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ABSTRACT

Fabry-Perot interferometer (FPI) devices are designed based on the electro-optic (EO)
activities of nonlinear optical (NLO) polymer materials for tunable optical filters
(TOFs) and spatial light modulators (SLMs). The performance of the EO polymer
based FPI devices is theoretically modeled with first order approximation on the FPI
cavity interface phase dispersion. NLO materials including TCBD coupled hybrid
sol-gel, AJL8/amorphous polycarbonate (APC), and AJLS102/APC are incorporated
in FPI structures with distributed Bragg reflector mirrors and transparent conducting
oxide electrodes for TOFs.

High finesse (over 200), low drive voltage (10 dB

isolation ratio with 5 V), and fast settling time (about sub-millisecond) are achieved.
The physical origin of the large tunabilities is explored and the contributions from EO
effect and inverse piezoelectric effect are analyzed.

EO polymer SWOHF3ME/APC

is employed in FPI devices with simplified structures for SLMs.

Modulation beyond

megahertz level is achieved with constant modulation ratio from DC frequency to
high operation speed. The operation speed can be potentially over gigahertz with
improved device and drive circuit design. When the EO polymer based SLM is
configured to work at near the resonance band of the NLO material, the spectral
tunability is increased due to resonance enhanced EO activity and the SLM
performance is significantly improved.

The EO polymer based FPI devices can be

further optimized and are promising candidates for many optoelectronic applications.
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CHAPTER 1

INTRODUCTION

Fabry-Perot interference patterns from optical resonators were discovered more than a
century ago by Fabry and Perot.1

The optical resonators were originally designed for

precise measurement of small distances and later applied in spectroscopy for
wavelength analyses.2-6 The mathematical model for the transfer function of the
resonance fringe pattern was analyzed based on Airy’s formula.7

In 1901, the

investigation of Fabry-Perot interference led to the development of a new form of
interferometer, which was the first commercial Fabry Perot interferometer (FPI)
constructed by Jobin.8

The FPIs, as well as their derived versions such as

asymmetric FPIs9,10 and Gires-Tournoise interferometers,11,12 played an important role
for laser development.13,14

Efforts were also devoted to the study of active FPIs for

wavelength selection and spectral scanning.

For instance, a mechanically tunable

infrared interference filter was demonstrated by Smith and Heavens in 1957.15
Although the tuning operation was manual in the beginning, the work greatly inspired
scientists’ interests in searching for active FPIs with automatic control.

During the past decades active FPIs using electrically sensitive components have
drawn increased attention and enabled an enormous variety of optoelectronic
applications.16-101

The electrically tunable FPIs can be employed in wavelength
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division multiplexing (WDM) communication systems as tunable optical filters
(TOFs),16-44 spatial light modulators (SLMs),47-95 variable optical attenuators
(VOAs),96,97 and optical switches (OSs).98,99

The architectures of the optoelectronic

devices are essentially similar except that the TOFs are utilized for operations on
broadband optical signals while the FPI SLMs, VOAs, and OSs are normally
designated for narrow band sources.

The active materials adopted in the active FPIs

include inorganic crystals,16-24,45-48 organic crystals,49,50 inorganic polycrystalline thin
films,51,52 organic polycrystalline thin films,25,26 liquid crystals,27-37,53,97-99 bulk
semiconductors,38,54-61 multiple quantum wells,39-42,62-70 and polymers.43,44,71-96

The

electrical sensitivities arise from Pockels effect,16-20,45-50,71-96 piezoelectric or inverse
piezoelectric effect,21-24,51,52 electrostrictive effect,25,26,38 DC Kerr effect,27-37,53,97-99
Franz-Keldysh effect,54-58 carrier injection effect,59-61 or quantum confined Stark
effect.39-42,62-70

Electro-optic (EO) polymer materials have marched into competition with inorganic
EO crystals or semiconductors since early 1980’s.100-102

The EO polymer materials

have many interesting advantages such as low cost and ease of processing compared
with inorganic or semiconductor materials and they have been widely explored for
optical

modulators,103,104

modulators.71-95

microring

resonant

modulators,105,106

and

FPI

The most important advantage is that, owing to the electronic nature

of the EO effect107 and the low dielectric function dispersion of the organic materials,
the EO polymer materials can support extremely high speed operation.104,106,108-112
The modulation performance of EO polymer based optical modulators have been
achieved at ~200 GHz104 and that of EO polymer based microring resonant
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modulators at ~165 GHz.106

Gap-free pulsed THz generation/detection systems have

been demonstrated with a bandwidth of ~12 THz.112

The high speed potential makes

the EO polymer based FPI devices promising candidates for many optoelectronic
applications in WDM communication systems.

The EO activities of organic polymer materials have been dramatically
improved113-172 and the EO polymer based FPI devices can benefit from the
tremendous progress. Nonlinear optical (NLO) chromophores have been improved
through molecular engineering for large first order hyperpolarizabilities.113-142
Poling techniques have also been developed to achieve high EO coefficients from
NLO chromophore doped polymer systems.143-155

In order to increase the thermal

stability and the loading concentration of the NLO chromophores, novel EO systems
have been proposed and constructed with improved performance.156-168

In the

meantime, organic-inorganic hybrid sol-gel materials have been utilized in many
interconnection components for information technology due to their attractive thermal
stability, mechanical reliability, and photo definability.173-183 Recent research efforts
have enhanced the prospects of the hybrid sol-gel materials for active photonic
devices such as optical amplifiers181,182 and optical modulators.184-188

The discovery of exceptional EO systems, as well as the improved deposition
techniques for high quality dielectric distributed Bragg’s reflector (DBR)
mirrors189-191 and transparent conducting oxide (TCO) electrodes,192-195 have
encouraged the development of EO polymer FPI devices for optoelectronic
applications.

The efforts can lead to the achievement of high speed and
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dense-arrayed optoelectronic components in free space communication systems or
integrated photonic systems for high-density information control and processing.

The research work undertaken for the thesis is focused on the preliminary studies of
the EO polymer based FPI devices for optoelectronic applications.

The details

include 1) the design of FPI structures using metallic or DBR mirrors and TCO
electrodes, 2) the incorporation of advanced EO polymer materials into the FPI
structures, 3) the evaluation of the performance of the EO polymer FPI devices, and 4)
the optimization of the EO polymer FPI devices for improved properties.
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THESIS ORGANIZATION

Chapter 1 reviews the FPI and active FPI history and introduces the objectives of the
thesis research work.

Chapter 2 gives a comprehensive overview of recent development of advanced EO
polymer systems.

The fundamental relationship between nonlinear optics and

electro-optics is presented and the modern strategies to construct advanced EO
polymer systems are summarized.

The poling techniques to achieve high in-device

EO performance and the methods to measure the EO activities are also discussed.

Chapter 3 derives theoretical models to analyze the properties of EO polymer based
FPI devices.

First order approximation on the dispersion of the thin film mirrors is

applied for different types of FPI structures and quantitative analysis schemes based
on the first order approximation are established to evaluate the FPI device
performance from the measured material electrical sensitivity.

Key parameters are

suggested to indicate the performance of the FPI devices.

Chapter 4 demonstrates EO polymer based FPI TOFs processed with corona poling.
An EO hybrid sol-gel material and two guest-host EO polymer materials have been
incorporated in FPIs with two different structures.

High finesse systems with large
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tunability have been achieved from the EO polymer based FPIs.

A model to explain

the physical origin responsible for the large spectral shift is proposed.

The challenge

in fabricating reliable EO polymer based FPI TOFs devices for high density WDM
communication systems is also discussed.

Chapter 5 covers EO polymer based FPI SLMs with simplified structures.

EO

modulation has been obtained about megahertz level with good modulation ratio at
1300 nm.

The EO performance has been significantly improved when the EO

polymer based FPI devices operate in spectral region near the resonance between the
first excited state and the ground state of the NLO material with resonance enhanced
EO activities.

Chapter 6 summarizes the challenges in the development of EO polymer based FPI
devices for advanced optoelectronic applications in information technology and
suggests strategies to beat the limitations.
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CHAPTER 2

NONLINEAR OPTICAL POLYMER SYSTEMS
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2.1 Nonlinear Optics and Electro-optic Effect

The bulk nonlinearity of nonlinear optical (NLO) materials originates from the optical
nonlinearity of their constituents.196-202

Assuming weak intermolecular interaction,

 
the macroscopic second order susceptibility  ijk
can be related to the molecular first
2

hyperpolarizability ijk via:

 ijk 2  '; 1 , 2   Nfi  ' f j f k ijk  '; 1 , 2  ,
1

2

(2.1)

where N is the number density of NLO molecules, ’s are the interactive field
frequencies, f’s the correction field factors, and

represents the orientational

ensemble average of the molecules. For the electro-optic (EO) effect, which is DC
Pockels effect in this thesis, the frequency of the drive electric field is low (DC to RF)
compared to optical frequencies. Therefore, Eq. (2.1) can be approximated as

 ijk 2 ;  , 0   Nfi  f j f k0 ijk ;  , 0  ,

(2.2)

and further simplified as

 ijk 2    Nfi  f j f k0 ijk   .

(2.3)
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The component of the electric field induced polarization in a fixed molecule
coordinate direction can be expressed as

 2
Pi  '   ij1  '; 1 , 2  E j 1    ijk
 '; 1 , 2  E j 1  Ek 2  ,

(2.4)

where  ij1 is the linear susceptibility and E’s are the interactive electric fields.

For

EO effect, Eq. (2.4) can be approximated as

 2
Pi     ij1   E j    2  ijk
  E j   Ek  0  .

(2.5)

where the doubling of the second term occurs due to the permutation of the interactive
frequencies (     0 ).

The second order susceptibility can be reduced as  ji  ,

where j = 1,2,3 and i = 1,2,3,4,5,6, by invoking symmetry considerations.

2

The Eq.

(2.5) is then simplified to

Pi      i1    2  ji2   E j  0   Ei   .

(2.6)

The dielectric function of the material can then be derived as follows,

 i ; E j   ni2 ; E j   1   i1    2  ji2   E j  0   .

(2.7)
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The refractive index change induced by the electrical field through the second order
susceptibility is then

 ji2   E j  0 
ni  ni ; E j   ni ;0  
.
ni  ;0 

(2.8)

Compared with the refractive index change induced by an arbitrary electric field on a
general index ellipsoid

  ni2   rij   E j  0  ,

(2.9)

or equivalently

1
ni  ni ; E j   ni ;0    ni3  ;0  rij   E j  0  ,
2

(2.10)

the relationship between electro-optics and nonlinear optics can be interpreted by the
following equation:

rij    

2

n ;0 
4
i

 (2)
ji    .

(2.11)

There are several ways to increase the EO coefficients according to the theory above:
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1) to increase the first hyperpolarizability via molecular design and synthesis; 2) to
improve the technique (e.g. poling) to achieve high efficiency of macroscopic
nonlinearity; 3) to optimize the number density of the NLO molecules loaded in the
EO systems; and 4) to reduce the refractive index or minimize the increment of it. In
the meantime, efforts need also be devoted to the engineering of EO systems with
favorable characteristics for optoelectronic devices with low absorption loss, high
thermal stability, and good photostability.

2.2 Nonlinear Optical Polymer Systems

2.2.1 Nonlinear Optical Chromophores
The dispersion of the first hyperpolarizability derived from two-level model,196-202
assuming domination of change in the dipole moment between the ground and first
excited electronic states of the donor-acceptor or push-pull molecules, can be written
as

ijk ;  , 0   ijk  0 

02  302   2 
3 02   2 

2

,

(2.12)

where 0 is the resonance frequency of the two level energy gap. The dispersion of
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the EO coefficient can then be written as

rij   

1

02  302   2 

ni4   3  2   2 2
0

.

(2.13)

Following oriented gas model for polymer EO systems poled with small electric
field,198 the two independent susceptibility tensor elements can be written as

(2)
 zzz
N

 *E p
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and

(2)
 zxx
N

 *E p
15kT

where  * is the corrected value of dipole moment, Ep the poling field, k the Boltzman
*
constant, T the poling temperature, and  zzz
the corrected value of first

hyperpolarizability. The early NLO chromophores, such as dye Disperse Red 1 (DR
1), have absorption bands in mid-visible region (~500 nm), however, the
optoelectronic applications for telecommunication systems are focused on either
~1300 nm or ~1500 nm due to the ultra low loss of optical fiber for these wavelengths.
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Therefore it is possible to shift the resonance wavelength of the NLO molecules to the
longer wavelength region with enhanced  values.

Fig. 2.1. CLD-type NLO chromophores.
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Fig. 2.2. FTC-type NLO chromophores.

Recent efforts have been dedicated to the development of NLO chromophores with
significantly improved nonlinearity at telecom wavelengths.103,105,106,111,113-142

Low
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(sub-1-V) halfwave voltage polymeric EO modulators were achieved incorporating
CLD-1 chromophore in polymer matrices.103,113 The CLD-1 chromophore, modified
via shape control from CLD-2 and CLD-3 with a rigidified conjugated backbone and
hindered intermolecular interaction, possesses a long conjugated bridge and enhanced
electron acceptor for improved nonlinearity.114 The CLD-1 structure has served as
scaffold for many generations of advanced NLO chromophores, such as
YLD124,115-118 AJLS102,119-122 and AJC146.123-126

In the meantime, the shape of

CLD-type chromophores has been further improved with efforts leading to the
development of CLD-4 and its derivatives (OL2006-1 and OL2006-2).127

The

chemical structures of the CLD-type chromophores have been illustrated in Fig. 2.1
for a quick view of the evolution. Another important family of NLO chromophores
is FTC-type chromophore group (Fig. 2.2). The early FTC chromophores (FTC-1
and FTC-2) were developed around the same time as CLD-1.103,128

Advanced

versions such as AJL8 were later synthesized and widely employed for EO modulator
studies and they exhibited excellent EO activities.106,111,129-137

With addition of

improved acceptor for the conjugated molecule, YLD156 were developed with similar
structure but even better nonlinearity.138-141 Owing to the structural stability and the
versatility of the modifying the amine and the thiophene groups in the FTC-type
chromophores, approaches were adopted to add functionality to the molecules in order
for improved shape control (FTC-2),103,128 matrix hardening via post-poling
Diels-Alder crosslink (AM2006 and AJL4),125,142 or self assembly (HDFD).126
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2.2.2 Advanced Organic Electro-optic Systems
2.2.2.1 Guest-host Systems

Fig. 2.3. Typical EO host polymer materials.

The host polymer materials for guest-host EO systems can be chosen from a huge list.
A few examples are listed in Fig. 2.3. Poly (methyl methacrylate) (PMMA) may be
one of the earliest host polymers used for organic polymer systems.103 And later
polyquinoline (PQ),179,180 polyimide,134 and amorphous polycarbonate (APC)128 were
also employed for EO systems as they have higher glass transition temperature and
hence potentially better thermal stability. However there are a few major limitations
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on guest-host organic systems.

