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Abstract
Study of Spectral Sensing using Electro-Optic Films

Kashma K. Rai

Advisor: Adam K. Fontecchio, Ph.D.

Fundamental studies on light interacting with liquid crystals (LCs) and poly-

mers have led to innovative application like the omnipresent LCDs, revolutionizing

the display industry. This thesis focuses on manipulation of optical propagation

through LC/polymer two phase composite material set and in-depth understanding

of these systems by studying their morphology and microscopic interactions for multi-

wavelength sensing applications.

Holographically formed Polymer Dispersed Liquid Crystals (HPDLCs) are the

composite photorefractive material used in this work. They consist of LC nan-

odroplets confined in a polymer matrix, arranged in periodic planes. Applying an

electric field across them modifies their periodic refractive index to a uniform refrac-

tive index state, due to LC realignment. This transforms the reflective HPDLCs into

an optically transparent state.

Fabricating and assembling HPDLCs in different configurations enables wave-

length filtering by controlling their optical lineshape output, for wavelength sensing

applications. To increase the range of wavelengths spanned, these electro-optic thin

films are arranged in serial and parallel design. A novel dynamic time multiplexing

technique is used to improve the spectral range of individual HPDLC unit.

These types of field controllable HPDLC wavelength filtering devices have re-

mote sensing, imaging spectrometry applications like hyperspectral and multispectral

imaging to detect specific spectral signature of an unknown remote object source.

Comparing the detected spectra to a database of known spectral fingerprints enables
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identification of the unknown entity.

To further fundamentally comprehend the LC polymer interaction in HPDLC

systems structural analysis data using microscopy and spectroscopy techniques is

presented. To interpret the nano-scale structure accurately and better understand the

confined LC behavior, variable pressure scanning electron microscopy and electron

spin resonance spectroscopy is used here for the first time. Berreman 4×4 matrix

technique and a phenomenological diffusion model are presented to model and predict

their optical output behavior and their multipart wavelength lineshapes.

In summary this dissertation focuses on study of multi spectral sensing using

HPDLCs, their fundamental studies along with modeling their behavior.
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1. Scope of this dissertation

Confined liquid crystals (LCs) in diverse enclosures are extensively used in emerg-

ing electro-optic technologies. In this work optical propagation through LCs confined

in a polymer matrix system are extensively studied for wavelength sensing application

along with basic fundamental studies of these systems and theoretical analysis.

Wavelength sensing techniques such as remote sensing involve identifying distant

objects by recording and detecting signals radiated from them, using sensors. These

sensors positioned on land or space measure and analyze most frequently the electro-

magnetic spectral fingerprints of the object either as discrete intervals or continuous

bands of electromagnetic radiation.

Remote wavelength sensing techniques such as multispectral and hyperspectral

imaging have been used for hundred of applications such as investigation of the pres-

ence of vegetation, water, rocks, minerals etc. Here the signature spectral content

measured such as scattering, reflectance, transmittance from the remote objects can

be used to better classify and identify them by comparing them to spectral fingerprints

of known objects.

Multispectral sensors measure bands of frequency and the band intervals are either

discrete or overlapping. These are typically either measured by a series of sensors or

sometimes by a single sensor. For example NASA and U.S. Geological surveys jointly

managed satellite LANDSAT 5 launched in 1982 had multispectral sensor known as

multispectral scanner(MSS) that recorded 4 spectral bands in the regions of blue,

green, red and near-infrared with each of the band spanning a wavelength range of

100 nm. Hyperspectral imaging is a more advanced form where a typical a sensor

measures narrower bands resulting in improved resolution. For example one of the

earliest hyperspectral airborne sensors is NASAs AVIRIS( Airborne Visible/ Infrared
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Figure 1.1: Demonstration of HPDLC filtering concept for wavelength sensing appli-
cation

Imaging Spectrometer) with a band spectral resolution of 10 nm.

Many inventive technologies are being researched to realize the full potential of

spectral imaging techniques with focus on factors like reducing the size of the sensors,

complexity, cost, data processing and improving aspects like resolution and time

response to gather spectra.

Electrically reconfigurable holographic polymer dispersed liquid crystals(HPDLCs)

possess desirable properties such as ability to be nanofabricated, high color purity,

fast electrical response resulting in faster data acquisition, capability of filtering wave-

lengths in the range from ultraviolet to infrared and detection ability of only required

wavelengths, to function as opto-electrical sensors for target applications. For exam-

ple a botonist working remotely on site to detect the presence of specific vegetation

spectral features can use the small footprint, simple HPDLC based sensor designed

to detect particular spectral fingerprints for a quick on location analysis.

In this dissertation the composite polymer/LC photorefractive HPDLCs are ex-

plored in detail for their spectral filtering ability for sensing applications. They ma-

nipulate incident light depending on their periodic grating structure and they reflect

or transmit a particular wavelength of light based on application of field bias across

them. Figure 7.1 shows an example of HPDLCs functioning as a spectral sensor.

Here light reflected from a remote source is incident on a tunable HPDLC wave-
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length filter stack and the transmitted intensity is measured by a detector setup such

as a CCD detector. The tunable filter stack consists of multiple wavelength filter-

ing HPDLCs placed adjacent to each other. Having a stack of HPDLCs that can

selectively transmit or reflect multiple wavelengths gives the desired wavelength con-

trollability, along with higher device sensitivity and reliability including an added

advantage of lightweight optics.

To develop the wavelength sensing application using HPDLCs three techniques are

chiefly used in this dissertation, which manipulates their fabrication and arrangement:

• Spatial multiplexing fabrication resulting in separate HPDLC units in a single layer

• Parallel stacking of HPDLC units adjacent to each other

• Dynamically varying the fabrication setup during HPDLC grating fabrication

The optical output from HPDLCs are analyzed using modeling techniques to

predict their behavior and theoretically analyze their grating morphology further.

The two techniques used are:

• Berreman 4×4 matrix analysis

• Phenomenological diffusion model

Liquid crystals confined in the polymer HPDLCs vary from their bulk like be-

havior. Understanding their morphology and confinement effects improves our un-

derstanding of the nature of HPDLCs for employing them for sensing and other

applications. Lastly this dissertation also introduces two new types of experimental

characterization techniques in imaging and spectroscopy which enable better funda-

mental understanding of optical interaction in these material system, namely:

Imaging technique:

• Variable pressure scanning electron microscope imaging(VPSEM)

• Environmental scanning electron microscope imaging(ESEM)

Spectroscopy technique:
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• Electron spin resonance spectroscopy(ESR)

Thesis Outline

The outline of the thesis begins with HPDLCs basics, followed by novel charac-

terization techniques to analyze HPDLCs and indepth investigation into wavelength

sensing application.

The introductory Chapter 2 starts with a review of the two chief raw materials

of HPDLCs namely liquid crystals(LCs) and polymers. Polymer dispersed liquid

crystals(PDLCs), which are precursors to HPDLCs are presented followed by the

holography technique to create holographically formed PDLCs or HPDLCs. Their

properties and some of the important characterization tools used to gain an insight

into these properties are discussed at the end of this chapter.

The two standard recipes of HPDLCs used throughout this dissertation and the

holography setup used to fabricate them are detailed in the beginning of Chapter 3.

This is followed by review of traditional experimental analysis techniques.

Chapter 4 details the two new types of experimental analysis techniques for mor-

phological analysis of HPDLCs namely variable pressure/enviromental SEM and elec-

tron spin resonance spectroscopy techniques and their significant results.

The focal points of Chapter 5 is the theoretical work for predicting the optical

response of HPDLCs. Here the Berreman 4× 4 method is introduced for wavelength

prediction and analysis.

Stacking, spatial fabrication of HPDLCs and dynamic time multiplexing method

of fabrication are introduced in Chapter 6 for reflection wavelength lineshape manip-

ulation. Their analysis is performed here using the phenomenological diffusion model

and the Berreman technique for modeling the reflected wavelength.

Some of the application for HPDLCs by manipulating the reflected wavelength are
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considered with respect to imaging and pressure sensing in Chapter 7 and Chapter 8

concludes all the salient points of this research work.

This research work focuses on the real world application development of HPDLCs

for wavelength sensing applications by manipulating the reflected wavelength line-

shape and theoretical prediction of the HPDLC lineshapes along with microscopic

studies of their properties to interpret their macroscopic characteristics.
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2. Introduction

Holographically-formed Polymer Dispersed Liquid Crystals(HPDLCs) are volume

holograms consisting of photopolymers and liquid crystals(LCs) fabricated using

holography techniques. An overview of LC, polymer, LC/polymer composites, poly-

mer dispersed liquid crystals(PDLCs), holography fabrication, HPDLCs and their

properties is presented here. This is followed by an introduction to some of the

experimental analysis technique used extensively in the dissertation.

2.1 Liquid Crystals

In this section an introduction to different type of LCs with specific emphasis on

nematic type LC and its physical property is described. Austrian botanist Friedrich

Reinitzer is usually credited with the discovery of LCs in 1988[1]. He experimented

with a cholesteric substance and observed its change to a cloudy liquid and then a

clear liquid with increasing heat. Initial research on LCs was mainly theoretical work

without any practical applications. However shortly before 1960 there was intense

interest in application driven understanding of LCs. It was discovered that the LCs

could detect small changes in parameters such as temperature, electromagnetic waves

and mechanical stress paving the wave for multiple application development. In 1968

scientists at RCA demonstrated the first prototype of LCDs.

LCs are a class of materials which exhibit an intermediate phase between the

solid and liquid phase. They flow like liquids and are ordered like solids. They can

be broadly divided into two categories namely lyotropic and thermotropic LC. In

both these cases anisotropic molecules cause orientational and sometimes positional

order. In lyotropic LCs the solubility of different parts of LC molecules are different
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Figure 2.1: Oval shaped thermotropic LC molecules displaying crystal, liquid crystal
and isotropic states with increasing temperature
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Figure 2.2: LC molecule displaying shape anisotropy. (a) Disc-like or discotic LC
molecule and (b) rod-like or calamatic LC molecule

whereas thermotropic LCs have shape anisotropy. Lyotropic LCs consist of two or

more compounds and the LC phase is dependent on their concentration as well as

temperature[2]. This type of LC behavior is found in soap molecules in water and is

responsible for the soap’s ability to remove dirt. The cell membrane structure in the

human body is due to the lyotropic liquid crystalline phase of the phospholipids and

water molecules in the body.

In thermotropic LCs the LC phase transition occurs solely due to temperature

variation in a compound and is a topic of interest in this thesis work. At high

temperature the molecules in the thermotropic LCs are in an isotropic state, at low

temperature they are in a crystalline state and at intermediate temperature range

they form the liquid crystalline phase as shown in Figure 2.1. The liquid crystal

molecules have a preferred direction of orientation called the director represented by
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the unit vector n̂ in the figure. Here the director can be described as pointing in

either of the two opposite directions. Thus there is no difference between the director

pointing in n̂ and −̂n . The thermotropic type LCs can be broadly categorized into

two main types based on shape anisotropy as disc-like or discotic and rod-like or

calamatic LCs. This is illustrated in Figure 2.2.

The discotic liquid crystal molecules tend to orient perpendicular to the plane of

the LC molecule indicated by the direction n̂ as shown in Figure 2.2(a). Based on the

type of discotic LC orientation they can be categorized as nematic and columnar[2].

The calamatic liquid crystals shown in Figure 2.2(b) are more common compared

to the discotic liquid crystals. They can be classified as smectic, chiral and nematic

based on the arrangement of their molecules. Smectic LC molecules are arranged

in layers and thus have positional order along with orientational order. Chiral LCs

possess chirality. Here the intermolecular forces between the molecules tend to orient

them at an angle with each other. The director of the molecules rotate throughout

the sample specimen along an axis. Nematic LCs have a orientational order along a

fixed director and do not have positional order.

There are other types thermotropic LCs such as polymer LCs and LCs exhibiting

blue phase( it exist in some chiral LCs between chiral phase and isotropic phase)

because of their wavelength selective Bragg structure[2], which are beyond the scope

of this dissertation. Calamatic nematic LCs are the main topic of this dissertation

and explored in detail in the next section.

2.1.1 Thermotropic Rod-Like Nematic Liquid Crystals

These type of LCs have anisotropically shaped molecules that have a preferred

direction of orientation without positional ordering. This section quantifies their

orientation order, discusses the alignment effect on LCs and also presents review on
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Figure 2.4: Plot of order parameter S of nematic LC as a function of temperature

LC anisotropy properties.

Order Parameter

Let θ be the angle between the LC molecule long axis and director n̂ as shown in

Figure 2.3. The order parameter S which indicates the level of order or disorder in a

liquid crystal material is defined as [3]

S =

〈
3 cos2 θ − 1

2

〉
(2.1)
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Here the bracket indicates either an average value over an interval of time for

a particular LC molecule or the average at a particular time instant for many LC

molecules.

From Equation 2.1 it can be deduced that for perfectly arranged LC molecules

aligned along the director direction θ = 0 results in S = 1 and for completely disor-

dered orientation of LC molecules θ randomly varies from 0 to 90◦ and the average

value S = 0. Thus at lower temperature when an LC phase nears the crystalline

phase the order parameter nears the value of 1. At higher temperature when the LC

almost reaches the isotropic state the order parameter nears 0. This can be schemat-

ically shown in the plot of Figure 2.4 for a LC material with order parameter in the

range of 0.4 to 0.85. Here order parameter is plotted versus the ratio of temperature

variation T and clearing temperature Tc. Temperature at which the LC material

changes from LC state to isotropic temperature is know as Tc. From the plot it can

be inferred that at lower T the S = 0.85. Increasing the temperature reduces the S

until it reaches Tc where it transitions abrutly to S = 0. At temperatures above Tc,

S = 0. This plot depicts LC material which exhibit first order transition marked by

abrupt transition of S at Tc. In material that show second order transition there is a

gradual change from LC phase to isotropic phase. To measure the value of S usually

a macroscopic property of LC phase is studied. If the microscopic molecular changes

are understood that cause these macroscopic property then the order parameters can

be tracked. In this dissertation the order parameters of LC in confined geometry

is studied using electron spin resonance techniques. Other methods such as X-ray

scattering, Raman scattering, nuclear magnetic resonance are typically used to study

the order parameter S.
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Figure 2.5: Nematics LCs showing (a)splay (b) twist and (c) bend distortions

Alignment of LCs

The alignment of the LC droplets inside polymer matrix is crucial to determine

the optical properties of the HPDLCs.

In a bulk nematic LC medium the molecules exhibit a long range orientational

order. However in the presence of external fields and confining surfaces the director

orientation undergoes changes depending on the external forces. The LC director

distortions undergoing splay, twist and bend distortions[3] as shown in Figure 2.5

can be quantized using the free energy equation. The Oseen-Zöcher-Frank equation

determining the Helmholtz free energy per unit volume in vector notation is[3, 4]

F =
1

2
k1 [∇ · n̂]2 +

1

2
k2 [n̂ · (∇× n̂)]2 +

1

2
k3 |n̂× (∇× n̂)|2 (2.2)

where k1, k2, k3 are known as the splay, twist and bend distortion constants respec-

tively. These three parameter determine how rigid the LC director orientational order

is when exposed to external forces. Higher values of these parameters indicate higher

LC order parameter.

When particular material surfaces (such as polymer in this dissertation) come

in contact with LCs they force the nematic LC directors to change in a specific

direction. When the director of the nematic LC is forced to lie perpendicular to surface
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Figure 2.6: Illustration of alignment configuration of LC on a surface. (a) Homoge-
neous alignment of LC and (b) planar or homogeneous alignment of LC
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Figure 2.7: (a) Chemical structure of nematic 5CB LC and (b)representation showing
refractive index anisotropy

of the material as shown in Figure 2.6(a) the alignment is termed as homeotropic.

When the LC units lie parallel to the surface the alignment is termed as planar or

homogeneous alignment as represented in Figure 2.6(b). The LC alignment effect

in a polymer matrix will be discussed in detail with the discussion of electron spin

resonance spectroscopy technique in Section 4.2

Anisotropy of LC

LC are dielectric material which orient in the direction of the external electric

field applied. This property of the LC is used to modify the behavior of interaction
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of light with LC. Reorientation of LCs for applied field is responsible for the uniform

refractive index of the HPDLCs discussed in this dissertation and modification of

their electro-optical property.

To examine the anisotropic nature of the LC, consider the chemical and optical

representation of LC molecule 4-cyano-4’-n-pentylbiphenyl(5CB) shown in Figure 2.7

commercially called K15. It is the main ingredient of BL038 LC used throughout

this dissertation. The chemical composition consists of two benzene rings bound by

cyano group on one end and hydrocarbon chain C5H11 at the other end. The chemical

bonds along the long axis is different to the bonds formed perpendicular to it and

results in two refractive indices in these different directions indicated as ne and no in

Figure 2.7(b). The long axis is known as the optic axis.

The anisotropy of the nematic LC molecules extends to properties such as refrac-

tive index, electric susceptibility and dielectric constant. The refractive index of ne-

matic LC along the optic axis is called the extraordinary refractive index represented

as ne and the refractive index perpendicular to it is called the ordinary refractive in-

dex represented as no. no value is the same along any direction perpendicular to the

optic axis as seen in the example shown in Figure 2.7(b) indicated by the xy plane.

Since the LC considered here has only two refractive index it is called uniaxial LC.

LCs having three different refractive indices are termed biaxial LCs which are beyond

the scope of this dissertation.

Application of electric field across the nematic uniaxial LCs causes orientation

changes in the director. This is due to the charge separation inside the LC molecules

resulting in weak dipole moment which creates a net dipole in all the molecules

exposed to this field. The net dipole moment per unit volume of the material termed

as the polarization P of the material is proportional to the applied electric field vector

E and is in the direction of the average dipole moment of individual LC molecules. For
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nematic LCs the dipole moment is parallel to the long axis of the LC molecules and

applying electric field cause alignment along this axis. The polarization parameter is

represented as

P = ε0χeE, (2.3)

where the proportionality constants ε0 = 8.85 × 10−12C2/Nm2 is the permittivity of

free space and χe is the electric susceptibility of the material. The direction at which

the field is applied to the director is an important factor to determine vector P. The

susceptibility value χe changes accordingly to χ|| or χ⊥ depending on whether it is

quantified parallel or perpendicular to the director direction n̂.

The electric displacement vector D which is a measure of the electric field in a

medium of polarization P is expressed as

D = ε0E + P (2.4)

This can be rewritten as

D = εE (2.5)

where ε = ε0 (1 + χe). Here ε is the permittivity of the material across which the

field is applied. The permittivity of the material in a direction parallel to the director

and perpendicular to it is represented as ε‖ and ε⊥ respectively. The permittivity or

dielectric anisotropy is expressed as ∆ε = ε‖−ε⊥. The dielectric anisotropy decreases

with increasing temperature and is proportional to the order parameter S[5].

Since the LC has two dielectric constants ε‖ and ε⊥ in different directions, a

propagating optical wave has two corresponding refractive indices n‖ and n⊥. Since

n‖ is the refractive index parallel to director and the optic axis is on an average parallel

to the director in the nematic region of LC we can write ne ≈ n‖ and no ≈ n⊥. The

optical anisotropy can be written as ∆n = n‖ − n⊥. For the case of nematic LCs
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n‖ > n⊥ and the LC molecule has positive anisotropy.

The refractive indices are related to the dielectric constant by the relation n‖ =

√
ε‖ and n⊥ =

√
ε⊥ typically for optical wavelengths. Since the dielectric anisotropy

directly follows the order parameter we can state that the order parameter varies as

a function of n2
‖ − n2

⊥. A polarized light incident on this type of anisotropic sample

of thickness d undergoes a phase change δ determined by

δ =
2π

λ0

(
n|| − n⊥

)
d (2.6)

where λ0 = 3 × 108m/s is the wavelength in vacuum. When an incident light is

incident on a LC in an arbitrary direction the ordinary and extraordinary refractive

index experienced is

no = n⊥ (2.7)

ne(θ) =
n‖n⊥√

n2
‖ sin2 θ + n2

⊥ cos2 θ
(2.8)

Where θ is the angel between the long axis of LC along n‖ and electric field polariza-

tion vector E.

The next section is a brief review of polymers that interact with the nematic LCs

described here to form complex phase separated structures.

2.2 Polymers

Transparent elastic polymers with phase separated nematic liquid crystal disper-

sions have attractive electro-optic properties for multitudes of application develop-

ment. These polymer/LC composites are the key elements of this dissertation.

Natural and synthesized polymers are a vital part of our everyday life. For ex-
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ample proteins are natural polymers and plastics are synthesized polymers. Natural

polymers including materials such as cotton, leather and wool have been used since

ancient times. The first truly synthetic polymer Bakelite, which spearheaded efforts

for polymer material synthesis was created by Leo Baekeland in 1907. Bakelite found

extensive commercial application for wide ranging electrical appliances[6]. However,

the chemical structure of the polymers was hardly understood until the 1920s, when

Herman Staudinger proposed the macromolecular hypothesis. Extensive research

since then on the chemistry and kinetics to understand the structure, properties of

polymers along with novel polymer synthesis have led to multitude of synthetic poly-

mers products.

Chemically, polymer are long chain molecules consisting of repeating structural

units called monomers. To create a polymer the monomer must attach to atleast two

monomer units. Polymers are formed by two main methods namely addition or chain

polymerization and step polymerization methods[7]. Among chain polymerization

techniques free radical polymerization technique is employed here.

Chain Polymerization

The free radical chain polymerization technique undergoes three different stages

namely initiation, propagation and termination.

In the initiation stage the initiator I reacts and absorbs the incident radiation

with energy E=hν to generate free radicals which can be written as R·. This reactive

species usually attacks the monomer unit M, adds on to it to form reactive monomer

unit M·. It can be symbolically represented as

I + hν → R·

R ·+M → M·
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During the propagation process the reactive M· attaches to other M units to

form long chain reactive monomer units Mx· resulting in rapid addition to create

long polymeric chains. This is a very fast process and typically occurs in the fraction

of a second. Here x represents the no of monomer units that have linked together.

M ·+M → M2·

:

Mx ·+M → Mx+1·

The termination of this reactive stage occurs either by combination or dispro-

portionation process. In the combination type of termination two reactive growing

polymeric units represented here as Mx· and My· react to eliminate the free radicals.

Here x and y are the no. of monomeric units that combine to form a long chain

polymeric unit of length x+y. In the disproportionation process the radical from

one long chain reactive polymer is moved to the other reactive polymer making them

both unreactive. Symbolically it is represented as

Mx ·+My· → Mx+y Combination

Mx ·+My· → Mx + My Disproportionation

HPDLCs having acrylate polymer as ingredient are synthesized using this tech-

nique.

Step Polymerization

This type of polymerization needs atleast two different kind of monomers with the

right functional groups represented here as M and N. In this type of reaction multiple

monomeric units react with each other stepwise to form long chain polymers. This
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reaction is typically slower the free radical polymerization technique. Symbolically it

can be represented as

M + N → MN

MN + MN → (MN)2

:

(MN)x + MN → (MN)x+1

Thiolene polymer chemistry based HPDLCs are performed using this technique.

The next section discusses the formation and characteristic features of LC disper-

sion in polymer matrix.

