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ABSTRACT 

Robust ion-exchanged glass waveguides exhibit low optical losses in a broad 

spectral range and they allow integration of several devices on the same chip due to their 

planar structure. Consequently, they can be a low cost alternative to semiconductors for 

fabricating various integrated optical devices. Two high performance photonic devices 

were designed and realized, demonstrating the potential of glass waveguides. The well-

controlled silver-film ion-exchange process allowed the fabrication of: 

 i) a highly sensitive biosensor based on optical absorption and, 

ii) a low loss hybrid electro-optic (EO) polymer modulator with a narrow coplanar 

electrode gap. 

The single-mode, channel integrated optical ion-exchange waveguide on 

borosilicate glass (Corning 0211) is described for broad spectral band (400-650 nm) 

detection and analysis of heme-containing protein films at a glass/water interface. The 

evanescent wave interaction is improved significantly by fabricating ion-exchange 

waveguides with a step-like index profile. Silver nano-particle formation is reduced in 

order to achieve low loss in the Soret-band (~400 nm). Unlike other surface-specific 

techniques (e.g. SPR, interferometry) that probe local refractive-index changes and 

therefore are susceptible to temperature fluctuations, the integrated optical waveguide 

absorption technique probes molecular-specific transition bands and is expected to be less 

vulnerable to environmental perturbations.  

The hybrid integration of phosphate glass (IOG-1) and EO polymer is realized for 

the first time. The critical alignment steps which are typically required for hybrid 



15 
 

optoelectronic devices are eliminated with a simple alignment-free fabrication technique. 

The low loss adiabatic transition from glass to EO polymer waveguide is enabled by gray 

scale patterning of the novel EO polymer, AJLY. Total insertion loss of 5 dB and 

electrode gap of 8 μm is obtained for an optimized device design. EO polymer poling at 

135 ºC and 75 V/μm is enabled by the sol-gel buffer layer.  
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1. INTRODUCTION 
 
 

The advent of the low threshold current semiconductor laser in 1970 [1] and shortly 

after that, production of optical fiber [2] were the two major breakthroughs which made 

optical communication practical. Optical fibers with losses less than 1.0 dB/km were 

developed with the help of purified glass at Corning in the late 1980s and this enabled 

widespread application of long-haul optical transmission systems for telecommunication. 

The need for various optical components i.e. transmitters, receivers and modulators, in an 

optical communication system led to the concept of integrated optics [3].  However, 

integrated optical devices found applications beyond the scope of optical communication. 

Sensing and quantum computing are among the other areas that integrated optical devices 

have been considered for [4-7].  

The waveguide is the most basic element of an integrated optical device. It can be 

defined as a medium with a refractive index different from its surrounding region which 

allows the confinement of light in 1D (slab waveguide) or 2D (channel waveguide). 

Waveguides are fabricated using various different materials and material systems, that 

include: III-V semiconductors (i.e. Si, InP and GaAs), amorphous dielectric materials 

(i.e. silica, glass, sol-gel and polymers), and crystals (i.e. LiNbO3). Silicon and other 

semiconductors are very attractive for the fabrication of optoelectronic devices where 

optical and electronic circuits are on the same chip [8]. Nonlinear optical polymers have 

been used for modulation and switching, as well as for all-optical devices where dynamic 

nonlinear optical effects enable the tuning of optical properties of the material [9]. 
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LiNbO3 is a non-centrosymmetric crystal that has an electro-optic effect and is used 

extensively for the fabrication of modulators [10]. Amorphous dielectric materials are 

commonly used for sensing (i.e. porous sol-gel, tapered silica) and passive integrated 

optical devices where optical signals are split and routed into desired directions.  

Glass has been the most popular material for fabrication of passive integrated 

optical devices [11]. Some of the attractive properties that have contributed to the 

popularity of glass are its robustness, low cost, transparency over a broad wavelength 

range (300-2500 nm), high optical threshold and ease of production over large areas. 

Furthermore, glass waveguides can easily be integrated with optical fibers with low 

coupling loss due to the close refractive index match. In addition, glass waveguides are 

polarization insensitive due to their amorphous nature. Silicate and phosphate glasses are 

commonly used for integrated optical devices.  

Typical glass waveguide fabrication methods are ion-implant, ion-exchange, 

sputtering, chemical vapor deposition and sol-gel deposition [12]. The sol-gel is widely 

used for thin-film glass deposition and found applications in various areas of photonics 

[13-15]. This is due to its compatibility with other device manufacturing processes. The 

simplicity and flexibility of the ion-exchange technique made it quite popular especially 

for small volume manufacturing and research based studies. In an ion-exchange process 

one of the K+, Na+ or Ca2+ ions in glass is exchanged with another ion typically Ag+, Tl+, 

Cs+, Li+  or K+. Due to the larger size or higher polarizability of new ions, the local 

refractive index of the glass increases [16]. The process can be either purely thermal or 
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electric field assisted. Since the process is driven by diffusion of ions, the resulting 

gradient-like concentration profile leads to a graded refractive index profile. Although the 

maximum achievable index difference in a glass waveguide is determined by the 

substrate and ions present, the index profile can be precisely tuned with temperature, 

external electric field and duration of annealing. The ion-exchange technique and its 

principles are also applied to the fabrication of graded index (GRIN) lenses which are 

widely used in endoscopes or in collimation optics.  

When several integrated optical devices are fabricated on the same substrate the 

integration is said to be monolithic and when devices fabricated from different materials 

are assembled on the same substrate the integration is hybrid. Phosphate glass can be 

doped by rare-earth ions in high concentration, enabling monolithic fabrication of lasers 

and amplifiers on glass [11, 17]. Furthermore, due to their planar configuration, glass 

waveguides facilitate the use of other materials like nonlinear optical materials or sol-gel, 

thus high performance hybrid integrated optical circuits can be achieved on glass.  

In this dissertation, ion-exchanged glass waveguides were studied for two different 

hybrid integrated optical devices. The first one of these devices is used for highly 

sensitive detection of proteins on surfaces. The sensing mechanism relies on the 

evanescent wave interaction of surface bound proteins with the electromagnetic radiation 

in single mode waveguides. Two different ion-exchange waveguide fabrication 

techniques; salt-melt and silver-film, are studied on borosilicate glass, Corning 0211, for 

the fabrication of integrated sensors. The silver-film technique is selected due to the 

higher detection sensitivity that it offers. By using the silver-film technique, fabrication 
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of low loss, single mode waveguides operating at around 400 nm wavelength is realized. 

The high absorption peak of the heme containing proteins at this wavelength enabled a 

very low limit of detection. 

The second fabricated device was a hybrid glass/electro-optic (EO) polymer phase 

modulator with low loss and low Vπ. The ion-exchange process on a phosphate glass, 

IOG-1, was realized by the silver-film technique, for this application. Gray scale 

lithography on a novel EO polymer is optimized for a low loss adiabatic transition from 

the ion-exchanged glass to a polymer waveguide. The highly confined optical mode in 

the polymer waveguides allowed us to reduce the losses in coplanar EO polymer 

modulators. The fabrication techniques developed for both of these devices can be 

applied to a wider range of material systems (i.e. Si etc.) and device technologies (i.e. 

optical switch etc.).  

The next chapter presents a background for ion-exchanged glass waveguides. 

Initially, the theory of dielectric waveguides is given and computational techniques to 

solve the characteristic equations of waveguides are briefly discussed. Then, the salt-melt 

and silver-film ion-exchange waveguide fabrication techniques are explained and 

analytical and numerical modeling results of each process are provided. Finally, the loss 

mechanisms in ion-exchange waveguides and experimental techniques to measure losses 

are explained in Chapter 2.  

Design, fabrication and characterization of an integrated optical biosensor are 

described in Chapter 3. It is demonstrated that glass integrated optics represents a viable 

approach for the development of inexpensive and robust passive biosensor devices. Ion-
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exchange waveguides were integrated with photo-patternable sol-gel layers in order to 

create a planar optical waveguide biosensor. By taking advantage of a multichannel 

approach it is shown that a reference channel can improve the signal to noise ratio by an 

order of magnitude and different channels can be functionalized for detection of different 

analytes.  

The demand for bandwidth continues to increase as telecommunication networks 

move to 40 Gbit/s and beyond. Next generation optical communication technologies will 

soon need to be implemented. In Chapter 4 it is shown by means of numerical 

simulations that 160 Gbit/s transmission lines are feasible when efficient modulation 

formats and novel dispersion compensation schemes are implemented. Electro-optic 

polymer based devices are one of the emerging technologies which show promise for 

ultra high speed operation. Their high nonlinearity and small dielectric constant 

dispersion over a wide range of frequencies make them attractive.  This makes the 

bandwidth of these devices mostly limited by the resistive losses of the driving 

electrodes. The demonstration of an electro-optic polymer modulator with a bandwidth of 

110 GHz supports this [18].  The theoretical background of the electro-optic effect is 

presented and critical performance criteria for optical modulators are introduced in 

Chapter 5. Then, a new device design that allows an easier and more efficient way of 

making EO modulator devices on glass substrates is described. The coplanar electrodes 

on low dielectric constant glass will potentially push the modulation speed limit even 

higher. 
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2.  ION-EXCHANGED GLASS WAVEGUIDES 

Many different integrated optical devices have been fabricated using the simple and 

inexpensive ion-exchange process. Various fabrication processes have been developed 

since the ion-exchange technique was introduced, and their details can be found in Ref. 

[12]. Each fabrication technique has its own advantages and disadvantages depending on 

the application. In order to make the correct selection, it is imperative to understand both 

the guided wave theory and fabrication principles.  For this reason, a summary of light 

propagation theory in optical waveguides is given in the next section. Then, the details of 

ion-exchange fabrication are provided. The theoretical principals introduced in this 

chapter are used as guidelines for designing a highly sensitive bionsensor device and a 

low loss modulator substrate in the succeeding chapters. The loss mechanisms in ion-

exchange waveguides are described at the end of this chapter. 

 
2.1  Dielectric Waveguide Theory 

A dielectric is a medium which does not conduct electric current. Dielectric 

waveguide theory is based on Maxwell's equations which were published 140 years ago 

[19].  Maxwell’s equations in a dielectric can be expressed as follows: 

                    (2-1) 

                      (2-2) 
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          (2-3) 

                                (2-4) 

where  is the electric field,  is the magnetic induction,  is the magnetic field, and  

is the electric displacement field. Equation (2-1) is known as Gauss's law, (2-2) is 

Gauss's law for magnetism, (2-3) is Faraday's law of induction and (2-4) is Ampere's law.   

Maxwell's equations are supplemented by the constitutive relationships:  

                  (2-5) 

                           (2-6) 

where ε is the permittivity and µ the magnetic permeability.  In nonmagnetic materials µ 

is equivalent to µ0, the permeability of free space.   

Slab waveguides are dielectric guides with a 1-D cross section as shown in Fig.2-1.  

nf, ns and nc represents the refractive indices of the film, substrate and cladding 

respectively. The light propagation is in the +z direction and the electric field oscillates in 

the +y direction for transverse electric (TE) mode.  
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Fig. 2-1 Illustration of a dielectric waveguide with a TE mode. Light propagates in the +z 

direction and electric field is polarized in the +y direction. 

 

In this section, the derivation of TE mode propagation in a slab waveguide will be 

presented, however, similar analysis methods can easily be applied for transverse 

magnetic (TM) modes.  In Fig. 2-1 the refractive indices follow nc ≤ ns <nf. For TE modes 

to satisfy the boundary conditions in a slab waveguide Hy = Ex = Ez = 0. When we 

assume periodic time dependence of the field, the electric field propagating in the +z 

direction can be written in the form; 

   (2-7) 

where ω is the angular frequency and β is the propagation constant (viewed as the z 

component of the propagation wavevector).  
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If we take the curl of both sides of (2-3) and apply the relationships from (2-4) and 

(2-5), assuming a nonmagnetic material we obtain the familiar wave equation: 

                02

2

0
2 =

∂
∂

−∇
t
EE



εµ                              (2-8) 

When the electric field expression in (2-7) is applied, (2-8) reduces to, 

               (2-9) 

where 

      ,        (2-10) 

which are the propagation constant and dielectric constant of free space, respectively.  

The decay constants (γc,s) and propagation constant (κf) can be viewed as the x 

component of the propagation wavevector and they are defined as; 

      (2-11) 

          (2-12) 

      (2-13) 
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A guided mode is an electromagnetic field which has a constant transverse 

distribution and polarization along the waveguide. The modes of a waveguide are 

orthogonal and this can be analytically demonstrated using Maxwell’s equations. The 

mode is only guided if β is smaller than knf and larger than kns. There are finite number of 

guided modes in a waveguide. The modes which do not satisfy the condition for β are 

defined as radiation modes. The number of radiation modes is infinite. For guided modes, 

the electric field distribution in Fig. 2-1 is given as; 

 , for h < x , in the cladding     (2-14) 

   , for 0 < x < h , in the film    (2-15)  

 , for x < 0 , in the substrate              (2-16) 

As can be seen, the fields of guided modes are sinusoidal in the film, and they 

decay exponentially outside. This exponentially decaying field is called the evanescent 

field and it allows the probing of surface interactions by means of various optical 

techniques as will be shown in Chapter 3. The continuity of Ey and  at the 

boundaries requires the following relations for the phase shift occurring at the 

boundaries, 

    ,          (2-17) 
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with the dispersion relation  

    (2-18) 

where m is an integer defining the mode order. The dispersion relation is satisfied only 

for discrete set of β values and which defined as eigenvalues of the waveguide, βm. The 

Ey that are solutions to (2.9) are defined as eigenfunction of the waveguide, . The 

concepts of effective index, N = βm / k and normalized frequency  are 

useful for applying the theory to design a waveguide. The normalized cutoff frequency of 

the mth order guided TE mode is given as;   

      (2-19) 

 The relation between angular frequency and propagation constant can be seen in a 

ω-β diagram which is useful for understanding characteristics of dielectric waveguides. A 

typical ω-β diagram is shown in Fig. 2-2. In the figure, two discrete modes are shown. 