First, the loading concentration of the NLO

chromophores could not be very high due to increased intermolecular interaction.
Typically in guest-host polymer systems the NLO chromophores were loaded with
20-30 wt % concentration depending on the chromophore sizes.

Second, the

relaxation after alignment of the NLO chromophores could not be controlled since
there was no covalent interaction between the host material and loaded NLO
chromophores.

Fig. 2.4. Polymer PMMA-AMA and crosslinkers BMI
and TMI used for lattice hardening.

Many solutions were proposed for advanced guest-host EO systems with reduced
intermolecular interaction and poling stability. First, the NLO chromophores were
shape-controlled through molecular engineering to increase the optimal loading
amount and orientation stability after alignment. For an instance, shape-controlled
NLO chromophores OL2006-1 and OL2006-2 were loaded in polymers with 47 wt %
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and 45 wt % and demonstrated EO coefficients r33’s of 262 pm/V and 208 pm/V at
1310 nm, respectively.127

Fig. 2.5. Examples of EO copolymers.

Second, modified polymer materials such as Poly[(methyl methacrylate)-co(9-anthracenyl methyl methacrylate)] (PMMA-AMA) have been used in combination
with crosslinkers such as bismaleimide (BMI) or tris(2-maleimidoethyl) amine (TMI)
to undergo Diels-Alder reaction during the poling process (Fig. 2.4). The thermal
stability of the EO polymer systems can be improved via lattice hardening.
PMMA-AMA with crosslinker BMI and 30 wt % of NLO chromophore AJC146 was
incorporated in EO waveguide modulators, achieved break-through in-device EO
coefficient of r33 ~170 pm/V, and exhibited very good thermal stability.123
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2.2.2.2 Linked Systems
In order for stable organic EO systems, strategies were also crafted to link the NLO
chromophores to the host materials. The NLO chromophores could be attached in
the main chain or side chain of the polymer materials to form copolymers. Typical
structures of PMMA copolymers,146 polyurethane copolymers,80 and polyimide
copolymers151 are shown in Fig. 2.5. Polymerized from homogenous mixture of
chromophore-linked monomers and non-linked monomers, the NLO chromophores
are evenly distributed in the polymer host and the intermolecular interaction is
hindered. Hence high loading amount of NLO chromophore can be obtained from
the copolymer systems. Furthermore, the absorption band of a copolymer system is
narrower than a typical guest-host mixture therefore the loss of such a system is
reduced.

Fig. 2.6. Host polymers for “click” chemistry.
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Another strategy of linking NLO chromophores to the host polymer systems was
developed with a few processing steps.156-162 First, the NLO chromophores were
engineered with integrated crosslinking functional groups, e.g. AM2006125 and
AJL4.142

Second, the NLO chromophores were mixed with host polymers, e.g.

PMMA-AMA and polystyrene-based Diels-Alder (PSDA) crosslinkable polymers
(Fig. 2.6), with functional groups which can undergo crosslink with those of the NLO
chromophores. Next the mixed materials were processed like normal guest-host
polymers except some change during the cooling process after poling. Normally the
temperature was directly lowered from around the glass transition temperature to
room temperature after poling.

An additional step is needed to allow “click”

chemistry as the temperature needs to be adjusted to certain level for some time to
allow the Diels-Alder reaction after the materials were poled and then lowered to
room temperature.142 The aligned NLO chromophores will be locked in the polymer
via crosslinking and simultaneously the polymer lattice will be hardened during the
“clicking” process.

2.2.2.3 Binary Systems
Crosslinkers can be used to improve the thermal stability of the organic EO systems.
If the crosslinkers are built based on NLO chromophores, the EO activity of the
systems can be further enhanced. For example, a binary system using PMMA-AMA
as host polymer, AJC146 as doped NLO chromophore, and AJL8-based crosslinker
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(AM2006) has shown ultra large (r33 ~263 pm/V) and thermally stable EO
activities.161

Another type of binary system was based on a chromophore containing host material
and a doped NLO chromophore.118,140

The host material can be either a

dendrimer163-165 or a side-chain copolymer.

For instance, NLO chromophore

YLD124 was doped in YLD156-based dendrimer and PMMA-DR1 copolymer and
the binary system exhibited excellent EO activity with r33 as high as 450 pm/V.118
Passive crosslinkers with multiple crosslinking groups such as TMI can be added to
the binary system with diene-structured chromophores crosslinkable with the
dienophile groups of TMI molecules for further enhanced thermal stability.141
Variety of active crosslinkers can be inserted to the existing systems as well so that
the organic EO materials can be ternary, quaternary, or even higher numbered systems.
An advantage of mixing a few similar but slightly different components in one system
is that, it may help reduce local crystallization and therefore improve the homogeneity
for low scattering losses.

The binary system can adopt host materials which can undergo self assembly through
intermolecular interaction.

The intermolecular - interaction can create tightly

packed molecular assemblies and organize dipolar molecules for improved polar
order.125,126,160,164

For example, phenyl and pentafluorophenyl rings were
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incorporated as peripheral dendrons on the conjugated bridge and donor end of the
AJL8-based chromophore to form HDFD structure. NLO chromophore AJC146 was
doped into the HDFD with up to 50% loading concentration. During the poling
process, the phenyl and pentafluorophenyl groups favorably stack with one kind over
the other to form rigid lattice structure. This supramolecular self-assembly showed
exceptionally high r33 of ~327 pm/V and >90% stability over two years at 25 oC.

2.2.2.4 Other Systems
Many other EO systems have been under investigation and may provide insights to
develop new advanced EO materials through novel strategies.166-168

First,

high-response heteroaromatic organic chromophores were deposited from vapor phase
into self-organized intrinsically acentric high quality thin films.166 The advantage of
the physical vapor deposition technique is that the product can be 100% active
without host materials. However, the difficulty is that the hyperpolarizability of each
individual unit is low while chromophores such as the crafted advanced NLO
chromophores have low resonant energy so that they may not survive during the
deposition process. Second, extremely large molecular hyperpolarizabilities were
discovered from twisted -electron system chromophores.167

Even though the

non-conventional high EO activity was not well explained, the strategy to twist the
flat conjugated NLO chromophore may help reduce chromophore aggregation and
therefore can increase the polar order for better EO activity. Last but not least, EO
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chromophores were designed, synthesized, and assembled into thin film
microstructures.168

Due to the homogeneous orientation and uniform local

environment of the NLO chromophores, the resonance band of the EO materials is
remarkably blue-shifted. The difficulty of making structures thick enough for many
optoelectronic applications may be the limitation on this issue.

2.2.3. Organic-inorganic Hybrid Sol-gel Systems
2.2.3.1. Hybrid Sol-gel Overview
Organic-inorganic hybrid materials made through sol-gel methods have attracted
increased attention for integrated optoelectronic devices in wavelength division
multiplexing
multifunctional

(WDM)

technology.173-188

molecules

such

as

Hybrid

sol-gel

3-(methacryloxy)propyl

materials

using

trimethoxysilane

(MAPTMS) as precursors can be prepared via low-cost processing techniques such as
dip coating or spin-coating, UV light imprinting or solvent-assisted photolithography,
and low-temperature baking. They have been used for the fabrication of optical
directional couplers,173 multimode interference power splitters,174,175 microring
resonators,176 and integrated optical circuity177,178 with low loss, good thermal stability,
and good mechanical properties.

Their direct photodefinability has enabled

numerous options for the integration of optoelectronic components. Furthermore,
the good match of the refractive index of the hybrid sol-gel materials with that of
fused silica provides low coupling loss to optical fibers. And the refractive index
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can be precisely tuned over a large tunable region by incorporating and adjusting
additional metal alkoxides or fluorinated components to produce fine core-cladding
refractive index control for well-confined, low loss light propagation. Hybrid sol-gel
materials have also been used to reverse-mesa structures, with suitable refractive
index matching to the active materials, for many active integrated optoelectronic
components such as optical modulators179,180 and amplifiers.181,182

The adoption of

hybrid sol-gel reverse-mesa structures as substrates broadened the possibilities of
incorporating non-photodefinable or weakly photodefinable active materials into man
integrated optoelectronic devices which generally desire light propagation
confinement for minimized optical losses. Furthermore, the recent growth in optical
access networks such as fiber-to-the-home is creating a need for low-cost, volume
manufacturable WDM components and hybrid sol-gel materials are promising matrix
materials due to the reliability and the capability of being engineered for versatile
functionalities.183

2.2.3.2. Guest-host Hybrid Sol-gel Systems
NLO chromophores can be simply incorporated into hybrid sol-gel to form active
sol-gel.184 First hybrid sol is derived from pre-hydrolyzed MAPTMS with addition
of di-s-butoxy aluminoxy triethoxysilane (BATES) or methacrylic acid (MAA)
coupled zirconium n-propoxide (ZPO). The ratio of BATES or ZPO to MAPTMS
can be varied for refractive index tuning. After condensation, the hybrid sol is ready
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to be mixed with NLO chromophores and then used for device fabrication.

Fig. 2.7. NLO chromophores for hybrid sol-gel side-chain
coupling.

The hybrid sol-gel materials can undergo crosslink during the poling processes. The
acrylate groups can polymerize under thermal curing or UV curing. The lattice can
therefore be hardened during poling to lock the doped NLO chromophores for
improved stability.

However, many advanced NLO chromophores may not be

compatible with such processes since they have low resonant energy and may
decompose during long period high temperature baking or intensive UV light
exposure.

2.2.3.3. Side-chain Hybrid Sol-gel Systems
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Fig. 2.8. Preparation schemes of NLO chromophore
coupled hybrid sol-gel precursor.

NLO chromophores with certain functional groups can be chemically linked to sol-gel
precursors and then covalently incorporated into the hybrid network. For example,
the organic dyes DR1, DR13, DR19, and phenyl tetracyanobutadienyl thiophene
stilbene (TCBD) chromophores listed in Fig. 2.7 all have unoccupied hydroxyl groups.
The hydroxyl groups can undergo chemical reaction with isocyanate groups of
multifunctional molecules such as 3-(triethoxysilyl)propyl isocyanate (TESPIC) to
form urethane structures, following Scheme I in Fig. 2.8. Compared with the single
hydroxyl group in the DR1 and DR13 molecules, DR19 has two hydroxyl groups and
TCBD has three and they need to react with stoichiometric amount of TESPIC
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following Scheme II in Fig. 2.8.

Fig. 2.9. Preparation of active EO hybrid sol-gel
materials.

The NLO chromophore linked sol-gel precursors are then hydrolyzed and mixed with
passive hybrid sol with desired ratios, as illustrated in Fig. 2.9. After condensation,
the NLO chromophore linked sol-gel molecules are incorporated into the sol-gel
network to form microspheres with stable 3-D structures as illustrated in Fig. 2.10.
Due to the increased number of anchoring positions in the hybrid sol-gel network, the
NLO chromophore aggregation can be reduced compared to simple guest-host hybrid
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sol-gel systems and the thermal stability can also be significantly improved.185-188

Fig. 2.10. NLO chromophore incorporated hybrid sol-gel.

2.3 Electric Poling for Electro-optic Effects
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2.3.1. Oriented Gas Model and Poling Efficiency

Fig. 2.11. Achieving noncentrosymmetry via electric
poling (contact poling).

The NLO chromophores can be aligned to exhibit noncentrosymmetry using an
external electric field, as illustrated in Fig. 2.11.

Theoretically the ideal EO

coefficients of the EO polymer systems can be estimated from the measured
hyperpolarizability of the NLO chromophores using oriented gas model. However,
the macroscopic nonlinearities of the bulk EO systems may vary significantly from
the predicted values.

For example, as discussed previously, the intermolecular

interaction may bring down the effective number density of the loaded NLO
chromophores and therefore reduces the potential EO activities. Hence strategies
need to be developed to reduce the NLO chromophore aggregation through molecule
engineering.
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Poling efficiency, which indicates the capability of inducing and sustaining the NLO
chromophore orientation for high order of noncentrosymmetry, is a key issue to
achieve the potential high EO activities from advanced EO systems.

A typical

electric poling process requires heating up the EO polymer system to its glass
transition temperatures to allow free molecule rotation and then electric field is
applied to align the chromophores in the desired direction. Host materials with high
glass transition temperature are generally desired for good thermal stability thus the
poling temperature will be high as well for such EO polymer systems.

However, in

many cases the poling temperature can not be increased to very high due to low
thermal stability of the NLO chromophores.

Similar problem exists for optical

poling. The high optical dose may bleach chromophores which are not photostable
even though it is not necessary to thermally process the EO polymer systems.

The EO activities may not increase linearly with the escalated poling electric field
either. The reason is that the design of advanced EO polymer systems intends to
engineer the NLO chromophores based on long conjugated bridge structure with
electron rich donor-acceptor pair and incorporate increased concentration of such
NLO chromophores. Consequently the conductivities of the EO polymer systems
are significantly increased during the high temperature poling process. In many
cases the high current through the EO polymer systems may cause damage to the
sensitive NLO chromophores. Furthermore, the effective poling voltage ratio across
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the EO polymer is very little when the advanced EO polymer systems are stacked
with other dielectric components during the poling process. Increasing the overall
applied voltage may help improve the effective voltage, however, it may also increase
the chance to break down the device system.

There are yet many problems to achieve high in-device poling efficiency from
advanced EO polymer systems. However, the poling techniques developed since the
very beginning of the poled EO polymer systems have evolved with the development
of advanced EO polymer systems, and they will still play an important role in
achieving high polar order with appropriate improvements.

2.3.2. Poling Techniques
2.3.2.1. Contact Poling
EO polymer systems can be sandwiched between two parallel electrodes and voltage
is applied to pole the polymers.102 The waveguide EO modulators have similar
layouts except that at least one waveguide clad is inserted between the two electrodes
during the poling process.103 Useful modifications to the poling process have been
made based on the EO polymer system development. For example, the thermal
profile have been altered to allow Diels-Alder type “click” chemistry for lattice
hardening.156-162

However there are many problems to solve as well. For instance,

recently the conductivity problem of the advanced EO polymer systems have hindered
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the progress of achieving high in-device EO activities and methods need to be
developed to solve this problem.

In-plane poling, which can be considered as a derivative of contact poling, may help
build devices free of the conductivity problem.143-145

The poling electrodes are

placed in plane and in close contact with EO polymer system therefore the
conductivity of the cladding materials have insignificant effect on the poling
process.120,137

Potentially any advanced EO polymer systems are compatible with

such waveguide structures despite of the processing sophistication.