2.3 Liquid Crystal/ Polymer Composites

Interesting characteristic properties of LC droplets in polymer matrix have moti-

vated their scientific understanding and technological application development[8]. An

important feature is the variation of the optical property due to realignment of dielec-

tric LC by applying an external field in these systems. This section is a brief review

of these composite structures. Depending on the LC/polymer concentration ratio LC

dispersions can be categorized as polymer stabilized liquid crystals(PSLCs)[9] and

polymer dispersed liquid crystals(PDLCs). In the PSLC system the LC loading is

greater compared to PDLC systems. HPDLCs are specialized form of PDLCs.

PDLCs which are phase separated LC and polymer composites are described in

detail in this section.
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Figure 2.8: (a) Ideal bipolar or planar droplet (b) radial or homeotropic droplet

Polymer Dispersed Liquid Crystals

Confinement effects on LCs have been studied as early as the beginning of 20th

century. German physicist Otto Lehmann initially worked with Friedrich Reinitzer to

understand the LC phase observed in cholesteric substance by Reinitzer. Lehmann

continued to study the LC phase and studied the confinement effects of LCs. He

analyzed the birefringence effects of suspended liquid crystal droplets in an isotropic

medium using an optical polarizing microscope in 1904. He published his work titled

Liquid Crystals that year[10]. Meyer proposed the bipolar droplet configuration in

confined LC based on experimental observations 1969[11]. Dubois-Violette and Par-

odi theoretically determined stable configuration of LC in confined spherical droplet

structures in 1969[12]. In 1981 Fergason filed a patent of using encapsulated LC

in a suitable capsule medium and applying electric field across it for electro-optic

applications[13]. Craighead et. al fabricated PDLCs by imbibing a porous membrane

with LCs [14]. Phase separation method of PDLC fabrication was proposed by Doane

et. al.[15].

PDLCs are two phased systems with aggregate of LC molecules forming droplets in

cross linked polymer matrix binder. These LC droplets vary in size in the micrometer

range and are characterized by an average director direction randomly oriented in the

PDLC matrix. The PDLC film respond to interacting light by creating a controllable
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Figure 2.9: (a) The incident radiation interacting with PDLC is scattered by it and
(b) the incident radiation interacting with PDLC is transmitted through it when the
field E is applied across it

scattering effect and have been studied extensively since the early 1980.

PDLCs are fabricated by many techniques such as polymerization induced phase

separation, phase separation induced by solvent evaporation from the polymer-LC

mixture, thermally induced phase separation accompanied by cooling, soaking a pre-

formed microporous structure with liquid crystals and emulsification process [8]. Poly-

merization induced phase separation(PIPS) by optical wavelength illumination is the

technique extensively used in this work. Photopolymerization technique is detailed

in Section 2.2. A blend of LC, low molecular weight monomer and photoinitiator is

irradiated with light to induce polymerization resulting in phase separation. Acrylate

and thiolene chemistry have been extensively used for PIPS.

Depending on the anchoring of the LC molecules along the LC droplet/polymer

interface many different LC alignment in confined geometry are possible[8]. Schematic

of two important types of droplet configuration and their reorientation to applied field

are depicted here. The two types of LC droplet alignment are termed as bipolar and

radial. If the LC molecules at the interface favor homogeneous anchoring(depicted in
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Figure 2.6(b)), a stable configuration resulting from elastic free energy minimization

causes a bipolar formation as shown Figure 2.8(a). The free energy is determined

from Equation 2.2. Here the splay deformation is present at two opposite corners

and bend deformation connects these ends. If the LC molecules prefer homeotropic

anchoring(depicted in Figure 2.6(a)) then the energy minimization leads to a radial

configuration predominantly showing splay deformation as shown in Figure 2.8(b).

Electric field E applied across the droplets rearranges the LC molecules in the droplets

as shown with anchoring effects at the interfaces. For the bipolar and radial configu-

ration the droplets are realigned having bipolar and axial configuration respectively.

Axial configuration can be found in LC droplets without the application of field for

weak homeotropic anchoring at the LC/polymer interface. Figure 2.8 shows an ideal

spherical shaped LC droplet. However the droplets are not perfectly spherical and

the orientation of LC molecules tends to be more complex and have been rigorously

studied using methods such as nuclear magnetic resonance studies[16].

A PDLC film system exhibiting its field controllable optical property is shown in

Figure 2.9. Here the film is sandwiched between transparent substrate coated with a

conductive coating. This coating allows application of field across it. Figure 2.9(a)

shows a PDLC system with LC droplets randomly dispersed having average droplet

director n̂ randomly oriented. The wavelength incident on PDLC film is scattered

if the LC droplet size are comparable to the incident wavelength[17]. This renders

the PDLC optically opaque. The scattering is mainly due to the mismatch between

the LC droplet refractive index and the polymer refractive index and also the droplet

size. If the droplets sizes are too small compared to the incident wavelengths then

the scattering is weaker and the PDLCs are more transparent.

Application of electric field E across the film as depicted in Figure 2.9(b) aligns

the liquid crystals long axis along the field. The ordinary refractive index no of the
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LC and the polymer refractive index np are matched in this system. This results in a

uniform refractive index in the PDLC medium and the incident light traverses through

the system without scattering. Thus the PDLC transforms from a light scattering

medium to an optically transparent medium upon application of field. This electro

optical property is extensively studied and used in light filtering device applications.

By applying holography techniques to PDLCs the LCs droplets can be arranged in

periodic layers resulting in a Bragg grating structure of alternating LC and polymer

regions. The next section is a brief overview of holography techniques followed by an

introduction to holographically fabricated PDLCs.

2.4 Holography

Holography interferometry technique creates a 3 dimensional representation of an

object. During the holography recording process the interference pattern generated

by two mutually coherent, reference wave and object wave pattern is stored in a

recording medium called hologram. The interference pattern stores coded information

on the amplitude and phase of the object pattern. To reconstruct the complete 3

dimensional information of the object pattern, the hologram is illuminated with the

reference wave[18]. This method is different from conventional imaging techniques

where 2 dimensional image of an object is stored, which contains only the spatial

amplitude variation information.

The principle of holography was proposed in the late 1940’s by Denis Gabor[19]. It

resulted from his work on improving electron microscope imaging techniques. Gabor

used a light source which had coherence length in the range of fraction of a millimeter

and used inline holography technique, where scattered wave was used as one of the

recording waves which resulted in weak holograms. With the advent of workable lasers

in 1962 and pioneering work by Denisyuk[20], Leith and Upatneiks[21] the modern
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Figure 2.10: (a) Recording process of a simple reflection hologram is depicted where
the reference and the object beam record an interference pattern in a photosensitive
film(b) Reconstruction process is shown where the object is replayed by shining the
hologram with the reference beam

methods of holography began and has found wide spread applications in areas such

as telecommunications, data storage and nano fabrication.

Figure 2.10 shows a typical reflection hologram recording and reconstruction. Dur-

ing the holography recording process shown in Figure 2.10(a) an object beam con-

taining the information to be recorded and an reference beam are made to interfere

in a recording media. Depending on the depth of the photosensitive media a surface

or volume hologram is created. For replaying the captured object information in the

hologram it is shone with the reference beam as shown in Figure 2.10(b). A virtual

image of the object is created at the location where the object was originally placed.

The recording medium can be a two dimensional surface or three dimensional

volume. Hence in a volume hologram the photosensitive recording film is relatively

thick. The transmission and reflection volume hologram creation and replaying is

shown in Figure 2.11. For recording the transmission hologram the reference and
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Figure 2.11: Transmission and reflection volume hologram configuration are shown
here. (a) depicts the creation of the transmission hologram and (b) shows the replay-
ing of the recorded object beam. (c) Reflection volume hologram formation is shown
here and (d) depicts its reconstruction

object wave are incident on the same side of the recording medium and illuminating

the recorded hologram with the reference wave reconstructs the object. This is shown

in Figure 2.11(a) and (b) respectively. In the reflection type hologram the interfering

waves are incident on the recording medium from two different sides as indicated in

Figure 2.11(c). Figure 2.11(d) shows the replaying of the object wave by shining

the hologram with the reference wave. In this dissertation reflection mode volume

hologram is considered.

Consider a reflection recording configuration with the recording media’s depth

along the z axis as shown in Figure 2.12(a). Here the reference and object wave electric

field vectors incident on the photosensitive medium are traveling with a wavelength

λ, creating an angle θ with the x axis. The parameters representing the reference

wave have the subscript 1 and those representing the object wave have subscript 2.
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Figure 2.12: Holography configuration showing (a) recording and (b) reconstruction

The electric field vectors can be represented by monochromatic plane wave equations

E1 = E01exp [i (ωt− k1 · r)] and E2 = E02exp [i (ωt− k2 · r)] , (2.9)

where k1 and k2 are propagation vectors in the xz plane, E01 and E02 are the field

amplitude vectors and r is the displacement vector from the origin.

The intensity or irradiance I which is a measure of the energy per unit area per

unit time recorded at the hologram is proportional to the square of the amplitude

of the electric field. Hence the intensity recorded by the interference pattern of the

reference and object wave is

I ∝ |E2
01 + E2

02|

The intensity of the interference pattern can be represented by[22]

I = I1 + I2 + 2
√
I1I2cos(k1.r− k2.r) (2.10)

I = I1 + I2 + 2
√
I1I2cos(K.r), (2.11)

where K termed as the grating vector lies parallel to the z axis and K = k1 − k2. The
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intensity is a sinusoidally varying pattern with a periodicity denoted by Λ = 2π/|K|.

The magnitude of the propagation vectors in the hologram medium are |k1| = |k2| =

2πn/λ, where n is the average refractive index of the hologram. This equation can

be rewritten as

I = I0[1 + V cos(K.r)], (2.12)

where I0 = I1 + I2 and V = 2
√
I1I2/(I1 + I2) is known as the fringe constant. From

the vector diagram of Figure 2.12 the angle between the reference and the object wave

is 2θ and |K| = 2(2πn/λ) sin θ. This can be rewritten to determine the periodicity Λ

also termed pathlength as

Λ =
λ

2n sin θ
(2.13)

This is known as the Bragg equation.

Illuminating the recorded volume hologram with the reference wave of wavelength

λ as illustrated in Figure 2.12(b) at an angle θ replays the reflection wave since the

Bragg condition above is met. However if the Bragg condition is not met due to

variation in the reference wavelength or the angle of incidence w.r.t x axis then the

object wave is not replayed. Therefore if a broad range of white light is incident

on the hologram only the wavelength that matches the Bragg equation is selectively

replayed by being reflected as in the case of reflection HPDLCs.

Some of the techniques used to create hologram include material set such as silver

halide emulsions, dichromated gelatin, photoresists, photothermoplastic materials,

organic dyes and photopolymers [18]. Photopolymer material set is used in this

dissertation. Here a homogeneous blend of LC, oligomer and photoinitiator system is

exposed to a recording laser and post cured by exposing to UV light. The hologram

is formed by a change in the material refractive index and is developed real time. An
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Figure 2.13: Basic holographic setup

ideal photopolymer considered should be photosensitive to all visible wavelengths of

light, flexible and transparent.

A simple holographic setup shown in Figure 2.13 summarises the holographic

setup used in this dissertation work. A 532nm Verdi 5W laser is used as the coherent

source. The laser output has a beam diameter of 2.5mm±10%. This is passed through

a spatial filter fitted with a pinhole and a magnifying objective. This render the the

Gaussian wavefront emanating from the laser more flatter and beam expands the

laser. The diverging beam is then collimated with a convex lens. The 50/50 beam

splitter splits the laser beam into two equal intensity beams to create the reference

beam and the object beam. With the aid of mirrors the two beams are made to

interfere in the desired configuration. The most frequently used configurations such

as the single beam method in the dissertation are discussed in detail in Section 3.2.1.

In the next section we apply the holography technique to photopolymers.

2.5 Holographic Polymer Dispersed Liquid Crystals

Holographically formed polymer dispersed liquid crystals(HPDLCs) are fabricated

by applying holography principles to PDLCs. The two important differences in
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Figure 2.14: Schematic showing the optical responses of a reflection mode HPDLC
to the visible wavelength spectrum (a) when no electric field is applied across it and
(b) when an electric field is applied across it.
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HPDLCs compared to PDLCs are their periodic structure and smaller LC droplet

sizes.

Margerum et.al at Hughes Research Labs pioneered the work of creating periodic-

ity in the PDLC medium paving the way for the creation of transmission HPDLCs in

1988[23]. They made periodically varying UV source incident on the prepolymer-LC

mixture to create a grating structure. They also suggested the use of counter prop-

agating laser beams to create periodic structure. Ingwall et. al. at Polaroid created

a device by filling a cured holographic Polaroid DMP film with liquid crystals and

demonstrated its electro-optic property by applying a field across it[24]. Sutherland

et. al fabricated transmission gratings by applying holography technique to photoini-

tiator assisted PIPS process in 1993[25]. This holography fabrication technique is

used throughout in this dissertation and the recipe for fabrication is detail in Sec-

tion 3.1.2. The first reflection holograms using polymers and LCs were proposed

by Tanaka et. al. in 1993[26]. Since then HPDLCs have been studied in various

configurations extensively for multitude of applications.

HPDLCs are desired for multiple applications because of their one step fabri-

cation,low form factor, high color purity and fast switching characteristics in the

microsecond range. Depending on the fabrication setup, reflection or transmission

holograms are fabricated as shown in Section 3.2.1. Reflection holograms are consid-

ered extensively in this dissertation. They are optical bandstop filters that selectively

reflect wavelengths based on their Bragg grating structure of alternating polymer

layers and nanometer sized LC droplet layers. They are reconfigurable and reflect

or transmit incident wavelengths based on applied electric field. Applying an elec-

tric field results in an optically transparent state, allowing all incident wavelengths

to be transmitted. The field response of HPDLCs is described more in detail in

Section 3.2.2.
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The operation of a reflection type HPDLC is shown in Figure 2.14. The HPDLC

film is sandwiched between conductive coated substrates. Glass is commonly used as

a substrate, coated with conductive indium tin oxide (ITO). The average orientation

direction of the LC droplets represented by the unit vector n̂ is random at zero

field bias. A refractive index mismatch exists between the randomly oriented LCs

and the polymer refractive index np as shown in Figure 2.14(a). The periodically

varying refractive index due to the alternating LC and polymer regions creates a Bragg

grating structure, which reflects a specific wavelength of light. This is represented

by the reflectance of green wavelengths and the transmission of remnant incident

wavelengths from the HPDLC hologram, as shown in Figure 2.14(a).

Applying an electric field across the HPDLC via the conductive coating reorien-

tates the LCs along the direction of the field (Figure 2.14(b)). The LC is chosen

such that the RI of the reoriented LC no is the same as the RI np of the polymer.

Thus a uniform RI in the HPDLC due to RI match between the polymer and LC

layers erases the Bragg grating. Thus the entire incident wavelength spectrum is

transmitted without wavelength selectivity, as shown in Figure 2.14(b).

The key ingredients for grating formation are monomers, LC and initiator to sen-

sitize this prepolymer syrup to the particular laser wavelength used in the setup and

initiate the formation process. Section 3.1.2 gives an overview of the two recipes used

in this dissertation. The prepolymer cell is then exposed to two counter propagating

laser beams in the reflection hologram setup, which results in a standing wave pattern

of the laser intensity in the prepolymer cell. The monomers polymerize in the bright

region of this wave intensity, while the LCs diffuse to the dark regions, forming LC

droplets. The grating formed is post cured with a UV blanket for 10mins to react

any unreacted monomers in the HPDLC formed.

The grating pitch Λ, which is the width of one adjacent polymer and LC layer, is
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determined by the Bragg grating equation of Equation 2.13 where λ is the laser wave-

length of the holography setup and n is the average refractive index of the LC/polymer

layers.

The Equation 2.13 can be rewritten to represented the reflected wavelength λR

peak for normal source incidence as

λR = 2nΛ

Here n is the average refractive index of the HPDLC system.

Considering the refractive index varying sinusoidally the HPDLCs can be modeled

accurately. This modulation is represented by[27]

n = n0 + n1 cos

(
2π

Λ
z

)
(2.14)

where n0, n1 are constants, Λ grating pitch which is the measure of periodicity and

z is an indicator of position in the 3 dimensional cartesian coordinate system. n0

is the refractive index without any modulation in the medium. n1 is the spatially

modulated refractive index . Here the crest of the sinusoid corresponds to the center

of the LC layer and the trough corresponds to the center of the polymer layer.

The average refractive n0 can be expressed the weighted sum of the average LC

and polymer refractive index represented as

n0 = φLCnLC + (1− φLC)np

where φLC is the the volume fractions of LC in the prepolymer recipe and has a value

in the range of 1.5. The refractive index mismatch of the grating is

4G = nLC − npl



32

where nLC and npl are the refractive index of the LC and polymer layer. The average

refractive index of the LC layer can be represented by the weighted average equation

of

nLC =

√
2n2

o + n2
e

3

npl is the refractive index of the polymer layer which also consists of LCs that

have not undergone phase separation to the LC layers. Let the parameter α define

the volume fraction of LC in the polymer layer. Thus

npl = αnp + (1− α)nLC .

From this it can be determined that the droplet layer width is ΛαφLC . Thus the

sinusoidal profile determining n1 is

n1 =
24G

π
sin(παφLC)

with values in the range of 10−3 − 10−1

The reflected Bragg peak wavelength, is determined from the grating pitch. Hence

it is directly proportional to the grating pitch. This shows that the angle of inci-

dence of the counter propagating beams is an important consideration in deciding

the reflected wavelength of the HPDLC. To create broadband reflecting gratings, this

parameter variation will play a key role.

Typically HPDLCs have a narrow peak reflection wavelength with a full width

at half maximum (FWHM) of 5 to 20nm and the reflected peak corresponds to the

Bragg reflecting wavelength. A typical spectrum of the reflection and transmission

intensities of a HPDLC is shown in Figure 2.15(a) and Figure 2.15(b) with the FWHM

indicated measured at half of maximum reflection intensity or maximum transmission

intensity, respectively.
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(a)  (b) 

Figure 2.15: (a)Normalized reflectance response and (b)Normalized transmittance
response of HPDLCs

The next section briefs some of the characterization techniques to understand the

HPDLC morphology.

2.6 Characterization Techniques

Parameters such as the thickness of the HPDLC thin film, morphology features, in-

terfacial roughness between the polymer and LC layers, LC orientation in the droplets

are important considerations for the electrical and optical performance of the thin

films. Hence we use multiple characterization techniques for thin film HPDLC anal-

ysis. Microscopy, spectroscopy, wavefront sensing and interferometry are some of the

important analysis tools used here. Scanning electron microscopy, electron spin res-

onance spectroscopy, wavefront sensing and scattering analysis techniques are briefly

reviewed here for HPDLC analysis.

2.6.1 Scanning electron microscopy technique

Microscopy techniques have been used since the advent of PDLCs to understand

their fascinating morphology[8]. Scanning electron microscopy(SEM) has proven to
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Figure 2.16: SEM image of the HPDLC made of acrylate recipe with di and tri
functional oligomers

be very useful to study the nanometer scale morphology of HPDLCs. It is extensively

used for the visual inspection of phase separation between LCs and polymer, the LC

droplet diameter, droplet structure, grating pitch, droplet dispersion, droplet density

determination etc.,

In an SEM a finely focused electron beam is irradiated on a sample surface in

a raster fashion to create a micrograph [28]. Electron types generated after the

interaction of the sample with the electron beam include secondary electrons(SE) and

backscatter electrons(BSE) and the respective detectors to quantify them are called

SE detectors and BSE detectors. The images formed by detecting these electrons will

be analyzed in this dissertation.

The conventional high vacuum SEM(HV-SEM) technique requires the test sample

be placed in a near vacuum chamber to prevent attenuation of the electron beam and
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damage to the instrument electronics. The sample preparation for HPDLC involves

freezing its surface to preserve the grating structure and fracturing the appropriate

section for imaging. The LC is usually removed from the sample by soaking it with

a solvent for 20 minutes. The film is then heated at about 400C to remove any

remnant solvents and then placed on aluminum stubs to enable cross section imaging

of HPDLCs. The film is held together by one-sided adhesive copper tape and fastened

to the stub using silver paint. A thin conductive coating is applied on the sample

surface typically by sputter coating to render it electrically conductive and prevent

electric charge buildup. Thus a conductive path for electron charge flow is ensured

by sputter coating the sample, using copper tape, silver paint and aluminum stubs to

fasten it. The conductive coating should be of the right thickness to enable accurate

imaging of the surface having good contrast without obscuring finer details of the

morphology. It is important to ascertain that the polymer matrix has a rigid texture

and cannot be easily distorted during imaging resulting in artifacts.

Figure 2.16 is an SEM image of the cross section of the HPDLC sample made with

acrylate formulation imaged using HV-SEM. The dark voids are the LC droplets as

indicated. Four lines are drawn on drawn at the center of 4 adjacent LC layers

to indicate the layered structure surrounded by the polymer matrix. The distance

between these lines indicate the grating pitch which is the thickness of one layer of

LC and polymer or the distance between the centers of two adjacent LC layers.

The LC droplet removal during sample preparation is disadvantageous since it

results in variation of grating profile. Air now fills the LC droplets voids resulting

in the possible reduction in the grating pitch. Variable pressure SEM(VPSEM) and

environmental SEM (ESEM) are two new techniques used here for the first time for

morphology study of HPDLCs at high resolution without the need for LC removal

or conductive coating. Here the samples are imaged in a gaseous environment which
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permits the imaging of non conductive samples without any special coating on them.

The specimen preparation involves freeze fracturing the sample followed by direct

imaging in the SEM chamber.

In this work the HPDLC grating structure is imaged in conventional HV-SEM and

VPSEM and the grating structure is compared. The potential of the ESEM technique

for imaging the HPDLC structure is explored.

The orientation of the LCs inside the droplets is complex and the study of these

confinement effect with the aid of spin resonance technique is described in detail in

the next section.

2.6.2 Electron Spin Resonance Spectroscopy Technique

LC droplets confined in small geometries, embedded in polymer matrix have in-

teresting optical properties. Confinement effects at the polymer/LC interface reorient

the LC molecule to minimize their elastic free energy expressed in Equation 2.2. Many

configuration of LC droplets can be present and are not completely understood. Elec-

tron spin resonance spectroscopy(ESR) aids in determining the orientational order

inside the droplets using the spin labeling technique[29]. This sections aims to give

a brief overview of the ESR technique to interpret the molecular order and dynamics

of LCs.