Since the modes cannot have an effective index larger than nf (the highest refractive 

index in the structure), the region where βc/ω is larger than nf is called the forbidden zone 

as shown. When the effective indexes of the modes are smaller than ns they are not 

guided and couple into the radiation modes. The propagation constant of discrete guided 

modes take the lower bound value nsk at the cutoff frequency. As the frequency increases 

(smaller wavelength or thicker film essentially makes the same effect) β approaches the 
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upper bound limit nfk. The diagram in Fig. 2-2 can belong to a symmetric slab waveguide 

as there is no cutoff frequency for the fundamental mode. 

 

Fig. 2-2 Typical ω-β diagram of a dielectric waveguide 

When there is only one mode available, the waveguide is called single mode. For 

integrated optical devices single mode operation is usually desired to eliminate power 

instabilities and enable phase sensitive devices. The instability in the waveguide power is 

a result of a phenomenon called intermode scattering where waveguide material 

impurities (or temperature fluctuations) cause light to scatter out of the TE0 to the TEN 

mode. It is theoretically possible to design and fabricate single mode waveguides, but in 

practice even single mode devices have two fundamental modes of two polarizations TE0 

and TM0. The effect of these two modes on the device performance must be examined. 
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Analytical expressions for eigenmodes are only available for slab waveguides and 

for circular fibers. The discrete propagation constants can only be analytically calculated 

for symmetrical slab waveguides and for slab waveguides with a specific graded index 

profile (i.e. parabolic). The first three modes of a slab waveguide with parabolic index 

profile are analytically calculated and shown in Fig. 2-3.  

 

Fig. 2-3 Analytically calculated intensity profile of the first three modes in a waveguide 

with a parabolic index profile. The core of the waveguide is shown with the shaded area. 

The confinement factor of TE0, TE1 and TE2 modes are 97%, 82% and 77%, 

respectively. 

The confinement of a mode in its core region is an important characteristic of a 

waveguide and is usually quantified with the confinement factor which is calculated with 

the formula; 
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           (2-20) 

As the order of the mode increases the confinement factor reduces which can also be seen 

in Fig. 2-3. 

Ion-exchange waveguides have a graded index profile where the index reduces as 

the depth increases. The WKB (Wentzel, Kramers, and Brillouin) approximation is 

typically used to solve eigenvalue problem in structures where the index changes as a 

continuous function of waveguide dimensions [20]. In the WKB method the differential 

equation given in (2-9) is solved approximately. (2-9) has solutions of the form         

exp(±i κf x) inside the waveguiding film, where κf is given as (2-12). However, for graded 

index waveguides nf is dependent on x. So, κf(x) can be written as; 

     (2-21) 

In the WKB approximation it is assumed that dκf(x)/dx  and this leads to a 

differential equation solution of the form; 

   (2-22) 

where x0 is the point where κf(x0) = 0. The dispersion relation in (2.18) is written in the 

WKB approximation as; 
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       (2-23) 

For waveguides with 2D confinement the problem must be solved numerically.  The 

finite element method (FEM), and the finite difference method (FDM) are the most 

commonly used numerical techniques for analysis of complex waveguide geometries. 

The beam propagation method (BPM) and finite-difference time-domain (FDTD) 

methods are typically used for simulating light propagation in waveguides. In this 

dissertation, a commercially available waveguide simulation tool FIMMWAVE was used 

for finding modes of a waveguide and for simulating light propagation in waveguides. 

FIMMWAVE offers FEM and FDM for finding eigenmodes of a waveguide as well as 

FDTD and eigenmode expansion (EME) techniques for simulating light propagation in a 

waveguide. The appropriate technique is selected according to the application. The 

principles of these techniques are briefly explained below and literature for each 

technique is provided for further reading. 

The FEM is the most general method for finding the approximate solution to partial 

differential equations [21].  The field region is typically divided into elements of triangles 

which allows the use of an irregular grid. The set of equations relating the regions of the 

grid is often solved by matrix inversion. The FDM is also commonly used for finding 

approximate solutions to differential equations. In FDM, derivative expressions are 

replaced by difference quotients by ignoring the higher order terms in the Taylor series 

expansion [22]. 
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The BPM is a computational technique used in electromagnetics for simulating the 

propagation of light in slowly varying optical waveguides.  It starts with an optical field 

in one location and calculates how it evolves in time and space. Traditionally BPM 

assumes time dependence in the form of  [23]. 

The FDTD is a computationally more intensive technique and therefore it may 

require long run times. However, it offers a solution to the time dependent Maxwell's 

equations.  FDTD is typically used to model the propagation of light in waveguides with 

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

waveguides or photonic crystal (PC) structures [24]. An example FDTD simulation result 

of a PC structure is given in Fig. 2-4. 
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Fig. 2-4 FDTD simulation showing the intensity distribution in a PC MZ modulator for 

the ON state where the phase difference between the two arms is 0 (top) and the OFF 

state where the phase difference is π (bottom). 

A less known technique, EME, is based on rigorous solution of Maxwell’s 

equations and is used in FIMMWAVE because of its accuracy and memory efficiency 

[25]. For a two dimensional waveguide the solutions of Maxwell’s equations satisfying 

the dispersion relation (2-17) take the following form, analogous to (2-7); 
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   (2-24) 

The guided and radiation modes in a waveguide form a complete basis set, which is 

given as; 

 (2-25) 

 and  are the coefficients of the forward and backward propagating modes, 

respectively.  

 

Fig. 2-5 Schematic description of the light propagation near a discontinuity. 

When there is a structural discontinuity in the +z direction of the waveguide as 

shown in Fig. 2-5, the relation for the fields on each side of the discontinuity is given as, 

        (2-26) 



34 
 

a’s and b’s are the mode coefficients on left and right side of the discontinuity, 

respectively. The EME technique uses the scattering matrix S to analyze complex 

waveguide structures. It is possible to define a complex waveguide structure which 

consists of many discontinuous regions with a single scattering matrix S, by using simple 

matrix algebra. An example simulation result is given in Fig. 2-6 for a Mach Zehnder 

modulator with constructive (a) and destructive (b) interference at the device output. 

 

Fig. 2-6 The intensity profile of a MZ modulator obtained by the EME technique. The 

top image shows the intensity along the waveguide when the phase difference between 

the two arms is 0 and the bottom image shows when it is π. 
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2.2 Fabrication of Ion-exchanged Glass Waveguides 

Ion-exchange is an attractive method for creating a refractive index difference in 

low cost amorphous dielectric materials.  Ion-exchanged glass waveguides are commonly 

fabricated with a purely thermal salt-melt or electric field assisted dry film techniques 

[12]. Although sol-gel films can also be used as an ion-exchange substrate [26], the focus 

in this dissertation will be on glass. The details of two types of fabrication techniques and 

characteristics of the obtained waveguides are given below; 

2.2.1 Salt-melt Technique 

In multicomponent oxide glasses, atoms with strong bonds are called network 

formers. There are also network modifiers (i.e. Na) which are added to the glass to tune 

chemical and thermal properties. These network modifiers are not tightly attached to the 

glass network (i.e. silicate, phosphate). At elevated temperatures (a few hundred Celsius) 

they have the ability to move freely. At an interface between a salt-melt and glass, these 

free ions in glass can diffuse into the salt-melt due to the concentration gradient that 

exists. In order to preserve the neutrality of the glass, another ion from the salt-melt with 

the same charge has to diffuse into the glass for each free ion diffusing into the salt-melt. 

This process is called thermal ion-exchange. The diagram in Figure 2-7 explains this 

process for Ag+ - Na+ ion-exchange.  
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Fig. 2-7 Schematic representation of the Ag+-Na+ ion-exchange process in a salt-melt. 

 

 The Na+ ions are highly mobile and after diffusing into the salt-melt, they move 

rapidly away from the interface. However, the diffused Ag+ ions in the glass slowly form 

a very thin layer of higher concentration of Ag+ ions close to interface. This process is 

temperature dependent, and higher temperatures result in more Ag+ ions to diffuse into 

the glass. If the ion source is removed and sample is kept at high temperatures the thin 

layer of Ag+ ions on the glass surface will continue to diffuse deeper into the glass. This 

process is called annealing and it is typically applied to obtain a graded index profile with 

lower optical losses. When an external electric field is applied to the glass, the whole 

process can be represented with the following differential equation, 
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     (2-27) 

 

where DAg and CAg are the diffusion coefficient and the concentration of the Ag+ ions 

respectively and M = DAg/DNa for a Ag+-Na+ ion-exchange. Eext is the external electric 

field. In (2-27) the first two terms on the right are related to pure thermal diffusion and 

the last term is due to the applied external field. For a slab waveguide fabrication process 

(2-27) can be simplified to the familiar diffusion equation; 

             (2-28) 

where D is the effective diffusion coefficient in this case. (2-28) is only valid when the 

mobilities of the Ag+ and Na+ ions are assumed equal and when there is no applied 

external field. By using the boundary conditions, (2-28) can be solved to determine the 

concentration distributions in a thermal ion-exchange process. Slab waveguides have 

constant boundary conditions along the interface between the melt and glass, while 

channel waveguides have boundary conditions depending on the masking conditions. 

Boundary conditions of a slab waveguide in a thermal diffusion process are given as; 

 

,         (2-29) 

so at t=0, the concentration is zero for all positive x values, and at the interface, x=0, the 

concentration is constant because silver ions are constantly supplied from the salt-melt. 

By using these boundary conditions, an analytic solution to (2-28) can be written as, 
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               (2-30) 

 

where erfc is the complementary error function. (2-30) gives the ion concentration 

distribution resulting from the thermal ion-exchange process.  

The refractive index change in an ion-exchanged glass is due to difference in 

polarizability per unit volume of the participating ions. In a certain volume, as the 

number of ions with different polarizability per unit volume (concentration of diffused 

ions) increases the refractive index difference of that local region with its substrate, Δn, 

will  increase. As a result of this, in a Ag+-Na+ ion-exchange process, by using Eq. 2.30, 

Δn can be written as, 

 

  (2-31) 

 

where CAg-norm is the normalized concentration of silver and Δnmax is the maximum index 

change in the glass. It is seen from (2-31) that, the refractive index distribution is directly 

proportional to the concentration profile.  

D and Δnmax are the necessary parameters for the design and modeling of ion-

exchange waveguides. A maximum index change Δnmax of 0.062 and D of 0.028 μm2/min 

at T=300ºC was given in Ref. [12] for Ag+ -Na+ ion-exchange on Corning 0211 substrate. 

A typical index profile calculated according to (2-30) is shown in Fig. 2-8. It is seen that 
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increasing the process time drives Ag+ ions deeper into the glass, however the maximum 

index difference remains constant. 

 

 

Fig. 2-8 Refractive index profile of a slab waveguide fabricated with the salt-melt 

technique. 

 

The fabrication steps of salt-melt ion-exchange waveguides are shown in Fig. 2-9. 

Initially, a 100 nm thick titanium (Ti) film is deposited on the Corning 0211 substrate. 

This film serves as a mask during the ion-exchange step. Then, the photoresist (PR) is 

spin coated and patterned with standard UV lithography. The Ti film is etched with a 

commercial Ti etchant. Then, the PR layer is removed and sample is dipped into the 

AgNO3/ NaNO3 salt-melt for a duration that is determined by the melt temperature and 
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desired waveguide characteristics. After this step the Ti layer is completely removed and 

the sample cleaned. 

 

 

Fig. 2-9 Fabrication steps of an ion-exchange waveguide by the salt-melt technique. 

 

The ion-exchange waveguide simulation software IONEX was used to simulate the 

ion-exchange process. IONEX uses FDM to approximately solve the differential equation 

given in (2-27). To confirm the ion-exchange parameters for the process used in 

waveguide fabrication, a very long ion-exchange process was performed using a Corning 

0211 glass substrate. 1 % AgNO3/NaNO3 salt-melt was used at 310ºC for three hours to 

fabricate a multimode slab waveguide. This waveguide was measured by a prism coupler 

and guided mode effective indices were calculated. Using the diffusion coefficient and 
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Δnmax obtained from the literature simulations were carried out and results compared with 

the measured values. Fig. 2-10 shows the simulation result for the silver ion 

concentration distribution for a channel waveguide formed by this ion-exchange process.  

 

 

Fig. 2-10 Silver ion concentration distribution calculated by FDM. Each line corresponds 

to a different silver ion concentration as shown (1.0 being the maximum silver 

concentration). 

