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ABSTRACT 

The devices using Electro-optic (EO) polymers has been demonstrated for high

speed modulators and switching because of its low dispersion, coating quality, 

inexpensive process. EO polymers itself has been progressing since their first invention 

some two decades ago, and simultaneously devices using the EO polymers have been 

demonstrated, corresponding to want from commercial communication system. Since the 

middle of ninety, active devices have been realized because to fabricate all polymeric 

waveguide structure in EO polymers has been realized with help of costly dry etching 

system. All polymeric waveguide still suffer from (1) low optical throughput due to 

coupling losses; (2) high intrinsic optical loss in EO polymers; and (3) optical-

waveguidng instability due to photochemical reaction in EO polymers. Therefore, 

inexpensive process to solve these problems is needed when the fabricated devices is 

used in the commercial communication system. In this study, I mention theoretical 

backgrounds, properties, and then process for device fabrication to solve these precious 

all polymeric approaches. 
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Chapter 1 

1. Introduction 

Optical communications are widely used for the fiindamental communication 

technologies due to low loss and wide band of an optical fiber. Optical communication 

system has been established by use of optical fiber amplifiers, laser diodes, detectors and 

electro-optic (EO) modulators. With the recent demand for high-speed fiber 

communication, EO modulators have become one of the most important photonic 

components. There are two ways to modulate optical wave (carrier) by electrical wave 

(signal); a direct modulation by a modulated driving current for a laser diode, and an 

external modulation for an output light of a laser diode. Thus far, direct modulation has 

been used due to a simple configuration and a monolithic design with the laser diode. 

However, for bandwidths over a few GHz, the bandwidth of direct modulation is limited 

by a wavelength chirping due to instantaneous fluctuation of carriers inside the laser 

diode active layer. In contrast, external modulators apply EO modulation onto the stable 

output light from the laser diode, and enable high speed and long distance transmission 

without suffering the chirping problem. EO modulators make use of the Pockels effect of 

a medium on optical waves. It is the nonlinear effect of materials that show a proportional 

refractive index change of the medium with respect to an applied electrical field. The 

desired specifications for EO modulators are low driving voltage, high modulation 

efficiency, wide bandwidth, high throughput and high thermal stability. Especially, for 



fast speed optical communications, the modulating bandwidth must be as wide as 

possible. Inorganic crystals have an intrinsic limitation for bandwidth and driving 

voltage for modulators due to the high dispersion of dielectric function between 

microwave and optical wave frequency, and an upper limit of EO coefficient, 

respectively. 

Polymer waveguide devices have been investigated for more than a decade. The 

results of efforts to demonstrate EO performance using the merits of EO polymers have 

shown their great future for EO modulators operated with fast speed and low voltage. 

The phase matching between optical waves and microwaves can be improved due to the 

small dispersion of dielectric function for microwave and optical wave frequency, 

compared with the inorganic crystal such as LiNbOs. All polymeric waveguide phase 

modulators with a 110 GHz bandwidth were demonstrated [!]. Since then, polymer 

modulators have attracted attention as one of the most powerful candidates for next 

generation high-speed fiber communication. Research to increase EO coefficients for EO 

polymers has been conducted to drive EO modulators with lower voltage because the 

driving voltage is inversely proportional to EO coefficient. Moreover, the easy 

fabrication for <100-nm-thick EO polymer film realizes many kinds of device structure, 

such as a directional coupler intensity modulator, a Mach-Zehnder type intensity 

modulator, and other optical switching devices. Another characteristic of EO polymer 

are raulti layer waveguide structure, which was difficult for inorganic crystals. Two-

layer structure of Mach-Zehnder type intensity modulator was demonstrated [2]. The 

directional coupler device between upper and lower layer polymeric channel waveguide 



was also demonstrated [3]. Thermal stability for EO polymers is an important property to 

use EO modulators in actual situations. Use of crosslinking between polymer main 

chains, EO molecules attached to polymer main chain, and high glass transition 

temperature {T^ host polymers are typical solutions. Polyimide, which is widely used as 

a dielectric film for semiconductor manufacturing, has a strong thermal resistivity. 

Heteroaromatic chromophore loaded into high Tg polyimides was used to demonstrate 

long-term stability at 120 °C for over 700h [4], Polyquinolines are ideal polymers for 

device fabrications because of mechanical strength and thermal stability up to 500-

600 °C. Recently, poled guest-host polyquinoline EO polymers doped by RT-9800 with 

EO coefficient of m = 45 pnvV at 1.31 |im and good poling stability (90% at 85 °C for 

lOOh) were reported for optical communication devices [5]. These polymers were 

designed to have a strong thermal stability and small absorption at the fiber 

communication wavelength of 1.31 and 1.55iim. All polymeric approaches that the 

channel waveguide is defined in the polymer itself suffer from (1) low optical output due 

to coupling loss ranging from 9 to 10 dB [6] between fiber and the waveguide; (2) high 

optical losses in EO polymers; and (3) optical waveguiding instability due to 

photochemical reaction of EO polymers. The coupling loss between a single-mode fiber 

and the all polymeric waveguides is mainly arisen from mode-overlap factors, due to the 

large difference (An > 0.2) between refractive indices of the EO polymer and fused silica. 

In an alternate hybrid approach to use hybrid waveguide, the waveguide combines 

the EO polymer with ion-exchanged glass waveguides [7], [8] or passive polymer 

waveguides [9] that share the optical field in the EO polymer with a robust passive 
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waveguide. The v^aveguide using side-polished fiber rather than traditional end-firing 

methods was demonstrated for the traveling wave type intensity modtilators with organic 

EO materials. Single organic crystal N, N-4 -dimethylamino- 4'-N'methy 1 -stiIbazolium 

(DAST) [10], and Disperse Red 1 doped in PMMA [11] were reported with the 

bandwidth of 18 GHz and IGHz, respectively. A simple device is straight channel phase 

modulator, in which a chaimel waveguide is defined by ion exchange in a soda-lime glass 

and then coated with a thin EO polymer. The other type of modulator, Mach-Zehnder 

type intensity modulator and Fabry-Perot type intensity modulator are also proposed for 

the future fast speed modulators by use of hybrid glass/polymer approach. We finally 

employ silica-based sol-gel process [12], [13] in the hybrid approach to produce lower-

loss (e.g., 0.13 dB/cm [13]) silica-based passive waveguide by wet-etch processing of 

photosensitive sol-gels, instead of ion-exchanged glass or a passive polymer waveguide. 

This technology enables accurate control of dimension and refractive index, compared to 

ion-exchanged glass waveguides and dry-etched passive-polymer waveguides. To 

reduce the coupling loss between the sol-gel and the silica fiber, the doping of Zr and A1 

in the sol-gel [12] assists fine control of refractive index difference for a core and a 

cladding. 

Here, the fabrication process of the phase modulator using the hybrid EO 

polymer/silica based waveguide that improves the waveguiding properties and the 

modulation efficiency is shown. A vertical transition between the EO polymer and the 

sol-gel waveguide is enabled by tapering vertically the over cladding of the sol-gel 

waveguide to have an adiabatic transition with the EO polymer coated on the sol-gel 
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waveguide. This technique eliminates to fabricate the vertical taper in the EO polymer 

by using material-selective wet etching [7] or costly dry etching [9] that was proposed 

previously for the hybrid waveguides, but not, however, applied for every EO polymer. 
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2. Theoretical Background for Electro-Optic Polymers 

2.1 Linear Optics 

In this section we review linear optics that are required for the development of 

nonlinear optics. The wave equation in MKS or cgs system is obtained by considering 

Maxwell's equations for electrical field E{r, t): 

(MKS) Equationl-1 
c- 8^t d^r 

= (cgs) Equation 1-2 
c- dy d r 

where = 1/soMo , c is the speed of light in vacuum, /jq is magnetic permeability, and 

P{r, t) is polarization. The polarization P acts as a source for the electric field E. The 

wave equation means that the optical field acts on the medium and the polarization 

provides feedback on the optical field, and determines the optical properties of the 

medium. The electric field E (r, t) in time domain are expressed by Fourier transform of 

the electric field E (r,G)) in jfrequency domain: 

E ( f ,  0 = — r d(oE{r ,co)e"'' . Equation 1 -3 
2 

E (r, CO) is generally complex. However, since E (r, t) is real, we mention: 

Eir-m) = E' (f, co) Equationl -4 

where * means complex conjugate. 
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The real electric field E (r, t) is written as: 

l(f,0 = 1 f do)[E{r,6})e-"^ + E'{f ,(o)e"" ]. Equation 1-5 

For a monochromatic field, the usual representation is obtained: 

E(f,t) = ̂ [E{f,co)e'"" + C.C.] Equationl-6 

where c.c. means complex conjugate. 

Similarly, the real polarization P (r, t) for monochromatic field can be expressed as: 

P(f, 0 = ~ + C.C.]. Equationl -7 

For optically isotropic medium, since the polarization is related to electric field in time 

domain: 

P(r, t) = t) (MKS) Equation]-8 

P{r, t) = , t) (cgs) Equationl-9 

where So is permittivity in vacuum, and is a real scalar called the linear susceptibility. 

By multiplying by c'^Vtc and integrating over t we obtain the polarization in fi-equency 

domain: 

P{r, m) = CO) (MKS) Equationl-10 

P{r, o)) = x (o) (cgs) Eqimtionl -11 

In isotropic medium, since V-D = 0 and D == £ E, the wave equation in time domain 

becomes: 
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V' £(r, t)-= Mo (MKS) Equationl-12 

1 d^EjrJ)  ̂ A7t d^PjrJ) 

•' d-t ~ c" 5'r' 
^  E ( r , [ ) — - — ^  =  - -  ; (cgs) Equationl-13 

Now we can use the frequency representation Equationl-3 in Equation 1-12 and we 

obtain the wave equation in frequency domain for isotropic medium: 

•̂,2 

V •E{r,(o) + —^E{r,a)) = -fiQa} P(r,a)). Equationl-14 
c 

If we assume plane-waves propagate along the z axis, and linearly polarized field (drop 

vector notation), then using 

Pico) = £, ix? + X? )E{(0), Equationl -15 

where Xt is background susceptibility and Xr is resonance (retarded) one, we can obtain: 

Y -r A,̂  - + ktn 2„2 
^2 

E{z, co) = —{^)E{z, 6}) Equationl -16 
dz 

where ky = co/ c, rtb^ = 1 + Xb''''- Next we assume a plane-wave solution of the form 

E(z, CO) = 6'(z)eEquationl -17 

where kb = h rib. With help of slowly varying envelope approximation (SVEA), the 

envelope of field is expressed as: 

— = ik^ An(co)(y -c'' Equationl-18 
dz 2 

where Anfco) is the shift in refractive-index and a((o) is the intensity absorption 

coefficient: 
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A/i(o) = -— Re(2'J:" (o)) Equationl-19 
iHb 

aico) = — (0)) Equation! -19 
n^c 

Since the linear susceptibility of an oscillator with the use of Lorentz model is expressed 

as: 

MS Ne'^ 1(00-fy^) + fr®l 
X = 77-1 20 2] Equation!-20 

Sgm [(«(, -CD } +r G> J 

where N is the density of oscillations, e is the elementary charge, m is the mass of the 

electron, Fis the damping constant and mo is the natural frequency of tlie oscillator, the 

explicit expressions for the reJ&active-index shift and linear absorption are given by: 

. ^ ^ Ne- {col -co^) 
lm{o}) = 1—r — —-1 Equation 1-21 

2 n , £ < , ? ? ?  [ ( 0 0 )  

a(0) = , I Equation! -22 
e^mn^c [(^g -co ) + r  0  J  

The general nature of these equations shows well-known dispersion. In general, there 

may be several resonant frequencies. Clearly resonance occurs when a)= coq. In contrast 

if 0/ » of, there is no dispersion, no absorption, and An is a simple correction to «/,. In 

material design, we need to reduce the absorption with respect to a useful frequency 

because devices must have high transmission for the aimed frequency. 

2.2 Nonlinear Optics 

In nonlinear optics, the nonlinear optical response can be described (cgs) by 

expressing the polarization as a power series in the field strength as; 
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P{r, t )  =  -/''EiT-, 0+  ( r ,  t )  + {r,t) + - Equation2-l 

where and are the second- and third-order nonlinear optical susceptibilities, 

respectively. For simplicity, scalar quantities for the field P and E was used in Equation 

2-1. The assumption that the polarization at time t depends on the instantaneous value of 

the electric field strength is also taken in Equation 2-1. This means that the medium must 

be lossless and dispersionless. In general, the nonlinear susceptibilities depend on the 

frequency of the applied fields. Second-order nonlinear optical interaction can occur 

only in noncentrosymmetric medium in electric dipole approximation. On the other hand, 

third-order optical interactions can occur both for centrosymmetric and 

noncentrosymmetric medium. The expression for the second-order nonlinear polarization 

t) is expressed as: 

= (2) 

where A is degeneracy factor, x (~®3, Oj, ®2) second-order nonlinear susceptibility 

tensor. By comparison with: 

1 ==(2) 

=  A - [ j  .0)^,(0^) •. E{a)^)E{a>,+c.c.] Equation2-2 

P''>(t) = +C.C.] Equation2-3 

the polarization at 6)3 for monochromatic field at o/ and g>2 is obtained as: 

=(2) 

P^'^^ (fi>3) = (-®3 ,co^,(a^)-.E{co^ )E{co^) Equation2-3 

or in component form: 

Equation2-4 
jk 
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For example, when input frequency coi - (02 ~ a creates a second-harmonic generation 

frequency (O3, so that 0)3 = 2(0, polarization is expressed by susceptibility tensor elements 

of the form (-2co, a>, co). 