Another convenient solution to help with this issue is to adopt hybrid sol-gel materials
as cladding materials.119,121-124 The hybrid sol-gel materials can exhibit even higher
conductivity than the EO polymer materials during the poling processes therefore the
poling voltage is effectively applied across the EO polymer system.134 The hybrid
sol-gel waveguide EO modulators can support advanced EO polymer systems for
exceptionally high in-device EO activities.123,124

2.3.2.2. Corona Poling
EO polymer systems can be corona poled, as illustrated in Fig. 2.12, using a sharp
needle as the top electrode pointing with some distance to the EO polymer on top of
the bottom electrode.146,147 The high electric field discharges the air between the
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needle tip and the bottom electrode, and creates surface plasma on the EO polymer
surface. The resulted electric field between the polymer surface and the bottom
electrode will then pole the NLO chromophores for EO activities.

Fig. 2.12. Corona poling process.

The corona poling technique offers some advantages over contact poling.

High

electric field can be applied without breaking down the EO polymer systems as the
poling field will still be maintained in case that there is shortage somewhere in the
materials. For example, corona poled EO polymers were reported to exhibit higher
EO coefficients than contact poled ones.147

Also in cases that the top poling

electrode is not needed in the final device, the poled polymer can be transferred
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immediately for future processing steps without extra efforts to remove the top
electrode. However, there may be also some disadvantages of the corona poling
technique. For example, the non-uniform distribution of electric field may result in
poling induced surface defects and the intensive surface plasma may cause damage to
the NLO chromophores.

A protective thin layer such as water soluble

poly(vinyl-alcohol) may be deposited before corona poling and then removed
afterwards.147 Also a corona triode with a voltage-biased grid inserted between the
poling needle and the bottom electrode may be used to improve the uniformity of the
poling field.

2.3.2.3. Optical Poling
EO polymer systems with certain type of NLO chromophores such as DR1 can be
optical-poled.148-151 The azo groups in the NLO chromophores can undergo trans-cis
photoisomerization and hence exhibit nonlinearities.

Considering the interaction

between light and the NLO molecules, lasers with different polarization can be used
to align the NLO chromophores in the desired orientation. Linearly polarized lasers
are useful to induce nonlinearities perpendicular to the light path and circularly
polarized lasers are useful to induce nonlinearities along the light path. The optical
poling process can be applied under room temperature hence the thermal stability of
the NLO chromophores is out of question. However the application is limited on
azo-type NLO chromophores.

For NLO chromophores with alkene-based
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conjugated bridge, the trans-cis photoisomerization is hindered by the hydrogen
atoms and therefore requires much higher optical energy.

2.3.2.4. Photo-assisted Poling
Optical field may be applied in combination with room temperature electric poling
process to achieve EO activities from the EO polymer systems.152-154

The EO

activities obtained from EO polymer systems via photo-assisted poling were
comparable to those achieved via thermal-assisted poling.

Again, the poling target is azo-type NLO chromophores. However, the trans-cis
photoisomerization of the azo-type NLO chromophores may have effect on other
types of NLO chromophores when they are incorporated in the same EO polymer
systems.118,140,155

For instance, in an EO polymer system with YLD124 guest

chromophore loaded in PMMA-DR1 copolymer host, a factor of 2.5 enhancement in
poling efficiency from the guest chromophore was achieved when polarized laser
light was applied to selectively enhance the host chromophores.155 The PMMA-DR1
host polymer contributed little to the overall EO activities due to the small
hyperpolarizability of the DR1 chromophore.

However, the optically induced

orientation and isomerization of the DR1 in the binary system set well-organized
lattice and taught YLD124 chromophore molecules to fill and align. Therefore the
EO polymer system exhibited significantly enhanced EO activities.
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2.4 Electro-optic Measurements

2.4.1. Second Harmonic Generation
The EO coefficient can be estimated from second harmonic generation (SHG)
measurment.102

The power of the SHG signal P2 from a poled EO polymer thin

film is related to the second harmonic coefficient d via

P 2   5123 / A  t4T2 d 2 p 2 P2 1/  n2  n22 


2

 sin 2    ,


(2.16)

where A is the area of the laser beam spot, t and T2 Fresnel-like transmission factors,
p the overlap factor between the nonlinear coefficient tensor and the experiment
geometry, and n’s the refractive indices at indicated frequencies, and () the angular
dependence of the second harmonic power resulting from interference between free
and bound waves. In cases that coherent length lc = /4(n  n2) is large compared
with the film thickness

2
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n
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where L is the film thickness, n = (n + n2)/2, and N 2 = n 2 + [(n  n2)/2]2.

(2.17)
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A piece of well known nonlinear material such as quartz can be used as a reference to
figure out many parameters in Eq. (2.16).

The intensity of the SHG from EO

polymer thin films can be compared with the SHG from the reference material to
figure out the second harmonic coefficient. The EO coefficient rij,k can then be
theoretically estimated from the second harmonic coefficient dkij through

rij , k   ;  , 0   

4d kij

fii f jj f kk0

ni2   n 2j   f kk2 ' fii ' f jj '

 3

2
0

  2 02   '2 02  4 '2 
302 02   2 

2

. (2.18)

The SHG measurement is a simple method to compare and estimate the nonlinearity.
However, it is very difficult to figure out the accurate EO coefficients due to the
uncertainties in deciding many parameters such as the field correction factors. Other
methods are needed for precise measurement.

2.4.2. Mach-Zehnder Interferometer
Mach-Zehnder interferometer (MZI) can be used to measure EO coefficients.146
Poled EO polymer material sandwiched between two parallel electrodes can be
inserted into one arm of the MZI and extra phase shift  is induced via

  r eff n3V /  ,

(2.19)
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where V is applied voltage and reff the effective EO coefficient depending on the angle
between the incident light and the applied voltage.

If the applied voltage is sinusoidally modulated at a frequency of  Hz, the phase
difference between the two arms is

 2  1     cos t ,

(2.20)

where  is the phase difference without applied voltage. The output light intensity
of the MZI is of the form

I   E012  E022  2 E01 E02 cos   2  1   / 2 ,

(2.21)

where E’s are the field amplitudes. When the voltage induced phase change is small,
the amplitude of the resulted the light intensity change can be approximated as

I   2 E01 E02  sin    I max  I min   sin  ,

(2.22)

where Imax and Imin are the maximum and minimum intensities corresponding to  = .
Therefore the effective EO coefficient can be calculated through
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r eff 


n Vrms
3

I
,
I max  I min

(2.23)

For a poled EO polymer thin film with mm symmetry, the effective EO coefficient
is dependent on the angle  between the incident light and poling direction via

r eff  r13 cos 2   r33 sin 2  .

(2.24)

If the effective EO coefficient values are measured at more than two different tilt
angles, the two independent EO coefficient tensor elements r13 and r33 can be figured
out simultaneously. The method is not limited by the result that r33 is ~3 times of r13
which is derived from oriented gas model with low poling field assumptions.

2.4.3. Single Reflection Ellipsometry
The EO coefficients of a poled EO polymer thin film can be simply measured
utilizing the interference between the s and p waves of a laser beam incident at an
angle relative to the thin film surface.169,170 The EO polymer material is coated on a
glass substrate with a thin transparent conducting oxide electrode such as indium tin
oxide (ITO).

A transparent thin metallic mirror is deposited on top of the EO

polymer and then voltage is applied to pole the EO polymer. After poling, a laser is
incident from the glass substrate side to the EO polymer layer at an angle  and
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reflected back through a Soleil-Babinet compensator and an analyzer to the detector.
A modulating voltage V = Vm sin mt is applied across the electrodes.

The

modulated laser signal from the detector is measured by a lock-in amplifier.

The phase shift of the s or p wave propagated through the film is

s , p   4ns , p d /   cos  s , p   4no d /   1  ns,2p sin 2  

1/2

(2.25)

where d is the film thickness,  the refractive angle, ns  no , and n p2 
ne2 sin 2  p  no2 cos 2  p .

With  no ,e   1/ 2  no3,e r13,33 Vm / d  sin mt , the voltage

induced phase shift from the applied modulating voltage is given by

s 

2no4 r13Vm sin mt

  no2  sin 2  

1/2

(2.26)

and
2
2
2
2 2
2no r13Vm sin mt  r33 ne  r13 no  sin   r13 no ne 
,
 p 
1/2
ne 
 n2  sin 2  

(2.27)

e

respectively. The output intensity, as a function of the total phase retardation sp
between the s and p waves, is
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I  2 I c sin 2   sp / 2  ,

where Ic is the midpoint intensity and  sp   0sp  s   p .

(2.28)

When the compensator

is tuned at I  I c ,  0sp   n  1 / 2   , where n is an integer. For small induced phase
shift,

I  I c 1  s   p   .

(2.29)

Therefore from the amplitude of the modulated intensity Im, the EO coefficients can
be calculated given that the measurements are taken at least at two different angles.
Or for simplicity, assuming r33  3r13 when low poling field is applied, the EO
coefficient r33 can be calculated via

3 I m
r33 
4Vm I c no2

no2  sin 2 
.
sin 2 

(2.30)

The single reflection ellipsometric method is derived with the assumption that the ITO
has no absorption at the measurement wavelength. This is not very true. In order
for a more accurate determination, attention should be directed to a rigorous model
analyzing the multilayer structure reflection.171
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2.4.4. Attenuated Total Reflection
Attenuated total reflection method can be used to measure the EO coefficients.172
EO polymer material is deposited on a metallic mirror coated substrate, and another
thin metallic mirror is coated on the EO polymer. A prism is brought in close
contact with the top electrode and a laser is shine on the top of the thin layers using a
prism. The reflectivity of the s or p wave is

Rs , p  

Rs , p
no ,e

no ,e .

(2.31)

With modulating voltage Vm sin mt, the modulated signal in the reflected beam
follows

Rs , p  

Rs , p n 3
V
no ,e r13,33 m sin mt ,
d
n no ,e

(2.32)

where R/n is the slope which can be experimentally determined, n /no,e the
modulating efficiency of the waveguide which can be derived by mode analysis. In
a way similar to the analysis from single reflection ellipsometric method, EO
coefficients can be calculated with measured amplitudes of the reflectivity changes.

2.4.5. Waveguide Modulator
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Interferometer can be fabricated in waveguide structures to measure the EO
activities.103,123

A MZI EO modulator with two-arm, push-pull electrodes can be used for intensity
modulation. The interference properties are similar to typical MZIs except that the
interactive length with modulating voltage is much longer than the thickness of
deposited EO polymer thin film.

Therefore the phase difference between the two

arms of the MZI can be modulated significantly to obtain high extinction ratio.
Halfwave voltage V is the voltage difference from the adjacent intensity maximum
and minimum.

When the input laser is linearly polarized along the poling direction,

the EO coefficient r33 can be calculated from V by

r33   h / 2n3V L ,

(2.33)

where h is the gap between the electrodes, L the interaction length, and  a modal
overlap integral. Similarly for polarization perpendicular to the poling direction, EO
coefficient r13 can be calculated.

A phase modulator can also be used to measure the EO coefficient. Typically the
phase modulator is simply a single-channel waveguide modulator.
linearly polarized at 45

o

Laser light

is coupled into the waveguide and the TE and TM modes
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experiences different phase shift due to different EO coefficients. An analyzer is
used to check the polarization properties of the output laser light. The halfwave
voltage V again is the voltage difference from the adjacent intensity maximum and
minimum.

The EO coefficients can be calculated from

r33  r13   h / n3V L

(2.34)

Assuming low poling field, r33 ~ 3 r13, and then

r33  3 h / 2n3V L

(2.35)

r13   h / 2n3V L .

(2.36)

and

2.4.6. Fabry-Perot Interferometer
EO activities of EO polymer systems can be measured using compact thin-film based
Fabry-Perot interferometers (FPIs).73
chapter.

The detailed analysis will be given in next
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CHAPTER 3

ACTIVE FABRY-PEROT INTERFEROMETER DEVICES
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3.1 Fundamentals

3.1.1 Multiple Beam Interference

Fig. 3.1. Multiple beam interference at two parallel
reflective interfaces.

Airy’s formula for Fabry-Perot interferometers (FPIs) can be derived from the
multiple beam interference assuming no absorption and no phase change at the
interfaces 1 and 2 as illustrated in Fig. 3.1.

The refraction at the interfaces follows Snell’s law:
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n' sin θ'  n sin θ ,

(3.1)

where n is the refractive index of the media I, n the refractive index of the medium II,

θ' the incident light angle to the normal of the interfaces, and  the refraction angle.
The phase difference between two transmitted or reflected beams can be expressed as



2



2nd cos  ,

(3.2)

where  is the wavelength in vacuum, and d is the distance between the two reflective
interfaces.

For the reflected light, the total electric field of all the reflected beams is

Er  Ei (r  tt ' r ' ei  ...  tt ' r ' 2 p 3 ei p 1 )

(3.3)

and for the transmitted light the total electric field is

Et  Ei tt '(1  r '2 ei  ...  r '2 p 1 ei p 1 ) ,

where p is an integer.

(3.4)
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The following equations can be derived using Stokes relations which indicate that a
wave’s propagation must be reversible when there is no loss:

tt ' r 2  1

(3.5)

tr ' rt  0 ,

(3.6)

and

with t the field amplitude transmittance from I to II, t ' from II to I, r the field
amplitude reflectance at interface 1, and r ' at interface 2. Therefore, reflectance is

R  r '2  r 2 ,

(3.7)

T  tt '  1  r 2  1  R

(3.8)

and transmittance is

In cases that p approaches infinity, the Eqs. (3.3) and (3.4) converge and the reflected
light intensity is
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4 R sin 2  / 2 

I r  Er E  I i
*
r

1  R 

2

 4 R sin 2  / 2 

(3.9)

and the transmitted light intensity is

I t  Et Et*  I i

T2

1  R 

2

 4 R sin 2  / 2 

.

(3.10)

The coefficient of finesse, given by

F

4R

1  R 

2

,

(3.11)

can be applied and the reflected light intensity is now

I r  Ii

F sin 2  / 2 
1  F sin 2  / 2 

(3.12)

and the transmitted light intensity is now

It  Ii

1
.
1  F sin 2  / 2 

(3.13)
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Fig. 3.2. Characteristic FPI transmission profile.

Three typical FPI transmission curves with R = 0.2, 0.6, and 0.9, respectively, vs.
phase are illustrated in Fig. 3.2. The phase difference between adjacent peaks is 2.
In comparison with the coefficient of finesse, the definition of finesse is

,

(3.14)

where  is the corresponding phase difference of the full-width-at-half-magnitude
(FWHM) of the FPI transmission peaks. If R is large and then  is very small,

.

(3.15)
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In the wavelength domain, the wavelength difference corresponding to a 2 phase
change is the free spectral range (FSR), and the finesse can then be expressed as

.

(3.16)

Fig. 3.3. Au mirror reflectance phase dispersion
dependence on mirror thicknesses.

