography with a prefabricated chrome mask.  An arbitrary 

number of exposures with non-overlapping masks can be performed on 

each substrate.  Figure 3 shows the pattern transfer process from the 

chrome mask to the PM layer.   The orientation of the alignment is 

controlled by a linear polarizer in the exposure system.   The LCP is then 

spin coated on the aligned PM layer.  The retardance of the LCP film can 

be adjusted by changing the spin speed during coating and in this 

experiment is optimized for a half-wave of retardance at a reference 

wavelength of 532 nm.   After coating the film is baked and then cured 

with unpolarized UV light to form a durable film.  For complete 

processing details please see Appendix A. 
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Figure 3. Patterned 0° features are first exposed and then a blanket 45° 

exposure is performed. 

2.3  Patterned Retarder Imaging 

Due to the half-wave retardance, the LCP film rotates the orientation of 

incident linear polarization.  Therefore the retardance profile of the 

patterned retarded can be mapped into an intensity distribution via a pair 

of crossed polarizers as shown in Figure 4.  Incident 0° linear polarization 

is not rotated by the horizontally aligned LCP regions, as it is an eigen-

polarization of the retarder.  However, the 45° aligned LCP region rotates 

the vertical polarization a full 90°.   The analyzer then blocks the exiting 

0° and transmits the 90° polarized light.  The resulting intensity profile 

can be imaged onto a detector. 
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Figure 4. The orientation profile of a patterned half wave-plate can be 

mapped to an intensity distribution by placing it between crossed 

polarizers. 

In order to determine the resolution limit a USAF 1951 resolution mask 

was used as the chrome mask.  The pattern contains semi-isolated line 

space pairs of varying half-pitch as small as 2.2 μm.  An intensity cross 

section of each pitch is used to calculate the visibility; defined by 2.3.1. 

 𝑉 = 𝐼𝑚𝑎𝑥−𝐼𝑚𝑖𝑛
𝐼𝑚𝑎𝑥+𝐼𝑚𝑖𝑛

 2.3.1 

A minimum visibility of 0.5 is used as the threshold for minimum feature 

size. 

2.4  Patterned Retarder Results 

Two types of patterned retarders are compared to the original chrome 

mask using the constructed imaging system.  Images of the chrome mask 
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are shown in Figure 5(a) as a reference.  The first patterned retarder, 

shown in Figure 5(b), has a 0° pattern on a 45° background.  The sample 

is rotated at 45° with respect to the incident polarization.  Figure 5(c) 

shows the theoretical transmittance of the retarder as a function of the 

angle between the incident polarization and the 0° fast axis of the 

waveplate.  The wave-plate angle at which the images in were taken at are 

labeled in Figure 5(c) and 5(d).   

 

Figure 5. (a) Chrome mask imaged onto a CCD.  (b) Patterned waveplate 

with a single pattern aligned at 0° and the background at 45°. (c) Plot 

shows transmittance of 0° and 45° LC.  (d) Plot shows transmittance of 

two patterns aligned at 0° and 30° respectively.  The background LC is 

aligned at 60°.  (e) A 0° pattern with a transmittance of 1 with the 

background, which is aligned at 60°, having a transmittance of 0.25.  (f) A 
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second pattern on the same substrate is aligned at 30° and has a 

transmittance equal to the background, which is aligned at 60°. 

The second patterned retarder included three unique alignment 

directions, with patterns at 0° and 30° and the background aligned at 60°.   

Figure 5(e) shows the 0° features and Figure 5(f) shows the 30° features.  

The transmittance of the regions as a function on sample angle is shown 

in Figure 5(d).  Figure 5(e) and 5(f) were taken at an angle where the 0° 

features have peak transmittance and the 30° and 60° features have a 

transmittance of 25%, which limits the maximum visibility to 0.6.    

An intensity cutline was taken for each feature set to determine their 

individual visibility.  An example cutline for 4.5 μm half-pitch features is 

shown in Figure 6(a).  Visibility is plotted versus feature size in Figure 

6(b). The grey bar marks the visibility of the 4.5 μm feature size plotted 

on the left.   
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Figure 6. (a) An example cutline is shown for 4.5 μm half pitch features.  

(b) Measured visibility is shown as a function of half-pitch for the chrome 

mask, single-image waveplate, and double-image waveplate.  The grey 

bar in (b) marks the features shown in (a). 

 

Although the single pattern waveplate has ideally perfect contrast 

between LC domains, the feature size becomes limited by the finite 

length of the transition between LC orientations.  As the transition length 

approaches half the size of the feature, the visibility begins to drop 

dramatically.  A visibility of 0.5 is defined in this paper as the resolution 

limit.  The imaging system with a chrome mask, a 0°-45° single pattern 

waveplate, and a 0°-30°-60° double pattern waveplate can image semi-

isolated features as small as 2.5 μm, 4 μm, and 14 μm, respectively.  
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2.5  Further Experiments 

Further investigation of the patterning and imaging qualities of LCP 

retarders was performed.  This included testing the resolution of both 

dense features sets and of mixed chrome LCP features.  Additional data 

can also be seen on the transmission of the various materials. This work 

is reported in Appendix A.  
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CHAPTER 3:  PATTERNED DICHROIC LIQUID CRYSTAL MICRO-

POLARIZERS 

 

3.1 Introduction 

Once the retardance properties of the LCP were understood, a variety of 

liquid crystal dopants were investigated.  These dopants included 

dichroic absorbers, fluorescent dichroic materials, cholesteric dopants, 

and a variety of other materials that alter the structural and optical 

properties of the LCP.  In this chapter the effect of adding a dichroic dye 

to an LCP system is investigated with the aim of generating patterned 

polarizer elements. 

A polarizer is an optical element that preferentially transmits specific 

polarization states.   A linear polarizer is an optical component that 

transmits light polarized parallel to its transmission axis and either 

reflects or absorbs light polarized perpendicular to its transmission axis.  

Metrics for describing the quality of a polarizer are discussed later on. 

A patterned micropolarizer is an optical component in which the 

transmission axis of the polarizer varies spatially at the micron scale 

level.  Patterned micropolarizers have a variety of applications in 

polarimetry, interferometry, three-dimensional displays, and optical data 
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storage.  Linear micropolarizer arrays have been fabricated using a 

variety of techniques including etched dichroic polymers[26, 27], wire-

grid polarizers[28-30], liquid crystal (LC) arrays[31], photoaligned LCP[16, 

32].  Wire-grid polarizers are by far the most common commercial 

products; however, micropatterned wire-grid polarizers have limited 

spatial resolution, limited performance at blue and UV wavelengths, 

require complicated lithographic processing, are susceptible to defects, 

and cannot be easily extended to non-linear polarizations[29, 33]. 

Patterned LC based polarizer offer a potentially simpler system with 

higher performance and over a wider spectrum including ultra violet (UV), 

visible, and near infrared (NIR) wavelengths. Previous demonstrations of 

liquid crystal polarizers included liquid crystal cells filled with dichroic LC 

materials, such as Merck ZLI-4714, and polymethacrylate based LC doped 

with dichroic dye[32, 34]. 

As mentioned in Chapter 1, this work demonstrates the use of a two layer 

polarizer system compromised of a photoalignment material (PM) and a 

second dichroic dye doped LCP layer.  These two layers can then be 

successively coated to generate unique polarization and retardance 

profiles.  The primary advantage of a two layer system is that the 

alignment exposure dose is independent of the final thickness and dye 

concentration of the polarizer.   



39 

Dichroic dyes are long rod-like anisotropic molecules that preferentially 

absorb light polarized either parallel or perpendicular to their molecular 

axis for positive and negative dichroism respectively.   Cooperative 

reorientation of guest particles in a LC host was first observed in 

1965[35-37] and is a well understood phenomenon.   

3.2  Materials 

All of the materials were obtained from commercial suppliers and used 

without further processing or purification with the exception of particle 

filtration. The PM/LCP system was changed from the previous patterned 

retarder experiment due to lack of availability. The new PM material, 

model LIA-01, was provided by Dainippon Ink and Chemical.  The LCP 

material, model RMS03-001C was purchased from Merck and is delivered 

as a 30% (w/w) solution of propylene glycol monomethyl ether acetate 

(PGMEA).  Glass soda lime wafers of 1.5” diameter were used as 

substrates.  Norland Optical Adhesive 60 is used as a barrier layer and 

was purchased from Edmund Optics. 

Multiple dichroic dyes were purchased from Hayashibara Biochemical 

Laboratories, Inc.  They were characterized with spectroscopy in both a 

solvent and incorporated in LCP films.   All of the dyes have positive 

dichroism.  For simplicity each dye will be referred to by its respective 

color and not the dye number.  The dye number, color and peak 
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absorption wavelength are shown in Table 1.  Figure 7(a) shows the 

unpolarized transmission spectrum for each polarizer.  Each polarizer is 

made with a dye concentration of 10mg/mL CHCl
3
 mixed with an equal 

part of Merck LCP.  Figure 7(b) shows the three polarizers viewed through 

both a horizontal and vertical polarizer.  Figure 7(c) shows each dye at a 

dilute concentration of 1 mg dye per 100 mL CHCl
3
.  These three colors 

can be mixed together and diluted to obtain a wide range of colors.   

 

Figure 7. (a) The transmission spectrum for each color polarizer.  Each 

polarizer is made with a dye concentration of 10mg/mL CHCl3 mixed 

with an equal part of Merck LCP.  (b) Three polarizers viewed through 

both a horizontal and vertical polarizer.  (c) Dye in CHCL3 at a 

concentration of 1 mg per 100 mL.   
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Table 1. Dichroic Dye Properties 

Dye 
No. 

Visible 
Color 

λ
max

 in 
CHCl

3 

λ
max

10 mg/mL 
Polarizer 

G-207 Yellow 387 nm 386 nm 

G-241 Purple 553 nm 599 nm 

G-472 Blue 619 nm 652 nm 
 

3.3  Fabrication 

Polarizers were fabricated similarly to the patterned retarders in 

Chapter 2.   The first major difference is the PM material, which, unlike 

the Rolic material, is rewriteable.  Therefore, after spin coating, the PM is 

first uniformly exposed with linearly polarized light.  The chrome dark 

field Air Force Target Mask is then placed in contact with the wafer and a 

second exposure is then performed with a different polarization 

orientation.   Polarizer orientations of 0° and 90° are used in the following 

experiments as they produce orthogonal alignment orientations for 

maximum contrast.   