Kleinman symmetry is applied when frequencies of interest are far from 

resonance. In general, when the Kleinman symmetry is valid, the second-order 

susceptibility tensor elements are described by; 

Equation2-5 

and for simplicity frequency arguments are ignored. Kleinman's symmetry assures that 

dijk is symmetric in its last two indices. We then simplify the notation by introducing a 

contracted matrix du according to the prescription. 

jt 11 22 33 12,32 31,13 12,21 
Equation2-6 

/; 1 2 3 4 5 6 

where each of three indices i, j and k can independently take any of the three Cartesian 

coordinate X, Y and Z. The nonlinear susceptibility tensor can be represented as the 3 x 

6 matrix: 

d , =  
^ d^2 1̂3 1̂4 1̂5 ^̂ 16 

<^21 £^22 <^23 ^24 ^25 ^26 

^32 '^33 ^34 <^35 <^36 / 

Equation2-7 

dii has only 10 independent elements when the Kleinman symmetry condition is valid: 

Equation2-8 

(dn dn du d\A dii dre" 

II 

du dii ^23 £^24 du dn 

yd\S diA ^33 dji d\3 du J 
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The nonlinear polarization for second-harmonic generation is expressed as: 

( frf., c/,2 d\i d]4 di5 du^  
p(2) JTj  =  2  < ^22 d j s  d j A  du  dn 
p(2) 

dn d-ii dji du du J 

^ El  ^  

El  
172 

2EyE^ 

2EjE^ 

\2ExEy J 

Equation2-9 

According to group theory, we can use additional symmetry properties of a nonlinear 

optical medium. For example, when Kleinman symmetry is valid {dT,i-dis, djA-dsz), 

poled polymers belong to oomm symmetry group and their second-order susceptibility 

tensor reduces to: 

d„ = 

0 0 0 0 1̂5 0 

0 0 0 0 0 d 24 

V^15 ^24 ^33 0 0 0 

Equation2-9 

Third-order nonlinearities are described by XijkP^(-^4' which is a 

fourth-rank tensor. Unlike second-order nonlinearities, third-order nonlinearities can 

occur in centrosymmetric medium. The third-order polarization at (04 is expressed as: 

=(3) 
p \6}^)  =  kx  (-^04 , fy , , co^,03^)e{ (0^)e{co j )e {co^)  

where 6)4 = coj + 0)2 + 0)3 ^ or in component form: 

(®4)  = S  )Ej  (®i  )E^ i (o ,  )E,  (m,)  
jkl 

Equation!-10 

Equation2-ll 

In general, the third-order nonlinearity is much smaller than the second-order nonlinearity, 

so that the efficiency of third-harmonic generation is much smaller than that for second-
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harmonic generation. However, third-hamionic generation and electric-field-induced 

second-harmonic generation is often used due to their simplicity of phase-matching. 

2.3 Electro-Optics 

The electro-optic effect is the change of refracti ve index for materials induced by 

a DC electric field. The linear dependence of the change of refractive index on the 

strength of the applied electric field is known as the linear electro-optic effect, or Pockels 

effect. The nonlinear polarization for Pockels effect is expressed as: 

Equation2-12 

In centrosymmetric materials, the lowest-order change of refractive index depends 

quadratically on the strength of the applied DC field. This is known as the quadratic 

electro-optic effect or DC Kerr effect. The nonlinear polarization for DC Kerr effect is 

expressed as: 

m 
Equation2-13 

The equation describing the index ellipsoid taken in the general coordinate system 

rather than principal-axis coordinate system can be expressed as: 

/ 1 ^ 

\n ' )  
+ 

^ 1 ^ 

W) 

r 1 ^ 
+ 

1_ 

\n^)  
z~ + 2  

^ 1 ^ 
jz + 2 

^ 1 ^ 
2X + 2 

^ 1 ^ 
X>' = 1 

V" /6 Equation2-14 

When the material system is subjected to a constant or low frequency electric field, 

convenient description in terms of impermeability tensor is introduced as: 

Equation2-15 
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Note that 1] is the matrix inverse of s, that is, % = (s"^)ij. Therefore, index ellipsoid can 

be expressed as; 

+ Vijy^ + ^33^^ + 2/7i2'^' + 27,3>'2 + 2/73,2x = 1 Equation2-16 

where we used the relation: 

(^ ̂ r 1 ^ ( 1 ^ 
2 = ̂ 11' 2 

II
 

4
 

yn )  1 \n  2 3 

^ 1 ^ r  1 ^  

\n  74 
Vn ~  ̂ 32' 

/• 1 A 

\n  js  
= nn=%x-.  

Wj  

Equation2-17 

= In  = 721. 

We next assume that T^ij can be expressed as a power series in the strength of the 

components of applied electric field as: 

Vij ij + Xi• Equation2-18 
k kl 

where Vyk is the electro-optic tensor for Pockels effect, and Syu is the electro-optic tensor 

for DC Kerr effect. Since the dielectric permittivity tensor s is real and symmetric, its 

inverse rj must also be real and symmetric, and consequently electro-optic tensor for ryu 

must be symmetric in its first two indices. The third-rank tensor r  has component, 

expressed as r^, with contracted notation: 

'I for ij = \l, ^ 

2 for ij = 22, 

3 for ij = 33, 
/?= Equation2-19 

4 for ij = 12or32 

5 for ij = 130/-31 

6 for ij = l2or 21 
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In terms of this contracted notation, the refractive index change for Pockeis effect is 

expressed as: 

^ 1 ^ 

W Ji 
=A Equation2-20 

or in explicit form, 

A(1/^^X' 

<1 

'^1 ^2 
\ 

^13 

A^2 ^21 ^22 ^23 
A773 ^31 ^32 ^33 

Ml/n\  A/74 hi  ^42 ^43 
A(l /n '% A 75 ^51 ^52 ^53 

vA%J .^61 hi  ^63 y 

EyiG) 

yEM 

Equation2-21 

where the Equations 2-17 and 2-18 were used. 

In the framework of electro-optics, the field-induced change of the dielectric 

tensor can be written as: 

7oO + 7o 'A77)] -?7o"' A£ = (7o + A7) ' -77/' = 

= (1 + /7o "'A7)-'t/o"' - Tj,-' s (1 --^0"' = ' Equation2-22 

= -So r • E(0) So 

where the approximation A7]l% «1 was used. As tensor components. Equation 2-22 is 

written as: 

kJ  k  
£° i j  (cgs) Equation2-23 

Recalling sE = E + 47iP - E + = SqE + 4% the field-induced change 

of the dielectric tensor can be written as: 
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= AjtP''''' Equation2-24 

In the tensor component form, Equation2-24 can be expressed with Equation2-12 as: 

AeyEjio)) = AttP, = Equation2-25 

Combining Equation 2-23 and 2-25, the relation can be written as: 

- 2 " P • 2(0)] '?"» = 4? <•-<»• (0) Equation2-26 
k,l Id ^ 

Equation 2-26 can be rewritten by neglecting the tensorial nature of the unperturbed 

dielectric tensor and by defining an average refractive index n as: 

r = Equation2-27 
n 

When Kleinman symmetry holds, the electro-optic tensor for poled polymers are written 

as: 

/ 

r  = 

0 0 13 
0 0 13 
0 0 ^33 
0 ^3 0 

^3 0 0 

0 0 0 

Equation2-28 

2.4 Nonlinear Optics of Organic Molecules 

Organic molecules consist of C and H connected with both tt bond and a bonds, 

or electrons  are  not  s ignif icant ly  af fected by appl ied  e lect r ic  f ie ld .  On the  other  hand,  n 

electrons can be highly delocalized, and can contribute to optical nonlinearity when 



cenlrosymmetry is broken, n conjugate bridge with donor group at one end of the bridge , 

and in simple model, a acceptor group at the other end of the bridge has been designed to 

give a nonlinearity for organic molecules, which is referred as push-pull molecules. Due 

to applied field, acceptor pulls electrons through 7r-conjugate bridge, and donor pushes 

electron, which results in microscopic polarization of molecules, due to excess charge of 

electrons at the acceptor side. The microscopic polarization components induced by 

electric filed can be written as: 

Equation2-29 
J Jk Jkl 

where /u is the ground state dipole moment, ay, P,ji, yyu are the first, second, and third 

hyperpolarizability tensor elements, and Ej, Eh Ei are components of the electric field. 

The subscript i, j, k and I refer to the components of molecule frame. On macroscopic 

level, in the laboratory frame {X, Y, Z) the nonlinear polarization is written as: 

P, +••• Equation2-30 
J JK JKL 

where subscript I, J, K and L are refer to the components of laboratory frame. 

Oudar and Chemla [17] proposed that the second hyperpolarizability is the sum of 

two contributions; 

P = Equation2-31 

where Padd is the additive part of the substituents and their individual interaction with the 

conjugated 7t-electron system, and Per is the contrubution from the charge-transfer 

interaction between acceptor and donor through the Ti-conjugated bridge. The charge-
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transfer part is approximated to a two-level interaction between the ground (g) and the 

first excited state (n). Within the two-level model. Per is generally written as: 

Per (-®3, <01, ®2) = ^ TT-z 7-5 r;-—2 577-1 iT Equation2-32 
Imtio)^ {(al -®2 )(®i -®3 ) 

where R is degeneracy factor, e is the elementary charge, m is the electron mass, o, are 

the frequency of the optical waves involved in the second-order nonlinear process, h <%, 

is the energy difference between ground state (g) and the excited state (n), Sf^g„ = ju„-

is the difference in dipole moments between the first excited state and the ground state, 

and f is the oscillator strength of the transition that is related the dipole transition moment 

Mgn = <g I er I n> through: 

/ = Equation2-33 
n e  

For second-harmonic generation, the charge-transfer contribution is expressed as: 

4 
G>„ 

PcT (-2®, (O, G>) = y?(0) —^Equation2-34 
-0) )(0g„ -{2o)) ) 

with 

0/r\\ ^ ^f^gnMgn (Mn ^ ^ 
y?(0) = — — oc J Equation2-3 5 

where P(0) is called the dispersion free hyperpolarizability since it does not contain any 

dependence on the frequency of optical fields. Since the dispersion free 

hyperpolarizability scales as 1/Eng, the longer the wavelength Xmax, the higher 

noniinearity and other things being equal. 
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Similarly, the hyperpolarizability of a Pockels effect is derived as: 

Equation2-36 

The nonlinearity is increased when the optical frequency approaches resonance frequency 

o}gn,, at which molecules show high charge-transfer absorption. 

2.5 Poled Polymers 

Simple descriptions based on the oriented gas model [15], [16] and have been 

proved to be good approximation for the description of poled electro-optic polymers [17]. 

The second-order nonlinear susceptibility tensor elements can be written as [15]: 

where N is the density of chromophore, the an are the direction cosines or the projection 

of the new axis I (in the laboratory frame) on the former axis i (in the molecular frame), 

the brackets o denote the orientational ensemble average, and * denotes that local field 

correction factors have been included in p. In the following, the assumptions that the 

chromophores have cylindrical symmetry and the second order nonlinear optical 

properties depend mainly on the average polar angle 9 of molecules with the direction of 

the poling field were used. The orientational ensemble average of hyperpolarizability 

tensor elements can be written by Maxwell-Boltzmann distribution function as: 

Equation2-37 

Equation2-38 



33 

where kT is the thermal energy and U(9) is the interaction energy between the poling 

field and the dipole moment. This interaction energy is given by: 

where ju* is the modulus of the permanent dipole moment of the chromophore and is 

corrected for local field effects by the surrounding matrix. The second term in the right-

hand side of Equation 2-39 describes the reorientation of the molecule due to induced 

dipole moment p. Since push-pull molecules have generally a high permanent dipole 

moment, it is a good approximation to neglect that second contribution. The force 

associated with the potential U(9) is the torque exerted by the electric field on the 

molecule that tends to orient the molecule in the direction of the poling field. Equation 

2-37 can be rewritten with Equation 2-38 and 2-39 as: 

Since poled polymers belong to the symmetry oomm, the second-order susceptibility 

tensor reduces with Kleinman symmetry as: 

xkT cosO with X Equation2-39 

Equation2-40 

where 

Equation2-41 

' 0 0 0 0 Xm 0' 

0 0 0 ;r3i 0 0 

yXn Zn l33 0 0 0^ 

Equation2-42 
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According to Equation 2-40, two independent tensor elements, and Xsi^Xzxx for 

poled polymer can be written as; 

= N{ik • hk-hK-i:))p'^=N[cos'0)p'^= NL, EqiBtion2-43 y(2) 
A,ZZZ 

y(2) 
A,ZYX 

N 

= N(( .k-k)(X-hx-k))p '^  = JV(cosSsin^ Scos^ «))/?; 

(i,W-4(x))AL 
z 

where Langevin function of order n are introduced as: 

[ cos" xexp(xcos^)sin0<i(9 
4 (^) = 

I exp(xcos0)sin0i/0 

The Langevin function for = 1 to 3 are given by: 

ij(x) = cothx-—s — 
X 3 

r . X 1 2 2 . 1 2x' Zj (^) = 1 + —5 cothx s — H 
XX 3 45 

L,{x) = 
V ^ J 

coth X -
3 A 

1-1 ; 

V x" y 

X 

Equation2-44 

Equation2-45 

Equation2-46 

where the linear approximations were made when x < 1. When the linear approximation 

for Langevin functions holds, the two independent susceptibility tensor elements given by 

Equation 2-43 and 2-44 are written as: 

y(2) B" 
\5kT 

Equation2-47 

Equation2-48 
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The corrected value of the hyperpolarizability can be approximated for an electro-optic 

process to: 

Pi. = Equation2-49 

where /« and fo are the Lorentz-Lorenz and Onsager [18] local correction filed factors for 

a spherical cavity, respectively, given by: 

+ 2  
= —-— Equation2-50 

fo = ^2! Equation2-51 
(2sdc + « ) 

where Sdc dielectric constant and n is the refiractive index at the optical fi-equency. 

Similarly, the corrected value of the dipole moment can be derived from this bare value 

according to: 

//* = foju Equation2-52 

In this chapter, I simplified molecular properties so that previously reported theoretical 

approach becomes illustrative. In this chapter, the theory is briefly mentioned to know 

properties of poled EO polymer used for device fabrication. 
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3. Electro-Optic Polymers and Modulators 

3.1 Guest/Host Electro-Optic Polymers 

Electro-optic (EO) polymers have a great potential to fabricate high-speed EO 

modulators because the phase matching between optical waves and traveling microwaves 

can be improved due to its small dispersion of dielectric constant for optical wave and 

microwave frequency, compared with other inorganic EO materials such as LiNbOs. 