  

The FDM calculation agrees well with the 1D analytical calculation as shown in 

Fig. 2-8 as well as with the experimentally measured guided mode effective indices.  

In our experiments we have used single mode waveguides because of the higher 

noise associated with multimode waveguides. This is due to intermode scattering and 

coupling as explained in the preceding section. For a 1% AgNO3/NaNO3 salt-melt at a 

temperature of 310ºC, a mask opening of 4 μm was used, and 50 minutes of ion-exchange 

resulted in a vertically single mode waveguide on the surface of a Corning 0211 substrate 

at 532 nm wavelength. According to the simulations, longer than 20 minutes of ion-

exchange causes the waveguides to support two lateral modes. However, as will be 
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shown later, this has no effect on the performance of the devices and we have obtained 

low noise devices when the process time is shorter than 50 minutes. Figure 2-11 shows 

the computer simulation results for surface concentration and TE01 mode profile at 532 

nm of vertically single mode ion-exchange waveguides on borosilicate glass substrates. 

 

 

Fig. 2-11 Silver ion concentration distribution and corresponding intensity profile of the 

guided TE01 mode. 
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2.2.2 Electric Field Assisted Silver-film Technique 

 

In the electric field assisted dry ion-exchange process typically a silver or copper 

film is used as an ion source. This technique was first reported by Chartier et. al. [27]. 

When a metallic film is used as a source there are no mobile ions present in the 

environment and exchange of ions is not possible. However, the electric field assistance 

introduces ions through an electrochemical reaction. In this electrochemical process Ag is 

oxidized and turns into a Ag+ ion. A representation of silver-film ion-exchange is shown 

schematically in Fig. 2-12. The mobile Ag+ ions migrate into the glass due to the applied 

electric field. Since the electric field lines do not follow a straight path, lateral broadening 

of the concentration profile is common in this technique . 

 

Fig. 2-12 Illustration of the silver-film ion-exchange process. The Ag+ ions follow the 

electrical field lines.  
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In a silver-film ion-exchange technique, purely thermal diffusion of ions can be 

ignored. Therefore, the silver-film process does not require high temperatures to drive 

ions into the glass where the surface concentration is only determined by the electric-field 

strength (instead of temperature as was the case for the salt-melt technique) and the 

duration of the process. More specifically, it can be stated that refractive index profile of 

a silver-film ion-exchange waveguide can be determined by the initial thickness of the 

silver-film as long as all the silver is consumed. The refractive index profile of a slab 

waveguide realized by the silver-film technique is given in [28] as; 

 

  (2-32) 

 

where x and t are depth in microns and time in seconds, respectively. M is the ratio of 

diffusion coefficients of two participating ions as defined in the preceding section. Jo is 

the relative flux which is proportional to the electric current density and has the 

dimension of speed as it is the average migration speed of Ag+ ions in glass. Both Jo and 

D can be found empirically from experimental measurements. Δnmax is assumed to be 

0.05, D is   2.6x10-3 μm2/sec, Jo is 2x10-3 μm/s and M = 0.1 for a soda-lime glass 

substrate at 343ºC. The refractive index profile for several different process times is 

shown in Fig. 2.13.  
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Fig. 2-13 Index profile for various process times with same diffusion coefficient (D) and 

process voltage (V) values. 

 

As can readily be seen, as the time increases the profile approaches a step index 

profile and when the time is shorter than a certain threshold value (~2000 seconds), 

maximum refractive index change is not achieved for the given process parameters. The 

increase in the process duration causes more silver ions to penetrate into the glass, 

however the maximum index difference remains constant. In Fig 2-14 the different 

diffusion constant (D) and applied voltage (V) values are compared. The relation 

between the flux and applied voltage is considered to be linear. D/V symbolizes the 

same parameters used in Fig 2-13 and 0.1D/3V shows when the temperature is reduced 

until the diffusion constant is one tenth of its original value and applied voltage is 
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increased to three times of its original value. For low diffusion coefficients, the time it 

takes to reach maximum surface concentrations reduces significantly as shown in Fig. 2-

14. This is due to reduction of ion diffusion. In order to obtain step- like index profile 

with a deeper penetration, lower diffusion coefficient and higher electric field is required 

as shown.  

 

 

Fig. 2-14 Index profile for various diffusion constant (D) and process voltage (V) values. 

Process time is the same for all cases. 

 

Step-like index profile is desired in order to achieve high interaction in sensing 

applications and the graded index profile is preferred for applications requiring low 

optical loss. Fig. 2-15 shows that index profile can be controlled in different ways for 
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step-like and graded index profiles by changing the process time. The significance of this 

will be explained in the succeeding sections. 

 

Fig. 2-15 The effect of the process time on the index profile is shown for two different 

process D/V values. Step-like index profile is achieved for low diffusion constant (0.1D) 

and high process voltage (6V) values (a) Step-like). The high diffusion constant (D) and 

low voltage (V) cause the index profile to be smooth and deep in the glass (b) Diffused).  

 

The typical fabrication steps for a silver-film ion-exchange are shown in Fig. 2-16. 

As can be seen, this process is a dry process which brings simplicity and makes it well 

suited for mass production. The PR film is spin coated and patterned by standard UV 

lithography to serve as a mask layer during the ion-exchange step. The sample is heated 

at 130 ºC for 30 minutes to ensure mechanical stability of the PR during the ion-exchange 

process. Then, a 100 nm silver-film is deposited on both sides of the samples. The top 

silver-film serves as a Ag+ source and the bottom silver-film serves as an electrode layer. 



48 
 

Then high voltage (1000V) is applied to Ag electrodes at about 105 ºC for several hours. 

After the ion-exchange process is over, the samples are cleaned in a base piranha solution 

to remove remaining Ag and PR layers. 

 

 

Fig. 2-16 Silver-film ion-exchange process steps for fabrication of glass waveguides. 

2.3  Optical Loss in Ion-exchanged Glass Waveguides 

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

There are many sources of loss in photonic devices including coupling losses (αcoupl) , 

absorption losses (αabs), and scattering losses (αscat). The combination of all the losses in a 

waveguide is called the insertion loss (αins).  
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Coupling losses are the dominating source of loss for waveguides fabricated from 

materials with low absorption like glass [29].  The preferred technique for coupling light 

into a waveguide is butt-coupling due to its robustness. Other coupling methods such as 

surface grating coupling and prism coupling are commonly used, too.  When butt-

coupling is used, a fiber is aligned to the end-face of a waveguide where the light 

propagates out of the fiber and couples into the waveguide.  The efficiency of this 

coupling is determined by the mode shapes of the fiber and waveguides. As these mode 

shapes are matched closer, coupling efficiency increases. For ion-exchange waveguides 

typical coupling loss is very low compared to other types of waveguides such as Si or III-

V semiconductor waveguides. When standard single mode fiber, SMF28, is used as an 

input, coupling loss of less than 1 dB per facet is easily achieved for surface ion-

exchange waveguides. For buried ion-exchange waveguides, the circular mode shape 

provides a better mode match and this reduces the coupling loss significantly [11]. These 

results are only true for perfect waveguide end facet quality and for perfectly aligned 

waveguides.  

To prepare the end facet of the ion-exchange waveguide samples, side polishing 

typically needs to be performed because micro-chips or cracks on the glass edges cause 

large coupling losses (a few to tens of dBs) on surface ion-exchange waveguides. During 

polishing, several samples are placed (waveguide surfaces facing each other) into an 

edge-polishing jig. Close contact between the glass samples is desired for high quality 

polishing and less than 1μm gap is achieved with the help of van der Waals forces when 

samples are perfectly clean. Initially, the samples are polished on a cast-iron plate with an 
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alumina slurry (particle size 5 μm) to make the edges even. Then, the samples are 

polished on a soft polyurethane polishing pad with a 1 μm particle size alumina slurry, 

for fine polishing this time. The sample edge quality is monitored after each step and the 

process steps are repeated until the desired quality is achieved.  

The cumbersome polishing steps can be eliminated by using a glass cleaving setup 

which we developed for our devices. Cleaving of crystalline semiconductor substrates is 

a well known and commonly used technique for optical quality end-facet preparation due 

to the tendency of cracks to propagate along the crystal axis.  Amorphous substrates do 

not cleave in a straight line and attempts usually result in damage to the glass edges. 

However, when a tense steel wire is heated up to 400ºC it can be used to guide a crack on 

the glass through a straight line and this process typically results in an optical quality end 

facet. The process is illustrated in Fig. 2-17 

 

 

Fig. 2-17 Illustration showing the cleaving guided by a hot wire 
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When the coupling losses are excluded from the insertion loss the remainder is 

called the propagation loss. αprop represents the propagation loss in a waveguide in 

dB/cm. The total propagation loss is given as αprop x L where L is the length of the 

waveguide in cm. Experimental measurement of the propagation loss is not an easy task 

and different techniques are proposed for accurate and easy determination [30]. Fig. 2-18 

shows a setup which is used to measure the propagation loss.  

 

 

Fig. 2-18 Three steps for measuring the propagation and coupling losses of a waveguide. 

 

When the fiber output power, Pi and objective loss, αobj are known, the coupling and 

propagation losses can be found by making the three measurements as shown in Fig 2-18 

and by applying the formulism given in Eqs. (2-33)- (2-37).  
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     (2-33) 

     (2-34) 

     (2-35) 

      (2-36) 

            (2-37) 

 

where Pfo1 and Pfo2 are fiber to objective output powers measured in the first two 

configurations in Fig.2-18 and Pff is the fiber to fiber output power measured in the last 

configuration. 

Misalignment also is not uncommon when testing waveguides and measuring losses 

and it can cause large measurement errors. In order to better understand how critical 

accurate alignment is, Fig. 2-19 summarizes the tolerances for different misalignment 

types for a waveguide with perfectly matched mode to an SMF28 fiber.  
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Fig. 2-19 Alignment tolerances for less than 1 dB misalignment loss. 

Propagation losses can be divided in two major categories: absorption and 

scattering. They are either intrinsic or due to material or fabrication imperfections. The 

sum of intrinsic absorption and bulk scattering loss can be defined as material loss. 

Material loss is the minimum achievable loss in a waveguide system when fabrication is 

perfect. 

Two major sources of intrinsic absorption are electronic excitation, which causes 

high absorption in the UV wavelength region and atomic vibration and rotation of 

multiphonon bands which appear in the IR wavelength region. Typically, for glass 

waveguides, IR absorption bands are at wavelengths larger than 4 μm and they are 

narrow and consequently do not present a problem at optical communication wavelengths 
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(1500-1600 nm). However, UV absorption is quite large and prevents fabrication of 

waveguides operating at wavelengths lower than 300 nm, an important spectral region for 

sensing applications.  

Intrinsic scattering losses are due to Rayleigh scattering from density and refractive 

index fluctuations. These fluctuations are caused by frozen-in thermal fluctuation of 

constituent atoms. The intrinsic scattering determines the lower bound of optical 

waveguide loss which is routinely achieved by today’s optical fiber fabrication 

technology. Light can also be elastically scattered from imperfections like dust particles 

on the waveguide surface. However, a perfectly clean waveguide surface is assumed 

here. Typically, fabrication of waveguides requires deposition and etching of thin films 

and there is a surface roughness associated with both processes. This surface roughness is 

another source of scattering for optical waveguides. In ion-exchange waveguides a bulk 

glass substrate is used for waveguide fabrication and there are no thin film deposition and 

etching processes involved. This makes the roughness induced scattering losses very low 

for ion-exchange waveguides (~0.2 dB/cm for single mode channel waveguides). 

Impurity absorption is due to ions introduced during waveguide fabrication and 

strongly depends on the type of ion. In glass, OH- ions can cause absorption around 950, 

1250, 1390, 1438 nm. However, advanced fabrication techniques have been successfully 

applied to eliminate OH in silica fiber fabrication.  

The dominant source of scattering in ion-exchange waveguides is colloidal clusters 

of impurity ions (Ag ions for Ag+-Na+ ion-exchange) in reduced form [31]. The reduced 
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Ag ions form Ag nanoparticles on the edges of the waveguides as shown in Fig. 2-20 

[32]. 

 

Fig. 2-20 Schematic showing the formation of Ag clusters in the glass. 

 

 The loss due to Ag nanoparticles depends strongly on the substrate type, 

temperature and the masking technique. Although selection of the substrate is limited, the 

temperature and masking can be varied to reduce the loss. In order to better understand 

the loss characteristics of Ag nanoparticles Rayleigh scattering theory is used. Rayleigh 

scattering is limited to particles with a radius , here λo is the 

wavelength of interest, n is the refractive index of medium and m is the complex 

refractive index of the nanoparticle material divided by n. For λo=400 nm, n = 1.51 and 

=2, the Rayleigh scattering limit for particle radius is, a 20 nm. For larger particles 

Mie light scattering theory is applied. When both theories are compared Rayleigh theory 

gives good results up to 40 nm particle radius [33]. 
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The size of the Ag nanoparticles in ion-exchange waveguides is assumed to be less 

than 20 nm. The scattering cross section of Ag nanoparticles and the molar decadic 

extinction coefficient is given in Ref. [33] as; 

       (2-38) 

              (2-39) 

, respectively.  