A mixture of LCP and dichroic dye is spin coated on top of the patterned 

PM substrates.  The key to a uniform coating is the complete miscibility 

of the dichroic dye and the LC, which have limited solubility and can 

result in phase separation. In order to address this issue, a 10 mg/ml 
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stock solution of the dichroic dyes in CHCl
3
 is prepared and this solution 

is mixed with an equal volume of LCP.  This solution of dye and LCP in 

CHCl
3
/PGMEA mixture is then spin coated on top of the aligned patterned 

substrate at 1000 rpm and then dried for 2 minutes at 55° C to remove 

residual solvent. As the solvent evaporates, the LC/dye mixture aligns to 

the PM pattern in a nematic phase. The substrate is exposed to 

unpolarized UV light to cure the material resulting in a durable thin film.    

For generating multilayer elements, such as circular polarizers, two 

successive layers of PM/LCP are spin coated. The first layer is a patterned 

retarder (obtained by spin coating of LCP without dichroic dye) and the 

second a uniform linear polarizer (obtained by spin coating the mixture 

of dye and LCP).  Norland Optical Adhesive 60 was used as a barrier layer 

between the two PM/LCP films by spin coating the adhesive at 2500 rpm 

and UV curing for 5 minutes with an intensity of 50 mW/cm2. 

3.4  Polarizer Characterization 

Polarizance and extinction ratio are two metrics used to assess the 

quality of a polarization optic.  Polarizance describes the degree of 

polarization (DOP) of the transmitted light when unpolarized light is 

incident on the optic and is defined in 3.4.1.  The extinction ratio is a 

metric of a polarizer’s attenuation efficiency for two orthogonal 

polarization states, such as horizontal and vertical linear polarization or 
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right and left circular polarization, and is defined in 3.4.2. For both 3.4.1 

and 3.4.2, I
1
 and I

2
 are measured intensities from orthogonal polarization 

states. 

  𝑃 = 𝐼1−𝐼2
𝐼1+𝐼2

   3.4.1 

  𝐸𝑅 = 𝐼1
𝐼2
 3.4.2 

The feature visibility was determined by calculating average maximum 

and minimum intensities as described in 2.3.1. 

3.5  Single Dye Polarizers    

Multiple concentrations of blue dye were dissolved in CHCl
3
 and added to 

an equal volume of Merck LCP.   Figure 8(a) shows the extinction ratio 

across the visible spectrum.  The dye has peak extinction ratios at 

633 nm of 40.1, 9.8, and 3.1 for dye concentrations of 30, 20, and 

10 mg/mL of CHCl
3
 respectively.  The collected data shows that the 

extinction ratio increases exponentially with dye concentration.  Figure 

8(b) shows visibility as a function of feature size.  The theoretical limit for 

the visibility is the polarizance of the polarizer.  However, the visibility is 

limited by the quality of the contact printing and the length of the 

reorientation region in the LCP.   A cutline line of the 5-1 through 5-6 

features is shown in Figure 9.  Figure 8(c) shows a magnified view of the 
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two smallest feature sets viewed with horizontal and vertical polarization 

incident.  
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Figure 8. (a) Peak Extinction ratio (dashed) and polarizance (solid), on the 

left and right axis respectively.  The extinction ratio increases 

logarithmically with dye concentration.  The vertical dotted line at 633 

nm shows the wavelength at which the polarizer was imaged at and is 

also centered on the peak extinction ratio.  The horizontal dotted lines 

indicate the maximum possible visibility in (b).  (b) Visibility data for 

features ranging from 31 to 3.1 μm.  (c) Magnified images of the 30 

mg/mL polarizer imaged with a 633 nm HeNe source polarized 

horizontally (top) and vertically (bottom). 
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Figure 9. A cutline of the 30mg/ml blue dye polarizer image illuminated 

with horizontally polarized light is shown for feature size of 15.6, 13.9, 

12.4, 11.0, 9.8, and 8.7 μm.   

 

3.6  Gray Dye Polarizer 

Using dilute solutions of dye in chloroform a mixture of the three dyes 

was optimized for even absorption between 425 and 675 nm.  See 

Appendix B for complete details of the optimization. The optimum ratio 

in parts was found to be 5 Blue: 5 Yellow: 1 Purple. Multiple 

concentrations of the optimized gray dye were dissolved in CHCl
3
 and 

then added to an equal volume of Merck LCP.  Patterned polarizers were 

made with each concentration of dye.  Figure 10(a) shows the extinction 

ratio and polarizance of each concentration across the visible spectrum.   

The dye has two absorbance peaks as shown by the extinction ratio; 50.7 
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at 596 nm and 74.9 at 401 nm for 50 mg total dye per mL CHCl
3
.  

Magnified images of the polarizers were taken at a wavelength of 

633 nm, which has an extinction ratio of 41.1.  Figure 10(b) shows 

visibility of features as small as 8.5 μm.  The visibility limit is equal to the 

polarizance of the polarizer and is shown by the respective solid lines.  A 

cutline of the 5-1 through 5-6 features on the 50 mg/ml gray polarizer is 

shown in Figure 11.  Ringing at the center of the bright and dark areas is 

evidence that the measurements are limited by diffraction effects.   Figure 

10(c) shows a magnified view of the two smallest feature sets viewed with 

horizontal and vertical polarization incident. 

 

Figure 10. (a) Peak extinction ratio (dashed) and polarizance (solid) on the 

left and right axis respectively.  The vertical dotted line at 633 nm shows 

the wavelength at which the polarizer was imaged.  The horizontal dotted 

lines indicate the maximum possible visibility in (b).  (b) Visibility data for 

features ranges from 8 to 31 μm.  (c) Magnified images of the 50 mg/mL 
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polarizer with a 633 nm HeNe source polarized horizontally (top) and 

vertically (bottom). 

 

Figure 11. A cutline of the 50 mg/ml gray polarizer image illuminated 

with horizontally polarized light is shown for feature size of 15.6, 13.9, 

12.4, 11.0, 9.8, and 8.7 μm.   

3.7  Circular Polarizers 

One key advantage of the LPP/LCP system over existing wire-grid 

polarizers is the ability to combine multiple layers that include either 

retardance or diattenuation.  A simple two layer circular polarizer is 

demonstrated here.  A quarter-wave retarder is first coated, followed by a 

buffer layer of NOA-60 optical adhesive, and then a second PM/LCP layer 

with 25mg/ml of blue dye.  Figure 12(a) shows the extinction ratio and 

polarizance of the circular polarizer.  By reversing the patterned circular 
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polarizer so that the beam is first incident on the linear polarizer, the 

extinction ratio of the uniform linear polarizer film can be measured.  

This allows us to determine how ‘well’ the quarter wave plate converts 

circular polarization into linear polarization.  The peak linear and circular 

extinction ratios are 12.0 and 9.2 respectively, which is a decrease of 

23%. Multiple factors contribute to this loss including deviation from the 

ideal quarter-wave thickness, angular misalignment between the two 

layers, and depolarization from the buffer layer.  A cutline of the 5-1 

through 5-6 features is shown in Figure 13. 

 

Figure 12. (a) Peak extinction ratio (dashed) and polarizance (solid), on 

the left and right axis respectively.  The linear polarizer layer was made 

with blue dye at a concentration of 25 mg/mL CHCl3. The polarizer was 

measured as both a circular and linear polarizer to compare the quality of 

the circular to linear polarization conversion performed by the quart-wave 

layer. The vertical dotted line at 633 nm shows the wavelength at which 
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the polarizer was imaged.  (b) The visibility of features is shown down to 

resolution of 3 μm.  The black line corresponds to the maximum 

possible visibility of 0.74 at 633 nm. 

 

Figure 13. A cutline of the 25  mg/ml blue dye circular polarizer image 

illuminated with horizontally polarized light is shown for feature size of 

8.7, 9.8, 11.0, 12.4, 13.9, and 15.6 μm.   

3.8  Discussion of results 

The highest extinction ratio measured for a blue polarizer was 40.1 at 

633 nm.   This polarizer consisted of a dye/LC solution of 30 mg/mL blue 

dye in CHCl3 and 1 mL of LCP.  This concentration of blue dye was close 

to the solubility limit for the LCP in the PGMEA solvent.  The solubility 

limit varies for each dye and is highly dependent on the solvent. For blue 

dye the limit in PGMEA solvent was near 2% by weight.  In later 
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experiments, it is shown that higher solubility can be achieved utilizing 

alternate solvents and/or other dichroic materials. Experimentally, we 

find that the extinction ratio is exponentially dependent on the dye 

concentration. Therefore, it is expected that extinction ratios over 1000 

can be achieved by doubling the concentration of dye. 

The primary advantage of the two layer material system over a single 

layer dichroic polarizer is that the alignment and optical properties of the 

device are decoupled. Contact lithography resolution is highly dependent 

on the film thickness due to diffraction.  In our system the lithography is 

performed on an 80 nm layer, which allows for both higher resolution 

and an optically active LCP layer of arbitrary thickness/retardance. There 

is no complication associated with finite depth of focus of the exposure 

because the LPP layer is so thin.  Secondly, the dye concentration in a 

single layer system affects the exposure and alignment properties of the 

polarizer and in a two layer system identical exposures are performed for 

any concentration of dye in the LCP. 
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CHAPTER 4: PATTERNED POLARIZED FLUORESCENCE 

4.1  Introduction 

Efficient polarized light sources are important for applications in 

polarimetry, solid state lighting, and displays. Polarized spontaneous 

emission has been observed in semiconductors with valence band level 

splitting, and polarized light emitting diodes have been demonstrated 

using gallium nitride based material systems. [38-41]  Here we present an 

alternate technique to generate different colors of polarized emission by 

using patterned alignment of liquid crystal polymers (LCP) and 

fluorescent dichroic dyes. 

As demonstrated in Chapter 3, it is possible for guest molecules in a LC 

host to align to the host orientation.  While the most common application 

of this interaction is using an absorbing dichroic dye, it is also possible to 

incorporate a fluorescent dye. Like their dichroic counterparts these 

molecules are rod like and therefore have dichroic absorption, however 

they also preferentially fluoresce polarized light parallel or perpendicular 

to their long axis.  In this way we show it is possible to generate 

patterned fluorescent light sources.   