3.1.2. Metallic Thin Film Mirror
Thin metallic films, such as Au, Ag, and Al, can be employed as mirrors. However
the metallic thin film mirrors have absorptive losses and introduce additional phase
changes at the interfaces.
dispersions into account, is,

The phase for such cases, strictly taking all possible
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Fig. 3.4. Au mirror reflectance phase dispersion
dependence on medium refractive index.

Fig. 3.5. Au mirror reflectance phase dispersion
dependence on incident angle.
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2



2nd cos   1   , n,    2   , n,   ,

(3.17)

where  is the reflectance phase change on inner side of the indicated interface, which
is dependent on the wavelength, the medium refractive index, and the incident angle.

At normal incidence, the Au mirror reflectance phase dispersion dependence on the
Au mirror thickness is shown in Fig. 3.3. The phase difference is less than 10
degrees within 400 nm wavelength range.

The Au mirror phase dispersion

dependence on the refractive index of the medium between FPI mirrors is shown in
Fig. 3.4 with less than 10 degrees from n = 1.40 to n = 1.80.

Angular phase

dispersion is shown in Fig. 3.5 indicating that the additional phases at the interfaces
are stable within certain angle. For metallic mirrors, with assumptions that there is
not much spectral phase dispersion or angular phase dispersion and there is no change
on the refractive index of the FPI medium, the phase can be approximated as



2



2nd cos   1  2 ,

(3.18)

In cases that d is very large and the additional phase changes at the interfaces can be
ignored in spectral analyses. For instance, with normal incidence and the above
assumptions, the FSR can be derived from
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  nd  1 


FSR  2 .

(3.19)

And then

FSR 

2
2nd

.

(3.20)

This is the FSR estimation equation used in many cases. However, in cases that thin
film materials are applied in FPI structures for highly sensitive applications, some of
the assumptions may not be appropriate and strict analyses are needed.

The reflectance and transmittance magnitude of Au mirrors with different thicknesses
are illustrated in Fig. 3.6 and Fig. 3.7. The thin layers of Au with certain thicknesses
are semi-transparent and the sum of transmittance, reflectance, and absorption is unit:

T  R  A  1.

(3.21)

The FPI transmission can then be derived as

It
1
1

,
2
I i 1  A / T  1  F sin 2  / 2 

(3.22)
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Fig. 3.6. Reflectance magnitude of Au mirrors with
different thicknesses.

Fig. 3.7. Transmittance magnitude of Au mirrors with
different thicknesses.
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Fig. 3.8. The FPI transmission with different A/T ratios.

Fig. 3.9. Normalized FPI transmission with different A/T
ratios.
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Fig. 3.10. DBR Reflectance magnitude dispersion with
different number of dielectric pairs.

Fig. 3.11. DBR Reflectance phase dispersion with
different number of dielectric pairs.
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Fig. 3.12. Reflectance magnitude dispersion of DBR
mirrors with different media.

Fig. 3.13. Reflectance phase dispersion of DBR mirrors
with different media.
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from Eq. (3.10), indicating that even though A may be small, but if T is also small, the
maximum transmitted intensity may be very small.

For illustration, the FPI transmission with different A/T ratios is plotted in Fig. 3.8 to
show their influence on the transmitted intensity and the FPI transmission is
normalized and plotted in Fig. 3.9 to highlight their influence on the bandwidth of the
transmission peak.

3.1.3. Distributed Bragg Reflector Mirror
Periodic thin film systems with a number of quarter wave dielectric layers can be used
as highly reflective Distributed Bragg Reflector (DBR) mirrors.189-191 For instance,
the reflectance of the structure S(BA)pM with p pairs of quarter wave dielectric layers
on substrate S and in medium M can be derived using characteristic matrix method as

R2 p

 n  n 2 p   n  n 2 p 
 1  S  A   / 1  S  A   .
 nM  nB    nM  nB  

(3.23)

When |nA – nB| and p is large, the R2p can be very close to 1 for high reflectivity.

The high and low refractive index dielectric materials for the DBR mirrors are Ta2O5
and SiO2, with nH ~2.1 and nL ~1.46, respectively. The DBR mirrors can have a
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symmetric structure of A1/2(BA)p-1BA1/2 and then the reflectance is not dependent on
the direction of the substrate and the medium.

The optical properties of thin film

stacks such as DBR mirrors and FPI structures can be calculated using commercial
available software Essential McLeod, developed by Thin Film Center Inc. from
Tucson, Arizona, USA.

The reflectance dependence of the number of the pairs of high and low refractive
index materials is calculated and illustrated with reflectance magnitude in Fig. 3.10
and reflectance phase in Fig. 3.11.

As the number of dielectric pairs increases, the reflectance magnitude increases and
the phase dispersion gets larger within a narrowing spectral region. The additional
phase changes experienced at the DBR interfaces are also dependent on wavelength,
angle, and the refractive index of the medium.

With normal incidence, the effect of different media with different refractive indices
on the reflectance magnitude and phase of the DBR mirrors (p=10) is shown in Fig.
3.12 and Fig. 3.13, respectively. The phase dispersion of typical DBR mirrors is
much larger than metallic thin film mirrors as previously discussed. For FPIs with
thin film media, the phase dispersion often needs to be considered.
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Fig. 3.14. Transmission spectra of ~50 nm TCO
electrodes.

Fig. 3.15. FPI transmission spectra with different ITO
configurations.
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3.1.4. Transparent Conducting Oxide Electrode
Transparent conducting oxide (TCO) materials have been used as electrodes with
good conductivities.192-194

Indium tin oxide (ITO) electrodes have been the mostly

applied TCO materials for many optoelectronic applications since they were
developed by sputtering.193,194

Other TCO materials, such as indium oxide (In2O3)

and zinc oxide (ZnO), have also been developed and applied in optoelectronic
applications.132,133,195

Good transparency of the TCO electrodes are highly desired for FPI optoelectronic
devices with the TCO electrodes in the optical paths. The transmission spectra of
several TCO electrodes including In2O3, ITO, and aluminum doped ZnO, with
approximate thicknesses of 50 nm are illustrated in Fig. 3.14. The transparency of
the TCO electrodes can be tuned by changing the electrode thin film thickness.
However, the thickness needs to exceed certain level to ensure uniform deposition.
Otherwise the resulted poor optical quality and high resistance will have adverse
effect on the FPI devices.
The transparency and the plasma edge frequency can also be tuned by adjusting the
carrier concentration via deposition engineering.

However, in many cases the

higher the transparency the lower the conductivity, especially for the near infrared
(NIR) region. This especially needs to be considered for the design of high speed
active FPI devices.
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In order to illustrate the potential of employing TCO electrodes such as ITO for high
resolution applications, the transmission spectra of FPIs using DBR mirrors with 10
pairs of dielectric quarter wave layers and ITO thin film electrodes with different
thicknesses are shown in Fig. 3.15.

Compared with the transmission spectrum

assuming no absorption, the two ITO electrodes with 100 nm thickness each can be
applied outside DBR mirrors to afford overall transmission nearly 90%. However,
when the ITO electrode is incorporated inside the DBR mirrors, the FPI transmission
drops dramatically with the total thickness of ITO.

Furthermore, the TCO electrodes need to have good thermal stability when the
electric poling requires heating up the FPI structure including the TCO electrode.
Indeed, the reason for this problem is that oxygen from air possibly penetrates into the
hot electrode and brings down the carrier concentration to reduce or even kill the
conductivity. Therefore, poling in an oxygen-free environment may help with this
issue. For poling techniques that no thermal process (such as optical poling) or
single electrode (such as corona poling) is needed, the TCO electrodes sensitive to
heat or oxygen may still be utilized.

3.2. Thin-film Based Fabry-Perot Interferometers
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3.2.1. Structure Types

Fig. 3.16. Different types of thin-film based FPI
structures.

The thin-film based FPIs can adopt different structures which fall in three general
categories based on the applied mirror types.

The possible combinations are

illustrated in Fig. 3.16.

Type I FPI structures consist of two metallic thin film mirrors (Fig. 3.16; Structure I).
The thicknesses of metallic thin films can be tuned for various spectral properties.
The advantage of such structures is the simplicity in fabrication as they need only one
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substrate, one mirror and electrode material, and a few quick deposition steps. The
limitation is that, the mirror reflectance magnitude can not be very high due to the
absorption of the metallic materials and therefore the resolution of the FPIs can not be
very high.

Fig. 3.17. Characteristic FPI reflection profile.

Type II FPI structures use one metallic thin film as a mirror and electrode and one
DBR mirror with a TCO electrode. Compared with Type I FPI structures, the system
finesse can be improved by increasing the reflectivity of the DBR mirror.

The

structures consist of one substrate and the deposition of DBR mirror is slightly more
complicated than metallic thin film.

The TCO electrode can be either inserted inside
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the DBR mirror (Fig. 3.16; Structure II-1) or outside (Fig. 3.16; Structure II-2).

Fig. 3.18. Calculated spectra of a FPI with absorptive
layers.

Type III FPI structures possess two DBR mirrors with two TCO electrodes.
Depending on the transparency of the TCO materials, the TCO electrodes can be
applied both outside the DBR mirrors (Fig. 3.16; Structure III-1), one outside and one
inside (Fig. 3.16; Structure III-2), and both inside (Fig. 3.16; Structure III-3).
Because the deposition of DBR mirrors and TCO electrodes normally require high
temperature, they can not be sputtered on EO polymer coated substrates. Instead,
they are deposited on an additional substrate, and the two substrates will be coupled
together to complete the FPI structure.
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3.2.2. Transmission and Reflection Modes
All the FPI structures can be applied in both transmission and reflection modes. The
transmission modes of FPIs and the absorption effect were discussed previously. For
FPIs without absorption, the reflection mode response is simply

I r  Ii  It .

(3.24)

Typical reflection profile of FPI structures with different reflectivity is shown in Fig.
3.17. For FPIs with absorptive components in complicated structures, models can be
built using Essential McLeod and the reflection and transmission spectra can be
calculated. Examples of transmission and reflection spectra for a FPI with structure
II-2 are calculated and shown in Fig. 3.18. The transmission is similar to what has
previously been discussed while the reflected intensity Ir has similar bandwidth but
larger intensity depth. The design of FPIs in reflection mode can also be optimized
through modeling and useful for many optoelectronic applications.

3.2.3 Effective Voltage
For different types of FPI structures with more than just the EO polymer thin film
between the electrodes, the effective voltage can be estimated using an equivalent
electric circuit.203
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When the voltage is applied at around DC frequency, the effective voltage ratio of the
voltage across the EO polymer thin film Vp over total voltage V0 is mainly determined
by the conductivities of each layer and hence



Vp
V0



 pd p
,
 i d i

(3.25)

where  is resistivity and d the thickness of the indicated layer.

For modulation even at low frequency, the dielectric properties dominate than the
conductivities. Thus the thicknesses di, permittivities i, and permeabilities i are
needed for consideration. From an equivalent electric circuit with i layers in series,
the effective voltage ratio across the EO polymer thin film can be estimated by



Vp
V0



Zp

Z

,

(3.26)

i

where Z is the impedance of the indicated layer,

Z i   Li / Ci  ,
1/2

(3.27)

with L is the inductance per unit length and C the capacitance per unit length of the
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indicated layer. Since for certain polymer width w,

Li  i 0

di
w

(3.28)

Ci   i 0

w
,
di

(3.29)

and

the effective voltage ratio can be derived as



Vp
Vo



dp /  p

d

i

/ i

.

(3.30)

3.3. Active Fabry-Perot Interferometers

3.3.1. Resonance Tuning
Analyses on different types of active FPI devices have been conducted and
reported.204-213

As discussed previously, for thin-film based FPI devices, additional

phases and their dispersions at the active medium interfaces need to be considered.
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The precise phase dispersions of the interfaces can be either directly measured214 or
calculated using matrix method.215

With normal incidence, the modeled results

indicate nearly linear dispersions within a small region.

The interface phase

dispersions can therefore be approximated to the first order as

1,2 

1,2
n

n 

1,2


 .

(3.31)

At resonance the phase is



2



2nd  1  n,    2  n,    2m ,

(3.32)

with interference order m=0, 1, 2...

When a small perturbation is applied, for instance, an external electric field, the
refractive index may change through effects such as EO effect and the thickness may
change through effects such as piezoelectric effect. The new resonance is reached
with the following relation:

  n  n  d  d 
 1  n,    1  2  n,    2   2m ,
    

(3.33)
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Combining Eqs. (3.31-33), the resonance wavelength shift with the small perturbation
can be derived as

 

 2d    / 2  

1

/ n  2 / n   n  2nd

2nd /     / 2  1 /   2 /  

.

(3.34)

Fig. 3.19. Resonance tuning and intensity modulation of
active FPIs.

When the phase dispersions over refractive index and wavelength are negligible, the
equation above is simplified into







n d
,

n
d

(3.35)
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which is generally used in cases that the interface phase dispersions can be ignored.

3.3.2. Intensity Modulation
The applied voltage can spectrally result in resonance wavelength shift, enabling the
FPIs as tunable optical filters (TOFs).

For monochromatic sources the electric

addressable FPIs can serve as spatial light modulators (SLMs). The intensity of FPIs
can be modulated as illustrated in Fig. 3.19.

If the source wavelength is in

coincidence with the resonance peak of the FPI, light passes through the FPI with
maximum transmission.

As the resonance peak is tuned away from the source

wavelength, the transmission is lowered consequently.

The transmitted light

intensity can be estimated by

,

(3.36)

where  is the linear transmission of the FPI components outside the mirrors.

With electrically induced changes in refractive index and thickness, the phase can be
expressed as



2



2  n  n  d  d   1   , n  n   2   , n  n  .

(3.37)
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Since the wavelength is in coincidence with the resonance peak, the original phase is

 0  2

2nd



 1   , n   2   , n   2m .

(3.38)

The phase with applied voltage is then

  2m 

2



2nd 

   
2d n   1  2  n .

 n n 

2

(3.39)

Typically the thickness change results from electromechanical effect with response
time around millisecond level. The refractive index change can be induced by EO
effect with response time less than nanosecond. For high speed operation via EO
Pockels effect,

1
V
,
n   n3 r13
d
2

(3.40)

1  d   
V
  2m     1  2  n3 r13
.
2   n n 
d

(3.41)

the phase is

3.3.3. Free Spectral Range

87

The FSR in wavelength domain can also be examined to the first order taking the
phase dispersion at the active medium interfaces into account.216

At normal

incidence, the resonance phase condition can be rewritten as



.
2nd   2m  1     2    
2

(3.42)

The FSR in wavelength is the difference between the current resonance peak and the
adjacent resonance peaks with phase changes 2 extrapolated from the phase
dispersion in the small spectral vicinity. The adjacent resonances may only virtually
exist because the phase dispersion changes dramatically over large spectral range.
For the adjacent resonances at +FSR,




    FSR 
2nd   2  m  1   1     1 FSR  2     2 FSR 
.