Significant progress in study of EO polymers has been demonstrated for EO applications 

[19]. In the early 1970s Oudar and Chemla [14] suggested that a two-state model could 

be used to guide the design of second-order nonlinear optic chromophores. In this model, 

P — Equations-1 

where jUng and Egn are the dipole matrix element and transition energy, respectively, 

between the ground state (g) and the first strongly allowed charge-transfer excited state 

(«), respectively. Physically, the introduction of a (//„ - /%) term meant that as the 

electrons interact with the oscillating electric field of light, they show a preference to 

shift from one direction relative to the other. Accordingly, molecules for second-order 

nonlinear optic applications were simply based upon aromatic Ti-electron systems 

unsymmetrically endcapped with electron donating and accepting group to impart the 

bias. A prototypical nonlinear optic chromophore was 4-(N, N-dimethylamino)-4'-
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nitrostilbene (DANS). In DANS, the two benzene rings and the double bond are the 

conjugated ;T-system and provide the polarizable electrons, and the dimethylamino group 

acts as the donor and nitro group acts as the acceptor. 

In modulator device fabrications, three important requirements for the poled 

polymers are thermal stability of EO response, high EO response and low optical loss, at 

fiber-communication wavelengths, X = 1.31 and 1.55|am. Polyimides become ideal 

candidates as host materials for nonlinear optical chromophore because their high glass 

transition temperature (Tg). Polyimide incorporating heteroaromatic chromophores were 

demonstrated for long-term thermal stability at 120 °C for over 700h [4]. However, 

many nonlinear optical chromophores encounter the problem of degraded EO response. 

Recently, high Tg (~180 °C) EO polymers incorporating the heteroaromatic 

chromophore, diethyl-amino-tricyanovinyl substituted cinnanyltriophene (RT-9800) 

A O 
showed the high value of 9800 x 10 esu. Poled guest-host polyquinoline thin films 

doped RT-9800 of 20%-wt were demonstrated with EO coefficients of rjj - 45 pnW at 

1.3p,m [5]. While poled polymer was heating at 80°C, after an initial drop of this EO 

coefficient rjj in the first lOOh was observed, EO coefficient of 26pm/V was maintained 

for more than 2000h [5]. Moreover, good poling stability (90% at 85 °C for lOOOh) was 

reported [20]. These EO polymers, based on the guest/host systems and covalent 

attachment of chromophore onto high temperature polyquinoline backbones, 

demonstrated high EO activities, strong thermal stability and low absorption at a 

communication wavelength A= 1.3 and 1.55 |j.m. For the fabrication of EO modulators. 
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polyquinoline matrix PQ-100 [5] incorporating a similar chromophore, 

dibutyiaminobenzene-thiophene stiibene tricayanovinyl (Pfi = 6200 X 10"^^ esu) at 20 wt 

% level is examined for EO modulators. This EO polymer shows small absorption for 

fiber communication wavelength of 1.3 and 1.55jim shown in Figure 3-2, which leads to 

low optical loss for modulators. 

CN 

Figure 3-1 Structure of the EO chromophore. 
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Figure 3-2 Absorbance spectrum of EO polymer. 

3.2 All Polymeric Modulators 

For integrated optoelectronics, semiconductors are attractive materials because 

many active and passive devices such as semiconductor lasers, photodetectors, and field 

effect transistors, have been fabricated of these compound semiconductors. Some 

organic materials have been used for EO modulators for fiber optic communication. 

However, due to its high dispersion of dielectric fimction for optical wave and microwave 

frequencies and limited value of EO coefficient, these inorganic materials have intrinsic 

limitation for high-speed EO modulators driven with low voltage. Lumped electrode 

modulators with their simple device configuration have intrinsically limited bandwidth. 
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less than the inverse values of the optical or electrical transit times. On the other hand, 

traveling microwave electrode modulators are not limited by electrode charging time, but 

rather by the difference in transit time for the optical wave and microwave through the 

EO modulators. The bandwidth, Af, for the traveling microwave modulators is decided 

by the difference between the dielectric constants of EO polymers for microwave and 

optical wave as: 

2c 
A/ = —^ rr Equation3-2 

7 L \ b  m i c r o w a v e  —  o  o p t i c a l  ) I ^  

Where Smicrowave and £opticai are dielectric constants of EO polymers for microwave and 

optical wave frequencies, respectively, and L is interaction length in EO polymers 

between microwave and optical wave. 

All polymeric waveguide modulators have been demonstrated with 1 lOGHz 

bandwidth for straight channel phase modulators [I]. For broadband EO modulators with 

the most commonly used inorganic material such as LiNbOs, the half-wave voltage-

interaction length product V„L is limited at lOVcm [21]. When only one arm of Mach-

Zehnder intensity modulators is modulated, the is expressed as: 

K = ——— Equation 3-3 
n r,,Lr 

where d is inter-electrode distance, F is modal overlap integral. V,; becomes half of 

Equation 3-3 when two arms for Mach-Zehnder intensity modulators are modulated. 

Low can be achieved by adjusting one or several parameter in Equation 3-3. 

However, reducing inter-electrode distance or increasing interaction length is limited by 
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optical loss of all polymeric waveguide. The most effective approach for low V„ is to 

increase rss. The of 2.2-2.4 Vcm at the modulating frequency of 330Hz was 

demonstrated for push-pull Mach-Zehnder intensity modulators by use of all polymeric 

waveguide approached [22]. However, all polymeric waveguide approaches to 

modulators in which the channel waveguide is defined in the polymer itself suffer from 

coupling loss, high optical loss in the EO polymers, and waveguiding instability due to 

photochemical reaction of EO polymers [9]. For the modulators, a single microstrip line 

coated on EO polymer was used as the traveling microwave electrode, and EO polymer 

was sandwiched between microstrip line and ground electrode. Two arms of polymeric 

waveguide were poled in opposite directions between microwave electrode and ground 

electrode and modulated in the same direction, which is push-pull modulator to reduce 

VJ^. In alternate approaches, the optical wave can be guided and modulated in fiber half 

coupler and hybrid glass/polymer waveguides to reduce the optical loss and increase the 

waveguiding stability. 

3.3 Fiber Half Coupler Intensity Modulators 

Recently, the traveling microwave EO intensity modulators using side-polished 

fiber rather than traditional end-firing waveguide methods were demonstrated with EO 

materials such as single organic crystal N, N-4'-dimethylamino-4'-N'-methyl-

stilbazolium tosylate (DAST) [10], and PMMA incorporating Disperse Red 1 [11]. The 

basic geometry of fiber half coupler intensity modulators consists of four main 

components as shown in Figure 3-3: (1) a single-mode optical fiber, side-polished close 

to the core, (2) a planar multimode overlay waveguide comprised of nonlinear materials. 
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(3) a fused silica substrate block with a controlled radius groove for locating the fiber and 

supporting the overlay waveguide, and (4) an electrode structure patterned on the 

nonlinear materials. 

Cross Section side View 
EO IVIaterials 

/ Electrode 

."s 

Fiber Core 

Figures-3 Schematic of the fiber half coupler intensity modulators. 

The basic principle of operation relies on evanescent coupling between the single 

mode of the optical fiber and the planar waveguide of nonlinear materials. When phase 

matching of the propagation between the single mode fiber and the multimode overlay 

waveguide is established, strong coupling of power from the fiber to the overlay 

waveguide occurs. Inducing a refractive index change in the overlay waveguide can alter 

the phase-matching situation. Such a refractive index change in overlay waveguide can 

be achieved by use of Pockels effect, due to the application of an electric field. This 

leads to an EO modulator response. Due to the modal wavelength dispersion of the 

overlay waveguide, phase matching conditions varies with respect to input wavelength. 

This results in a periodic drop in transmission because the optical wave in fiber couples 

to the overlay waveguide at specific phase-matched wavelengths. The wavelength of 
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each dropped channel (or resonance) depends on index and diameter of fiber core, 

thickness and index of overlay waveguide, distance between polished surface of fiber 

clad and fiber core, and index of superstrate coated on overlay waveguide. When the 

index of overlay materials is changed due to the application of an electric field, resonance 

wavelengths shift and lead to change of the transmission for fiber half coupler. Thus, the 

fiber half coupler can be used for EO intensity modulators by matching the wavelength of 

laser source to a resonance. 

The overlay waveguide is considered a slab waveguide that interacts strongly with 

the mode in the single-mode fiber only at wavelengths where the modal effective indices 

of two waveguides are the same. The optical fiber is a step-index cylindrical waveguide 

with a core radius a, a clad index rid, and a core refractive index ric. The characteristic 

equation that yields the dispersion of the modal effective index of LPoi mode nj is 

expressed as [23]: 

JMfd)  K. i / fa)  
^/G — T = 7 fa — Equation 3-6 

Jo(^/«) ^o(r/«) 

where Jo and Ji are Bessel functions, Ko and Kj are modified Bessel functions of the 

second kind, and 

Yj- = - nil Equation 3-8 

Kf - nj Equation 3-9 

Thus, effective index of the fiber can be obtained numerically from these equations. The 

overlay waveguide is considered an anisotropic asymmetric slab waveguide bounded on 
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one side by the fiber and on the other side by a superstrate. The overlay waveguide is a 

step-index waveguide with a overlay thickness t, an overlay refractive index Ut, a 

superstrate refractive index risuper and a clad refractive index nd The characteristic 

equation that yields the dispersion of the modal effective index of wth mode Um is 

expressed as [23]: 

Kt = mn + ( j  I  k )  + {SI  k )  TEmode Equation3-10 

/• ( 
"// X -1 —= m;r + tan 1- r ]  

+ tan ^ 9 
5 

1 "c/ 
Z 

'^sup er k 
j  

TM mode Equation 3-11 

where n// and ni are refractive indices of overlay materials for in-plane direction and 

transverse direction, respectively, and 

K - ylftf - ni Equation 3-12 

Y = K 4^1 -"ci Equation 3-13 

^ = K -^iper Equation 3-14 

Coupling between the fiber and the overlay waveguide occurs at wavelengths where the 

nj that satisfy Equations-6 are equal to the Um that satisfy Equation 3-10 or 3-11. This 

simple model described well the experimentally obtained resonance wavelengths [24]. 

Effective indices of single mode fiber (SMF-28) and EO polymer (refractive index == 

1.638) can be calculated for TE mode of polymer waveguide, and was shovm in Figure 3-

4. In this calculation, mode number of 3 for polymer waveguide, refractive index in 

superstrate of 1.38, polymer thickness of 3.3jam, and parameters for SMF-28 [25] were 

used. Phase matched wavelength at which effective indices for fiber and polymer 
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waveguide match is calculated to be A = 1.543jxm. At this wavelength, strong evanescent 

wave coupling between fiber and polymer waveguide is expected. 
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Figure 3-4 Effective indices dispersion for fiber and polymer waveguide. 

Although a detailed analysis exists [26]-[28] that describes the coupling of optical 

wave between fiber core and overlay waveguide, simple coupled-mode theory is used to 

provide physical parameters [11]. The coupling mode equations are written as: 

0 
—  A f  ( z )  =  (~)exp(/A/fe) Equation3-4 

—Ag (2) = -iic^Afiz)cxp(-iAj3z) (2) Equation3-5 

where A/ and Ay^g are the amplitudes of the field in the fiber and overlay waveguide, 

respectively, Afi is the difference between the propagation constant in the two 
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waveguides, Kab is the coupling coefficients from the overlay waveguide to the fiber, Kba 

is the coupling coefficient from the fiber to overlay waveguide, a is the optical loss of 

overlay waveguide. Intensity profile along coupled region for phase-matched wavelength 

X = 1.543 }im was calculated as shown in Figure 3-5 by use of the parameters used in 

Figure 3-4. Fiber transmission is also calculated with respect to wavelengths including a 

phase-matched wavelength A = 1.543 |im as shown in Figure 3-6. There are basis for 

fiber half coupler as reported in previous paper. In chapter 5, advanced device is 

mentioned in detail to use fiber half coupler as device. 

?i.=1.543iJ.imi, nsuper®1.38, t=3.3M.m,TE Modi 
1 
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^ 0.6 

m 
C  0 . 4  

£ 0 .2 
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0  0 . 5  1  1 . 5  2  2 . 5  3  

Propagation Length z [mm] 

Figure 3-5 Calculated intensity profile along coupled region for phase matched 

wavelength. 
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Figure 3-6 Transmission of fiber for wavelength. 

3.4 Hybrid Glass/Polymer Phase Modulators 

All polymeric approaches to modulators in which the channel waveguide is 

defined in the polymer itself suffer from problems due to high losses in the EO polymers 

[9]. In alternative approaches, the optical wave can be guided and modulated in a hybrid 

glass/polymer waveguide. In this case, a channel waveguide is defined by ion exchange 

in a soda-lime glass and then coated with a thin EO polymer [29]. A hybrid 

glass/Langmuir-Blodgett (LB) film modulator was demonstrated at DC frequency [30]. 

Since the optical loss of EO polymer is less than LB film, much more robust waveguiding 

for hybrid glass/polymer phase modulators is expected. In addition, larger EO coefficient 

of EO polymers enables low voltage operation of EO modulators. Schematic of the 

hybrid glass/polymer phase modulator consists of three components as shown in Figure 

3-7: (1) a single-mode surface waveguide fabricated in BGG31 or lOG 10 glass substrate 
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by ion-exchange technique, (2) a planar overlay waveguide comprised of nonlinear 

materials coated on the glass waveguide (3) an electrode structure patterned on the glass 

substrate. In chapter 6, process for glass substrate to pole EO polymer without dielectric 

breakdown in this device is mentioned. In chapter 7 and 8, author shows that hybrid 

approach used sol-gel silica waveguide demonstrates EO modulation most successfully at 

the first time. 

Electrode PO Dr»l\/nrj0p 

Waveguides 

Figure 3-7 Schematic of the hybrid glass/polymer phase modulators. 
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Chapter 4 

4. Poling of Electro-Optic Polymers 

4.1 Corona Poling and Second-Harmonic Measurements 

Typical EO Polymers don't have long-range three-dimensional order. Since 

second order nonlinear response occurs only in materials that are noncentrosymmetric in 

the electric-dipole approximation, the polymer must be processed to align chromophores 

in EO polymer by DC electric field, which is called a poling field. The poling field 

achieves a macroscopic polar alignment of nonlinear optical chromophores while 

polymers are heated to the glass transition temperature (Tg). After the chromophores are 

oriented to poling field at polymers are cooled down to room temperature with 

applied field to freeze the alignment of chromophores. In thin-film of polymers, two 

techniques are commonly adopted for the poling field, corona poling and contact poling. 