4.2  Fluorescent Dyes 

Two major classes of dyes were used: Dyes 1 and 2 are benzo-2,1,3-

thiadiazole (BTD) based dyes[42, 43], while dye 3 is a perylene based dye 
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and an n-type semiconductor[44].  The dyes structures are shown in 

Figure 14.  The dyes have fluorescent emission that ranges from blue to 

red depending on the attached side-groups.  The absorption and 

emission transition dipole moment of the dyes is parallel to their long 

molecular axis. The presence of the rod like core and flexible side chains 

in these molecules enhances molecular alignment to the LC director in 

LCP host media. 
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Figure 14. Dye molecule diagrams and here forth labeling.  For dyes 1 

and 2, pictures of dye doped patterned LCP films viewed through a 

vertical and horizontal polarizer when illuminated with unpolarized UV 

light are shown 

4.3  Fluorescent Emission in LCP films 

Following the procedure outlined in Section 3.3, LCP films with varying 

concentrations of dyes 1, 2, 3 were prepared.  Unpolarized excitation and 

emission spectrums of dye doped LCP films were measured using a PTI 

flourimeter and are shown in Figure 15.  The absorption and fluorescent 

emission spectrums of each dye doped LCP film are unchanged from their 

spectrums in CHCl
3
 solution.  This observation suggests that the LCP 

matrix prevents the aggregation of the dye molecules and prevents the 

quenching of fluorescence in the film. 
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Figure 15. Unpolarized excitation (a) and emission (b) scan of LCP films 

with each dye.  The dashed lines represent the fixed emission/excitation 

wavelengths for each scan. 

Polarized fluorescence spectrums were measured by adding a linear 

polarizer and analyzer to the flourimeter. The polarizer controls the 

polarization orientation of the excitation beam, while the analyzer 

controls which emission polarization orientation is measured.  Figure 16 

shows normalized emission spectrums for each of the four possible 

combinations of a vertical or horizontal polarizer and analyzer.  The 

samples were oriented with a vertical LCP alignment.  The vertical-vertical 

combination in Figure 16(a) shows the dyes most strongly emit when the 

excitation polarization is parallel to the alignment direction of the LCP, 

and therefore parallel to the long axis of the dye molecule.   Orthogonal 

polarizer and analyzer orientations in Figure 16(b,c) result in emission 
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approximately a decade lower in intensity.  Finally, in the horizontal-

horizontal configuration as shown in Figure 16(d) the emission is roughly 

20 – 80 times lower depending on the dye.   Table 2 summarizes the 

peak excitation and emission wavelengths for each dye, as well as their 

polarized emission ratios both with (VV/HH) and without (V/H) an 

analyzer.   
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Figure 16. Polarized flourimeter data taken with each combination of a 

vertical and horizontal polarizer and analyzer. 

Table 2. Dichroic dye comparison 

 Peak Wavelength (nm) Emission Ratio Bulk Film QE 

Dye # Emission Excitation VV/HH V/H QY 408nm Exc 

1 524 430 38.4 12.6 0.696 0.7 

2 626 526 66.4 15.6 0.396 0.1 

3 548 500 19.6 10 >0.83[45] 0.3 
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Table 2 also shows the bulk dye quantum yield, as previously reported, 

and the measured quantum efficiency in thin film form.  The quantum 

efficiency of dye 1 incorporated in a thin film nearly is close to its bulk 

quantum yield.   The measured quantum efficiency of dyes 2 and 3 is 

much lowered because the 405 nm excitation is far removed from their 

respective peak excitation wavelengths of 526 and 500 nm. 

4.4  Patterned Fluorescence 

Using the same patterning techniques described in Chapter 3, a 

patterned fluorescent LCP sample with 5 mg/ml dye 1 was fabricated.  

The sample was excited with a linearly polarized 408 nm laser light, 

which was subsequently blocked with a 540 nm long-pass filter.  The 

emitted light was focused onto a CCD using a 1” 0.5 NA aspherical 

objective lens.  Figure 17 shows images taken using both vertically and 

horizontally polarized light.  The visibility of the features was calculated 

as in section 3.5.  The emission ratio limits the maximum observable 

visibility, which is 0.95 for an emission ratio of 38.4 (Table 2). Visibility of 

greater than 0.9 was achieved for feature sizes greater than 20 μm, after 

which the visibility drops quickly.  The minimum feature size, defined 

here as having a visibility of 0.5, was 11 μm.  The detectable pattern 

resolution is limited by the light scattering between orthogonal alignment 
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domains, lithography, and limitations of the imaging system to both filter 

out the excitation and collect the emission.  Figure 18 shows a cutline of 

the 4-2 through 4-6 features and the minimum intensity gradually 

decreases as the feature size decreases. 
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Figure 17. Visibility of orthogonally aligned features is plotted versus the 

feature size.  The images show the same area excited with vertically and 

horizontally polarized light. 

 

Figure 18. A cutline of the fluorescent 5 mg/ml dye 1 sample is shown 

for feature size of 27.8, 24.8, 22.1, 19.7, and 17.5 μm. 
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CHAPTER 5: LIQUID CRYSTAL POLYMER DIVISION OF FOCAL PLANE 

POLARIMETER 

5.1  Motivation  

In the previous chapters, we have demonstrated the processing and 

material knowledge to fabricate micro retarders, polarizers, and polarized 

sources.  These experiments have been performed outside of a specific 

application.  Here we demonstrate the use of the materials to create a 

prototype imaging polarimeter.  There is a wide variety of fields for the 

application of such an imaging polarimeter including remote sensing[46], 

medical imaging[47, 48], and interferometry[49].  The flexibility of the 

technology is such that it could be implemented for other applications 

such as 3D display or custom beam shaping. 

5.2  Imaging Polarimeter Introduction 

An imaging polarimeter is a device that measures not only the intensity 

but also the state of polarization of light.  The incident polarization state 

is measured by taking multiple intensity measurements through varying 

polarization elements such as vertical, horizontal, 45°, 135°, right-

handed, and left-handed polarizers.  A Stoke’s imaging polarimeter then 

uses the measurements to estimate the incident polarization state, which 

can be quantified as a Stoke’s vector.  A Stoke’s vector representation 
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allows for partial polarization of light, but does not account for its 

incident phase as it is based on intensity not electric field.  Jones calculus 

is commonly used for coherent light, and describes the amplitude and 

phase of the field.  A Stoke’s vector, 𝑆, consists of four elements S
0
, S

1
, S

2,
 

and S
3
, which can be defined using the set of measurements mentioned 

previously. 

 𝑆(𝑥, 𝑦) = �

𝑆0(𝑥,𝑦)
𝑆1(𝑥, 𝑦)
𝑆2(𝑥,𝑦)
𝑆3(𝑥,𝑦)

� = 

⎣
⎢
⎢
⎡
𝐼0°(𝑥, 𝑦) + 𝐼90°(𝑥, 𝑦)
𝐼0°(𝑥, 𝑦) − 𝐼90°(𝑥, 𝑦)
𝐼45°(𝑥,𝑦) − 𝐼135°(𝑥,𝑦)
𝐼𝑅𝐻(𝑥, 𝑦) − 𝐼𝐿𝐻(𝑥,𝑦) ⎦

⎥
⎥
⎤
 5.2.1 

All of the values are a function of the measurement position (x,y).  S
0
 

denotes the total intensity incident and therefore is greater than zero.  It 

can be calculated from the sum of any two orthogonal polarization states 

such as linear polarization at 0° and 90°.  S
1
 and S

2
 represent the affinity 

towards linear polarization.  The angle of linear polarization can be 

calculated via 5.2.1. 

 𝜃𝑙𝑖𝑛𝑒𝑎𝑟  =  1
2
𝑡𝑎𝑛−1 𝑆2

𝑆1
  5.2.2 

S
3
 denotes the fraction of the intensity that is circularly polarizer.  While 

S
0
 must be greater than zero, S

1,2,3
 can range 0 to +/- S

0
.  The fraction of 

incident light that is polarized is called the degree of polarization (DOP) 

and is calculated by 5.2.3.  The fraction of light that is linearly or 
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circularly polarized is called the degree of linear polarization (DOLP) and 

degree of circular polarization (DOCP). These are defined in 5.2.4 and 

5.2.5 respectively.    

 𝐷𝑂𝑃 =  �𝑆12 + 𝑆22 + 𝑆32 𝑆0�  5.2.3 

 𝐷𝑂𝐿𝑃 =  �𝑆12 + 𝑆22 𝑆0�   5.2.4 

 𝐷𝑂𝐶𝑃 =  𝑆3 𝑆0⁄  5.2.5 

An imaging polarimeter is not limited to measuring the intensities 

referenced in 5.2.1.  The instrument must capture a minimum of four 

measurements to calculate the complete vector and must include at least 

one elliptical and one linear polarization measurement.   A wide variety of 

imaging polarimeter configurations exist, but almost all of them can be 

categorized as either a division of time (DoTP), amplitude (DoAmP), 

aperture (DoAP), or focal-plane (DoFP) polarimeter.  An overview of the 

different configurations is given by Tyo, et al[50].   Here we focus 

specifically on DoFP polarimeters.   

 

5.3  Division of Focal Plane Polarimeters 

The primary elements of such a device are 1) a pixelated detector, such 

as a charge-couple-device (CCD) or complementary oxide on silicon 
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(CMOS) imaging sensors, and 2) a micropolarizer focal plane array (FPA).  

Similar to a Bayer color filter FPA, which allows different pixels to sense 

different portions of the visible spectrum via green, red and blue filters, a 

polarizer FPA allows an individual pixel on a CCD sensor to detect a 

unique polarization state.  A set of neighboring pixels detect different 

states and are referred to as a macro pixel.  Most commonly, the four 

linear polarization orientations of 0°, 45°, 90°, and 135° are measured via 

a 2x2 macro pixel as shown in Figure 19.  This configuration does not 

measure circular polarization and therefore is over complete because it 

takes four independent measurements to estimate three Stokes values. 

The advantages of a DoFP polarimeter are fast acquisition time, compact 

form factor, and compatibility with standard CMOS processing and tools. 

Figure 19 demonstrates the inherent disadvantage of DoFP polarimeters 

in the spatial missregistration between the measurements, as each pixel 

consists of a separate analyzer vector.  The spatial error can easily lead to 

false polarization signatures due to high frequency changes in intensity.   

Defocusing of the system or spatial filtering[51] is necessary to reduce 

these errors. 
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Figure 19. A linear polarizer FPA consisting of four polarizer orientations 

in a 2x2 macro pixel.  Measured intensities within a macro pixel vary 

based on the incident polarization. 

Thus far the vast majority of these devices are based on wire-grid 

polarizer arrays which can be fabricated on a separate substrate or 
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directly on the sensor[52], however, patterned polyvinyl-alcohol(PVA) 

polarizers and birefringent crystals have also been used[53].     

5.4  Stoke’s Vector Calculation 

An imaging polarimeter does not directly measure Stokes vectors as only 

intensities can be directly measured.  Instead they must be inferred by 

the intensity measurements and a known system configuration.   The 

following derivation closely follows that given by both Tyo et al[50] and 

Chipman[54].  For any system, the output polarization is a function of the 

input polarization and the system Mueller Matrix (M).  The system Mueller 

matrix is the product of the Mueller Matrices of the individual elements in 

the system, which generally consists of some number of diattenuators 

and retarders. 