In the ESR spin labeling technique the LC is doped with paramagnetic spin probes

having unpaired electrons and the spectrum absorbed by the unpaired electrons is

measured. Spectral features such as the line shapes and resonant frequency are ana-

lyzed using rigorous theoretical techniques to determine the environment conditions

of the spin probe. Hence the spin probe is carefully chosen to match the surrounding

LC molecules and its dynamics to reflect them.
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Figure 2.17: Illustration of resonance condition in ESR spectroscopy. Here a fixed
field of energy hν is applied on a system with unpaired electrons. In the presence
increasing magnetic field H the energy level of the unpaired electron splits due to
Zeeman effect having energy E+1/2 and E−1/2. Resonance condition occurs when the
energy difference between the two split levels is equal to the fixed applied energy

Zeeman Effect

ESR technique is based on Zeeman effect, which is the splitting of the electron

energy levels due to the spin or intrinsic angular momentum of an electron in the

presence of strong magnetic field. For spin probes with unpaired electrons the spin

angular momentum S = 1/2 and can have two energy level with spin quantum num-

bers mS = 1/2 and mS = −1/2. In the presence of a strong magnetic field the

orbital of the unpaired electrons split into two energy levels and the energy at each of

the levels with mS = ±1/2, is proportional to the applied magnetic field determined

as[29]

E+1/2 = +
1

2
gβeH E−1/2 = −1

2
gβeH (2.15)

where g is the spectroscopic fission factor constant, βe is the Bohr Magneton constant

and H is the strength of the magnetic field. The difference in the energy between the

two levels is

∆E = E+1/2 − E−1/2 = gβeH (2.16)
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Applying an electromagnetic field of frequency ν with energy equal to the energy

difference between the split orbitals, causes the unpaired electron to absorb it and

transition from one orbital to the other. This is mathematically represented as

hν = ∆E = gβH (2.17)

Thus, when the energy difference between the split orbital energy levels caused by

a strong magnetic field corresponds to an incident electromagnetic radiation energy,

resonance takes place and the electron absorbs the energy and transitions from one

energy level to another. Typically in ESR experiments the electromagnetic field fre-

quency ν is fixed and the magnetic field is varied using electromagnets. The resonance

condition in ESR technique is illustrated in Figure 2.17.

Relaxation Mechanism

Typically in a spin probe, both the spin states are nearly equally populated with

electrons with a very small difference which is used to measure the ESR spectrum.Two

types of relaxation are responsible to maintain the population difference and equi-

librium state and aid in interpretation of the linewidth of the absorption peak. The

mechanisms are the spin lattice relaxation and transverse time relaxation.

In spin lattice relaxation the system is restored to equilibrium by heat energy

transfer to the surrounding medium which is characterized by time T1. This is a non

radiative process of transition from higher energy to lower energy state.

A tilt in the magnetic moment of the electrons makes them have a precessional

motion. This create a variation in their magnetic parameters.The time taken for

this process is called the transverse relaxation time T2. These relaxation parameter

determine the absorption spectrum which corresponds to a Lorentzian line shape

function. However typically the first derivative of the absorption spectrum is shown
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Figure 2.18: ESR absorption spectrum A and its first derivative dA/dB as a function
of magnetic field strength H

in the ESR spectrometer. Figure 2.18 shows the absorption spectrum and its first

derivation as a function of the magnetic field strength H.

Hyperfine Coupling

A single absorption peak in shown in Figure 2.18. This is not always the case.

Interaction between the electron spin momentum S and the nuclear spin momentum

I cause more than one peak in the ESR spectrum. This cause further splitting of the

Zeeman levels creating the hyperfine structure discussed in the next section.

Nitroxide Spin Probe

The BL038 LC extensively used in this dissertation is doped here with a stable

nitroxide spin probe 3β-DOXYL-5α-Cholestane(CSL) free radical purchased from

Aldrich for ESR analysis. This radical has rigidity, shape and size similar to 5CB, a

chief ingredient of BL038 LC. CSL has been previously used extensively for study of

5CB LC [30, 31, 32]
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Figure 2.19: Illustration of the unpaired electron orbital in a CSL spin probe during
resonance condition indicating the hyperfine structure and three distinct energy tran-
sitions and ESR spectra plot at nematic and isotropic temperature ranges of 5CB LC
doped with CSL

In the CSL spin probe the unpaired electron orbital splits into two orbitals rep-

resented as ms = +1/2 and ms = −1/2 in the presence of magnetic field due to

Zeeman effect . Each of the orbitals are further subdivided into 3 more levels due

to the interaction between the electron spin and nuclear spin momentum creating

hyperfine structure represented by mI = +1, mI = 0 and mI = −1. Hence in the

presence of a fixed electromagnetic radiation of frequency ν, varying magnetic field

induces there different electron absorption transition during resonance condition for

CSL in 5CB. Figure 2.19 shows the resonance condition and two ESR spectra of 5CB

LC doped with CSL probe when they are in the nematic and isotropic state. The

three peaks are due to the three transition indicated in the figure due to hyperfine

structure formation.

Figure 2.20 is the chemical structure of CSL. The structure has a chosen ordering
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Figure 2.20: Chemical Structure of the CSL spin probe together with the chosen
ordering orientation of xyz and magnetic molecular frames x’y’z’, the Euler angles β
and γ, between the molecular frames and the principal components. D⊥(reorientation
of the molecular long axis) and D‖(rotation around the molecular long axis), of the
rotational diffusion tensor

(x, y, z, solid line) and magnetic (x′, y′, z′, dashed line) molecular frames and the

indication of its two main reorientational motions, tumbling and spinning, with the

corresponding components of the rotational diffusion tensor: D⊥(reorientation of the

molecular long axis) and D‖(rotation around the long axis), respectively.

The molecular magnetic frame (x′, y′, z′) was chosen according to the standard

system of coordinates for the N-O paramagnetic moiety with the x′ axis along the

N-O bond[30] and the z′ axis perpendicular to the five-membered ring, i.e. parallel

to the pz orbital containing the unpaired electron density. According to a standard

approach, the z axis of the ordering frame is considered parallel to the principal axis

of inertia of the probe (its long axis) and, to simplify the rotation which takes the

ordering into the magnetic frame,[30] the y axis is considered parallel to the z′ axis.

To reduce the correlation among variable parameters, the Euler angles, β and γ,

between the molecular frames, were fixed in the fits to 15◦ and 90◦, respectively, in

agreement with previous results obtained in related systems.[30, 31, 32]
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Theory

The complex theoretical simulation of the ESR spectra was done using the slow

tumbling theory[29] devised by Jack Freed and collaborators.

HPDLC is a complex system with different types of LC orientations which form the

ESR spectra. This is due to the surface and local curvature of the nanodroplets and

multiple local domains with different order and fluidity as suggested by the previous

DNMR studies[33]. Here a weighted sum of different spectral contribution namely

monodomain model(N), three dimensional partially ordered polydomain (3DPOP),

bidimensional polydomain (2D), isotropic (ISO) and rigid-limit (RL) are performed

to get the best theoretical fit for the experimental spectra. The resultant spectra

explains the different surroundings encountered by the spin probe which helps to

judge the environment prevailing in the confined LCs.

Thus the experimental ESR spectrum of the HPDLC samples, I(ω − ω0), was

modeled as the weighted sum of several spectral contributions, Ii, corresponding to

different conditions where the CSL spin probe is supposed to be located.

I(ω − ω0) =
∑
i

Ii(ω − ω0) fi , (2.18)

where fi is the fractional contribution of the i-th environment.

Nematic Monodomain Model(N) In the monodomain model all the local do-

main directors existing in the LC droplet are oriented in the same direction. The

unsaturated, high-field ESR monodomain spectrum Im(ω − ω0, βd) at frequency ω

and at an angle βd between the director and the magnetic field is calculated using the

standard Stochastic Liouville Equation (SLE) approach of Freed and collaborators
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[29, 34, 35] which predicts that:

Im(ω − ω0; βd) =
1

π
〈〈v| [(Γ̂− iL) + i(ω − ω0)I]−1 |v〉〉 , (2.19)

where ω0 = g0βeB0/~, L is the Liouville superoperator obtained from the orien-

tation dependent spin Hamiltonian, Γ̂ is the diffusion superoperator describing the

reorientational motion of the probe, |v〉 is a vector containing spin transition moments

averaged over the equilibrium ensemble and I is the identity.

The local order is described by the complex orientational order parameter 〈P2〉

defined as

〈P2〉 ≡ 〈D2
0,0〉 =

∫
D2

0,0(β) exp[−U(β)/kT ] sin β dβ∫
exp[−U(β)/kT ] sin β dβ

, (2.20)

where β is the probe orientation with respect to the domain director, U(β) is

the reorientational motion of the probe, DL
M,K are the orientational Wigner rotation

matrices with L, M , K integer; L ≥ 0; |M | and |K| ≤ L, forming the basis set for

the orientations.

Three Dimensional Partially Ordered Polydomain(3DPOP) In the 3DPOP

environment the spin probe is assumed to reorient in a distribution of ordered domains

with local director orientation βd with respect to the magnetic field. The correspond-

ing ESR spectrum, I3DPOP (ω−ω0), is given by the superposition of the monodomain

spectra [36, 37]:

I3DPOP (ω − ω0) =

∫ π

0

I(ω − ω0; βd)P (βd) sin βd dβd . (2.21)

where, to further limit the number of model parameters, the unknown distribution

of the domain directors, P (βd), has been modeled, as it is usually done (e.g. in the

EPRLL “family” of ESR spectra simulation programs [38]), by a uniaxial, 〈P2〉-type
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distribution P (βd) ∝ exp[λd P2(cos βd)] where P2 is a second rank Legendre polyno-

mial and λd is a positive constant. The order of the domain directors is described by

the orientational order parameter 〈P2〉d defined as

〈P2〉d =

∫
P2(cos βd) exp[λd P2(cos βd)] sin βd dβd∫

exp[λd P2(cos βd)] sin βd dβd
. (2.22)

A value of 〈P2〉d = 0 represents the limiting case of a spherical distribution of the

domain directors, P (βd) = 1/π, whereas for 〈P2〉d = 1 the system is a monodomain

aligned parallel to the magnetic field where P (βd) = δ(βd).

Bidimensional Polydomain(2D) The 2D environment is modeled as the 3DPOP

one by changing the spherical distribution to cylindrical

I2D(ω − ω0) =
1

π

∫ π

0

I(ω − ω0; βd) dβd . (2.23)

Isotropic(ISO) The ISO contribution is calculated by setting at zero the strength

of the ordering potential, λ20.

Rigid Limit(RL) A simple approach is adopted for the RL component which is

modeled as a powder spectrum where reorientational relaxation effects are neglected

(see e.g. [36] and refs. therein).

Thus the orientational order of the HPDLCs were determined by applying the

slow tumbling theory to obtain the best fit for the ESR spectra. The next section is

a brief review to understand the quality of the HPDLC wavefronts.

2.6.3 Wavefront Analysis

Wavefront sensing technique is used to determine the quality of the wavefront

transmitted through the HPDLC. For example wavefront analyzer from AOA, Inc
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Figure 2.21: Measurement setup of Shack Hartmann wavefront sensor. The test
wavefront is made incident on a lens array. Arrayed detector placed at the focal
length of each of the lens measure the resultant focal spot positions.

based on Shack Hartmann wavefront analysis[39] compares deviation of a test wave-

front transmitted through the HPDLC to an ideal reference wavefront. Software

analysis of the two wavefront enables accurate computing of the aberrations in the

test wavefront. A flat wavefront traversing through an HPDLC structure encoun-

ters interfacial roughness between the LC rich and the polymer rich layers. Also

within the LC rich layer index inhomogeneities exists due to variation in droplet size

and distribution[40]. Thus the wavefront transmitted through the HPDLC structure

gather an RMS variation profile in terms of phase variations from each of the in-

terfaces. These wavefront surface phase variations carry information regarding the

interfacial morphology of the HPDLC. Looking at the final RMS wavefront aberra-

tion values and the Strehl ratios [41] indicated by the wavefront analyzer a general

prediction of the HPDLC morphology can be made. Low RMS variations and higher

Strehl ratios are indicative of smoother interfacial roughness for an HPDLC.

The setup inside the wavefront representing the measuring of test wavefront focal

spot is illustrated in Figure 2.21.
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2.6.4 Scattering Analysis

In reflection type HPDLCs the coherent scattering from the periodic structure

of LC rich and polymer rich layers contribute to the Bragg reflected wavelength.

However weak incoherent scattering also exists due to the polydispersity in the LC

droplet size, shape, density, orientation and refractive index.

There are two principle types of scattering depending on the size of the LC

droplets. When the LC droplets are of a size of up to tenth of the wavelength of

interacting light the scattering is mainly Rayleigh scattering. When the droplet sizes

are of the order of the wavelength of light Mie scattering takes place. Both these types

of scattering for nematic droplets have been extensively studied by Zumer et. al.

using Rayleigh-Gans approximation(RG) approximation[42] and anomalous diffrac-

tion approximation[43] for nematic droplets. In the reflection type HPDLC systems

typically the LC droplet sizes range from about 50nm-150nm which predominantly

contribute to Rayleigh scattering of visible light.

The phase shift 4 of incident radiation transmitting through a scattering LC

droplet compared to that of light passing through the surrounding non scattering

polymer can be used to develop the scattering models. Here each unit of the scatter-

ing medium reradiates the incident radiation. Thus the scattering medium changes

the phase of the incident plane wave spatially[44]. Interference of the spatially phase

varying light in far field results in the change in direction, angle and polarization

of the transmitted radiation. A complete model to interpret scattering is extremely

challenging. This is because the parameters that effect scattering such as polydis-

persity in shape, LC orientation inside the droplets, irregularity of the droplet shape

along with droplet interconnectivity are variable. RG approximation assumes that
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the maximum phase shift induced by the nematic droplets is << 1, i.e. [8]

4 = 2kR

∣∣∣∣nLCnp − 1

∣∣∣∣ << 1

where k = 2π/λ, R is the radius of the scattering object and nLC and np are droplet

and polymer refractive index.

The scattering cross section σ of the droplets by RG approximation is determined

as [17]

σ = σ0 (kR)4 f

where σ0 is the geometric scattering cross section and f is a function of the incident

angle, scattering angle, polarization, refractive index of the LC droplet and polymer

matrix.

The scattering cross section σ and the scattering intensity Is have a dependence

on the factor (kR)4. Rayleigh scattering intensity Is ∝ 1/λ4 results in the visible

light to have higher scattering near the 400nm range compared to the 700nm range

as observed in the interaction of HPDLC with visible wavelength.

In review this chapter is a brief overview of the raw materials of HPDLCs and

holography technique basics for their fabrication. A few important characterization

techniques are examined here. This chapter lays the ground work to understand the

different techniques required for broadband HPDLC gratings. The next chapter delves

into the recipes used in this dissertation for HPDLC fabrication, different fabrication

setups and some of the widely used characterization techniques used for analysis.
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3. Materials and Experimental Methods

This chapter details the HPDLC recipe used, its fabrication and experimental

techniques to characterize HPDLCs.

3.1 Materials

The LC and the two optimized acrylate and thiolene monomer based HPDLC

recipes used in this dissertation are detailed in this section.

3.1.1 Liquid Crystals

Commercially available liquid crystal BL038 from Merck is a key ingredient used

in the HPDLC recipe. It is a blend of short chain and long chain cyano biphenyls, 4-

cyano-4’-n-pentylbiphenyl(5CB) and 4-cyano-4’-n-pentyloxybiphenyl(50CB)). It con-

sists of rod shaped mesogens, which exist in the nematic liquid crystal phase between

ambient temperature upto a clearing temperature Tc of 373.2 K. This is preceded by

a nematic to isotropic (N-I) coexistence region of about 3 K. The LCs have an optical

refractive index anisotropy value of 0.2720 and ordinary refractive index of 1.5270,

which is index matched to the polymer refractive index of the HPDLCs.

3.1.2 Holographic Polymer Dispersed Liquid Crystals -Recipes

Two optimized acrylate and thiolene monomer based recipes are used for HPDLC

formation.

Acrylate formulation

The acrylate based recipe is shown in Table 3.1. A photoinitiator mix consisting

of Rose Bengal(RB), N-Vinyl Pyrrolidinone (NVP) and N-Phenyl Glycine(NPG) all
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Table 3.1: Acrylate prepolymer recipe formulation

Ingredients Product Name Weight(%)

Liquid Crystal BL038 32.4
Tri-Functional Oligomer UCB4866 22.5
Hexa-Functional Oligomer UCB4833 22.5
Photoinitiator Rose Bengal 0.6
Coinitiator N Phenyl Glycine 1.2
Solvent N Vinyl Pyrrolidinone 10.8
Surfactant Tween 80 10.0

Figure 3.1: Absorption spectrum of Rose Bengal (source:
http://www.sigmaaldrich.com)
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purchased from Sigma Aldrich is added to a blend of tri and hexa-functional acrylate

oligomers(Cytec), LC BL038(Merck) and surfactant Tween 80(Sigma Aldrich). After

the prepolymer mix is uniformly blended it is placed between AR-ITO coated glass

substrates spaced evenly using glass spacers(EMD). 5,10 and 20 µm thick spacers

are typically used.This uniformly thick sandwich is placed in the holography setup to

fabricate the HPDLCs.

The photo initiated polymerization takes place by the method of chain polymeriza-

tion detailed in Sec.2.2. The photoinitiator RB has an absorption spectrum with peak

absorption in the vicinity of laser wavelength 532nm as shown in Figure 3.1. RB sen-

sitizes the prepolymer syrup to the laser wavelength. During the photopolymerization

process RB absorbs the incident radiation and participates in electron transfer reac-

tion with NPG where it is transformed to a radical by donating an electron[25].This

NPG radical participates in the free radical polymerization of the acrylate oligomers.

The NVP in the mixture furthers the cross linking of the polymers. At the bright re-

gions of the laser interference patterns caused by the intereference of coherent 532nm

laser beams, polymerization takes place. The monomers in the dark regions of the

standing wave intensity pattern diffuse to the brighter regions to polymerize. LCs

diffuse to the dark regions and they are now immiscible with the polymer, phase

separating into droplets. The surfactant Tween80 used here reduces the electric field

required to make the HPDLC optically transparent, improving its electro optic re-

sponse. This is credited to change in the anchoring properties of the LC molecules at

the polymer/LC interface[45].

One of the drawbacks of these acrylate based recipe are the long term stability of

the HPDLCs in the presence of remnant unreacted photoinitiator which can generate

free radicals deteriorating the quality of the polymer and LC. The monomer conver-

sion is low in these systems due to early gelation time and the remnant monomer
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Table 3.2: Thiolene prepolymer recipe formulation

Ingredients Product Name Weight(%)

Liquid Crystal BL038 25.0
Monomer NOA65 68.0
Photoinitiator Rhodamine 6G 0.4
Coinitiator Benzoyl Peroxide 3.0
Solvent N Vinyl Pyrrolidinone 3.6

Figure 3.2: Absorption spectrum of Rhodamine 6G (source: http://omlc.ogi.edu)

further polymerize even after the grating is formed, resulting in negative effects of

increased field bias required to transform them to an optical transparent state[46]

Thiolene Formulation

The thiolene recipe is shown in Table 3.2. Here the monomer NOA65(Norland

Optical Adhesives) is uniformly blended with LC BL038 and the initiator components

Rhodamine 6G(RH6G), Benzoyl Peroxide(BzO2) and N-Vinyl Pyrrolidinone(NVP)

all procured from Sigma Aldrich. This prepolymer blend is uniformly sandwiched
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using spacers between ITO coated glass slides and placed in a holography setup.

Figure 3.2 is the absorption of the initiator spectrum of RH6G. It can be noted

that it has a high absorption spectrum at 532nm. Here BzO2 is a coinitiator with NVP

being a good solvent in the reaction. In the presence of light radiation electron transfer

takes place between the initiator and the coinitiator. The coinitiator BzO2 forms the

radical benzoyl-oxy which initiates the polymerization[47]. The polymerization takes

place by the method of step polymerization explained in detail in Sec.2.2.

The growth of polymer is different for the acrylate and thiolene formulation. In

the step polymerization technique in thiolene formulation the monomers tend to be

exhausted fast in the beginning of the reaction and they slowly form higher molec-

ular weight polymeric chains and then react with each to form longer chains. The

morphology of the HPDLC formed imaged using SEM indicate almost spherical LC

droplets without much overlapping due to the lower reaction speed during fabrication.

They also tend to have polydispersity in their size.

In the chain polymerization technique of acrylate the growth mechanism of the

polymer chain is very fast. Most of the conversion of monomers to high molecular

weight polymers is simultaneous. The growing polymers chains do not tend to react

with each other but the polymer chain react with monomeric units. The morphology

of the HPDLCs for acrylate formulation from SEM indicate polydispersity in the

droplet size and shape. Typically the LC droplets are elongated along the LC layer

and they tend to overlap. The fast polymeric conversion and unreacted monomers

during the polymerization contribute to heterogeneity during the polymerization and

contribute to the irregular shaped LC droplet formation.
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3.2 Experimental Methods

In this section the holographic setup used for HPDLC fabrication and the char-

acterizing techniques to analyze the HPDLCs are discussed.

3.2.1 Holography Formation Technique

A solid-state 5W output Verdi laser from Coherent Inc is used for hologram for-

mation. Inside the laser, ND:YAG crystal is placed as a gain medium along with a

doubling crystal for frequency doubling, which outputs a wavelength of 532nm. The

laser output has a long coherence length and also has frequency, pointing and power

stability making it ideal for hologram formation.

Two types of setups are assembled based on fabrication of transmission or reflec-

tion mode grating. The interference pattern generated from these holography setup

are made incident on uniformly spaced HPDLC prepolymer cells to create the desired

type of gratings.

Transmission Grating Fabrication Setup

The schematic for transmission grating fabrication is shown in Figure 3.3(a). Here

the laser source is split into two equal intensity beams by a 50/50 beam splitter. The

two coherent beams are made incident on the same side of the HPDLC sample cell

as shown in the figure. The grating formed has its Bragg planes perpendicular and

grating vector parallel to the glass substrate.

Reflection Grating Fabrication Setup

Two beam method, one beam method and prism method are primarily used for

reflection grating fabrication. In a reflection type grating the Bragg layers are parallel

and the grating vector perpendicular to the glass substrate.
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Figure 3.3: Schematic of the fabrication setup for (a) transmission grating (b) two
beam reflection grating and (c) one beam reflection grating
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Figure 3.4: (a) Fabrication configuration for Pixelated Setup

Two Beam Technique and One Beam Technique In the two beam geometry

shown in Figure 3.3(b) the laser source is split into two equal power beams using a

beam splitter and made to interfere on the opposite sides of the HPDLC prepolymer

cell with the aid of mirrors.

In the one beam setup shown in Figure 3.3(c), a mirror is placed flush against the

sample cell with the index matching fluid glycerine placed between them. When the

laser beam is incident on the cell it transmits and then reflects back through it due to

the mirror. The transmitted and reflected counter propagating beams interfere and

the prepolymer cell forms a reflection Bragg HPDLC.

Both two beam and one beam methods can be used to create HPDLCs with

different reflection notches by varying the angle of incidence of the laser beam on

the sample cell during fabrication. These methods of formation are used to create

multiple gratings which are stacked serially for the spectrometer application. To

create spatially arranged pixilated HPDLCs one beam method is used. Four square

HPDLCs are fabricated in a single medium. In this setup the laser beam is split into
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Figure 3.5: Schematic of the HPDLC fabrication using the prism method

four equal intensity beam as shown in Figure 3.4. Inset of the sample cell shows one

of the four beams creating a HPDLC pixel using one beam method. The other inset

shows the mask used to create each of the four HPDLCs.