Corona discharge is a partial breakdown of air at atmospheric pressure that leads to the 

deposition of charge on a surface. By exposing an electro-optic (EO) polymer film in 

corona discharge, the chromophore can be oriented to the direction of electric field due to 

corona discharge. Polymer film can be deposited directly onto soda-lime glass and Pyrex 

substrates to yield large areas of high quality poled film [31]. To increase poling 

efficiency, electrode can be used between polymer film and substrate [32]. 

In the experiment to examine corona poling for EO polymers, EO polymers 

incorporating following chromophores (see Figure 4-1) were used. 
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Table 4-1 Corona poled polymers 

Doped pfd Doping Level Host Materials 

Chromophore [esu] [wt%] 

a 3500X10"^' 20 Polyimide 

b - 25 PQ-100 

c 6200X10"" 25 PQ-100 

After these polymers were spin coated on ITO glasses to obtain 1-nm-thick films, 

samples were cured for three minutes at 80 °C for 3 min and hard baked at 130 °C for a 

few hours in vacuum oven to remove residual solvent. Linear absorption spectrum was 

measured by use of a spectrophotometer to obtain the wavelength (Amax) of maximum 

linear absorption. These polymers showed Amax = 640 nm and had small absorption for 

fiber communication wavelength of 1.3 and 1.55 fxm, which enable to fabricate EO 

waveguide modulator by use of these EO polymers. While EO polymers were poled, 

second-harmonic generation (SHG) was measured using a Q-switched Nd: YAG laser (A 

= 1064 nm) with a pulse repetition rate of 10 Hz as shown in Figure 4-2. The p-polarized 

light was pulsed at an incidence angle 45° to the film surface. PIN detector to correct 

possible drifts in laser intensity level over the long acquisition times monitored laser 

fundamental power. The sample substrate was contacted on heater and ITO was 

grounded. A tungsten wire was positioned ~lcm above the polymer surface to conduct 

corona discharge on polymer surface. High voltage of 5 kV was applied for the tungsten 

wire while the sample was heated to near Tg = 180 °C in nitrogen. SHG light was 
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detected at PMT detector and after the fundamental light was removed at a color filter 

and monochrometer. The fundamental and SHG intensity were monitored on a boxcar 

integrator. 

(C) 

CN 

Figure 4-1 Structures of EO chromophore. 
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Figure 4-2 Experimental setup for corona poling and real time measurement of second-

harmonic generation. 

Normalized second-order nonlinear susceptibilities for samples a, b and c with 

respect to poling temperature were shown in Figure 4-3 when corona poling voltage is 

applied and poling temperature for samples was increased. Formation of in EO 

polymers was observed when poling temperature was increased to near Tg. Samples were 

cooled down to room temperature while applying poling field. SHG power was also 

monitored during cooling process. Relaxation of was not observed for all samples 

during cooling down process as shown in Figure 4-4. Previous demonstration of corona 

poling showed large relaxation of during cooling down process [33]. These polymers 
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showed strong thermal stability diiring corona poling, which is more suitable to fabricate 

a practical device. 
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Figure 4-3 Dependence on poling temperature: (a) Sample a. (b) Sample b. 
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Figure 4-3 Dependence on poling temperature: (c) Sample c. 
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Figure 4-4 Evolution of during cooling process: (a) Sample a. (b) Sample b. 
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Figure 4-4 Evolution of x® during cooling process: (c) Sample c. 

4.2 Electrode Poling 

Although larger poling field is expected for corona poling, there are some 

problems to fabricate modulators: (1) a surface optical quality of polymers after corona 

poling is often degraded with some pin holes developing that increase optical loss, and 

(2) it is difficult to pole EO polymers in the in-plane direction, that is often required for 

high speed modulators. Contact poling can solve these problems. In contact poling, two 

configurations of electrodes are commonly used for the poling field, parallel and in plane 

(see Figure 4-5 (a) and (b)). In the parallel-plate configuration, EO polymer is 

sandwiched between two thin electrode plates. One electrode is deposited on the 
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substrate; another is deposited on EO polymer film after EO polymer is coated on the 

substrate. For parallel-electrode configuration, electric field distribution is uniform inside 

polymer film between top and bottom electrodes. In in-plane electrode configuration, 

filed distribution is complicated. However, when the thickness of polymer is much 

smaller than the inter-electrode distance, the electric field inside polymer was calculated 

to be approximately uniform [34]. 

(a) Parallel-plate poling 

Substrate 
Electrodes 

Polymer 

(b) In-plane poling 

Substrate 
Electrodes ' 

Figure 4-5 Two electrode configurations commonly adopted for EO polymers: (a) 

Parallel-plate poling, (b) In-plane poling. 

In the experiment of electrode poling, at first, parallel-plate poling was examined. The 

guest^host polyquinoline PQ-100 incorporating dibutylaminobenzene-thiophene stilbene 

tricyanovinyl chromophore [see Figure 3-1 (c)] doped at a 20 wt % level (Pfj, = 6200 x 

10"^^) was disolved in cyclopentanone (boiling point=131 °C) and filtered through 0.2 ^im 
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fliter. The EO polymer (sample c) was spin-coated, yielding film thickness that were 

typically between 0.1 and 2 |j,m. The substrate was the electrode film of indium tin oxide 

(ITO) deposited on soda-lime glass. Since a buffer layer between the EO polymer and 

the electrode reduces the poling field in the polymer [35], the EO polymer was coated 

without any buffer layer. After the polymer was soft-baked at 80 °C for 2 minutes, a 

gold-electrode plate was deposited on the polymer surface to obtain more than lOOnm-

thick film through electron-beam evaporation. Top electrode was connected to high 

voltage power supply and ITO electrode was connected to ground through picoammeter 

and a high voltage resistor as shown in Figure 4-6. The sample was put into heater of 

temperature controller and heated up to Tg (180°) with purging nitrogen gas into the 

sample. High poling field up to 95V/|jLm at 180° was routinely applied between the top 

gold electrode and ITO electrode. The current firom ITO electrode to the groimd was 

monitored at the picoammeter. The picoammeter was protected using the high voltage 

resistor from a large current that dielectric breakdown of EO polymer causes. After 

poling field was applied for EO polymer at the temperature was decreased to room 

temperature while the poling voltage was applied. 

Au Electrode 
/ Polymer 

L / 

Glass Substrate 
iia 

Figure 4-6 Experimental setup for parallel-plate poling. 
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In the next step, in-plane poling was examined, which is most important technique 

to fabricate polymeric EO modulators. A 50-nm-thick titanium layer followed by a thin 

gold layer was deposited on the glass surface through electron-beam evaporation. Then, 

2-cm-long electrodes were fabricated by wet etching for electroplating gold to a thickness 

of approximately 1 |im. In-plane electrodes fabricated on the glass substrate were 

separated by a distance of 16-48 fim [see Figure 4-7]. 

(a) Top View 

t 

1 ( 
PI 'K ^ • 

1 

DC Electrode 

(b) Cross section 

EO Polymer 

Glass Substrate 
Figure 4-7 Schematic of in-plane poling: (a) Top view, (b) Cross section. 

For in-plane poling, one electrode was connected to the high voltage power supply and 

another electrode was connected to ground through the picoammeter. The same poling 

process as parallel-plate poling was used for in-plane poling. 

4.3 Electro-Optic Measurements 

The measurement of EO effect has been performed in various methods, such as 

ellipsometric technique (single-beam polarization interferometry), Mach-Zehnder 
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interferometry and Fabry-Perot interferometry. The ellipsometric technique was 

introduced by two independent groups [36], [37]. An angle dependence factor was 

modified to generalize the method for measurement of EO effect at wavelength close to 

absorption band [38], The experimental setup is shown in Figure 4-8. 
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Figure 4-8 Experimental setup for ellipsometric technique. 

This technique is most commonly used to measure EO effect of polymers because of its 

simplicity of experimental setup and accuracy of measured EO coefficient values. 

Sample preparation is extremely simple and requires no waveguiding in polymer. This 

technique is especially useful for materials that have slight absorption and too much loss 

to waveguide light in polymers. A thin film of polymer is spin coated onto a glass 
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substrate that is pre-coated with ITO layer, which is transparent conducting material. The 

ITO works as one ground electrode used for poling and EO measurement. The metal is 

deposited by thermal evaporation of >100-nm-thick film of gold on the top of the 

polymer surface. The top metal is used as both electrode and reflector for light. High 

voltage and modulated voltage are applied for poling, and EO measurement, respectively. 

Light is incident on the back of glass substrate at an angle 0. After the light propagates 

through the substrate, the ITO and the polymer layer, the light is reflected back by the top 

gold electrode. The polarization of the light is set to be 45 ° to the plane of incidence so 

that incident light has equal components in amplitude for p wave and s wave. The 

reflected light propagates through Soleil-Babinet compensator and analyzer, and into 

detector. The modulation in optical intensity is measured using lock-in amplifier while a 

modulated electrical signal is applied between the ITO and the gold electrode. In this 

setup, the polarization direction of analyzer is cross-polarized to the incident light. 

Therefore, when the phase retardation %p between 5 and p waves is varied using Soleil-

Babinet compensator, output intensity lout can be expressed by: 

where IDC is half the maximum intensity. When the output intensity is biased at IDC, the 

EO coefficient is obtained from the modulated intensity [36], [38] as: 

Equation4-l 

in' -sin-<9)'-

~ 4^VJ^ n' sin^ 0 
Equation4-2 



62 

where is the amplitude of an applied signal, n is the refractive index of the EO 

material. In chapter 8, EO coefficient measured using the ellipsometric method for EO 

polymer poled by parallel plate is shown. 
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Chapter 5 

5. Wavelength-Division Multiplexing Fiber Filter Using Intracavity 

Polymer/Fiber Half Coupler 

5.1 Introduction 

Fiber comb (i.e. multiple passband) filters have been used to realize 

multiwavelength generation in an Erbium-doped fiber laser for wavelength division 

multiplexing (WDM) optical fiber communication systems. Multiwavelength lasing was 

demonstrated using spatial mode beating filter [39], where the comb filter determined the 

lasing wavelengths and line widths when inserted in a ring cavity with a single 

inhomogeneously broadened gain medium. All-fiber comb filters using fiber Bragg 

gratings have been demonstrated, such as sampled grating [40], cascaded long period 

fiber gratings [41], and transimissive Fabry-Perot (FP) etalon cascaded with fiber grating 

[42]. For course filtering of wavelength, comb filters that do not use fiber gratings were 

demonstrated using Sagnac interferometer [43] and fiber half coupler (FHC) [44]. 

However, these filters [43], [44] could not be used as WDM filter because the typical 

passband was too wide (e.g. 10-200 nm). Here, we propose and demonstrate simple and 

inexpensive WDM comb filters using polymer over-coated FHC (P/FHC) with FP cavity 

or fiber loop reflector. This setup realizes a novel WDM comb filter without using 

gratings. The transmission spectrum of this filter is theoretically and experimentally 
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presented below. In this device, lightwave in each waveguide not only travels back and 

forth but also couples evanescently between two waveguides. 

5.2 Theoretical Approach 

The intracavity directional coupler was theoretically analyzed and proposed for 

coupled waveguide FP resonators and filters [45], in which coupled waveguides had 

reflecting mirrors at the ends of waveguides. We adapted the idea to the case of a P/FHC 

incorporated in a FP resonator. Partially reflecting mirrors were set at the ends of the 

fiber of a P/FHC to have both forward and backward waves, as shown in Figure 5-1(a). 

At the coupling region in the FHC, as shown in Figure 5-1(b), the cladding of fiber was 

polished to have evanescent coupling with an overlayer coat. In our analysis, we 

modeled the device equivalently as parallel polymer over-coated fiber waveguides [11] as 

shown in Figure 5-1 (c). We used the usual coupled wave analysis for forward 

propagating waves, adding backward propagating waves following Saffai-Jazi et al [46] 

dA^{z )  I  d z  =  - i  Aj (z) exp(/ Ay9 z )  Equations -1 

dAj  { z ) l  dz  =  (^) exp(-/ A/? z) Equation5-2 

dB^{z ' ) /dz '=  - / /C2 ,y4 , ( z )exp( - /  Af i  z )  Equations-3 

dBj i z ' ) /dz '=  (z)exp(-/ z ) ,  Equations-4 

where 

= A  -  A  = iPir  -  ia )  -  =  Af i^  -  ia  EquationS-5 
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Coupling coefficient are K12 and K21, propagation constant are and ^2 for polymer 

waveguide and fiber, respectively, jiu and A^r are the real parts of Pi and Afifot polymer 

wavegu ide ,  op t i ca l  l o s s  in  po lymer  p lana r  wavegu ide  i s  a , .  

Polymer/Fiber Half Coupler 

Polymer Light 
out 

Partial Reflectors 

(a) 
Cross Section Side View 

Polymer 1 

Fiber Core 
(b) 

z=o Z=L 
c 

I 
I 

A, (z)| |B, (z-) 

-»n" A,(z)j ' " [ h u }  r 

Z'=L 
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•*"1 
2'=0 

(C) 

Figure 5-1 Schematic: (a) Intracavity polymer/fiber half coupler, (b) Cross section and 

side view of polymer/fiber half coupler, (c) Side view of equivalent polymer/fiber half 

coupler. 

We neglected optical loss in the fiber because it is much smaller than that in polymer. 

