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ABSTRACT 

Electro-optic (EO) polymers are an attractive alternative to inorganic nonlinear 

materials.  EO polymers with a Pockel’s coefficient, r33, greater than 320 pm/V have 

been recently demonstrated. In addition to their high EO activity, EO polymers have the 

additional benefit that their dielectric constants at optical and millimeter wave 

frequencies are closely matched which allow for bandwidths which are limited only by 

the resistive losses of traveling wave electrodes.  The amorphous nature of the host 

polymer makes heterogeneous integration of the materials on any substrate possible.    

The devices which will have the most immediate impact based on these recent materials 

developments are EO waveguide modulators.  Performance benchmarks of less than 6 dB 

insertion loss, sub-volt Vπ

The aim of this dissertation is to optimize the passive materials to achieve efficient 

in device poling of EO polymers, optimize the chromophore loading of the active 

polymers and to optimize waveguide modulators for device performance within a 

particular system, analog RF photonic links.  These optimizations were done by defining 

figures of merit for the materials and modulators.  This research strategy has led to 

significant improvements in poling efficiency as well as modulators with record low 

insertion losses which maintain a low V

 and greater than 100 GHz bandwidth have been achieved 

separately however, the challenge of achieving all of these benchmarks in a single device 

has not yet been met.   

π on the order of 1 - 2 Volts.   Using this 

optimization strategy and state of the art EO polymers, devices which meet or surpass the 

benchmark performance values in all categories are expected in the near future. 
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1.  INTRODUCTION 

Communications is defined as the means of transmitting information from a sender 

to a receiver through a medium.  Telecommunications is defined as communications at a 

distance.  For millennia mankind had very limited telecommunications capabilities and as 

a result information could not be transferred rapidly.  The first major breakthrough in 

telecommunications came in the 1830's with the invention of the electric telegraph.  This 

began the framework of laying wires to form a nationwide telecommunications backbone.  

Nearly 50 years later Edison pioneered the telephone.  The growing demand for 

telephone bandwidth and the development of television spurred the invention of the first 

broadband transmission medium, the copper coaxial cable at AT&T Bell Labs in 1929.  

Coaxial cable formed the world-wide telecommunications backbone for the next 60 

years.   However, the demand for higher bandwidth continued to grow and the capacity of 

coaxial cable is limited by its exponential frequency response which gives rise to high 

losses at high frequencies.  The next major breakthrough in telecommunications was the 

invention of the single mode optical fiber and the development of purified glass at 

Corning.  This led to optical fibers with losses of less than 1.0 dB/km in the late 1980's.  

Modern fibers such as SMF-28 now have losses of 0.3 dB/km which is close to the 

Rayleigh scattering limit.  Since the frequency response for optical fibers is nearly flat its 

bandwidth is measured in THz.   

Today optical telecommunications links are widely used for high speed 

transmission of information.  The low optical propagation losses of single mode optical 
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fiber, the advent of the erbium doped fiber amplifier and the ability to perform 

wavelength division multiplexing (WDM) have made fiber optic communications with 

optical wavelengths near 1550 nm widespread.  A simple optical communications link 

consists of a source, a means to modulate the source, a transmission medium and a 

receiver.  A block diagram of such a link is shown in Fig. 1-1.  Optical networks are far 

more complex and consist of many different links joined together by switches, 

multiplexers, demultiplexers, and various types of signal amplifiers for networks 

transmitting over hundreds of kilometers.   

 

Fig. 1-1 Block diagram of a simple optical communications link. 

It can be readily seen that optical modulators are a key component in an optical 

communications link.  There are several commercially viable techniques to modulate a 

laser source: direct laser modulation, electro-absorption (EA) and electro-optic (EO) 

modulators are all currently commercially available.  Each type of modulation has unique 

benefits and limitations.   
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Direct modulation of the current driving a semiconductor is recognized as a low 

cost way of modulating the optical output of a laser.  However current modulation creates 

chirp in the output frequency of the laser which can cause spectral broadening of more 

than 100 GHz for a 10 Gb/s system [1].  This spectral broadening is unacceptable for 

networks implementing WDM which typically have a channel spacing of 100 GHz or 

less.  Frequency chirp can also cause pulse broadening over long propagation distances 

due to dispersion.  Therefore direct laser modulation is generally suitable for 

telecommunications networks operating at speeds less than 10 Gb/s over reaches of 40 

km or so.   

Electro-absorption modulators are compact semiconductor devices and have the 

distinct advantage of being monolithically integrated with DFB lasers.  EA modulators 

operate based on the quantum-confined Stark-Effect (QCSE).  The QCSE describes a 

decrease in absorption coefficient near the band edge when an electric field is applied.   

Typically EA modulators are lumped element devices and therefore their bandwidth is 

limited by the RC properties of the device.  However, bandwidths of up to 25 GHz in a 

traveling wave configuration have been demonstrated [2] with drive voltages on the order 

of 1 - 3 V.  However, EA modulators work only over a limited range of wavelengths and 

suffer from sensitivity to temperature changes and typically have high insertion losses.  

EA modulators also have an associated chirp, though the chirp parameter magnitude is 

significantly less than that for a directly modulated laser.   
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Electro-optic modulators operate based on the Pockel's effect in which a change in 

the refractive index of an electro-optically active medium occurs proportional to an 

applied electric field.  The commercial standard EO modulator is a Mach-Zehnder 

waveguide fabricated by Ti diffusion in LiNbO3

         

.  EO modulators have the distinct 

advantage that they can operate chirp free.  Commercially available devices have driving 

voltages from 2-5 V and insertion losses from 3 - 6 dB.  EO modulators are traveling 

wave devices and therefore the bandwidth is not limited by RC characteristics but by 

velocity mismatch between the electrical and optical waves.  The 3 dB bandwidth is give 

by equation 1-1: 

oe
dB nn

c
L

f
−

∗=
π
2

3        (1 -1) 

where c is the speed of light in vacuum, L is the device length in cm, ne is the electrical 

refractive index, and no is the optical refractive index.  Lithium niobate suffers from the 

disadvantage of having a high difference between the ne (4.4) and no

As the demand for bandwidth driven by the internet continues to increase and 

telecomm networks move to 40 Gb/s and beyond, next generation technology will need to 

be implemented.  One emerging technology which shows promise for ultra high speed 

operation is electro-optic polymer based devices.  EO polymers have the distinct 

advantage that their dielectric constant shows little dispersion over a wide range of 

frequencies and therefore the electrical and optical refractive indices are closely matched.  

 (2.2) and therefore 

bandwidths are limited to  ~25 GHz [3].   
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As such the bandwidth of these devices can be limited only by the resistive losses of the 

driving electrodes which was evidenced by the demonstration of an electro-optic polymer 

modulator with a bandwidth of more than 110 GHz [4].   

Electro-optic polymers have been studied for more than 20 years.   Over the past 10 

years significant progress has been made in increasing the Pockel's coefficient, r33 of 

these polymers from ~ 10 pm/V to more than 300 pm/V [5], an order of magnitude higher 

than LiNbO3.  With the increase in the available r33 the drive voltage for these devices 

has decreased and several devices operating with less than 1 V have been demonstrated 

[6-9].    EO polymers are thought to suffer from low thermal stability, however recent 

work has shown long term stability at 85 °C [10].  Though EO polymer based devices 

have already shown excellent performance much of the potential of these materials has 

yet to be reached in a device.  Typically the r33

  

 in a device is significantly lower than that 

of the same material measured in a single film. Although the propagation loss of EO 

polymers is measured to be only 2 - 3 dB/cm insertion losses of devices tends to be high, 

typically more than 10 dB.  The work presented in this dissertation demonstrates new 

device designs and materials research which allows the full potential of EO polymers 

demonstrated in thin films to be translated into  devices. 
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2.  THEORETICAL BACKGROUND 

Electro-optic polymer modulators are waveguide based devices that operate on 

principals from linear optics and second order nonlinear optics.  The EO polymers used 

for this work are the guest-host type and require the theory of nonlinear optics of organic 

molecules to be well understood.  The task of this chapter is to give a brief overview of 

the requisite theoretical background for understanding EO polymer modulators.  This will 

provide the guidelines for the device design and experiments in the proceeding chapters.   

2.1  Linear optics 

Linear optics starts with the fundamentals of electricity and magnetism, Maxwell's 

equations.  James Clerk Maxwell developed his set of equations from observations 

previously thought to be unrelated.  A feat whose impression was not lost on Albert 

Einstein as he was quoted as saying that Maxwell's work was "the most profound and 

fruitful that physics has experienced since the time of Newton."  Maxwell's equations in 

differential form can be expressed as follows: 

       ρ=⋅∇ D


          (2-1) 

        0=⋅∇ B
            (2-2) 

              
t
BE

∂
∂

−=×∇



         (2-3) 

                           
t
DJH

∂
∂

+=×∇



0µ             (2-4) 
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where E is the electric field, ρ is the free charge density, B is the magnetic induction, H is 

the magnetic field, and D is the electric displacement field.   It should be noted that it is 

implied that all of the vectors have both a time and space dependence.  Equation 2-1 is 

known as Gauss's law, 2-2 is Gauss's law for magnetism, 2-3 is Faraday's law of 

induction and 2-4 is Ampere's law.   Maxwell's equations are supplemented by the 

constitutive relationships:  

       PED


+= 0ε            (2-5) 

          HB


µ=                     (2-6) 

                     EJ


σ=                      (2-7) 

where ε0 is the permittivity of free space, P is the material polarization, µ is the magnetic 

permeability and σ is the electric conductivity.  In nonmagnetic materials µ is equivalent 

to µ0

The theory of electricity and magnetism can be derived from the preceding set of 

equations.  In this section derivations of several key concepts pertaining to this 

dissertation will be presented.  If we take the curl of both sides of equation 2-3 and apply 

the relationships from 2-4 and 2-5, assuming a nonmagnetic material we have: 

 the permeability of free space.   

   2

2

02

2

00
2 )(

t
PE

t
EE

∂
∂

=⋅∇∇−
∂
∂

−∇






µεµ                        (2-8) 
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which is the electromagnetic wave equation, one of the fundamental equations of optics.  

It should be noted here that the speed of light in vacuum, c, is related to the permittivity 

of free space and the permeability of free space by the following relationship: 

     
00

1
εµ

=c          (2-9) 

The material polarization can also be written as: 

              EP
 )1(

0 χε=        (2-10) 

where χ(1)

                 

 is the linear electric susceptibility and is in general a 3 by 3 element tensor.  If 

we assume that we are in a non-conducting media so ρ = 0, than we can rewrite the wave 

equation as: 

02

2

0
2 =

∂
∂

−∇
t
EE



εµ                           (2-11) 

where, 

     )1( )1(
0 χεε +=      (2-12) 

ε is in general a complex number and can therefore be written as: 

     ''' εεε i+=        (2-13) 

and therefore: 

     ''' χχχ i+=        (2-14) 
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Assuming we are in an isotropic medium so that ε and χ are scalars, it can be easily 

verified that the plane wave: 

         )cos(),( 0 tkzExtzE ω−= 
               (2-15) 

is a solution to the wave equation if: 
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=        (2-16) 

which is the fundamental dispersion relationship for light propagating in non-conducting, 

non-magnetic media.  Since ε is in general a complex number the dispersion relationship 

can be written as: 

      
2
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c
nk +=        (2-17) 

Equation 2-15 can then be written as follows: 
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where c.c. denotes the complex conjugate.  Irradiance, the time average of the magnitude 

of the Poynting vector is given by: 
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µ
ε

=                  (2-19) 

Applying equation 2-19 to equation 2-18 results in: 
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This is equation is known as Beer's law and it is instrumental in understanding how light 

is absorbed as it propagates through a material.  Next a relationship between the 

refractive index n, the absorption coefficient α, and the electric susceptibility χ is 

derived.  Combining equations 2-17, 2-14 and 2-12 results in: 

         '''1
2

χχωαω i
c

i
c

n
++=+      (2-21) 

In transmissive media χ'' <<  χ' therefore equation 2-21 can be approximated as: 
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equating the real and imaginary parts of 2-22 and using equations 2-12 and 2-13 results in 

the following relationships: 

     
0

''1
ε
εχ =+=n        (2-23) 

         ''χωα
c
n

=                  (2-24) 

A key observation linking the microscopic and macroscopic properties of materials 

interacting with light is that the material polarization is nothing more than the 

macroscopic dipole moment per unit volume and it is obtained by summing the 
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individual atomic or oscillator dipole moments in a volume and then dividing by that 

volume.  Therefore the material polarization can be written as: 

                       ∑=
n

nd
V

P 1
       (2-25) 

where dn

                       

 is the atomic dipole moment.  In a homogeneous media made up of identical 

dipoles then: 

ndNP =


       (2-26) 

where N is the number of dipoles per unit volume.  If we consider the Lorentz model of 

the atom [11] assuming the incident field is of the type in 2-15, the induced dipole 

moment is given by: 
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where e is the fundamental charge, m is the mass of the electron, ω0

                     

 is the resonant 

frequency, and γ is the damping constant which is related to the energy reradiated by the 

dipole and can be written as: 

3

22

0 34
1

mc
e ω

πε
γ =                  (2-27) 

If the assumption that N is such that χ' is small compared to unity then using equations 2-

10, 2-15, 2-23, 2-24, 2-26 and 2-27 α and n can be written as: 
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which illustrates the concept of dispersion, the frequency dependence of the absorption 

coefficient and refractive index.  In real materials there will be many resonant frequencies 

which correspond to different molecular absorption peaks.   

Some fundamental relationships of linear optics have been derived in this section.  

The key results derived are Beer's law, the relationship to the real and imaginary parts of 

the electric susceptibility for α and n and the concept of dispersion.  Next nonlinear 

optics will be examined.   

2.2  Nonlinear optics 

The electro-optic effect is a second order nonlinear optical effect.  In this section 

the topic of nonlinear optics will be introduced and the nomenclature and equations 

pertaining to the electro-optic effect will be discussed in detail.  In the preceding section 

the material polarization was written in equation 2-10 as the tensor product between the 

electric susceptibility and the electric field.  However, this equation is only a first order 

approximation and in fact the electric susceptibility can be expanded as a power series of 

the electric field.  Therefore the material polarization can be written as: 
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         ......)( )3()2()1(3)3(2)2()1(
0 +++=+++= PPPEEEP


χχχε               (2-30) 

where χ(2) and χ(3) are the second and third order nonlinear optical susceptibilities and P(2) 

and P(3)

It can be readily seen from equation 2-30 that materials which posses non-zero  

second order nonlinear optical susceptibilies cannot posses inversion symmetry.  

Materials which posses inversion symmetry require that the material polarization obeys: 

P(-E) = -P(E).  If a centrosymmetric material possessed  a second order nonlinearity that 

would require that: χ

 are the second and third order nonlinear polarizations resepectively.  The second 

and third order nonlinear optical susceptibilies are typically 8 and 15 orders of magnitude 

lower than the linear electric susceptibility respectively and therefore most nonlinear 

effects are seen only in the presence of high power optical fields.  It is therefore not 

surprising that the first demonstration of second harmonic generation (SHG) was seen in 

1961 by Franken et al. [12] shortly after the invention of the ruby laser [13]. 

