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ABSTRACT 
 
  

 Guided-wave integrated optical devices are demonstrated by using various optical 

materials. First, a novel integrated optical planar waveguide platform for absorption-

based biosensing is demonstrated. The platform integrates surface ion-exchanged channel 

waveguides with one-step UV patterned sol-gel structures to define the probing regions.  

Cytochrome c protein was utilized to characterize the device performance. 

Spectroscopically specific attenuation of approximately 2 dB in the guided signal 

occurred at 532nm for 1.4 cm long probing region. The estimated level of detection is 

about 1 pmol/cm2 of surface adsorbed cytochrome c. The proposed structure enables 

environmentally stable, compact, and inexpensive sensing devices that can be applied to a 

wide range of biological and chemical species. Second, An arrayed waveguide grating 

(AWG) with a novel S-shaped design for broadband operation is demonstrated for the 

first time with III-V semiconductors. This device design provided a polarization and 

temperature insensitive operation. It is also shown that, despite the wide operating range, 

chromatic dispersion does not degrade the performance of the AWG. The AWG is 

operational above the absorption edge of the semiconductor (1100nm) and can function 

for a wide range of wavelengths covering the coarse wavelength multiplexing range from 

1270nm to 1610nm. A four channel AWG with this novel design was fabricated and 

characterized. Finally, simple fabrication of optical waveguides using a novel 

Photosensitive Polyimide (PSPI) is presented. PSPI has a glass transition temperature (Tg) 
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of 330 oC and is directly patterned by UV exposure and wet chemical development, 

lending itself to low cost fabrication techniques. The fabricated waveguides posses low 

optical absorption at 1.3 and 1.5 µm. Single and multimode buried ridge waveguides 

were made and tested, and a 0.4 dB/cm optical propagation loss is measured at 1.55 µm.    
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CHAPTER 1 

1 INTRODUCTION 
 

Integrated optics is the name given to a generation of opto-electronic systems 

where the old fashion wires and cables are replaced by light-wave guiding optical fibers 

and structures, and conventional integrated circuits are replaced by optical integrated 

circuits (OIC’s). Optical waveguides are one of the fundamental elements of the OIC’s. 

In an OIC, the signal is carried by a beam of light rather than by electrical current. 

Various circuit elements are interconnected on the substrate wafer by optical waveguides. 

Optical waveguides are commonly used in a broad range of optical devices with various 

functionalities for applications such as optical communication systems and sensors. 

Components employing optical waveguides include couplers, wavelength division 

multiplexers (WDM), de-multiplexers, splitters, lasers, modulators, amplifiers, and 

detectors. 

 When the combination of these components are all integrated on a single substrate, 

the device is called a monolithic OIC. When components of OIC are made of different 

materials, the device is called a hybrid OIC. Modern optical devices have made it 

necessary to integrate various components and materials in these combinations.  

Wave-guiding by definition implies the availability and exploitation of refractive 

index difference. Various material systems provide opportunities for different 

functionalities. They include refractive indices and ways that the refractive index may be 

modified in order to form or modify optical waveguides. Within the field of waveguide 
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OIC’s, preferred materials are usually solids which posses the desired level of 

transparency for optical signals. Some of the materials and material systems commonly 

used for optical waveguide fabrication include: dielectric materials like silica, non-

centrosymmetric single crystals such as lithium niobate, compound semiconductors such 

as III-V semiconductors InP and GaAs, and organic polymers. This dissertation contains 

studies for a few integrated optical devices fabricated by incorporating some of these 

material systems: glass, semiconductor, polymer, and sol-gel.  

 The second chapter presents the design, fabrication and characterization of an 

integrated optical biosensor using a hybrid glass and sol-gel platform. Ion-exchange is 

one of the most popular techniques of fabricating waveguide devices on glass substrates. 

The technique offers flexibility in the choices of fabrication parameters, a simple and 

suitable process for inexpensive high volume production, low propagation losses, and 

demonstrates compatibility with planar micro-fabrication processes. In this research, 

surface ion-exchanged waveguides were integrated with photo-patternable sol-gel layers 

in order to create a planar optical waveguide biosensor. Sol-gel processing is being 

vigorously developed as a method of versatile, high volume glass deposition and has 

extended into new areas of photonics applications where its compatibility with other 

device manufacturing processes is very attractive. Using this hybrid device, an 

absorption-based biosensor is described with micro patterned openings formed by sol-gel 

over the ion-exchange waveguides.  