The real, n, and imaginary, k, parts of the refractive index of silver are obtained 

from http://refractiveindex.info/?group=METALS&material=Silver. These values are used to 

calculate the extinction coefficient of a spherical nanoparticle (diameter 20 nm) 

suspension in water. The results are shown in Fig. 2-21. According to the experimental 

measurements in [32], the peak absorption band of Ag nanoparticles makes a blue shift as 

the gap size of the mask is reduced and for a 15 μm circular mask size the peak 

absorption is at 390 nm. The theoretical value of the extinction coefficient peak location 

is around 400 nm which is in good agreement with experimental results.  

http://refractiveindex.info/?group=METALS&material=Silver�
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Fig. 2-21 Experimentally calculated n,k of the Ag nanoparticles are shown on top and 

extinction coefficient spectrum calculated from the n,k values are shown on bottom. 
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For the silver-film technique, previous works have reported extremely high 

propagation losses around 450 nm due to the formation of small Ag particles just beneath 

the glass surface. The reported loss value even for a highly multimode (depth: 20 μm, 

width: 40 μm) ion-exchange waveguide was 6.5 dB/cm at 450 nm [34]. By using a low 

temperature ion-exchange process and by applying a high potential difference, the 

formation of Ag colloidal particles is minimized. The fabricated waveguides have a step-

like index profile. The details of the process will be given in Section 3-3. 
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3. ABSORPTION BASED EVANESCENT WAVE BIOSENSING 

Binding characteristics of proteins at various interfaces are critical for a wide range 

of biotechnological fields and play a key role in the development/screening of novel 

pharmaceutical drugs [35]. Over the past decade, highly sensitive techniques for 

investigating biological films have been widely used for real-time monitoring of 

molecular interactions at bio-interfaces. A biosensor is a device which provides 

quantitative information about a biological entity (i.e., protein) using a recognition 

element (i.e., antibody-antigen interaction) and a transducer (i.e., optical waveguide).  

Biosensors are integrated devices and they are classified according to their recognition 

elements or transducer types. The main types of transducers are a) electrochemical b) 

mass sensitive c) thermometric and d) optical. In this dissertation only biosensors with 

optical transduction mechanisms are studied. An illustration of a portable fiber-optic 

biosensor is shown in Fig. 3-1. 
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Fig. 3-1 Illustration of a handheld biosensor. Analyte molecules are selectively adsorbed 

to the surface and their physical properties are transformed into an optical signal, which 

is then transformed into an electrical signal with a detector.  

 

Labeling molecules with fluorescent dyes, quantum dots or metal nanoparticles 

increases the sensitivity and flexibility of the optical biosensing techniques and is applied 

extensively in biological research [36, 37]. However, as a drawback, labeling adds 

complexity to the biosensor and creates several problems [38]. For example, the toxicity 

of the label molecules can be hazardous to human health or can affect the functionality of 

biomolecules. In addition, fluorescent dyes are not very stable and their efficiency 



61 
 

degrades over time due to photobleaching or oxidation. Nanoparticles also present a 

problem due to their large size compared to small proteins. Label-free detection of 

biological analytes is very attractive as it eliminates the problems above. Label-free 

detection requires measurement of the intrinsic physical properties (i.e. refractive index, 

absorption) of analyte molecules.  

In an optical waveguide a small portion of the guided mode penetrates into the 

cladding region. This portion of the electromagnetic field is called evanescent wave. The 

evanescent wave decays exponentially as shown in (2-14). The penetration depth, dp of 

the evanescent wave is defined as the distance required for electric field to fall to 1/e of 

its value at the interface and it is given as; 

 

         (3-1) 

 

where  is in the form given in (2-11). The penetration depth is typically on the order of 

a fraction of a wavelength. A chromophore located within the penetration depth of the 

evanescent wave region interacts with the guided electromagnetic radiation and it 

changes some of the properties of the mode field. Evanescent wave sensors were 

extensively studied in the literature by Lukosz and coworkers [39, 40]. In general, they 

can be classified as either absorption based or refractometric sensors.  

In refractometric sensing, the local refractive index change due to the presence of 

the analyte, which causes a change in the phase of the light in the waveguide and this 
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phase difference can be translated into an intensity change through various techniques. 

These techniques include; surface plasmon resonance (SPR) [41], localized SPR (LSPR) 

[42], interferometry [43], grating couplers [44], photonic crystal biosensors [45] and 

photonic bandgap biosensors [46]. The advantage of these sensors is their flexibility 

which is due to their sensitivity to binding of any molecule of significant volume 

(Molecular Weight >200 Da). The most prevalent among these techniques has been SPR 

[41, 47]. In the SPR technique, molecular adsorption at the probing interface creates a 

local change in the refractive index inside the evanescent-field region of the plasmon 

mode that translates into a shift of the resonant angle. An angular shift of approximately 

1×10-4 of a degree corresponds typically to the adsorption of a protein film of 

approximately 100 pg/cm2 [47]. Besides the high angular resolution needed by the SPR 

technique, an exceptional temperature/mechanical control is also required to prevent 

refractive-index perturbations from the bulk phase into the surface plasmon mode.  

The other type of evanescent wave sensing is absorption based, where the light 

intensity attenuates due to the optical absorption of the analyte. Transduction in protein 

films by broadband or multi-wavelength optical absorption using planar integrated optical 

waveguides can simplify analyte detection and identification, because of the spectral 

specificity and robustness against environmental variations offered by this technique. It is 

well known that proteins and nucleotides exhibit strong absorption bands in the UV 

region of the electromagnetic spectrum. In absorption based sensing, the intensity of an 

optical waveguide output is continuously monitored and the absorption due to surface 
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bound molecules result in attenuation of the optical signal according to the Lambert-

Beer’s law; 

     (3-2)  

where A is the absorbance, ε is the extinction coefficient of the analyte, c is its 

concentration, and L is the interaction length. Because of the wavelength dependence of 

the extinction coefficient, the absorbance measurement carries information on both the 

concentration and spectral shape of the analyte. 

Fig. 3-2 illustrates different evanescent wave sensing principles described above. 

An evanescent wave in a dielectric waveguide mode is shown with a blue color in Fig. 3-

2a. The interaction of the evanescent wave with molecules is shown in Fig. 3-2b. The 

interfering agents, shown as blue circles, are far away from the surface and not 

interacting with the evanescent wave. The analyte molecules are specifically attached to 

the modified surface through antibody-antigen interaction. They can be labeled with a 

fluorescent molecule or absorption of label-free molecules can be detected as shown. Fig 

3.2c shows the excited surface plasmon mode of a waveguide with a gold thin film. The 

plasmon resonance condition is very sensitive to the analyte refractive index on the gold 

surface. 
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Fig. 3-2 Cartoon description of evanescent wave sensing.  

 

 The absorption based sensing approach using planar slab single mode waveguides 

has been used for investigations of physical/chemical properties of surface-adsorbed 

proteins in the middle of the visible spectral region [48, 49]. Channel waveguides are 

superior for interfacing the probing device with fiber coupled sources and detectors, 

when compared to slab waveguides. However, in general, fabrication of channel 

waveguide biosensors requires several vacuum deposition and etching techniques which 

increases the cost. This has prevented the widespread usage of channel waveguide 

biosensors. Glass waveguides, which provide low optical losses and are fairly 

inexpensive, can potentially enable the fabrication of miniature disposable integrated 

optical biosensors. The drawback of glass waveguides is their poor evanescent wave 

interaction due to their graded index profile. However, as was shown in Fig. 2-15, when 

low process temperature and high voltage is used it is possible to obtain step-like index 

profile in glass waveguides. The evanescent portion of the guided mode can be 

significantly increased in a step-like index profile which would lead to increased 
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sensitivity. Fig. 3-3a) and b) shows the evanescent wave portion of the optical mode for 

waveguides with a step-like index profile and with a graded index profile, respectively. 

The process parameters are the same as the ones used to plot Fig. 2-15. Each figure is 

plotted with respect to process time. It is seen that there is about an order of magnitude 

improvement in the evanescent wave interaction when step-like index profiles are 

obtained. As the process duration is increased, the waveguide exhibit more confinement 

and the evanescent wave portion decreases significantly (Fig. 3-3a).  However, for 

waveguides with graded index profile, the evanescent wave portion does not change 

significantly with process time, even when they are near cut-off. This is because the 

graded index profile causes the mode to shift deeper into the glass rather than 

contributing to the evanescent wave. 



66 
 

 

Fig. 3-3 The variation in the evanescent wave portion of the fundamental TE and TM 

modes with respect to process time for a soda lime glass with a a) step-like index profile 

b) graded index profile (parameters were same with Fig. 2-15) 
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3.1 Performance Criteria of Biosensors 

 

The sensitivity of a biosensor is defined as the optical device response (change in 

the optical signal) to one unit of change in a physical property (this property depends on 

the transducer) of the molecule. The sensitivity in optical biosensors is typically 

increased by the interaction of light with the analyte. For evanescent wave biosensing 

some of the ways of increasing the interaction can be listed as; 

a) Increasing the evanescent wave overlap with the analyte (Fig. 3-3). The evanescent 

wave overlap integral is a function of waveguide dimensions, wavelength and refractive 

indices of the waveguide and surrounding media. As a rule of thumb; thinner core layer 

and lower index contrast are required for higher sensitivity. 

b) Changing the operation wavelength to increase the extinction coefficient, ε and 

c) Increasing the interaction length, L. 

The limit of detection (LOD) is another important criterion for determining the 

performance of biosensors. It is defined as the minimum measurable change in the 

quantity of the physical property of the analyte. The LOD is strongly related to noise in 

the sensing system. When root-mean-square (RMS) noise is defined as the standard 

deviation in the signal (σ), the LOD can be calculated by using the standard assumption 

in analytical measurements that one can detect changes that are three times larger than 

RMS noise level. The LOD is given as;  

    (3-3) 
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In some cases, design techniques which are applied to increase the sensitivity will 

cause an increase in RMS noise, as a tradeoff. Therefore noise in the system should also 

be carefully considered when designing a highly sensitive biosensor. 

Specificity of the biosensor is mainly provided by the recognition elements for 

refractometric sensors. It depends on the inherent binding capabilities of the bioreceptor 

molecule. Apart from recognition elements, in absorption based biosensing, the spectral 

information of the analyte can be used as a fingerprint such that various analytes can be 

recognized from their specific absorption spectra. This can eliminate the need for a 

recognition element in some environments. 

Ease of use and low cost are also desired for optical biosensing.  Ease of use is a 

subjective concept and it is not a factor related to the transducer. The packaging system, 

electronic read-out and user interface determine the ease of use.  

Low cost is critical, but it should be noted that the cost of the transducer and 

instrumentation should be evaluated independently. When absorption based integrated 

optical biosensors are considered, ion-exchanged glass waveguides present one of the 

lowest cost devices. This is due to the low cost Corning 0211 substrate and silver-film 

fabrication technique. In addition to that, instrumentation cost can be reduced by using 

single mode waveguides and on-chip referencing. When single mode waveguides are 

used, it is possible to eliminate temperature and vibration control systems which are 

required for refractometric sensing and it is also possible to utilize low-cost light sources 

by employing an on-chip reference channel.  
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3.2 Model Protein Cytochrome C 

 

The cytochrome c (cyt c) protein was used as a biomolecular film in the 

experimental tests to demonstrate the strong optical response. Cyt c is a small stable 

protein that can reversibly withstand rather extreme conditions and has been used in 

several studies of protein mechanisms [48-51]. Fig. 3-4 shows the folded state structure 

of horse heart cyt c, which is used in our experiments. It has 104 amino acid residues 

(Molecular Weight 12,384 Da).   

 

 

Fig. 3.4 Structure of cytochrome c showing the prosthetic heme group [52]. 

The prosthetic heme group in cyt c is a useful spectroscopic probe as it strongly 

absorbs in the UV and visible regions. As previously reported [50], oxidized cyt c has a 

strong optical absorption at the Soret band centered at 410 nm, and a weaker and broader 

absorption band located at 528 nm. The absorption spectra of the cyt c protein in both 

reduced and oxidized state are shown in Fig. 3-5.  
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Fig. 3-5 Absorption spectra of cyt c in oxidized and reduced forms 

 

There has been great interest in using the Soret transition band as a sensing probe 

for both protein and chemical measurements as described in many works such as 

polymer-film based fluoride sensor [53], glass-slide optical waveguide acidity sensor 

[54], gas phase HCl sensor based on sol-gel film [55], and detection of protein adsorption 

by attenuated total reflection [51]. To take full advantage of the higher extinction 

coefficient at the Soret band in heme-proteins and reach a LOD at least comparable or 

superior to SPR, single-mode channel waveguides operating in the 400-nm range with 

low loss are needed. In that respect, a slab waveguide spectrometer that transmitted light 

down to 400 nm was demonstrated previously [56]. However, light intensity in the 400-

nm region was only marginal, and thus stray light and low signal-to-noise ratio (SNR) 

were crucial factors that hampered the limit of detection in that work.  

 

 



71 
 

3.3 Design of the Waveguides for High Sensitivity 

 

Low-cost fabrication of single-mode waveguides at wavelengths lower than 450 nm 

has been a challenge due to increased waveguide losses and smaller dimensions required. 

Another challenge to efficiently take advantage of ion-exchange waveguides for optical 

sensing has been the need for a high contrast refractive-index profile for increased mode 

confinement and thus higher sensitivity [40]. Based on these considerations, we have 

chosen the silver-film technique for the fabrication of the ion-exchange waveguides.  