2



(3.43)

The FSR in wavelength domain, FSR, can then be calculated using Eqs. (3.42) and
(3.43). Two FSR values, corresponding to phase change of 2, can be selected out
of four possible solutions.

The difference between the absolute values of the

calculated FSRs increases when the interference order m reduces, indicating more
asymmetric transmission bands in wavelength domain at lower orders.
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Fig. 3.20. A spin-coated EO polymer surface profile and
the thickness variation.

Fig. 3.21. FPI transmission broadened by EO polymer
thickness variation.
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3.3.4. Effective Finesse
The effective finesse of the FPI systems is defined as FSR over the effective FWHM
of the resonance band.

The effective FWHM can be directly measured from

transmission spectrum. The designed FWHM (FWHM) may be estimated for simple
cases using the effective reflectivity of the mirrors with absorption consideration.
For more complicated systems, models can be built and the transmission bandwidth
can be analyzed.

Furthermore, other losses such that induced by surface nonuniformities should also be
taken into account.

The nonuniformities originate from the inhomogeneities in

material properties and processing procedures. For a multiple layer thin-film based
FPI, the active medium is of the highest sensitivity to the thickness variation. For
instance, the surface profile of a spin-coated EO polymer and the corresponding
thickness variation distribution are illustrated in Fig. 3.20. The thickness variation
induced spectral bandwidth broadening can be derived from Eq. (3.34) as

d 

2n
d .
2nd /     / 2  1 /   2 /  

(3.44)

Due to the linear relation, the thickness variation induced spectral bandwidth has the
same distribution function as the thick variation distribution g(d), which can be
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approximated as a normal distribution in most cases. The effective FPI transmission
can be estimated as the product of convolution of the FPI resonance transmission T
with no thickness variation and the thickness variation induced spectral bandwidth
broadening function g(), as

T eff     T    * g    .

(3.45)

For example, a very narrow FPI transmission resonance band can be used as a delta
function to find out the thickness variation induced broadening function, as illustrated
in Fig. 3.21. The effective FWHM can be approximated as

eff
FWHM
 FWHM  d .

(3.46)

3.3.5 System Performance
There are several key features for active FPI devices. First is the spectral sensitivity,
which indicates the resonance tuning capability with certain drive voltage.

The

effective voltage ratio needs to be optimized for certain type of FPI devices. The
electrical sensitivity of the active medium materials may be the most critical issue.
For example, the drive voltage on the EO polymer based FPI devices can be lowered
by at least one order than that on LiNbO3 based FPI devices, owing to the
development of advanced EO polymer systems with large EO coefficients.
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The throughput bandwidth is another important parameter. With fine control in thin
film deposition for improved surface quality and rational layout of absorptive
components in the FPI structures, the FPIs can be designed to offer attractive spectral
properties. Active FPIs can be designed with extremely high resolution,27-30 which
can be simply tuned by varying the thicknesses of the FPI cavities. Comb shape
transmission from the FPIs can be used for multiple wavelength operations,33 and
additional FPI filters can be applied for precise single-wavelength selection.
Furthermore, the active FPIs can also be designed with multiple cavities coupled in
tandem for flat-top throughput.37

The spectral sensitivity and the throughput bandwidth together may determine the
isolation or modulation capabilities for TOFs or SLMs. In addition, high operation
speed is desired from the active FPI devices. Typically TOFs with ~ms response
time is applicable and SLMs may be interesting with operation speed beyond 100 kHz.
Improvement on the drive voltage electric circuitry and design of FPI devices with
small RC time constant can improve the operation speed.209

More issues need to

taken into consideration for extremely high operation beyond gigahertz.

All optoelectronic devices are desired with low insertion losses. There are two types
of absorption from the active FPI devices, as explained by Eq. (3.36). One is the
linear absorption of the active FPI components outside the FPI resonant cavities,
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which is generally small due to the thin film nature of the coatings. Another is the
absorption and scattering losses of the active FPI components involved in the FPI
resonant cavities.

The surface quality, material homogeneity, and processing

uniformity are all critical issues contributing significantly to the overall throughput.

In addition to the optical features, some physical properties are of great importance as
well. First one is the small active area, which essentially needs only to be as large as
the incident beam. For active FPI devices directly coupled with optical fibers, the
active area can have a diameter on the order of ~10 m.

Hence ideally multiple

active FPI units can be integrated into a large dense-array pixelated device for high
density wavelength division multiplexing applications.

Another attractive

characteristic of the active FPI devices is their compact size as they are all thin-film
based.

For example, the flexibility in processing organic materials has enabled

thin-film based active FPI devices with active layer thickness on order of ~m,
leading to active devices with total thickness of only a few microns which are
compatible with integration on semiconductor-based systems.
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CHAPTER 4

ELECTRICAL TUNABLE OPTICAL FILTERS

ABSTRACT
Electro-optic (EO) polymer materials including TCBD sol-gel, AJL8/APC,
and AJLS102/APC incorporated Fabry-Perot interferometer (FPI) devices
have been explored for tunable optical filters (TOFs). High finesse has
been obtained using highly reflective distributed Bragg reflector (DBR)
mirrors in the FPI structures. Large tunability with linear dynamic range
has been achieved owing to the corona-poled EO polymer materials. The
EO effect and inverse piezoelectric effect responsible for the resonance
tuning have been discussed. The highly electrical sensitive EO polymer
based FPI TOFs are promising for spectral filtering or intensity attenuation
applications in wavelength division multiplexing (WDM) communication
systems.
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4.1 Materials and Processing

4.1.1 Materials Preparation
TCBD sol-gel: Nonlinear optical (NLO) chromophore TCBD (Fig. 2.7) and
3-(triethoxysilyl)propyl isocyanate (TESPIC) with a molar ratio of 1:3 are mixed in
dimethylformamide (DMF). The mixture is refluxed at 70 oC for half an hour (Fig.
2.8). The reaction is then allowed to cool to room temperature and the solvent DMF
is removed under reduced pressure. The resulted solids of TCBD-TESPIC are next
dissolved in 2-propanol and 0.01 N HCl is added to the solution for EO active sol
preparation (Fig. 2.9). Meanwhile the passive sol can be prepared starting from
3-(methacryloxy)propyl trimethoxysilane (MAPTMS) and di-s-butoxy aluminoxy
triethoxysilane (BATES). MAPTMS is hydrolyzed by 0.01 N HCl and stirred for an
hour.

BATES is dissolved in 2-propanol and then mixed with the hydrolyzed

MAPTMS with the molar ratio of Si:Zr = 84:16. In addition, 3-glycidoxypropyl
trimethoxysilane can be hydrolyzed by 0.01 N HCl and added to the passive sol to
improve the thermal stability of the final product. The active sol and passive sol are
next mixed with certain ratio to have total NLO chromophore concentration of 15 mol
%. The mixture is allowed to stir overnight for silica network condensation, and the
NLO chromophore TCBD is then covalently linked to the network.

AJL8/APC and AJLS102/APC: NLO chromophore, AJL8 (structure shown in Fig. 2.2)
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or AJLS102 (structure shown in Fig. 2.1), and amorphous polycarbonate (APC;
structure shown in Fig. 2.3) with a weight ratio of 25:75 are dissolved in
cyclopentanone with the concentration of solids = 11.2 wt %. The solution is stirred
overnight and ready to use.

Fig. 4.1. Processing scheme for fabrication of EO polymer
based FPIs.

DBR: The DBR mirror has a structure of L1/2(HL)9HL1/2, where H is a quarter wave
layer of sputtered Ta2O5 with nH = 2.1 and L is a quarter wave layer of sputtered SiO2
with nL = 1.47. The two materials used for the DBR mirror are of low dispersion
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over the near infrared (NIR) region of interest.

Fig. 4.2. Thicknesses of spin-coated AJL8/APC polymer
thin films at different spin speeds.

Transparent conducting oxide (TCO) electrodes: Indium tin oxide (ITO) electrode is
sputtered using ion-beam assisted deposition system. The ITO transparency in the
NIR region can be tuned by varying the thickness of the deposited thin film. For
example, the transparency can be increased to 95% for a 50 nm ITO film from 90%
for a 100 nm ITO film at 1550 nm wavelength. However, the resistivity is increased
from 50 /□ to 500 /□. The ITO electrodes can not be incorporated inside FPI
cavity for high finesse systems. However, they can be applied outside the FPI cavity
with DBR mirrors to have type III-1 structure (Fig. 3.16). Indium oxide (In2O3)
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electrode has even better transparency (>98%) but unfortunately the In2O3 electrode
loses its conductivity during thermal assisted corona poling process. Hence type
III-3 structure using both In2O3 electrodes inside FPI cavity is not applicable though
one In2O3 electrode can be inserted into FPI cavity on the cover substrate which is not
involved in corona poling process to afford type III-2 structure. TCO electrodes
with good transparency and conductivity stability are desired to fabricate type III-3
structure which offers high effective voltage ratio.

4.1.2 Device Fabrication
The processing scheme of fabricating EO polymer based FPI is shown in Fig. 4.1.
The EO polymer materials are spin-coated with desired thicknesses on
glass/ITO/DBR substrates after 0.2 m filtration. The AJL8/APC based FPI has a
type III-2 structure using a cover substrate with the structure of glass/DBR/In2O3.
The thickness of the spin-coated thin films can be varied by changing the spin speed.
For example, the thicknesses of the EO polymer AJL8/APC thin films spin-coated at
different speeds are measured and plotted in Fig. 4.2. The thickness d can be related
to the spin speed s via

d  AB/ s ,

(4.1)

where A and B are constants obtained with data fitting. The fitted curve can be used
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to estimate spin speed for desired thickness.

For TCBD sol-gel, the spin-coated film is baked at 150 oC in vacuum for 2 hrs to
ensure thorough network condensation.

For AJL8/APC or AJLS102/APC, the

spin-coated thin film is baked at 85 oC in vacuum for 8 hours to remove the solvent.
The baked polymer film is corona poled with a voltage of 5 kV over 1 cm
needle-to-sample distance. The poling temperature is 170 oC for TCBD sol-gel and
150 oC for APC EO polymers. After 30 min, the sample is allowed to cool to room
temperature with the electric field on.

The substrate with poled EO polymer material is covered with the second substrate of
the desired FPI structure. The integrated device is clamped and sealed with UV
epoxy. Electric wires are attached to the TCO electrodes using indium solder. The
device is then mounted on a sample holder for testing.

4.2 Experiment and Results

4.2.1 Basic Characterizations
The refractive indices of the EO polymer materials can be measured using a Metricon
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2010 prism coupler.

The refractive indices for TCBD sol-gel, AJL8/APC, and

AJLS102 are measured to be 1.526, 1.600, and 1.632, respectively, at 1550 nm
wavelength.

The EO polymer thickness can be measured using a profilometer. Surface quality of
the EO polymer thin film can be either scanned roughly by a profilometer or precisely
using atomic force microscopy.

Fig. 4.3. Transmission spectra of some EO polymer
materials.

4.2.2 Spectral Analyses
The transmission properties of DBR mirrors, TCO electrodes, and EO polymer thin
films can be measured using Carey 5 spectrometer. The transmission spectra of
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some TCO electrodes have been previously shown in Fig. 3.14. The transmission
spectra of AJL8/APC and AJLS102/APC with thicknesses ~700 nm are shown in Fig.
4.3. The reflectivity of DBR mirrors, the absorption of TCO electrodes, and the
absorption of EO polymer thin films can be derived from the transmission spectra.

Fig. 4.4. Optical setup and test schemes for EO polymer
based FPIs.

Optical setup is built as illustrated in Fig. 4.4 for more accurate spectral measurement.
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The top part of Fig. 4.4 is the picture of the setup and the bottom part is the schematic
layout with details. Fine transmission spectra of the EO polymer based FPI TOFs
are measured using an erbium doped fiber broadband amplified spontaneous emission
(ASE) source. The source light is collimated and normally incident on the FPI and
the transmitted light is coupled into an optical spectral analyzer through a single-mode
optical fiber. As an example, the spectrum of the ASE source and the transmission
spectra of TCBD sol-gel based FPI with applied drive voltage are recorded and
illustrated in Fig. 4.5.

Same measurements are conducted on AJL8/APC and

AJLS102/APC as well.

Fig. 4.5. TCBD sol-gel based FPI resonance shift with
applied voltage.
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Fig. 4.6. Resonance peak shift of TCBD sol-gel based
FPI with applied voltage. Inset: the recorded resonant
transmission bands with applied voltage.

Fig. 4.7. The attenuated throughput intensity from TCBD
sol-gel based FPI (inset) and the corresponding isolation
ratio.
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Fig. 4.8. Resonance peak shift of AJL8/APC based FPI
with applied voltage. Inset: the recorded resonant
transmission bands with applied voltage.

Fig. 4.9. The attenuated throughput intensity from
AJL8/APC based FPI and the corresponding isolation ratio.
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Fig. 4.10. Resonance peak shift of AJLS102/APC based
FPI with applied voltage. Inset: the recorded resonant
transmission bands with applied voltage.

Fig. 4.11. The attenuated throughput intensity from
AJLS102/APC based FPI and the corresponding isolation
ratio.
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Fig. 4.12. TCBD sol-gel based FPI TOF attenuation
performance at 1 kHz.

\The free spectral range (FSR) of the TCBD sol-gel based FPI is calculated to be 470
nm using the method explained in last chapter and the measured full width at the half
magnitude (FWHM) is 2 nm.

Hence the effective finesse can be estimated to be 235.

The tuning range is wider than 50 nm, which is the bandwidth of the ASE source, with
30 V. The resonant transmission bands shifted with applied voltage 10 V are

recorded and the peak positions are examined, as illustrated in Fig. 4.6, for greater
detail about the dynamic property in the vicinity of the wavelength ~1550 nm.

A

tunability of 0.75 nm/V in the spectral region of interest is extracted from the linear
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shift of the resonance peak with applied voltage.

Fig. 4.13. AJL8/APC based FPI TOF attenuation
performance at 200 kHz.

For AJL8/APC (Fig. 4.8 and 4.9) and AJLS102/APC (Fig. 4.10 and 4.11) based FPIs,
the FSRs are 234 nm and 257 nm, respectively. Measured FWHMs are both ~1 nm.
Hence the finesses are 234 and 257, respectively. The effective voltage ratio of the
AJL8/APC based FPI is 0.25 with a type III-2 FPI structure, compared with 0.15 of
AJLS102/APC based FPI with a type III-1 structure. The tunabilities are 0.40 nm/V
and 0.21 nm/V, respectively.
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A tunable laser is used for the measurement of the isolation property and a
photodetector is used to read the throughput power of the EO polymer based FPI
TOFs after calibration. The laser line is tuned to the center of the FPI resonant
transmission peak before drive voltage is applied. The attenuation of the transmitted
laser light intensity from the EO polymer FPI is recorded with applied voltage
changes from 10 V to +10 V.