 The design, fabrication and characterization of a broadband, polarization and 

temperature insensitive four channel multiplexing component, an arrayed waveguide 
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grating, on InP based substrates is discussed in the third chapter. The device includes 

semiconductor optical waveguides formed by III-V semiconductor compound layers 

grown by metal organic chemical vapor deposition. The choice of this material enables 

the possibility of future monolithic integration of active elements such as semiconductor 

optical amplifiers on the same substrate. An S shape design was implemented in order to 

achieve broadband operation which is suitable for coarse wavelength division 

multiplexing applications.  

 The final chapter presents the study of a novel photosensitive polymer material 

for photonics applications. This novel material was characterized for processes involved 

in conventional micro-fabrication in a clean room.  Optical waveguides were designed 

and fabricated using this unique material, and the results of the characterizations are 

presented.  
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CHAPTER 2 

2  HYBRID GLASS AND SOL-GEL INTEGRATED OPTICAL 
WAVEGUIDES FOR ABSORPTION-BASED BIOSENSING 

 

2.1 INTROUCTION 
 

Integrated optical and optoelectronic devices are being explored extensively for 

use in chemical and biological sensing applications [1,2].  Common optical bio-sensing 

techniques and approaches include optrode-based fiber optic biosensors [3-5], evanescent 

wave fiber optic biosensors [6], flow immunosensors [7-9], fluorescence lifetime 

biosensors [10-12], electrochemiluminescence [13,14], surface plasmon resonance 

biosensors [15,16], resonant mirror sensors [17,18], interferometric sensors [19,20], and 

planar waveguide sensors [21,22]. Optical sensors using planar optical waveguides are 

compact and offer high sensitivity, ease of fabrication, and potential for simultaneous 

detection of multiple bio-chemical species through monolithic integration of various 

components on a single chip. Analytes in the presence of multiple species require devices 

with high selectivity, functionality, and heterogeneous integration of different material 

systems.  

This chapter describes a guided-wave biosensor structure that uniquely combines 

the attractive features of ion-exchanged glass waveguides and photo-patternable sol-gel 

materials that lead to disposable and highly selective planar bio-sensing devices. This 

was achieved by applying the device to absorption-based sensing of a sub monolayer of a 

biomolecule adsorbed to the waveguide surface.  When absorption-based sensing is 
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compared to other sensing schemes, it has the advantage of uniquely identifying specific 

biological and chemical species by comparing the bulk absorption spectrum of these 

agents. This sensing scheme also provides temperature insensitive operation capable of 

functioning in various environmental conditions.  

The device integrates surface optical channel waveguides fabricated on a very 

inexpensive glass substrate using an ion-exchange process with UV micro patterned sol-

gel structures over the waveguides defining the sensing region.  The use of simple and 

inexpensive one-step UV patterning of sol-gel, without any reactive ion etching, also 

provides a robust basis for integration of several sensing elements for simultaneous 

detection of multiple bio-chemical agents on a single platform [8,9].  Previously reported 

techniques for defining the sensing regions include selective burial of the waveguides [9] 

and use of techniques and materials [10] requiring multiple thermal evaporations. These 

techniques require multiple processing steps that potentially translate into higher 

fabrication costs. Using a UV photo-patternable sol-gel allows better monolithic 

integration with other sol-gel components such as diffraction gratings, micro-lenses, and 

fiber alignment features. This makes the UV photo-patternable sol-gel highly attractive 

for integrated biosensor applications, it is easier and cheaper to fabricate. 

 In this study, a novel integrated optical planar waveguide platform for absorption-

based biosensing is demonstrated. This platform integrated surface ion-exchanged 

channel waveguides with one-step UV patterned sol-gel structures to define the probing 

regions.  Cytochrome c protein was utilized to characterize the device performance. 

Spectroscopically specific attenuation of approximately 2 dB in the guided signal 
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occurred at 532nm for 1.4 cm long probing region. The estimated level of detection is 

about 1 pmol/cm2 of surface adsorbed cytochrome c. The proposed structure enables 

environmentally stable, compact, and inexpensive sensing devices that can be applied to a 

wide range of biological and chemical species. 

2.2 OPTICAL WAVEGUIDE SENSORS: A CLASSIFICATION 

2.2.1 Extrinsic or Intrinsic 
 

In some waveguiding sensors waveguides are only used for easy transport of light 

to and/or from a sensing region that is located outside the waveguiding structures. This is 

called an extrinsic optical sensor. In an extrinsic sensor, light brought in by the input fiber 

or light generated in the sensing region is partially trapped by another fiber as guided 

modes. The transfer function can be modulated by the sensing action, (e.g., absorption by 

a species with unknown concentration). This extrinsic sensor can be used for more 

interesting purposes like providing an optical read-out of the displacement of a membrane 

in a micromechanical pressure sensor [8]. The counterpart of extrinsic sensors is formed 

by the intrinsic ones where sensing is achieved in regions within the control of guided 

modes. 