(2)(-E)2 = -χ(2)(E)2 which can hold if and only if χ(2) = 0.  Therefore 

materials which exhibit second order nonlinear optical properties must be 

noncentrosymmetric and in fact materials which posses any even order nonlinear optical 

properties must be noncentrosymmetric.  There exist 32 crystal classes 21 of which are 

noncentrosymmetric and can therefore posses a second order nonlinear optical 

coefficient.   
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When considering a second order nonlinear optical process involving the 

interaction of three waves of different frequencies the second order nonlinear polarization 

is given by: 

  )()(),,()(
)(

)2(
mknjmnmn

jk nm
ijkmni EEP ωωωωωωχωω +=+ ∑ ∑    (2-31) 

According to equation 2-31 there are as many as 81 independent complex numbers 

required to fully describe this interaction [14].  Considering simple symmetry arguments 

and the symmetry of the crystal class this number can be reduced to as few as two.  The 

second order nonlinear polarization tensor written in tensor form is described by equation 

2-32 after considering permutation symmetry.   
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where χ(2) is a function of the frequencies of the electric fields present.  It is also a matter 

of permutation symmetry that χijk
(2) = χikj

(2) and therefore the tensor can be written in a 

simplified format: χil
(2) with i varying from 1 to 3 and l varying from 1 to 6, therefore 

equation 2-32 can be written as: 



29 
 

  













































=
















21

31

32

33

22

11

)2(
36

)2(
35

)2(
34

)2(
26

)2(
25

)2(
24

)2(
16

)2(
15

)2(
14

)2(
33

)2(
32

)2(
31

)2(
23

)2(
22

)2(
21

)2(
13

)2(
12

)2(
11

0
)2(

3

)2(
2

)2(
1

2
2
2

EE
EE
EE

EE
EE
EE

P
P
P

χχχ
χχχ
χχχ

χχχ
χχχ
χχχ

ε     (2-33) 

Electro-optic polymers belong to the ∞mm symmetry group [15] and according the 

symmetry of that crystal class the χ(2)

     

 tensor can be simplified to: 
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The electro-optic effect is the three wave mixing process in which one of the 

frequencies is much less than the frequency of the optical wave and can be therefore be 

approximated as a DC field.   In that case the nonlinear polarization is given by: 

   )0()()0,,()(
)(

)2(
kj

jk nm
ijki EEP ωωωχω ∑ ∑=      (2-35) 

The linear electro-optic effect was first demonstrated by Pockel in 1893 whereas SHG 

was first observed in 1961 and due to its earlier discovery the nomenclature for the 

electro-optic effect is different than that for the rest of second order nonlinear optics.  The 

theory behind the electro-optic effect at the time of its discovery was that the refractive 

index could be expanded as a power series in terms of the electric field and for an 

isotropic material was written as: 
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where r is the Pockel’s coefficient and n0

       

 is the unperturbed refractive index.  However, 

second order nonlinear optical effects cannot exist in isotropic media and for anisotropic 

materials the refractive index is described by an ellipsoidal surface called the optical 

indicatrix [16] and is written in the principal axes coordinates as: 

1
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      (2-37) 

where the values for x, y and z are given by the projection of the optical polarization unit 

vector onto the material principal axes.  In a general coordinate system equation 2-37 is 

written as: 
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and therefore the change in the optical indicatrix with an applied low frequency electric 

field can be written in tensor form as: 
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the r coefficients can be related to the χ coefficients by equation 2-40.   

     jiij n
r χ4

2
=          (2-40) 

Relating equations 2-40, 2-39 and 2-34 the r coefficient tensor for electro-optic polymers 

can be written as: 
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Relating equations 2-41and 2-39 it can be shown that a change in the refractive index in 

an electro-optic polymer for an optical field polarized along the z-direction and a low 

frequency electric field applied along the z direction is given by equation 2-42. 

     )0(
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zz Ernn =∆        (2-42) 

where r33

     

 is generally the Pockel’s coefficient of interest for electro-optic polymers.  One 

further coefficient related to electro-optics which is often found in the literature for SHG 

measurements is the d-coefficient.  This coefficient is related to the χ coefficient by 

equation 2-43.   

ijijd χ
2
1

=          (2-43) 



32 
 

2.3  Nonlinear optics of guest-host electro-optic polymers 

The discussion in the preceding section focused on the macroscopic equations and 

coefficients which determine the strength of the change in refractive index created by an 

applied low frequency electric field.  This section will discuss the molecular properties 

and coefficient and how they lead to  the macroscopic effects observed in guest-host 

electro-optic polymers.   

In equation 2-25 the bulk material polarization was written in terms of the atomic 

dipole moment.  When describing the interaction of light with molecules a molecular 

analogue to the bulk material polarization described in equation 2-30 can be written as: 

     ...++++= LKJIJKLKJIJKJIJII FFFFFFp γβαµ     (2-44) 

where µI is the permanent molecular dipole moment, αIJ is the molecular linear 

polarizability, β IJK is the molecular second-order hyperpolarizability, γIJKL is the 

molecular third-order hyperpolarizability and Fm is the component of the local field at the 

appropriate frequency [17].  The molecular β coefficient is analogous to the macroscopic 

χ(2)

The materials of interest in this work, guest-host electro-optic polymers (EO 

polymers), are comprised of a host polymer which is doped with organic molecules called 

chromophores.  Organic chromophores consist of a conjugated π-electron system which 

is terminated by an electron donating group on one end and an electron accepting group 

on the other.  Various electron donor and acceptor groups are summarized in table 2-1.  

 coefficient described in the preceding section.   
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This type of conjugated system results in asymmetric highly delocalized charge which is 

responsible for the large β values observed in these molecules [18].  The chemical 

structure of a commercially available chromophore can be seen in Fig. 2-1.   

Donors  Acceptors 

N(CH3) NO 2 

NH NO2 2 

OCH CHO 3 

OH CN 

 

Table 2-1 Acceptor and Donor groups with decreasing strength from top to bottom. 

  

Fig. 2-1 Chemical structure of Disperse Red 1, a commercially available chromophore. 

The nonlinear optical properties associated with these molecules can generally be 

with a simple two-level model was established [19,20].  According to theory developed 

by Oudar and Chemla [19], the molecular second-order hyperpolarizability can be written 

as: 

     CTadd βββ +=        (2-44) 
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where βadd is the additive portion due to the substituents and their individual interaction 

with the conjugated π-electron system and βCT

          

 is the contribution from the charge-

transfer interaction between the acceptor and donor groups through the π-conjugated 

bridge.  In the two-level model the expression for the charge transfer contribution to β for 

the electro-optic effect is derived to be: 

222

222
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ωωω
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−
=

gs

gsgs
CT                (2-45) 

where ω is the frequency of the optical field, ħ ωgs is the ground state energy which, for 

chromophores is given by the λmax

            

 of the measured absorptivity and β(0) is the dispersion 

free second order hyperpolarizability and is written as: 
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µµ
β



∆
=                            (2-46) 

where e is the fundamental charge, ∆µgs is the difference between the dipole moment of 

the ground state and the dipole moment of the excited state, µgs is the transition dipole 

moment.  Two interesting points arise from equation 2-45; the electro-optic coefficient 

has dispersion as well as the refractive index as shown in equation 2-29 and, that red-

shifting the λmax 

To this point the molecular nonlinear optical properties of the guest chormophores 

within guest-host electro-optic polymers have been discussed.  However, in order to 

of a chromophore will increase the electro-optic coefficient in the 

infrared which is the wavelength regime of interest.   
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induce a macroscopic second-order nonlinearity the material must be 

noncentrosymmetric as shown in section 2.2.  Due to the random orientation of 

chromophores EO polymers are naturally centrosymmetric after the preparation of thin 

films.  However, these films can be rendered noncentrosymmetric by a process called 

thermally assisted electric field poling.   

Thermally assisted electric field poling is a process where the EO polymer is heated 

to a temperature above its glass transition temperature (Tg), the temperature above which 

secondary non-covalent bonds between the polymer chains become weak making the 

polymer soft.  Once above the Tg

 

 a strong electric field is applied to the EO polymer.  

Since the chromophores have a permanent dipole moment they will align to the applied 

field.  Finally, the EO polymer is cooled back to room temperature with the electric field 

applied, locking the chromophores alignment into place.  A cartoon description of the 

poling process can be seen in Fig. 2-2.   

Fig. 2-2 A description of the poling process, small arrows represent chromophores. 
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The oriented gas model [21-23] has been shown to be a good model for the 

description of poled EO polymers.  Within this model the second-order nonlinear optical 

susceptibility can be written as: 

    ijkIJKKkJjIiijk aaaN *βχ =        (2-47) 

where N is the molar density of chromophore molecules and the aIj 

 

Fig. 2-3 Laboratory reference frame (i,j,k) and molecular reference frame (I,J,K). 

are direction cosines 

for the projection of the new axis j (lab reference frame) onto the former axis I 

(chromophore reference frame).  The brackets in equation 2-47 denote the ensemble 

average of the tensor elements and the * denotes that local field correction factors have 

been included in β.   
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The second-order nonlinear optical properties of EO polymers depend largely on 

the average polar angle θ (Fig. 2-3) of the chromophores with respect to the direction of 

the applied poling field.  After poling, the chromophores within the EO polymer are 

aligned to the direction of the applied poling field with a distribution given by statistical 

mechanics.  The orientational distribution obeys the Maxwell-Boltzman equation and 

therefore equation 2-47 can be written as: 

    θθθ

θθθβ
χ π
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      (2-48) 

where kT is the thermal energy and U(θ) is the interaction energy between the poling 

field and the dipole and is given by: 

     
θµθ CosEU p

*)( −≈                   (2-49) 

ignoring the effect of the induced dipole moment which is small where, Ep is the 

magnitude of the poling field and µ∗ is the magnitude of the permanent dipole moment 

with local field correction factors taken into account.  Realizing from equation 2-34 that 

poled EO polymers have only two independent tensor elements and making the 

assumption that U(θ)/kT < 1 the independent χ(2)

     

 tensor elements can be approximated 

as: 

*
*

)2(
33 5 ZZZ
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E

N β
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χ ≈                   (2-50) 
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Some important observations can be made from equations 2-50 and 2-51: Increasing the 

loading density, the applied poling field strength and the molecular µβ all linearly 

increase the EO polymer r coefficient.  However, it has been observed experimentally 

that the loading density can only be increased to a point; above which the r-coefficient 

will decrease due to chromophore aggregation [24] and, the applied poling field can only 

be increased until the point where dielectric breakdown occurs.  Also the observation that 

r13 = 0.33r33

     

 can be made and therefore equation 2-41 can be rewritten with only one 

independent tensor element.   
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In this section the molecular properties of chromophores and their effect on the 

macroscopic properties of EO polymers were discussed.  It should be mentioned that 

although thermally assisted electric field poling is the preferred method for inducing 

noncentrosymmetry in EO polymers another technique that is receiving some attention is 

optically assisted poling [25].  A poling process that takes place far below the Tg of the 

polymer when the chromophores undergo reversible trans↔cis photoisomerization in the 
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presence of a DC poling field which, can enhance the mobility of the chromophores 

enough in the glassy state to allow poling to occur.   

2.4  Waveguiding in dielectrics 

Waveguides are the building blocks of photonic devices and photonic integrated 

circuits.  Electro-optic polymer modulators are typically designed to be a Mach-Zehnder 

waveguide interferometer in order to translate a change in refractive index into a change 

in output intensity.  In this section the basic theory of waveguiding and numerical 

techniques for modeling waveguides will be discussed.   

2.4.1  Slab Waveguides 

The simplest type of waveguide is the slab waveguide, a waveguide which offers 

confinement in only one dimension.  A slab waveguide is composed of a core layer 

surrounded by a substrate and a superstrate (Fig. 2-4).  The requirement that ncore> 

nsubstrate, nsuperstrate where nx

 

 is the refractive index of the corresponding layer must be met 

for waveguiding to occur.   

Fig. 2-4 A three layer slab waveguide.   
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The eigenmodes of the slab waveguide can be calculated using Maxell's equations 

with the appropriate boundary conditions.  The choice of the appropriate coordinate 

system and position of the origin is critical to making the problem as simple as possible.  

Due to the rectangular geometry Cartesian coordinates are the most appropriate and since 

the waveguide is asymmetric the choice of the origin at the interface of the superstrate 

and core is suitable.  The two possible electric field polarizations, transverse electric (TE) 

and transverse magnetic (TM) (Fig. 2-5), must be considered.   

 

Fig. 2-5 The TE and TM configurations of a slab waveguide with a core layer 

thickness of h. 

The boundary conditions between two media, medium 1 and medium 2 can be 

defined as follows: 

      
0)( 21 =−• BBen                   (2-53) 

     
0)( 21 =−• DDen                   (2-54) 

     
0)( 21 =−× EEen                   (2-55) 
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0)( 21 =−× HHen                   (2-56) 

with en

 

 being the surface normal vector as defined in Fig. 2-6.   

Fig. 2-6 The boundary between two media of refractive indices n1, n2 and the unit vector 

en

The fields can be separated into their transverse and longitudinal components: 

 is normal to the surface.   

       zt EEE +=                   (2-57) 

       zt HHH +=                   (2-58) 

then Maxwell's equations can be written in frequency space in the following form: 

     ztt HiE ωµ−=×∇        (2-59) 

     ztt EiH ωε=×∇                 (2-60) 
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where ez )0,/,/( yxt ∂∂∂∂=∇ is a unit vector in the z direction and: .   

A mode of the waveguide is define as a field solution of the form: 

    )exp(),(),,( ziyxEzyxE νν β−=


                (2-63) 

    )exp(),(),,( ziyxHzyxH νν β−=


                (2-64) 

where ν is a mode label and βν is the propagation constant of the mode.  If there is only 

one mode ν the waveguide is said to be single-mode.  For waveguides providing 

confinement in two dimensions two mode labels are required.  For slab waveguides the 

fields have no y dependence which greatly simplifies the problem.  For TE modes Hy = 0 

and therefore from equation 2-60, Ez

     

 = 0.  It can also be seen, ignoring the ν subscripts 

for simplicity, by inserting equations 2-63 and 2-64 into Maxwell's equations that: 

xy HE ωµβ −=                            (2-65) 

     z
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∂                            (2-66) 
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The last three equations can be combined to form a wave equation for Ey: 
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where k is the propagation constant of free space and therefore, k = ω/c.   