Fabricated devices consist of single mode, integrated optical waveguides that 

exhibit sufficiently low propagation loss in the short wavelength range and provide high 

detection sensitivity. The waveguides are designed to operate at 400 - 632 nm 

wavelength, which covers the absorption band of cyt c protein.  In-house software was 

used for calculation of mode intensity overlap with the proteins and the optical response 

[57].  The simulations were realized for TE polarized light with a cladding index of nclad 

= 1.33 (for a typical aqueous solution) and the perturbation of the adsorbed film on the 

mode shape was assumed negligible [58]. For Corning 0211 glass and the typical 

fabrication parameters that were used in our experiments, we have considered Δnmax = 

nsubs - nsurface = 0.05 in our modeling [59].  

Since the absorption maximum of the cyt c is at around 400 nm, we have optimized 

the sensitivity at 406 nm. Initially, 90 nm of silver-film was completely consumed in the 

ion-exchange process and the mode distributions of the resulting waveguides were 
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analyzed. The waveguides support a single-mode in the vertical direction and two modes 

in the lateral direction as shown in Fig.3-6.  

 

 

Fig. 3-6 Calculated mode intensity distributions for a waveguide fabricated through a 3-

μm mask opening and with a silver-film thickness of 90 nm. The interaction of the mode 

with the cyt c molecules on the glass surface is also shown. 

 

Similar to (3-2), the absorbance of thin films interacting with an evanescent wave 

can be found according to the pseudo-Beer’s absorption law;  

 

          (3.3) 

 

where Γ is the molecular surface density (surface coverage), κ is the overlap of the 

normalized waveguide mode profile with the adsorbed molecular film, and h is the 
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thickness of the adsorbed film as shown in Fig. 3-6. The fraction of the normalized 

fundamental waveguide mode in the cladding can be calculated by using (2-20) and it 

was found to be 0.63%. It is known from theoretical calculations that this fraction can be 

increased up to 3.5% when the thickness of the silver-film is reduced (see Fig. 3-3a). Still 

there is about a factor of two improvement, when compared to the salt-melt technique. 

The fraction of this mode overlapping with an adsorbed molecular film of thickness h = 3 

nm (typical size of cyt c), κ was calculated according to the formula; 

 

       (3-4) 

 

The resulting κ, for 60 nm consumed silver-film, was 0.032%. This overlap can be 

directly translated into device response by using (3-3). The extinction coefficient of 

oxidized cyt c is ε = 95 ×103 and 11×103 [M×cm]-1 at 406 and 532 nm, respectively [50]. 

A previous report by Runge et. al. on cyt c at glass/water interfaces has shown that the 

protein film saturates on a glass surface at a maximum surface concentration of about Γ = 

140 ng/cm2 which corresponds to approximately one half of a closely-packed full 

monolayer [48]. The resulting absorbance values for a saturated surface are A = 2.25 and 

0.29 at 406 and 532 nm, respectively for an interaction length of l = 1.6 cm. 

Fig. 3-7 shows κ for the TE00 and TE01 mode as a function of wavelength for ion-

exchange temperature at 105 ºC and applied voltage of 1000 V. It is seen that, when the 

wavelength is small the overlap increases with the wavelength; however, when 
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approaching the cut-off wavelength, we observe a plateau and a fast reduction in the 

mode overlap as the mode shifts into the glass [40]. The TE01 mode has almost the same 

maximum overlap as the TE00 mode but since the cutoff wavelength is shorter for higher 

order modes the decrease in κ is much faster for TE01. This suggests that higher number 

of lateral modes can also limit the working wavelength range of the sensor. It is also clear 

that as the ion-exchange time increases κ decreases. In fact more than a factor of three 

improvement can be achieved by reducing the process time from 10 hrs to 5 hrs. 

Waveguide sensitivity is strongly dependent on polarization when the film thicknesses 

are close to the waveguide cutoff range [40]. However, we operated significantly away 

from cut-off conditions for both polarizations and modeling results indicated that the 

effects of polarization were not significant in our case.  

 

 

 

 



75 
 

 

Fig. 3-7 Calculated overlap of the TE00 (solid line) and TE01 (dashed line) mode 

intensities for a waveguide ion-exchanged for 6.5 hours (shown with triangles). The solid 

lines with diamonds and stars correspond to the calculated overlap for the TE00 mode 

with ion-exchange durations of 5 hours and 10 hours, respectively.   

 

The effects of annealing and ion-exchange durations on the insertion loss were also 

experimentally investigated. Waveguides with ion-exchange times of 6.3, 7 and 10 hours 

were fabricated under the same conditions that were used for theoretical analysis. Two 

different wavelengths (406 nm and 532 nm) were utilized for measurements. It was 

observed that annealing caused the appearance of higher order modes in the vertical and 

lateral directions as shown in Fig. 3-8. This resulted in reduction of sensitivity and power 

stability. Despite the fact that annealing decreases propagation losses, waveguides were 
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used without the annealing in order to maintain a high refractive-index contrast. When 

ion-exchange time is reduced below 6 hours the increased losses caused a significant 

reduction in the LOD. When ion-exchange time is increased above 7 hours, about a factor 

of two sensitivity reduction was observed, which is in agreement with our modeling 

results. The results of our optical loss and mode shape measurements are summarized in 

Fig. 3-8.  

 

Fig. 3-8 The effect of process duration and annealing on the mode shape and propagation 

losses.  

In consideration of this theoretical and experimental analysis, the ion-exchange 

process was performed at 105º C for 6.5 hours. During the ion-exchange process a 
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potential difference of 1000 V was applied between the substrate electrodes to drive Ag+ 

ions released from the film into the glass. Fig. 3-9 shows the silver ion concentration and 

the fundamental mode field intensity profile at 406 nm for the fabrication parameters 

given above. The step-index profile is clearly seen for ion concentrations shown in Fig. 3-

9 and the effective thickness of the waveguide is less than 1 μm. 

 

 

Fig. 3-9 The silver ion concentration and fundamental mode intensity profile (the solid 

contour lines are for normalized concentrations of 0.3 0.6 and 0.9 and colors from blue to 

yellow are for increasing intensity). 

 

3.4 Experimental Results and Discussion 

 

Fig. 3-10 shows the basic sensing platform that was used in the detection of cyt c 

[60]. The optical interaction length was determined by a liquid reservoir that was attached 

to the waveguide surface with a UV-curable epoxy. The refractive index of the epoxy, 

nepoxy, was chosen to be smaller than nsubs to preserve the waveguiding condition.  

 



78 
 

 

 

 

Fig.3-10 The schematic of the waveguide sensing platform. The fundamental mode of the 

Ag ion-exchanged waveguide interacts with the surface adsorbed cyt c molecules for a 

pathlength of l = 1.6 cm. Interaction strength, κ, is determined by h and the evanescent 

tail of the mode as shown. 

 

The adsorption of the molecules was monitored in real-time by continuously 

detecting the waveguide output intensity. Fig. 3-11 shows the experimental setup that was 

used for detecting the waveguide output.  

 

Fig. 3-11 Experimental setup for waveguide characterization. 
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The fabricated waveguides were characterized with several light sources. A laser 

diode with current and temperature controllers, a diode-pumped solid state frequency-

doubled laser, and a He-Ne laser were used as light sources at 406, 532, and 633 nm, 

respectively. A microscope objective at the end of the waveguide was used to image 

waveguide output to a detector or a camera. In order to reduce noise in the detected 

signal, a chopper and a lock-in amplifier were utilized. At 406, 532, and 633 nm the 

measured propagation losses were about 8, 3, 2 dB/cm, respectively and the coupling loss 

was found to be about 8 dB/facet. Fig. 3-12 shows the near field images of the waveguide 

output at different wavelengths. In the direction perpendicular to the sample plane 

(vertical direction), single-mode operation was clearly observed at all wavelengths. In the 

lateral direction, depending on the input coupling, a superposition of the first two modes 

could be excited at 406 nm. Since we have used a single-mode fiber at 406 nm at the 

input port, the coupling efficiency to the fundamental mode could be made higher 

compared to the higher-order lateral mode. 

 

Fig. 3-12 Near field images of the waveguide output. Only the fundamental mode was 

excited at 532 nm. Superposition of two lateral modes can be seen for 406 nm. 
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In the detection experiments, cyt c was dissolved in pH-7 aqueous phosphate buffer 

solution. Baseline was acquired when the probing region was covered with an optically 

transparent 1-mL solution of a 10-mM pH-7 phosphate buffer [see Fig. 3-13]. At room 

temperature, another 1 mL of a cyt c solution in pH-7 phosphate buffer was injected into 

the sensing region and allowed to adsorb from the bulk aqueous phase onto the 

waveguide surface; protein binding to the waveguide surface was monitored in real time. 

The adsorption process is considered to occur mainly because of the electrostatic forces 

between the negatively charged glass surface and positively charged cyt c molecules [48]. 

After each measurement the surface was cleaned with Alconox® and distilled water, and 

dried by blowing air.  

Figure 3-13 is the experimental data showing the change in the waveguide output 

intensity when 10 μM cyt c, which is more than the required concentration to saturate the 

waveguide surface, was introduced into the sensing area. The absorbance values 

measured at 406 and 532 nm are 2.1 and 0.25 (in absorbance units) respectively. These 

values are in good agreement with theoretical calculations given in previous section. 

Almost an order of magnitude improvement was obtained in the optical response by 

tuning to the Soret band of cyt c. Although there is negligible optical response at 633 nm 

for the current analyte, we have used this wavelength to monitor possible effects of 

mechanical/thermal perturbations due to analyte injection. No change at the 633-nm 

confirmed the good stability of the experimental setup. 
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Fig. 3-13 Experimental data showing the response of the sensor to about one half of a 

monolayer of cyt c. The SNR is measured to be ~1500 for 406 nm wavelength. 

 

Surface adsorption is commonly described by isotherms which represent the 

relationship between the surface coverage of molecules and the bulk concentration. To 

investigate the adsorption isotherm of cyt c onto the glass waveguide surface we prepared 

solutions with different concentrations and measured the optical absorbance near the 

Soret band (406 nm). Fig. 3-14 shows the adsorption isotherm of cyt c onto the glass 

waveguide surface from phosphate buffer solutions at pH-7. The x-axis shows the bulk 

concentration of cyt c in the sensing region, and y-axis shows the optical absorbance on 

the left and the corresponding surface concentration on the right. After injection of cyt c 

we waited for 10 minutes for stabilization before taking these measurements. The 
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experiment was repeated three times to measure the optical absorbance and determine the 

surface concentration for a given volume concentration. Between each measurement, the 

probing surface was prepared as described in the surface preparation section to provide 

exactly the same physical/chemical environment. However, it is well-known that the 

physical/chemical environment near the surface (i.e. temperature, pH) can affect the 

temporal behavior of the adsorption process, the final amount of surface-adsorbed 

molecules, and also the Soret absorption band for cyt c molecules [51, 61]. The 

variability of the final concentration of surface-adsorbed molecules was quantified by the 

error bars in Fig. 3-14. These error bars are the standard deviation of three independent 

measurements and they quantify our ability (or lack thereof) to reproduce the same 

surface concentration of adsorbed molecules with identical optical properties; it is a 

consequence of the variations in the surface environment. 
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Fig. 3-14 Adsorption isotherm of cyt c on a glass surface at pH-7, measured at 406 nm. 

The dashed curve is the best fit of the experimental data to a Langmuir adsorption model 

with Ka = 2.4 × 106 M-1. The error bars are showing the surface concentration variance of 

three independent measurements. 

 

As shown in Fig. 3-14, the surface coverage gradually levels off as the bulk 

concentration increases above 3 μM. The dashed line is the best fit of the experimental 

data to a Langmuir adsorption isotherm model which is given by the following formula;  

 

      (3-5) 
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where Θ is the ratio of the number of occupied adsorption sites to the total number of 

sites at saturation, Cb is the bulk concentration of cyt c and Ka is the adsorption 

equilibrium constant. This constant is strongly dependent on the surface chemistry of the 

substrate [51]. The observation of a saturation regime as in Fig. 3-14 is another indication 

that the detected signals originated from surface-bound proteins rather than free protein 

molecules dissolved in the aqueous solution [51]. The equilibrium constant for Corning 

0211 glass surface was found to be Ka = 2.4 × 106 M-1 and this value is almost equal to 

the equilibrium constant, Ka = 2.5 × 106 M-1, that was determined by using the cyt c 

adsorption data given in Table 1 of Ref. [62] for indium tin oxide surfaces.  

Fig. 3-15 shows the normalized device response to 1 nM of cyt c solution at 406 

nm. The calculated root-mean square (RMS) noise value from the figure is σ ≈ 6.7×10-4, 

over the time scale of one minute. The SNR of our measurements was calculated to be (Io 

/ σ) = 1.5×103, where Io is the time average of the normalized waveguide output before 

cyt c is introduced to the surface. The LOD can be calculated from the RMS noise value 

by using the standard assumption in analytical measurements that one can detect changes 

that are three times larger than the noise level (3σ = 2×10-3, in our case). In absorbance 

units a change of 3σ corresponds to ALOD = -log (ILOD / Io) = -log (1-3σ) = 8.69×10-4. This 

value is an order of magnitude better than previously reported values [56]. When we 

consider that a surface coverage of 140 ng/cm2 causes an optical absorbance of 2.1 as 

determined in Figs. 3-13 and 3-14, our detection limit can be calculated to be about 59 

pg/cm2. This LOD is below the range typically quoted for state-of-the-art SPR equipment 

and besides that these SPR data can only be obtained through extremely high 



85 
 

experimental precision and environmental control. In Fig. 3-15, the 1 nM of cyt c 

solution causes an absorbance of about A = -log (If / Io) = 4×10-3, which corresponds to a 

protein surface coverage of 270 pg/cm2. 