 𝑆𝑜𝑢𝑡 = 𝑀𝑠𝑦𝑠 ∙ 𝑆𝑖𝑛  5.4.1 

Again, the only value directly measured is S
out,0

, which can be calculated 

via 5.4.2. 

 𝑆𝑜𝑢𝑡,0 = 𝑀0,0𝑆𝑖𝑛,0 + 𝑀0,1𝑆𝑖𝑛,1 + 𝑀0,2𝑆𝑖𝑛,2 + 𝑀0,3𝑆𝑖𝑛,3 5.4.2 

Note that the intensity is purely dependent on the top row of the Mueller 

Matrix, which is also known as the Analyzer Vector (A) and therefore 

5.4.2 can be written as 
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 𝑆𝑜𝑢𝑡,0 = 𝐴 ∙ 𝑆𝑖𝑛 5.4.3 

In order to solve 5.4.3 for S
in
 a system of equations is necessary that 

includes at least four unique analyzer vectors.  An array of analyzer 

vectors is formed called the Polarimetric Matrix W.  Here I is the 

measurement vector which is comprised of the S
out,0

 measurements. 

 𝐼 =

⎣
⎢
⎢
⎢
⎡𝑆𝑜𝑢𝑡,0

1

𝑆𝑜𝑢𝑡,0
2

⋮
𝑆𝑜𝑢𝑡,0
𝑛 ⎦

⎥
⎥
⎥
⎤

=

⎣
⎢
⎢
⎡𝐴1

𝑇

𝐴2𝑇
⋮
𝐴𝑛𝑇⎦
⎥
⎥
⎤
∙ 𝑆𝑖𝑛 = 𝑊 ∙ 𝑆𝑖𝑛 5.4.4 

 From 5.4.4 it is clear that by using the inverse of W the input Stokes 

vector can be calculated, S
in
.  This is known as the data reduction matrix, 

W-1

.   

 �̇�𝑖𝑛 = 𝑊−1 ∙ 𝐼 5.4.5 

The dot over S
in
 indicates that it is an estimated quantity due to noise. 

5.5  Polarimeter Calibration 

Section 5.4 assumed that W was already known, however this is often not 

the case and W must instead also be determined via system calibration.  

This is performed via inputting light of a known Stokes vector.   An 

example calculation of W
0,0

 and W
0,1

 via inputting 0° and 90° light is shown 

below.   
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 𝐼𝑜𝑢𝑡,0
0° = 𝑊0,0 + 𝑊0,1 = 𝑀 ∙ 𝑆0° 5.4.6 

 𝐼𝑜𝑢𝑡,0
90° = 𝑊0,0 −𝑊0,1 = 𝑀 ∙ 𝑆90°  5.4.7 

 2 𝑊0,0 = 𝐼𝑜𝑢𝑡,0
0° + 𝐼𝑜𝑢𝑡,0

90°   5.4.8 

 2 𝑊0,1 = 𝐼𝑜𝑢𝑡,0
0° − 𝐼𝑜𝑢𝑡,0

90°  5.4.9 

W
0,2

 and W
0,3 

can be similarly calculated by inputting 45° linear, 135° linear, 

right hand circular, and left handed circular polarization.  In this fashion 

the full polarimetric matrix can be estimated.   

It is also important to understand that the method described above is for 

the calibration of a single measurement Stoke’s Polarimeter.  An imaging 

polarimeter collects data over the image field and therefore I, S, and W 

are functions of position (x,y) and for the case of a CCD they are discrete 

positions (m,n).  Depending on the uniformity of the optical elements 

over the field an average W matrix can be used or it can be calculated for 

each sample point.  It was assumed that array defects, coating uniformity, 

and error in FPA alignment would cause changes in our W matrix over the 

extent of the CCD and therefore an individual W matrix is calculated for 

each pixel.    This was performed by capturing a series of 40 images 

while the CCD was illuminated with uniform white linearly polarizer light.  

A 500 nm long pass filter is installed in front of the CCD in order to limit 

the spectrum to the wavelengths the dyes are most sensitive to.  Four 
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linear polarization orientations, 0°, 45°, 90°, and 135°, were used and ten 

images were acquired at each orientation.  The ten images were then 

averaged to produce four master calibration images.  These images were 

used to calculate the analyzer vectors for each pixel as described in 

5.4.6-9.   A collection of four neighboring pixels, (n,m), (n+1,m),(n,m+1), 

and (n+1,m+1), are then used to then calculate the individual W and W-1 

matrices.  

It is also important to properly characterize any detector.  Ideally the 

detector is treated as linear and without a polarization specific response, 

however all CCD and CMOS sensors have a linear and non-linear regimes 

and therefore it is important to only operate them in the linear regime or 

by properly characterizing their nonlinear response. 

5.6  Image Sensor 

The DoFP polarimeter is designed around the monochromatic Kodak KAI-

2020 CCD.  This CCD array is comprised of a 1600x1200 active pixel 

array where each pixel is 7.4 μm square.  It is commercially available both 

with and without micro-lenses.  Figure 20(a) shows a picture of the sensor 

package and Figure 20(b) shows a diagram of the complete pixel array. 
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Figure 20. (a) Image of KAI-2020 sensor. (b) Diagram of the sensors pixel 

array.  Each Pixel is 7.4 μm square. 

The CCD is modified with the fabricated liquid crystal FPAs.  The FPAs 

were attached to the CCD by 4D Technology in Tucson, Arizona, using an 

active alignment system and UV curing epoxy to affix the FPA once 

aligned.   Figure 21(a) shows the modified sensor.  The camera body used 

is a ST-2000XM from SBIG Astronomical Instruments.   The KAI-2020 in 

the ST2000-XM is replaced with the modified sensor as shown in Figure 

21(b).  The completed camera can be mounted with a variety of lenses 

including T-Mount, Canon FD-mount, and Nikon F-mount lenses (shown).   
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Figure 21. (a) The sensor with the aligned and affixed FPA.  (b) The 

sensor is replaced in the SBIG Camera with the modified version.  (c)  The 

SBIG ST-2000XM Camera used. 

5.7  Prototype Liquid Crystal Focal Plane Array Fabrication 

The fabrication of the focal plane arrays follows a similar model to that 

used in Chapters 1-3, however the processing has additional complexity 

due to the number or alignment domains and the domains immediate 

proximity and associated alignment.  All of the samples were fabricated 

on 100 mm borosilicate glass wafers that are double side polished and 

500 μm thick.   

5.7.1 Alignment Marks 

Accurate alignment marks are crucial for defining the unique polarization 

domains in the PM layer.  Therefore they must first be deposited or 

etched onto the glass.  Both etching of the glass using Hydrogen Fluoride 

and electron beam deposition of chrome were explored, however it was 
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found the etched glass lacked adequate contrast during dicing of the 

finished wafers.  The chrome was patterned with a standard lift-off 

process and a total of 50 nm was deposited.  Figure 22 shows the (a) CAD 

designed and (b) deposited alignment marks.  Some rounding of the 

features is observed as well as scalloping of the chrome; however, the 

quality of the pattern transfer is adequate and need not be further 

optimized. 

 

Figure 22. (a) CAD design of alignment marks.  (b) Micrograph of 

deposited chrome alignment marks. 

5.7.2 PM Patterning and LCP Coating 

Once a wafer has alignment marks, the PM layer can be coated and 

patterned.  As in the previous chapters a polarized UV source is used to 

expose the PM material.  However, since there are four alignment 

domains that need to be registered to one another, an exposure tool with 

an alignment system is required.  Here we use an ABM mask aligner with 
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a 6-axis vacuum stage to perform the exposures.  Each exposure 

generates one quadrant of the macro-pixel.  Figure 23(a) shows the 

alignment mark used for each successive exposure.  The marks require 

the mask to be indexed by a single pixel either vertically or horizontally 

between exposures.  

 

Figure 23. a) The four different alignment domains are generated by four 

successive aligned exposures.  b) A micrograph of a completed FPA 

shows the four orientations in a macro pixel. 

The second important consideration is the polarization of the exposure 

tool.  In order to achieve minimal depolarization or rotation of the 

intended polarization, the polarizer is located directly above the chrome 

mask.  As seen in Figure 24, a 4” diameter polarizer is mounted within an 

octagon holder.  As all of the polarization orientations utilized are at 45° 

increments, an octagon provides a simple method of accurately rotating 



74 

the polarizer.  The square frame sits around the chrome mask and the 

polarizer is simply repositioned between exposures.   

 

Figure 24. (a) A 4" polarizer is mounted in an octagonal holder.  The 

octagon can be rotated in 45° increments inside of its square frame.  (b)  

The polarizer rests directly above the glass mask, which is in-turn in 

contact with the PM coated glass wafer.  The frame also encompasses the 

mask. 

After exposure of the wafer, it is then coated with LCP doped with 

dichroic dye.  Dye loading varied between 5 and 20 mg/ml depending on 

the desired thickness, bandwidth, and LCP concentration.  Coating 
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speeds range from 600 to 3000 rpm.  After coating, the LCP is dried for 2 

minutes at 55° C.  It is important not to exceed 60° C as the LCP has a 

sharp isotropic phase transition.  The dried film is then exposed to 

unpolarized UV light.   Depending on the amount of dye included a 

higher or lower intensity is necessary.  For 20 mg/ml of dye an intensity 

of 100 mW/cm2 is used.  Figure 23(b) shows a micrograph of a completed 

FPA array illuminated with  45° polarized light.  A 100x 0.4 NA 

microscope objective is used to inspect the array for defects and 

alignment quality.  The microscope is not free of diattenuation and 

therefore the exact transmission is not representative.  

5.7.3 Wafer Dicing 

The primary concern during wafer dicing is the prevention of film 

delamination and contamination.  Delamination is particularly troubling 

as the PM material is soluble in water, which is used to cool the blade of 

the wafer saw.  Therefore, in order to eliminate any exposure to water or 

particles the glass wafers are mount film side down to a bare 6” silicon 

wafer.  The wafer is sealed around the edges with a rubber sealant to 

prevent any water from reaching the film surface.   A sealed wafer is 

shown below in Figure 25.  The wafer is then diced to size using a wafer 

saw; however, the cut depth is set to half of the total glass wafer 

thickness. This in effect ‘scores’ the wafer.  After dicing is complete the 
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mounted wafer is rinsed and cleaned.  The silicon wafer is then cleaved 

and the dies are broken apart. 