For TM modes Ey = 0 which implies that Hz = 0 and Hx

     

 = 0 from Maxwell's 

equations.  Similarly to the TE case we can derive the following equations from inserting 

2-63 and 2-64 into Maxwell's equations: 
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The last three equations can be combined to form a wave equation for Hy

         

: 

y
y Hkn

x
H

nx
n )(1 222

2
2 −=











∂

∂

∂
∂ β                          (2-72) 

The definition of a guided mode says that the field will decay in the transverse 

direction such that the mode only radiates power in the z-direction.  According to this 

definition for TE modes the solutions to the wave equation (equation 2-68) can be 

postulated: 

     0),exp( sup >−= xxAE erstratey γ                    (2-73) 
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where, 
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Applying the boundary conditions, equations 2-53 - 2-56,  yields: 
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where equation 2-82 is the eigenvalue equation for β which is transcendental and 

therefore must be solved numerically or graphically.  Similarly an eigenvalue equation 

for β in the TM case can be derived: 
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It can be seen from the eigenvalue equations that there is a discrete set of modes 

β.  Using Maxwell's equations one can also prove that the modes of a waveguide are 

orthogonal [26].  For waveguides offering confinement in both the x and y simple 

eigenvalue equations cannot be derived and the problem must be solved numerically.   

2.4.2  Numerical techniques 

A variety of numerical methods have been reported which are suitable for the 

analysis of channel waveguides.  In this section the discussion will focus on the finite 

element method (FEM) and the beam propagation method (BPM).   

The finite element method is used for finding the approximate solution of partial 

differential equations.  FEM mode solvers can handle complex geometries and 

boundaries such as waveguides with arbitrary cross sections.  The field region is divided 

into elements of various shapes (Fig. 2-7) which allows the use of an irregular grid.  

Several commercially available software packages offer mode solvers based on the FEM 

such as FIMMWAVE, Optiwave and RSoft.   
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Fig. 2-7 Basic finite elements a) one dimensional b) two dimensional.   

There are 4 basic steps of the FEM: discretization of the domain, selection of an 

interpolation function, formulation of the system of equations and solution of the system 

of equations.  In the first step the calculation domain Ω is subdivided into a number of 

small domains Ωe

 

 where e = {1,2,3,...M} with M denoting the total number of 

subdomains which are generally referred to as elements.  In most FEM solutions the 

problem is formulated in terms of the unknown function at the nodes associated with the 

elements.  The subdomains for a circular domain, Ω, can be seen in Fig. 2-8.   

Fig. 2-8 The discretization of a circular domain into elements for FEM analysis. 
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The second step of an FEM analysis is to select an interpolation function, N that 

provides an approximation of the unknown solution φ within an element, typically N is 

chosen to be a first order polynomial.  Once the interpolation function is selected an 

expression for the unknown solution within an element say element i, can be written: 

           
i
j

n

j

i
j

i N φφ ∑
=

=
1

~                             (2-84) 

Where φj
i is value of  φ at node j of the element and Nj

i the interopolation function or 

basis function.  An important feature of the functions Nj
i

           

 is that they are nonzero only 

within an element i, and outside this element they must vanish.  An eigenvalue equation 

which can be easily solved can be derived for φ [27]: 

}]{[}]{[ φλφ BA =                            (2-85) 

where λ is an integer and, [A] and [B] depend on the boundary conditions, the domain 

and its division into elements and, the exact form of the differential equation being 

solved.  In the case of a waveguide [A] and [B] are related to Maxwell's equations.   

The beam propagation method is a computational technique used in 

electromagnetics for simulating the propagation of light in slowly varying optical 

waveguides.  BPM is formulated as a solution to the Helmholtz wave equation with a 

time harmonic electric field: 

         0),,(),,( 222 =+∇ zyxEknzyxE


               (2-86) 
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Assuming the z-direction is the primary direction of propagation which, is the paraxial 

wave approximation, the electric field can be written as: 

         )exp(),,(),,( 0 zkinzyxUzyxE clad−=


              (2-87) 

where U(x,y,z) is a slowly varying envelope.  Equation 2-87 can be inserted into equation 

2-86, resulting in: 
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Next, the slowly varying envelope approximation can be made: 
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which, results in the basic BPM equation: 
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This initial value problem can be solved by specifying U(x,y,x) at the input plane which, 

is done by calculating the initial mode with a mode solver such as the FEM.  Then 

U(x,y,z) is iterated along the z axis using finite differences for the x and y derivatives.  

BPM offers speed and reduced memory requirements however the disadvantage to this 

method is the ability to handle beams propagating at large angles to the z-axis due to the 

paraxial approximation that was made in the analysis.  The BPM analysis of a Mach-

Zehnder waveguide can be seen in Fig. 2-9. 
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Fig. 2-9 The BPM analysis of a Mach-Zehnder waveguide structure. The simulation was 

done for a wavelength of 1550 nm and the scale is in µm. 

Although BPM was used for much of the analysis in this dissertation another 

popular technique which should be mentioned here is the finite difference time domain 

(FDTD) technique.  FDTD is computationally more intensive and therefore may require 

long run times however it offers a solution to time dependent Maxwell's equations.  

FDTD is typically used to model the propagation of light in waveguides with large core 

and cladding refractive index differences such as silicon on insulator (SOI) waveguides 

or photonic crystal (PC) structures.   

2.4.3  Sources of loss in dielectric waveguides 

The insertion loss of a photonic device is one of its most important characteristics.  

There are many sources of loss in photonic devices including coupling losses, absorption 

losses, and scattering losses.  This section will examine some of the important loss 

mechanisms for dielectric waveguides fabricated with organic materials.   



50 
 

The insertion loss in dB's for a waveguide can be written as: 

       
output
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couplingprop LossInsertionL ααα ++=               (2-91) 

where αprop is the propgation loss in the waveguide in dB/cm, L is the length of the 

waveguide in cm, αinput
coupling is the coupling loss at the input facet  in dB 
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 is the coupling loss at the output facet  in dB.  Coupling losses are the 

dominate loss source for waveguides fabricated from materials with low absorption.  The 

most robust technique for coupling light into a waveguide is butt-coupling other coupling 

methods include surface grating coupling and prism coupling.  When butt-coupling is 

used a fiber is aligned to the end-face of a waveguide and the light exits the fiber and 

enters the waveguide.  The efficiency of this coupling is determined by how well the 

modes of the waveguide and fiber are matched.  Therefore the normalized coupling 

efficiency is give by:                    
           

         (2-92) 

where Ei is the normalized mode-field of the input waveguide, Et is the normalized 

mode-field of the transmitted waveguide, β i is the propagation constant of the input 

waveguide and β t 

              

is the propagation constant of the transmitted waveguide.  The coupling 

loss in dB is then given by: 

)(10 ηα Logcoupling −=                  (2-93) 
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Equation 2-92 assumes that the two waveguides are perfectly aligned however, in 

real-world coupling there is always some misalignment which adds to the coupling loss.  

The three types of misalignment are lateral (the x and y directions), longitudinal (the z-

direction) and angular.  Assuming coupling between two single mode circular 

waveguides with Gaussian fundamental modes having mode field diameters 2w1 and 2w2

        

 

the insertion loss due to transverse misalignment, u, in dB is given by:   
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If we assume the two modes are well matched in other words w1 ≈ w2 then the loss is 

dominated by the first term in equation 2-94.  It is then clear that misalignments on the 

order of w/2 result in a loss of ~ 1 dB.  For coupling between two circular waveguides 

with the same Gaussian mode field diameter, 2w, with a medium of index n between 

them at a wavelength λ0

          

 the loss due to angular misalignment θ is given by: 

2

0

*34.4 







=

λ
θπα nw

angular       (2-95) 

Then for an SMF-28 fiber which has a mode field diameter of 10 µm at a wavelength of 

1550 nm with air as the medium between the two waveguides an angular misalignment of 

2.7° will cause a loss impact of ~1 dB.  Similarly for longitudinal misalignment z the 

coupling loss is given by: 
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Keeping the previous assumptions about the waveguide, a longitudinal misalignment of 

50 µm will have a coupling loss impact of ~ 1 dB. 

Misalignment  Tolerance 

Lateral 2.5 µm 

Angular 2.7° 

Longitudinal 50 µm 

 

Table 2-2 Alignment tolerances for less than 1 dB excess loss in each category. 

Table 2-2 illustrates the tolerances for aligning two SMF-28 like modes for less 

than 1 dB excess loss due to each type of misalignment.  From table 2-2 it is clear that 

lateral and angular alignment need be carefully adjusted in order to achieve low excess 

coupling losses.   

Once light is coupled into the waveguide power can be radiated from the mode due 

to scattering.  There are two main types of scattering present in waveguides, scattering 

from aggregates or defects present in the material the waveguide is made of and 

scattering from roughness created during the fabrication of the waveguide.  An 

illustration of a slab waveguide with rough sidewalls can be seen in Fig. 2-10.   
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Fig. 2-10 Illustration of a symmetric planar waveguide with rough sidewalls. 

An expression for the radiation loss in terms of cm-1

       

 from sidewall roughness for a 

symmetric slab waveguide derived in [28] is: 
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where d is the position of the sidewalls, U(d) is the normalized mode field at position d, 

β is the propagation constant of the mode, n1 is the index of the core, n2 is the index of 

the cladding, k0 

         

is the free space wave number and: 

dyixyyRxR )exp()()(~
∫
∞

∞−

=       (2-98) 

where R(y) is the autocorrelation function, typically a Gaussian, and the surface 

roughness, σ, is related to R(0) by: 

          )0(2 R=σ         (2-99) 

Equation 2-97 has an upper bound, assuming Gaussian statistics, of: 
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This upper bound on the scattering loss has been plotted in Fig. 2-11, assuming a 4 µm 

wide waveguide with a refractive index of 1.5 at a wavelength of 1550 nm.  From Fig. 2-

11 it is clear that roughness greater than 50 nm lead to excessive scattering losses. 

Scattering from defects or aggregates within the waveguide material can be modeled with 

Rayleigh or Mie scattering theory depending on the size of the scattering particles.   

 

Fig. 2-11 The upper-bound on roughness induced scattering loss. 
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waveguides.  Typically waveguides fabricated in inorganic crystals such as silicon or 

LiNbO3

Bond 

 are operated at wavelengths which are far from their band edge and are therefore 

quite transparent with propagation losses less than 0.1 dB/cm.  Similarly waveguides 

fabricated from homogenous inorganic materials such as fused silica or glass are highly 

transparent.  However, the same is not true for waveguides fabricated from organic 

materials due to strong molecular vibrational overtones in the near infrared region.  Table 

2-3 shows the absorption near the 1550 nm telecom band of some common bonds present 

in organic polymers.   

 Overtone  Wavelength (nm) Absorption Strength (dB/cm) 

C-H  2  1729 36 

C-D  3  1541 0.8 

C-F  5  1626 .0032 

O-H  2  1438 30 

 

Table 2-3 Absorption strength of some common organic bonds in the near infrared. 

It is easy to see from table 2-3 that a common strategy to reduce the propagation 

losses in organic polymers is fluorination that is, replacing the hydrogen with fluorine in 

the material.  However, fluorinating polymers can create material processing difficulties 

such as reduced adhesion and very low refractive indices.     
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3.  THIN FILM GUEST-HOST ELECTRO-OPTIC POLYMER 

MEASUREMENTS 

This chapter will present the experiments done to characterize guest-host electro-

optic polymers in a single thin film.  In chapter 2-2 it was shown that the change in 

refractive index associated with an electro-optic material was proportional to n3r33, in 

chapter 2-3 it was shown that the r33 of a guest-host electro-optic polymer is proportional 

to the applied poling field, Ep

            

, and chapter 2-4 showed that the insertion loss of a 

photonic device is one of its most important characteristics.  It is therefore reasonable to 

define a figure of the figure of merit, M, for guest-host electro-optic polymers as: 
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=       (3-1) 

where Ep
max is the maximum applied poling field before the onset of dielectric 

breakdown and α is the EO polymer absorption loss.  The task of the thin film 

measurements presented here is to optimize poling conditions and chromophore loading 

levels to maximize this figure of merit.  One of the most critical measurements to be 

discussed in this chapter is the thin film r33 determination.  In this work, after poling, the 

sample r33 is measured using the ellipsometric technique first described by Teng [29].  

The experimental setup for the measurement is illustrated in Fig. 3-1.   
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Fig. 3-1 Experimental setup for measuring EO polymer r33

Using the experimental setup pictured in Fig. 3-1 according to Khanarian's 

derivation[30], the r

.  

33

            

 is given by: 
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=                 (3-2) 

where Im is the amplitude of the modulation from the lock-in amplifier, Ic, is the half-

intensity value (DC-offset) measured on the detector, Vpoly is the modulating voltage 

applied to the polymer and θ is the angle of incidence.  In this setup the EO polymer film 

is sandwiched between a top gold electrode and a transparent conducting oxide (TCO).  

In order to ensure high accuracy in this measurement technique, it is imperative that the 

transparent electrode have a low reflectivity so that multiple beam interference effects are 

not present[31].  The most commonly used TCO is indium tin oxide (ITO).  However, 

ITO is fabricated primarily for applications in the visible part of the spectrum and 

therefore ITO from different vendors has a wide variety of properties in the infrared.  The 

Glass substrate 
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plasma wavelength of several commercially available ITO coated glass substrates was 

measured and is shown in Fig. 3-2. 

 

 Fig. 3-2 Measured plasma frequency for commercially available ITO from a) EHC  

b) Nippon and c) Colorado Concepts 

a) 

b) 

c) 
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In order to determine the effect of the plasma wavelength on the variance of the 

Pockel's coefficient measurement the ITO from different vendor's was used to measure 

the r33

ITO 
Manufacturer 

 of varying film thicknesses of the same EO polymer.  The results of these 

measurements are summarized in Table 3-1.   

Poling Field 
(V/µm) 

Plasma 
Wavelength (nm) 

 
 

<r33
(pm/V) 

>   
 

Measurement 
Variance (pm/V) 

Colorado 
Concepts 

100 2020  67  10 

Nippon 100 1740  25  46 

EHC 100 1560  49  64 
 

Table 3-1 Determination of the best ITO to use for thin film r33

From the data presented in Table 3-1 it is clear that having a plasma wavelength 

close to the measurement wavelength of 1340 nm causes significant error in the 

measurement.  Therefore the ITO from Colorado Concepts was chosen for the thin film 

measurements presented here.  The chromophores and host polymers used in this work 

can be seen in tables 3-2 and 3-3 respectively.   

 measurements.  
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Chromophore Name  Chemical Structure 

AJL8 

 
JT1 

 

AJLS102 

 

AJC146 

 

AJL28 

 

 

Table 3-2 Various chromophores and their chemical structures. 
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Polymer Name  Chemical Structure 

Poly(methyl 

methacrylate) (PMMA) 

 

Amorphous 

Polycarbonate (APC)  

Polyimide (PI)  

 

Table 3-3 Various host polymers and their chemical structures. 

3.1  Poling dynamics 

There are several possible poling electrode geometries that can be used including 

corona, coplanar and contact.  Throughout this chapter contact poling will be described.  

Contact poling occurs when an EO polymer is sandwiched between a top electrode, 

oftentimes gold, and a bottom electrode, oftentimes indium tin oxide (ITO), and is picted 
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in Fig. 3-3.  Contact poling is the preferred poling geometry for producing a uniformly 

poled film.   

 

Fig. 3-3 Contact poling geometry (side-view). 