 

Fig. 3-15 Response of the sensor to 1 nM of cyt c solution. This corresponds to about 270 

pg/cm2 surface coverage. The signal change is Io – If ≈ 0.01, which in absorbance units 

corresponds to A = -log (0.99) ≈ 4×10-3, well above ALOD = 8.69×10-4. 

 

Finally, we have measured the absorbance at different interaction lengths to ensure 

that stray light does not reduce the dynamic range of our sensor. Fig. 3-16 shows the 

normalized sensor response for the two wavelengths with respect to path length. The lines 

are best linear fits to the experimental data points. It is clear that the slopes are very close 

at the two wavelengths and there is no deviation from the linear regime as the path length 

increases proving that stray light did not play a role in the measurements. 
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Fig. 3-16 Normalized sensor response at 406 nm (circles) and at 532 nm (stars). Dashed 

and solid lines are best linear fits to experimental data at 406 and 532 nm respectively. 

3.5 Multichannel Sensing and Noise Cancellation 

The SNR of the integrated optical absorption based evanescent wave biosensors is 

strongly dependent on the noise of the laser source and the waveguide characteristics. 

Ion-exchanged glass waveguides are an inexpensive alternative to other material systems 

for the fabrication of single mode, high sensitivity devices, however the need for 

expensive temperature and current controlled light sources still remains a drawback. This 

is mainly due to the fact that, current and temperature fluctuations in a light source cause 

high noise and poor SNR. On-chip referencing by using a Y-branch waveguide can 

eliminate the noise even when a very low cost light source such as a laser pointer is used. 

The three dimensional structure of a device with a reference channel is shown at Fig. 3-

17; the device allowed low noise real-time measurements. The sol-gel cladding layer is 

used to define the interaction length in one arm and the other arm is used as a reference to 
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cancel the laser and coupling noises. Photosensitive sol gel was synthesized in house as 

described by Enami et al. [63] and then spin coated at 2,000 rpm and UV exposed for 10 

minutes at 275 W. The samples are soaked in isopropanol for sol gel developing.  

 

Fig. 3-17 Three dimensional structure of the Y-branch waveguide with a UV patternable 

sol-gel cladding,which was used for noise cancellation. 

The experimental setup which was used in simultaneous measurement of the output 

power of each channel is shown in Fig. 3-18. The measurement setup was suitable for 

expansion to four channels. A commercially available multimode fiber array was used for 

output coupling. Each fiber was sent to identical but independent detectors and the 

detectors were connected to a lock-in amplifier and a computer for data recording.  
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Fig. 3-18 Experimental setup used in multichannel sensor measurements. The light blue 

structure on the bottom is a four arm waveguide sample. One of the arms is used as a 

reference channel. 

 

 Fig. 3-19 shows the signal channel output Is and Is / Iref. The improvement in the 

SNR with on-chip referencing is more than an order of magnitude. This final SNR value 

of 1,500 is the same as that obtained when a laser diode with a temperature and current 

control was used. In addition to noise cancellation, the effect of power drift is eliminated 

at the referenced signal output which is clearly observable at the single channel output. 

The sol-gel cladding adds less than 1 dB propagation loss at 532 nm. 
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Fig. 3-19  The Y-branch ion-exchange waveguide with 9 μm thick sol-gel cladding is 

shown on top. One arm of the Y-branch is patterned by UV-lithography for sensing and 

other arm is used as a reference. Output of the signal channel Is and Is / IRef  is shown at 

bottom. 

Another advantage of the multichannel detection approach was demonstrated by 

patterning a sol-gel film with different openings on a four channel waveguide to define 

three different interaction lengths and a reference channel. Fig. 3-20 shows the device 

structure on top and typical measurement results on the bottom. This structure can be 

used for simultaneous measurement of different analytes when each channel is modified 

with a different recognition element. The different interaction lengths increase the 

dynamic range of the sensor. 
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Fig. 3-20 The description of four channel waveguide sample with various interaction 

lengths is shown on top. Simultaneous response of two channels, Ch1 and Ch2, to cyt c 

adsorption is shown at bottom.  
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4. ULTRA-HIGH SPEED MODULATION FOR LONG-HAUL OPTICAL 

COMMUNICATION SYSTEMS 

 

One alternative way of expanding the capacity of transmission systems is to 

increase the bit rate per wavelength division multiplexed (WDM) channel. 10 Gbit/s 

WDM systems are standard in today’s backbone networks and 40 Gbit/s WDM 

equipment is commercially available and has been tested by network operators in 

numerous field trials [64]. Recently, there has been a considerable interest in next 

generation systems with time division multiplexing (TDM) data rate of 160 Gbit/s [65-

68].  

It is well known that, with the enhancement of the single-channel data rate to 160 

Gbit/s physical impairments, i.e., dispersion and dispersion slope lead to tight system 

tolerances [68]. The appropriate selection of modulation format is critical to manage 

linear and nonlinear impairments of ultra-high speed optical transmission systems. 

Compactness of the modulation spectrum, simplicity of transmitter and receiver (Tx/Rx), 

and tolerance to fiber non-linearity are the three criteria for selecting a modulation format 

[69]. The performance of different modulation formats are compared and discussed in 

many studies for 10 and 40 Gbit/s systems  and the Return-to-Zero (RZ) format has been 

found to be superior to conventional Non-RZ (NRZ) systems in terms of nonlinearity 

tolerance [69-71]. However, NRZ has a simpler Tx/Rx configuration and a higher 

dispersion tolerance due to its more compact modulation spectrum. The block diagrams 

of transmitters with NRZ and RZ modulation formats are shown in Fig. 4-1a and 4-1b, 
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respectively. It is seen that transmitter simplicity is sacrificed for the improved 

nonlinearity tolerance in RZ modulation where two Mach Zehnder modulators are needed 

instead of one. 

 

 

  

Fig.4-1 Block diagram of a) NRZ and b) RZ modulation formats. LD is the laser diode 

and MZ is the Mach-Zehnder modulator for intensity modulation. 

 

Carrier Suppressed-RZ (CSRZ) and RZ Differential-Phase-Shift- Keying (RZ-

DPSK) are two other RZ-like modulation formats with improved spectral efficiency and 
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non-linear tolerance [69]. CS- modulation formats are modified versions of RZ 

modulation types aiming to increase the spectral efficiency. The practical differences 

between CSRZ and RZ modulation are the bias voltage of MZ modulator and the 

frequency of the pulse train. The block diagram of a RZ-DPSK transmitter is shown in 

Fig. 4-2. As shown, the data is stored in the phase of the optical signal. The intensity 

modulation is realized merely to improve the nonlinearity tolerance of the transmission 

system. 

 

 

Fig.4-2 Block diagram of RZ-DPSK transmitter. An encoder and a phase modulator are 

used to store the data in the phase information of the optical signal. 

 

Initially, reach limits of single channel 160 Gbit/s transmission systems are 

investigated by means of numerical simulations, for NRZ, RZ, CSRZ and a CSRZ-DPSK 

modulation formats and for SMF.  The simulated system setup is shown in Fig. 4-3. 
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Fig. 4-3 System setup used in numerical simulations 

 

At the transmitter side, a pseudorandom bit sequence (PRBS) of length 210-1 is 

used. For RZ signals, a bit rate of B = 160 Gbit/s and a duty-cycle of 0.4 with Gaussian 

shaped pulses is chosen leading to a temporal full width at half maximum of tFWHM = 2.5 

ps. The transmission link is formed of a cascade of post compensated spans. Each span 

consists of 80 km of SMF transmission fiber and a DCF in order to fully compensate for 

the dispersion slope and accumulated dispersion in the transmission fiber. The fiber 

parameters are given in Table 4-1. The input powers to the transmission fiber and DCF 

were independently varied to find the maximum system reach limit. Two EDFAs in front 

of the transmission fiber and DCF, with 4.5dB noise figure each, are used to adjust input 

power levels. At the receiver side, the signal is amplified to 0 dBm power level and 

filtered by a 1st order optical band-pass Gaussian filter with 2B = 320 GHz bandwidth. 

The optical signal is transformed into an electrical signal by a PIN photodiode. The 

electrical signal is filtered by a 5th order low-pass Bessel filter with 1.4B = 224 GHz 

bandwidth before the analyzer. For RZ-DPSK receivers, the structure described in [72] is 
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used with the same parameters given above. The Q-factor is used to describe transmission 

performance. The target value of Q-factor is chosen to be 6, which corresponds to BER 

of 10-9 for a Gaussian distribution of ASE noise.  

 

Table 4-1 SMF and Dispersion Compensating Fiber Parameters 

@1550 nm SMF/DCF 

Attenuation [dB/km] 0.21/0.5 

Dispersion [ps/nm/km] 17/-100 

Dispersion slope [ps/nm2/km] 0.056 / -0.3294 

Nonlinear index [1/W/km] 1.317 / 5.27 

Length [km] 80/13.6 

 

4.1 Results and Discussion 

The Q-factor was calculated for varying input powers launched into the 

transmission fiber and DCF at the end of each span. The number of spans with Q > 6 is 

found for each transmission fiber and DCF input power pair. Fig. 4-4 shows system reach 

contour plots of four modulation formats with respect to average input powers of SMF 

and DCF.  
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Fig. 4-4 Number of spans with Q > 6 for SMF at 160 Gbit/s for the modulation formats 

RZ, NRZ, CSRZ, and CSRZ-DPSK Bal-Rx 

 

It is obvious that system reach has a maximum for certain sets of input power levels 

balancing the ASE noise and nonlinear signal distortions. For RZ modulation this 

maximum number of spans is 10 for only one power set, 2 dBm and -3 dBm (2/-3 dBm) 

for SMF and DCF inputs, respectively. Since, there is no margin for power variations of 

the system, 10 span reach has no practical importance. So, it is more realistic to accept a 
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larger area of 9 spans as the maximum system reach for RZ. NRZ modulation shows 

much worse performance than  RZ as it only reaches 7 spans with the desired signal 

quality. CSRZ modulation, with its enhanced spectral efficiency and nonlinearity 

tolerance, reaches a maximum of 10 spans for a wide range of input power sets. The 

center of the 10 span region is found to be around 3.5/-2 dBm. CSRZ-DPSK-Bal-Rx has 

a maximum system reach of 11 spans for 6 dBm SMF input power and 1 dBm DCF input 

power. Since power variation tolerance for that input power set is very tight, a maximum 

system reach of 10 spans is a more realistic value for CSRZ-DPSK-Bal-Rx. The Bal-Rx 

configuration inherently offers 3dB higher sensitivity [73]. The 3 dB receiver sensitivity 

advantage offered by the DPSK type modulation formats causes the CSRZ-DPSK-Bal-Rx 

scheme to have the longest system reach at 160 Gbit/s. 

A further significant extension of system reach can be achieved by applying the 

concept of alternating compensation, which means to have an alternating order of post- 

and pre-compensated sections as described in [74]. The alternating effects of pulse 

broadening in a post-compensated span and pulse compression in a precompensated span 

cancel each other and thus the initial pulse shape is restored efficiently. Fig. 4-5 shows 

the corresponding setup. 
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Fig. 4-5 Alternating dispersion compensation setup. 

 

The components and parameters are identical to those used for dispersion post-

compensated system simulations. The optimization results for the CSRZ-DPSK 

modulation format are presented in order to find the maximum system reach that is 

possible by using alternating dispersion compensation. Fig. 4-6 shows the result. This 

technique provides 6 span longer transmission with Q > 6, reaching 16 spans This simple 

dispersion management technique results in a significant 60% extension in the 

transmission length for SMF28 fiber. Although all the results are not presented our 

simulations showed that alternating dispersion compensation is most efficient when fiber 

with the largest dispersion (SMF28) is used. For RZ and CSRZ modulation formats the 

improvement gained by this technique are found to be less than 25% for all the fiber 

types. 
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Fig. 4-6 Alternating dispersion compensation scheme system reach limits: Number of 

spans with Q>6 for CSRZ-DPSK-Bal-Rx at 160 Gbit/s. 