 

Figure 25 The glass wafer is sealed film side down to a bare silicon wafer.  

When dicing only a fraction of the glass thickness is cut. 

5.8  Linear DoFP Polarimeter 1 

The first prototype polarimeter assembled is a linear polarimeter with a 

macro pixel shown in the previous examples. The micropolarizer array 

was made with 10 mg/ml of both purple and blue dye.   The mixture and 

concentration of the dyes controls the extinction ratio and spectral 

bandwidth, as discussed in Chapter 2.  The use of the polarimeter must 

be considered to determine the optimum dye concentration and mixture.  
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In this case the polarimeter is designed for basic polarimetric imaging in 

the visible spectrum and both blue and purple dyes were included in 

equal concentration.  If the device was to be used for interferometric 

purposes, optimum dye concentrations could be designed to increase the 

extinction ratio at specific wavelengths. 

5.8.1  Bulk Polarizer Characterization 

A 1.5” rider wafer is completed with each 4” wafer.  These wafers see 

identical processing except they are not patterned and have a uniform 0° 

exposure instead.  These samples are used to estimate the polarization 

properties of the micropolarizers.   Figure 26 shows the bulk spectrum 

and extinction ratio for the first prototype device.  The measurement was 

performed on a Varian 5000 UV-VIS-NIR Spectrometer   
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Figure 26. (a) Bulk transmission of the sample with unpolarized, polarized 

perpendicular, and polarized parallel light incident is shown.  Continuous 

measurements were taken on a spectrometer. (b) The extinction ratio as a 

function of wavelength. (c) The chemical components of the coated dye 

doped LCP. 

5.8.2  FPA Mueller Matrix Images 

A Mueller matrix imaging polarimeter (MMIP), provided by Professor 

Russell Chipman’s group and described theoretically by Pezzaniti and 

Chipman in [55], was used to analyze the LCP FPA.  Images of the linear 

diattenuation, linear diattenuation orientation, and depolarization 

recorded at 550 nm is shown in Figure 27 along with their associated cut 

lines.   The images where captured with a 40x 0.55 microscope objective 

and therefore achieving proper focus is extremely difficult.  Proper focus 
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is essential for these measurements because orthogonally polarized light 

that is recombined can be treated as completely depolarized.   Therefore, 

defocus, scattering, and diffraction can all lead to the reduction in 

measured diattenuation and an increase in depolarization.  Despite these 

difficulties Figure 27 illustrates a few interesting details.  The cutline 

alternates between 0° and 45° degree pixels.  The measured linear 

diattenuation orientation confirms the LCP orientation is closely matched 

to their intended orientations imparted during the polarized lithography.  

However, the 45° pixels show slightly reduced diattenuation compared to 

their neighboring 0° pixels and the right edge of each 45° pixel has 

elevated depolarization.  This is a possible indication of misalignment of 

the pixels during lithography.   
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Figure 27. Horizontal cut lines are shown for linear diattenuation, linear 

diattenuation orientation, and depolarization taken at 550 nm. 

5.8.3  Focal Plane Array Gap 

A critically important step in the fabrication is the bonding of the FPA to 

the CCD. The FPA needs to be aligned to the CCD in all three spatial 

dimensions as well as two tilt axis.   This operation was performed for us 

by 4D Technologies located in Tucson AZ.   The process involves first 

affixing the FPA to a plastic holder, which can then be manipulated to 

align the system.   The final position is secured with an UV curing epoxy. 
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Errors arise from significant spacing between the FPA and the CCD which 

are related to both the focal length and f-number of the system.  This is 

the case for the first prototype camera constructed.   Figure 28 shows 

how the spacing between the FPA and the CCD causes a vertical offset 

between where the chief ray strikes the FPA and CCD.  As the offset 

increases radially away from the optical axis the Stokes values and DOLP 

fall to zero as averaging occurs between neighboring pixels.  When the 

magnitude of the offset reaches a full pixel height, 7.4 μm for this CCD, 

the measured Stoke’s value is equal to the negative of its original value.  

At an offset of 1.5 pixels the Stokes values again fall to zero before rising 

back to their original value. This cycle repeats continuously with an offset 

period equal to the height of two pixels.  The Stoke’s images in Figure 28 

were generated from imaging a scene of uniform horizontally polarized 

light using the first prototype camera.  As expected, the pitch of the 

pattern roughly doubles in size between the 50mm and 100mm focal 

length lenses.  Interestingly, the gap between the FPA and CCD can be 

estimated from the resulting images.  Each complete period of the 

pattern is the equivalent of two pixels of vertical offset, which is 14.8 μm.  

From similar triangles and knowing the total number of periods, number 

of pixels in the image, and the lens focal length the gap is estimated to 

be 76 μm. 
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Figure 28. The diagram shows how spacing between the FPA and CCD 

results in a periodic error in the Stoke's value measurement.  The images 

show how the period of the effect is proportional to the focal length of 

the system. 
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The second primary effect of the FPA gap is proportional to the marginal 

ray angle of the system.   As the f-number increases the marginal ray 

angle increases and the diameter of the image-space cone of light at the 

FPA can be larger than an individual pixel.  Figure 29 shows a diagram 

with three different f-numbers.  The high f-number has no averaging and 

therefore measures the full range of the Stoke’s parameter, an example 

of which is shown by the f/22 image.  As the f-number decreases 

averaging with areas outside of the intended FPA pixel occurs and results 

in a reduced effective extinction ratio and therefore a lower measured 

Stoke’s value and DOLP. The f/16 image shows this as the maximum 

value of S
1
 and S

2
 is +/-0.5. If the f-number is further decreased, the 

effective polarization orientation changes because a larger area of the 

orthogonal orientation is included in the average.  In the f/11 image the 

sign of the Stoke’s values is flipped and the maximum value is now -/+ 

0.2. 
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Figure 29. As the f-number decrease the marginal ray angle increases.  

This resulting averaging from neighboring pixels decreases the effective 

extinction ratio and in the extreme can alter the polarizer orientation.  
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5.8.4  Sample Images 

The first prototype camera was tested with a few basic scenes in both 

indoor and outdoor environments.  The primary test target was a beam 

chopper, shown in Figure 30, with linear polarizers placed in each 

window. The polarizers in the inside windows are aligned tangentially to 

the ring and on the outside windows they are aligned perpendicular to 

the tangent.  This target was imaged both fixed and rotating.    

 

Figure 30. A beam chopper was modified with sheet polarizers to create a 

polarization target.  The outside ring of windows is polarized 

perpendicular to the circle and the inside tangentially. 

In order to combat the effects of the large FPA gap on the first prototype 

camera we used a 500 mm focal length telephoto lens with a maximum f-

number of 32.  The images were then further cropped.  Figure 31 shows 

the target shot with a 500 mm f/32 lens and a 2 second exposure.  The 
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top row shows the raw image, S
0
, and the DOLP mapped in grayscale, 

where 256 is the maximum white value.  The DOLP ranges between 0.6 

and 0.9 in the polarizer regions.   The image was taken outside, so 

reflected light off the surface of the polarizer lead to a decrease in DOP.  

The bottom row shows S
1
, S

2
, and the linear polarization angle. The inside 

and outside rings are polarized perpendicular to one another and 

therefore have opposite signs for both S
1
 and S

2
.  The white background 

is unpolarized and slightly overexposed and therefore the linear 

polarization angle is pure noise.   
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Figure 31. A 500 mm f/32 lens was used with a 1.5 second exposure to 

image the target.  The unprocessed image Stokes values, the degree of 

polarization, and the linear polarization angle are shown.   

Figure 32 shows the target shot with a 500 mm f/32 lens and a 2.5 

second exposure with the target spinning at 16 rps.  S
1
 and S

2
 vary 

radially from -1 to 1 as the polarizer angle rotates through 360°.   The 

continuous change in polarization angle radially demonstrates the ability 

to accurately determine the linear polarization state. 
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Figure 32. A 500 mm f/32 lens was used with a 2 second exposure to 

image the target while it was spinning at 16 rps.  The unprocessed image 

is shown along with Stokes values, the degree of polarization, and the 

linear polarization angle.   

While many natural scenes can have very low polarization signatures, 

many times reflections of the sky or high angle reflections can produce 

moderate polarization signatures.   Figure 33 shows a parked car on the 

roof of a parking garage.  The sun is near its apex and the windows are 

reflecting the polarized sky.  The metallic siding of the car has a weaker 

polarization signal, however clearly changes with the shape of siding. 



89 

 

Figure 33. A 500mm f/32 lens with a 0.2 second exposure was used to 

image a parked car. 
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5.9  Linear DoFP Polarimeter 2 

5.9.1  Bulk Polarizer Characterization 

The second prototype camera is constructed with twice the total dye 

concentration, 10 mg/ml of both purple and blue dye, of the first camera. 

Figure 34 shows the bulk spectrum and extinction ratio for the device.  

The solid lines represent measurements from a Varian 5000 UV-VIS-NIR 

Spectrometer and the circles represent individual measurements using an 

Axometrics Polarimeter with a variety of 5 nm bandpass filters. 
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Figure 34 (a) Bulk transmission of the sample with unpolarized, polarized 

perpendicular, and polarized parallel light incident is shown.  Continuous 

measurements were taken on a spectrometer (lines) and were confirmed 

with discrete measurements on a polarimeter (circles). (b) The extinction 

ratio as a function of wavelength. (c) The chemical components of the 

coated dye doped LCP. 

5.9.2  FPA Mueller Matrix Images 

A new set of Mueller matrix images were taken for the improved linear 

FPA.   As before, accurate focus was difficult to achieve due to the high 

magnification and NA of the 40x 0.55 NA objective.  Figure 35 shows the 

linear diattenuation, linear diattenuation orientation, and depolarization 

as a function of x-position and measured at 550 nm.  The diattenuation 

and depolarization are very uniform compared to the first generation, 
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which had large drops between pixel boundaries.  However, it is difficult 

to assess if this is caused by physical differences or increased defocus.   

Further, the images show very high depolarization at corners of the pixels 

where the four orientations intersect.   It is again hard to determine if this 

is a real effect or is simply due to inadequate spatial resolution. 
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Figure 35. Horizontal cut lines are shown for linear diattenuation, linear 

diattenuation orientation, and depolarization taken at 550 nm.  The 

sample has a slight tilt, resulting in measurements that shift from the 

center of the pixel on the left to the boundary area between two pixels on 

the right. 