Like all electromagnetic phenomena the currents present during the poling process 

can be modeled with Maxwell's equations.  The time dependent poling current density for 

a single layer EO polymer film can be written using Gauss' law as: 

            dt
tdP

ETEtJ s
ppp

)(
),()( += σ       (3-3) 

where σp(Ep,T) is the EO polymer conductivity which is not in general ohmic and 

therefore a function of the applied poling field Ep and the temperature, T, while Ps is the 

persistent polarization of the chromophore dipoles.  Therefore the poling current density 

should be constant once the chromophores have aligned to the applied poling field as Ps

     

 

will no longer be changing.  The orientation of the chromophores' persistent polarization 

can be modeled using the single relaxation frequency Debye equation [32]: 

ppslows
s ETtPT
dt

tdP
)()()()(

)(
0 αεεεα −=+     (3-4) 
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where α(T) is the dipole relaxation frequency as a function of temperature, εslow is the 

low frequency dielectric response of the EO polymer and, εp is the dielectric constant of 

the EO polymer.  The Arrhenius function has proven to be a good model for the 

relaxation frequency α(T) [33].   Therefore from equation 3-3 it is expected that as the 

poling temperature is increased the chromophores will orient more quickly to a point, 

near the polymer Tg

The EO polymer was prepared in a solution of cyclopentatone with a concentration 

of 9% solids.  Then thin films were spin coated onto half etched ITO glass substrates at a 

rate of 2000 rpm for 30 seconds.  Once the films were spin-coated they were dried in a 

vacuum oven at a temperature of 100 °C overnight.  A top gold electrode was deposited 

by sputtering through a shadow mask which formed a patterned electrode with an area of 

0.156 cm

, where the relaxation frequency becomes constant.  From equations 

3-2 and 3-3, it is expected that once the poling field is turned on the chromophore 

orientation will cause an increase in the poling current which will decay as the 

chromophores become oriented.  In order to test this model a series of poling experiments 

was done using 23 weight % loading of the AJLS102 chromophore in an APC host.   

2 over the ITO portion of the substrate.  Finally wire leads were attached to both 

the ITO and gold electrodes with a conductive epoxy made by Circuit Works.  An 

illustration of the top-view of the finished sample can be seen in Fig. 3-4.   
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Fig. 3-4 Illustration of the top view of a sample fabricated for poling experiments. 

Once the thin film samples are fabricated they are poled by heating the sample to 

the desired temperature, applying a poling field for the desired time and finally cooling 

the sample back to room temperature.  Samples were poled for various dwell times at 

temperatures of 135, 145 and 155 °C and the r33 was measured and plotted versus dwell 

time.  The results of the measurement can be seen in Fig. 3-5.  It can be seen in Fig. 3-5 

that as was predicted by equations 3-3 and 3-4 increased dwell times result in more 

efficient poling.  However, at a high enough poling temperature, in this case 155 °C, 

alignment can occur rapidly and increasing the poling dwell time does not increase poling 

efficiency.  During the poling process the poling current was monitored on a 

picoammeter, the results of which are plotted in Fig. 3-6.   
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Fig. 3-5 Pockel's coefficient vs. poling dwell time  for the guest-host EO polymer 

23 weight % AJLS102 in APC for several temperatures.   

 

Fig. 3-6 Time dependence of the poling current for 23 weight % AJLS102 in APC. 
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From Fig. 3-6 it is clear that the poling current decays as the chormophores become 

oriented to the poling field which is in agreement with the poling model presented in 

equations 3-3 and 3-4.  Therefore, in this section, a model for poling dynamics has been 

presented and experimental evidence suggests its validity.   

3.2  Chromophore loading optimization 

In this section the material figure of merit, M, will be optimized for two different 

chromophores in the host polymer PMMA.  The PMMA used in these experiments had 

an average molecular weight of 120,000.  In order to optimize M, different concentrations 

of chromophore were loaded into PMMA, then films were made on SiO2 and half-etched 

ITO substrates.  The propagation losses of the films on SiO2 were measured using a 

Metricon prism coupler at 1550 nm and the r33 coefficients were measured using the 

ellipsometric technique discussed in the preceding section at 1340 nm.  The EO polymers 

were poled at 120 °C, near the PMMA Tg

Chromophore 
Loading (%) 

, for three minutes.  The results for AJL28 and 

AJLS102 chromophore can be seen in tables 3-4 and 3-5.   

r33
max α (dB/cm)  (pm/V)  

 
M (pm-

cm/dB-V) 
15 68 3.8  66.6 

20 105 3.9  102.2 

25 142 4.5  124.5 

30 80 6  54.6 

 

Table 3-4 Figure of merit optimization for the AJL28 chromophore in PMMA. 
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Chromophore 
Loading (%) 

r33
max α (dB/cm)  (pm/V)  

 
M (pm-

cm/dB-V) 

15 67 2.1  112 

20 84 2.5  122.7 

25 83 2.7  116.7 

 

Table 3-5 Figure of merit optimization for the AJLS102 chromophore in PMMA. 

Interestingly, although the optimal AJL28 concentration has an electro-optic 

coefficient 1.7 times larger than that of AJLS102 their optimal material figure of merits 

are nearly equal.  This result demonstrates the importance of propagation loss on the 

overall material performance.   

3.3  Advanced electro-optic polymers 

In recent years materials research in the Jen group at the University of Washington 

has focused on improving the electro-optic coefficient of guest-host EO polymers.  

Among the most promising materials developments have been the introduction of a cross-

linkable host polymer or host side-chain polymer [34].  In this section two advanced 

materials, AJ309 and AJ404, developed in the Jen group will be discussed.   

The AJ309 polymer (Fig. 3-7) consists of a mixture of 30 mg of poly[(methyl 

methacrylate)-co-(9-anthracenyl methylmethacrylate)] (PMMA-AMA), 2.5 mg of 1,6-

bismaleimidohexane (BMI) and 14 mg of AJC146 chromophore dissolved in 530 mg of 

distilled 1,1,2-trichloroethane (8 % solids by weight) for 6 hours while gently stirring. 
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The homogeneous solution is filtered through a 0.2 µm poly(tetrafluoroethylene) (PTFE) 

filter and spin-coated onto half-etched ITO glass substrates. A 1200 rpm spin speed 

produced approximately 1.0 µm thick films. The spin-coated films were dried under 

vacuum for 16 hours at 50o

 

C and were stored under vacuum at room temperature for 

further measurements. A thin layer of gold was then sputtered onto the films as the top 

electrode for performing the poling experiments. The EO coefficient values were 

measured using the ellipsometric technique at 1340 nm.  

Fig. 3-7 AJ309 material composition pre and post-poling. 

The use of a nonoptimized process is expected to give low E-O activity due to over 

crosslinking of the polymer before applying the poling field in these materials.  To 

minimize the detrimental effect of crosslinking between chromophores, the poling needs 

to be performed before the polymer film becomes fully crosslinked.  At higher 

temperatures and longer vacuum drying times of the films, E-O activity of the polymers 

has been significantly reduced due to the crosslinking reaction before orientation of 

chromophores. The optimal poling profile for AJ309 was determined to be: apply an 
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intial voltage of 75 V/µm at 50 °C then ramp the temperature to 135 °C at a rate of 5 

°C/min, once the temperature hits 105 °C slowly increase the poling field to 125 V/µm, 

and after reaching 135 °C cool to room temperature with the poling field on.  The r33 

value of AJ309 after being dried at 50oC for 16 hours was 215 pm/V at 125 V/µm poling 

field.  However, after vacuum drying for 10 hours at 70oC and for 24 hours at 50oC films 

with the same material composition under similar poling condition showed r33

The AJ404L polymer (Fig. 3-8) is made by dissolving 126 mg of PM-AJL04 and 

84 mg of AJL28 in 1.19 g of distilled cyclopentanone, gently stirring for 6 hours then, 

adding 12.6 mg of TMI; the resulting solution is stirred for an additional 15 minutes.  The 

homogeneous solution is filtered through a 0.2 µm poly(tetrafluoroethylene) (PTFE) filter 

and spin-coated onto half-etched ITO glass substrates. The solution needs to be coated 

within 30 minutes otherwise the solution becomes too viscous to use.  A 1400 rpm spin 

speed produced approximately 1.0 µm thick films. The spin-coated films were dried 

under vacuum for 14 hours at 50

 values of 

127 and 145 pm/V, respectively. 

oC then a thin layer of gold was sputtered onto the films 

as the top electrode for performing the poling experiments.   
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Fig. 3-8 AJ404L material composition pre-poling. 

Similarly to the case of  AJ309, the use of a nonoptimized process is expected to 

give low E-O activity due to over crosslinking of the polymer before applying the poling 

field.  To minimize the detrimental effect of crosslinking between chromophores, the 

poling needs to be performed before the polymer film becomes fully crosslinked.  At 

higher temperatures and longer vacuum drying times of the films, E-O activity of the 

polymers has been significantly reduced due to the crosslinking reaction before 

orientation of the chromophores. The optimal poling profile for AJ404 was determined to 

be: apply an intial voltage of 20 V/µm at 50 °C then ramp the temperature to 125 °C at a 

rate of 10 °C/min, once the temperature hits 100 °C slowly increase the poling field to 

100 V/µm, after reaching 125 °C cool to room temperature with the poling field on.  The 

thin film poling results of AJ404, AJ309, 20 % AJLS102 in APC, and 20 % AJL8 in 

APC can be seen in Fig. 3-9.   
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Fig. 3-9 Thin film poling results for 4 EO polymers.  

From Fig. 3-9 it is clear that the thin film poling of the advanced electro-optic 

polymers is significantly better than the earlier generation standard guest-host materials.  

However, as was previously demonstrated the thin film EO coefficient measurement only 

determines part of the overall material figure of merit.   In order to determine the overall 

material performance the propagation losses were measured for the materials shown in 

Fig. 3-9.  The absorption spectra for these materials can be seen in Fig.'s 3-10 and 3-11 

along with their propagation losses.   

Poling Field [V/µm] 
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Fig. 3-10 Absorption spectra for 4 EO polymers.  The more advance materials have  a 

red-shifted peak wavelength, λ

 

max. 

Fig. 3-11 Near infrared absorption tails for 4 EO polymers and their propagation losses at 

1550 nm.  The more advance materials are both red-shifted and have  a longer tail leading 

to larger losses at 1550 nm. 
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Although the advanced electro-optic materials have superior EO coefficient 

performance much of this advantage is lost due to increased propagation loss.  As seen 

from Fig.'s 3-10 and 3-11 the increase in propagation loss comes from the red shift in the 

chromophore λmax to which part of the increase in the r33

In this section superior EO coefficient performance has been demonstrated.  

However, the total material performance has not yet been optimized due to the red-shift 

in the chromophoric absorption.  An ideal material would have a very short absorption 

tail in the near infrared and a high r

 can also be attributed, due to the 

dispersion effects shown in equation 2-45.   

33

3.4  EO polymer photo-bleaching 

.   

Organic molecules such as electro-optic chromophores undergo photobleaching 

when excited by an ultra violet, visible or infrared light source.  The photobleaching of 

aromatic organic molecules, including π conjugated chromophores [35], is well 

understood.  Studies have shown that singlet oxygen plays an important role in the 

photochemical bleaching reaction [36].  According to [37] the oxidation mechanism for 

chromophores containing C=C bonds is peroxidation of the ground-state chromophores.  

The reaction is given by: 

          22
1

0 )( MOOSM →+        (3-5) 

where M(S0), the chromophore molecule in the ground state, reacts with singlet oxygen 

to give peroxide.  According to [36] the presence of photons is critical to creating singlet 
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oxygen since the interaction of the chromophore in an excited state triplet state, caused 

by the absorption of a photon, and the dissolved oxygen which naturally occurs in the 

triplet state can create singlet oxygen which enables the chemical reaction, 3-5.  In order 

to test this theory a thin film of AJ309 was exposed to mercury i-line radiation with a 

power of 11 mW/cm2

 

 for various times and its absorption spectra and refractive index 

were then measured (Fig. 3-12, 3-13) 

Fig. 3-12 Change in the absorption spectra of AJ309 after UV exposure for various times. 

 

Fig. 3-13 Change in the refractive index of AJ309 after UV exposure for various times. 
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From Fig.'s 3-12 and 3-13 it is clear that exposure to UV light in the presence of 

oxygen is detrimental to the EO coefficient of AJ309.  However, selectively exposing the 

material can enable the trimming of optical waveguides, or the creation of refractive 

index tapers for mode conversion which will prove to be useful in the proceeding 

chapters.   
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4.  SOL-GEL CLADDINGS FOR ELECTRO-OPTC POLYMER 

MODULATORS 

In the preceding chapters it was demonstrated that EO polymers have advantages 

over inorganic materials in not only bandwidth and EO activity, but also in 

processability.  Since EO polymers are soluble in organic solvents they can be deposited 

as thin films by spin coating, eliminating the need for single crystal growth techniques.  

Furthermore, they can be integrated with semiconductor technology without the need for 

crystal lattice matching.  However, in order to efficiently use EO polymers in waveguide 

modulators suitable cladding materials must be identified. 

In order for a material to be a suitable cladding for EO polymers it must possess a 

number of critical material properties: resistance to organic solvents, tunable refractive 

index, low optical loss, low temperature processing, high conductivity at poling 

temperatures, and a low dielectric loss tangent at RF frequencies.  A large effort by Grote 

et al. [38-48] to identify a potential cladding material met with limited success.  In 2006 

the author presented a breakthrough in the search for a high quality cladding material 

[49].  The sol-gel cladding material discussed in [49] will be presented in detail 

throughout this chapter.  

4.1  Sol-gel chemistry 

 A sol is a suspension of colloidal particles in a liquid, a gel is a material which has 

a continuous solid skeleton enclosing a continuous liquid phase.  Sol-gel chemistry 
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involves the preparation of a sol, gelation of the sol and the removal of the liquid to form 

a solid.  The materials of interest in this chapter are organically modified silicates 

(ormosils) which were first reported in the early '80's [50].  Ormosil's are a hybrid 

organic-inorganic material consisting of a silicon molecule modified with organic 

functionalities.   

The formation of a sol-gel network from its chemical precursors begins with 

hydrolysis: 

          ROHSiOHOHSiOR +→+ 2        (4-1) 

where R is a hydrocarbon chain or ring.  Hydrolysis can be catalyzed by either a base or 

an acid but, the material chemistry depends on pH.  The hydrolysis reaction is influenced 

by the concentration of water to alkoxide present as well as the concentration of each 

material in any solvent added to the reaction.  Hydrolysis is followed by condensation 

which can take place in two possible reactions: 

       ROHSiOSiSiROSiOH +−−→−+    (4-2) 

          OHSiOSiSiHOSiOH 2+−−→−+       (4-3) 

  When done in acidic conditions , pH< 2.5, the rate of condensation depends on the 

concentration of protons and is slower than the hydrolysis reaction.  The polymers 

formed under acidic conditions tend to be linear with scarce branching points.  On the 

contrary when pH>4, the condensation rate is dependent upon the number of OH- anions 
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and is superior to hydrolysis which also results in the formation of denser solids [51].  An 

example of a an silicon oligomer formed by the sol-gel process can be seen in Fig. 4-1.   