 

When we employ the alternating compensation scheme with the CSRZ-DPSK-Bal-

Rx modulation format, we have found it to be superior at 160 Gbit/s bit rate, thereby 

giving 1280 km system reach. This clearly suggests that advanced modulation formats, 

using a combination of a phase modulator and an intensity modulator, are necessary in 

parallel with advanced dispersion compensation schemes for ultra-high speed long-haul 

optical transmission. The theoretical background for EO polymer phase and intensity 

modulators is given in the next Chapter.  
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5. HYBRID ELECTRO-OPTIC POLYMER/GLASS OPTICAL MODULATORS 

 

In the previous chapter, the feasibility of 160 Gbit/s transmission systems was 

investigated by means of numerical simulations. The presented results suggest that, when 

advanced modulation formats and dispersion compensation schemes are used, up to 1280 

km long optical transmission lines can be realized. Therefore, fabrication of low cost 

modulator platforms, enabling ultra-high bit rates, is highly desired. LiNbO3 modulators 

are commercially available and widely used but their bandwidth is limited to 40 GHz 

[10]. EO polymers with 110 GHz bandwidth have been demonstrated in laboratory trials 

[18]. However, commercial EO polymer modulators still have less than 100 GHz 

modulation speed. The bandwidth of modulators is limited by their physical properties 

rather than material response times. Theoretically, both EO polymers and LiNbO3 

crystals have modulation frequencies up to 1012 Hertz [75]. For LiNbO3 modulators the 

refractive index dispersion from microwave to optical frequencies is the limiting factor 

[10, 76]. EO polymer modulators do not have this constraint, thus their speed can be 

increased by optimizing other physical properties such as substrate composition and 

electrode design [76].  

 

5.1 Electro-optic Polymer Optical Modulators 

 

Guest-host EO polymers are ideal candidates for high performance EO modulator 

fabrication due to their large nonlinearities, low index dispersion and flexibility [77]. 
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Their working principle is based on the linear electro-optic effect (Pockels effect). The 

Pockels effect was first discovered by Pockels in 1906 and is one of the earliest known 

nonlinear optical effects. This is mainly because it does not require a high intensity light 

source such as a laser for its experimental demonstration.  The electro-optic effect is a 

second order nonlinear effect and can be described as the change of refractive index of a 

material due to an external electric field applied to it. In the Pockels effect, refractive 

index changes linearly with the electric field.  For the Kerr effect the change of refractive 

index is quadratic with the applied electric field.  

Although, the refractive index change is typically very small (~10-5) the interaction 

length can be made long (1 cm) and total phase change will be in the order of π. An 

illustration of the electro-optic effect is shown in Fig. 5-1. 

 

 

Fig. 5-1 Illustration of the electro-optic effect in an electro-optic polymer. Refractive 

index change (Δn) is directly proportional to electric field (E) and induces a phase 

difference (ΔΦ). 
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In order to understand the fundamental requirements of a high performance optical 

modulator, the principals of Pockels effect will be given below. 

 

5.2 Pockels Effect 

 

Formally, the electro-optic effect is the change in the electric impermeability 

induced by an applied field [78]; 

 

                      

                    i,j,k,l  = 1,2,3      (5-1) 

 

where ηij are the elements of impermeability tensor, ε is the dielectric tensor and E is the 

applied electric field. The first term on the right hand side represents the Pockels effect 

and the rijk are the Pockels coefficients, while the second term represents the Kerr effect 

and the sijkl are the Kerr coefficients. The analysis here will be limited to Pockels effect as 

it is the dominant effect on optical modulators.  

With the help of Taylor series expansion around E=0,  (5-1) can be written as;  

rijk=      (5-2) 

In general rijk is a 27 element tensor. However, symmetry relationships in the 

nonlinear optical materials significantly simplify the r tensor. First of all, due to 
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permutation symmetry (rijk = rikj) the number of tensor elements reduces to 18. In 

addition, materials which exhibit second order nonlinear properties need to be non-

centrosymmetric. In particular, electro-optic polymers belong to ∞mm symmetry group 

[79]. When all these symmetries are considered, the Pockels coefficients for an EO 

polymer can be shown to be given by; 

 

            (5-3) 

 

 The relationship between the Pockels coefficients and the refractive index can be 

found by writing the impermeability tensor in terms of the refractive index; 

                  (5-4) 

and with the help of (5-2); 

 

                  (5-5) 
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As a typical case, for the geometry shown in Fig. 5-1 where the electric field is 

parallel with the optical polarization of the light in the direction +x; 

          (5-6) 

       (5-7) 

           (5-8) 

where no is the refractive index when Ex = 0 and Ex is the electric field applied in the x 

direction. It is seen in (5-8) that the change in the refractive index is proportional to 

applied electric field and the Pockels coefficient. 

 

5.3 Poling of Electro-optic Polymers on Glass Substrates 

 

Second order nonlinear optical effects can only exist in non-centrosymmetric 

materials. When the guest-host type EO polymer is first prepared as a thin film the guest 

chromophore molecules are randomly distributed inside the host polymer. Consequently, 

the material is centrosymmetric in nature. Through the help of thermally assisted electric 

field poling, the guest chromophores can be oriented in a specific direction due to their 

permanent dipole moments. In the poling process the EO polymer is heated to a 

temperature above its glass transition temperature (Tg), and a strong electric field is 

applied to the EO polymer.  In theory, as the applied poling field is increased the Pockels 

coefficient of the polymer will increase. However, in practice every material has a limited 
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dielectric strength where catastrophic breakdown occurs. As a typical experimental 

procedure, the breakdown voltage is first determined and a voltage value below 

breakdown is then applied during poling. Then, the EO polymer is cooled back to room 

temperature with the voltage still applied. This ensures that chromophores do not return 

to their original positions during cooling.  A schematic of the poling process can be seen 

in Fig. 5-2.   

 

 

Fig. 5-2 Illustration of the poling process steps, small arrows represent chromophores 

(Figure is taken from Ref. [77]) 

Poling of EO polymers on glass presents a significant challenge to obtaining low 

operation voltages [80, 81]. The high density (e.g., 1021  cm-2) of alkali ions in ion-

exchanged glass substrates makes the glass conductivity unacceptably high at elevated 

temperatures which results in inferior poling efficiency of the high Tg EO polymer layer.  
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Present technologies require a lengthy, high temperature and high voltage poling of the 

glass itself to obtain merely a moderate poling efficiency [80].  Instead, a buffer layer 

between the glass and electrodes can help reduce the conductivity and improve the 

dielectric strength of the device. In order to understand the effect of the buffer layer, 

surface conductivity is measured by using the structure shown in Fig. 5-3.  

 

Fig. 5-3 The cross section of the structure that was used to improve coplanar poling 

efficiency on glass. The buffer layer thickness was about 500 nm for SiO2 and 1-3 μm for 

sol-gel. The sol gel overlayer thickness was 10 μm.  

 

The surface conductivity of two different buffer types with respect to inverse 

temperature is shown in Fig. 5-4. The bare glass substrate and thermally grown silica 

substrate surface conductivities are also presented for comparison. It is seen that 

sputtered SiO2 buffer layer reduces the surface conductivity by an order of magnitude 
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compared to bare glass. However, the thermally grown silica substrate still has much 

lower conductivity. Higher conductivity of the sol-gel buffer when compared to the SiO2 

buffer is clearly seen on Fig. 5-4.  

 

 

Fig. 5-4 The surface conductivity of glass (IOG1) and silica (thermally grown) substrates, 

500 nm sputtered SiO2, and 1 μm sol-gel buffers on glass (IOG1) substrate with respect 

to inverse temperature. 

  The breakdown voltage of different buffer layers was then measured. Table 5-1 

shows the dielectric breakdown voltages and qualitative surface conductivity comparison 

for different buffer types. In Table 5-1 it is seen that, although it has a higher conductivity 

than the SiO2 layer, the breakdown voltage of the sol-gel buffer is still higher. This 
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suggests that the buffer layer may increase the breakdown voltage by limiting the charge 

injection. 

Table 5-1 Electrical characteristics of buffer layer 

 Dielectric 
breakdown 

[V/μm] 

Surface 

conductivity 

No Buffer 30 Very high 

Sputtered 
SiO2 

75 Low 

ZPU-430 75 Moderate 

Sol-gel 90 High 

 

 

5.4 Performance Criteria for Optical Modulators 

 

In an optical modulator the main design goals are reducing the operation voltage 

and optical loss and increasing the modulation speed. The voltage needed to change the 

phase of the light by π is called the half wave voltage (Vπ). Vπ is given in an EO polymer 

phase modulator shown in Fig. 4-7 as; 

 

            (5-9) 
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where λ is the wavelength, g is the electrode gap, L is the interaction length and Г is the 

electrical-optical overlap factor. In derivation of (5-9), r33 is taken as 3r13 which is a direct 

consequence of the microscopic and macroscopic symmetries of EO polymers [77]. 

Intensity modulators are typically fabricated with a Mach Zehnder type structure as 

shown in Fig. 5-5.  

 

Fig. 5-5 MZ intensity modulator with a single drive CPW-TWE. The impedance of the 

transmission line is shown symbolically with Zo. 

The Vπ in a MZ intensity modulator in the push pull configuration is given as; 

             (5-10) 
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It is clearly seen that as the r33 increases Vπ reduces and there is a factor of three 

reduction in Vπ when a MZ modulator in the push-pull configuration is used instead of a 

phase modulator. 

The major sources of optical loss in a modulator are coupling, propagation and  

electrode absorption. The coupling and propagation losses have been discussed earlier. 

The losses due to electrodes are specific to electro-optic devices. It is well known that, 

metals have very high absorption at optical frequencies and even small evanescent wave 

interaction with a metal layer can cause large optical loss in a modulator. The electrode 

induced loss is the main limiting factor in reducing the Vπ by means of reducing the 

electrode gap (g). In fact, a good figure of merit (FOM) is; 

             (5-11) 

where T is the transmission, Pin/Pout = exp(-αinsertion/10). The coupling and propagation 

losses are measured by the techniques described in Chapter 2. The electrode induced loss 

can be estimated by computer modeling. 

 Modulation speed is a critical performance parameter in optical modulators. The 

RC time constant of lumped electrodes limits the speed to a few GHz (2.2 GHz.cm in 

LiNbO3 modulators). In order to fulfill the requirements of ultra high speed 

communication systems, more than 100 GHz modulation frequency is needed. Travelling 

wave electrodes (TWE) enable high speed operation of optical modulators [82]. 

Historically, coplanar waveguide (CPW) TWEs are designed and optimized for LiNbO3 
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modulators. The main goal of the TWE is to realize impedance matching between the 

transmission line and the electrodes. When these two impedances match, modulator 

speed is no longer limited by the RC time constant but by the difference in optical and 

microwave electromagnetic field transmission times. For a CPW electrode 3-dB 

modulation bandwidth is given as; 

     (5-12) 

where Nm and No are the microwave and optical mode effective refractive indices, 

respectively.  The large dispersion from microwave to optical frequencies (Nm-No) in 

LiNbO3 substrates limit their bandwidth to about 20 GHz. By utilizing sophisticated 

electrode configurations this limit can be increased to 40 GHz. For EO polymers No is 

around 1.6 and Nm is slightly higher than that. In general, Nm can be written as; 

     (5-13) 

where C is the per unit capacitance of the electrodes and Co is the per unit capacitance of 

the electrodes in free space. C is directly proportional to the effective dielectric constant 

of the microwave field. Consequently, Nm is a function of cladding, core and substrate 

dielectric constants. Although, for an EO polymer material Nm-No is low (0.1-0.2), the 

substrate and cladding dielectric constants can cause this value to increase and they have 

to be taken into account when designing a high speed modulator. It should be noted the 

high dielectric constant of Silicon substrates can hinder bandwidth optimization. 
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Conveniently, glass has a lower dielectric constant which is potentially more suitable for 

high speed applications. 

5.5 Hybrid Modulator Design 

The coupling and propagation losses of EO polymer modulators can be significantly 

reduced if their hybrid integration with ion-exchanged glass waveguides can be realized. 

One of the major problems of EO polymer modulators, coplanar poling on glass 

substrates, can be solved by using a buffer layer as described in Section 5.2. The other 

key challenges are achieving a low loss transition between ion-exchanged and EO 

polymer waveguides and increasing the FOM by optimizing the electrode gap. A 3D 

illustration of the proposed device for solving these problems is shown in Fig. 5-6. The 

upper cladding is omitted for clarity.  
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Fig. 5-6  3D illustration of a hybrid EO polymer/glass modulator. ltaper  is the length of 

the adiabatic transition and Lactive  the length of the active section. wi  the width of the 

coupling region, wo the width of the EO polymer core, and we the width of electrode gap. 

The buffer layer thickness is given by hb and EO polymer film (green) thickness by hc. 

The device substrate was IOG-1 phosphate glass. Standard single mode fiber, 

SMF28, was used to couple light into the device. The wider ion-exchange waveguide at 

the input section provides an excellent mode match to SMF28 and thus results in a fiber 

coupling loss of about 0.5 dB. The fiber coupled light (λ=1.55 μm) propagates in the low 

loss ion-exchanged glass waveguide before making an adiabatic transition into EO 

polymer waveguide. The coupling region (wi = 8 μm) makes a lateral transition to the 

core region (wo = 2 μm). The length of the transition region was ltaper = 1 mm. The metal 

electrodes are shown in yellow and the EO polymer waveguide (Lactive =1 cm) in green.  

The design of the physical taper for adiabatic transition of the ion-exchange 

waveguide mode to the EO polymer waveguide was critical in order to reduce the losses. 
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FIMMWAVE was used to optimize the taper length. Fig. 5-7 shows the light propagation 

in a hybrid structure where the mode makes an adiabatic transition from ion-exchange to 

EO polymer (n=1.7) waveguide on top and the output power as a function of taper length 

at the bottom of the figure. It is seen that the transition loss decreases as the taper length 

increases and reaches a plateau after about 2000 μm. 