Prism Technique A single-beam prism coupled geometry is used for the hologram

formation. The glass prism geometry is 90◦ isosceles. The prepolymer sample is

placed against the hypotenuse or long side of this right angled prism using an index

matching fluid. In this technique interference between the incident and the reflected

beam (generated by total internal reflection of incident beam) at the long edge of

the prism results in the formation of reflection gratings. The schematic for HPDLC

fabrication using prism setup is depicted in Figure 3.5.

Rotating the prism geometry different grating pitches can be generated. Anticlock-

wise prism rotation without moving the laser source resulting in increasing values of θ

reduces the grating pitch of the fabricated HPDLCs. Rotating prism clockwise results

in increased grating pitch of HPDLCs.

Grating Superimposing Technique This technique uses the prism method to

create multiple gratings in a single medium. Figure 3.6 is the schematic depiction
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Figure 3.6: Schematic of the superimposed grating fabrication setup by prism rota-
tion.(a) Grating fabrication setup with the prism in its initial position with the laser
incident at an angle of θ1 and (b) fabrication setup for superimposing the previously
formed grating by moving the prism to form an angle θ2 with the laser beam

of this setup. Initially a grating is formed at an incident beam angle θ1 as shown in

Figure 3.6(a). Before complete gelation of the grating takes place the prism is rotated

to form an angle θ2 with the incident laser beam as shown in Figure 3.6(b). This

results in the formation of superimposed gratings

3.2.2 Traditional Experimental Analysis Techniques

Parameters such as the thickness of the thin film, morphology features, interfa-

cial roughness between the polymer and LC layers, LC orientation in the droplets

are important considerations for the electrical and optical performance of the thin

films. Hence multiple characterization techniques are used for thin film HPDLC

analysis. Spectroscopy, wavefront sensing, interferometry and microscopy are some of

the important characterization tools used. A brief review on employing few of these

techniques for HPDLC analysis is described here.

Field Response
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Figure 3.7: Transmission intensity response of the individual layers of the stacked
HPDLCs for varied applied voltage

Reorientation Field When a voltage applied across the HPDLC is sufficiently

high it is rendered optically transparent reversing its wavelength selective property.

The required voltage V varies with the thickness of the grating and a better char-

acterizing term is the field E determined by V/d where d is the thickness of the

HPDLC film. Different characteristic properties of the HPDLCs control the field re-

quired for reorientation of LC molecules. Some of the parameters are LC droplet size,

shape, dielectric anisotropy and its anchoring at the LC/polymer interface, polymer

composition and HPDLC film conductivity and its dielectric constant. Electron spin

resonance spectroscopy detailed in Section 4.2 aid in the understanding of the effect

of field on the droplet orientation.

The field applied reorients the LC droplets by overcoming the confinement effect

which oppose their reorientation. Critical field to reorient the LC molecules in micron

sized PDLC droplets with bipolar orientation has been determine by Wu et. al. and
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can be applied to the nanometer sized HPDLC globules. Critical field Ec is determined

as [48]

Ec =
1

3a
(
σ2

σ1

+ 2)

√
(
K(l2 − 1)

4ε
(3.1)

where a and b are the length of the semi major and minor axis with l determining

the aspect ratio of the droplets. σ1 and σ2 are the conductivities of the polymer

and the LC material. 4ε is the dielectric anisotropy of LC and K is defined as

the deformation constant. From this equation it can be inferred that bigger sized LC

droplets defined by the parameter a but with low aspect ratio l improve the switching

field of the HPDLCs. LCs with high dielectric anisotropy and low conductivity, while

polymer matrix with higher conductivity also aid in improving the field response.

To experimentally measure the field response a 1 kHZ square voltage varying

from 0 to 200Vpp is applied to the conductive leads soldered on to the ITO electrodes

coated on the HPDLC substrates. Here Vpp is the peak to peak voltage measurement.

Variable square wave voltage was generated by an Agilent 33220A arbitrary wavefront

generator. Its maximum output voltage of 10Vpp was amplified by Trek PZD 700

voltage amplifier and applied across HPDLC film.

The field response was measured by detecting the diffraction efficiency response

by a spectrometer for variable voltage. The accuracy of the variable voltage source

for switching was measured using a multimeter.

Figure 3.7 shows the switching response of four different wavelength of HPDLCs

for acrylate recipe. From the Bragg grating equation of 2.13 the reflected wavelength

λR ∝ Λ. Thus HPDLCs with higher reflected wavelength have bigger droplet domains.

This improves the switching response as determined by Equation 3.1 where critical

field Ec ∝ 1/a. As seen in the Figure 3.7 graph higher wavelength reflecting HPDLCs

have lower switching voltages compared to the lower wavelength reflecting HPDLCs,

primarly due to bigger LC globules. Sometimes HPDLCs show increased reflectance
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instead of the expected decrease at lower applied fields. This is because the low field

aid confinement effects in improving the refractive index mismatch of LCs in some

of the droplets of the polydisperse LC droplet distribution. However as the field is

increased the LC molecules overcome the confining effects and reorient in the direction

of the field.

The acrylate based recipe require higher fields compared to the thiolene based

HPDLCs for reorientation. High droplet shape anisotropy l and rough LC/polymer

interface which may contribute to stronger anchoring at the interface, of acrylate

based HPDLCs make it more difficult to reorient the LC molecules. In comparison

thiolene based HPDLCs have almost spherical droplet shapes and smoother interfaces

as observed from SEM micrograph.

The average value of switching field for acrylate recipe is in the range of 12Vpp/µm

while that for the thiolene recipe used here is in the range of 6Vpp/µm.

Response time The field response time defined by the parameters rise time τon

and fall time τoff quantify the time required for the HPDLC to transform between a

wavelength selective state and optically transparent state and are important consider-

ations for HPDLC switch applications. The rise time is the time taken by the HPDLC

film to respond to applied electric field Eapp and change to optically transparent state.

This response determined by Wu et. al for PDLCs which can be conveniently applied

to HPDLCs and is determined as[48]

τon =
γ1

K (l2 − 1) /a2 +4εE2
app

The fall time which defines the time taken by the HPDLC film to transform from

optically transparent state to wavelength selective state when the applied field is
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removed is [48]

τoff =
γ1a

2

K (l2 − 1)

where γ1 is defined as the rotational viscocity coefficient.

From the rise time and fall times it can be inferred that larger droplets have a

slower response time since τ ∝ a2 while droplets with higher shape anisotropy l have

a better response time.

Experimentally the rise and fall time of the reflection type HPDLC thin film can be

measured by analyzing the HPDLC response to a incident source whose wavelength

corresponds to its Bragg wavelength, when a field is applied or removed. Source

wavelength corresponding to Bragg wavelength of HPDLC is made incident using

Newport’s Oriel monochromator. The transmitted intensity variation due to field

response of HPDLC is detected by a fast response PIN photodiode connected to a

oscilloscope. The oscilloscope displays the HPDLCs intensity response with time as

a waveform. The rise and fall times are determined by following the change from

10% to 90% of the intensity variation when field is applied or removed. The rise time

and fall time for acrylate formulation determined by this method was 330µs ± 15%

and 280µs± 15. The response time of thiolene is typically much slower than acrylate

formulation. It has been determined to be 5 times slower for thiolene formulation

comparatively[49]. One of the reasons is that acrylates have bigger shaper anisotropy

l resulting in better response times since τ decreases with increasing l.

Thus difference in polymer morphology, elasticity, LC droplet shapes, LC/polymer

interface contribute to different fields for complete switching and response times for

acrylate and thiolene based HPDLC recipes.
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Figure 3.8: Spectrometer setup for measuring the transmission and reflection spec-
trum of HPDLCs

Spectrometry

Optical charaterization of the HPDLC gratings are made by using a HR4000CG-

UV-NIR spectrometer(Ocean Optics). The spectrometer characterizes the wavelength

spectrum using a dispersive diffraction grating. This is a useful technique to determine

the grating formation, quality of the grating, measurement of the diffraction efficiency.

All the reflection and transmission spectra in this dissertation were analyzed with this

spectrometer.

Figure 3.8 shows the positioning of the spectrometer in a setup to capture the

transmitted and reflected spectrum from HPDLCs.



63

Figure 3.9: Setup for analyzing the scattering profile of HPDLCs
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Figure 3.10: Setup
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Figure 3.11: Scattering Intensity vs. Angle

Scattering Profile Analysis

The incoherent scattering reduces the transmittance intensity based on the wave-

length. When the HPDLCs are stacked this type of scattering is more significant. It

can be clearly noticed by comparing the scattering profile of the source wavelength

through a HPDLC and a stack of HPDLCs, for different angles. The comparison was

performed using the setup shown in Figure 3.9 which is schematically represented in

Figure 3.10. A 632 HeNe laser was used as the probe beam for the HPDLC sam-

ple. The data was acquired upto 240◦ angle arc starting at −120◦ with respect to

the forward scattering direction (laser, sample and detector are in-line) to 120◦. A

photodiode was attached to a rotating stage which captured the intensity scattered

from -120 to +120.

The scattering profile obtained by this technique is shown in Figure 3.11. Here two

contributions can be seen in the scattering transmittance profile. In the vicinity of 0◦
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the incident intensity is observed through the HPDLC with weak scattering effects.

At wider angles only incoherent scattering is observed. Observing the scattering effect

from a stack of four layers we notice that the transmittance of the incident beam is

lower and the scattering at wider angles is higher than the single HPDLC layers.

This implies that there is a significant loss in transmitted intensity in stacked layers

due to incoherent scattering. This study further motivates the need for single layer

broadband wavelength interacting HPDLCs in comparison to stacked HPDLCs to

reduce the scattering effects.

3.2.3 Wavefront Analysis

It is critical that the interaction of incident wavelength spectrum with HPDLCs

should not cause significant unexpected distortions in the spectrum. The quality of

the wavefront transmitted through the HPDLCs and the tolerance limits of the final

wavefront can be quantified by using interferometric and wavefront sensing techniques.

Interferometer techniques require that the test source is highly coherent such as

a laser source. Typically the test source is split into two beams. One of the beams

is passed through the test optics and then both the beam are made to interfere. A

detector such as a CCD images this and software analysis is performed to deter-

mine the wavefront abberation parameters. Some of the prominent interferometer

configurations are Twyman-Green, Mach-Zehnder and Fizeau interferometers[50].

Previously interferometric technique analysis was performed on HPDLCs by pass-

ing a test wavefront repeatedly twice through the sample[51]. This was analyzed

visually and by software to find the distortion effects. It was determined that the

surface of the test samples had a peak to valley surface error of 3nm.

Optical profilometers using optical phase shift interferometry technique such as

Zygos New View series, accurately determine the HPDLC 3D profile metrology and
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Figure 3.12: Wavefront Analysis Test Setup

Table 3.3: Zernike coefficients of primary aberrations for electric field off and field on
state of HPDLC

Aberration Parameters Electric Field Off Electric Field On

Z1, X-Tilt 0.000076 -0.003569
Z2, Y-Tilt -0.002449 -0.004120
Z3, Focus -0.000000 -0.000000
Z4, 0-Astigmatism -0.068296 -0.062906
Z5, 45-Astigmatism 0.012584 0.005367
Z6, X-Coma -0.001767 0.002862
Z7, Y-Coma -0.003398 -0.001692
Z8, Spherical 0.004134 0.001780

will be discussed indepth in the next chapter.

For wavefront sensing techniques a low coherent broadband white light source can

be used to determine the quality of the optical grating. In this dissertation we use

the Shack-Hartmann wavefront sensing technique[39, 52] to determine the wavefront

aberrations effects when a white light is passed through the HPDLC thin film.

‘

Flat and aberration free wavefront diffracted through HPDLC is a critical aspect

for many of of its applications. In this section a white light source is made incident on
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Figure 3.13: 3D view of Optical Phase Delay for (a) field off state and (b) field on state.
3D view of Strehl ratio for (c) field off state and (d) field on state. Fringe pattern
generated by the wavefront analyzer characterizing the optical wavefront transmitted
from a HPDLC for (e) Field off state and (f) Field on state
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Table 3.4: Wavefront characterizing parameter of electric field off and field on state
of HPDLC

Parameter Electric Field Off Electric Field On

P- V 0.1727 0.1637
Strehl Ratio 0.8666 0.8717
RMS Wavefront Error λ/16.5 λ/ 18.5

the HPDLC and the wavefront transmitted through it is characterized using a wave-

front analyzer. Wavefront analyzer from Adaptive Optics based on Shack Hartmann

principle[39] and white light source from Ocean Optics are used.

For the analysis the white light source, HPDLC sample and wavefront analyzer

are placed inline as shown in Figure 3.12. Reference wavefront and test wavefront are

measured respectively. Reference wavefront is measured by capturing the collimated

white light source by the detector directly without HPDLC sample. Test wavefront

is measured by transmitting the collimated white light source through the HPDLC

before being analyzed by the wavefront analyzer. Inside the analyzer each of the

wavefronts are individually passed through an array of lenses of the same focal length

called the Micro Lens Module(MLM). This module breaks the entire wavefront into

smaller wavefronts and focuses it onto a CCD. The deviation of the incident wavefront

from the focal spot of each lens detected on the CCD sensor is sampled, software

analyzed and curve fitted for an approximate wavefront envelope. Finally depending

on the deviation of the test wavefront focal spots compared to the focal spot of the

reference wavefront the aberrations are computed. The test wavefront is characterized

for both field off and field on state of HPDLC.

The wavefront emerging from an optical system can be written in terms of the
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Zernike polynomial coefficients Zi (i = 0 . . . 8)[41] as :

W (ρ, θ) = Z0 + Z1ρ cos θ + Z2ρ sin θ + Z3

(
2ρ2 − 1

)
+ Z4ρ

2 cos 2θ + Z5ρ
2 sin 2θ

+Z6

(
3ρ2 − 2

)
ρ cos θ + Z7

(
3ρ2 − 2

)
ρ sin θ + Z8

(
6ρ4 − 6ρ2 + 1

)
(3.2)

where ρ is the radial coordinate and θ is the angular coordinate in the polar coordinate

system considered. The Zernike coefficients quantifying aberration parameters tilt,

coma, defocus, spherical aberrations and astigmatism are tabulated for both field-off

and field-on state in Table 3.3. Other wavefront characterizing parameters Peak to

Valley (P-V), RMS wavefront error, and Strehl ratio listed in Table 3.4 are determined

for field-off and field-on state. P-V describes the maximum variation of the actual

wavefront from the desired wavefront. Since P-V is a measure of the maximum

error and does not give a quantification over the entire region where the error occurs

it cannot be used as a sole characterizing parameter. A system with a large P-V

aberration in a small region maybe better suited than that with a small P-V with a

large area wavefront error. The RMS wavefront error is more significant for defining

the wavefront quality and it expresses the wavefront variations averaged over the

entire wavefront. The rms wavefront error σ and variance σ2 for a circular pupil

expressed in the polar coordinate system (ρ, θ) is defined by [41]:

σ2 =
1

π

∫ 2π

0

∫ 1

0

[
∆W (ρ, θ)−∆W

]2
ρdρdθ, (3.3)

where ∆W is difference of the actual wavefront relative to a best fit spherical wave

and ∆W is the mean wavefront optical path difference between the actual aberrated

and ideal wavefront.

Figure 3.13(a) Figure 3.13(b) show a 3D optical phase delay(OPD) map of the

wavefront for electrical field off and field on state over a circular pupil. The map
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distortions can be characterized by P-V, RMS wavefront error and the Zernike coef-

ficients. The wavefront aberration in a HPDLC system as indicated by the Zernike

coefficient, P-V, RMS and Strehl ratio values form Table 3.3 and Table 3.4 are chiefly

due to the interfacial roughness between the LC rich and the polymer rich layers and

index mismatch between these two alternately placed layers. When an electric field is

applied across the HPDLC the refractive index becomes uniform and the wavefront

emerging from it has less aberration compared to the unswitched HPDLC as evident

in the two tables above. The wavefront characterizing parameter, Strehl ratio is the

ratio of the maximum intensity due to a point source in the presence of aberration,

to the theoretical maximum intensity of a perfect system without any aberrations.

The Strehl ratio expressed in the polar coordinate system (ρ, θ) is given by [41]:

Strehl Ratio =
1

π2

∣∣∣∣∫ 2π

0

∫ 1

0

ei2π∆W (ρ,θ)ρdρdθ

∣∣∣∣2 (3.4)

Figure 3.13 (c) Figure 3.13(d) indicates 3D Strehl ratio plot for the HPDLC in

switched and unswitched state.

From the Table 3.4 comparing the switched and unswitched HPDLCs it is evi-

dent that the P-V value and the RMS wavefront error decreases by 5.5% and 10.6%

respectively and Strehl ratio improves by 5.9% in the switched state suggesting a

reduction in aberrations and more intensity at the detector. Overall the abberation

values according to the Maréchal criterion suggest that HPDLCs have good optical

performance for both electric field applied and no field applied case. This criterion

states that a system quality is well corrected if the Strehl ratio is ≥ 0.8 corresponding

to an RMS wavefront error of ≤ λ/14[41].

Figure 3.13(e) and Figure 3.13(f) shows the reconstructed optical wavefront viewed

as a fringe pattern for both unbiased and biased state. Ideally the fringe pattern or

interferogram of a unaberrated optical system exhibits a sharp contrast between the
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bright and dark fringes and is perfectly parallel to each other[50]. A slight curvature

in the fringes detected in the interferogram primarily result from the astigmatism

introduced in the wavefront transmitted through the HPDLC sample as shown Ta-

ble 3.3. The kink in the top central region of the fringe pattern is due to the presence

of air bubble trapped inside the HPDLC during grating formation.

Thus it can be deduced that HPDLCs transmits good optical quality flattened

wavefront suitable for multiple application from Figures 3.13(a)-(f), Table 3.3, Ta-

ble 3.4 and Maréchal criterion.

Imaging Techniques

Imaging techniques such optical microscopy, atomic force microscopy(AFM), scan-

ning electron microscopy(SEM), transmission electron microscopy(TEM) are consid-

erably used for the visual inspection of phase separation between LCs and polymer,

the LC droplet diameter, droplet structure, grating pitch, droplet dispersion, droplet

density determination etc.,

Optical microscopy is the most basic technique used for imaging the surface topog-

raphy of thin film PDLCs[8]. It is a convenient technique for observation of surface

morphology with feature size in the micrometer range without needing elaborate sam-

ple preparation. The micron sized droplets of the PDLCs can be analyzed for director

orientation using the polarized optical microscopy(POM) where the sample is placed

in a optical microscope between two crossed polarizers.

It can also be used for instant imaging of HPDLC thin films having micrometer

scale grating pitch, such as the grating pitch of transmission mode HPDLCs. Here a

light microscope images the sample cell placed between crossed polarizers. However

due to lack of high resolution imaging capabilities this method cannot be used for

extensive morphological analysis.
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Figure 3.14: (a)Polarized optical microscope image of HPDLC and b) Differential
interference contrast microscope image of HPDLC

Figure 3.15: (a) Optical Profilometer image of HPDLC grating structure and (b) 3D
surface profile
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In an HPDLCs the droplets are far smaller than micron size and the LC orienta-

tions in the droplets cannot be resolved. However they are a convenient method to

find the grating pitch of the transmission mode HPDLCs. The polymers layers ap-

pear dark under crossed polarizers and the LCs appear bright because of their phase

shifting property denoted by the Equation 2.6 .

A transmission HPDLC with 3µm grating pitch is imaged by Leica DMLP optical

microscope under crossed polarizers as shown in 3.14(a).

Differential interference contrast(DIC) is another type of optical imaging technique

which requires no sample preparation for fast imaging of micrometer scale features

in HPDLCs. DIC enhances the contrast in transparent samples using interferom-

etry technique. Figure 3.14(b) is the transmission HPDLC imaged using the DIC

technique.

It is crucial to measure the critical dimensions of an HPDLC, such as its thickness,

to ensure its uniformity during holographic fabrication. This guarantees consistent

optical and electrical performance. Optical profilometers such as Zygos New View

series, which use an optical phase shift interferometry technique, accurately deter-

mine the HPDLC 3D profile metrology. This is a quick non-contact method, which

is non-destructive to the sample and also does not require sample preparation. Fig-

ure 3.15(a) is the surface image of the transmission HPDLC revealing the grating

structure obtained by the Zygo New View 6000 optical profilometer. The 3D view of

the imaged surface is shown in Figure 3.15(b)

AFM has been used for the analysis of the dimpled polymer structure at the

LC/polymer interface of the HPDLCs[53]. Tapping technique was used here to pre-

vent damage to the soft polymer interface. There is a limit on the maximum height

and maximum area this technique can image which is the range of several micro

meters. Also the image scanning process can take several minutes with increased
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likelihood of artifacts in the image.

SEM and TEM are two well-known microscopy techniques used for nanometer

scale structural analysis of HPDLCs[54].

The conventional high vacuum SEM(HV-SEM) technique requires the test sample

be placed in a near vacuum chamber. The sample preparation involves freezing frac-

turing the required surface cross section accompanied by LC removal and treatment

with a conductive coating as mentioned in Section 2.6.1.

TEM technique used for morphological analysis typically requires an embedding

process followed by sectioning. The embedding process results in leaching of impuri-

ties into the grating structure leading to alteration of the grating pitch.

The sample preparation of both TEM and SEM are labor intensive. In order to

determine the accurate high-resolution features of the grating structure it is essential

that LC is not removed from the grating structure and the sample surface is not

chemically treated resulting in possible distortion of the features.

Cryo-SEM has been used recently to preserve the grating structure for imaging

without LC removal. Here the sample is frozen and imaged without LC removal[55].

Cryo-SEM sample preparation requires initial freeze fracturing of the surface using

liquid nitrogen at about a temperature of −1820C. To apply a conductive coating on

the sample the temperature is increased to about -900C and cooled back to −1820C

prior to imaging. The cryogenically fixed sample is imaged in a SEM cryo-stage.

VPSEM and ESEM are two techniques described in detail in the next chapter used

here for the first time for morphology study of HPDLCs at high resolution without

the need for LC removal or conductive coating. The specimen preparation involves

freeze fracturing the sample followed by imaging in the SEM chamber.

This chapter details the recipe of HPDLCs used for the wavelength sensing along

with different fabrication setup configuration. Experimental analysis techniques to



75

analyze the gratings are reviewed. We introduce two new types of high resolution

imaging techniques namely VPSEM and ESEM in the next chapter without the need

for LC removal or conductive coating. Electro spin resonance spectroscopy technique

is detailed to study the confinement effects on LCs in the polymer matrix of the

HPDLCs.
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4. Novel Experimental Analysis Techniques

To study the nanoscale morphology of HPDLCs variable pressure SEM(VPSEM)

and Environmental SEM(ESEM) are used here and compared to the typical HV-

SEM imaging used for analysis. Electron spin resonance(ESR) spin probe technique

is used to determine the LC droplet organization inside the polymer layers and the

local director configuration of nanoscale sized LCs.