 

Fig. 4-1 Example of an oligomer formed by the sol-gel process. 

Since Si-O-Si bonds are formed the resultant material is glass like and can be 

expected to have good optical and mechanical properties..  However, since the hydrolysis 

reaction produces silanol, SiOH, the amount of water and the degree to which the 

condensation reaction is completed is expected to have a large impact on the optical loss 

of the material.  In order to achieve refractive index tuning in a sol-gel several alkoxides 

can be incorporated into one network, by changing the ratio's of the starting materials the 

index can be tuned.  The various starting materials described in this work can be  seen in 

table 4-1. 

3-(trimethoxysilyl)propyl methacrylate (MAPTMS)  is one of the most widely used 

starting sol-gel materials throughout the literature due to its acrylate group which makes 

it photo or thermally polymerizable.  Photo-polymerization occurs when a photo initiator 
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is added to the material.  Upon exposure to UV radiation the initiator molecules break up 

in a way which creates two initiator fragments each with one unpaired electron, called 

free radicals.  These free radicals can then attack the carbon-carbon double bond in the 

acrylate group which can then react with another monomer this happens in a chain 

reaction, forming a polymer in a process called free-radical polymerization. It is worth 

noting that free radical polymerization is inhibited by the presence of oxygen.  The 

photoinitiators used here can be seen in table 4-2.   

.   

Material Name  Chemical Structure 

3-(trimethoxysilyl)propyl methacrylate 

(MAPTMS) 

 

 

Zirconium (IV) Propoxide 

(ZPO) 

 

 

Diphenyl Dimethoxysilane 

(DPDMS) 

 

 

 

Table 4-1 Starting materials for the sol-gels described in this chapter.   
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Initator name  Chemical Structure 

IRGACURE 184 

 

 

IRGACURE 369 

 

 

 

Table 4-2 Photoinitiators used for photo-polymerization.   

4.2  Sol-gel material properties and optimization 

In order to optimize the amount of water used for hydrolysis MAPTMS was 

hydrolyzed using various amounts of water, catalyzed with 0.1 N HCl.  The sol-gel was 

allowed to hydrolyze and condense for three days while stirring at 850 rpm at room 

temperature.  The hydrolysis and condensation of MAPTMS produces methanol.  In 

order to accurately measure the optical loss of the sol the methanol was removed by 

heating at 120 °C.  After removal of the MeOH the optical loss of the sol was measured 

on a  Cary UV-VIS spectrometer.  The results can be seen in Fig. 4-2.   
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Fig. 4-2 Optical loss at 1550 nm versus amount of water used for hydrolysis.   

From Fig. 4-2 it is clear that adding excess water to the reaction causes an increase 

in the optical loss likely due to the presence of uncondensed silanol present in the sol.  It 

was also observed that adding less water creates a sol that is less viscous and therefore 

produces thinner films and that films made from sol-gel with an rw
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 of less than 0.9 were 

too soft for use as a cladding for EO polymers.  In order to tune the refractive index of the 

sol-gel ZPO was added.  The resultant change in the refractive index can be seen in Fig. 

4-3.  The linear variation of the refractive index with the addition of ZPO is suggestive of 

the fact that the Zr is incorporated directly into the silicon network and does not 

aggregate. 
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Fig. 4-3 Refractive index at 1550 nm versus mole % of ZPO added to MAPTMS. 

In order to further reduce the optical losses of the sol-gel DPDMS was added.  The 

thought behind the addition of DPDMS is that the replacement of some of the aliphatic 

CH with aromatic CH bonds would reduce the loss in the sol-gel.  The sol-gels were 

hydrolyzed with 0.75 mole of water for every mole of siloxane.  From Fig. 4-4 it is clear 

that the addition of DPDMS can reduce the loss of the sol-gel however adding too much 

DPDMS can be detrimental.  The absorption spectrum of the material a sol-gel with 25 

mole % DPDMS and 75 mole % MAPTMS can be seen in Fig. 4-5.   
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Fig. 4-4 Optical loss at 1550 nm versus DPDMS concentration. 

 

Fig. 4-5 Absorption spectrum of 75% MAPTMS and 25% DPDMS sol-gel. 
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indicates that the DPDMS and MAPTMS are incorporated into one homogenous 

network.   

 

Fig. 4-6 Refractive index measured at 1550 nm variation with the addition of DPDMS. 

As was previously mentioned the sol-gel reaction for both MAPTMS and DPDMS 

creates methanol.  Since methanol has a low boiling point of 65 °C it is not a good 

solvent for creating high quality films by spin coating.  In order to reduce film waviness 

various amounts of the MeOH were removed from a sol-gel composed of 90 % 

MAPTMS and 10 % ZPO by baking at 120 °C, while gently stirring, then allowing the 

sol-gel to cool to room temperature, and spin coating films.  After spin coating the films 

were thermally cured at 135 °C for 1 hour and the waviness was measured (Fig. 4-7).  

Clearly, removing the MeOH improves the film uniformity which is important to 

reducing waveguide losses.  Regardless of the amount of solvent removed, the films had 
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low micro roughness on the order of a 1 nm and can be seen in Fig. 4-8.  These results 

can be expected to extend across all sol-gels described in this chapter due to their similar 

compositions.   

 

Fig. 4-7 Film uniformity for a sol-gel after removing various amounts of MeOH. 

 

Fig. 4-8 Micro-roughness for a sol-gel after removing various amounts of MeOH. 
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4.3  Sol-gel electrical properties 

In order for a material to be an ideal cladding for electro-optic polymer modulators 

the EO polymers need to be efficiently poled while in a multilayer stack with the 

cladding material.  Therefore the electrical properties of the cladding, especially at the 

poling temperature, are critical.   

4.3.1  Multilayer poling dynamics 

In a waveguide modulator the EO polymer is the core layer and is surrounded by an 

upper and lower cladding.  Therefore the modulator must be poled with at least the lower 

cladding present.  Since contact poling occurs with the layers sandwiched between two 

electrodes following Kirchoff's laws the current density must be equal in each layer.  The 

current density in the cladding layer is given by: 

            dt
tdE

tEtTEtJ c
cccc

)(
)(),,()( 0εεσ +=      (4-4) 

where σc(Ep,T,t) is the cladding conductivity, which is not in general ohmic and 

therefore a function of the applied field Ec, the temperature T, and time t, ε0 is the 

permittivity of free space and εc

dt
tdP

dt
tdE

tETE
dt

tdE
tEtTEtJ sp

pppp
c

cccc
)()(

)(),(
)(

)(),,()( 00 ++=+= εεσεεσ

 is the cladding dielectric constant.  Considering equation 

3-3 the following relation must hold for multilayer poling:          

    (4-5) 
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Clearly, in order to efficiently pole the EO polymer layer the conductivity of the sol-gel 

should be greater than or equal to the conductivity of the EO polymer or conversely the 

resistivity of the cladding must be lower than that of the EO polymer.  The current 

density versus applied electric field for a sol-gel consisting of 95 % MAPTMS and 5 % 

ZPO (95/5) sol-gel for several temperatures can be seen in Fig. 4-9. The current versus 

applied electric field for 95/5 sol-gel at a temperature of 150 °C and its time dependence 

can be seen in Fig. 4-10.   

 

Fig. 4-9 Current versus applied electric field for  95/5 sol-gel for several temperatures. 

From Fig. 4-9 it can be seen that the 95/5 sol-gel follows Mott and Gurney trap free 

space charge limited conduction, indicating non-blocking electrical contacts [52].   
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where ε is the dielectric constant, µ temperature dependent charge mobility, V the applied 

voltage and d the material thickness.  A current decay was observed (Fig. 4-10 inset) on 

an extended time scale on the order of minutes which can be attributed to the desorption 

of ions from the atmosphere trapped within the pore structure of the sol-gel.   

 

Fig. 4-10 Current density versus applied electric field for  95/5 sol-gel at a temperature of 

150 °C, inset shows the current decay with time when held at a constant field.   

In order to prove this theory the current of a sample with three electrodes was 

measured by heating to 150 °C in a nitrogen environment with an applied field of 100 

V/µm then cooling with the applied field on one electrode, after which the next electrode 

was measured and then the third.  It was observed (Fig. 4-11 a)) that the current as a 

function of temperature decreased after temperature cycling for each electrode when 
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heated and cooled in a nitrogen environment.  However, after heating to 100 °C in an air 

atmosphere and remeasuring the electrode (lead 3) which was cycled three times the 

current density returned to the level of the initial measurement (lead 1/ lead 3*) and can 

be seen in Fig. 4-11 b).  It can also be seen from Fig. 4-11 that the sol-gel conductivity 

has an Arrhenius temperature dependence.   

 

  

Fig. 4-11 a) Current with an applied field of 100 V/µm after temperature cycling in 

nitrogen b) return of current to original level after heating and cooling in air (lead 3*). 
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Further evidence for the enhancement of the sol-gel conductivity from atmospheric 

ions trapped in the pores of the sol-gel came upon doping the 95/5 sol-gel with DNA.  

The motivation for doping the sol-gel with DNA came from reports using DNA as a 

potential cladding for EO polymers [48].  Upon doping 95/5 with DNA a drastic drop in 

the current as a function of temperature was observed (Fig. 4-12).  Since DNA molecules 

cannot be incorporated into the sol-gel network they must be contained within the pores, 

blocking potential ions from being trapped there.  Still further evidence was reported in 

that the conductivity of a sol-gel was greatly enhanced by doping the pores with 

ferrocyanide ions [53] which, may be an interesting strategy to further improve the sol-

gel conductivity.   

 

Fig. 4-12 Effect of doping 95/5 with DNA. 
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Another interesting observation made after doping the 95/5 with DNA was that the 

dielectric breakdown strength of the material was greatly improved to more than 1200 

V/µm higher than that of most known materials.  This result has potential application in 

the field of dielectrics for energy storage since the amount of energy stored in a capacitor 

goes as the square of the voltage applied.   

In order to see the effect of different sol-gel compositions, experiments were done 

to determine the resistivities of MAPTMS with different levels of ZPO and DPDMS 

added.  The measurements were all done with a 100 V/µm field at 150 °C and since the 

current was observed to decay over time each measurement was made after holding the 

sol-gel under the applied field for 3 minutes.   From Fig. 4-13 it can be seen that the 

addition of up to 30 % ZPO does not significantly change the sol-gel resistivity.  

However, from Fig. 4-14 it is clear that the addition of DPDMS significantly increase the 

sol-gel resistivity.  Therefore while the sol-gel with DPDMS has a lower optical loss it is 

not a good cladding for multilayer poling and should be used as a passive core material.   

 

Fig. 4-13 Sol-gel resistivity variation with the addition of ZPO.   
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Fig. 4-14 Sol-gel resistivity variation with addition of DPDMS. 

The effect of the amount of water added for hydrolysis and the molarity of the HCl 

catalyst on the resistivity for 95/5 sol-gel with a 100 V/µm field at 150 °C was also 

measured.  From Fig.'s 4-15 and 4-16 it is clear that the amount of water and the molarity 

of the HCl have little effect on the resistivity.   

 

Fig. 4-15 Effect of amount of water added for hydrolysis on the sol-gel resistivity 

for 95/5 sol-gel.   
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4-16 Effect of HCl catalyst molarity on the 95/5 sol-gel resistity. 

Clearly, the best material for use as a cladding for EO polymers due to its low loss 

and low resistivity is sol-gel consisting of MAPTMS doped with ZPO.  Due to its 

reduced loss and high refractive index, sol-gel having MAPTMS doped with DPDMS is a 

good passive core material, but, due to its high resistivity, it is not a good candidate as a 

cladding material.   

4.3.2  Multilayer poling experiments 

According to equation 4-5 it is critical that the conductivity of the sol-gel cladding 

layer be greater than or equal to the conductivity of the EO polymer layer in order to 

achieve efficient poling.  However, as was previously stated neither the sol-gel nor the 

EO polymer have ohmic behavior.  The current-voltage curves for several EO polymers 

were measured and the measured current density as a function of the applied electric field 



94 
 

for the relevant EO polymers was observed to be exponential, following the Schottky-

Richardson theory of thermionic emission across a potential barrier [54] 

        

(Fig. 4-17): 










 −
−=

kT
E

h
kTemi sβφπ exp)(4 2

3 ,       (4-7) 

where k is the Boltzmann constant, e the fundamental charge, m the mass of an electron, 

h Planks constant, T the temperature, φ the potential barrier height, E the electric field 

and βs = (e3/4πεrε0)1/2 

 

is the Schottky coefficient, which agrees with previous reports 

[54-56].   

Fig. 4-17 Current vs applied field at the poling temperature of 150 °C for 25 % AJLS102 

in APC, 25% AJL8 in APC and 25 % JT1 in PI.   
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The ratio of the resistivity between the EO polymer materials AJL8, AJLS102, AJ309 

and AJ404 and the 95/5 sol-gel cladding at the relevant poling temperature and for a field 

of 50 V/µm was measured and can be seen in Fig. 4-18.  From Fig. 4-18 it is clear that 

with the successive generations of EO material the resistivity decreases.  Although each 

generation of material has a higher r coefficient the decrease in the resistivity makes it 

more and more difficult to efficiently pole in the multilayer geometry. 

 

Fig. 4-18 The ratio between the polymer resistivity and sol-gel resistivity at the poling 

temperature for a field of 50 V/µm with each chromophore loaded at 25 % in APC or the 

cross-linkable host material for AJ309 and AJ404.   

In order to determine how efficiently two-layer EO polymer/sol-gel cladding 
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 values 

were measured using the ellipsometric reflection technique.   
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Fig. 4-19 Sample geometry for poling efficiency experiments. 

When using the ellipsometric reflection technique to measure r33 of multilayer 

films, it is important to correct for the partial voltage drop across the cladding layer.  

When an AC voltage is applied at room temperature the multilayer stack behaves as a 

dielectric, since the conductivity is thermally activated.  Assuming the cladding material 

to be nonmagnetic and that the electrodes form a lossless transmission line, the portion of 

the total voltage, VAC

         

, dropped across the EO polymer is given by [42]:  

poly

clad

cladpoly

poly
ACpoly dd

d
VV

ε
ε

⋅
+

⋅=          (4-8) 

where εclad and εpoly are the relative dielectric constants of the sol-gel cladding and active 

EO polymer, respectively.  We measured the relative dielectric constant of the sol-gel 

cladding to be 5.0 and that of several EO chromophores in APC to be 3.5, at the 
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measurement frequency of 1 kHz.  Under these conditions, the standard equation for r33 

       

becomes: 
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Since it was observed that the sol-gel conductivity decreases with dwell time it is 

important to choose a poling temperature at which the chromophores can rapidly orient.  