The forward and backward traveling waves at the point z = 0 (z' = Lc) and z = Lc {f = 0) 

are connected [47] as 
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^^(0) = 0 Equation5-6a 

4 (0) = B, (4) exp[- >13, (4 + 2Zj] r, + (1 - r, )£, exp[- ] Equation5-6b 

5i(0) = 0 Equation5-6c 

52(0) = 4(4)exp[-/^2(4 + 24)]r2 , Equation5-6d 

where ri, and are amplitudes of reflectivity, Lc is coupling length, la and 4 are lengths 

outside coupling zone as shown in Figure 5-1(c). After solving coupled waveguide 

equations with the boundary conditions, we obtained the transmission through fiber 

T2 = 

2 

E,„ in l -R[cxp( - i ^ ,L ,JAALJ]  
Equations-? 

where 

A f ( L J  = exp(-/ A/3 12) [cos(y4 ) + /(A/?/25)sin(5l,,)] Equation5-8 

Equation5-9 

total cavity length is Ltot ( = 4 + 4 + ), mean coupling coefficient is k (= 

and cavity reflectivity is R (= r^r j ) .  For reflectivity equaling zero, the usual coupled 

waveguide solution is obtained from the Equation 5-7. For coupling coefficient equaling 

zero, the FP resonator solution is obtained. The free spectral range of the total cavity 

length is too small to easily observe experimentally; instead, the envelope function of 

transmission spectrum under the resonance condition will be seen. The maximum 

t ransmiss ion  i s  ob ta ined  when  exp i - / / ? , ! , , ^ )  Aj - (LJ  i n  Equa t ion  5 -7  i s  r ea l ,  s e t t ing  a-0 ,  

Therefore, the maximum transmission is obtained when 
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l 2 - s L c = m n  a n d  Equation5-10 

+ Ay9,4 n^sL^-nn Equations-11 

Therefore, the maximum transmission is obtained when 

yJj Ao, + / 2 = (;r / l)k and Equations-12 

sL^ = {n / 2)/ Equations-13 

where k and / are even integers. Therefore, the resonance conditions are obtained as 

e x p ( - / 7 ? 2 /  2 )  =  ± 1  a n d  E q u a t i o n s - 1 4  

exp(-w4) = ±1 Equations-1S 

Equation S-14 and S-IS are the FP cavity resonance condition and the coupled waveguide 

resonance condition, respectively. We use the FP cavity resonance condition to generate 

an envelope function of the transmission spectrum; when total fiber length Ltot is much 

larger than the interaction length Lc, resonance condition for FP resonator is much more 

frequently observed than the resonance condition of coupled waveguide in the frequency 

domain. Then, we obtain the transmission spectrum to be observed experimentally vwth 

optical loss a in polymer waveguide as envelope flmction 

T^\X) = 
(1 - R)e'" [cos(;?4) + /(Ayg / 2^)sin(^Z,)] 

1 - i?^-"^'''[cos(5i,) + /(A/?/2.v)sin(.v4,)]f 
Equations-16 



5.3 Experiments 

Polyquinoline polymer (optical loss = 2.1 dB/cm) was used as overiayer on a 

commercial polarization maintaining FHC block (Canadian Instrumentation and 

Research). 1.2-1.5-fim-thick polymer was coated on the FHC (Z^/ >2 m, Lc < 4mm). For 

each coating, a broad loss peak of >100 nm in transmission spectrum was measured 

without FP cavity to assure optical coupling between fiber and overiayer at A = 1520-

1620 nm, as in previous reports [44], [46]. To obtain WDM filtering, intracavity P/FHC 

was examined in two kinds of experimental setup, 1) with more than 30 % reflective 

mirrors, and 2) with fiber loop reflector as shown in Figure 5-2. For the first setup, one 

mirror was put between the input fiber and device, and another mirror was put at the end 

of the device to make FP cavity as shown in Figure 5-2(a). Coupling lenses increased the 

working distance between mirror and device. Light from a tunable laser diode (X, = 1520-

1620 nm) was coupled into a P/FHC through a polarization controller, 2x2 coupler (90% 

output), and input mirror. Light propagated through the P/FHC was focused on a detector 

through the output mirror and analyzer. A polarization controller set the input 

polarization state to be linear. The 2x2 coupler allowed monitoring of both the input and 

output power. As we expected from our theoretical analysis [see Figure 5-3(a)], a 

transmission spectrum exhibited well-defined 1.1 -nm-wide passband peaks separated by 

around 2.3 nm as shown in Figure 5-3(b). Width and separation for passbands did not 

change even though the total length of fiber was changed as our analysis showed that 

spectrum depends not on but on Lc- Ripples riding on peaks were observed because 

of multireflection between mirror and the end of fiber. 
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Figure 5-2 Experimental setup: (a) Intracavity set with Fabry-Perot cavity, (b) Intracavity 

set with fiber loop reflector. 
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Figure 5-3 Transmission spectrum for intracavity set with mirrors: (a) Theoretical 

analysis. Refractive index and thickness for polymer are 1.66015 and 1.44 |am, 

respectively. R = 0.5, Lc-A mm, and a = 0.48 /cm. (b) Experimental result. Solid, dot, 

and dash lines show spectrum for the temperature of 22, 32, and 42 °C, respectively. 



71 

When the temperature of the P/FHC was changed by 10 °C, peaks of passband were 

shifted by 0.7 nm maintaining the same width and separation. Therefore, the device 

works as a thermally tunable WDM filter due to index and thickness change in the 

overlayer. For the second setup using a fiber loop reflector as shown in Figure 5-2(b), the 

input mirror was replaced by a ND filter to make a balance between forward and 

backward waves (10 % output light from 2x2 coupler). The backward wave was 

polarization-controlled and coupled into the P/FHC through a half wave plate and beam 

splitter as shown in Figure 5-2(b). Transmission spectra were measxired without and with 

the loop reflector as shown in Figure 5-4. 

1.0 

_ 0.8 
3 

°"1°520 1540 1560 1580 1600 1620 

Wavelength [nm] 

Figure 5-4 Experimental transmission spectrum for intracavity-set with fiber loop 

reflector. Solid and dot lines show spectrum with loop reflector and without loop 

reflector, respectively. 
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The cavity passband width and peak separation were the same as with mirrors, while the 

transmission spectrum without loop reflector showed a broad loss peak of >100 nm as 

shown in Figure 5-4. The ripples were not observed because multireflection between 

mirror and fiber end does not occur. 

In summary, we observed experimentally the transmission spectrum for 

intracavity-settings both with mirrors and with fiber loop reflector. Experimental and 

theoretical results showed that this simple device can be used as the tunable WDM filter 

without using grating. We believe that this novel results is useful step toward WDM 

application even though application is limited for multiwavelength generation thus far. 
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6. Poling of Soda-Lime Glass for Hybrid Glass/Polymer Electro-Optic 

Modulators 

6.1 Introduction 

Electro-optic (EO) polymers have a great potential for high-speed modulators 

because the phase matching between optical waves and traveling microwaves can be 

improved compared with other inorganic EO materials such as LiNbOs. Recently, high 

Tg (~180 °C) EO polymers with EO coefficients [20] of rss = 45 pm/V at 1.3 (.im and 

good poling stability [20] (90 % at 85 °C for 100 h) were reported, and all polymeric 

waveguide modulators [47] with a 110 GHz bandwidth [1] and low half-wave voltage 

[22] were demonstrated. However, all polymeric approaches to modulators in which 

the channel waveguide is defined in the polymer itself suffer from problems due to high 

losses in the EO polymers [9]. In an alternative approach, the light can be guided and 

modulated in a hybrid polymer/glass waveguide. In this case, a channel waveguide is 

defined by ion-exchange in a soda-lime glass and then coated with a thin EO polymer 

[29]. However, a hurdle with this hybrid approach is the required in-plane poling of the 

EO polymer through electrodes that are fabricated on the soda-lime glass substrate. Since 

numerous ion-exchange waveguide fabrications are performed on soda-lime glasses and 

since these glasses contain high densities (e.g. 10^^ cm'^) of alkali ions, their conductivity 

is usually not compatible with the high temperature poling requirement of the high Tg EO 



74 

polymer cladding layer. Thus, previous in-plane poling of high Tg EO polymer v^as 

performed on either fused silica [48], [49] or quartz [50] substrates, v^^hich have lower 

conductivity compared to alkali-containing glasses at high temperatures, but for which 

the fabrication of waveguide structures by ion-exchange is difficult to achieve. When an 

electric field is applied between the in-plane electrodes on a soda-lime glass substrate, 

positive carriers (sodium and other alkali cations) contained in the glass drift toward the 

cathode, and negative carriers (oxygen ions, electrons, and anions) drift toward the anode, 

causing a current flow. As the temperature is increased, the current flow due to ionic 

mobility increases and reaches a threshold at which dielectric breakdown in the glass is 

observed. Here, we report on a poling process of soda-lime glass that reduces the 

conductivity of such glasses by several orders of magnitude by forming a resistive layer 

under the electrodes through a thermal treatment of the glass under an electric field, 

referred to as poling in the following. After this poling process of the glass, the 

conductivity becomes comparable to that of fused silica glass and enables the efficient 

poling of the EO polymer at 180 °C. 

6.2 Experiments 

Our experiments aimed at reducing the surface conductivity of soda-lime glasses 

at 180 °C were carried out on 2 mm-thick BGG31 (lOT- Integriete Optik GmbH ) and on 

1 mm-thick microscope slides (VWR Scientific Inc.). Single mode surface channel 

waveguides for fiber communications were fabricated in BGG31 glass through ion-

exchange with a 10 ^m-wide mask opening. A 50 nm-thick titanium layer followed by a 
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thin gold layer were deposited on the glass surface through electron-beam evaporation. 

Then 2 cm-long electrodes were fabricated by electroplating gold to a thickness of 

(a) Top View (b) Cross-section 

f
| m¥iGl#ii* EOroUMER 

I 
ELKTOmS 

Figure 6-1 Schematic of the hybrid waveguide structures: (a) Top view, (b) Cross-

section. 

DEPLETION LAYER 

approximately 1 iim. In-plane electrodes fabricated on BGG31 and on microscope slides 

were separated by a distance of 24 or 40 jam (see Figure 6-1(a)). The width of each 

electrode on BGG31 and on the microscope slides was 276 and 260 }j,m, respectively. 

After the fabrication of the in-plane electrodes (electrodes Ei and E2 in Figure 6-1), a 50 

nm-thick titanium and a 200 nm-thick gold layer were evaporated on the backside of the 

sample (electrode E3 in Figure 6-1). Then electrodes Ej and E2 were connected through 



wire-bonding and positively biased by a dc power supply. The backside electrode E3 was 

connected to the ground through the picoammeter, which was used to measure the 

current. In a first step, the volume conductivity of the glass was measured for 

temperatures ranging from 50 to 170 °C with an applied voltage of 440 V. Then, the 

temperature was gradually increased from 170 °C to 190 °C within 25 minutes. In a 

second step, the applied voltage was increased gradually from 440 V to 1 kV within 3 

hours. Through that gradual increase of the voltage, short circuit or dielectric breakdown 

was prevented. Then, the glass was maintained at a bias of 1 kV at 190 °C for 18 hours, 

and finally cooled down to room temperature within 3 hours with the voltage on. The 

same procedure was applied to a microscope slide glass, but it was kept at 190 °C for 50 

hours instead of 18 hours for BGG31. 

A color change of the cathode (electrode £3) was observed after the glass was 

poled. No visible color change was noticed for the anode (electrodes Ej and E?)- During 

the glass poling process at high temperatures, the glass acts as an electrochemical cell. 

The reactions that are taking place in the glass are not currently well understood. A 

possible explanation for these results is the reduction of the mobile alkali cations (Na*) at 

the cathode (electrode E3), leading to a sodium layer that reacts with the cathode and that 

is responsible for its color change. On the anode side, an alkali-ion depletion layer is 

therefore formed under the electrodes, and negative ionic species such as oxygen ions 

[51]-[54] and free electrons [55], [561 are either oxidized or collected. Such 

electrochemical reactions would modify the composition of the glass under the 



electrodes. These reactions could take place because the ions contained in the glass are 

sufficiently mobile at 190 °C that the glass can act as a solid electrolyte. 

Figure 6-2(a) shows the temperature dependence of the volume conductivity <Tof 

a BGG31 glass and a microscope slide that was deduced from the current measurements 

assuming an ohmic behavior. Since the two samples have comparable volume 

conductivity values over a wide range of temperatures, we assume that they contain a 

comparable amount of ionic species that contribute to the conductivity. In both samples 

the temperature dependence of the volume conductivity cr follows an exponential 

behavior that is characteristic of alkali-silicate glasses in the low field limit. 

o- = o-Q exp(-£^ / k T )  Equation 6-1 

where kT is the thermal energy, cto is a prefactor, and Ea is an activation energy. 

Activation energies of 0.92 eV and 0.88 eV for BGG31 and the microscope slide, 

respectively, were deduced from the Arrhenius plots as shown in Figure 6-2(a). To 

characterize the effects of the poling process on the conducting properties of the glass, we 

fabricated sets of electrodes following the procedure described above and performed 

surface conductivity (oy) measurements between the in-plane electrodes on several glass-

substrates; (i) poled BGG31: (ii) microscope slide before and after poling; (iii) a fused 

silica substrate. The surface conductivity is defined as: 
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Figure 6-2 (a) Reciprocal temperature dependence of the volume conductivity between 

in-plane electrodes {Ei, Ei) and backside electrode (Ej) for: a microscope slide (open 

triangles) and BGG31 (open circles). Arrhenius fit for a microscope slide (straight line) 

and for BGG31 (dash line), (b) Reciprocal temperature dependence of the surface 

conductivity measured between the two in-plane electrode (E/ and Ej): before the glass 

poling process for a microscope slide at an applied voltage of 50 V (full circles) and at 

100 V (full squares), and for fused silica at 50 V (full diamonds); and after the glass 

poling process for a microscope slide (open down triangles) and for BGG31 (open up 

triangles). 



or^ =jylE Equation6-2 

where jy is the surface current and E is the applied field between the electrodes. In 

contrast to the volume conductivity measurements described above, in the following, all 

electrical measurements are performed by applying a voltage between the two in-plane 

electrodes Ej and E2. One electrode was connected to the power supply and the other was 

to the ground through the picoammeter. The measurement for poled BGG31 and poled 

microscope slide was done at a voltage of 37.4 and 62.4 V, respectively, and for in-plane 

electrode spacing of 24 jim and 40 jim, respectively. For an unpoled microscope slide 

with an inter-electrode spacing of 40 jxm, the measurements were performed at two 

different voltages of 50 and 100 V. Within this voltage range, the surface conductivity' 

was not found to be dependent on the applied field for an unpoled sample. For the fused 

silica sample the inter-electrode distance was 32 jjm and the applied voltage 50 V. All 

these measurements were performed at temperatures ranging from 30 to 180 °C. The 

surface conductivity of both BGG31 and microscope slide (Figure 6-2) was decreased by 

five orders of magnitude (from 10"'® to 10"'^ S) at 180 °C after the glass poling process. 