4.1 HV-SEM, VPSEM and ESEM

High-resolution scanning electron microscope imaging is an essential tool to under-

stand and analyze the morphological features of electro-optic devices with nanoscale

features. SEM of samples under high vacuum(HV) condition is a well-known tech-

nique used for high-resolution analysis of HPDLC structure where the LC is removed

prior to imaging. In this work the grating structure is imaged for the first time using

variable pressure SEM (VPSEM) without LC removal and compared to the imaging

from conventional HV-SEM technique. Environmental SEM(ESEM) method is also

used for imaging the HPDLC for the first time.

HPDLC is prepared using acrylate formulation shown in Table 3.1. To prepare the

HPDLC sample for HV-SEM imaging the sample surface is first cryogenically frozen

by placing it in liquid nitrogen dewar. The frozen surface is fractured to attain well

preserved requisite sections for imaging. LC is removed by treating it with methanol

to prevent damage to the HV-SEM apparatus. The sample is then sputter coated

with 3nm thick platinum-palladium coating to enable good contrast, high resolution

and prevent charge accumulation in the specimen. For the VP/ESEM imaging the

sample is freeze fractured and directly placed in the SEM chamber. Zeiss Supra 50VP
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Figure 4.1: SEM images of the cross section of HPDLCs are shown here. a) HV-SEM
image of reflection mode HPDLC b) VPSEM image of reflection mode HPDLC c)
HV-SEM image of transmission mode HPDLC and d) VPSEM image of transmission
HPDLC
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Figure 4.2: ESEM images of the transmission mode HPDLCs are shown here. a)
Image of the surface feature and b) image of the cross section

is used for both HV-SEM and VPSEM imaging. FEI XL30 is used for ESEM imaging.

The HV-SEM imaging was performed at an accelerating voltage of 2kV with

vacuum like conditions in the SEM chamber. The reflection HPDLC cross section

was imaged using SE detector and transmission HPDLC cross section was imaged with

Zeisss patented In-lens SE detector. The VPSEM was performed at 4 kV with VPSE

detector was used for both reflection mode and transmission mode HPDLC imaging.

Chamber pressure was set at 20Pa. A GSE detector was used for ESEM imaging

with beam accelerating voltage of 10 kV. The pressure inside the SEM chamber was

set at 3 Torr.

Figures 4.1(a)-4.1(d) show the SEM images of the HPDLC grating structure im-

aged using the HV-SEM and VPSEM. Figures 4.1(a) and 4.1(b) are the reflection

mode HPDLC images and Figures 4.1(c) and 4.1(d) are the transmission mode

HPDLC images.
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Here the black voids are the LC droplets regions and the area surrounding them

is the polymer matrix as indicated in Figure 4.1(a). The LC layered structure is

illustrated by drawing lines at the center of two adjacent LC layers shown in Fig-

ures 4.1(a)- 4.1(d). Figure 4.1(a) also illustrates the grating pitch, which is the

thickness of one layer of polymer and liquid crystal or distance between the centers of

two adjacent LC layers. As seen in the SEM images the grating pitch of the reflection

HPDLCs are lower typically less than 400nm resulting in smaller LC droplets. The

grating pitch of the transmission HPDLCs are greater than about 600nm resulting in

larger LC domains in the LC layers.

The LC droplets vary in size, shape and are interconnected in acrylate recipe[8].

These SEM images provide morphological details from the HPDLC cross-section such

as the LC size and shape distribution. For reflection mode HPDLCs shown in Fig-

ures 4.1(a) and 4.1(b) there is polydispersity of the droplet size and shape and the

droplets on an average are elongated along the LC layer. The transmission HPDLCs

have larger LC droplet regions and the interconnectivity between them make them

appear more as a continuous layer rather than discrete droplet regions as shown in

Figures 4.1(c) and 4.1(d).

A comparison of the grating spacing using a image analysis tool between the two

types of imaging showed an average decrease of grating pitch by 18.6% for reflection

HPDLC imaged in HV compared to VP. A decrease of grating spacing is observed for

transmission HPDLCs by 17.5% for these two respective modes.

Overall reduction in the grating pitch contributed by conventional mode HV-SEM

imaging is due to removal of LCs. Air replaces the voids created by LC elimination

and the polymer matrix contracts around these regions reducing the average pitch of

the grating.

Thus In this study two new SEM imaging techniques were used for the analysis
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of the morphology of HPDLCs. The significant advantage of VPSEM and ESEM

compared to conventional SEM is that they represent the true morphology profile

without the need for LC removal or conductive coating. Comparing VPSEM images

with HV-SEM images revealed the variation of the grating spacing for acrylate recipe

HPDLCs after LC removal. Thus VPSEM was used for the first time to quantify the

effect of LC removal on the true morphology of acrylate formulation based HPDLCs

imaged and quantify the difference. ESEM has lower resolution compared to HV-SEM

mode but can be used to analyze grating morphology of transmission mode HPDLCs

with discernable contrast between the polymer and LC rich regions.

4.2 Electron Spin Resonance Analysis

This work is a result of collaboration with the Zannoni Liquid Crystal Group,

Bologna, Italy and has resulted in a paper ”Order and Dynamics Inside H-PDLC

nanodroplets: an ESR Spin Probe Study” published in Journal of Physical Chemistry

B

Investigating the birefringent LC orientation and behavior in confined polymer

matrix of HPDLCs enables better understanding of its electro optic response. Nu-

clear magnetic resonance (NMR) spectroscopy has proved to be a suitable technique

to study the orientation and dynamics of the LC inside the polymer matrix[56]. NMR

was used for the first time to study the configuration of directors and dynamics in

PDLCs by Golemme et al.[16, 57] Early NMR analysis on PDLC revealed a first

order nematicisotropic (NI) phase transition for large droplets of LC. For droplets

below the critical diameter of ≈35 nm, the NI phase transition showed a continuous

variation from an ordered N phase to a weakly ordered I phase.[57] Iannacchione et

al. performed deuteron NMR (DNMR) studies on HPDLCs and surmised that an
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homeotropic LC configuration is present at the LC-polymer interface.[58] Their re-

sults indicated also a lower orientational order in the nanodroplets compared to the

bulk LC. Vilfan et al.[33] used DNMR and dynamic light scattering (DLS) to study

the orientational order and dynamics of a BL038-5CB LC mixture in a HPDLC. DLS

showed that the onset of the N phase occurs at a temperature about 40 K lower, com-

pared to the bulk, and takes place gradually. This is possibly due to a polydispersity of

nanodroplet sizes having different compositions of non-liquid-crystalline ingredients.

DNMR indicated that the structure of the director configuration is macroscopically

isotropic and composed by a smaller fraction of a powder-like (low fluidity) nematic

polydomain, with high local order, whereas the larger part of the LC is still in the I

phase, even at room temperature. However, the bulk BL038 LC, at room tempera-

ture, shows a highly ordered N phase. The authors suggested that the locally ordered

structure is located on the nanodroplet surface, since its contribution to the total

DNMR spectrum is small and its translational diffusion is two orders of magnitude

slower than that found in the bulk of the droplet cavity.

The lack of NMR results indicating, at least, a small fraction of nematic order

along the NMR magnetic field is surprising and appears to be in contrast with the

operating principle hypothesized for a HPDLC device, when a field is applied. To shed

further light on the internal nematic director configuration of the nanodroplets, the

local molecular order and dynamics, and to compare the observed behavior with that

found in the bulk, ESR spin probe technique is performed here by doping the nematic

BL038 LC with a stable nitroxide radical at a very low (104w/w) concentration and

monitoring its spectra in different conditions. This technique, hitherto unused on

HPDLC studies, allows the direct study of an actual device, due to its very high

sensitivity.

Nuclear magnetic resonance (NMR) spectroscopy has been extensively used to
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study the LC orientation inside confined LCs . Here a thorough investigation of the

order and dynamics of the LC entrapped in nanodroplets of a reflection mode HPDLC

is performed by using the electron spin resonance (ESR) spin probe technique for

the first time. These results are then compared to the ESR spectroscopy findings

performed on the bulk LC without the confinement effect of polymer.

The macroscopic configuration of the LC local nematic domain director and a

model of the nanodroplet organization inside the layers are determined. The spectro-

scopic analysis was conducted at a series of temperatures ranging from the nematic

to the isotropic phase of the LC.

In the ESR spin probe technique, the nematic LC is doped with a stable nitroxide

radical and its spectra recorded at different temperatures and orientations of the

sample cell in the ESR chamber.

From this technique we can infer that the orientational order of the elongated LC

droplets is preserved at room temperature even in the presence of strong magnetic

field. However at higher temperatures the larger sized droplets realign in the direction

of the field and have a nematic monodomain configuration in the direction of the field

whereas the smaller ones form an isotropic state most likely due to the confinement

effects of the polymer and do not orient along the field.

The ESR spectra obtained is considered to be additive of the spectra of spin probes

found in different regions of the LC droplets. The fractional contribution of each of

these regions to the whole ESR spectrum is considered proportional to the amount

of LC present in that region.

The HPDLC for analysis is fabricated using the acrylate recipe. For optimal

results the recipe had 4% less LC compared to the standard formulation used for

sample cell fabrication in this dissertation work shown in Table 3.1. The HPDLC

were spaced 20 microns apart to enable good S/N ratio. The LC is doped with the
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nitroxide spin probe 3β-DOXYL-5α-Cholestane(CSL) free radical explained in detail

in Section 2.6.2

The ESR spectra was acquired by Bruker EMX spectrometer equipped with an

ER 041XG microwave X-band (9.5 GHz) Gunn Diode bridge and a rectangular ER

4102 cavity hosted at Bologna University. The samples were thermostated with a

nitrogen flux through a variable temperature unit Bruker B-VT 2000.

To study the effects due to annealing, spectra recorded from freshly prepared cells

were compared with those recorded after either field cooling(FC) or zero field cooling

(ZFC) the sample. FC was done by heating the sample at 353.2 K then slowly cooling

it to 323.2 K, approximately 1 K/min, with the magnetic field set at 6300 G (the

highest available on the ESR spectrometer) and then equilibrating for 20 min. In the

ZFC the same heating process was followed by a cooling process in the absence of

the magnetic field. Finally, the cell was brought to the required temperature for the

measurement.

Final ESR spectra were recorded across the temperature interval 285.2-383.2 K

which was chosen to be wide enough to study all the significant spectral changes

exhibited by the system

To measure the ESR spectrum a capillary tube glued to the border of the cell

is used to hold it in the chosen position and orientation within the ESR cavity (see

experimental scheme in Figure 4.3(a) and (b)). The HPDLC test cell was placed in

two types of orientations with respect to the magnetic field B.

The ESR cavity is cylindrical with 6mm diameter and length spanning 25mm.

Cells longer than 25mm can be placed inside the test cavity. Rectangular HPDLC

cells of dimension 5mmx 35mm were placed in the ESR cavity. This rectangular cell

could be easily rotated around the X axis of the cavity but not around the Y axis

due to the diameter limitations of the ESR cavity.
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Figure 4.3: (a)Parallel and perpendicular configuration and (b) rotation around the
Y axis
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To find the director configuration from ESR spectra when the HPDLC cells are

rotated along the Y axis smaller HPDLC cells of dimensions 5mm× 5mm were used.

A typical rigid limit(RL) spectra was recorded at 153.2 K in the parallel geometry(‖).

The spectra recorded at 285.2 K after FC in ‖ configuration had key features similar

to the RL spectra, suggesting that part of the spectra was still in the rigid limit

region. The spectra for ZFC was almost similar to FC spectra.

The spectra for the perpendicular configuration(⊥) of the HPDLC cell was clearly

different.

Here the spectra at 285.2 K could be consistently modeled by adopting a 2 site

model consisting of RL and 2D components. The 2D model for best fit had its sym-

metry axis perpendicular to the LC/polymer layers and had two different components

of 2D‖ and 2D⊥.

By adopting this model, a consistent temperature dependence of the best-fit pa-

rameters was recovered from the global analysis of the parallel and perpendicular

spectra recorded in the temperature range 285.2 - 308.2 K, after FC in the parallel

geometry. Results of the fits are presented in Figure 4.4(a) (experimental: dashed

line, fits: solid line; ‖ and ⊥ geometry, respectively) and show excellent agreement

with experiment.

In the interval 337.2 - 343.2 K, a more consistent behavior of the parameters

was obtained by adopting a 3-site model of 3DPOP, 2D with low local 〈P2〉 and RL

contribution. In the temperature interval 345.2 - 373.2 K, a consistent temperature

dependence of the best-fit parameters was obtained by a model composed of N, ISO

and RL contribution. Results of the fits are presented in Figure 4.4(b) (experimental:

dashed line, fits: solid line). The lineshapes of the N contribution decrease at increas-

ing temperature becoming barely visible at 373.2 K, where its fraction is estimated

to be lower than 10 %. Above 373.2 K the sample is fully isotropic.
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Figure 4.4: (a)Temperature dependence of typical ESR spectra (dashed line) and
fits (solid line) to a 2- site model formed by RL + 2D spectral component.
(b)Temperature dependence of typical ESR spectra (dashed line) of the H-PDLC cell
recorded, after FC, in the parallel geometry and fits (solid line) to two different 3-site
models (at 337.2 K and 343.2 K the spectral components are: RL + 3DPOP+2D; at
345.2373.2 K the components are: RL + N + ISO or to a single site, isotropic model
(383.2 K).
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The analysis of the FC spectra recorded in the temperature region 313.2 - 335.2

K proved to be the more difficult one, since all the spectral components described so

far are present. A 3-site model composed by a RL, 2D and 3DPOP component was

adopted which provided more stable best-fit parameters with a consistent temperature

dependence.

In the temperature range 285.2 - 353.2 K, the spectra recorded in the parallel and

perpendicular geometry could be globally fitted to the same values of the fractions

of the components, local 〈P2〉 and dynamics, in the assumption that the ordered

fraction did not realign along the magnetic field after the 900 rotation. Individual

(not global) analysis of the spectra in the perpendicular geometry indeed indicated

that the ordered fraction rotated as a whole with the sample, remaining essentially

unaffected by the magnetic field up to 353.2 K. At 357.2 K, the best-fit local 〈P2〉

decreased from 0.60, before the rotation, to 0.31 after it and at higher temperatures

the order of the N fraction was completely disrupted, becoming isotropic.

The fractional contribution of the ordered component was always larger after FC

the sample compared to ZFC. In particular, the effects of annealing the cell in the

magnetic field were more evident in an intermediate temperature region(310 - 350 K)

and decreased at the lowest and highest temperatures.

In Figure 4.5 the local 〈P2〉 of the ordered components is compared to that ob-

served in the bulk BL038 LC. Figure 4.6 shows the temperature dependence of the

rotational diffusion tensor, D⊥, of the various components together with a comparison

to the bulk BL038 LC (values close to the Tc and in the bulk BL038 NI coexistence

region, have been removed).

The effect of a 900 rotation of the square H-PDLC cells around the Y axis as

shown in Figure 4.3(b) was studied at selected temperatures, after FC. In all cases,

spectra recorded before and after the rotation (not shown) were identical and very
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Figure 4.5: Temperature dependence of the local orientational order parameter,〈P2〉,
of the bidimensional (2D), three dimensional, partially ordered polydomain (3DPOP)
and nematic monodomain (N) spectral components compared to the bulk BL038
liquid crystal. Thinner, dashed lines are a guide for the eye. The vertical line at
373.2 K indicates the bulk BL038 Tc.

Corrado Bacchiocchi et al. ESR study of HPDLC

Bulk BL038ISO3DPOP � 345.2 K � N2D
IN

T/◦C

T/K

D
⊥

/ns−1

110.890.870.850.830.810.8

384.0364.0344.0324.0304.0284.0

0.120
0.096
0.072
0.048
0.024
0.000

Figure 10:

33

Figure 4.6: Temperature dependence of the tumbling diffusion coefficient, D⊥, of
the bidimensional (2D), three dimensional, partially ordered polydomain (3DPOP),
nematic monodomain (N) and isotropic (ISO) spectral components compared to the
bulk BL038 liquid crystal. Thinner, dashed lines are a guide for the eye. The vertical
line at 373.2 K indicates the bulk BL038 Tc
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similar, albeit relatively noisier, to those taken at the same temperature, after FC,

from the rectangular cells.

The consistency of the ESR spectra of different replicas of the HPDLC sample

cells, even when comparing replicas prepared from separate batches, indicated the

high reproducibility of the process involving their manufacturing and photocuring.

The spectral analysis indicates that the director configuration inside the HPDLC

nanodroplets is more complex than what has been previously found[56, ?, 58, 33].

The clear difference observed between spectra recorded in the parallel and the

perpendicular geometry (rotation of the sample cell around the laboratory X axis,

see Figure 4.3), in the temperature range 285.2-373.2 K, unambiguously indicated

the presence of a macroscopically anisotropic contribution. At 285.2 K the FC, par-

allel spectrum was only slightly different from that recorded after ZFC or that of a

freshly prepared cell. In an intermediate temperature range (310-350 K), the differ-

ences between FC and ZFC or the fresh cell were the largest and tended to decrease

again at higher temperatures. This behavior suggests a model where, at the lowest

temperatures, the director configuration is governed mainly by the confinement and

is, therefore, less sensitive to the annealing, whereas at higher temperatures, due

to increased mobility, a fraction of the molecules will align along the magnetic field

without the need of the annealing, to form a 3DPOP or a N. In the intermediate

temperature region, between the confinement induced and the field-induced director

configuration, FC the sample produces the largest effects.

The nature of the suggested confinement-induced director configuration can be

further understood by considering that the ordered fraction, observed in the spectra

recorded in the parallel geometry, after FC also in the parallel geometry, did not

realign along the magnetic field when the cell was rotated to the perpendicular geom-

etry, but instead either rotated as a whole with the sample (up to 353.2 K), remaining
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essentially unaffected by the field, or it was disrupted by the field, becoming isotropic

(above 357.2 K). This indicated that the ESR magnetic field is not able to reorient

the local nematic directors around the X axis, to induce an alignment perpendicular

to the layers.

Spectra of the square H-PDLC cells, recorded at selected temperatures, after FC,

before and after a 900 rotation around an axis perpendicular to the layers (Y axis,

Figure 4.3(b)) were identical in all cases. In the temperature interval 285.2-308.2 K,

this result is in agreement with the expected overall bidimensional (radial) symmetry

around the Y axis of the director distribution corresponding to the best-fit spectral

components (RL + 2D). The onset of a 3DPOP and then of a N component, detected

in the temperature interval 313.2373.2 K, changes a fraction of the 2D distribution into

a new one where the director is either partially (3DPOP) or fully (N) aligned along

the magnetic field. This change must involve a reorientation of the local directors at

least around the Y axis, breaking in this way the 2D symmetry. The lack of change in

the spectra, when the cell is rotated around the Y axis, confirms that a reorientation

of the LC local directors around this axis can indeed occur.

Models for the director configuration inside the nanodroplets Through-

out the modeling, no assumptions about the preferred orientation of the LC at the

nanodroplet surface (e.g. homogeneous or homeotropic) was made since (i) this in-

formation is not directly achievable from the analysis of the ESR spectra and (ii)

both orientations were compatible with the final analysis. The only assumption, in

this respect, is that the RL contribution is due to CSL located in the fraction of the

LC molecules close to the surface whereas the interior of the nanodroplets shows a

larger mobility. It is also important to recognize that the ESR data do not reveal

whether the different environments, where the CSL can be located, coexist within

each droplet. From this point of view, there might be nanodroplets entirely RL, even
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if this seems rather unlikely, and other nanodroplets fully ISO or 3DPOP. We can

instead examine the various arrangements of the different domains inside the same

droplet.

In the model here, an equilibrium between LC molecules forming a layer on the

droplet surface, with a very limited mobility, and molecules in the remaining volume,

the droplet cavity, with a faster dynamics is postulated. As the temperature increases,

less and less molecules remain frozen on the surface layer, thus increasing the size of

the cavity. At each temperature, the observed spectral components are the result of

a different equilibrium between the surface layer and two molecular environments,

determined by a critical dimension of the droplet cavity. Above this dimension, the

constraints induced by the surface layer to the LC structure in the cavity are relatively

small, the local 〈P2〉 is thus bulk like and, upon FC, a 3DPOP or a N, oriented

along the magnetic field, can be formed. Below this dimension, the surface induced

distortions lower the local 〈P2〉 and the Tc, compared to the bulk. The effects of FC

are very similar to ZFC, indicating that the director configuration is mainly dictated

by the confinement and not by the magnetic field. As the temperature increases, a

larger fraction of nanodroplets reaches the Tc thus becoming isotropic.

Possible microscopic director configurations, typically suggested for this kind of

confined systems are radial and bipolar[59].

To determine which microscopic director configuration is compatible with our

results, we need a model to relate the microscopic configuration to the macroscopic

one. In the assumption that the microscopic configuration is determined, at least to

some extent, by the confinement, this means to establish a model for the organization

of the nanodroplets. Therefore, our further discussion hinges on the assumption,

based on the inspection of SEM images, that the shape of the nanodroplets is, on the

average, elongated and has the long axis preferentially oriented parallel to the layers.
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Model for the nanodroplet distribution The observed macroscopic 2D director

distribution could stem from (i) a director configuration with a 2D (radial) symmetry

inside each nanodroplet or could be the result of (ii) a 2D distribution of the elongated

nanodroplets having inside a uniaxial director configuration. We found that across the

whole temperature range 313.2-373.2 K, when the orientational director distribution

changes from 2D to 3DPOP and then N, the ESR magnetic field is able to reorient

the LC local directors around the Y axis but not around the X axis. This would

suggest that a 2D symmetry does not depend from the temperature but is present in

the very structure of the H-PDLC material and would be compatible with the second

option above.

In particular, a uniaxial LC director configuration inside the elongated nanodroplets

would be compatible with the macroscopic 2D distribution, observed at lower tem-

perature, in the assumption that the axis of the director configuration is parallel to

the nanodroplet long axis and that this axis is, in turn, randomly oriented in a plane

parallel to the layers. Furthermore, it appears reasonable that, as the molecular mo-

bility increases, at higher temperature, this uniaxial configuration can be more easily

aligned along the magnetic field when this is parallel to the layers, thus forming the

observed macroscopic monodomain or quasi-monodomain (3DPOP).

Given the nature of the ESR experiment, a more detailed description of the di-

rector field of this uniaxial configuration is not possible. Figure 4.7 shows example of

bipolar director configuration often found in literature as the most likely orientation

of the droplets.

A radial director configuration with a defect line along the droplet axis would

not be compatible with the findings here since the resulting macroscopic director

distribution would have a 2D symmetry only if all the nanodroplets were elongated

perpendicularly to the layers, but clearly this is not observed in any of the SEM
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B 

Figure 4.7: Inplane view of a HPDLC’s LC droplet layer showing effect of temperature
in the presence of a magnetic field.(a) At lower temperatures, (285.2-308.2 K) due to
predominant effect of confinement in droplets, bipolar orientation is seen and (b) at
higher temperatures (345.2-373.2 K) larger sized droplets tend to align in the direction
of the field and smaller ones become isotropic
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images. The model of the droplet orientation is shown in Figure 4.7.