As seen in Fig. 3-5 for chromophores doped in APC, 150 °C is appropriate.  The results 

of the multilayer poling experiments for the chromophores AJL8 and JT1 doped in APC 

and PI respectively can be seen in Fig. 4-20.  It can be seen from Fig. 4-20 that poling 

with a sol-gel cladding layer actually enhances the EO polymer r33.  These EO coefficient 

enhancements agree with previously reported enhancements through the use of a low 

relative resistivity cladding [57] and by extension of the dielectric breakdown region to 

230 V/µm using a siloxane buffer layer [54,55] and a PEDOT/PVA conductive cladding 

[58].  The present work is distinguished from these previous efforts in both the magnitude 

of the poling voltages achieved, and in the additional beneficial properties of the sol-gel 

cladding layer, which include refractive index tunability, relatively low optical loss [59], 

and the capability to be directly patterned with ultraviolet lithography.    
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Fig. 4-20 a)  25% JT1 chromophore doped in PI was poled with a sol-gel cladding up to 

an applied voltage up to 300 V before the onset of dielectric breakdown leading to an 

enhancement in the r33 of 2.4 with respect to the sample poled with no cladding. b) Using 

a sol-gel cladding layer 25% AJL8 chromophore doped in APC was poled with an 

applied voltage up to 330 V before dielectric breakdown leading to an enhancement in 

the r33 of 1.6 with respect to the sample poled with no cladding. 



99 
 

AJL8 in APC and JT1 in PI are two of the higher resistivity materials.  AJLS102 in 

APC, AJ309 and AJ404 have lower resistivities and therefore are more difficult to 

efficiently pole.  The thin film poling results for AJLS102 in APC can be seen in Fig. 4-

21, showing that it was poled up to 1.67 times more efficiently using a sol-gel cladding 

than without one.  AJ309 was poled up to 110% efficiently, relative to a single-layer film, 

using the 95/5 cladding [9] and AJ404, due to its high conductivity, was never efficiently 

poled with a sol-gel cladding.   

 

Fig. 4-21 Thin film poling experiment for 25% AJLS102 in APC.   

The efficient poling can be partly attributed to the Maxwell-Wagner boundary at 

the interface between the EO polymer and sol-gel cladding.  According to [35] the 

effective poling field, ED, in a multilayer structure is given by: 
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where hc is the cladding thickness, Vtot is the total applied voltage and σcg

             

(t) is given by: 

)()()()( 00 tPtEtEt sCCpolypolycg +−= εεεεσ                   (4-11) 

where Epoly is the electric field in the EO polymer, EC is the electric field in the cladding, 

Ps is the persistent polarization of the EO polymer and εpoly, εc 

           

are the polymer and 

cladding dielectric constants, respectively.  It can be shown that in the limit where the 

cladding is much more conductive than the polymer (the case for AJL8, AJLS102 and 

JT1) that the effective poling field is given by: 
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The first and last terms in equation 4-12 can be thought of as enhancement terms since 

they increase the effective poling field above the poling field that would occur with no 

cladding present.   

Furthermore, the efficient poling can be partly attributed to an increase in the 

effective dielectric strength of the EO polymer with the cladding present.  One hypothesis 

is that the polymer/sol-gel interface provides an efficient place to trap charges thereby 

reducing the total charge injection into the EO polymer layer.  Since the probability for 

avalanche dielectric breakdown is proportional to the current flow a reduction in the 

current would decrease the probability of avalanche dielectric breakdown thereby 
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increasing dielectric strength.  Dielectric breakdown is detrimental to the material 

integrity and renders the device useless.  The effect of breakdown in a multilayer 

AJLS102/ 95/5 sol-gel structure can be seen in Fig. 4-22.   

 

Fig. 4-22 Effect of dielectric breakdown on an AJLS102/ 95/5 multilayer film.    

Fig. 4-23 shows the current flow in a JT1 in PI polymer layer with and without a 

sol-gel cladding and it shows that with the sol-gel cladding present the current flow is 

decreased however it still follows the Schottky-Richardson current voltage law for EO 

polymers.  This is strong evidence that the hypothesis is correct.   

 

Fig. 4-23 Current voltage curves for JT1 in PI with and without a 95/5 sol-gel cladding. 
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To summarize, the electro-optic coefficients of poled EO guest-host polymers were 

enhanced by up to a factor of 2.5 through the use of a 95/5 sol-gel cladding layer.  With 

its low optical propagation loss and excellent mechanical and electrical properties, 

organically modified sol-gel is an ideal cladding material for EO polymer based devices.  

Furthermore sol-gel materials doped with DPDMS have been shown to have optical loss 

less than 1.0 dB/cm  and can be used as a passive waveguide core material. 
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5.  ELECTRO-OPTC POLYMER MODULATORS: DESIGN, 

FABRICATION AND TESTING 

In the preceding chapters the properties of EO polymers and sol-gel claddings were 

discussed.  Chapter 4 concluded that a 95/5 sol-gel allows for efficient poling of EO 

polymers in a multilayer thin film geometry.  The task of this chapter is to present a path 

which translates the efficient thin film poling to efficient poling in a fabricated 

modulator.  However, before designing a modulator it is important to consider the system 

parameters which define what makes a good device.  The systems of interest for this 

work are analog RF photonic links (Fig. 1-1).   

5.1  Figure of merit analysis 

One of the most critical parameters in a photonic link is the link gain.  Link gain or 

loss is the ratio of the output electrical power to the input electrical power.  Assuming 

that the applied signal is in the small signal regime, for an external Mach-Zehnder 

modulator the photonic link gain is given by [60]: 

           
2

*2
****









=

π

π
V

rRPT
g dSiFF            (5-1) 

where TFF is the fiber to fiber transmission of the device, Pi is the input laser power, Rs is 

the system impedance, rd is the detector responsivity and Vπ is the device half-wave 

voltage.  Equation 5-1 assumes that the impedance of the device and the detector are 

matched which is generally true and typically 50 Ohms.  From equation 5-1 it is easy to 
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see that the important device parameters are TFF and Vπ

         

. Therefore, it is reasonable to 

define a device figure of merit (FOM) from equation 5-1 as: 

πV
TFOM FF=                   (5-2) 

The fiber to fiber transmission can be written as: 

              )(10
*

1010 eLog
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FF eT
coupling αα −−

=                     (5-3) 

where αcoupling is the total coupling loss in dB which includes any transition losses or 

passive section losses, α is the waveguide propagation loss in dB/cm and L is the device 

length in cm.  The Vπ

              

 for a dual drive or push-pull Mach-Zehnder modulator is given by: 

Lrn
dV

****2
*

33
3 Γ

=
λ

π                     (5-4) 

where λ is the wavelength of light, d is the electrode separation, n is the effective 

refractive index, r33

              

 is the Pockel's coefficient of the EO polymer, Γ is the overlap 

integral of the optical mode with the EO polymer and L is the device length.  Combining 

equations 5-3 and 5-4 to rewrite equation 5-2 it can be seen that the FOM is a function of 

the device length: 
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Which can be rewritten as: 

              LeCFOM eLog
L

** )(10
*α

−

=                    (5-5) 

where C is a constant which is dependent solely on device parameters.  Plotting the 

function in equation 5-5 (Fig. 5-1) shows that this type of function has a local maximum 

and therefore taking the derivative, equating it to zero and solving for L will yield the 

device length which optimizes the FOM.   

 

Fig. 5-1 Plot of the functional form described in Equation 5-5.  

              1
)(10

0 +
−

=
∂

∂
= optimalL

eLogL
FOM α                      (5-6) 

Therefore the optimal device length is given by: 
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Which shows that the optimal device length depends solely on the EO polymer loss, a 

critical observation and in fact is exactly the characteristic length 1/α where α is the 

material loss in cm-1

            

.  Plugging the result of equation 5-7 into equation 5-5 yields: 

αλ

α

33
3110 *

*
*

*)(10*2**10 rn
d

eLogeFOM

coupling

optimal
Γ

=
−

−

          (5-8) 

Which can be rewritten as: 

               MCFOM Doptimal **η=               (5-9) 

Where η is the in device poling efficiency factor, M is the material figure of merit as 

defined in equation 3-1 and CD

              

 is the device coefficient: 
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It is interesting to note that at the optimum the device FOM is directly proportional 

to the material figure of merit, M that was defined in chapter 3 and it is now clear that the 

poling efficiencies discovered in chapter 4 will have a great impact on the device FOM.  

From equation 5-10 it can be seen that the task of device design should be to maximize 

the device coefficient, CD.  It is also worth noting that the device loss at the optimum 

length is given by 4.34 dB + α

Another important system parameter is the system bandwidth.  The 3-dB electrical 

bandwidth for modulators employing an electrode which is a micro-strip transmission 

coupling.   
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line is also dependant on the device length.  Therefore it can be said that the optimum 

device length is given by equation 5-7 if the length is small enough that the 3-dB 

electrical bandwidth will be within the system requirements.  Otherwise the optimal 

length is the length which makes the 3-dB electrical bandwidth equal to the required 

system bandwidth.  Since inorganic crystals like LiNbO3

Reexamining equation 5-1, if a system which has an impedance of 50 Ohms, and a 

detector with a responsivity of 0.85 A/W is assumed then the input laser power above 

which link gain occurs is: 

 have extremely low propagation 

losses for frequencies below their band-gap their modulator lengths are usually 

determined by the bandwidth requirements.  However, since EO polymers typically have 

propagation losses of 2 dB/cm or higher, equation 5-7 will prove to be key in determining 

the optimal device length.   

                      
FOM

mWPi
15

=                           (5-11) 

According to equation 5-11 the device photo-stability in the infrared will be crucial to 

obtaining photonic links with gain. Furthermore, by making some assumptions about the 

device coefficient material requirements for various device performance milestones can 

be established.  Assuming an ambitious device with total coupling losses of 1.5 dB, an 

electrode separation of 8 µm, an operating wavelength of 1.55 µm, an effective refractive 

index of 1.65 and an overlap integral of 0.8 and a poling efficiency of 1.0 the materials 

requirements for several modulator milestones can be seen in Table 5-1.   
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Vπ Insertion Loss 
(dB) 

 (V) r33
max α (dB/cm)  (pm/V)  

 
FOM (V-1) 

4 5.8 40 4  .065 

4 5.8 20 2  .065 

2 5.8 80 4  .13 

2 5.8 40 2  .13 

1 5.8 160 4  .26 

1 5.8 80 2  .26 

0.5 5.8 317 4  .52 

0.5 5.8 160 2  .52 

0.25 5.8 635 4  1.04 

0.25 5.8 317 2  1.04 

 

Table 5-1 Required material performance for various device performance parameters. 

As can be seen in Table 5-1 excellent materials and device designs will be required 

to achieve a FOM greater than 1.  Another important system parameter is the noise 

figure.  The noise figure, NF, is defined as: 

       







=

out

in

SNR
SNR

LogNF 10               (5-12) 

and it can be shown that the general noise figure limit for photonic links is given by [61]: 
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g
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and therefore the output signal to noise ratio is at least 3 dB worse than the input signal to 

noise ratio.  However, by choosing the device FOM to optimize the link gain the NF has 

also been optimized.   

The final system parameter of importance is the dynamic range.  Careful 

examination of the output signal will prove that not only the signal at the fundamental 

frequency ω is present but also at the higher harmonics nω.  Therefore the photonic link 

adds distortion.  In order for the link to be useful in analog applications then for 

sufficiently low input powers the power of the higher harmonic distortions needs to be 

lower than the noise.  The difference in input power when the fundamental rises above 

the noise floor and a higher harmonic rises above the noise floor, in dB, in a 1 Hz 

bandwidth is the intermodulation-free dynamic range (IMFDR).  For large half-wave 

voltages the IMFDR is independent of Vπ.  Decreases in the Vπ for large half-wave 

voltages causes the signal distortion to change at the same rate as the noise, however, as 

Vπ gets very small the noise figure approaches its fundamental limit (equation 5-13) and 

therefore the distortion is no longer increasing at the same rate as the noise.  Table 5-2 

shows the "knee" Vπ

 

 values for various output laser intensities where decreasing the half-

wave voltage below these knee values essentially results in a reduction in IMFDR [62].  

This problem can be alleviated by using a modulator with a more linear transfer function.   
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Output Power (mW)  Knee Vπ Value (V) 

1 0.03 

10 0.1 

100 0.3 

 

Table 5-2 Knee Vπ

Several techniques for linearizing modulators have been presented in the literature 

[63-66] and they typically involve cascading modulators together to create a more linear 

device transfer function.  One interesting approach to creating a linear modulator is using 

a phase modulator since its transfer function on the phase is exactly linear.  The link gain 

for a phase modulator is the same as for a dual drive and 6 dB higher than a single drive 

Mach-Zehnder [67].  Phase modulators have the additional advantage that they do not 

require any bias voltage. However, using a phase modulator essentially places the onus 

on a coherent receiver but, it may still prove to be an ideal solution as integrated 

electronics scale up much better than integrated optics.   

 values for various laser powers out of the device [62]. 

5.2  EO polymer modulator with single-mode to multimode waveguide transitions 

Although EO polymer modulators show much promise there are still difficulties 

encountered when trying to fabricate high performance devices.  One of the main 

challenges is to design a modulator with low end-fire coupling loss to single-mode 

optical fiber while maintaining a high overlap integral in the EO polymer core.  In order 
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to achieve a low end-fire coupling loss to SMF-28 fiber a low numerical aperture 

waveguide with a mode field diameter of close to 10 µm needs to be fabricated.  This 

large mode field diameter would require a large inter-electrode separation in order to 

prevent radiation loss into the top and bottom metal electrodes leading to a device with a 

large Vπ.  Several techniques have been previously developed to help circumvent this 

problem including fiber and waveguide tapering [68], sol-gel to polymer waveguide 

transitions [69], and passive polymer to active polymer waveguide transitions 

5.2.1  Design 

[70].  It has 

previously been theorized that refractive index tapers in EO polymers could provide a 

low-loss mode conversion in a single-mode waveguide [71].  In this section a new design 

and demonstration of an electro-optic polymer waveguide modulator which efficiently 

converts the mode of a passive single-mode EO polymer waveguide to the fundamental 

mode of an active multimode EO polymer waveguide using refractive index tapers in 

order to achieve both low coupling loss and a high confinement factor while maintaining 

a high modulation extinction ratio is described.   

The device consists of an EO polymer core surrounded by a sol-gel cladding.  The 

passive input and output sections of the device are photobleached so that they have a 

small refractive index difference from the sol-gel cladding which creates a mode profile 

similar to single mode fiber resulting in low input and output coupling losses.  The 

passive input and output sections are followed immediately by a 1.5 mm long refractive 

index taper fabricated using a grayscale mask and photobleaching.  These tapers consist 



112 
 

of a gradual increase in the refractive index which creates a nearly adiabatic conversion 

between the passive section mode and the fundamental mode of the unbleached active 

waveguide, which has a high refractive index difference from the sol-gel cladding and 

therefore the fundamental mode has a high overlap integral with the polymer core.  The 

device schematic can be seen in Fig. 5-2.   