For instance, the TCBD sol-gel FPI transmitted

intensity attenuation profile, illustrated in Fig. 4.7 with the corresponding isolation
ratio in dBs, indicate that 10 dB isolation ratio can be achieved with drive voltage of
only 5 V.

Results are also obtained from AJL8/APC and AJLS102/APC based FPI

TOFs with similar performances.

The voltage output of the photodetector with increased FPI driving frequency is sent
to an oscilloscope to study the operation speed of the EO polymer based FPI TOFs.
For instance, the TCBD sol-gel and AJLS102/APC based FPI TOFs with type III-1
structures maintain 90% attenuation performance at 1 kHz and the attenuation
capabilities drop to 3 dB when the drive frequency is increased to 20 kHz. The
attenuated signal can have output response with the same frequency as the drive
voltage, as illustrated in Fig. 4.12, when the laser line is chosen to be on the shoulder
on the resonant transmission band of the FPI. When the laser line is tuned to the
peak of the resonant transmission band, the drive voltage with opposite signs will both
attenuate the transmitted signal and hence produce modulated signal with frequency
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twice as the drive voltage. An example output from AJL8/APC based FPI is shown
in Fig. 4.13. The AJL8/APC based FPI attenuation performance maintains 50% of
DC performance at 100 kHz.

Table 4.1. Summary of the EO polymer based FPI properties.

TCBD

AJL8

AJLS102

Sol-gel

/APC

/APC

Reference

43,44

92,93

-

FPI Structure

III-1

III-2

III-1

Effective Voltage Ratio 

0.05

0.25

0.15

Tunability (nm/V)

0.75

0.40

0.21

Tuning Stability in 10 days

<40%

50%

50%

Interference Order m

0

2

2

Bandwidth (nm)

2

1

1

Free Spectra Range (nm)

470

234

257

Finesse

235

234

257

10 dB Isolation Voltage (V)

5

5

5

3dB Modulation Speed (Hz)

20k

100k

20k

Insertion Loss (dB)

-

4

3

Active Materials
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4.2.3 Results Summary
The properties of the three analyzed EO polymer based FPIs are summarized and
listed in Table 4.1.

The EO polymer based FPIs have relatively low overall insertion losses, in the range
of 3-4 dB. In addition, the tuning stabilities of the EO polymer based FPIs are also
measured. The tunabilities are measured 10 days after the original devices have
been made. The results are compared to show that the EO polymer based FPI
devices have 40-50% of the original tunabilities remaining after 10 days.

Fig. 4.14. AJLS102/APC based FPI throughput with 20
Hz square-wave drive voltage. Inset: a zoom-in view of
the intensity decay in 25 kHz scale.
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4.3 Resonance Tuning Mechanism

4.3.1 Inverse Piezoelectric Effect

Fig. 4.15. Corona poling charging scheme.

The resonant shifts with applied voltage for the EO polymer based FPIs are
extraordinarily high considering the limited EO coefficients of the NLO
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chromophores incorporated in the devices. For the EO polymer materials used in
this study for FPI TOFs, TCBD sol-gel has demonstrated thin-film EO coefficient r33
of ~30 pm/V,187 AJL8/APC has exhibited in-device EO coefficient r33’s of 30-35
pm/V,129-137 and AJLS102/APC has shown r33’s of 65-78 pm/V.119-122

The refractive

index change due to such EO coefficients is small compared with the amount which
can result in the large spectral shift observed from the EO polymer based FPIs.

In order to analyze the EO polymer based FPI throughput response, a square wave
drive voltage is applied and the instantaneous change in the transmitted intensity is
traced on oscilloscope. A recorded intensity change of AJLS102/APC based FPI is
illustrated in Fig. 4.14 as an example. The intensity changes by 50% of the peak
value with drive voltage in ~0.1 ms, corresponding to a potential 10 kHz drive
frequency (the throughput frequency is then potentially 20 kHz).

In cases that the intensity attenuation is purely resulted by EO effect which can be
used for optoelectronic applications beyond gigahertz, the drive frequency will be
limited by the RC time constant of the FPI devices and can reach ~s for the EO
polymer based FPIs applied in this study. Hence electromechanical effects may play
an important role for the high tunability. Considering the linear dynamic range of
the resonance peak shift, inverse piezoelectric effect may be the root cause of the
large electrical sensitivity.217

The inverse piezoelectric effect has been found always

112

in companion with EO effect, even though the relative contribution may be
little.71-73,77,78 The NLO chromophores incorporated in the FPIs are of EO activities
which have been significantly improved from early dye molecules such as DR1. The
NLO molecules have larger dipole moments as well as larger capacitance for induced
charges. The induced charges can migrate with the applied field and form certain
gradient distribution when the conductivity of the EO polymer is increased during
thermal process. Therefore for corona poling process, as illustrated in Fig. 4.15, the
corona induced surface plasma may result in a charge distribution inside the EO
polymer thin film and the charge distribution is locked when the EO polymer is
allowed to cool down to room temperature before the high electric field is removed.

For simple dipole moment layout with alternating negative and positive charges, the
total dipole moment D for inverse piezoelectric effect is

D  qNa ,

(4.2)

where q is the electric charge, N the number density of the charge carrier, and a the
effective length of the charge carrier. However, for the charge distribution illustrated
in Fig. 4. 15, some of the NLO chromophores carry positive charges and some carry
negative charges with large separation. The corresponding total dipole moment can
be as high as
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D  qN 2 a ,

(4.3)

which may be many orders higher than the case with simple alternating charges. In
addition, the charged EO polymer systems can be of great potential for actuation
applications.218

Fig. 4.16. Frequency dependence of AJLS102/APC based
FPI throughput intensity.

4.3.2 Electro-optic Effect
The drive voltage frequency can be increased to beyond the electromechanical effect
region for the EO polymer based FPIs to seek the contribution from the EO effect.
For instance, the frequency dependence of AJLS102/APC based FPI throughput
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intensity, as illustrated in Fig. 4.16, shows that the attenuation ratio drops dramatically
over 10 kHz region. When the drive voltage frequency is increased to 1MHz, the
residual attenuation is reduced to about 2.4% with a drive voltage with ~15 V (Fig.
4.17).

Fig. 4.17. Attenuation at 1 MHz from AJLS102/APC
based FPIs.

Assuming that the inverse piezoelectric effect has a time constant of 0.1 ms, the
exponentially fall-off residue can be deducted at 1 MHz.

The equivalent EO

coefficient r13 of AJLS102/APC, which may be estimated from the MHz attenuation
performance with electromechanical effect residue deduction, is ~33 pm/V.
However, higher speed attenuation results are needed to evaluate the EO coefficient
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with accuracy.

4.3.3 Limitation and Improvement
The achievement of attenuation at higher speed is limited by the RC time constant of
the EO polymer based FPIs, which can be improved by different ways. For example,
the surface area of the FPIs can be significantly reduced to ~1 mm2 from current ~1
cm2 size and the capacitance can be significantly reduced for much higher drive
frequency. The thickness of the FPI components can also be modified to change the
capacitance. However, the operation speed may not be increased to very high due to
the (at least one) DBR mirror loaded between the two electrodes. The dielectric
nature of the DBR mirror may add large serial resistance in the equivalent electric
circuit and result in large RC time constant.

Furthermore, since the electromechanical effect does not respond to very high
frequency drive voltage, EO polymer materials with much higher EO activities are
desired for better high-speed performance. In the meantime, how to incorporate
advanced EO polymer materials and achieve efficient in-device EO activities is a
great challenge.

The electromechanical effect can be useful for relatively low speed operations with
~ms response time. The linear spectral shift dynamic range is a very attractive
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feature compared with quadratic effects.

One challenge to utilize the charge

injection enhanced inverse piezoelectric effect is how to sustain the charges and their
distribution for long term reliabilities. Molecular engineering may help with this
issue when increased attention is attracted on to such function.

4.4 System Integration

Fig. 4.18. An adjustable TOF housing for fiber optic
systems.
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Fig. 4.19. A fiber coupled EO polymer based FPI TOF.

4.4.1 Fiber Optic Systems
The EO polymer based FPIs can be integrated into fiber optic system as TOFs. In
order to package the FPI TOFs with fiber input and fiber output, an adjustable housing
is built as illustrated in Fig. 4.18. A cage system with fiber input and fiber output is
used for the housing and collimator lenses are mounted at the cage interfaces to optic
fiber. Two lenses are inserted in the cage system with adjustable position to ensure
beam collimation control. An adjustable filter holder is placed at the center of the
cage with X-Y and tilt control. The overall transmission of the fiber to fiber system
is ~90% and adds less than 1 dB loss to the overall insertion loss of the EO polymer
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based FPI TOFs.

Fig. 4.20. The process of fabricating multiple-pixel
arrayed electrode substrate.

The EO polymer based FPI TOFs can also be directly coupled between optical fibers.
For instance, AJL8/APC based FPI device is simply packaged with two optical fibers
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as a TOF (Fig. 4.19). However, the integrated device does not support adjustment of
the filter position and more capabilities need to be added to the prototype.

Fig. 4.21. Photomask for ITO electrode patterning.

Fig. 4.22. A substrate with patterned ITO electrodes.
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Fig. 4.23. A FPI cover substrate with DBR on patterned
ITO electrodes.

Fig. 4.24. A FPI substrate with spin-coated EO polymer.
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Fig. 4.25. A FPI substrate with EO polymer for corona
poling.

Fig. 4.26. An integrated multiple-pixel arrayed FPI.
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Fig. 4.27. Surface quality issue: parallelism.

Fig. 4.28. Surface quality issue: curvature.

123

Fig. 4.29. Surface quality issue: waviness.

Fig. 4.30. Surface quality issue: roughness.
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4.4.2 Multiple Pixel Array
Multiple units of EO polymer based FPI TOFs can be integrated in one single array
for high-density WDM communication systems.

The electrode can be patterned into a multiple-pixel array following the processing
scheme illustrated in Fig. 4.20. First ITO electrode is sputtered on a glass substrate
that has been plasma cleaned. Positive photoresist is then spin-coated on top of the
ITO electrode and soft-baked. The photoresist thin film is exposed under UV light
and patterned using a photomask (Fig. 4.21).
developed, rinsed, and hard baked.

The patterned photoresist is then

The baked substrate is immersed in acidic

etching solution with constant stirring to etch off the ITO in the unprotected area.
After the etching process, the remaining photoresist is stripped off and the substrate
with patterned ITO structures is dried in oven at 150 oC for 30 min. A patterned ITO
structure with 8 driving electrode lines is shown in Fig. 4.22. DBR mirror is then
deposited to cover the active area. The electrodes on the cover FPI substrate are
wired using indium solder or silver paint and sealed with UV epoxy (Fig. 4.23). The
EO polymer is spin-coated on the bottom FPI substrate with desired thickness (Fig.
4.24). The coated substrate is then wired and sealed (Fig. 4.25) and the EO polymer
is corona poled following the procedures described previously. After corona poling,
the two FPI substrates are coupled after careful alignment and then sealed with UV
epoxy (Fig. 4.26).
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4.4.3 Development Challenge
The surface quality of the FPI components has always been a challenge for high
finesse performance.219-221 There are four major surface quality issues: parallelism
(Fig. 4.27), curvature (Fig. 4.28), waviness (Fig. 4.29), and roughness (Fig. 4.30).
Each of the surface quality profile can be related to a probability density function of
the thickness variation. For instance, an unparallel surface results in a rectangular
thickness variation probability density function. As discussed in last chapter, the
throughput of the FPI devices is the convolution of the designed transmission
spectrum and the resonance shift spectrum resulted from the surface thickness
variation. If all the issues are negligible, all the probability density functions have
very narrow bandwidth and function as a delta function, and hence the convolved
transmission spectrum will be close to the designed results.

However, if the

thickness variation distribution has broad bandwidth and the FPI transmission at
certain wavelength will be consequently compromised.

For FPI devices in which single-pixel application is sufficient, a finely controlled
laser with small beam size can be used to seek the position over a large sample area
for optimal performance. As illustrated in Fig. 4.30, the roughness in ~100 m
range is only a few nanometers compared with ~50 nm over a ~400 m range.
Therefore there is change that high finesse performance can be achieved in a small
area. However, the surface quality becomes much worse over an increased range

126

and it will become a great challenge to extend the active working area to ~mm2 size or
even bigger. It will be equivalently difficult to have multiple pixels in a large area to
work simultaneous with high finesse performance.

The surface quality problem is difficult to improve for the FPIs with type III
structures that require two substrates for fabrication. The parallelism, curvature, and
waviness issues are rigidly defined on the substrates and the coupling of the two
substrates lacks freedom of reducing the overall surface problems. Type I and Type
II FPI structures may have better control on the relative thickness control for better
performance uniformity though they have their own problems for good FPI
performance.

Furthermore, the poling processing may also induce inhomogeneities in EO polymer
materials, resulting in additional losses to the FPI performance.222

For the corona

poling process, the lack of control on the induced surface plasma might lead to larger
broadening effect than contact poling process.
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CHAPTER 5

ELECTRO-OPTIC SPATIAL LIGHT MODULATORS

ABSTRACT
Electro-optic (EO) polymer based Fabry-Perot interferometer (FPI)
devices with simplified structures have been explored for spatial light
modulators (SLMs). The FPI structures are designed with high effective
voltage ratio (~1) to ensure high poling efficiency from contact poling
process. Metallic mirrors are adopted in the FPI structures to facilitate
device fabrication for improved uniformity.

EO modulation with

significant modulation ratio is achieved at 1300 nm and the modulation
speed can be as high as ~MHz.

Furthermore, the EO modulation

performance can be enhanced when the working wavelength is shifted to
spectral region close to the EO polymer resonance band.
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5.1 Metallic Mirror Based Fabry-Perot Interferometers

5.1.1 Rotational Resonance Tuning
FPI structures can be rotated to be in resonance with the monochromatic incident light
with the following condition:



2



2nd cos   1   , n,   2   , n,   2m ,

(5.1)

where m = 0, 1, 2...

Generally the resonance wavelength of the FPI moves to the shorter wavelengths as
the angle between the incident light and the FPI surface normal increases. In cases
that subtle changes such as refractive index variation are of interests, the angular
phase dispersion at the polymer and mirror interface may need to be strictly taken into
consideration.

Fig. 5.1. Layout of EO polymer based FPI structures
using two gold mirrors.
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Fig. 5.2. Reflectance phase angular dispersion at EO
polymer/Au interface.