Figure 6-2(b) also shows that while the unpoled samples have a surface conductivity that 

follows an Arrhenius behavior described by Equation 6-1, the samples after the poling 

exhibit a different behavior. In particular, we observe that the conductivity is decreasing 

when the temperature is increased from room temperature up to 144 °C. An important 



result is that the surface conductivity of soda-lime glasses after the process discussed in 

this letter is close to that of a fused silica substrate at high temperatures for which in-

plane poling of EO polymers was demonstrated previously [48]. To demonstrate in-plane 

poling on soda-lime glasses, a 1 jLim-thick film of an EO polymer consisting of the 

chromophore (see Figure 4-1(c)) dibutylaminobenzene-thiophene stilbene tricyanovinyl 

(Pfi = 6,200 X 10"^® esu) doped at a 20 % wt. level into a polyquinoline matrix PQ-100, 

[5] was coated on a microscope slide that was previously poled. The poling of the 

guest/host polymer was performed at rg(180 °C). Poling voltages up to 1.2 kV could be 

routinely achieved with the inter-electrode spacing of 40 jim. corresponding to poling 

fields applied to the polymer of up to 30 V/jim. At this poling field value an EO 

coefficient of = 15 pnv^ at a wavelength of X = 1.3 \xvci was obtained. That value was 

extrapolated from electric-field poling experiments performed on these EO polymer films 

sandwiched between ITO and gold electrodes in vertical stack poling configuration. In 

future devices, the inter-electrode distance can be further reduced leading to even higher 

poling fields. Such experiments are currently under progress. 

In summary, we presented a poling procedure for soda-lime glasses that reduces 

their surface conductivity considerably to a level comparable to that of fused silica 

substrates. The process enables the in-plane poling of high Tg EO polymers on soda-lime 

glasses. We believe that this result is an important step toward the fabrication of hybrid 

glass/polymer EO modulators that combine low loss and high speed. 



81 

Chapter 7 

7. Hybrid Electro-Optic Polymer and Selectively-Buried Sol-gel 

Waveguides 

7.1 Introduction 

Substantial advances in the quality and utility of electro-optically (EO) active 

(poled) polymers have been made since their invention some two decades ago, 

particularly with regard to stability and magnitude of EO coefficients, while maintaining 

their advantageous, wave-guide-enabling, thin-film processing capabilities. For instance, 

a polymer with high Tg (180 °C), large EO coefficient [5] (rj.? - 45 pmA/' at 1.3 |j,m 

wavelength) and good poling stability [20] (90 % at 85 °C after 1000 h) has been 

developed. In the device arena polymeric materials exhibit certain intrinsic advantages. 

The all-polymeric approach [1], wherein charmel waveguides are defined in the EO 

polymer itself, has been utilized to construct a straight-channel phase modulator with 110 

GHz bandwidth [1] and Mach-Zehnder intensity modulators with low half-wave voltages 

(e.g. 2.2 Vcm at 1.3 )im) [22], However, all-polymeric waveguides suffer from (1) low 

optical throughput due to coupling losses between optical fibers and polymeric 

waveguides arising from mode-overlap factors, originating in the large refractive index 

differences between EO polymers and fused silica (An > 0.2); (2) high intrinsic optical 

losses in EO polymers; and (3) optical-waveguiding instability due to photochemical 

reactions, which alter refractive indices, in EO polymers. In an alternative hybrid-



waveguide approach, EO polymers are combined with ion-exchanged glass waveguides 

[7] or passive polymer waveguides [9] in such a way that the optical field is shared with 

the EO polymer. A crucial aspect to realizing hybrid waveguides as active EO devices is 

the degree of vertical transition of the optical wave from passive waveguides into EO 

polymers and back. Ultimately it is the fractional fill factor that will determine a guided 

mode's EO response relative to that in the neat polymer. 

Appreciating the merits of the hybrid-waveguide approach, we choose to employ 

the well-studied sol-gel process [12], [57] to produce lower-loss silica-based passive 

waveguides by wet-etch processing of photosensitive sol-gels. This enables good control 

of both refractive index and dimension, particularly in comparison to ion-exchanged glass 

waveguides and dry-etched passive-polymer waveguides. Thus, a fine control of the 

critical vertical transitions of light into and out of the EO polymer over-layer is expected. 

Beyond this, sol-gel technologies offer to reduce the coupling loss mentioned above with 

the smaller refractive index difference between sol-gel (-1.48) and fused silica (-1.45). 

Here, we report a fabrication process for hybrid EO polymer/sol-gel waveguides that 

indeed enable efficient vertical transitions between EO polymers and sol-gel waveguides. 

Such hybrid waveguides might be fabricated to perform various passive and active EO 

functions in many varieties of device structures and integrations with other optoelectronic 

components, inexpensively and easily. 



7.2 Waveguiding 

A schematic diagram of a prototype hybrid EO poiymer/sol-gel waveguide is 

shown in Figure 7-1. The device has two passive regions in which propagation occurs in 

buried single-mode channel waveguides. These "input and output leads" bracket an 

active region where propagation occurs in an orientationally inverted strip-loaded 

waveguide. One role of the passive region is to provide improved coupling to optical 

fibers. Though not optimized, we have set the size of the core to produce modes near the 

9.5 to 11 jim mode-field diameters of typical 1.55 |jm wavelength, single-mode, telecom 

fibers [25], thus reducing field mismatch (see Figure 7-1(b)). The second role is to 

provide a low-loss conduit into the active region. In the active region the upper sol-gel 

cladding has been removed and replaced with a thin layer of EO polymer (plus buffer and 

an upper electrode). Single-mode, lateral confinement, is achieved by the effect of the 

sol-gel channel functioning as a strip load on the higher refractive-index polymer film 

(see Figure 7-1(c)). The critical transitions between these regions are achieved with 

vertical tapering of the sol-gel over-cladding, designed to cause transitions of the optical 

modes to be nearly adiabatic. The sol-gel channel waveguide consists of rectangular-

cross-section core confined with claddings built on a SiOi-on-Si wafer. An optimized 

design would incorporate taller, square cross-section core in the passive zones, changing 

to rectangular in the active zone to diminish inter-electrode spacing and thereby diminish 

the drive voltage required for EO modulation. However, to simplify processing by using 

a single channel throughout the devise, and in 
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Figure 7-1 Schematic of hybrid EO polymer/selectively buried sol-gel waveguide; (a) 

Side view, (b) Cross section at line b in schematic side view and calculated mode profile 

at b. (c) Cross section at line c in schematic side view and the calculated mode profile at 

c. 



view of cracking of thicker film in the simple sol-gel formulations employed here, this is 

not attempted here. 

The mode profiles of the passive region, at cross-sectional cut b, and the active 

region, at cut c, (see Figure 7-1 (a)) in the waveguide are calculated as shown in Figure 7-

1(b) and (c), respectively, based on the finite-difference method. The mode intensity 

profiles are normalized to 1.0 at maximum and displayed with 0.1 contour-line steps 

down to the 0.1 level. Experimentally determined refractive indices (1.487 for the core, 

1.500 for the cladding, 1.662 for the EO polymer and 1.328 for the buffer) were used for 

an 8-}im-wide and 3.3-^m-high sol-gel core confined vertically and transversely in sol-

gel cladding for the 1.55-fim-wavelength calculations of Figure 7-l(b) and (c). With 

these results an optical coupling loss between an optical fiber and the hybrid waveguide 

is calculated to be less than 1 dB for an input mode diameter of 10 fim. In the active 

region, the waveguide includes 0.3-fj.m-thick EO polymer layer, supporting a 1.6-|im-

thick buffer layer. These calculations clearly show the desired vertical transition of 

optical intensity into the EO polymer film. The thickness of sol-gel over-cladding is 

vertically tapered from 4 pm down to 0. Ideally when the light propagates into the active 

region, the mode profile will shift into the EO polymer as shown in Figure 7-1(c). 

Subsequently, the light will return vertically to the sol-gel waveguide on the right hand 

side of Figure 7-1(a). The vertical taper in the upper cladding serves to reduce scattering 

loss at the interface between the EO polymer hybrid and the pure sol-gel waveguide 

sections. Taper transitions between waveguides have been well studied [7], [58]. It has 

been found that minimum taper lengths for adiabatic transitions fall in the range of 100-
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1000 }i m, an example being an all-polymer hybridized device where a lOO-p, m-long taper 

in 5.5-p,m-thick polymer was fabricated with taper slope of 0.1-3 We have used a 

taper length of 500 |i m for a 4-|i m-thick sol-gel over-cladding. It's important to note that 

the polymer thickness must be chosen to strike a balance between pulling in intensity, 

maintaining a strip load to guide light back into the second buried channel waveguide, 

and avoiding enabling high-order modes in the active region. The 0.3-ji m thickness of 

EO polymer used to calculate Figure 1(c) assures enough vertical transition to confine the 

light in both EO polymer and sol-gel waveguide 

7.3 Experiments 

Production of the designed device was accomplished as follows. 95 mol % 

methacryloxypropyltrimethoxysilane (MAPTMS) and 5 mol % Zirconium(IV)-n-

propoxide were mixed and hydrolyzed with O.IN HCl as a sol-gel standard cladding 

solution (SCIS). A photoinitiator, IRGACURE 184 (CIBA), was added to the upper 

cladding solution (PSCIS) to allow wet etching after photopolynierization of 

methacryloxy groups. 85 mol % MAPTMS and 15 mol % Zirconium(IV)-n-propoxide 

with O.IN HCl and photoinitiator were combined as a sol-gel standard core solution 

(SCoS). Solutions were stirred for 5 h and aged in a rejfrigerator overnight before film 

processing. Films were spin-coated at 1500 to 2000 rpm. Films without photoinitiator 

were hard baked at 150 °C for 1 h and photosensitive films were soft baked at 90 °C for 

only 10 min prior to wet etching. The thick under-cladding was built with two coatings 

of SCIS on the Si (<100>) substrate pre-deposited with the 200-nm-thick Ti under 



electrode. The core layer was over-coated from SCoS and exposed with UV light (275 

W, Xpeak = 360 nm) in a maskaligner through a mask to fabricate straight channel 

waveguides, and then developed in isopropanol for 15 to 20 sec. SCIS was spun and 

hard-baked to create lateral cladding. PSCIS was over-coated and soft-baked to bury the 

core. The vertical tapers and exposed-core area in the over-cladding were fabricated by 

UV exposure through a gray-scale mask, fabricated by transferring a computer-generated 

gray-scale image onto a holographic plate [59], and development. 

The smooth adiabatic transition between EO polymer and sol-gel waveguide 

depends on the angle and roughness of the tapers. They were investigated with a surface 

profiler and seen to be smoothly sloped with maximum angles of 0.9-3.6 ° (see Figure 7-

2(a)). The exposed-core and tapered over-cladding on repeated pairs of 5 to 10-fam-wide 

cores with side-cladding were observed using scanning electron microscopy (SEM) as 

shown in Figure 7-2(b). The smooth surface of a 10-|am-wide and 3.5-|j.m-thick core, 

before coating with cladding, was also observed as shown in the inset of Figure7-2(b). 

Cleavage along a Si-substrate axis produced very uniform end facets, an advantage in 

reducing coupling loss compared to polishing used for bulk and polymeric waveguides. 

Verification of the expected adiabatic transitions requires an EO demonstration. 

Otherwise one cannot really know what happens at the interface between a passive 

waveguide and EO over-layer, though in previous reports [7], [9] of hybrid-type 

waveguides only waveguide calculations and throughput observation were cited. A 0.3 

)am-thick film of EO polymer 
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Figure 7-2 Vertically tapered sol-gel over-cladding fabricated using wet etching; (a) Side 

profile obtained using surface profiler, (b) SEM micrographs of exposed-core and tapered 

over-cladding on repeated pairs of 5 to 10-j.im-vvide cores with side-cladding. SEM 

micrograph of a cleaved device showing the exposed core before adding cladding. 



(dibutylaminobenzene-thiophene stilbene tricyanovinyl {fifi = 6,200 x 10"^® esu} doped 

at 20 wt % in polyquinoline matrix PQ-100 [4]) was coated on the fabricated sol-gel 

waveguide and was corona-poled at 150° C for 1 h in N2 atmosphere under 6 kV applied 

to a tungsten needle. At other times we have observed similarly induced EO coefficients 

{rsi - 40 pm/V after poling at 90 V/|a,m and 180 °C) with long-term thermal stability (>65 

% after aging at 80 °C for 1000 h) in this material. Also the automated prism coupling 

instrument, previously used to characterize sol-gel films, determined EO polymers 

refractive index of 1.662 and optical loss of 2.2 dB/cm, verifying that propagation losses 

would indeed be large in an all-polymer device. For the EO demonstration, performance 

of the phase modulator of Figure 1(a) was observed as intensity modulation using a 

simple cross-polarization setup as show in Figure 3(a). To eliminate effects due to 

absorption and nonlinear effects in EO polymers, we used a low-power laser diode 

(0.4 mW at 1550 nm), rather than high-power solid-state lasers as in previous EO 

demonstrations [1], [22]. Laser-diode light was coupled to the waveguide modulator with 

single-mode fiber (SMF-28™) through a polarization controller. The polarization state 

was set to be linear at 45 °. Exiting light was coupled through a 20x microscope 

objective, and focused on a detector. A -45 ° or +45 polarized analyzer placed 

between modulator and detector allowed observation of induced phase retardation. The 

time-change of applied voltage, from a function generator/amplifier, and of detected 

optical power were observed at an oscilloscope as illustrated in Figure. 3(b). Analysis of 
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this modulation assures that the vertical transition between EC polymer and sol-gel 

waveguide is functioning as expected. 
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Figure 7-3 EO phase modulator; (a) Schematic setup for EO modulation, (b) The 

oscilloscope trace of modulated optical signal. Upper: applied voltage. Lower: 

modulated optical intensity. 
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In summary, we have described a new hybrid EO polymer/selectively-buried sol-

gel waveguide, including advantages for coupling vwth optical fibers. A key feature is 

the separation of passive sol-gel regions and EO-active hybrid regions. The approach 

requires smooth vertical transitions of intensity between sol-gel waveguides and the EO 

polymer overlayer to obtain efficient EO modulation. This was verified by 

demonstration of EO modulation. We believe this result is an important step toward the 

fabrication of EO devices combining sol-gel waveguides vwth EO polymers. 
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Chapter 8 

8. Polarization Insensitive Transition between Sol-Gel Waveguide and 

Electro-Optic Polymer and Intensity Modulation for All-Optical 

Networks 

8.1. Introduction 

Early progress, especially optimizing mode overlap integrals, in TiiLiNbOs 

contributed to electro-optic (EO) modulation for long haul fiber communication.[60] 

Presently all-optical networking needs polarization-independent devices for example at 

nodal junctions. Polarization independent EO modulation has been long understood to be 

a desired characteristic for all-optical networks [61], especially for antenna remoting 

[62], [63], because light coupled from the fiber is likely to be polarized elliptically, so 

that transverse electric (TE) and transverse magnetic (TM) modes will be excited in the 

EO modulator. Even on the transmitter side, polarization scrambling or depolarization 

have been used in long-haul transmission systems. [64] 

Previous reports of polarization-independent devices based on LiNbOs have been 

directed toward switching [65], and Mach-Zehnder interferometric modulators [61], [66], 

[67] though these devices require complicated electrodes [61], [65], [66] and waveguides 

[67] in order to control EO modulation independently for the TE and TM polarizations. 