The next chapter details the Berreman matrix technique to analyze the HPDLC

gratings and incorporate the parameters obtained from the characterization studies

to examine the grating behavior.
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5. Light Wave Propagation in Periodically Stratified Systems

HPDLC technology used for multiple electro-optic components such as lenses,

filters and switches have found wide-ranging application in the design of integrated

optics. Some of the other currently evolving applications of HPDLCs are tunable

photonic crystals, controllable photomasks and dynamic beam steering devices.

Efforts have been made to broaden the interaction wavelength using various tech-

niques. The peak interacting wavelengths of the HPDLCs can be broadened to reflect

multiple wavelengths or have a continuous broadened reflection peak using methods

such as changing material composition, stacking and multiplexing techniques.

In this chapter we review some of the techniques used to predict the optical output

lineshapes of HPDLC holograms.

To analyze the interaction of light with diffraction gratings and predict the re-

flected and transmitted output we start with summarizing Maxwell’s equations and

wave equations. Maxwell’s equations are spatial and temporal partial differential

equations, depicting the properties of electromagnetic fields. The notation used here

are

k Propagation constant E Electric field vector H Magnetic field vector

µ0 Permeability in vacuum ε0 Permittivity of vacuum D Electric displacement

εr Relative permittivity χ Electric susceptibility µr Relative permeability

In a nonmagnetic, nonconducting and uncharged medium the standard form of
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Maxwell’s equations are written as[60, 61, 27]

∇× E = −µ0
∂H

∂t
(5.1)

∇×H = ε0εr
∂E

∂t
(5.2)

∇ · ε0εrE = 0 (5.3)

∇ ·H = 0 (5.4)

For an electrically isotropic medium the relative permittivity εr is given by 1+χ. For

an electrically anisotropic medium the relative permittivity εr is a symmetric tensor.

Considering an electrically isotropic medium and solving the Equations 5.1-5.4 for

electric field vectors E we can write the wave equation as [61]

∇2E− µ0ε0εr
∂2E

∂t2
= 0 (5.5)

Solution to this differential wave equation is a plane harmonic wave equation repre-

sented as

E = E0exp [i(ωt− k · r)] (5.6)

where E0 is the amplitude vector, ω = 2πf is the angular frequency (f is the frequency

of the wave), t is time, k is the propagation wave vector with magnitude 2π/λ ( λ

is the wavelength in the medium) and r is the displacement vector from the origin.

The propagation velocity of this electromagnetic plane wave in a medium of refractive

index n is

v =
c

n
=

1
√
µ0ε0εr

where c is the propagation velocity in vacuum. Taking time differential of the complex
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solution of the plane harmonic wave solutions of Equation 5.6, the wave Equation 5.5

can be rewritten as

(
∇2 +

ω2

c2
n2

)
E = 0 (5.7)

These equations are used for analyzing the diffraction efficiency of gratings.

The diffraction grating structure can be classified as an amplitude or phase grating,

based on the amplitude or phase modulation of the interacting light. In the ampli-

tude grating, variation of absorption coefficient results in the formation of diffraction

grating. Modulation of optical thickness or refractive index, changes the phase of

interacting light forming a phase grating. However this classification is ambiguous

because absorption modulation or loss in a medium tends to change the real part of

the refractive index. Also the phase grating tends to vary the amplitude of the light.

For our purpose we will study the optical interaction of transparent lossless phase

gratings.

The phase grating can be further classified to operate in three regimes namely

Raman-Nath, Bragg regime and form birefringence.

In the form birefringence regime interaction of grating with its pitch much less

than optical wavelength is considered[62]. The gratings display birefringence even in

isotropic medium due to periodic structure. These structures have negative refractive

index and will not be considered in this dissertation.

Raman-Nath and Bragg regime of operation can be distinguished by the number of

diffraction orders. Raman-Nath regime has multiple diffraction order while a grating

in a Bragg regime usually has 0th and 1st order diffraction. Figure 5.1(a) is a schematic

representation of Raman-Nath grating. Figure 5.1(b) and Figure 5.2 is the schematic

representation of transmission and reflection Bragg grating. They vary chiefly in

the direction of interaction of the incident wavelength propagation vector with the
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grating. Here L is the length of the grating and Λ is the grating pitch.
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Figure 5.1: (a)Raman Nath and (b) Transmission Bragg grating

The Cook and Klien parameter also known as the Q parameter is extensively

used in literature[63, 64] to segregate the Raman-Nath and Bragg regimes. The Q

parameter is defined as

Q =
2πλL

nΛ2

where λ is the incident wavelength,L is the film thickness, n is the average refractive

index and Λ is the grating pitch. The regime where Q < 1 is defined as the Raman-

Nath regime. When Q > 1 is defined as the Bragg regime and the grating is called

the Bragg grating.

However Raman-Nath grating behavior is observed at high values of Q and cannot

be completely relied upon, for a clear cut differentiation in the regimes as explained

by Moharam et al. [63, 65]
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Figure 5.2: Reflection Bragg grating

Raman-Nath and coupled wave equations have been used to theoretically pre-

dict the output of the Raman-Nath and Bragg gratings respectively. These phase

gratings can be assumed to have sinusoidally varying refractive index represented in

Equation 2.14

A brief overview of calculating the diffraction efficiency of Raman Nath and Bragg

grating is indicated in the following sections. This is followed by matrix method of

analyzing the Bragg grating and determination of parameters for simulation.

5.0.1 Raman-Nath Theory∗

Consider an optical field wave of amplitude E0 incident on a Raman-Nath(RN)

sinusoidal phase grating as shown in Figure 5.1(a) with its propagation vector k

parallel to the xz plane in a 3 dimensional xyz cartesian coordinate system. K is

the grating wave vector along the z direction. Let the field be s polarized parallel

to the y direction. Thus xz plane is the plane of incidence formed by k and K and

∗adapted from the book Introduction to Photorefractive Nonlinear Optics[27]
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the propagation vector of the transmitted field lies on this plane. The incident field

on the RN phase grating from Equation 5.6 and transmitted field through it can be

written as

Ei = E0exp [i(ωt− k · r)] (5.8)

Et = E0exp [i(ωt− k · r)− iδ cos (K · r)] (5.9)

where δ termed as the modulation index is

δ =
ωn1L

c cos θ

Here θ is the angle of incidence between the k vector and x axis. The Bessel function

identity

exp (−iδ cosx) =
m=∞∑
m=−∞

Jm(δ)(−i)mexp (−imx)

is substituted into the transmitted field and this field is rewritten as

Et = E0

m=∞∑
m=−∞

Jm(δ)(−i)mexp [i (ωt− km · r)] (5.10)

where km is the wave vector and Jm(δ)(−i)m is the amplitude of the mth order

diffracted wave. From the Equation 5.10 we can infer that transmitted field is equal

to a sum of diffracted plane waves of order m. Also from the law of conservation of

energy, the sum of the intensities of all the diffracted waves of order m is equal to the

incident intensity. In the Equation 5.9, δ cos (K · r) is the phase change component

of the transmitted wave, resulting from traversing the phase grating. The diffraction



101

0 2 4 6 8 10 12
0

0.2

0.4

0.6

0.8

1

Modulation Index

N
or

m
al

iz
ed

 D
iff

ra
ct

io
n 

E
ffi

ci
en

cy

 

 

order 0
order 1
order 2
order 3

Figure 5.3: Diffraction Efficiency as a function of modulation index δ = ωn1L
c cos θ

efficiency of a RN grating of order m is determined from the Equation 5.10 as

ηm = J2
m(δ) = J2

m

(
2πLn1

λ cos θ

)
(5.11)

Figure 5.3 plots the diffraction efficiency as a function of the modulation index as

shown. Here the diffraction efficiency is calculated for 0th, 1st, 2nd and 3rd order.

5.0.2 Coupled Wave Theory∗

In the coupled wave theory approach, developed by Kogelnik in 1969 the dielectric

medium of the grating is assumed to be isotropic and the refractive index varies in

a sinusoidal fashion[64]. The diffracted beam is coupled to the incident beam, giving

an expression for the energy transfer efficiency. Coupled mode theory predicts the

diffraction efficiency of gratings in the Bragg regime which by definition have only one

diffraction order. Figure 5.1(b) shows a transmission grating and Figure 5.2 shows

reflection grating in Bragg regime. The coupled mode analysis treatment varies for

∗adapted from the book Introduction to Photorefractive Nonlinear Optics[27]
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these two modes. Depending on whether a transmission or reflection grating is consid-

ered the amplitudes of incident and diffracted wavelengths are dependent on different

interaction parameters. Here we will briefly review both these techniques. Consider

the Bragg gratings shown in Figure 5.1(b) and Figure 5.2 having a sinusoidally vary-

ing refractive index denoted by Equation 2.14. Here a transverse electric(TE) or

s-polarized electric field is considered which is parallel to the y direction incident on

the two types of Bragg gratings of length L. The incident wave propagation vector k1

parallel to the xz plane. The amplitudes of the incident and the diffracted waves are

represented by A1 and A2 respectively. k2 is the propagation vector of the diffracted

wave. Thus xz plane is the plane of incidence formed by k1 and grating wave vector

K(along z direction) and k2 lies on this plane.

The electric field of the incident and diffracted wave can thus be written as

E = A1exp [i (ωt− α1x− β1z)] + A2exp [i (ωt− α2x− β2z)] (5.12)

where ω is the angular frequency of the fields, β1 and β2 are the z component and

α1 and α2 are the x component of the propagation vectors k1 and k2 respectively

represented by

α1 =
2π

λ
n0 cos θ1 α2 =

2π

λ
n0 cos θ2 β1 =

2π

λ
n0 sin θ1 β2 =

2π

λ
n0 sin θ2 (5.13)

where θ1 and θ2 are the incident and diffracted angles.

Bragg Transmission Gratings

Reconsider the transmission grating in the Bragg regime shown in Figure 5.1(b)

having a sinusoidally varying refractive index denoted by Equation 2.14. The electric

field of the incident and diffracted field is represented by Equation 5.12. To satisfy
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the Bragg condition for well coupled transmission grating considered the angle be-

tween the incident beam and x axis should be very small. For simplification of the

analysis we assume that the grating is infinite along the z direction and the ampli-

tude of the incident and diffracted wavefront are dependent on the x components.

By substituting the above field Equation 5.12 into the wave Equation 5.7 and mathe-

matical manipulation of the resultant equations we can derive the coupled equations

for transmission gratings denoted as

d

dx
A1 = −iκ12A2e

−i∆αx,
d

dx
A2 = −iκ21A1e

i∆αx (5.14)

where

κ12 =
πn1

λ cos θ1

, κ21 =
πn1

λ cos θ2

and ∆α = α2 − α1 =
2π

λ
n0 (cos θ2 − cos θ1) (5.15)

as long as β2 = β1 ±K is satisfied. Here θ1 and θ2 are related by the equation

sin θ2 = sin θ1 ±
λ

n0Λ
(5.16)

We consider the coupled wave equations for the cases of perfect phase match and

phase mismatch when ∆α = 0 and ∆α 6= 0 respectively

Case 1: ∆α = 0 For a perfectly phase matched case we have cos θ2 = cos θ1. This

implies that θ2 = −θ1. Substituting this condition in Equation 5.16 we can write the

Bragg angle of incidence as

θB = sin−1

(
λ

2n0Λ

)
(5.17)
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For this incident angle the coupled wave Equation 5.14 can be rewritten as

d

dx
A1 = −iκA2,

d

dx
A2 = −iκA1 (5.18)

where

κ =
πn1

λ cos θB
(5.19)

Finding the solutions A1 (x) and A2 (x) of the coupled wave equations we can compute

the diffraction efficiency. Diffraction efficiency is the ratio of the transmitted beam

intensity at x = L to the incident beam intensity at x = 0 given as

η =
Idiffracted
Iincident

=
|A2(L)|2

|A1(0)|2
= sin2 κL (5.20)

Case 2: ∆α 6= 0 In the phase mismatched case the incident angle is deviated from

the Bragg angle by a small quantity represented by ∆θ in this case. The incident angle

can be rewritten as θ1 = −θB + ∆θ. Substituting in Equation 5.16 and satisfying

the Bragg condition, θ2 can be determined where θ2 = θB + ∆θ. The momentum

mismatch Equation 5.15 for ∆α can be rewritten by substituting the values of θ1 and

θ2 as

∆α = −2k∆θ sin θB (5.21)

Solving the coupled Equation 5.14 and substituting ∆α value we can determine

the solution A1 (x) and A2 (x). The diffraction efficiency for a grating with momentum

mismatch is computed as

η =
|A2(L)|2 cos θ2

|A1(0)|2 cos θ1

=
κ2

κ2 +
(

∆α
2

)2 sin2

κL
[

1 +

(
∆α

2κ

)2
]1/2

 (5.22)
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Figure 5.4: Diffraction Efficiency as a function of incident angle θ1

Figure 5.4 plots the diffraction efficiency as a function of variation of the incident

angle θ1 The Bragg grating angle should be small for good coupling. The incident

wavelength and the grating pitch Λ are considered accordingly. Thus considering

Λ = 2µm with incident wavelength of He-Ne of 633nm, n0 = 1.5, n1 = 0.03 we get

θB = 6. Plotting these values for varying incident angles between -20 to 20 degree we

get the a plot as shown in Figure 5.4 . From the plot we can note that the maximum

diffraction efficiency is at the Bragg angle of 60.

The same coupled wave theoretical treatment can be applied for the transverse

magnetic (TM) or p-polarized incident field parallel to the xz plane by substituting

the coupling coefficient κ with κp. For the grating considered in Figure 5.1(b) the

coupling coefficient κp is determined as[64]

κp = −κ cos (2θB) (5.23)

Here for the trivial case when the Bragg angle θB = 45◦, it corresponds to the Brew-
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sters angle and diffraction angle of 90◦ resulting in κp and the diffraction efficiency

ηp to be 0.

Bragg Reflection Gratings

Consider the reflection grating in Bragg regime as shown in Figure 5.2 with sinu-

soidally varying refractive index medium represented by Equation 2.14. The electric

field of the incident and diffracted field(reflected in this case) is denoted by Equa-

tion 5.12.

Applying boundary conditions α1 = α2 and field amplitudes A1 and A2 are func-

tions of z only. Also since α1 = α2 , θ1 = −θ2 from the Equation 5.13. We can now

rewrite field Equations 5.12 for s-polarized waves as

E = {A1 (z) exp [i (ωt− β1z)] + A2 (z) exp [i (ωt− β2z)]} exp (−iαx) (5.24)

This equation is substituted in the wave Equation 5.7. By mathematically manipu-

lating the resulting equation the coupled wave equations can be written as

d

dz
A1 = −iκA2e

−i∆βz,
d

dz
A2 = iκA1e

i∆βz (5.25)

where

∆β = β2 − β1 ±K and κ =
πn1

λ sin θ1

=
2πn1n0Λ

λ2

The coupled wave equation are solved for 2 cases of phase match (∆β = 0) and phase

mismatch (∆β 6= 0) respectively.
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Case 1: ∆β = 0 For this phase matched condition the coupled wave Equation 5.25

can be integrated and solved to obtain

A1 (z) = A1 (0)
coshκ (z − L)

coshκL
,A2 (z) = iA2 (0)

sinhκ (z − L)

coshκL
(5.26)

The diffraction efficiency η is defined as

η =
|A2 (z = 0)|2

|A1 (z = 0)|2
= tanh2 (κL) (5.27)

Case 2: ∆β 6= 0 The efficiency obtained from the solving the coupling wave Equa-

tion 5.25 with boundary condition A2 (L) = 0 is

η =
|κ|2 sinh2 sL

s2 cosh2 sL+
(

∆β
2

)2
sinh2 sL

(5.28)

where

s =

√
|k|2 −

(
∆β

2

)2

,

∆β =
2π

Λ
− 4π

Λ
n0 sin θ1

In Figure 5.5 we plot the Bragg reflection response for different wavelengths to

a grating with phase matched system(∆β = 0). Consider a HPDLC Bragg grating

with n0=1.5, normal incidence and index modulation of n1 = 0.01, 0.03, 0.05, 0.07,

Λ = 183nm. From Bragg grating equation we have the peak reflective wavelength at

550nm.

This theoretical treatment of coupled wave equation for Bragg reflection grat-

ings is developed here for s-polarized waves. For p-polarized incident electric field

the diffraction efficiency is determined by replacing κ by κp as represented by Equa-
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Figure 5.5: Simulated effect of refractive index modulation parameter n1 on the
optical output response of Bragg gratings using coupled wave theory

tion 5.23. Since the coupling coefficient κp of p-polarized wave is a fraction of the

s-polarized wave, the diffraction efficiency of p-polarized wave is less than or equal to

that of s-polarized wave depending on the Bragg angle θB. However experimentally

for certain types of acrylate recipe based HPDLCs the DE for p-polarized incident

have been observed to be much higher than DE for s-polarized beams[54]. For thi-

olene monomer based formulation the DE for both types of polarization have been

observed to be similar[46]

5.0.3 Matrix Method

Different matrix approaches can also be used to deduce the output of the HPDLCs

by considering Maxwells equations in a matrix form. A 2× 2 matrix approach has 2

element field vectors. In a 4×4 matrix approach there are 4 field vectors corresponding
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to electric and magnetic fields for 2 independent polarization modes. The transfer

matrix method employed is explained more in detail in the next section.

5.0.4 2× 2 Matrix Formulation

There are two types of 2 × 2 transfer matrix approaches typically used. In these

techniques the optical response of the individual layer of LCs and polymers are ana-

lyzed and then the final response is modeled by considering the layers as a stack. Here

all the layers are assumed to be isotropic and homogeneous. The layers are denoted

by the numbers 1, 2, 3, · · ·n. One of the two polarization modes of incident radiation

is considered for computation.

In the first technique the electric field and magnetic field transmitted through

each layer is related to the polarized incident field by a 2 × 2 characteristic matrix.

For a system of n layers this is computed as[66]

 E1

H1

 = M

 En+1

Hn+1

 =

 m11 m12

m21 m22


 En+1

Hn+1

 (5.29)

where the 2× 2 matrix M can be represented as

M = M1M2M3 · · ·Mn

Here M1,M2 · · ·Mn are the characteristic matrix of each of the layers and are a

function of its refractive index and thickness.

In the second type of technique only the electric field is determined for forward

and backward moving electric field radiation instead of the resultant electric and
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magnetic field computation of the first method. This is represented as[67]

 Ei

Er

 = P

 Et

0

 =

 p1 p3

p2 p4


 Et

0

 (5.30)

Here Ei, Er and Et are the incident, reflected and transmitted radiation respectively.

The matrix P is represented by

P = I01Φ1I12Φ02 · · ·ΦnIns

Here Iij matrix represents the propagation between layer i and j and Tj denotes field

propagation through the jth layer.

The reflectance and transmitted intensity are thus computed from the transmitted

field using transfer matrix approach.

5.0.5 Berreman Theory∗

There are different 4×4 matrix techniques to compute the electric fields through

layered media[69, 70, 71]. Berreman 4× 4[72] technique is used to model the output

wavelength intensity in this dissertation for HPDLCs. The characteristic matrix for

each of the LC and polymer layers beginning from one end of the stack is computed

and then the field vectors are propagated to the other end of the stack by taking the

product of the individual layer transfer matrices.

Berreman 4 × 4 method is used to denote wave propagation equation in both

isotropic and anisotropic medium. They are the result of mathematical manipulation

of the Maxwell’s equation written in matrix form.

Equation 5.1 and 5.2 relate the electric and magnetic fields. The spatial variation

in one field state corresponds to the temporal change in the other. In cartesian coor-

∗adapted from the book Birefringent Thin Films and Polarizing Elements[68]
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Figure 5.6: Convention used in the layered structure

dinate system each equation can be expanded into 3 equations for all permutations,

by writing it out in terms of x, y and z coordinates. Thus the Maxwell’s equation

is written in 6 × 6 matrix form. A plane propagating wave in the xy plane incident

on layered structure is considered here where the direction of propagation is x. The

relative permittivity ε̂ for the plane of propagation is represented as

ε̂ =


εxx εxy εxz

εxy εyy εyz

εxz εyz εzz


Here 2 of the field elements along the propagation direction namely Ex and Hx can

be eliminated since they are constant.

The direction of the remnant 4 fields are represented in terms of propagation

direction angle θ and refractive index n. By mathematical manipulation the 4 Maxwell
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equations can now be written in the eigen form as



−βεxy

εxx
z0 − z0β2

εxx
−βεxz

εxx
0

εyy

z0
− ε2xy

z0εxx
−βεxy

εxx

εyz

z0
− εxyεxz

z0εxx
0

0 0 0 −z0

εyz

z0
+ εxyεxz

z0εxx

βεxz

εxx

β2

z0
+ ε2xz

z0εxx
− εzz

z0
0





Ey

Hz

Ez

Hy


=



α+
1 0 0 0

0 α−1 0 0

0 0 α+
2 0

0 0 0 α−2





Ey

Hz

Ez

Hy


(5.31)

Here β = n cos θ and α = n sin θ. In this equation α is represented by a 4× 4 matrix

in terms of parameters α1 and α2.

Representing the 4×4 matrix of Equation 5.31 consisting of components of ε̂ and

β by L̂ we can rewrite the eigen equation as

L̂ ~F = α~F (5.32)

Here F̂ is the field matrix vector and is represent in 4×4 matrix form as

~F =



E+
y1 E−y1 E+

y2 E−y2

H+
z1 H−z1 H+

z2 H−z2

E+
z1 E−z1 E+

z2 E−z2

H+
y1 H−y1 H+

y2 H−y2


(5.33)

In a layer with four field waves propagating due to multiple reflections and trans-

missions the field is represented as a basis wave by F̂ multiplied by a complex coeffi-

cient â. ~a is column vector denoting complex coefficients. a+
1 , a

−
1 , a

+
2 and a−2 are the

elements of the complex coefficient ~a. Here + and − represent the right going and

left going wave components and the subscripts 1 and 2 denote the multiple reflections

and transmissions. This is shown in Figure 5.6.

Thus the field ~m is denoted as
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Figure 5.7: The characteristic matrix of a layer

~m = F̂~a (5.34)

i.e



Ey

Hz

Ez

Hy


=



a+
1 E

+
y1 + a−1 E

−
y1 + a+

2 E
+
y2 + a−2 E

−
y2

a+
1 H

+
z1 + a−1 H

−
z1 + a+

2 H
+
z2 + a−2 H

−
z2

a+
1 E

+
z1 + a−1 E

−
z1 + a+

2 E
+
z2 + a−2 E

−
z2

a+
1 H

+
y1 + a−1 H

−
y1 + a+

2 H
+
y2 + a−2 H

−
y2


Berreman 4×4 characteristic matrix transform the field elements Ey, Hy, Ez, Hz of

Equation 5.31 propagating through a layer from input to output. The characteristic

matrix is denoted by

M̂ = F̂ ÂdF̂
−1, (5.35)

where F̂ is the field matrix and Ad is the phase matrix.

The field matrix which represents the reflection and transmission of the four field

vectors inside a layer, transforms the field from inside the layer boundary to its

boundary and is represented by Equation 5.33.