Fig. 5.3. Reflectance magnitude angular dispersion at EO
polymer/Au interface.
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Fig. 5.4. Transmittance phase angular dispersion at EO
polymer/Au interface.

Fig. 5.5. Transmittance magnitude angular dispersion at
EO polymer/Au interface.
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Fig. 5.6. The transmission of rotated FPIs.

Fig. 5.7. The normalized transmission of rotated FPIs.
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Fig. 5.8. The reflection of rotated FPIs.

Fig. 5.9. The normalized reflection of rotated FPIs.
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For the simplest FPI structures using two semi-transparent gold mirrors, as illustrated
in Fig. 5.1, only three thin film components are involved and properties can be
evaluated via analyzing the polymer/Au/air interface properties.

An EO polymer with 25 wt % nonlinear optical (NLO) chromophore SWOHF3ME
[(Aminophenyl vinyl furanyl-methyl trifluoromethyl furan)-malononitrile] in
amorphous polycarbonate (APC) is incorporated in the FPI structure with two gold
mirrors of 30 nm thickness. The reflection phase and magnitude angular dispersion
of the EO polymer and gold mirror interface are plotted in Fig. 5.2 and 5.3,
respectively.

For comparison, the transmission phase and magnitude angular

dispersion are plotted in Fig. 5.4 and 5.5, respectively. The angle  used for the plots
is between the light inside the FPI cavity medium and the FPI surface normal, related
to the incident angle” on the FPI surface via Snell’s law:

n sin   n 'sin  ' .

(5.2)

The phase and the magnitude of TE and TM modes change differently when the
incident angle is increased. The resulted normal and rotated transmission spectra of
the SWOHF3ME/APC based FPI with gold mirrors are plotted vs. incident angle in
air in Fig. 5.6. Due to the increased reflectance phase, the TE mode resonance band
shifts to the shorter wavelength with a larger rate.

The normalized rotated
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transmission spectra are illustrated in Fig. 5.7, showing that the TE mode has a
narrower bandwidth on the resonance transmission band due to the increased
reflectance magnitude. The TE wave has lower overall transmission than TM wave,
probably due to the relatively larger absorption-to-transmission ratio as discussed in
Chapter 3. The normal and rotated reflection spectra are illustrated in Fig. 5.8 and
Fig. 5.9 shows the normalized reflection spectra.

The spectral properties of

resonance bands in reflection mode, such as the resonance bandwidth and resonance
shift rate, are similar to those in the transmission mode. For the proposed FPI
structure with symmetric gold mirrors, the intensity depth of the reflection resonance
band (a dip) is larger than that of the transmission resonance band (a peak),
suggesting that higher overall modulation ratio may be achieved in reflection mode.
However, the relative modulation may not be that good because the non-zero baseline
of the reflection mode.

The throughput from the EO polymer based FPI in

transmission and reflection modes can be modified by changing the design of the FPI
structures.

5.1.2 Processing and Fabrication
SWOHF3ME/APC: 25 wt % NLO chromophore is mixed with APC polymer in
cyclopentanone with total solids concentration of 11.2 wt %. The solution is stirred
for overnight and ready for use.
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SWOHF3ME/APC based FPI: A 30-nm gold thin film is E-beam deposited on a
plasma-cleaned glass substrate with a shadow mask to define the electrode patterns.
The EO polymer SWOHF3ME/APC is spin-coated on the gold thin film coated
substrate as a thin film of thickness ~820 nm.

The EO polymer is baked at 80 oC in

vacuum for 8 hrs and then another 30-nm gold thin film is sputtered on with
overlapped active area but separated connection points with the bottom gold patterns.
The EO polymer FPI is wired using indium solder for electric driving.

Contact poling:

The prepared EO polymer FPI is connected with high voltage

source and placed in a nitrogen-purged glass chamber on top of a heating plate. The
device is heated up to optimized poling temperature of 145 oC, and then a poling
electric field of 120 V/m is applied. After 3 min, the heating plate is quickly
cooled down to temperature before the poling field is removed and the poled FPI
device is ready for testing.

5.1.3 Transmission Mode
The poled EO polymer based FPI is inserted in a Carey 5 spectrometer with normal
incident source beam for wavelength scanning. The shifted transmission bands are
recorded with applied electric field from -100 V/m to +100 V/m and illustrated in
Fig. 5.10.
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Fig. 5.10. Shifted normal transmission of SWOHF3ME
/APC based FPI with applied voltage.

Assuming the spectral shift is solely induced by EO effect, the refractive index change
can be calculated form the wavelength change via

n 

2nd /     / 2  1 /   2 /  
 .
2d    / 2  1 / n  2 / n 

(5.3)

The EO coefficient r13 can then be estimated from the refractive index change through
the following equation

r13  2d n /  n3V  .

(5.4)
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For the resonance shift form the SWOHF3ME/APC based FPI, EO coefficient r13 at
~1440 nm is estimated to be ~10.4 pm/V.

Fig. 5.11. The SWOHF3ME/APC based FPI modulation
performance estimated at ~1440 nm.

The modulation performance ~1440 nm can be estimated by comparing the difference
between the transmission spectra with applied electric fields. Relative modulation
ratio  can be defined as



I V   IV 
,
IV 0

(5.5)
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where Iv+ and Iv- are the transmitted intensity with positive and negative drive
voltages and IV0 with no drive voltage. As illustrated in Fig. 5.11, the modulation
ratio from the SWOHF3ME/APC based FPI can be ~12% with 50 V/m and ~25%
with 100 V/m.

For optoelectronic applications compatible with telecom

wavelength 1300 nm for WDM communication systems, the EO coefficient r13 can be
estimated to be ~12 pm/V using two-level model:

rij   

1

02  302   2 

ni4   3  2   2 2
0

.

Fig. 5.12. Angular transmission of SWOHF3ME/APC
based FPI.

(5.6)
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The SWOHF3ME/APC based FPI is rotated and the transmitted light intensity from a
1300 nm laser is recorded for TE and TM waves. The angular transmission data are
plotted in Fig. 5.12 and the TE wave is in resonance with the FPI at 48 degree and TM
wave at 53 degree. The FPI can be rotated to around the half maximum transmission
positions, 46 degree for TE wave and 49 degree for TM wave, respectively, where the
throughput may be most sensitive to the perturbing drive electric fields.

Fig. 5. 13. The modulation performance of SWOHF3ME
/APC based FPI.

After the SWOHF3ME/APC based FPI is rotated to half way in resonance with the
TE or TM component of the incident light, drive voltage at DC frequency is applied to
evaluate the relative modulation performance. The results are plotted in Fig. 5.13 for
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illustration. The resonance transmission maxima are different for the TE and TM
components but the relative modulation capabilities of the two components are similar.
The reason is that the TM wave has a flatter transmission resonance band shoulder but
larger effective EO coefficient.

Assume no large birefringence is induced by relatively low poling field,

ne  no  n .

(5.7)

The TE wave experiences a refractive index change of
1
V
,
nTE   n3 r13
d
2

(5.8)

while the TM wave experiences a refractive index change of

1
V
,
nTM   n3 r eff
d
2

(5.9)

where r eff  r13 cos 2   r33 sin 2  .

The overall modulation ratio with 82 V is ~46% for the SWOHF3ME/APC based
FPI.
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Fig. 5.14. Modulation performance comparison of
SWOHF3ME/APC based FPI in different testing
configurations.

5.1.4 Reflection Mode
Since the resonant reflection band is in the same angular position with the
transmission band, the modulation performance of the SWOHF3ME/APC based FPI
in reflection mode can be measured with locked position but different measurement
configuration. The photodetector is now placed with symmetric angle to the FPI
surface normal.

The relative modulation ratio may not be a good parameter for the modulation
performance in reflection mode because the background of the reflected intensity is
high. The overall modulation ratio  can be used instead, which is defined as the
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ratio of the modulated light intensity to the total incident intensity I0, as



IV   IV 
.
I0

(5.10)

The modulation performance of the SWOHF3ME/APC based FPI with different
testing configurations can then be compared in Fig. 5.14.

Fig. 5.15. The frequency dependence of SWOHF3ME
/APC based FPI modulation performance.

Due to larger intensity depth on the resonance, the overall modulation ratio of TM
wave is larger than that of TE wave. Similarly the overall modulation ratio of
reflection mode is larger than that of transmission mode. The TM wave in reflection
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mode may modulate ~12% of the incident light with applied voltage.

5.1.5 High Speed Modulation
The SWOHF3ME/APC based FPI is then modulated with sinusoidal wave for
operation speed testing. If electromechanical effects contribute to the modulation
performance, the modulation ratio will drop when the operation speed is increased.
Typically electromechanical effects have ~ms response time but EO effect can support
>GHz operation.

Fig. 5.16. MHz modulation from SWOHF3ME/APC
based FPI.

The frequency of the drive voltage is increased from DC frequency to beyond MHz
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and the normalized modulation ratio is recorded and illustrated in Fig. 5.15. The
modulation performance keeps constant until the drive voltage drops due to RC time
constant limitation. Modulation at 1 MHz with modulation ratio ~95% of that at DC
frequency is achieved and illustrated in Fig. 5.16. The results indicate that there is
no significant contribution from electromechanical effects and hence the EO polymer
based FPI can potentially operate at beyond GHz with improved electric drive circuit.

Fig. 5.17. The SWOHF3ME/APC based FPI throughput
response (2, green curve) to square wave drive voltage (1,
yellow curve).

5.1.6 Interfacial Resistance
The actual RC time constant of the SWOHF3ME/APC based FPI can be measured by
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applying a square wave drive voltage. The temporal decay of the throughput light
intensity can be traced on oscilloscope, as illustrated in Fig. 5.17. The decay data
can be fitted using a simple exponential model and the RC time constant is ~100 ns
for the SWOHF3ME/APC based FPI.

Fig. 5.18. Equivalent electric circuit for the SWOHF3ME
/APC based FPI.

The resistance of the SWOHF3ME/APC based FPI driving electrode can be measured
to be ~6  independently. The capacitance of the FPI can be estimated to be ~355
pF via

C1  1 0

A
,
d

(5.11)
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where A is the effective active area of the FPI, d the EO polymer thickness, and 1 the
dielectric constant of the EO polymer SWOHF3ME/APC. Therefore the RC time
constant for an ideal electric circuit with a single resistance and a single capacitance
in series can be calculated to be ~470 MHz. This number is far different from what
has been measured from the SWOHF3ME/APC based FPI.

An equivalent electric circuit can be proposed as illustrated in Fig. 5.18, where R1 is
the connection resistance including the electrode and wiring resistances, R2 the DC
frequency resistance of the EO polymer between the two electrodes, R3 the interfacial
charge transfer resistance,223 and C1 the capacitance of the EO polymer FPI. As
discussed previously, R1 is ~6 , C1 ~355 pF, and R2 is typically very large. The
effective capacitance for the equivalent electric circuit can be calculated via

1   2f   R2  R3  C12
2

C

2

 2f 

2

R22C1

,

(5.12)

and the effective resistance

R1  R2   2f   R1 R2  R2 R3  R1 R3  R2  R3  C12
2

R

1   2f   R2  R3  C12
2

where f is the frequency of the drive voltage.

2

,

(5.13)
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Fig. 5.19. The equivalent resistance and capacitance of
the SWOHF3ME/APC based FPI.

Using experimental data measured at increased frequencies from 10 Hz to 1 kHz, the
resistance and capacitance can be extrapolated at high frequency with R ~276  and
C ~355 pF (Fig. 5.19).

The interfacial charge transfer resistance can then be

estimated as R2  R  R1 , which is ~270  for the SWOHF3ME/APC based FPI.

The effective RC time constant is significantly affected by the interfacial charge
transfer resistance and the resistance needs to be carefully considered in order to make
EO polymer based FPI SLMs operating with high speed.
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5.2 Resonance Enhanced Performance

5.2.1 Nonlinearity Resonance Enhancement
The modern design strategies of advanced EO polymer systems tend to shift the
resonance band of the NLO chromophores to longer wavelength side so that the EO
activities for the telecom wavelengths in the near infrared region can benefit from the
enhanced nonlinearity.

For SLMs, applications may not be limited at telecom

wavelengths thus the working wavelengths can be shifted to shorter wavelengths for
larger EO coefficients.

Fig. 5.20. Transmission spectra of SWOHF3ME/APC
thin film and potential SWOHF3ME/APC based FPIs at
different working wavelengths.
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For a very thin (~1 m) EO polymer layer, the additional absorption experienced may
be relatively small when the wavelength moves close to but not into the EO polymer
resonance band. Therefore, it is possible to achieve good system finesse at a
wavelength near the resonance where the EO activity is much larger due to resonant
enhancement.

For instance, the transmission spectrum (Fig. 5.20) of an 850 nm SWOHF3ME/APC
thin film shows that the absorption band reaches up to ~1000 nm. The working
wavelength may be chosen to be as close as ~1100 nm before the FPI system finesse
is affected significantly by the absorption. For comparison, two FPIs are designed
with one operating at a near-resonance wavelength (~1080 nm) and the other at an
off-resonance wavelength (~1520 nm), respectively. The the spectral properties, EO
activities, and the modulation performance of the FPIs are investigated independently.

5.2.2 Processing and Fabrication
For each FPI, a DBR mirror of 14 alternating SiO2 and Ta2O5 quarter wave layers
with ~95% reflectivity at either the off-resonance or the near-resonance wavelength is
coated on a glass substrate. A 50 nm thin layer of ITO is deposited on the DBR and
next the SWOHF3ME/APC is spin-coated after 0.2 m filtration with a thickness of
~800 nm for the off-resonance FPI and 850 nm for the near-resonance FPI. After
baking the EO polymer at 80 °C in vacuum overnight, a 30 nm thin layer of gold is
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sputtered on top of the EO polymer as a mirror and electrode. A schematic drawing
of the FPI layout is illustrated in Fig. 5.21.

Fig. 5.21. The layout of SWOHF3ME/APC based FPIs
with type II-1 structures.

Fig. 5.22. Resonance wavelength shift of SWOHF3ME/
APC near-resonance FPIs contact poled at different
temperature.
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Fig. 5.23. Comparison of near- and off-resonance FPI
shifted transmission spectra with applied voltage.

Fig. 5.24. Comparison of near- and off-resonance FPI
resonance wavelength shift.
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The EO polymer is then contact-poled at 145 °C in nitrogen purged chamber with an
electric field of 120 V/m.

The optimal poling temperature is decided after

comparing the resonant wavelength shift of the SWOHF3ME/APC based
near-resonance FPIs contact poled at different temperature, as illustrated in Fig. 5.22.
The poling electric field is chosen in the range before the field induced current density
starts to increase significantly.