Figure 36 shows the average linear diattenuation over the complete 

image for five wavelengths.   As the wavelength increases the standard 

deviation drops from 0.074 at 500 nm to 0.043 at 700 nm.   This 

reduction could indicate the high depolarization and lower than expected 

diattenuation is at least partially due to diffraction and scattering by the 

FPA. 
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Figure 36. The average diattenuation for five wavelengths was measured 

using the Mueller Matrix Imaging Polarimeter.  The error bars represent 

one standard deviation. 

5.9.3  Camera Characterization 

The second generation camera was assessed for similar problems with 

the focal plane array gap.  A uniform 0° polarized scene imaged with 

lenses of three focal lengths, 50, 100, and 500 mm.  The f-number was 

varied for each lens and the resulting extinction ratio was determined for 

each f-number and lens combination.  The extinction ratio was measured 

by dividing each image into its sub-pixels components, resulting in four 

images with a quarter of the resolution.  On a per pixel basis, the 0° 

image was divided by the 90° image, which yielded a pixel level map of 

the extinction ratio.  The mean and standard deviation of the scene was 

then calculated.  Figure 37 shows a plot of the f-number versus extinction 



95 

ratio for each lens.  There is slight reduction in peak extinction ratio 

between the 50 and 100 mm lens, but at equivalent f-numbers the values 

are within one standard deviation between the 100 and 500 mm lenses.   

For all the lenses, significant roll off in extinction ratio occurs at f-

numbers below 8.  Unlike the 1st prototype, the complete loss of contrast 

and inversion of the Stoke’s parameters is not present.  However, the 

residual gap and the one micron thickness of the film still affect the 

performance at low f-numbers and short focal lengths.  This reinforces 

the point the mounting of the FPA and reducing the overall thickness of 

the devices will be critically important in improving future devices. 
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Figure 37. The f-number is plotted versus the extinction ratio for a 50 

mm, 100 mm, and 500 mm lens. 

The accuracy of the DOLP estimation was measured by capturing images 

of varying DOLP.  The DOLP was controlled by rotating a quarter wave 

retarder in front of a 0° linear polarizer.  Due to the change in retardance 

with wavelength the spectrum was limited by a 585 nm bandpass filter 

with a spectral width of 5 nm. Using the Axometrics Mueller Matrix 

Polarimeter the waveplate was also measured to have a retardance of 

98.96°.  Figure 38 shows a plot of the average DOLP of the scene with the 

standard deviation marked by error bars.   The average standard 

deviation for all the measurements was +/-0.053.  The solid line shows 

the theoretical DOLP for a horizontal polarization state rotated by an 

ideal waveplate with a retardance of 98.96°.  The four images show a 

250x250 crop of the captured images with the fast-axis orientation of the 
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retarder indicated.  The noise in the scene is primarily due to pattern 

defects in the LCP orientations which cannot be calibrated out. 

 

Figure 38. The DOLP was measured as a function of the fast axis 

orientation of a 98.96° retarder at 585 nm.  The circles mark the 

measurements and the solid line the theoretical prediction.  The average 

standard deviation was 5.31%.  The images on the right show a 250x250 

pixel area captured at different orientations of the retarder. 

5.9.4  Sample Images 

The same target was imaged with the 2nd prototype camera.   Figure 39 

was taken with the 50 mm lens at f/5.6 with a 0.5 second exposure and 

ambient fluorescent lighting.  The average DOLP in the polarizer regions 

is 0.783 +/- 0.111.  Reflections of the surfaces of the polarizers act to 
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reduce the measured DOP.  Figure 40 shows the same target, lens, and f-

number combination except with the target spinning at 16 rpm and a 1 

second exposure.    

 

Figure 39. The 1000x1000 pixel image was taken at f/5.6 with a 0.5 

second exposure.  The average DOLP of the polarizer regions is 0.782 +/- 

0.111. 
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Figure 40. The 1000x1000 pixel image was taken at f/5.6 with a 1 

second exposure and the target spinning at 16rps. 

5.10  Discussion of Challenges and Future Work 

The prototype polarimeter demonstrates the feasibility and practicality of 

LCP micro-optics.  However there are clear limitations and design 

considerations.  The properties of a polarizer FPA for an imaging 

polarimeter are the polarizer uniformity, extinction ratio, principle 

transmittance, off axis performance (f-number), and device lifetime.  The 

uniformity of the array can be affected by particle defects, registration 

error in the lithography, coating uniformity, UV curing uniformity, and 
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registration errors during bonding to the detector.   All of these errors 

are primarily a function of the capability of the processing toolsets and 

the skill of the operator.  In a high volume manufacturing setting there 

are also concerns of uniformity between dies, wafer, and lots, however, 

these not typically a concern in a research setting. 

The extinction ratio and the principle transmittance of the devices are 

both a function of film thickness, die loading, and the order parameter.   

Increasing the extinction ratio of a LCP polarizer requires either a thicker 

coating or a higher dye concentration.   As discussed, increasing the 

polarizer thickness is undesirable because it negatively affects the off-

axis performance.  However, if the application does not require a low f-

number, a thicker film could produce a higher extinction ratio.    

The dye loading is a variable that depends on the specifications of each 

application.   The dye concentration can be optimized for a specific 

wavelength or for a broader spectrum.  For instance, the prototype 

polarimeter has equal parts blue and purple dyes which works well from 

green to red.    However, the blue dye has peak absorbance at 633 nm, 

and therefore a much higher extinction ratio device for that wavelength 

could be produced with double the concentration of blue dye and zero 

concentration of purple dye.   
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A final processing problem with both increased thickness and dye loading 

is the ability to properly cure the film.   All of the dyes have absorption in 

the UV and therefore ‘rob’ the liquid crystal of the necessary energy 

needed for curing.  A poorly cured film will have issues with dye 

aggregation, device lifetime, and particle contamination.    For this reason 

the third yellow dye that covers the blue portion of the spectrum was not 

included in the prototype polarimeter focal plane array.    This problem 

can be addressed by increasing the UV curing intensity.   It’s important to 

note that the dye concentration in our designs was primarily limited by 

the ability to properly cure the film.  Therefore, if a higher intensity 

source was available, the dye loading could be increased.  The 

Hayashibara dichroic dyes have solubility limit in excess of 3% weight in 

chloroform.  A 20 mg/ml dye loading is only a 1.3% weight and therefore 

the dye concentration could still be greatly increased.  A possible 

alternative to buying a high power UV system is to replace the UV curing 

LCP with a thermal curing variant. 

The off axis performance is mainly dependent on the total thickness 

between the detector and the front surface of the FPA and limits the 

speed of the camera.  As the f-number of the system decreases the 

marginal ray angle increases.  This increase in angle leads to cross talk 

between neighboring pixels and decreased or even inverted extinction 
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ratios.  To combat this affect, the FPA first must be mounted as close to 

the imaging sensor as possible and secondly the LCP film thickness needs 

to be minimized.  A new approach that could be suitable for future 

generations of the technology is a pixel level aperture that blocks light 

outside of the boundary of each pixels polarizer.   This also has the 

benefit of ensuring that the FPA is centered over each pixel more 

accurately and therefore is ‘seeing’ the center portion of the polarizer, 

which the MMPI indicated has both higher and more uniform 

diattenuation.  The sub-aperture could also help control stray light 

caused from diffraction from the FPA and from the reflections on the CCD 

and FPA surfaces. 

Finally, the lifetime of the camera is important aspect for any commercial 

application.   The most important aspect for the FPA array is the curing of 

the film as discussed above.  
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CHAPTER 6: CLOSING REMARKS 

This dissertation presented a novel method of fabricating a variety of 

polarization micro-optics and the application of this technology in two 

prototype linear DOFP Polarimeters. This technology represents an 

increase in simplicity and flexibility for the fabrication of micro 

polarization optics.  The most competitive technology, micro wire grid 

polarizers, requires a process toolset that includes a lithography system 

capable of printing pitches below 300 nm, an evaporator to deposit 

metals, and a dry etch system.  Comparatively, this process requires only 

a lithography tool with a resolution better than the pixel size, 7.4 μm in 

this case.  Secondly, the spectral response of the system is only 

dependent on the dyes incorporated and can therefore be optimized for 

very narrow or wide spectrums.    

The linear polarimeter demonstrated represents a basic demonstration of 

the technology.  However, no large technical barrier exists in creating 

more complex or specialized polarimeters.  These could include larger 

full stokes polarimeters, macro pixels that incorporate 6, 9, or more 

measurements, higher resolution sensors, or different measurement 

patterns.   

For the next iteration of the technology, we intended to generate a FPA 

that includes circular polarizer elements.  The linear FPA includes four 
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measurements on the equator of the Poincare Sphere shown in Figure 

41(a).  By adding moving one of the measurements away from the 

hemisphere, using a patterned retarder, S
3
 can measured as well. We 

intend to generate an FPA that includes three linear pixels and one right 

circular pixel, shown in Figure 41(b).  A future optimized design could 

include four points that are equidistant on the Poincare Sphere, which 

define a circumscribed tetrahedron.  This design, shown in Figure 41(c), 

has equal retardance for each measurement and therefore can be 

implemented with a 35° retarder layer and a polarizer.   

 

Figure 41. (a) A linear stokes polarimeter was demonstrated.  (b) The next 

iteration is to include circular polarizers.  (c)  An optimized design could 

include four elliptical measurements that form an equidistant 

tetrahedron. 

  



105 

REFERENCES 

1. Friedel, G., Mesomorphic States of Matter. Annales de Physique, 

1922. 18: p. 273-474. 

2. Partrick Oswald, P.P., Nematic and Cholesteric Liquid Crystals. The 

Liquid Crsytals Book Series2005, Boca, Raton, FL: Taylor and 

Francis. 

3. Pochi Yeh, C.G., Optics of Liquid Crsytal Displays. Wiley Series in 

Pure and Applied Optics, ed. J. Goodman1999: Wiley Interscience  

4. Jen, S., et al., Polarized Raman-Scattering Studies of Orientational 

Order in Uniaxial Liquid-Crystalline Phases. Journal of Chemical 

Physics, 1977. 66(10): p. 4635-4661. 

5. Berreman, D.W., Alignment of Liquid-Crystals by Grooved Surfaces. 

Molecular Crystals and Liquid Crystals, 1973. 23(3-4): p. 215-231. 

6. Ruetschi, M., J. Funfschilling, and H.-J. Guntherodt, Creation of 

submicron orientational structures in thin liquid crystal polymer 

layers. Journal of Applied Physics, 1996. 80(6): p. 3155-3161. 

7. Andrienko, D., et al., Tilted photoalignment of a nematic liquid 

crystal induced by a magnetic field. Journal of Applied Physics, 

1998. 83(1): p. 50-55. 