Recently, polarization-independent intensity modulation based on a LiNbOs phase 

modulator was demonstrated without those complicated structures, instead employing a 



ring loop [63] or a fiber Sagnac loop interferometer [68], [69], in which phase modulators 

transmitted and modulated both TE and TM polarizations. The differently polarized 

counterpropagating waves passed through the same modulator, which was oriented so as 

to produce polarization-independent EO response at the loop out coupler. [63], [68], [69] 

In this regard, a phase modulator has greater flexibility. Moreover, a phase modulator 

enables inherently bias drift independent intensity modulation [70], in contrast to a Mach-

Zehnder modulator where bias voltage is altered by external environmental factors [71]-

[73]. Thus, the study and improvement of polarization dependent loss (PDL) and EO 

responsivities of TE and TM modes in phase modulators, as reported here, can have 

special importance with respect to polarization independent intensity modulation in all 

optical networks. 

Photosensitive, silica-based sol-gel processing has been previously described for 

creating passive waveguide features by simple lithographic and wet-etch techniques. [12], 

[57] This technology allows accurate control of physical dimensions and refractive 

index, particularly in comparison to ion-exchanged glass waveguides and dry-etched 

passive-polymer waveguides. Doping of Zr or A1 in the sol-gel enables the fine control 

of refractive index that is needed for establishing single-mode waveguide core and 

cladding regions. The spin-on processing enables the production of multi-layer, 

patterned structures. These capabilities offer the opportunity to build fine structures, 

which can divert the optical guided waves into and out of an EO polymer film, as well as 

establish a fiber-to-fiber compatible modulator layout. Reduced coupling loss between 

the sol-gel and silica fibers comes from the closeness of their refractive indices and the 
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ability to tailor the mode profile. Another advantage is the ability to do planar fabrication 

on silicon-based substrates, especially because of the high quality end facets that can be 

obtained by cleaving. Finally, it is noted that by limiting the EO polymer to a specific 

region of the device, there will be greater tolerance to variations in properties (as 

mentioned above) caused by optically induced degradation, environmental factors, aging 

and radiation damage, particularly when the polymer is not expected to define the guided 

wave channels. 

Here, we report the fabrication of a phase modulator using the hybrid EO 

polymer/sol-gel waveguide approach. The optical wave's vertical transitions between the 

sol-gel waveguide and the over-coated EO polymer film (required now to be present only 

in the electroded area of the modulator) occur adiabatically because of a vertical tapering 

in the over cladding of the sol-gel waveguide. By forming tapers in the sol-gel, no 

special processing of the EO polymer is required; this contrasts with material-selective 

wet etching [7] or costly dry etching [9] proposed previously for other hybrid 

waveguides. We find that the transmission ratio of TE and TM modes in our hybrid EO 

polymer/sol-gel waveguides is improved, as is the polymer's birefringence, after corona 

poling of the EO polymer. Thus, it is possible to demonstrate a polarization-insensitive 

hybrid waveguide . The EO modulator fabricated by the straight waveguide enables 

stable and highly efficient intensity modulation. The modulator does not suffer the 

problem of drift of DC bias voltage.[71]-[73] Moreover, modulation efficiency is 

significantly improved after the polarization-dependence is reduced. Again we note that 

the all wet etch processing used to make this modulator will allow inexpensive device 



fabrication. Polarization-insensitive transition from sol-gel waveguide to EO polymer 

overlayer in the hybrid phase modulator makes possible polarization-independent 

polymeric intensity modulators. 

8.2 Experiments 

The design of the hybrid EO polymer/sol-gel phase modulator is mentioned in 

Figure 7-1 (a). There are three regions: the largely sol-gel input and output (passive) 

regions and an EO polymer containing (active) middle region. Taper transitions between 

waveguides were previously well studied.[7] [58] It was found that the minimum 

acceptable taper length lies in the range of 100-1000 jj. m. In a previously reported hybrid 

waveguide, consisting of EO polymer with a passive polymer waveguide, an lOO-^im-

long taper in 5.5-|j. m-thick polymer was fabricated to obtain taper slope ranging from 0.1 

to 3°.[9] For the present device a taper length of 500 m in the 4-p, m-thick sol-gel over 

cladding was chosen to minimize vertical transition loss. It was observed that when the 

thickness of the EO polymer (refractive index ca. 1.662) ranged from 0.3 to 0.4 }x m, light 

transited into the EO polymer but remained laterally confined in the hybrid waveguide, 

and then returned to the sol-gel waveguide in the passive region. There is a balance to be 

struck here between increasing polymer thickness to enhance EO activity/unit length of 

waveguide and maintaining an inverted strip load to confine the mode laterally and assure 

that it descends again efficiently into the sol-gel core after traversing the active region. 

Refractive index was controlled through the doping level of zirconium. Thickness 

is governed by the physics of spin coating, which in this case resulted in 3.3 to 4 |am 

thick layers for spin rates between 1500 and 2000 rpm. A prism-coupling instrument 
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determined refractive indices for variously doped simple films. These films experienced 

the same bake and UV exposures as were used to fabricate waveguides. Possible core 

sol-gels with 15:85 and 20:80 mol % ZPO to MAPTMS ratios were tested along with 

cladding candidates of compositions ranging from 1:99 to 5:95 mol %. A relative 

refractive index difference A between core and cladding was obtained from these results 

as shown in Figure 8-1. Though not optimized, the 15:85 and 5:95 mol % ZPO to 

MAPTMS compositions were chosen, having the smallest A. At a value of 0.98 %, this A 

is still much larger than 0.36 % for the single mode fiber SMF-28™ [25]. Optimization 

analysis 
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Figure 8-1. Refractive index difference A of sol-gel waveguide for 15 (open circles) and 

20 (open triangles) mole % Zr doped cores as a function of Zr doping level in claddings. 



for the best choice to meet the competing needs to match the mode profile with a fiber 

and to maintain function as a strip load in the active region was not done. For this choice, 

the determined nominal refractive indices of TE and TM polarizations in core or cladding 

films were 1.500 and 1.498, or 1.487 and 1.485, respectively, at the target wavelength of 

1.55 1.1m. 

Fiber coupling efficiencies were calculated from the mode field overlap between 

sol-gel waveguides and SMF-28 . They were calculated to be in the range of 0.4 - 0.7 

dB for 3.3 - 4 fim thick and 8-10 jim wide cores, and fiber mode field diameters of 9.5 -

11 p.m [25]. Total throughput loss was measured with an uncoated waveguide set 

between a single mode fiber and a microscope objective lens, though precisely controlled 

coupling instrumentation will reduce coupling loss. Total loss was less than 7 - 8 dB 

with a 2cm-long sol-gel waveguide. It includes coupling loss, propagation loss, and 

surface loss from the exposed uncoated core in the active region. Propagation loss in this 

sol-gel formulation is good enough for this hybrid waveguide demonstration. Much better 

formulations have been developed recently, with significantly better propagation losses 

than those of EO polymers (e.g. > 2dB/cm). An optimized design for fiber-to-fiber 

coupling would use a square cross-section in the sol-gel waveguide, making use of a 

small A in the sol-gel waveguide. Optimizing modulation efficiency then requires a 

gradual change of core shape from square in the passive regions to thinner and 

rectangular shape in the active region. In the present case, vertical transition losses 

between passive and active regions are estimated to be negligible for the weakly confmed 
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mode in EO polymer, based on the low (0.9 - 3.6 °) taper angle and long (600 (im) length 

seen by surface profiling and reference to previous reports. [7], [9] 

A high T g  (180 °C) EO polymer that consists of the chromophore 

dibutylaminobenzene-thiophene stilbene tricyanovinyl {fifj. = 6,200 x lO""*^ esu at off-

resonance wavelength) doped at a 20 % wt level into a polyquinoline matrix PQ-100 [16] 

as illustrated in Figure 3-1 was employed. The spectrum of the EO polymer displayed 

relatively low absorption at communication wavelengths of 1310 and 1550 nm as shown 

in Figure 3-2. The EO coefficient has been measured by an ellipsometric method [36] 

using a low power (<lmW) laser diode at 1310 nm. For this measurement the poled EO 

polymer was sandwiched between a gold over electrode and an under ITO electrode as 

shown in the inlet of Figure 8-2. The in situ rjj of the EO polymer displayed good 

linearity with respect to poling field up to 95 V/fxm, at temperatures of 180 and 185 °C. 
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Figure 8-2 Dependence of the EO coefficient rjj on the poling field at the poling 

temperature of 180 °C (open square) and 185 °C (open circle). 



99 

After the poling process was completed, stability of rss was tested with accelerated aging 

at 80 °C. It quickly fell to and maintained a 65 % relative value even after a month at 

elevated temperature, as shown in Figure 8-3. The prism-coupling instrument determined 

optical loss in films of the EO polymer to be 2.2 dB/cm and refractive indices to be 1.662 

and 1.616 for the TE and the TM polarizations at the wavelength of 1550 nm. 
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Figure 8-3 Thermal stability of the EO coefficient rss for the poled EO polymer while the 

EO polymer was heated at 80 °C up to lOOOh. 
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0.3 |j,m-thick film of the EO polymer was coated on the fabricated sol-gel 

waveguide and soft-baked at 80 °C for 3 min and hard-baked at 130 °C for 1 hour to 

remove solvent. The idealized refractive index profile for the EO polymer and the sol-gel 

waveguide is depicted in Figure 8-4(a). The difference of birefringence between the EO 
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Figure 8-4 Schematic cross section of the waveguide to show the refractive indices for 

each layer: (a) Before corona poling, (b) After corona poling. 

polymer (0.046) and the sol-gel (0.002) causes significant polarization dependence in 

calculated modes of the hybrid EC) polymer/sol-gel. Large deposition-induced 

birefringence often occurs in polymer films owing to preferential in-plane orientations in 

the quickly drying films. On the other hand, out-of-plane orientation is induced in the 

highly polarizable molecular chromophores by poling so that it is possible that the 

waveguide's polarization dependence can be mitigated. The hybrid EO polymer/sol-gel 

waveguide was put on a temperature controller under Ni atmosphere to protect the 

chromophore doped in the host polymer. A tungsten needle was positioned at a distance 

of 1 cm from the EO polymer surface as shown in Figure 8-4(b). After the temperature 

was increased to 150 °C, a voltage of 6 kV was applied between the tungsten needle and 



ground electrode in the hybrid waveguide for 1 hour, at temperature. The temperature 

was gradually decreased to ambient, while maintaining voltage. Post-poling refractive 

indices were determined, revealing a birefringence successfully reduced by 0.020 (see 

Figure 8-4(b)). Reproducible results were obtained for poling with 6kV at 150° C. 

When lower poling voltage was used, the reduction was smaller, being only half as 

effective with 4.6 kV at 150 °C. 

Transmission was examined for more than seventy sample lots of sol-gel 

waveguides to investigate the tolerance for reducing inter-electrode spacing (see Figure 

7-1). The polarization-dependence of transmission due to the proximity of the ground 

electrode was examined in sol-gel waveguides without over-coated EO polymer. 

Polarization-dependences in all "bare" sol-gel waveguides and hybrid EO polymer/sol-

gel waveguides of this work were measured in an experimental setup as shown in Fig. 9. 

Single mode fiber (Coming, SMF-28™) with a polarization controller was used to 

present linearly polarized light (0.4 mW at X = 1550 nm) from a laser diode to 

waveguides in all measurements of waveguiding and EO modulation. Light exiting 

waveguides was collected using a 20x microscope objective lens, and focused on a 

detector. An analyzer was positioned between the objective lens and detector. In this 

way, transmission of sol-gel waveguides having different under cladding thicknesses was 

characterized. Waveguides with under cladding thinner than 7-}j,m showed strong 

polarization dependent losses. 

The throughput ratio between TE and TM modes was functionally defined as 



Throughput Ratio = 10 log 
f pTE \ 

out 

pTM 
\ out y 
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Equation 8-1 

where and are the output powers assuming equal power coupling into the TE 

and TM modes (i.e. input polarization set at 45°). The average value was 24 dB when the 

under cladding was less than 7-|am-thick. These polarization-dependent waveguides 

apparently supported only a TEq mode. The throughput ratio was significantly improved 

in bare sol-gel waveguides with thicker under cladding on the electrode, rising to 0.19 

dB. These results were not critically dependent on core thickness when it varied around 3 

to 4 jim. 

Mode profiles in the hybrid waveguide were numerically investigated, particularly 

to see the influence of the large birefi-ingence of EO polymer. The mode profiles for TE 

and TM at the active region of the idealized hybrid waveguide were calculated as shown 

in Figure 8-5(a) using refiactive index and thickness for each layer before corona poling. 

Mode intensity profiles at x = 0 in Figure 8-5 are also displayed in Figure 8-6. In the 

active region, the light suffers significant difference of mode confinement in EO polymer 

between TE and TM. On the other hand, after corona poling, the difference is much 

reduced due to smaller birefi-ingence of EO polymer, as shown in Figure 8-5(b). Since 

the confinement of the TM mode in EO polymer is increased after the corona poling, 

modulation in EO modulators using vertically stacked electrodes will also be thereby 

improved. After corona poling, fabricated hybrid waveguides showed throughput ratio as 

low as 0.9 dB. 
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Figure 8-5 Mode profile of the hybrid waveguide at active region: (a) Before 

poling, (b) After corona poling. 
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Figure 8-6 Calculated mode intensity of hybrid waveguide at X=0 of active region with 

respect to Y in Figure 8-5. 