The phase matrix Ad which represents propagation of the incident field inside a
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layer is represented as

Ad =



exp[−iφ+
1 ] 0 0 0

0 exp[−iφ−1 ] 0 0

0 0 exp[−iφ+
2 ] 0

0 0 0 exp[−iφ+
2 ]


where φ±1 = kα±1 d and φ±2 = kα±2 d

The characteristic matrix Equation 5.35 depicting the field propagating in a layer

is shown in Figure 5.7. Here ~mR and ~mL are the field at the right and left layer shown

in the figure respectively.

In this case as shown in Figure 5.7 the characteristic matrix M̂ transforms the

total field ~m across a layer from left to right. Starting on the left side, the total field

m̂L incident on the layer is transformed by the matrix F̂−1 to give the field coefficient

~a just inside the layer, then ~a is transformed across the layer by the phase matrix Ad,

and finally transformed by the matrix F̂ to give the total field ~mR at the right layer

interface.

The characteristic matrix of a stack of N layers as illustrated in Figure 5.8 is

M̂ = M̂1M̂2 . . . M̂N (5.36)

The characteristic matrices relating the incident and transmitted intensity are
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Figure 5.9: Simulated effect of average refractive index n0 on the optical output
response of HPDLCs using Berreman 4× 4 matrix technique

now used to calculate the transmitted and reflected intensity.

Using Berreman 4× 4 transfer matrix approach HPDLCs can be modeled having

different dielectric and refractive index profiles[73].

The refractive index varies periodically along the grating vector K corresponding

to the alternately varying polymer and LC layers. For ideal HPDLC gratings the

refractive index is defined as a perfectly varying sinusoid.

Sinusoidal grating profile assumes that the layers are isotropic which is not the

case for LC layers. However the randomly aligned LC droplets which are smaller

than the interacting wavelength of light make it a good assumption in most cases.

However for bigger micron sized droplets the refractive index profile is more complex

than a simple sinusoid and is beyond the scope of this dissertation.

Figures 5.9 and 5.10 are simulated normalized output reflectance plot for varying

parameters in the HPDLC system such as n0 and n1 of the sinusoidal refractive

index profile depicted by Equation 2.14 using the Berreman 4 × 4 matrix method.
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Figure 5.10: Simulated effect of refractive index modulation parameter n1 on the
optical output response of HPDLCs using Berreman 4× 4 matrix technique

Here the rest of the parameters such as pathlength and thickness of the grating are

maintained constant. These simulated plots indicate variations in optical output

response parameters such as reflection efficiency, FWHM and peak Bragg reflection

wavelength. Hence this modeling technique is used determine input parameters for a

required optimal output response of HPDLC.

The refractive index are assumed to be perfectly sinusoid however perturbations

can be added to this to feature the random feature size of the LC droplets [40] and

also to show the scattering profile variation for different wavelengths.

In this chapter theoretical prediction techniques used to analyze the optical out-

put of HPDLC gratings namely Raman-Nath theory, coupled wave theory and matrix

methods were reviewed. Berreman 4× 4 matrix technique was introduced to predict

and analyze the output. This technique will be used in this dissertation to theo-

retically predict the optical output of broadband HPDLCs to tailor specific HPDLC

output wavelength bandgap.



117

In the next chapter the optical output of HPDLCs developed for the wavelength

sensing applications are analyzed and simulated using the Berreman 4×4 technique.
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6. Spectral Sensing Application of Holographic Polymer Dispersed Liquid

Crystals

6.1 Introduction

In this chapter we introduce fabrication techniques namely spatial multiplexing

or pixelation, stacking and dynamic fabrication techniques for wavelength sensing

application of HPDLCs. Their optical output is analyzed by using the Berreman

4×4 analysis technique detailed in the previous chapter. Phenomenological diffusion

model along with the Berreman technique is used to determine the response of the

dynamically fabricated HPDLCs.

6.2 Pixilation and Stacking Techniques

In the pixelation technique the HPDLCs gratings are spatially created on a sin-

gle layer[74]. Multiple grating can be fabricated simultaneously by splitting a single

laser beam into many beams or by using more than one laser or a combination of

both. Figure 6.1(a) is an illustration of the pixelated structure having 4 HPDLCs.

The different colors depict, four HPDLCs having distinct grating pitch resulting in the

(a)  (b) 

Figure 6.1: (a) Spatially arranged HPDLC configuration and (b) Stacked HPDLC
configuration
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(a) 

(b) 

Figure 6.2: Transmitted intensity spectrum through pixilated and stacked HPDLCs
from an incident white light source. a) Spectral response of the individual pixels of
filter when no bias is applied and when bias is applied. b) Intensity envelope of the
stacked HPDLCs with individual Bragg wavelengths of 505.9nm, 536.6nm, 550.9nm
and 589.9nm stacked. The envelopes show intensity when all the layers are unbiased
and when 536.6nm layer is biased.
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reflection of four unique wavelengths when they interact with incident radiation. Pix-

ilation technique is desirable since it creates multiple wavelength reflecting HPDLCs

in a single filter layer using a one-step fabrication process.

In the stacking technique individual HPDLC cells are stacked one behind the

other as shown in Figure 6.1(b) and they interact with incident wavelength in this

configuration. Stacking technique was initially deployed on HPDLC for application

development of displays[75].

6.2.1 Experimental Analysis

The response of a 4 pixel mask and 4 layer stacked HPDLC filter outputs are

compared in Figure 6.2 for an incident white light spectrum. The individual pixel

output characteristics are similar to the individual layer output characteristics of the

stack. The FWHM of the pixels and the individual layers are 15nm and reflection

efficiency in the order of 55%. Figure 6.2(a) shows the lineshapes of 4 pixel notches

with an Ocean Optics white light source incident on them. The detected output is

captured by an Ocean Optics spectrometer. The measured wavelengths of the each

of the pixel are 509nm, 532.9nm, 557.6nm and 582.6nm. This mask can be fabricated

on a substrate to electrically configure individual pixels or all the pixels together. In

the output shown here all the pixels were manipulated simultaneous by applying field

bias. Thus field biasing the pixilated mask resulted in the transmission of the entire

incident source wavelengths as shown in the figure.

The stacked layer wavelengths had peak reflection at 505.9nm, 536.6nm, 550.9nm

and 589.9nm. For this layered setup when a bias is applied to a layer the entire source

wavelength incident on it, which includes its Bragg wavelength, is transmitted through

as shown in the figure for the 536.6nm wavelength notch enabling the detection of

the filtered wavelength.
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As observed in the figure the reflection efficiency of each of the notch is reduced to

12% after stacking. This is caused by the scattering losses of each layer compounded

by stacking the layers together. Thus there is a limitation of the spectral range of

the stacked HPDLCs since increasing the layers decreases signal to noise ratio (SNR).

However for pixilated filters innumerable pixels can be written without any loss of the

SNR thus making it capable of being used for higher wavelength range than stacked

HPDLCs. However increasing the number of pixels increases the complexity of the

hologram fabrication setup and requires additional lasers to maintain a reasonable

range of beam irradiance to form each pixel. Hence there is mainly a tradeoff between

complicated fabrication process and wavelength range while considering one of the

two filtering methods for broadening wavelength ranges.

6.3 Simulation of Single and Stacked HPDLCs

The expected transmitted wavefront from a single or stacked layer of HPDLCs

can be simulated by using the Berreman 4×4 technique explained in detail in the

previous chapter.

The optical output and simulated output of a single wavelength reflecting HPDLC

formed by a pixel or single layer is shown in Figure 6.3. The optical output of a stack

of two layers of HPDLCs is shown in Figure 6.4.

The pixelated and stacked HPDLCs for wavelength sensing applications is ex-

plained in detail in Chapter ??. The next section details the multiplexing technique

used for varying the interaction wavelength of single layer HPDLCs.

6.4 Dynamic Multiplexing

Controlling the optical setup during grating formation for broadening the spectral

interaction range involves spatial, angular and time multiplexing techniques. Here we
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Figure 6.3: Comparison of the simulated wavefront to the experimentally determined
spectrum optical output of a single wavelength reflecting HPDLC

Figure 6.4: Comparison of the simulated wavefront to the experimentally determined
spectrum optical output for two single wavelength reflecting stacked HPDLCs
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discuss a new technique for forming simultaneously space and time multiplexing. Dy-

namically varying the exposure angles during grating formation is the key to forming

multiple gratings resulting in continuous broadband reflection gratings. Motorized

translation and rotation stage are used to continuously vary the incident exposure

beam angles during the curing process.

Predictive theoretical modeling of the optical output is useful for obtaining the

desired wavelength notches from the gratings. This is helpful in designing the for-

mation configuration for each desired notch wavelength prior to grating formation,

thus saving time. To support the predictive modeling, modeling parameters such as

LC droplet size, grating pitch and LC orientation order are obtained by experimental

analysis of the HPDLC using microscopy and spectroscopy studies and can be applied

to the broadband studies. In the next section we study the standard techniques used

to study the wavelength interactions in holograms and applying this technique to our

system. Here the Berreman technique is applied in depth to the HPDLC analysis and

will be applied to the dynamic gratings in the next section.

6.5 Broadband Techniques

6.5.1 Change in Material Composition

Hsiao et al have included acetone in the prepolymer recipe to broaden and improve

the HPDLC reflective wavelength[76]. The addition of acetone results in the formation

of controllable periodic voids inside the thin film after the acetone evaporates. Peak

reflectivity as high as 80% and a broad reflection bandwidth of 80 nm was observed.

However, due to the presence of air gaps, these materials are not switchable.
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6.5.2 Various Multiplexing Techniques

Multiplexing techniques used for broadening peak wavelength include spatial, time

and angular multiplexing methods. Bowley et al have used angular multiplexing to

create multiple gratings using 3 beams at different angles[77]. In these HPDLCs

there is an interaction of both transmission and reflection gratings, making noisy

gratings. Fontecchio et al created multi wavelength reflecting HPDLCs using all the

three multiplexing techniques[74]. In the spatial multiplexing method, they used three

beam pairs oriented at different angles and three mask pairs to create an RGB color

pixel array. During fabrication multiple laser beams were made incident at different

angles on a particular area of the HPDLC. Multiple gratings in a single sample can

improve the viewing angle and reflection bandwidth by enabling specular reflection

off multiple gratings. Angular multiplexing was also performed temporally where two

counter-propagating beams were used to expose the sample. They were then blocked

off and two other counter-propagating beams pairs at a different angle were made

incident on the same region on the sample.

Here we describe the formation of broad wavelength notch spanning, electrically

controllable thin films. In this work the reflected notch is attuned during the holo-

gram formation by dynamically varying the formation setup for a broader interaction

wavelength range. The thin films are holograms formed of layered liquid crystal and

polymer matrix. Applying an electric field across the HPDLC medium controls inten-

sity of the reflected wavelength. The field transforms it from a wavelength selective

device to an optically transparent state. Typically HPDLCs have a narrow peak re-

flection wavelength with a full width at half maximum (FWHM) of 5 to 20nm and

the reflected peak corresponds to the Bragg reflecting wavelength. Efforts have been

made to broaden the interaction wavelength using various methods. The peak inter-

acting wavelengths of the HPDLCs can be broadened to reflect multiple wavelengths
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Figure 6.5: Output Response of HPLDC when a white light source is incident on it.
(a) Single wavelength reflected. (b) Broadened wavelength reflected

or have a continuous broadened reflection peak using methods such as changing ma-

terial composition, stacking and multiplexing techniques.

Broadband reflecting HPDLCs are advantageous since they eliminate the need for

stacking specific single layer HPDLC filters if a broad interaction range is required

and thus reduce losses associated with each layer. Some of the significant applications

for broad wavelength spanning HPDLCs are beam steering for instrument clusters,

hyperspectral imaging, wavelength filtering and construction of lightweight optics.

Broadband reflecting wavelengths is a critical step towards formation of switchable

broadband HPDLCs for implementing beam steering capability. The multiple broad-

band, stacked HPDLCs are able to selectively focus the specific wavelengths for nu-

merous instruments. This clustering is desirable in space borne satellite applications.

No moving parts, lightweight and small footprint make them particularly desirable

compared to prisms and lenses because vibrations, weight and real estate are criti-

cal design parameters. The high color purity of HPDLCs is a desirable feature for

applications such as hyperspetral imaging. This device analyzes object using differ-

ent spectral sections. Since different space objects have distinctive spectral patterns

at various wavelengths, studying it will aid in their characterization. Broadband
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Figure 6.6: Broadband Grating Formation

HPDLCs as light filters aids in higher device sensitivity and reliability along with the

added advantage of lightweight optics.

6.6 Dynamic Time Multiplexing

Controlling the optical setup during grating formation for broadening the spectral

interaction range involves spatial, angular and time multiplexing techniques. Here

we discuss the simultaneously space and time multiplexing technique. Varying the

exposure angles during grating formation is the key to forming multiple gratings

resulting in continuous broadband reflection gratings. Motorized translation and

rotation stage are used to continuously vary the incident exposure beam angles during

the curing process.

6.6.1 Fabrication Technique

Reflection hologram using prism method of fabrication and thiolene formulation is

considered here. The grating formation using acrylate formulation is faster compared

to the thiolene formulation as seen in Section 3.1.2. Experimentally it was determined

to be less than 1s for acrylate while it was determined to be in the range of 1.5s for
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Figure 6.8: Output Transmitted Spectrum through (a) Single wavelength reflecting
HPDLC b) Dynamic time multiplexed HPDLC

thiolene. Due to the limitation in the fast moving rotation stage we used the thiolene

formulation to fabricate the HPDLCs.

The fabrication setup is shown in Figure 6.6. Varying exposure angle broadens

the Bragg grating pitch, which interacts with a band of wavelengths instead of the

traditional single wavelength peak.

The overlapping structure formed by this is indicated in Figure 6.7. Here the

grating pitches are offset slightly to visualize them better.
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6.6.2 Results

Experimental results have indicated that traditional acrylate formulations cure too

quickly since the gelation process is less than 1/8th of a second. There is a physical

limitation on the speed of the translating mirror, which prevents its operation for

this duration. Since the mechanical translating and rotating arm of the setup do not

meet this requirement, we use a thiolene formulation, which has a slower gelation

process and is hence more controllable. The gelation process takes place at about

1.4s for our thiolene formulation. Multiple gratings were created in a single medium

that created peak broadening as shown in the Figure 6.8. The individual Bragg peaks

have a FWHM of 9nm at 660.9nm and 662.2 nm reflecting peaks highlighted in red

and blue. The broadened peak using the broadband technique has a broadened peak

of 15nm as shown in the figure.

SEM Imaging

SEM images of cross sections of HPDLCs fabricated by the new dynamic tech-

nique were compared to the normally fabricated technique as shown in Figure 6.9 to

understand their morphological features.

The typically fabricated HPDLC SEM images indicate a well defined LC layered

structure as shown in Figure 6.9(a). The dark voids indicate the LC droplets arranged

in layers surrounded by polymer matrix binders as shown. Since thiolene formulation

is used the LC droplets are more spherical and discrete compared to the elongated

overlapping LC droplets of acrylate formulation. Here grating pitch is the distance

between the centers of adjacent LC layers and is easily determined by SEM image

analysis.

For dynamically fabricated HPDLCs grating overlap takes places. Due to this

the LC and polymer layers are not well defined. Also the grating pitch cannot be
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Figure 6.9: SEM images of cross-section of HPDLCs. (a) SEM image showing well
defined layered LC/polymer grating structure. (b) SEM image showing non-well
defined LC/polymer layered structure due to overlapped gratings

measured since it varies along the cross section as shown in Figure 6.7 and observed

in Figure 6.9(b).

Wavefront Analysis

One of the end goals of this research is creation of high quality optical components,

using HPDLC films having good wavefront quality. In order to determine how well the

devices are formed the quality of the wavefront transmitted through the HPDLC cells

are determined using Shack-Hartmann wavefront sensor as described in Section 2.6.3

and Section 3.2.3

To analyze the quality of the gratings the test setup shown in Figure ?? is designed.

Zernike coefficients of Equation 3.2 which quantifying aberrations parameters are

experimentally determined and tabulated in Table 6.1 to quantify the difference in

the grating aberrations for a single wavelength reflecting and broadband wavelength
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Table 6.1: Zernike coefficients of primary aberrations for single and broadened wave-
length reflecting HPDLCs

Parameters Single Wavelength Broadband Wavelength
Reflecting HPDLC Reflecting HPDLC

X-Tilt 0.004864 -0.005948
Y-Tilt 0.004025 0.008941
Defocus 0.000000 0.000000
0-Astigmatism 0.058925 0.069977
45-Astigmatism 0.031647 -0.035237
X-Coma -0.005784 0.007703
Y-Coma -0.001627 -0.009458
Spherical -0.008886 0.002302

Table 6.2: Wavefront characterizing parameters for single and broadened wavelength
reflecting HPDLCs

Parameters Single Wavelength Broadband Wavelength
Reflecting HPDLC Reflecting HPDLC

P-V 0.1574 0.1734
Strehl Ratio 0.8663 0.8551
RMS Wavefront Error λ/19.25 λ/16.4

Figure 6.10: Fringe Pattern
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reflecting HPDLCs. Other wavefront characterizing parameters Peak to Valley, Strehl

ratio and RMS wavefront error are listed in Table 6.2.

From the Table 6.1 it can be seen that minor aberrations are observed in the

gratings and the aberration parameters for broadband gratings are marginally higher

due to the grating overlapping structure creating more refractive index variation cap-

tured by the wavefront sensor. Strehl ratio and RMS wavefront error tabulated in

Table 6.2 are ≥ to 0.8 and ≤ λ/14 respectively for both types of grating considered

here. Hence using Maréchal criteria defined in Section 3.2.3 the system can be defined

as well optimized for device applications.

Figure 6.10 shows the reconstructed optical wavefront viewed as a fringe pattern

generated by the wavefront analyzer for both these systems. Ideally the fringe pattern

should be perfectly parallel to each other. A slight curvature in the fringes detected

in the fringe is primarily result from the astigmatism introduced in the wavefront

transmitted through the HPDLC sample as indicated in Table 6.1. Thus it can be

deduced that broadband grating transmit good optical quality flattened wavefront

suitable for device application from factors such as Table 6.1, Maréchal criterion and

Figure 6.10 .

6.6.3 Analysis using Berreman’s 4× 4 Technique

To begin with, the refractive index for the overlapped grating is determined. For

single wavelength reflecting HPDLC sinusoidally varying refractive index are assumed

and they accurately predict the output behavior. Here a diffusion model is used to

predict the refractive index of HPDLCs which is incorporated in to the Berreman

4× 4 technique to predict the optical output transmitted by the grating structure.



132

Refractive Index Modeling

The refractive index variation is predicted using the phenomenological diffusion

model for determining the kinetics of grating formation for holographic photopolymers[78,

79] adapted for HPDLC systems[80, 81].

The evolving monomer concentration during HPDLC fabrication is developed from

Fick’s second law of diffusion for a material in an unsteady state, given by

∂c

∂t
=

∂

∂z

[
D
∂c

∂z

]
,

where c is material concentration, D is diffusion constant and z is the distance diffused

in the time interval t.

The spatial and temporal partial differential equations governing the monomer

concentration φM(z, t) accounting for their depletion during polymerization can be

written implementing Fick’s law as [80, 81]

∂φM(z, t)

∂t
=

∂

∂z

[
D(z, t)

∂φM(z, t)

∂z

]
− F (z, t)φM(z, t), (6.1)

where the parameter D(z, t) is the dynamic diffusion constant and F (z, t) is the

reaction rate for the monomers.

The evolving dynamic diffusion constant D(z, t) is defined as

D(z, t) = D0 exp [−αφm(z, t)]

Here D0 is the initial diffusion constant of the pure monomer and α is the decay

constant. D(z, t) indicates an exponential decrease due to increasing density of the

polymer network during fabrication.
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The reaction rate is determined by the equation

F (z, t) = γ(z, t)
√
I(z, t) = γ0 exp [−αφm(z, t)]

√
I(z, t)

where γ(z, t) is the polymerization rate coefficient, γ0 is the characteristic rate coef-

ficient of the monomer and I(z, t) is the intensity of the photopolymerizing laser.

The differential equation to predict polymer concentration φP (z, t) resulting from

monomer polymerization during the evolving fabrication process from Equation 6.1

is determined as

∂φP (z, t)

∂t
= F (z, t)φM(z, t)

From the determination of the concentration of the polymers and the monomers

the concentration of the LC during polymerization can be determined as

φLC(z, t) = 1− φM(z, t)− φP (z, t) (6.2)

The intensity of the interference pattern generated at the hologram due to counter-

propagating laser beams is determined by rewriting the Equation ?? in Section2.4

I = I0(1 + V cos(2πz/Λ1)) for 0 ≤ t ≤ t1

I = I0(1 + V cos(2πz/Λ2)) for t1 < t ≤ t2

The average refractive index of the grating is expressed as

n(z) =
√
n2
LCφLC(z) + n2

Pφp(z)

After the photopolymerization is complete, from law of mass conservation we can
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Figure 6.11: Simulation of the refractive index profile for the broadband grating

write the Equation 6.2 as

φLC(z) = 1− φP (z)

Thus we can rewrite the refractive index equation as

n(z) =
√
n2
LC(1− φP (z)) + n2

Pφp(z)

This is plotted as a function of the thickness of the grating as shown in Figure 6.11.

Hence using the phenomenological diffusion model alongside Berreman 4×4 matrix

the broadened output is simulated as shown in Figure 6.12.

Thus in this chapter both the spatial multiplexing and dynamic fabrication tech-

niques were used to filter wavelengths. The techniques used in this chapter are used

to develop the wavelength sensing application detailed in the next chapter. SEM

imaging and wavefront analysis was performed on the novel broadband grating to un-

derstand their microscopic properties and optical quality of the output wavelength.

High quality optical wavefront were measured making broadband HPDLCs feasible for

device applications. Berreman 4×4 technique and phenomenological diffusion model
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Figure 6.12: Simulation of broadened reflection grating by dynamic time multiplexing

are used together to theoretical predict the optical output in this chapter. They are

found to be in close correlation with the experimental results.
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7. Applications

The switchable and reflective properties of HPDLCs have been studied exten-

sively for multiple electro-optical applications. Cairns et al have studied the strain

sensitivity of the HPDLCs. They observed a spectral blueshift of the reflected wave

by increasing physical strain, making applicable optical pressure sensor[82]. Tanaka

et al have stacked multiple wavelength reflecting HPDLCs to enable the creation of

reflective displays[75]. Domash et al and Ermold et al have created electrically con-

trollable lenses for potential use in remote sensing[83, 84]. Fontecchio et al have used

different formation configurations to create filter arrays for display and wavelength

filtering[74]. Domash et al have demonstrated the feasibility of using HPDLCs as op-

tical color filters for microdisplays, application specific integrated lenses to perform

the function of individual lenses, mirrors, prisms etc, electro optic switches used for

routing particular wavelength[85]. HPDLC technology used for multiple electro-optic

components such as lenses, filters and switches have found wide-ranging application

in the design of integrated optics. Some of the other currently evolving applications of

HPDLCs are tunable photonic crystals, controllable photomasks and dynamic beam

steering devices.