8. Shklyarevskiy, I.O., et al., Magnetic field induced alignment of 

cyanine dye J-aggregates. Journal of Chemical Physics, 2002. 

116(19): p. 8407-8410. 



106 

9. Kim, T., et al., Active alignment of microtubules with electric fields. 

Nano Letters, 2007. 7(1): p. 211-217. 

10. Yaroshchuk, O., et al., Planar and tilted uniform alignment of liquid 

crystals by plasma-treated substrates. Liquid Crystals, 2004. 31(6): 

p. 859 - 869. 

11. Seo, D.S., S. Kobayashi, and M. Nishikawa, Study of the pretilt angle 

for 5cb on rubber polyimide films containing trifluoromethyl moiety 

and analysis of the surface atomic concentration of F/C( Percent) 

with an electron spectroscope for chemical-analysis. Applied 

Physics Letters, 1992. 61(20): p. 2392-2394. 

12. Toney, M.F., et al., Near-Surface Alignment of Polymers in Rubbed 

Films. Nature, 1995. 374(6524): p. 709-711. 

13. Pidduck, A.J., et al. Atomic force microscopy studies of rubbed 

polyimide surfaces used for liquid crystal alignment. 1996. Amer 

Inst Physics. 

14. Bechtold, I.H., et al., Rubbing-induced charge domains observed by 

electrostatic force microscopy: effect on liquid crystal alignment. 

Liquid Crystals, 2003. 30(5): p. 591-598. 

15. Doyle, J.P., et al. Ion beam alignment for liquid crystal display 

fabrication. 2003. Elsevier Science Bv. 



107 

16. Harnett, C.K. and H.G. Craighead, Liquid-crystal micropolarizer 

array for polarization-difference imaging. Appl. Opt., 2002. 41(7): 

p. 1291-1296. 

17. Gibbons, W.M., et al., Surface-mediated alignment of nematic 

liquid-crystals with polarized laser-light. Nature, 1991. 351(6321): 

p. 49-50. 

18. McEldowney, S.C., D.M. Shemo, and R.A. Chipman, Vortex retarders 

produced from photo-aligned liquid crystal polymers. Opt. Express, 

2008. 16(10): p. 7295-7308. 

19. Nishikawa, M., B. Taheri, and J.L. West, Mechanism of unidirectional 

liquid-crystal alignment on polyimides with linearly polarized 

ultraviolet light exposure. Applied Physics Letters, 1998. 72(19): p. 

2403-2405. 

20. Kim, J.-H., S. Kumar, and S.-D. Lee, Alignment of liquid crystals on 

polyimide films exposed to ultraviolet light. Physical Review E, 

1998. 57(5): p. 5644. 

21. Hasegawa, M. and Y. Taira, Nematic Homogeneous Photo Alignment 

by Polyimide Exposure to Linearly Polarized UV. Journal of 

Photopolymer Science and Technology, 1995. 8(2): p. 241-248. 

22. Dyadyusha, A.G., et al., Light-induced planar alignment of nematic 

liquid-crystal by the anisotropic surface without mechanical 

texture. Ukrainskii Fizicheskii Zhurnal, 1991. 36(7): p. 1059-1062. 



108 

23. Chen, J., et al., Model of liquid crystal alignment by exposure to 

linearly polarized ultraviolet light. Physical Review E, 1996. 54(2): 

p. 1599. 

24. Schadt, M., et al., Photo-generation of linearly polymerized liquid-

crystal aligning layers comprising novel, integrated optically 

patterned retarders and color filters. Japanese Journal of Applied 

Physics Part 1-Regular Papers Short Notes & Review Papers, 1995. 

34(6A): p. 3240-3249. 

25. Myhre, G. and S. Pau, Imaging capability of patterned liquid 

crystals. Appl. Opt., 2009. 48(32): p. 6152-6158. 

26. Guo, J. and D.J. Brady, Fabrication of high-resolution micropolarizer 

arrays. Optical Engineering, 1997. 36(8): p. 2268-2271. 

27. Gruev, V., et al., Fabrication of a dual-tier thin film 

micropolarization array. Opt. Express, 2007. 15(8): p. 4994-5007. 

28. Nordin, G.P., et al., Micropolarizer array for infrared imaging 

polarimetry. J. Opt. Soc. Am. A, 1999. 16(5): p. 1168-1174. 

29. Zhou, Y.L. and D.J. Klotzkin, Design and parallel fabrication of 

wire-grid polarization arrays for polarization-resolved imaging at 

1.55 mu m. Applied Optics, 2008. 47(20): p. 3555-3560. 

30. Zhao, X., et al., High-resolution photoaligned liquid-crystal 

micropolarizer array for polarization imaging in visible spectrum. 

Optics Letters, 2009. 34(23): p. 3619-3621. 



109 

31. Zhao, X., et al., Liquid-crystal micropolarimeter arrayfor full Stokes 

polarization imaging invisible spectrum. Opt. Express, 2010. 

18(17): p. 17776-17787. 

32. Kawatsuki, N. and K. Fujio, Cooperative reorientation of dichroic 

dyes dispersed in photo-cross-linkable polymer liquid crystal and 

application to linear polarizer. Chemistry Letters, 2005. 34(4): p. 

558-559. 

33. Schnabel, B., E.-B. Kley, and F. Wyrowski, Study on polarizing visible 

light by subwavelength-period metal-stripe gratings. Optical 

Engineering, 1999. 38(2): p. 220-226. 

34. Nersisyan, S., et al., Axial polarizers based on dichroic liquid 

crystals. Journal of Applied Physics, 2010. 108(3): p. 033101. 

35. Heilmeie.Gh and L.A. Zanoni, Guest-host interactions in nematic 

liquid crystals.  A new electro-optic effect. Applied Physics Letters, 

1968. 13(3): p. 91-&. 

36. Williams, R., Domains in Liquid Crsytals. Journal of Chemical 

Physics, 1963. 39(2): p. 384-&. 

37. Uchida, T., et al., Guest-Host Interactions in Liquid Crystals. 

Molecular Crystals and Liquid Crystals, 1977. 39(1-2): p. 39-52. 

38. Schubert, M.F., et al., Linearly polarized emission from GaInN light-

emitting diodes with polarization-enhancing reflector. Optics 

Express, 2007. 15(18): p. 11213-11218. 



110 

39. Brinkley, S.E., et al., Polarized spontaneous emission from blue-

green m-plane GaN-based light emitting diodes. Applied Physics 

Letters, 2011. 98(1): p. 011110. 

40. You, S., et al., Highly Polarized Green Light Emitting Diode in m-

Axis GaInN/GaN. Applied Physics Express, 2010. 3(10). 

41. Fellows, N., et al., Increased Polarization Ratio on Semipolar 

(11(2)over-bar2) InGaN/GaN Light-Emitting Diodes with Increasing 

Indium Composition. Japanese Journal of Applied Physics, 2008. 

47(10): p. 7854-7856. 

42. Koga, T., et al., Fluorescence spectroscopic characterization of 4,7-

bis(2-thienyl)-1,2,5-oxadiazolo[3,4-c]pyridine; lead structure of new 

red-emitting EL material. Chemical Physics Letters, 2002. 354(1-2): 

p. 173-178. 

43. Zhang, X., et al., Benzo-2,1,3-thiadiazole-based, highly dichroic 

fluorescent dyes for fluorescent host-guest liquid crystal displays. 

Journal of Materials Chemistry, 2004. 14(12): p. 1901-1904. 

44. Langhals, H., Sythesis of highly pure perylene fluorescent dyes in 

large-scale amounts. - Specific prerperation of atropic isomers. 

Chemische Berichte-Recueil, 1985. 118(11): p. 4641-4645. 

45. Turkmen, G., S. Erten-Ela, and S. Icli, Highly soluble perylene dyes: 

Synthesis, photophysical and electrochemical characterizations. 

Dyes and Pigments, 2009. 83(3): p. 297-303. 



111 

46. Tyo, J.S., et al., Target detection in optically scattering media by 

polarization-difference imaging. Applied Optics, 1996. 35(11): p. 

1855-1870. 

47. Twietmeyer, K.M., et al., Mueller matrix retinal imager with 

optimized polarization conditions. Optics Express, 2008. 16(26): p. 

21339-21354. 

48. Sun, C.-W., et al., Myocardial tissue characterization based on a 

polarization-sensitive optical coherence tomography system with an 

ultrashort pulsed laser. Journal of Biomedical Optics, 2006. 11(5): 

p. 054016-7. 

49. Cheng, Y.Y. and J.C. Wyant, 2-Wavelength Phase-Shifting 

Interferometry. Applied Optics, 1984. 23(24): p. 4539-4543. 

50. Tyo, J.S., et al., Review of passive imaging polarimetry for remote 

sensing applications. Applied Optics, 2006. 45(22): p. 5453-5469. 

51. LaCasse, C.F., R.A. Chipman, and J.S. Tyo, Band limited data 

reconstruction in modulated polarimeters. Opt. Express, 2011. 

19(16): p. 14976-14989. 

52. Chun, C.S.L., N.L. Fleming, and E.J. Torok, Polarization-sensitive, 

thermal imaging. Proceedings of the SPIE - The International Society 

for Optical Engineering, 1994. 2234: p. 275-286286. 



112 

53. Andreou, A.G. and Z.K. Kalayjian, Polarization imaging: principles 

and integrated polarimeters. IEEE Sensors Journal, 2002. 2(6): p. 

566-576576. 

54. Chipman, R.A., Polarized Light and Polarimetry, 2010, University of 

Arizona. 

55. Pezzaniti, J.L. and R.A. Chipman, MUELLER MATRIX IMAGING 

POLARIMETRY. Optical Engineering, 1995. 34(6): p. 1558-1568. 

56. Pau, S., et al., Sub-wavelength printing using multiple overlapping 

masks. Microelectronic Engineering, 2000. 53(1-4): p. 119-122. 

 

 

  



113 

 

APPENDIX A:  EXCERPTS FROM IMAGING CAPABILITY OF PATTERNED 

LIQUID CRYSTALS 

Graham Myhre* and Stanley Pau 

College of Optical Sciences, University of Arizona, 1630 East University 

Boulevard, Tucson, Arizona 85721, USA 

*Corresponding author: gmyhre@optics.arizona.edu 

Submitted to Applied Optics 

Received 9 September 2009; accepted 6 October 2009 

posted 12 October 2009 (Doc. ID 116927); published 2 November 2009 

“Copyright 2009 Optical Society of America” 

 

 

Heading and formatting changes made from the original 
publications for continuity.  