 

 

Fig. 5-7 The EME simulation of light propagation in a hybrid structure (top). The output 

power vs. taper length for the same structure (bottom). 
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The design of the EO polymer waveguide was critical in order to reduce the metal 

absorption induced losses in the active waveguide section. We have decreased the 

interaction of the optical mode field with the metallic electrode layer by increasing the 

mode confinement. We have used FIMMWAVE to optimize the waveguide geometry. 

Fig. 5-8 shows the electrode induced loss with respect to EO polymer film thickness, hc, 

for a 1 μm core width and a 5 μm electrode gap. The cross section of the modeled device 

geometry is shown in Fig. 5-10 (bottom left corner).  

 

 

Fig. 5-8 Simulated electrode induced loss due to the 100 nm electrode layer with respect 

to hc. wo was chosen to be 1 μm and we = 5 μm. The inset shows the mode shape of the 

EO polymer waveguide (refractive index nEOpol =1.7) for hc equals 0.4, 0.7 and 1.3 μm. 
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The thickness of the buffer layer, hb, was chosen to be 0.5 μm for simulation 

purposes. hc is varied between 0.4 μm and 1.4 μm in order to control the mode 

confinement. The optimum EO polymer thickness, hc, was found to be 0.7 μm. The inset 

shows the mode shape of the EO polymer waveguide for hc equals 0.4 μm, 0.7 μm and 

1.3 μm. Better mode confinement for the 0.7 μm thick film is clearly seen. The computer 

modeling results show that there is an optimum film thickness needed to achieve the 

highest mode confinement and this thickness approaches the buffer layer thickness, hb, 

when hb is larger than 0.7 μm.  The control of the residual layer thickness, which is 

defined as the layer of polymer outside of the core region, was critical in order to obtain 

high mode confinement. Precise control was achieved by changing the viscosity of the 

polymer solution and spin speed.  

5.6 Device Fabrication 

 The same buffer layer materials which were tested for coplanar poling were also 

tested for their processing characteristics. The comparison of different buffer layer 

performances is shown in Table 5-2. It is observed that sol-gel deposition and etching 

controllability was superior and as a result, it was used in the remainder of the 

experiments. 
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Table 5-2 Fabrication characteristics of different buffer layers 

 Etching Technique Thickness control 

No Buffer N/A N/A 

Sputtered SiO2 Wet/dry Slow deposition 

ZPU-430 Dry >2 μm 

Sol-gel Wet/dry 1-3 μm 

 

The adiabatic transition from ion-exchange waveguide to EO polymer waveguide 

was provided with a physical taper as shown in previous section. After the EO polymer 

was spin coated, physical tapers were patterned by standard UV lithography and dry 

etching. The patterning of 0.5 mm long physical tapers on EO polymers has been 

demonstrated by shadow masking, previously [83]. The reported loss was 0.25 

dB/transition. In order to obtain negligible transition loss, a longer smooth taper and a 

more controlled fabrication technique is desired as demonstrated in the previous section. 

We have used a gray scale lithography technique to pattern an S1813 photoresist on EO 

polymer, AJLY. AJLY was not attacked by the photoresist unlike common host polymers 

APC and PMMA and thus, we were able to spin coat photoresist on it. The pattern on 

photoresist was transferred to EO polymer by an oxygen reactive ion etching (RIE) 

process in an Oxford RIE system. The RF power was kept low (50 W) and pressure was 

kept high (50 mTorr) to ensure smooth and controlled etching. The etch rate was about 
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0.2 μm/min. Both the etch rate and thickness of the EO polymer and photoresist were 

made to be comparable to ensure that the EO polymer physical taper is a good replica of 

the photoresist taper. By reducing the surface roughness (< 20 nm) and optimizing the 

taper length (1 mm), we have decreased the transition losses to less than 0.2 dB. A 3D 

surface map of the fabricated physical taper is shown in Fig. 5-9. 

 

 

Fig. 5-9 Comparison of 3D maps of 1500 and 2500 μm long tapers on polymer. 

 

Typically, hybrid optoelectronic devices with coplanar electrodes may require two 

critical alignment steps. One step is the alignment of the EO polymer waveguide to the 

input/output waveguide and the other is the alignment of electrodes to the EO polymer 

waveguide. The alignment errors in these steps will cause electrode induced losses when 

less than an 8 μm electrode gap size is required and the tolerances are low. In order to 

minimize the electrode induced loss even for very narrow gap size, an alignment free 

fabrication method has been developed. 
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Initially, the buffer layer material, 1.2 μm thick in-house sol-gel, was spin coated 

onto the glass substrate surface. The details of sol-gel preparation are given elsewhere 

[63]. Then, the sol-gel was cured at 130ºC for an hour and baked at 190ºC overnight in a 

vacuum oven to ensure stability during the ion-exchange process. To avoid sol-gel water 

absorption, as reported for a similar material previously [84], 100 nm of chromium (Cr) 

was ion-beam sputtered immediately and served as an electrode layer. Next a photoresist 

film, S1805, was spin coated and patterned by UV lithography to serve as an etch mask. 

The Cr layer was etched with a commercial Cr etchant for 40 seconds, after which the 

sol-gel was etched by buffered oxide etchant (BOE) for 5 minutes [13].  Fig.4-15 shows 

the rest of the fabrication steps and they are as follows; a second Cr etching step was 

applied for an extended period of time to precisely control the gap size. The overetching 

rate was approximately 5 min/μm, however in general, the total overetching time is 

determined by factors like material adhesion, desired electrode gap size, etc. For 

example; to obtain a 6 μm electrode gap, the total overetching period was 10 min for wo = 

2 μm. 100 nm Ag was next deposited on both surfaces (top and bottom) of the glass 

substrate so that ion-exchange waveguides could be made in the glass.  Exchange of Na+ 

and Ag+ ions results in a refractive index change that can be used for optical 

waveguiding.  The details of the silver-film ion-exchange waveguide fabrication process 

are given elsewhere [85]. After exchange of Ag+ and Na+ ions in the glass, the remaining 

Ag film was removed with base piranha solution and photoresist was removed by 

successive ultrasonic baths in acetone and isopropyl alcohol. Then, the device platforms 

are annealed at 230 ºC for 1 hour to obtain low loss, single mode ion-exchange 
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waveguides. The 1 cm long active section was patterned on the Cr film mainly to avoid 

edge effects during poling and to minimize electrode induced optical losses. There was 

no critical alignment necessary for this patterning process. Finally, EO polymer solution 

was spun casted into the prepared trenches; due to the nature of the spin coating process, 

a residual layer with 0.4 µm thickness remains outside of the trenches. The EO polymer 

was dried in a 50ºC vacuum oven for 16 hours. 

 

Fig. 5-10 Alignment free hybrid modulator fabrication steps (light blue buffer layer 

material can be i.e. SiO2, ZPU 430 or sol-gel). The bottom left corner of the figure shows 

the cross section of the active region with the core height given as hc and the buffer 

height given as hb 
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 A top microscope view of the fabricated structure is shown in Fig. 5-11. The 

picture shows the active region of the modulator platform before EO polymer and upper 

cladding were spin coated (we=8 μm and wo= 2 μm). The overetching time was 15 min. 

The sharp, clean Cr edges demonstrate that overetching did not have any effect on the 

electrode quality. The microscope picture in the inset shows the alignment features 

etched on 1.2 μm thick sol-gel and the 2 μm overetched Cr electrode layer. The 1 μm 

wide rectangles on top were separated by 1 μm, and the 2 μm wide rectangles just below 

them were separated by 2 μm. Less than 0.5 μm lateral etching demonstrated the 

anisotropic wet etching characteristics of the sol-gel. Wet etching also provided smooth 

side walls which helped in obtaining lower scattering losses. 

 

Fig. 5-11 Top microscope view of a test sample with sol-gel buffer layer and Cr 

electrodes. The end facet is prepared by cleaving the glass. The electrode spacing of 8 μm 

was obtained by 15 min overetching. Minimum feature size on the inset is about 1 μm. 
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Finally, a 5 μm sol-gel upper cladding (n=1.48) was spin coated and UV cured at 

room temperature to avoid crosslinking of the EO polymer and finally the glass substrates 

were cleaved to provide optical quality end facets. The overall device length was 1.5 cm. 

5.7 Modulator Characterization 

The width of the waveguide core (wo) and electrode gap size (we) were made as 

small as 1 μm and 6 μm, respectively, by using a sol-gel buffer layer and the alignment 

free fabrication technique. The total insertion loss of a device with wo = 2 μm and we = 8 

μm was measured to be 5 dB. The material loss of AJLY was 3.5 dB/cm and the 

remaining 1.5 dB loss is attributed to coupling (0.5 dB), transition (0.2 dB) and electrode 

absorption (0.8 dB). 

Before poling the fabricated devices, we have measured the r33 of AJLY with the 

Teng-Man method at 1.34 μm wavelength [86]. The experimental setup for the 

measurement is illustrated in Fig. 5-12. 

 

Fig. 5-12 Experimental setup for measuring EO polymer r33. (Figure is taken from Ref. 

[77]) 
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According to Khanarian's derivation [87], the r33 can be calculated with the 

formula: 

            θπ
θλ
22

22

33 4
)(3

SinnIV
SinnI

r
cpoly

m −
=               (5-14) 

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

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

applied to the polymer and θ is the angle of incidence.  The sample is prepared by spin 

coating an EO polymer film on an indium tin oxide electrode and then by depositing a 

gold film on the EO polymer as a top electrode.  The results of the Teng-Man 

measurement are shown in Fig. 5-13.  The poling temperature was 135 ºC and the poling 

field was varied from 50 V/μm to 100 V/μm. The r33 at 1.55 μm was estimated by using 

measurements at 1.34 μm [75]. The maximum r33 at 1.55 μm wavelength is expected to 

be 34 pm/V for a 100 V/μm poling field.  
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Fig. 5-13 The variation of r33 with respect to poling voltage. The poling temperature was 

135 ºC.  Measurements were done at 1340 nm and r33 values at 1550 nm were calculated. 

  

Next, hybrid devices with a 6 μm electrode gap were poled by applying 75 V/μm 

electrical field at 135 ºC. The sol-gel buffer layer has improved the achievable poling 

field by a factor of three [88] however, the charge injection typically observed in 

coplanar geometries prevented higher poling fields [81]. Phase modulators were tested in 

a waveguide characterization setup after poling. Low frequency phase modulation was 

measured with an oscilloscope. The data collected by the oscilloscope is shown in Fig.5-

14. The Vπ was measured as 16 V.  This Vπ value corresponds to an r33 and Γ (optical and 

electrical field overlap integral) product of 16 pm/V. According to the Teng-Man 

measurements the expected r33 was 25 pm/V for 75 V/μm poling field, which suggests 
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that the overlap integral was approximately 0.64. This value is in good agreement with 

previously reported values for coplanar electrodes with similar geometry [76]. 

 

 

Fig. 5-14 Oscilloscope output of the modulation signal (red) and detected optical signal 

(blue). Vπ = 16 V. 
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6.  CONCLUSION AND OUTLOOK 

In conclusion, ion-exchanged glass waveguides are demonstrated to be suitable for 

sophisticated device applications when fabrication conditions are optimized and when 

they are integrated with other material systems such as sol-gel and electro-optic 

polymers.  

A simple and robust integrated optic sensing platform based on low-cost silver-film 

ion-exchanged glass waveguides was presented. The waveguides exhibit high evanescent 

way interaction due to optimized index profile and sufficiently low losses (<8 dB/cm) to 

operate in the single-mode regime in the wavelength range of 400 - 650 nm. By taking 

advantage of the high extinction coefficient at the Soret band present in heme proteins, 

the surface adsorption of protein films at glass/water interfaces was probed. The 

adsorption isotherm of oxidized cyt c protein films on the waveguide borosilicate glass 

surface was investigated. Limit of detection comparable to state-of-the-art SPR biosensor 

(less than 100 pg/cm2) is achieved. The highly sensitive and spectroscopic selective 

detection of protein films described here can potentially become an important portable 

bioanalytical tool for monitoring protein binding at several biomimetic surfaces in 

technologies such as high-throughput screening of novel pharmaceutical drugs and 

immuno-assay biosensors. The on-chip referencing technique improved SNR by an order 

of magnitude when low cost laser pointer type light sources are used in absorption based 

integrated optical bio-detection.  

A novel fabrication technique for hybrid coplanar EO modulators on glass 

substrates was presented. The alignment free technique brings simplicity and precise 
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fabrication control. The hybrid structure had 5 dB insertion loss for a 8 μm electrode 

spacing. The lowest obtained Vπ value was 16 V (5.3 V for MZ device with push-pull 

configuration) for 1 cm active length. The gray scale patterned EO polymer AJLY 

enabled fabrication of 1 mm long, smooth tapers and thus allowed low transition loss. 

The low propagation loss and 75 V/μm poling field at 135 ⁰C is achieved by taking 

advantage of excellent optical and electrical characteristics of the sol-gel buffer layer. 

The described technique potentially allows integration of ion-exchanged glass 

waveguides with various optoelectronic devices. The fabrication of thick electroplated 

electrodes is required in order to obtain high speed, low Vπ (sub 1-volt for push-pull) and 

low loss (5 dB) modulators.  
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