Here we briefly review the applications of HPDLCs by varying their interaction

wavelength. This is done by the method of pixelation, stacking and broadband fab-

rication. Another application of HPDLCs is in pressure sensors where hydrostatic

pressure applied on it changes the grating pitch resulting in varied reflection spec-

trum. Thus HPDLCs as pressure sensors are used for to sense wavelength changes for

device applications. Techniques to improve the pressure response is discussed here.
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7.1 Imaging Application

In this work seeking to achieve broadband wavelength reflecting HPDLCs, they

are pixilated and stacked HPDLCs for use in an optical spectrometry. In a typical

wavelength detecting spectrometer, a prism or diffraction grating separates incident

wavelengths based on their refractive index. An arrayed detector captures these

separated wavelengths and characterizes them individually. In reflection HPDLC

based grating spectrometers, the wavelengths are passed through a filter consisting

of multiple HPDLCs. When the incident wavelengths match the HPDLC filters, they

are detected. The wavelength reflected by the HPDLCs typically has a full width half

maximum (FWHM) of 10 to 25nm. As mentioned earlier, stacking the HPDLCs with

different grating pitches, controlling the optical setup during the grating fabrication

process and varying the recipe preparation, can broaden the interaction wavelengths.

Controlling the optical setup during grating formation for broadening the spectral

interaction range involves spatial, angular and time multiplexing techniques[74]. For

spectrometer application development we use both spatial multiplexing technique and

stacking technique.

7.1.1 Pixelated HPDLC

Pixilation technique is desirable since it creates multiple wavelength reflecting

HPDLCs in a single filter layer using one-step fabrication process. Multiple wave-

length reflecting HPDLCs are embedded on a pixilated mask which is the wavelength-

separating segment of the spectrometer. An arrayed CCD detector measures individ-

ual intensities transmitted by each of the pixels. This setup is used to detect the

spectral bands corresponding to the pixels. Final detection of a particular source

wavelength is a two-step process. In the first step the wavelengths to be analyzed

are passed through the mask and its individual pixel intensities is measured at the
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Figure 7.1: Illustration of the working principle of the pixilated spectrometer. A test
source wavelength corresponding to left half HPDLC pixels of the filter is incident and
the transmitted intensity at the detector is analyzed. a) In the unbiased state, the
HPDLC pixels on the left half of the filter reflect incident wavelength matching their
Bragg wavelengths. The pixels on the right half of the mask transmit the incident
wavelength shown color coded at the detector. b) In the biased state the incident
wavelength is transmitted through all the pixels and detected at their corresponding
CCD pixels. Evaluating the intensity variation between the unbiased and the biased
state the wavelength corresponding to the left half of the mask is detected.
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Figure 7.2: Intensity detected at the detector filtered through a 3-pixel filter for
different incident wavelengths. a) Incident wavelength is 564nm corresponding to
the third pixel wavelength. b) Bias is applied. c) Incident wavelength of 600nm not
corresponding any of the pixel Bragg wavelengths. d) Bias is applied
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detector end. In the second step a field is applied causing the transmittance of the

entire incident wavelength range through the mask and mapping of the complete in-

cident intensity at the detector. A change in intensity detected at the detector pixel

after the two-step process results in the wavelength corresponding to the particular

wavelength reflected by the pixels to be detected.

To demonstrate the working of this spectrometer a simple setup is shown Fig-

ure 7.1(a). Here all the pixels at the left half of the mask have one particular Bragg

reflecting wavelength. When a source comprised of this wavelength is incident, the

pixels on the left half of the mask reflect it. The pixels at the right half of the mask

transmit the test source. Biasing the mask as depicted in Figure 7.1(b) results in

the transmittance of the incident wavelength through all the pixels in the mask to

the pixilated detector. The change in the intensity at left half of the mask between

the biased and the unbiased state is recorded and enables detection of wavelength

corresponding to these pixels. No intensity variation detected at the right half of the

mask infers that the test wavelength does not correspond to any of these pixels.

To experimentally demonstrate the proof of concept for the pixilated spectrometer

a simple setup is constructed consisting of a monochromator light source Cornerstone

74100 from Newport, 3-pixel HPDLC filter and grayscale CCD detector XC-77 from

Sony all placed in line. The CCD detector is connected to an oscilloscope to enable

convenient viewing of its detected intensity. The pixilated filter is connected to an

electric field generating setup to bias and unbias it. For easy interpretation of the

output a 3-pixel filter was made with all of them in a single row. The wavelengths

of the pixels fabricated into the filter were 506nm, 527nm and 557nm. For demon-

stration of the pixilated spectrometer concept, the monochromator source is made

to output wavelengths sequentially, matching the Bragg peak wavelengths of the 3

pixels for measuring the response of the filter. This is recorded at the CCD detector
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end for both unbiased and biased state of the filter. Figure 7.2(a) 7.2(b) shows the

oscilloscope output results when 564nm corresponding to the pixel 3 is made incident

on the mask. In the unbiased state 3 distinct electric field intensities are detected as

shown Figure 7.2(a). Figure 7.2(b) shows an intensity increase of 33% percent only

in the third pixel when the filter is biased thus enabling detection of the 557nm pixel

wavelength. When a source wavelength other than the pixel matching wavelengths

is incident there is no variation in the detected intensity between the unbiased and

biased state. This is demonstrated for the wavelength 600nm seen in Figure 7.2(c)

and 7.2(d) respectively. Thus the pixilated filter is demonstrated to detect wavelength

corresponding to its pixel wavelengths.

7.1.2 Stacked HPDLC

There are two types of spectrometer based on stacking using HPDLCs. The two

configurations differ in the placement of the detector. In the reflection mode spectrom-

eter the detector is placed at the reflecting end of the stack[86] and in transmission

mode the detector captures the incident wavelength transmitted from the stack[87].

In the transmission mode stacked HPDLC spectrometer each layer of the stack is

mapped with the source intensity detected at the detector. The layers are time se-

quentially biased individually. The stack transmits the source wavelength when the

HPDLC layer matching its wavelength is biased. The detected intensity is mapped

to the biased layer and the source wavelength is detected.

Figure 7.3 shows schematic of a stack of 4 layers of HPDLCs with each layer color-

coded to represent different reflection wavelengths. The optical output response of

each of the 4 layers and of the stack(stack response is depicted by a black line) is

shown in Figure 7.3 (b). They reflect four individual wavelengths with wavelength

peaks of 507.9, 517.6, 532.5 and 542.6nm respectively. When a bias is applied to one
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Figure 7.3: Schematic representation of four layers of HPDLCs stacked. Each layer
is represented with different colors depicting four different wavelength reflected. (b)
Optical response of each of the four layers stacked. The black envelope represents
the optical response when all the 4 layers are stacked. (d) Stack representation
when an electric field is applied to the second layer. (d)The optical response of the
stack indicating the transmission of the wavelength corresponding Bragg reflection
wavelength of the second layer
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Figure 7.4: Stack of 3 layers of HPDLCs by the method of spin coating
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of the 4 layers it become optical transparent. The clear second layer of the stack

represents this in the schematic in Figure 7.3 (c). The optical response of the stack

shown in Figure 7.3(d) indicates the wavelength corresponding to the switched layer

to pass through and be detected by a spectrometer. This feature can be used to

develop a low cost spectrometer to detect specific wavelength of light.

Stacking multiple gratings in one composite device creates a broadband HPDLC

grating here. For a conventional stack each filter of the stack is prepared individually

and then glued one behind the other using index matching glue.

Technique of using double sided ITO coating yielded the best results for stacking.

In this alternate technique the number of substrates required to make a stack are

reduced and addition of index matching fluid between layers is eliminated hence

reducing the optical path length of the stack by 33%. This method also reduces the

amount of Fresnel reflection loss and parallax in the stacked filter[88]. Hence in the

reduced optical path length stack a substrate (coated with ITO on both sides) is

shared by two filters hence reducing the number of substrates required to make a

stack maintaining the requirement of individually controllable layers.

Another technique to reduce the stack length is by spin coating the prepolymer

syrup on a glass slide and then form a hologram. Again another prepolymer syrup

layer is spin coated and fabricated into a HPDLC thus eliminating the substrate

completely. Figure 7.4 shows a stack of 3 layers of HPDLCs fabricated this way. For

electro optical control a conductive layer can be spin coated between the HPDLC

layers. Thus different stacking techniques are explored here for wavelength sensing

application.
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Figure 7.5: Experimental setup of the optical elements for reading the reflected wave-
length of HPDLC.

Figure 7.6: Wavelength vs. pressure response of di-functional HPDLC with pressure
applied from 0-20 psi.
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Figure 7.7: Sensitivity (measured as the maximum shift in the reflected wavelength)
vs. Initiator composition for the di-functional HPDLC.

Figure 7.8: Wavelength vs. pressure response of tri-functional HPDLC with pressure
applied from 020 psi.
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7.2 Pressure Sensor

HPDLCs as pressure sensors is detailed in this section. Here pressure sensing is

performed by detecting a varied optical output of HPDLCs in the presence of pressure.

Also techniques to improve the pressure response is detailed here.

The Bragg equation for reflection gratings states that the reflected wavelength for

normal incidence is denoted by λ = 2n cos Λ, where Λ is the pathlength of the grating,

n is the average refractive index of the grating. Decreasing Λ reduces the wavelength

of the reflected light as seen from this equation. This concept can be applied to

create an HPDLC pressure sensor. The fringe spacing is reduced by applying pressure

perpendicular to the surface of the HPDLC and parallel to the grating vector. Here

the wavelength reflected is measured for different applied pressure and the results are

analyzed.

Reflective HPDLCs with normal reflection wavelength of 550nm are made with

a grating pitch Λ = 180nm thick for a normal reflecting wavelength. Due to the

shrinkage observed in the HPDLC grating pitch after grating formation, the measured

reflected wavelength is less than the calculated reflected wavelength by about 9%[89].

The experimental setup for testing the HPDLC for pressure sensing properties is

shown in Figure 7.5. In this setup the HPDLC film is taken out of the glass slide

sandwich and held firmly between two vertical mounts for mechanical strength. This

setup is placed inside a well sealed box by clamping the vertical mounts to horizontal

holds inside the box. An inlet to this box regulates the flow of nitrogen gas that

applies the required pressure on the film. A white light source from Ocean Optics

LS-1 Tungsten Halogen Lamp is incident on the film inside the pressure box, through

a collimating lens using optical fibers. The reflected light of the HPDLC is measured

using an Ocean Optics USB2000 spectrometer. This collects the reflected light using

a detector connected via optical fibers. A focusing lens is placed in between the
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HPDLC and the spectrometer detector to focus the reflected light on the detector.

A spectrometer measurement of the reflected light of the HPDLC is taken for

different applied pressure ranging from 0 to 20 psi at steps of 2 psi for 1 min interval.

A 1 min interval is chosen for the HPDLC to reach steady state after application

of pressure. To find the optimal pressure response (highest change in the reflected

wavelength) of the HPDLC, the ratio of the initiator is changed and the reflected

wavelength vs. pressure is measured. The percentage of initiator composition ini-

tially taken is 5%, 10%, 14%, and 18% for di- and tri-functional polymers. Since

the di-functional HPDLC shows greater pressure response compared to tri-functional

polymer, an additional data point at 21% initiator composition was taken to confirm

the response trend. The reflected wavelength for different pressure is noted for these

variations. The procedure is repeated 3 times for each of these percentages and the

average is graphed.

The spectrometer resolution is low compared to the magnitude of the shift in the

mean wavelength of the pressure sensor observed. Hence a detailed numerical analysis

is used to determine the pressure induced variation of the peak reflection wavelength

[90]. The reflection peak is observed to be Gaussian in nature.

A Gaussian curve is fit to the reflection peak with 98% confidence level using the

Kolmogorov-Smirnov Goodness of Fit test. In this method the reflection peak of the

spectrometer reading is first separated, normalized and its cumulative distribution

function (CDF) is taken. This result is then fit to the CDF of different Gaussian

curves until a close fit of 98% confidence level is obtained. Finally, the mean of the

Gaussian curve fit data is taken as the value of the peak reflected wavelength. As

shown in Figure 7.6 the di-functional polymer displays a steady decrease in wavelength

for a steady increase in pressure. A maximum shift rate of 0.08nm/psi was observed

for an initiator percentage of 21%.
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Increasing the initiator composition makes the HPDLC more elastic as can be

seen for the case from 5% to 21%. This is likely due to the fact that at low initia-

tor composition of 5% all the monomers do not polymerize completely to form the

polymer matrix and the unreacted monomers hamper the elasticity. Increasing the

initiator improve the polymerization. The di-functional monomers form an elastic

polymer matrix which responds to applied pressure by Poisson contraction [89] along

the direction parallel to the grating vector as observed for the case of 21% initiator

composition. The sensitivity seen for the di- functional polymer HPDLC is graphed

vs. initiator composition as shown in Figure fig:sensitivity. The sensitivity increases

for 5% to 21% initiator composition. In the graph a negative value of wavelength

shift seen for 5% initiator composition indicates there is an increase in wavelength

with increase in pressure instead of the expected decrease in wavelength. For the

initiator composition of 10%, 14%, 18% and 21% in the graph there is a decrease in

wavelength with step pressure increase. This matches the expected results, where the

application of pressure decreases the grating pitch and hence as observed from Bragg

equation the reflected wavelength also decreases.

The HPDLCs with tri-functional polymer have not shown any notable response

pattern as seen in Figure 7.8. Tri-functional polymer HPDLCs do not have a steady

response to pressure as the higher cross-linking nature of the tri-functional polymer

causes the film to be more brittle than elastic and thus there is no significant response.

Di-functional polymer based HPDLCs show increased response compared to tri-

functional polymer HPDLCs and a maximum shift rate of 0.08nm/psi for 21% initiator

composition is observed. Hence there is a relation to the functionality of the poly-

mers Ebecryl 4833(difunctional) and Ebecryl 4866(tri-functional) and the initiator

composition with respect to the pressure response of the HPDLC.

Thus imaging and pressure sensing applications were demonstrated here using
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HPDLCs. The next chapter concludes the work done so far in this work on HPDLCs

for wavelength sensing applications, their analysis and fundamental characterization

studies.
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8. Conclusion

Reconfigurable HPDLCs have application as electro-optic devices for applications

such as wavelength filtering, beam steering and imaging. In this dissertation we used

fundamental studies to understand their morphology and operation and fabricated

novel types of HPDLCs for spectral sensing application.

The imaging and spectroscopy techniques aided in developing a further under-

standing of the HPDLC structure and operation. ESEM and VPSEM imaging tech-

niques were used to interpret grating morphology in the nanometer scale. ESR spec-

troscopy was used to determine LC orientational order and dynamics at different

temperatures.

For application development of wavelength sensing we studied and analyzed multi

wavelength interacting HPDLCs formed using pixelation, stacking and a novel method

of dynamic time multiplexing technique. These grating optical outputs were analyzed

using the phenomenological diffusion model and Berreman 4×4 technique.

8.1 Contribution from Characterization Studies

Numerous characterization techniques are used for analyzing thin film HPDLCs.

Here we have used two new microscopy and spectroscopy techniques to understand the

macroscopic behavior of thin film HPDLCs by studying their microscopic properties.

8.1.1 Contribution from VPSEM and ESEM studies

Here two types of SEM imaging techniques are introduced for high resolution

analysis of HPDLC morphology namely VPSEM and ESEM.

High resolution imaging techniques such as HV-SEM, TEM and Cryo-SEM used
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for HPDLC analysis require removal of LC and addition of conductive coating, em-

bedding process and complicated cryo-setup respectively. VPSEM and ESEM tech-

niques are advantageous compared to these techniques since they require no prior

sample preparation, less complicated setup and represent the true grating morphol-

ogy of the HPDLC since there is no LC removal or addition of external material on

to the sample for imaging.

In Section 4.1 we compared VPSEM images with the conventional HV-SEM im-

ages obtained from acrylate recipe based HPDLCs.

Post fabrication, the shrinkage of the grating structure has been observed in acry-

late based HPDLCs[89]. Effect of removal of LC during imaging using conventional

HV-SEM is studied here to observe if there is further grating shrinkage. This is done

by using VPSEM technique. Comparing the same grating imaged by these two tech-

niques by using an image analysis tool revealed a noticeable difference between the

two types of grating for both reflection and transmission HPDLCs. The reflective

HPDLCs imaged using HV-SEM showed 18.6% decrease and transmission showed

HPDLCs 17.5% decrease in grating compared to VPSEM image.

This indicates air replaces the voids and there is a reduction in the grating pitch.

Thus with this kind of technique we can avoid the loss of accuracy in the nanoscale

structure analysis and use more accurate nanoscale parameters obtained from the

images for analyzing the gratings.

HPDLCs samples were also imaged in an ESEM chamber using ambient condi-

tions. However due to the decreased resolution obtained from this technique only

the transmission HPDLC with micron scale structure were imaged with discernible

features.

ESEM has lower resolution compared to HV-SEM mode but was demonstrated for

use as a quick process without much sample preparation to analyze grating morphol-
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ogy of transmission mode HPDLCs with discernable contrast between the polymer

and LC-rich regions.

Thus the two imaging methods namely VPSEM and ESEM provide a fast and

high resolution method to analyze the true morphology of the gratings without much

sample modification and preparation.

8.2 Contribution from ESR studies

Using the ESR studies the molecular organization and the local fluidity of the

BL038 LC inside the nano sized droplets of reflection-mode HPDLCs have been an-

alyzed in detail. With this technique, for the first time evidence of the presence of

a fraction of LC molecules with a macroscopically anisotropic LC director configura-

tion was found. The main experimental support to this was the consistent difference

between ESR spectra of field cooled samples recorded in the parallel and perpendic-

ular geometry which could be observed in the temperature range 285.2-373.2 K (the

BL038 LC bulk Tc). This result extends previous NMR studies[58, 33] which found

an immobilized LC fraction, close to the polymer surface, and an isotropic fraction.

The main findings from the ESR measurements combined with the inspection of the

SEM images are compatible with a uniaxial LC director configuration inside elon-

gated nanodroplets. These findings are:

• A global analysis of spectra recorded in the parallel and perpendicular geometry

between 285.2 and 308.2 K clearly indicates that the macroscopic LC director con-

figuration is unaffected by the magnetic field and has an bidimensional symmetry

with the local nematic domain director uniformly distributed along the nanodroplet

layers.

• Between 313.2 and 373.2 K, only in the parallel geometry, a fraction of the LC

molecules forms a partially ordered polydomain aligned along the magnetic field, and
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hence along the layers, which at 345.2 K becomes a nematic monodomain. When

the sample is oriented in the perpendicular geometry, this aligned contribution either

maintains the orientation along the layers, retaining almost the same local order (up

to about 353.2 K), or it becomes isotropic (above 357.2 K); (iii) SEM images indicate

that the nanodroplet shape is, on the average, elongated (prolate ellipsoid), having

the direction of the elongation (nanodroplet axis) preferentially parallel to the layers.

The lack of alignment along a direction perpendicular to the droplet layers appears

to be in contrast with the usual operational geometry of a reflection-mode HPDLC

device, where the electric field-induced alignment should form a monodomain perpen-

dicular to the droplet layers. Moreover, the analysis showed that the local nematic

order in the H-PDLC at room temperature is smaller than that observed in the bulk

BL038 LC. These findings can explain the rather large electric field needed to switch

an H-PDLC device, compared to a standard PDLC device.

The reflection-mode HPDLC technology might be improved by avoiding the LC

preferred orientation along the nanodroplet layers, observed at room temperature,

which requires a relatively large electric field to be switched to a monodomain per-

pendicular to the layers. A possible strategy might be that of removing the bidimen-

sional symmetry of the director configuration by favoring, e.g., a three dimensional

polydomain director field. A key element, in such a device, would be the presence of

spherical, instead of elongated, nanodroplets.

8.3 Contribution from spectral sensing and analysis studies

Three types of techniques were used to control the spectral line shape of the

HPDLCs namely assembling the HPDLCs in serial and parallel configuration and

using dynamic time multiplexing technique to vary the spectral line shape.
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8.3.1 Contribution from assembling the HPDLCs in serial and parallel

configuration

Wavelength sensing application of HPDLCs were demonstrated by arranging the

HPDLCs in serial and parallel configuration in Chapter 7.

The spectral data mining with these types of devices involve apriori knowledge

where the detected spectra is compared with databases for known spectra. With this

type of spectrometer devices narrow banded wavelength sources can be precisely de-

tected using line shaping algorithms [87] and it is suitable for detecting wavelengths

ranging from UV to IR due to the ability to fabricate HPDLCs with Bragg wave-

lengths in these ranges.

Innumerable pixelated HPDLC units can be fabricated without any loss of SNR

using pixelation technique. However increasing the number of units increases the

complexity of the hologram fabrication setup and requires additional lasers to main-

tain a reasonable value of beam irradiance to form each unit cell. Hence there is a

tradeoff between complicated fabrication process and wavelength range for detection.

These arrayed spectrometers have the ability to precisely detect the presence of

known wavelengths for remote sensing application. For example to detect presence of

life, known spectrums of water molecules can be searched to match with the HPDLC

cells wavelength.

Analysis of the wavefront transmitted through the HPDLC determined optical

properties such as good Strehl ratio and low aberration making them ideal for real

world applications.

8.3.2 Contribution from dynamic multiplexing fabrication of HPDLCs

To broaden the optical response of single layer of HPDLC proof of concept of new

methods of fabrication was demonstrated. In the dynamic multiplexing technique
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the fabrication setup was varied with time. This technique doubled the FWHM of

HPDLCs fabricated by normal methods. Multiple gratings were created in a single

layer that caused the peak broadening effect which is evident from the SEM image

analysis. The Strehl ratio which quantifies the optical quality of the grating was de-

termined to be 0.8551 which is desirable for real world applications of the HPDLCs.

This novel technique is preferable to stacking technique to increase the reflected wave-

length range since it reduces the scattering losses associated with increasing thickness

of the HPDLCs. Due to limitations in the speed of the rotating fabrication setup the

HPDLCs were fabricated spanning two different angles. However this technique can

be extended to more than two angles by using high speed rotating stages and con-

trolling the kinetics of the grating formation resulting in more than doubling of the

FWHM of the single layer. These types of broad wavelength interacting HPDLCs are

useful in applications such as multispectral imaging where the wavelength sensing res-

olution in the range of 100nm is required. These broadened HPDLCs can be used in

parallel with single wavelength reflecting HPDLCs to span a wide range of frequencies

and tuned for both hyperspectral or multispectral operation. By integrating them

with switchable HPDLC lenses[83] beam steering capability for instrument clusters

is achieved.

8.3.3 Contribution from Berreman 4×4 matrix technique and phenomeno-

logical diffusion model

Predictive modeling using Berreman 4×4 has been applied to single peak and

stacked HPDLCs to accurately simulate their optical output with the grating modeled

as having a sinusoidally varying refractive index.

The broadened HPDLC lineshapes using dynamic multiplexing were also modeled

using the Berreman matrix method. Here the complex refractive index profile due to
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multiple gratings in a single layer was accurately modeled by describing the formation

kinetics of multiple gratings using a phenomenological diffusion model.

In this dissertation we thus showed proof of concept of HPDLCs for spectral sens-

ing applications and theoretically predicted the output. This work was accompanied

by fundamental studies of HPDLC structures.
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