114 

1  Patterned Waveplate Experimental Methods 

1.1  Patterned Waveplate Fabrication 

The LPP material (ROP-103) and polymer LC material (ROF-5102) are 

supplied by Rolic Technologies (Switzerland). A custom exposure system 

was developed to align and cure the ROP-102 and ROF-5102, respectively.  

A Hamamatsu LC5 UV light source is collimated and filtered (passband of 

280 nm to 350 nm) and then linearly polarized by passing through a 

dichroic UV polarizer manufactured by Boulder Vision Optics (Colorado, 

US).  The sample is placed on a rotational stage so that it can be exposed 

with an arbitrary direction of polarized light.  The beam intensity at the 

stage is 12 mW/cm2. Exposure times vary based on the number of 

alignment directions and the substrate reflectivity.  The process for 

coating and alignment of ROP-103 is (1) spin coat at 2500 RPM for 60 

seconds, (2) a 5 minute bake step at 175° C to evaporate the residual 

solvent, and (3) alignment exposure(s) using described alignment system.   

The resulting film thickness is approximately 50 nm and is of negligible 

retardance.  Patterned alignment is achieved by adding a contact mask 

during the first exposure.  The mask is then removed, the 

stage/substrate is rotated 90°, and a second exposure is performed.  For 

our experiment a 1951 USAF resolution target was used for semi-isolated 

features.  A variable spatial frequency target was used for dense features.   



115 

ROF-5102 is applied at the desired thickness for half-wave plate operation 

at the desired wavelength.  Figure A1(a) shows ROF-5102 thickness and 

retardance at 532 nm as a function of spin speed.   The process used was 

(1) spin coating at 850 rpm for 2 minutes, (2) annealing at 52° C in an 

oven for 3 minutes, and (3) broadband 50 mW UV cure for 5 minutes in a 

Nitrogen atmosphere. 

Optimum transmittance through the analyzer occurs when the incident 

polarization is rotated a full 90° by the LCP half-wave plate therefore the 

LCP coating speed was optimized to provide 180° of retardance.  The 

material system was characterized by measuring retardance and film 

thickness of the LCP at a variety of spin speeds.  Retardance was 

measured using an Axolite Muller Matrix Polarimeter with a 2 mm beam 

diameter.  Film thickness was measured with a Veeco Wyco NT9800 white 

light interferometer.  Figure A1(a) shows both retardance and film 

thickness at five spin speeds.  For half-wave plate operation at 532 nm, 

ROF-5102 is coated at 850 RPM and results in a film thickness of 2.2 μm.  

At this spin speed the film retardance is controlled to within ±5% across 

the radius of the 1.5 in wafers used. 

Figure A1(b) shows transmission data for the substrate, ROP-103, and a 

ROP-103/ROF-5102 film stack. Surface reflection accounts for about 8% of 

the total losses, showing that the LC films are almost completely 
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transparent from 350 nm to 2500 nm.  Between 300 nm and 350 nm the 

materials absorb heavily, and below 300 nm they are entirely opaque. 

 

Figure A1. (a) Spin speed versus both film thickness and retardance 

measurements were taken in order to determine coating speed for half-

wave plate thickness.  The error bars mark one standard deviation. (b) A 

spectrometer was used to determine the transmission profiles of each 

material.  Both Rolic materials absorb strongly below 350 nm. 

1.2   Patterned Waveplate Imaging 

In order to reconstruct the image in a pattern waveplate, it must be 

placed between crossed polarizers.  A 10 mW 532 nm diode laser is 

spatially filtered using a 10x objective and a 20 μm pinhole.  Following 

the spatial filter the beam line elements include a (1) 100 mm collimation 

lens, (2) first linear polarizer, (3) patterned waveplate mounted to 3-axis 

stage, (4) second linear polarizer, (5) 1” 0.50 NA aspherical objective lens 

from Edmond optics, and (6) a five-megapixel TCA CMOS CCD.  Images 
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were captured using TSView software.  Image analysis and cross-sectional 

intensity profiles were done using Gwyddion.  The visibility of a feature 

was quantitatively determined by using Gwyddion to take an intensity 

cross section of a feature set.  The average intensity of the cross section 

was set as the threshold intensity value.  Everything above or below the 

threshold value contributed to the intensity maximum (I
max

) or minimum 

(I
min

) respectively.  The visibility (V) of the feature was then determined by 

Eq. A1.  

 max min

max min

I IV
I I

−
=

+
 (A1) 

 

2  Further LCP/LPP Imaging Results 

2.1  Dense feature comparison 

Feature visibility was examined for dense features using the same 

process.  Figures A2(a) and A2(b) show a dense 2.9 μm half-pitch 1:1 duty 

ratio feature set in chrome and in 0°-45° aligned LC.  The variation in 

intensity in Fig. A2(b) is due to both slight variations in the LC alignment 

and intensity variation in the illumination system.   Figure A2(c) shows 

measured visibility for each pitch of the variable grating.  The grey marks 

the visibility of the images shown in Fig. A2(a) and A2(b).  The chrome 

pattern has a relatively flat visibility of about 0.75.  System flare, uneven 
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illumination, and diffraction limits are some of the contributors to loss of 

mask visibility.   Compared to the semi-isolated features, the flat visibility 

profile of the dense features can be attributed to the decrease in focus 

sensitivity for dense features compared to semi-isolated features of the 

same size.  
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Figure A2. Visibility comparison of dense features between a chrome 

mask and a 0°–90° patterned waveplate. (a) 2:9 μm halfpitch1∶1 duty ratio 

chrome pattern imaged onto a CCD. (b) The same 2:9 μm pattern with LC 

in the bright areas aligned at 0° and the dark areas at 45°. The waveplate 

is imaged onto a CCD with its primary axis at 45° to the incident linear 

polarization. (c) Visibility data for a variety of half pitches. The gray bar 

marks the pitch shown in (a) and (b). 

 

In comparison with the chrome mask, the 0°-45° aligned LC has a kinked 

profile that is relatively flat for half-pitches greater than 5 m and then 

drops off much faster.  The LC features have a very similar profile to the 

semi-isolated features, with a maximum resolution again of roughly 
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4 μm.  The resolution again appears to be limited by the finite length of 

the transition between LC orientations.  

2.2   Mixed Chrome and LC Features 

Combining chrome and LC features on a substrate allows two separate 

images to be defined with no theoretical loss in visibility. In this 

experiment, we coated LCP/LPP on top of patterned chrome on quartz. 

Using 0°-45° aligned LC, two images are defined with a transmittance 

between cross polarizers as shown in Fig. A3(a).  The complete image 

defined by the chrome is shown in Fig. A3(b) and was taken with the 

waveplate at 22.5°, as marked “b”, in Fig. A3(a).  The left and right halves 

of the mask are aligned at 45° and 0°, respectively, and therefore transmit 

equally at 22.5°. The dark line in the middle of the image is due to the 

transition region between LC orientations.  When the LC/chrome mask is 

viewed at 0° or 45°, only half of the chrome masks pattern is visible as 

shown in Fig. A3(c) and A3(d), respectively.  A diagram of the assembled 

LC/chrome mask is shown in Fig. A3(e). 

Figure A3(f) shows an example of chrome/LC mask for double patterning. 

The dark features are opaque and are made of chrome. The dashed 

features are patterned LC and line directions denote the LC orientation. 

Current double patterning methods decompose a mask with a sub 

resolution pitch into two masks that have twice the effective pitch, 
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therefore allowing them to be printed.  These two masks are then printed 

sequentially to recreate the original[56].  However, misalignment between 

the two exposures leads to negative effects such as nonlinear critical 

dimension and overlay errors.  The mixed chrome and LC mask shown in 

Fig. A3(f) defines two separate images in the same way demonstrated in 

Fig. A3(a-e).   Therefore in a negative resist system, the mask does not 

have to be changed between exposures, which can significantly increase 

lithographic tool throughput and decrease overlay error.  The main 

difficulty is that the LC and chrome patterns must be aligned to a 

tolerance equal the chrome half pitch during photo-alignment of the LPP 

layer.   

 

Figure A3. Patterned LC was coated on top of dense chrome features.  

The left and right sides of each photo are aligned at 45° and 0°, 

respectively.  The 5 μm half-pitch features are defined by the chrome 
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mask.  (a) Shows the transmittance of the two orientations of LC as the 

waveplate is rotated with respect to the incident polarization.   The 

marked locations show the angle at which b, c, and d were each taken at. 

(b) Both LC orientations transmit equally (c) Only the 45° LC allows light 

to be transmitted. (d) Only the 0° LC allows light to be transmitted. (e) 

Diagram of current Chrome/LC hybrid mask.  (f) Diagram of next 

generation Chrome/LC hybrid mask for double patterning.  The dashed 

lines indicate the liquid crystal alignment. 
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1.  Gray Dye Optimization 

The optimum dye mixture for a broadband visible polarizer was 

determined by measuring the transmission spectrum for many ratios of 

the three dyes.  The standard deviation of the transmission between 

wavelengths of 425 to 675 nm was used as the quantitative metric. By 

definition, a perfect gray dye has a flat transmission with zero standard 

deviation. The spectrum was limited to the areas in which the change in 

dye ratios had the most effect on the transmission and it also correlates 

to the peak response of the human eye. We performed a systematic study 

to determine an optimal dye ratio for a gray polarizer. Figure A4(a) shows 

the standard deviation of the transmission as a function of the purple dye 

ratio.  Each curve represents a varying ratio of yellow dye, with the 

amount of blue dye held constant.  A 2 μg/mL CHCl3 dilution was first 

prepared for each dye.  The dilute dyes were then mixed and measured in 

a spectrometer.  The optimum ratio was measured to be 10 Blue: 10 

Yellow: 2 Blue, or 5:5:1 in reduced form.  The standard deviation of the 

transmission for this dye ratio was 2.1% over the specified range.  

Figure A4(b) shows the transmission spectrum of the optimized gray 

mixture over the entire visible region.  The lower right inset pictures the 

gray dye and the upper left shows a gray polarizer made with the same 

ratios, at a 10 mg/mL total dye weight to CHCl3 concentration.  
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Fig. A4. (a)  The standard deviation of measured transmission between 

425 nm to 675 nm is plotted against the purple dye ratio, with separate 

plots for each yellow dye ratio.  The total amount of blue dye is held 

constant.   The optimum ratio of the three dyes is determined to be 10 

Blue: 10 Yellow: 2 Purple, and has a standard deviation of 2.1%. (b)  The 

transmission spectrum of the optimized dye is shown, with the gray areas 

showing the wavelengths excluded from the standard deviation.  The 

bottom right inset shows the gray dye mixture in CHCl
3
, and the top right 

shows a polarizer made from the same ratio and viewed through an 

analyzer. 
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