5.2.3 Near-resonance and Off-resonance Performance
5.2.3.1 Spectral Properties

Fig. 5.25. Measured EO coefficients and a fit to the
two-level model.
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A Cary 5 spectrometer is used to measure the normal incident transmission spectra of
the near-resonance and off-resonance FPIs and the spectral shifts with the drive
electric field from 94 V/m to 94 V/m (Fig. 5.23).

The full-width-at-half-

maximum of the transmission band is ~16 nm for the near-resonance FPI and ~22 nm
for the off-resonance FPI. The free spectral range is calculated to be ~250 nm for
the near-resonance FPI and ~480 nm for the off-resonance FPI. The effective system
finesse can then be calculated to be ~16 for the near-resonance FPI and ~22 for the
off-resonance FPI. The decreased system finesse may result from the increased EO
polymer absorption and the increased overall transmission may benefit from the
reduced gold mirror linear absorption at the shorter wavelength. The thin ITO layer
inside the FPI cavity is also absorptive, however it has less absorption in the
near-resonance wavelength regime, hence it does not further reduce the finesse.

The resonant wavelength shifts of the FPIs are extracted from the shifted transmission
bands and plotted vs. the drive electric field in Fig. 5.24.

The spectral shift

sensitivity of the near-resonance FPI is ~2.6 times that of the off-resonance FPI. The
EO coefficient r13 can be calculated to be 25.4 pm/V and 9.0 pm/V at 1086 nm and
1526 nm, respectively.

From the FPI using two gold mirrors with a normal

incidence resonance at 1440 nm, the r13 is measured to be ~10.4 pm/V.

These results

are consistent with the r13 value (~13 pm/V at 1310 nm) obtained from the single
reflection technique and fit well as predicted by two-level model (Fig. 5.25).
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Fig. 5.26. The optimal modulation wavelength for nearand off -esonance FPIs.

5.2.3.2 Modulation Performance
A tunable laser is tuned to 1520 nm to measure the modulation performance of the
off-resonance FPI. The working wavelength is chosen to be on the shoulder instead
of the peak of the FPI transmission band for better modulation performance, as
illustrated in Fig. 5.26. Overall there is a 10 dB insertion loss for the FPIs in
transmission test mode. The modulation ratio, as defined by Eq. (5.10), is measured
to be ~19% with drive electric field amplitude of 100 V/m. The performance is
better than what can be estimated from the shifted transmission bands because the
transmission spectra obtained from the spectrometer have relatively low resolution.
A 1064 nm laser is used to measure the modulation performance of the near-resonance
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FPI. The measurement is similar to that on the off-resonance FPI except that the
near-resonance FPI needs to be rotated into resonance with the non-tunable 1064 nm
laser. The modulation ratio is measured to be ~78% for the near-resonance FPI.

Table 5.1. Summary of recent EO polymer based FPI devices for SLMs.

EO Coefficient
r33 ( nm)



36 pm/V (1300)

14 Contact

46%

82 V
1
rms MHz

2008 95

SWOHF3 ITO/DBR 27 pm/V (1526)
ME/APC
& Au
76 pm/V (1086)

22
Contact
16

19%
78%

80 V 10
rms kHz

2005 90

Azo
ITO/DBR
-copolym.

21 pm/V (1550)

35

1%

20 V 70
p-p kHz

2.5 pm/V (1550)

480 Contact

Year Ref.

2008

-

2005 89

2005 88

1998 82

EO
Mirror/
Polymer Electrode

SWOHF3
ME/APC

DR1
/PMMA

Au

Al/DBR

Azo
ITO/DBR
-copolym.
DR1
/PMMA

ITO/DBR
& Al

1993 76

Azo
Au/DBR
-copolym.

1989 71

Azo
-copolym.

Au

Poling

Corona

Modulation
Contrast

0.13%

V

-

f

103
kHz

23 pm/V (633)

-

Corona

4.7%

5.1 V
1 kHz
rms

-

-

Contact

0.00002

30 V
1 kHz
p-p

11 pm/V (633)

3.4

Corona

38%

88 V 10
rms kHz

-

15
18

Contact

0.00003

5V
1 kHz
rms
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Table 5.2. Comparison between three different types of modulators.

Microring
Waveguide

FPI
Resonator

Device Length

cm

mm

mm

Device Width

m

mm

mm

Device Thickness

m

m

m

Device Interface

Integrated Optics

Integrated Optics

Free Space

Phase or

Phase or

Amplitude

Amplitude

Drive Voltage

Low

Low

High

Drive Scheme

Transverse (r33)

Transverse (r33)

Longitudinal (r13)

Modulation Speed

High

High

Very High

Throughput Mode

T%

T% or R%

T% or R%

Absorption Tolerance

dB/cm

dB/cm

>40 dB/cm

Dominant Loss

Absorption

Absorption

Scattering

Refractive Index Range

Moderate

Moderate

Wide

Fabrication Flexibility

High

High

Very High

Modulation Type

Amplitude
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The modulation ratios of the near and off resonance FPIs are constant up to ~10 kHz,
limited by the RC time constant of the devices. The resistance of the 50 nm ITO
electrode is ~10 k/□ and may be dominant over the interfacial charge transfer
resistance in these cases. The FPIs using type II-1 structures have clear advantage
over type I structures as they have generally higher overall transmission (lower
insertion losses).

However, improvement on the pixel design and drive electric

circuit is of great importance for the development of low loss EO polymer based FPI
SLMs with high operation speed.

The modulation performance from the FPI SLMs have been listed in Table 5.1 and
compared with other similar reported efforts since 1989 when the first experiment on
EO polymer based FPI SLM was done.71 The achieved experimental results for this
thesis have been significantly improved in modulation ratio and operation speed in

the near infrared region.

However, compared with well developed waveguide

modulators and microring resonator modulators, the FPI SLMs have their own
advantages and disadvantages.

The basic characteristics of the three types of

modulators are listed and compared in Table 5.2.

FPI SLMs have a few most

interesting properties such as very high flexibility in processing and potentially very
high speed due to the short interaction length between the optical and electric fields.
However, there are many aspects of FPI SLMs that need be improved as well. The
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results covered in this thesis work may serve as fundamentals for future
improvements.

5.3 Efforts for Pixelated Arrays
Owing to the single-substrate processing of the simplified FPI structures used for
SLMs, it is now relatively easier to achieve good uniformity over larger area.

Fig. 5.27. An EO polymer based FPI device with multiple
pixels.
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Fig. 5.28. Transmission spectra of the eight pixels of the
EO polymer based FPI device.

Fig. 5.29. The eight pixels in reflection mode with
reflection minima (left) and simultaneous switching-on by
rotation.

The surface quality issues such as parallelism, curvature, and waviness may be
circumvented for the thin film add-ons, because the thin layers deposited either via
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spin-coating or vapor deposition may follow the surface pattern of the substrate. The
relative thickness can be uniform over relatively large area and then the surface
roughness may become a limiting factor in surface quality aspect to achieve high
finesse from the FPI devices.

For instance, an EO polymer based FPI device with nine pixels on a 2-inch substrate
is developed (Fig. 5.27). EO polymer JT1/APC134 is incorporated in the FPI device
with a structure of glass/DBR (p=10)/ITO (50 nm)/EO polymer/Au (30 nm). Eight
pixels exhibit resonant transmission bands with maximum peak wavelength difference
less than 10 nm (Fig. 5.28).

The pixelated FPI device is illuminated with a

collimated 980 nm laser beam from the glass/DBR side and the FPI is rotated to be in
resonance with the incident laser beam.

As illustrated in Fig. 5.29, the eight pixels

reflect less light than ambient zone without gold mirror when the FPI is rotated to an
angle all the pixels fall into the resonance reflection bands. By rotating the FPI with
a few degrees, all the eight pixels can be simultaneously switched on when they are
shifted away from the reflection resonance.

Unfortunately, the demonstrated JT1/APC based FPI device with multiple pixels
could not function as an arrayed SLM yet due to many limitations. In addition to the
difficulty of achieving uniform thickness over large area, another problem is the low
yield of contact poling on multiple pixels.

The limiting factor on this issue may be
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the surface quality of ITO electrode.

For the ITO electrode with customized

thickness deposited using the low temperature in-house sputter system, the
occasionally located spikes in the pixels may lead to electric shortage and result in
avalanche device breakdown during the contact poling.

Improvement on these

issues is needed towards the realization of pixelated FPI SLMs.

The achievement of multiple pixels with similar resonance bands should thank the
lowered reflectivity of the DBR mirrors as well.

The hence broadened FPI

throughput spectrum may have better thickness variation tolerance.

The

disadvantage of doing so is that the system finesse is lowered. The situation is
similar for the deposition of metallic thin as top mirror and electrode. The adoption
of metallic top mirror and electrode facilitates the processing and helps achieve
uniformity over large area. However, the thickness choice of the metallic thin film is
a two-fold issue. The larger the thickness the higher the reflectivity and then better
system finesse, but meanwhile the higher the linear absorptive loss and then large
insertion loss.
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CHAPTER 6

DISCUSSION AND OUTLOOK
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6.1 Thickness Control
The EO polymer based Fabry-Perot interferometer (FPI) devices require precise
thickness control in order to have high resolution transmission or reflection band in
resonance with the light source wavelength, especially when working in normal
incidence configuration.

The thin film components such as distributed Bragg

reflector (DBR) mirrors, metallic thin film mirror and electrode, and transparent
conducting oxide (TCO) electrodes such as indium tin oxide (ITO) can be reliably
deposited using vapor deposition technique.

The spin-coated thickness of EO

polymer materials may be the most uncertain parameter in determining the spectral
throughput of the FPI devices. The randomness in the thickness on the order of ~10
nm may be more than enough to shift the resonance band off the source wavelength.
Baking may add uncertainty to the EO polymer thickness and the shrinkage during the
solvent evaporation needs to be under control.

Spin-coater with fine control may help with the thickness control. Alternatively
precision molding may be used for fabrication.

Meanwhile the EO polymer

composition may be engineered for controllable shrinkage ratio and therefore can be
mechanically compensated.

Allowing rotational resonance tuning within certain angle for the EO polymer FPI
devices may lower the demand on fine thickness control. However the TE and TM
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components of incident light need to be considered independently when the incident
angle increases.

6.2 Uniformity Control
The uniformity control is important for reliable performance over large area or on
multiplex pixels. The spin-coated EO polymer thin film may again be the limiting
factor since the surface quality of the thin film components inside the FPI cavity has
the most sensitive effect on the throughput resonance.

Using single-substrate FPI structures may help increase the chance of obtaining good
uniformity over large area.

The finesse of the FPI devices can be reasonably

lowered for better surface roughness tolerance. The trade-off between the system
finesse and throughput ratio needs to be considered and designs can be rendered for
the favored properties.

6.3 Transparent Conducting Oxides
High quality TCO electrodes with good transparency are desired for EO polymer
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based FPI devices. For example, Zinc oxide (ZnO) electrode is of great potential for
FPI devices due to its excellent transparency in the near infrared region though the
resistivity is high. Collaboration between more research parties may help with the
development of better TCO electrodes.

The thermal stability of the electrode conductivity needs to be good to survive the
thermal assisted poling process.

For example, the In2O3 electrode loses it

conductivity during poling process and then can only be applied as the electrode in the
cover substrate.

The employment of TCO electrodes for different FPI applications needs to be
examined carefully and proper designs should be applied for desired performance.

6.4 Dense Array Consideration
For the dense-array FPI devices using the electromechanical effects of EO polymer
materials, the thickness tuned with applied voltage needs to be considered. The FPI
structures need to be designed in compatibility with the thickness variation. For
instannce, a spacer layer may be needed to allow the thickness expansion.
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For the devices using the EO effect of the EO polymer materials, the thickness change
is small. Due to the thickness variation on the multiple pixels, the FPI pixels may
need to be tuned perfectly in resonance with the incident light by biasing some pixel
with additional voltage.

6.5 Operation Speed Improvement
The employment of TCO electrode may increase the RC time constant and therefore
lower the operation speed. The resistivity of the TCO electrodes is in /□ and the
capacitance can be dramatically lowered via reducing the pixel size.

For extremely high speed (>GHz) operation, the FPI drive electric circuit needs to be
carefully designed for low electrical loss.
adopted for improved performance.209

Asymmetric FPI structures may be

The asymmetric FPIs can be applied in

reflection mode hence the bottom electrode can be designed in compatibility with
high speed transmission line. The operation speed of the FPI modulators may be
higher than those achieved from those waveguide and microring resonator modulators
due the relative shorter optical and electric field interaction length.
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6.6 Electro-optic Activities and Loss Trade-off
Beating the EO activity and loss trade-off is a challenge for waveguide modulators of
a few cm’s length.224 The absorption of the EO polymer thin film of thickness ~1
m may not be a problematic issue. However, when working wavelength is shifted

towards to the resonance peak, the increased absorption will have impact on the
system finesse and hence device performance.

The absorption loss of the EO polymer can be reduced without compromising the EO
activities. First, advanced EO polymer systems can be formulated with reduced
nonlinear optical (NLO) chromophore aggregation and homogeneous dispersion in
the host polymer and therefore narrower resonance band without much spectral
broadening can be obtained. Second, the poling uniformity can be improved with
good uniformity over the electrode and EO polymer surfaces thus poling induced loss
can be reduced.

6.7 Electro-optic Polymer Stability
The thermal stability of the EO polymer systems have been greatly improved via
molecular engineering. The exceptionally high in-device EO coefficients have been
demonstrated with very good long term thermal stability.123 The stability is basically
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the physical stability indicating how well the aligned NLO chromophores can be
locked in their poled orientation.

There is also a stability issue from chemical point of view.225

The NLO

chromophore tends to become easy to get sensitized as the first resonance band shifts
to longer wavelength side.

Some absorption spectrum covers the whole visible

spectral region and expands into near infrared region. The photostability need then
to be improved when the EO materials are often exposed in visible light.

Furthermore, due to the high finesse of the FPI devices, the optical field inside the FPI
cavity is much larger than that of the incident light. Therefore the photostability at
the working wavelength region needs also to be improved.

This is especially

important when the working wavelength is close to the resonance band of the EO
polymer materials.

6.8 Performance Improvement
So the potential problems, which may limit the development of high performance EO
polymer based FPI devices for optoelectronic applications, have been reviewed.
Desired improvements on the materials and processes can be summarized for future
work as follows:
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First, EO polymer materials with larger EO coefficients will help improve the
performance even though the performance will be limited eventually due to the
increased absorption.

Second, better TCO electrodes with increased transparency will help building FPI
devices with high finesse and high effective voltage ratio.

Also, the electric field for poling and driving may be re-configured to employ r33 for
application.

Last but not least, with rational electric circuit design, EO polymer based FPI devices
for high speed tunable optical filters and/or spatial light modulators are promising.
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