 

Fig. 5-2 a) Longitudinal cross-section of one arm of a Mach-Zehnder modulator b) 

Lateral cross section of one arm of a Mach-Zehnder modulator c) Top view of a Mach-

Zehnder modulator. 
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Using the measured material properties, as shown in Fig. 5-3, of the 20 wt. % 

AJLS102 chromophore [8] in polymethylmethacrylate (PMMA) guest-host EO polymer 

core and the measured refractive index of the sol-gel cladding, a 90/10 molar ratio of 

methacryloyloxy propyltrimethoxysilane (MAPTMS) to zirconium(IV)-n-propoxide, 3-D 

BPM simulations were done using OptiBPM software to model both the coupling and the 

transition losses.   

 

Fig. 5-3 a) The measured change in the absorption spectrum for an unpoled 1.1 µm film 

of 20 wt. % AJLS102in PMMA with photobleaching time.  b) The measured change in 

refractive index for an unpoled 1.1 µm thin film of 20 wt. % AJLS102in PMMA with 

photobleaching time. 

The simulations show that the coupling loss from SMF-28 to a bleached 6 x 2 µm 

(W x H) optical waveguide (Fig. 5-2 c)) with a core index of 1.495 and sol-gel cladding 

index of 1.485 is only 0.3 dB per facet.  In contrast coupling directly into an unbleached 6 
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x 2 µm active optical waveguide with an unbleached polymer core index of 1.537 and 

sol-gel cladding index of 1.485 active waveguide, as is typically done, would give 

coupling losses would of 2.9 dB per facet.  Thus, this design affords a 2.6 dB per facet 

reduction in coupling losses.  The tapered refractive index transition between the input 

and output bleached 6 x 2 µm passive region to the unbleached active section 6 x 2 µm 

optical waveguide was modeled using 100 discrete linear index steps 15 µm in length.  A 

loss of .08 dB per transition was calculated (Fig. 5-4).  Therefore from our calculations 

we estimate a total fiber to fiber insertion loss reduction of more than 5.0 dB using this 

new design.  Furthermore an increase in the confinement factor from 0.33 to 0.83 is 

obtained by transitioning to the unbleached polymer waveguide.  

 

Fig. 5-4 a) BPM simulation optical intensity along the device b) Simulation output of the 

optical power along the device, showing a total loss of only 2% due to tapers.   
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Due to the high refractive index difference between the unbleached polymer core 

and the sol-gel cladding, the active section waveguide is multimode.  Though the 

simulations show that the mode from the input bleached waveguide is converted only to 

the fundamental mode of the unbleached active section, waveguide fabrication 

imperfections can cause scattering into the higher order modes.  Ordinarily this would 

lead to a reduction in the modulation extinction ratio however, it was observed in the 

simulations that the higher order modes of the unbleached polymer core waveguide are 

radiated into the cladding in the transition region and are therefore not transmitted 

through the output fiber as is shown in Fig. 5-5.  Hence, the refractive index tapered 

transition regions act as mode filters for all but the fundamental mode allowing for a high 

modulation extinction ratio in a multimode waveguide, an adventitious result.   

 

Fig. 5-5 Fundamental mode is transmitted through the refractive index taper however the 

higher order modes are radiated at the refractive index taper. 
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5.2.2  Fabrication 

Sol-gel was chosen as the cladding material due to its beneficial properties for 

poling of EO polymers which were discussed in detail in chapter 4.  The sol-gel cladding 

was synthesized by first pre-hydrolyzing MAPTMS with 0.1 N HCl in deionized water 

with a 1.0:0.75 molar ratio, respectively, and stirring for 45 minutes.  The zirconium(IV)-

n-propoxide (Zr) solution was chelated with methacrylic acid (MAA) in a 1:1 molar ratio 

and stirred for 45 minutes.  Next, the chelated zirconia solution was added to the pre-

hydrolyzed MAPTMS in a molar ratio of 0.1:0.9, respectively; finally, more 0.1 N HCl 

was added to complete the hydrolization for a final content of 0.9:0.9:0.1:0.1 

MAPTMS:HCl:Zr:MAA and stirred overnight.  In order to make the sol-gel photo-

patternable 0.4 wt. % IRG 184, available from Ciba, was added as a photo-initiator.  

Mach-Zehnder and straight channel phase modulators were fabricated in the 

following way.  The 2.4 cm bottom electrodes were fabricated on <100> silicon 

substrates with a 6 µm-thick thermal oxide layer.  Next, AZ5214E-IR photoresist was 

used to lift-off the bottom electrode of Ti/Au/Ti (10nm/100nm/10nm) using standard 

techniques. A 5.0 µm bottom sol-gel cladding was deposited by spin coating with an 

initial speed of 500 rpm for 5.0 s followed by a spinning at 2000 rpm for 30 s and hard 

baked for 2 hours at 130 °C.  3.0 µm deep sol-gel trenches were then patterned by spin 

coating a sol-gel layer with photoinitiator at 3000 rpm for 30 s and prebaking for 10 

minutes at 100 °C.  The sample was then exposed using a Karl Suss MJB3 mask aligner 

with an intensity of 9.5 mW/cm2 under a clear field mask for 50 s.  The trenches were 
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developed for 30 s in isopropyl alcohol and dried with nitrogen.  The waveguides were 

then hard baked for 2 hours at 130 °C.  A 20 wt. %  AJLS102 in PMMA EO polymer 

solution was prepared in cyclohexanone containing a total solid content of 8.5 % and then 

spin coated onto the samples with initial speed of 500 rpm for 5.0 s followed by a 

spinning at 1300 rpm for 30 s and baked under vacuum for 12 hours at 130 °C to remove 

any residual solvent.  

To create the refractive index tapered transitions the samples were exposed for 4 

hours using a grayscale mask, supplied by Benchmark Technologies, with 100 discrete 

linear variations in transparency, each 15 µm in length, on either side of an opaque 

section 2.5 cm in length.  A 5.0 µm top sol-gel cladding was deposited by spin coating 

with an initial speed of 500 rpm for 5.0 s followed by a spinning at 2000 rpm for 30 s and 

hard baked for 2 hours at 130 °C.  A thin layer of Au was then sputter coated on the 

modulator surface.  The top electrodes were defined with Shipley 1813 photoresist and 

etched in a KI/I2 solution for 30 seconds.  A cross section of the fabricated waveguides 

can be seen in Fig. 5-6.  The end faces were prepared by cleaving, for a total device 

length of 3.2 cm and an active section length of 2.4 cm.   
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Fig. 5-6 Bright field optical microscope image of the cross section of a 6 x 2 µm 

AJLS102 core waveguide with sol-gel claddings fabricated using simple wet-etch sol-gel 

techniques. 

The modulators were poled by applying a voltage between 150 and 500 V at room 

temperature and heating inside of a nitrogen purged hot plate to the optimum poling 

temperature of 130 °C.  After reaching the poling temperature the samples were held at 

temperature and voltage for 10 minutes and then rapidly cooled to room temperature by 

pumping water through the base of the hot plate.  After cooling the poling voltage was 

removed and the modulators were tested for insertion loss and Vπ

5.2.3  Testing 

.   

The effect of photobleaching time on the fiber to objective insertion loss for 

unpoled straight channel waveguides was measured.  A decrease in the insertion loss, 

averaged over 15 waveguides, from 13.7 +/- 0.3 dB to 10.6 +/- 0.4 dB when comparing 

unbleached waveguides with waveguides having transition regions bleached for 4 hours 
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was measured.  This corresponds well with the simulated value of 2.6 dB, which is 

evidence of a low loss transition.  The affect of bleaching on the output mode can be seen 

in Fig. 5-7.   

 

Fig. 5-7 a) The simulated mode profile of an unbleached 20 wt. % AJLS102 in 

PMMA with sol-gel cladding waveguide having a confinement factor of 0.83.  b) The 

observed output mode of an unbleached 20 wt. % AJLS102 in PMMA with sol-gel 

cladding waveguide.  c) The simulated mode profile of a 20 wt. % AJLS102 in PMMA 

with sol-gel cladding waveguide bleached for 4 hours showing an improvement in 

coupling loss to SMF-28 fiber of 2.6 dB.  d) The observed output mode of a 20 wt. % 

AJLS102 in PMMA with sol-gel cladding waveguide after 4 hours of photobleaching.   

The Pockel’s coefficients for several thin samples with various applied  poling 

fields were measured at 1340 nm using the ellipsometric technique.  For a poling field of 

100 V/µm an r33 of 72 pm/V was measured which correlates to a value of 58 pm/V at 

1550 nm assuming 2-level model-like dispersion.  For fields above 100 V/µm dielectric 
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breakdown was found to occur.   After poling, the Mach-Zehnder modulators were tested 

at 1550 nm for Vπ and insertion loss in a dual drive setup, the circuit used is shown in 

Fig. 5-8.  The Vπ and r33

 

 values for samples poled at various voltages can be seen in 

Table 5-3.  From this data we can see that we are able to efficiently pole, when compared 

with the thin film results, through a 12 µm stack with an applied poling voltage of only 

400 V. This is due to the fact that the sol-gel cladding has a larger conductivity than the 

EO polymer [51].  A screen shot of the 1.9 V half-wave voltage can be seen in Fig. 5-9.  

Fig. 5-8 Dual drive circuit.  
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Poling Voltage (V) r33  (pm/V) 
 

Vπ (V) 

150 15  8.5 

200 27  4.5 

300 43  3 

400 67  1.9 

500 Breakdown  Breakdown 

 

Table 5-3 r33 and Vπ

Modulation efficiencies up to 15 dB were measured, clear evidence that the single-

mode to multimode transition has occurred and only the fundamental mode is 

transmitted.  The modulation efficiency can be further improved by measuring in a fiber 

to fiber configuration to reduce the amount of stray light.   

 for MZ modulators poled at various voltages. 

 

Fig. 5-9 Screen shot of a Vπ of 1.9 V.  The top trace is the applied voltage 

measured through a 10 X voltage attenuator.  The bottom trace is the optical signal. 
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The effectiveness of this design can be seen when comparing these results with the 

results of other papers in the literature using AJLS102 chromophore in push-pull 

configuration Mach-Zehnder modulators and is illustrated in Table 5-4.  For similar 

values of the electro-optic coefficient this device design has a much lower Vπ

Author 

*L value 

due to the high confinement factor of 0.83, while maintaining an insertion loss as low as 

11.6 dB in a device with a total length of 3.2 cm.   

Vπ r*L (V-cm) 33  (pm/V) 
 

Insertion Loss (dB) 

DeRose et al. [72] 4.6 68  11.6 

Enami et al. [73] 9.4 78  15 

Song et al. [74] 7.6 65  Not available 

 

Table 5-4 Comparison of present work with literature performance using the 

AJLS102 chromophore in push-pull MZ modulators. 

In this section electro-optic polymer modulators with a single mode to multimode 

waveguide transition have been demonstrated.  They were fabricated using simple wet-

etch sol-gel techniques.  These devices have been experimentally observed to reduce 

fiber to objective insertion loss by 3.1 dB, due to improved end-fire coupling efficiency, 

when compared to a device without the transition.  A device with a 2.4 cm active section 

was efficiently poled with a poling voltage of 400 V and a Vπ of 1.9 V was measured.  

The Vπ can be further improved by working with more advanced electro-optic 

chromophores.  A 3.2 cm total length device with a TM fiber to objective insertion loss of 
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11.6 dB was fabricated, with no measureable poling induced loss.  This can be further 

improved by increasing the cladding thickness by 0.5-1 µm to decrease the absorption 

loss due to the metal from 0.5 dB/cm.  Although the active section is multimode a high 

modulation efficiency of 97 % was observed; which shows that the single mode passive 

section is converted to only the fundamental mode of the multimode active section.  Due 

to the high confinement factor of the fundamental mode in the multimode active section 

this device compares favorably with others in the literature using the same electro-optic 

polymer.  Furthermore the thin film poling efficiencies described in chapter 4 were 

translated into a device with superior performance.   

5.3  High ∆n strip-loaded electro-optic polymer waveguide modulator with low optical 

insertion loss 

Typically the insertion losses of EO polymer based devices are 10 dB or higher [9, 

73, 75].  The high insertion losses are due to several factors including coupling losses, 

scattering losses due to fabrication, and chromophoric absorption losses.  Recent work 

has demonstrated a 1.3 V, 1 cm long active section EO polymer modulator with an 

insertion loss of 7.8 dB by using a low loss (0.9 dB/cm) EO polymer (LPD80) [76]; 

however, the majority of EO polymers that are available have significantly higher losses, 

thus device designs that achieve low insertion loss using more typical EO polymers with 

losses of 2-3 dB/cm are highly desired.    

In the previous section an EO modulator with improved coupling losses utilizing 

photo-bleaching induced refractive index tapering was demonstrated.  However, the total 
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insertion loss of this device was still relatively high, 11.6 dB, due to losses incurred 

during fabrication and high propagation losses in the passive sections.  In this section a 

new device design is presented that reduces coupling losses and scattering losses due to 

fabrication, resulting in a low insertion loss of 5.7 dB and a Vπ 

5.3.1  Design 

of 2.8 V this work was 

recently published in Optics Express [77].   

The device design consists of a high numerical aperture passive waveguide coupled 

to a strip-loaded active waveguide by refractive index tapers, illustrated in Fig. 5-10.  The 

passive section is a planar waveguide with a core and cladding indices of 1.539 and 1.485 

respectively with a 1.1 µm thick EO polymer slab layer directly above the waveguide 

which has been fully photo-bleached and has an index of 1.529 (Fig. 5-10(a)).  In the 

active section of the device the high NA planar waveguide acts as a strip load, creating 

lateral confinement in the unbleached slab layer of EO polymer which has an increased 

index of 1.609 (Fig. 5-10(b)). These two sections are joined by an index taper created 

with photo-bleaching, which we have previously shown to be a low loss way to convert 

the fundamental mode of a multimode waveguide to the mode of a single-mode 

waveguide [72].       It is well known that strip-loaded waveguides have lower losses with 

respect to sidewall roughness and thickness variations in the guide [78].   
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Fig. 5-10. a) Cross-section of the passive section waveguide  b) cross-section of a single 

arm of the active section  c) Longitudinal cross-section overlaid on a 3-D BPM 

simulation of the optical intensity propagation through the device for a straight channel 

waveguide, the white arrows indicate the direction of propagation of the optical mode. 
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A 3 dimensional beam propagation method (BPM) simulation was done on a 

straight channel waveguide in order to estimate the losses at the transition from the 

passive to active sections of the device.  The simulation showed that a loss of less than 

0.1 dB per transition can be expected from this design and can be seen in Fig. 5-10(c).  

The modes of the passive and active sections were calculated using the finite element 

method.  From this simulation we estimate the overlap integral of the TM optical mode 

with the EO polymer, Γ, to be 0.7 when the EO polymer layer is 1.1 µm thick.  The mode 

solver showed that the passive section had a second order transverse mode while the 

active section was single mode.  This information led to designing the Mach-Zehnder Y-

branches in the active section which allows the waveguide to act as quasi single-mode, 

due to the mode filtering effects discussed in section 5.2.1, and allows the modulator to 

achieve a high modulation extinction ratio.   