It is important to investigate the excess loss associated with the presence of EO 

polymer overlayers on sol-gel waveguides. In a preliminary, non-defmitive evaluation, 

the performances of two types of waveguides were compared. One type is the basic 

device design of Figure 7-1 (without electrodes and buffer overlayer) and the second is 

equivalent except that it has no over cladding and hence no taper. Both were 2 cm long 

and the active region in the tapered structure was 1.5 cm in length Total throughput of 

the TE mode was measured in the apparatus of Figure 7-3(a). For each waveguide 

throughput was measured both before and after the application of a 1.5 cm long, 0.30 

)a.m-diick EO polymer overcoat. Throughput was thusly reduced by about 3 dB in the 
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polymer-overcoated tapered waveguides, but it was reduced by a much greater 20 dB in 

the others. At this time it is not our goal to unravel the contribution of various 

mechanisms of loss, however it is clear that, in view of the 17 dB difference, the 

fabricated tapers were performing their adiabatic transition role quite well. Furthermore, 

the observed excess losses in the tapered structures were comparable to losses expected 

from films of our EO polymer. 

The EO phase modulator fabrication was completed after the 1.6 jim-thick buffer 

layer and Au electrode were deposited on the EO polymer as shown in Figure 7-1. 

CYTOP (Asahi Glass), which has a refractive index of 1.328 at 1550 nm, was the buffer 

layer. AC modulation voltage originated in a function generator and was amplified as 

shown in Figure 7-3(a). A low-power optical source (0.4mW at a wavelength of 1550 

nm) was used to measure EO modulation accurately because high-power input can induce 

non-negligible contributions to the EO modulation due to intensity dependent effect 

of EO polymers, and may cause optical bleaching of EO polymer. [6] Optical input 

polarization was set to be linear at 45° to excite TE and TM modes coherently at nearly 

equal amplitudes, and the analyzer was set at -45° (cross polarization) or 45° (parallel 

polarization) to measure the phase retardation in the two-channel EO phase modulator by 

converting to amplitude modulation. The time change of applied voltage and the time 

change of detector signal were simultaneously observed on an oscilloscope. Stable traces 

were observed, such as shown in the upper trace of Figure 8-7, which depicts modulation 

with a 1 kHz triangle wave form. The trace shows modulation extending beyond both a 

maximum and minimum, and has a non-zero signal at zero applied voltage due to 
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Figure 8-7 The oscilloscope trace of modulation signals. Upper: applied voltage. Lower; 

modulated optical intensity. 

unequal retardations of the TE and TM modes traversing the non-energized waveguide 

device. Analyzer [see Figure 7-3(a)] set the modulator at quadrature bias point where the 

modulator is linear. Therefore, the fabricated EO modulator enables intensity modulation 

without suffering from problem due to drift of DC voltage [71], [73]. The modulation 

efficiency (or modulation depth) is an important specification, though not reported in 

previous aH-polymeric modulators [1], [74] in detail. The modulation efficiency f] can be 

defined as, 

P  - p  
 ̂ out,max out,am _ . _ _ 

n = Equation 8-2 
out,mssx. 
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where Pout, max is the maximum optical output power, and Pout, mm is minimum optical 

output when the phase modulator is operated. Modulation efficiency was measured to be 

82 % from the optical signal as shown in the lower trance of Figure 8-7, a result 

obtainable only after the polarization-dependences in the hybrid waveguide were 

reduced, thereby allowing the device to function as an EO variable wave plate. The 

complementary optical signal was obtained when the analyzer was rotated from cross 

polarization to parallel. No modulation was observed in the optical signal when the 

analyzer passed only the TE or TM mode. The half-wave voltage was determined to 

be somewhat less than 75 V from the trace of the intensity modulation. The for the 

hybrid modulator is given by 

with wavelength, A = 1550 nm, distance between electrodes, d - 12.4 jam. electrode 

T'lr 'Y'li A 

length, 1=15 mm, refractive indices of EO polymer, n = 1.662 and n  = 1.636, and 

modal overlap integral F, disregarding unequal partitioning of DC field in different 

dielectric layers. The modal overlap integral was estimated to be in the range from 0.2 to 

0.3, using V„ SB 75 V and estimated EO coefficient m ranging from 20 to 30 pmA/". We 

obtained reproducible results for the waveguiding, and the half-wave voltage and 

modulation efficiency. The crucial aspect to realizing a hybrid waveguide as an active 

EO device, the vertical transition of the optical wave from the passive waveguides into 

EO polymers and back, has been hereby demonstrated. 
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A device such as this could be inserted inline in fiber optics installations to perform 

active polarization correction. The large V^of the device could be reduced to less than 10 

V by (a) increase of r, which means a thicker EO polymer layer to increase the light 

fraction in EO polymer, though this approach requires a transversely confining structure 

for the EO polymer to maintain lateral confinement and to assure successfiil vertical 

transition back into the passive sol-gel waveguide; (b) increase of L , which is 

straightforward; (c) decrease of d (Note that the thickness of 7 |am for under cladding 

layer was used to prevent optical loss from the under electrode. The under electrode 

might be patterned so as to appear only in the active region where the mode is vertically 

displaced and would suffer smaller optical loss from the under electrode.); and (d) 

increase of rss using newer EO polymers. It is instructive to observe that Equation 8-3 

includes a 50% increase due to modulation in both TE and TM modes. A pure phase 

modulation used in some other application would have a 33 % smaller V^. 

We presented a fabrication process for polarization-independent hybrid EO 

polymer/sol-gel waveguide at the wavelength of 1550 nm. After the corona poling 

reduced the birefringence of EO polymer, the extinction ratio of the hybrid waveguide 

was improved. We demonstrated the phase modulator fabricated by the polarization-

independent hybrid EO polymer/sol-gel waveguide. Our hybrid approach that optimized 

for the fiber coupling and stable waveguiding enables to integrate a phase modulator with 

other optoelectronic components for the fiber communication at the wavelength of 1550 

nm. 
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Chapter 9 

9. Conclusion and Future Directions 

9.1 Conclusion 

I presented theoretical background, properties of Electro-optic (EO) polymers, 

fabrication process for EO modulators using EO polymers. I characterized EO polymers 

to use EO polymer for fabrication of EO modulators. I demonstrated novel hybrid EO 

modulators to solve previous problems such as low optical throughput due to coupling 

losses, and optical-waveguidng instability due to photochemical reaction in EO polymers 

that previous all-polymeric approaches could not solve. I successfully fabricated the 

hybrid EO modulator with sol-gel process, which enabled all wet-etching process. From 

the viewpoints of inexpensive device fabrication, all wet-etching process has a great 

advantage, compared previously demonstrated dry-etched polymeric modulator. Though 

high-speed polymeric EO modulator was demonstrated several years ago, all polymeric 

modulator still looks like struggling to come over the hurdle of commercial availability 

because of fabrication cost, signal stability and thermal stability. In this dissertation, 

several problems were solved and shown in this dissertation on the way to the 

demonstration of the EO modulation using hybrid approach. 

The intensity modulation fabricated using hybrid electro-optic (EO) polymer/sol-

gel straight channel waveguide, useful in the 1550nm wavelength regime, was 

demonstrated without using Mach-Zehnder interferometric waveguide. The sol-gel 
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waveguide was selectively buried so that a vertical transition into and out of an EO 

polymer coated on the sol-gel waveguide is arranged. I showed that the fabrication 

process of such hybrid type waveguides enabled production of a phase modulator 

operating at 1550 nm wavelength. The fabricated straight channel waveguide modulator 

exhibited stable and high intensity modulation efficiency (82 %) using a simple cross 

polarization setup after the polarization dependence was reduced. I demonstrated an all 

wet etching process to fabricate polymeric EO modulators. 

I also reported a novel wavelength division multiplexing (WDM) comb filter 

using a intracavity polymer/fiber half coupler, which filters center band (1520-1570 nm) 

of erbium doped fiber amplifiers without using Bragg grating. The WDM comb filter 

exhibited transmission spectrum with well-defined 1.1 -nm-wide passband equally 

separated by 2.3 nm. Theoretical analysis and experimental results for a polymer over 

coated fiber half coupler intracavity-setting was presented with excellent fitting between 

these results. 

9.2 Future Directions 

9.2.1 Half Wave Voltage 

The hybrid approach was employed to solve the problems that all polymeric 

approaches have. In this study, straight channel waveguide was fabricated to examine the 

fundamental performance of hybrid approach. To improve device performance, future 

study is remained for 1) reduction of half wave voltage, 2) optimization of optical 

coupling between fiber and sol-gel waveguide, 3) packaging using fiber-to-fiber 

coupling, and 4) examination of thermal stability (e.g. 80 °C) for EO modulator, and 5) 
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examination of optical stability for EO modulator for high power laser source (e.g. 

>20mW). As methods to reduce half wave voltage for hybrid approach are mentioned in 

Chapter 8, half wave voltage depends on modal overlap integral F, EO coefficient rss, 

electrode length L, and inter-electrode distance d as shown in Equation 8-3. Overlap 

integral was estimated to be around 20 % from experimental results. To increase overlap 

integral, confinement of light propagated through EO polymer must be increased. When 

thick EO polymer (e.g. >0.4jjm) is simply coated on the sol-gel waveguide, propagated 

light will radiate in EO polymer and does not propagate hybrid waveguide. Therefore, 

lateral confinement of light in EO polymer must be performed to increase polymer 

thickness that leads to reduce half wave voltage. Dry etching for EO polymer is one of 

most commonly used method, however, it increases fabrication cost and fabrication time. 

I propose sol-gel waveguide structure to confine EO polymer laterally as shown in Figure 

9-1 without using dry-etching system. 

EO polymer 

Sol-Gel 
Over Cladding 

Figure 9-1 Proposed design of hybrid EO polymer/sol-gel modulator to reduce half wave 

voltage. 
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Propagated light was fully confined in EO polymer, which enables mode overlap integral 

of more than 90 %. Accurate fabrication of tape structure in over cladding of sol-gel 

waveguide is necessary to transit light vertically between sol-gel waveguide and EO 

polymer for this fully confined light in EO polymer. It will be required to use 

commercially available gray scale mask, instead of the homemade mask that is used for 

this dissertation. 

Mode profile at active region of the hybrid waveguide was calculated as shown in 

Figure 9-2. 

Cladding 

-10 -5 0 5 10 

X [nm] 

Figure 9-2 Calculated mode profile at active region for proposed design. 

In this calculation, sol-gel cladding is extended by wet-etching process used new mask 

design to confine EO polymer laterally. When 1-fim-thick EO polymer is coated 

between sol-gel claddings, calculated mode profile shows that confinement factor in EO 
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polymer increases to be more than 90 %. When modal overlap integral of 90 %, and 

electrode length of 30mm are used, half wave voltage will be reduced by factor of 9. 

Half wave voltage will be reduced to 8 V using inter-electrode distance d of 12.4 }im and 

EO coefficient rss of 30 pmA/". In the first EO modulation (see Chapter 8), 7-!_im-thick 

under cladding was used to avoid optical loss suffered from under electrode. When 

confinement in EO polymer for propagated wave is improved, inter-electrode distance 

will be reduced using selectively deposited under electrode for active region because 

thickness of under cladding can be decreased without suffering optical loss fi^om under 

electrode due to upper shift of mode profile toward EO polymer at active region as shown 

in Figure 9-2. Moreover, when Mach-Zehnder waveguide is design for sol-gel 

waveguide, half wave voltage is additionally reduced by factor of 1.5 without push-pull 

poling for EO polymer or factor of 3 with push-pull poling. As a result, half wave 

voltage is reduced to be 2 - 3 V, simply changing sol-gel waveguide structure without 

using costly dry-etching and material-selective EO polymer. 

9.2.2 Thermal and Optical Stability Measurement Using Packaging 

For reduction of coupling loss between fiber and EO modulator, combination for 

thickness of core and refractive index difference will be optimized to match its mode 

profile with that of standard single mode fiber. It contributes to package EO modulator 

using fiber-to-fiber coupling, which also reduces coupling loss. When commercially 

available in-line splitter and polarizer are used for packaging with polarization 

maintaining fiber, inexpensive intensity in-line EO modulation will be fabricated as 

shown in Figure 9-3. 



114 

EO 1x2 Splitter 

ON , OFF ' 

ON fe 

fl PM Fiber 

Polarization 
Splitter 

— —  

Modulator 

Stable Intensity Modulator/On-OffSW 
O N ^ ,  ^  

Sf^RhLrf ON I Polarizer 

PM Fiber 

Modulator 

Figure 9-3 In-line EO splitter and intensity modulator. 

After EO modulator is packaged with fiber, thermal stability will be examined in-site 

without wasting many fabricated samples. Signal stability can be measured when stable 

high power laser (>40 mW) is available. Sol-gel waveguide has flexibility to fabricate 

many kinds of waveguide structures, which will realize Mach-Zehnder modulators, 

switches, directional couplers, fiber-to-fiber packaging, and integration with other 

photonic devices using mask design for wet etch of sol-gel waveguide. Polarization-

independent modulator can be demonstrated using simple Sagnac loop as I mentioned in 

introductive part of chapter 9. RF modulation also can be demonstrated using microstrip 

line electrode deposited on the top of modulator as over electrode, instead of wide over 

electrode that was used in this dissertation. In this demonstration, electrode design and 

fabrication is required with RF measurement setup. Therefore, some collaboration with a 
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university or a company that have RF measurement setup will enable high-speed 

modulation. 

9.2.3 Mulitwavelength Generation Using Fiber Half Coupler 

The novel fiber comb filter that I showed is used to realize multiwavelength 

generation in an Erbium-doped fiber laser for wavelength division multiplexing optical 

fiber communication. Erbium-doped fiber is put inside loop reflector as shown in chap 5, 

multiwavelength generation for wavelength division multiplexing will be demonstrated. 

This all-fiber comb filtering has been demonstrated using fiber grating. In the 

experiments using intracavity fiber half coupler, when thermally stable material for 

retractive index is used as the overlayer, stable multiwavelength is generated. When the 

tunable multiwavelength generation is required, thermally unstable material can be used. 

Therefore, this comb filter has much more flexibility for multiwavelength generation with 

inexpensive fabrication cost. 
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