The high index difference, ∆n, of 0.054 between the strip-load and cladding keeps the 

active section waveguide lateral mode-field diameter from becoming large (Fig. 5-11(a)).  

This is advantageous as it prevents the fundamental mode from stimulating high order 

slab modes which would create excess losses.  The high ∆n also makes this design robust 

as it will produce a well confined mode for a large range of EO polymers refractive 

indices which, typically range from 1.54 – 1.8 as illustrated in Fig. 5-11(b). 
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Fig. 5-11 a) Mode field diameter as a function of ∆n for an EO polymer index of 1.61 and 

a thickness of 1.1 µm.  b) EO polymer thickness that maintains an overlap integral of 0.7 

as a function of EO polymer index; the mode field diameter was between 7.4-7.1 µm. 

5.3.2  Fabrication 

One of the critical challenges to this design comes in the fabrication.  The ideal 

method of fabrication would be to directly pattern the strip-loading waveguide onto the 

EO polymer.  However, when this was tried it was observed that the developer required 

for waveguide patterning dissolved the polymer layer. Therefore a different approach was 

required.  The most critical fabrication tolerance for this design is what's called the 

overflow layer.  That is the amount of cladding material between the EO polymer layer 

and the strip-loading core.  Thick overflow layers essentially prevent the strip-load from 

creating lateral confinement in the EO polymer leading to large radiation losses.  The 

effect of the overflow on the mode and confinement factor can be seen in Fig.'s 5-12 and 

5-13.  For overflow layers greater than 500 nm thick, confinement factors of only 0.3 are 

possible otherwise the mode becomes leaky.   
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Fig. 5-12 The effect of the overflow layer on the strip-loaded mode field diameter. 

 

Fig. 5-13 The effect of the overflow layer on the strip-loaded mode and its confinement 

factor. 
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In order to circumvent the overflow problem modulators were fabricated as 

follows.  Organically modified sol-gels have been chosen as the passive materials due to 

their beneficial properties with respect to poling and optical loss demonstrated in Chapter 

4.  Two sol-gel compositions were used for this device.  A 95/5 molar ratio of 

methacrylpropyltrimethoxysilane (MAPTMS) to zirconium(IV)-n-propoxide (ZPO) was 

used as the cladding in both the active and passive sections with an index of 1.485.   A 

30/70 molar ratio of MAPTMS to diphenyldimethoxysilane (DPDMS) was used as the 

core in the passive section and as the strip-load in the active section with an index of 

1.539.  1.5 weight % Irgacure 369 photoinitiator was added to make the sol-gel photo-

patternable.  Both sol-gels were hydrolyzed with a ratio of water: methoxy of 0.37 using 

0.1 N HCl.  The ZPO was chelated with a 1:1 molar ratio of methacrylic acid (MAA).  

The EO polymer used was a guest-host material, 25 weight % AJLS102 chromophore 

doped into amorphous polycarbonate, a high glass transition temperature (Tg

Mach-Zehnder modulators were fabricated as follows: A 6 µm layer of the 95/5 

sol-gel was spin-cast onto a Ti coated Si wafer and cured for 1 hour at 135 °C.  A 1.3 µm 

layer of Shipley 1813 photo-resist was spin-cast onto the sol-gel layer and prebaked for 8 

minutes at 110 °C.  Next waveguide trenches were patterned in the resist by exposing for 

23 s in a Carl Zuss MJB3 mask aligner and developing using a dark field waveguide 

mask to pattern 4 µm wide waveguides.  3 µm deep trenches were then wet-etched into 

the sol-gel at a rate of 0.1 µm per minute by immersion in a 1:6 buffered oxide etchant.  

The resist was then stripped and the 30/70 sol-gel core was spin-cast into the trenches, 

) host 

polymer.   
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photo-cured for 30 s, and developed in a 50:50 mixture of acetone and ethanol.  Due to 

oxygen inhibition in the free radical photo-polymerization of the sol-gel, the 30/70 

MAPTMS/DPDMS sol-gel achieved planarization at the top of the trenches etched in the 

cladding, creating a strip-load with little to no overflow.  A cross-section of the filled 

trench can be seen in Fig. 5-14.  Interestingly it was observed that the buffered oxide etch 

worked well only when the sol-gel was thermally cured.  For UV cured films a white 

residue was seen to form on the film while very little etching occurred. 

 

 

Fig. 5-14. Back illuminated optical microscope image of the cross section of a back filled 

sol-gel waveguide.  The core layer planarizes with a thin overflow layer. 

Next, a 1.1 µm layer of EO polymer dissolved in cyclopentanone was spin-cast and 

dried under vacuum at 100 °C.  After drying, refractive index tapers were created in the 

EO polymer using a grayscale mask from Benchmark Technologies.  The mask consists 

of two 1.5 mm long sections of linearly varying optical density connected by a wide 
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chrome strip 1.5 cm in length which prevents the active section from becoming bleached.  

An exposure dose of 9 kJ/cm2

Finally, a 3 µm top cladding of 95/5 MAPTMS/ZPO sol-gel was spin-cast and 

cured for 1 hour at 135 °C.  The top electrodes were 50 nm Cr deposited by electron 

beam evaporation and patterned using standard photolithography and commercially 

available Cr etchant.  The fabricated devices have an active section length of 1.5 cm and 

total length of 2.0 cm and a total thickness of 10.1 µm.  The modulators were poled near 

the EO polymer T

 of Hg i-line radiation was applied which created refractive 

index tapers that can be seen in Fig. 5-15.  In order to achieve a high extinction ratio the 

grayscale mask was aligned such that the Y-branches occurred after the index tapering. 

g

 

, at 155 °C with voltages ranging from 400-600 V. 

Fig. 5-15. The unpoled TM index of the EO polymer layer along the length of the device 

set over a cartoon top view of the Mach-Zehnder waveguide, a close-up view of the index 

taper (inset). 
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5.3.3  Testing 

After poling, the devices were tested for insertion loss and Vπ in a dual drive setup 

 

with TM polarization at 1550 nm.  The measured and simulated TM near field mode 

images of the passive and active sections can be seen in Fig. 5-16.  In order to minimize 

insertion losses several fibers were used to measure the fiber-to-lens insertion loss.  High 

NA fibers were chosen from Nufern which are designed to fusion splice to SMF-28 

optical fiber with a splice loss of only 0.2 dB.   

 

Fig. 5-16. a) Simulated mode profile of the passive section b) simulated mode profile of 

the active section c) measured passive section mode d) measured active section mode. 
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The insertion losses for various fibers can be seen in Table 5-5, with the best result 

being a fiber-to-lens insertion loss of 5.7 dB.  In order to insure no stray light was 

incident on the detector for the loss measurement the output mode was passed through a 1 

mm aperture and observed on an infrared camera before measuring the power on a 1 mm2 

detector.  The best measured Vπ of 2.8 V which, corresponds to an r33

Fiber Type 

 of 71 pm/V can be 

seen in Fig. 5-17 and was for a poling voltage of 500 V.  A modulation extinction ratio of 

15 dB was measured which confirms that the modulator behaves as a quasi single-mode 

waveguide and also confirms that little stray light was coupled through the objective lens.  

No poling induced losses were observed.    

Numerical 

Aperture 

Mode Field 

Diameter 

Insertion 

Loss 

SMF28 0.13 10.4 µm 7.4 dB 

PWG-XP 0.26 4.8 µm 5.7 dB 

UHNA4 0.35 4.0 µm 6.0 dB 

Table 5-5. Optical insertion loss for various input fibers. 
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Fig. 5-17 A 2.8 volt Vπ

In this section an EO polymer modulator with a fiber-to-lens insertion loss of 5.7 

dB and a V

 measurement.  The top trace is the optical signal with a vertical 

axis of 200 mV/division and horizontal axis of 200 µs/division, the bottom trace is the 

electrical signal which has a vertical axis of 5 V/division and horizontal axis of 200 

µs/division. 

π of 2.8 V has been demonstrated.  To the best of the authors knowledge this 

is the lowest reported insertion loss for a non evanescent EO polymer waveguide 

modulator with 1.5 cm or greater active length.  The reduction in loss is attributed to the 

use of strip-loading to create wave guiding in the active section, the wet-etch fabrication 

process, the use of low loss sol-gel passive materials, gray-scale lithography to create a 

passive to active waveguide mode conversion and the choice of a high NA fiber to match 

the mode field diameter of our device.  By taking advantage of recent materials advances 

that have resulted in higher r33 EO polymers; modulators with an insertion loss less than 

6 dB and a Vπ less than 1 V are expected in the near future.   
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5.4  Improvements made upon the ∆n strip-loaded electro-optic polymer waveguide 

modulator design 

In the previous section a device with a low fiber-to-lens insertion loss of 5.7 dB 

using a high numerical aperture (NA) fiber and mode conversion from refractive index 

tapers was demonstrated.  However, the lack of high NA polarization maintaining (PM) 

fibers may limit the utility of that device to benchtop applications.   In this section a new 

device design is demonstrated, this new design takes advantage of the low-loss 

fabrication we have previously developed but has low coupling losses to SMF-28 fiber.  

This design can be used as a platform to achieve device performance milestones with any 

EO polymer.  The only material requirement for the active material is that its refractive 

index is greater than 1.539 which is true for the vast majority of EO polymers and even 

this requirement can be circumvented without extensive redesign.   

The active section of this new design is identical to that of the previous strip-loaded 

design however, the passive section has a top 5 µm cladding which is a 50/50 

DPDMS/MAPTMS sol-gel which has a refractive index of 1.529.  Adding this cladding 

layer creates a passive mode which is well matched to SMF-28 optical fiber.  This top 

cladding is tapered to zero thickness then a refractive index taper is created in the EO 

polymer so there are two transitions.  The device design layout can be seen in Fig,'s 5-18 

and 5-19.   
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Fig. 5-18 Cross-section of the passive section of the device and the mode field of the 

passive section.   

 

Fig. 5-19 Cross-section along the length of the device, illustrating the two transitions. 



137 
 

The 50/50 sol-gel was hydrolyzed with an rw, [H2

 

O]:[Si], of 0.92 using 1.0 N HCl 

as a catalyst.  IRGACURE 369 was used as the photo initiator in a concentration of 2 %.  

The 50/50 taper was spin coated onto the device as the final step before depositing the 

EO-polymer at a spin speed of 3000 rpm.  It was then pre-baked for 3 minutes at 100 °C.  

The physical taper was fabricated in the 50/50 sol-gel using a grayscale mask from 

Benchmark Technologies, exposing for 30 s in a Carl Zuss MJB3 mask aligner and 

developing in a 50:50 mixture of acetone and ethanol.  After development the device was 

hard baked for 1 hour at 135 °C.  A surface profile of a physical taper created in 50/50 

sol-gel can be seen in Fig. 5-20.   

Fig. 5-20 Linear taper with a low-slope fabricated with grayscale lithography.   

In order to determine if the passive section has low coupling losses to SMF-28 and 

low propagation losses, experiments were done to measure the insertion loss of a 2.2 cm 
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long device fabricated with a 50/50 sol-gel cladding without a physical taper and no EO 

polymer.  The results were that the insertion loss was polarization independent and on the 

order of 3 dB also that the waveguide losses were nearly identical to the propagation 

losses measured of the sol-gel materials.  Therefore the device has low coupling loss to 

SMF-28.  The results of the experiment can be seen in Fig. 5-21.   

 

Fig. 5-21 Insertion loss of a passive device.  

Next a passive 2.2 cm long sample was made including a physical taper to see its 

effect.  The sample had only one taper and therefore the coupling losses could be 

measured with and without the 50/50 taper.  The results were that when coupling into the 

end with the 50/50 sol-gel cladding the insertion loss was measured to be 3.1 dB which 

proves that the physical sol-gel taper adds negligible losses as this is nearly identical to 
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the sample with no taper.  Furthermore, coupling into the end with no 50/50 cladding 

resulted in an insertion loss of 5.6 dB.  This shows that the coupling losses to SMF-28 

have been improved by 2.5 dB by fiber using a 50/50 sol-gel cladding and therefore the 

insertion loss of this device should improve by 2.5 dB when compared with the previous 

strip-loaded design.  The tapering experiment is described below in Fig. 5-22.   

 

Fig. 5-22 Experiment to measure the effect of a physical sol-gel taper on insertion loss. 

The measured mode of the passive section is shown in the lower right hand corner and is 

circular in shape and close to the same diameter as the SMF-28 mode shown on the left 

hand side.   
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After determining that physical tapering of the 50/50 MAPTMS/DPDMS sol-gel 

caused little excess loss, the device was finished by depositing an EO polymer layer, 

creating the RI tapers, and adding a top cladding.  Next, the insertion loss of the full 

device was measured.  The measurement showed that the insertion loss was less than 6 

dB across the entire C-band with a lowest loss measurement of 5.2 dB.  The results of 

this measurement are shown in Fig. 5-23.  The result of 5.2 dB compared to the 7.4 dB, 

for SMF-28, measured without the improved coupling design agrees well with the 

prediction from the passive measurements of a 2.5 dB per interface improvement.   

 

Fig. 5-23 Insertion loss measured for improved strip-loading design.   
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This improved strip-loaded design shows a 2.2 dB/ interface coupling loss 

improvement to SMF-28 fiber when compared with the previous design [x].  It is 

expected that the Vπ

  

 for these two designs will be the same as the active sections are 

identical.  This low insertion loss of 5.2 dB is better than any reported in the literature for 

EO polymer waveguide modulators.   
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6.  CONCLUSION AND OUTLOOK 

Looking at modulator design from the perspective of optimizing the device to a 

system I was able to determine  a figure of merit for EO modulators of: 

              MCFOM Doptimal **η=            

Using thin film poling experiments, and loss measurements I was able to optimize the 

material figure of merit, M, for several chromophores.  The discovery that sol-gel 

cladding layers led to ultra efficient in device poling efficiency, η, was made and the 

device coefficient, CD, was optimized using several unique device designs.  This led to 

the lowest reported insertion loss for an EO polymer waveguide modulator.  While the 

insertion loss was low the Vπ

Although much was achieved with this research it is by no means complete.  In 

order to make an analog link with gain at high modulation frequencies the photo-stability 

of the EO polymers in the infrared will need to be studied.    Since the conductivity of 

subsequent generations of EO polymers is increasing coplanar electrode structures may 

need to be used since they offer a conductivity independent poling scheme as well as the 

potential for higher electrical bandwidths.  One promising new design is the integration 

of EO polymers with ion exchanged glass waveguides.  In order to make these types of 

designs more robust, creating designs which do not rely on the photo-bleaching process 

in chromophores may be desired.  Taking advantage of some of the unique properties of 

 remained on the order of 1-2 V.   
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EO polymers to create modulators with linear transfer functions may ultimately lead to a 

device with link gain and a high dynamic range. 

Another area of growing interest is the incorporation of nonlinear polymers with 

silicon photonics.  The ability to create a high confinement optical mode in gaps of only 

tens of nanometers may enable very short devices with low drive voltages.  Although 

these devices are likely to be electrically driven as lumped elements instead of in the 

traveling wave configuration, high bandwidths may still be possible [79].   
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