2.2.2  Generator or Modulator 
 

In the generator or modulator sensing principle, light is needed to optically sense 

biological or chemical concentrations. This light is supplied by the sensing mechanism 

itself in sensors of the generator type. Light is generated by a chemical reaction in the 

molecules of the measurand (i.e. the species X whose concentration has to be detected). 



                                     
 
  23 

One of the reaction products is created in an excited state and is capable of emitting light 

during return to the ground state. The intensity reflects the concentration Cx. The 

measured molecule X may act as a reactant [23]: 

*MLXA +⇒+       ,                                                                  (2-1)                                      
 
or as a catalyst: 
 

 *MLXA
x

+⇒+      ,                                                                    (2-2) 
 
where 
 

γhMM +→*     .                                                                      (2-3) 

 

The optical system has only one task of collecting the emitted light and transporting it to 

a detector. In modulator type sensors, the species X induces a change of an optical 

parameter that modulates a guided wave that propagates through the sensing part.  

2.2.3 Core or Evanescent field 
 

The optical phenomenon that provides sensing may occur in the core layer or 

outside it. Sensing in the core layer is more sensitive because that area is probed by a 

major part of the mode energy. For example, in an electric field sensor it is the core layer 

that shows the electro-optic cross effect on which the sensor relies. Some IO chemical 

sensors have been reported in which core properties can be modulated [24]. A condition 

is that there is some porosity of the core material, permitting its invasion by the chemical 

species. Until recently this prerequisite has excluded fiber-optic sensors from this sensing 

class because of response time and reversibility specifications. In most sensors the 

sensing action is localized in the cladding region and is probed by the evanescent field or 



                                     
 
  24 

evanescent field sensors. In IO sensors the evanescent field region is open to the medium 

containing the measurand. In order to use fibers, part of the cladding has to be removed 

locally by polishing [25,26] or a D-shaped fiber [27] has to be applied. 

2.2.4 Linear or Nonlinear 
 

Modulation sensing can be based on linear or non-linear phenomena. If during 

sensing, guided modes with another frequency fj, different from that of the incoming 

mode fi, are generated (as in Raman effect and luminescence) then the sensor can be 

called non-linear. In linear sensors the frequency remains constant, but the polarization 

state, amplitude or phase of the guided mode changes as a consequence of the 

concentration-induced change of the dielectric constant of one of the compositional 

materials.  

2.2.5 Refractive or Absorptive 
 

In linear sensors, the presence of a chemical or biological species X changes the 

dielectric constant of one of the waveguide layers. This dielectric constant can be 

presented as a complex quantity Є = Є’ – i Є’’ ; for optical frequencies Є’’ determines the 

absorption and Є’ is related to refractive index n. Further division of linear sensors has 

been based on the exploitation of concentration induced changes of either the real part Є
’ 

or imaginary part Є’’ of the dielectric constant. The corresponding sensor types are called 

refractive and absorptive respectively.  
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Figure 2-1. Classifications of integrated optical bio-chemical sensors. The sensor 

device fabricated in this study is a linear, guided wave evanescent field 

absorption based biosensor. 

 

Various classifications for optical guided wave bio-chemical sensors are 

summarized in Figure 2.1. The sensor used in this study is a guided wave evanescent 

field absorption based linear sensor. 

2.3 EVANESCENT FIELDS 
 

When light is launched down a waveguide placed in contact with a lower 

refractive index material and conditions are present to allow total internal reflection of 

this light, an electromagnetic component of the guided light extends out from the 

boundaries of the waveguide into the lower refractive index medium. This 

electromagnetic field or evanescent wave has a limited penetration depth and can be used 

to specifically excite or interact with the bio-chemical molecules bound to or in close 
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proximity to the waveguide surface. Evanescent wave optical waveguide sensors have 

been developed that utilize the limited penetration depth of the evanescent field to detect 

a variety of analytes. These sensors are able to measure optical effects such as index and 

absorption at the waveguide surface with relatively little interference from the bulk 

solution. The ability of these instruments to rapidly detect specific analytes even in the 

presence of complex sample matrices has been demonstrated under both laboratory 

conditions and in the field.  

The details of the electromagnetic field solutions for waveguides are summarized 

in Appendix A. Figure 2-2 depicts a basic three-layer planar waveguide structure. The 

 

 

Figure 2-2.  Schematic of a evanescent field sensing in waveguides. Bio-

chemical molecules adsorbs to the surface of the waveguide, enabling interaction 

with the evanescent field from the guided mode. 
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Maxwell equation solutions in this waveguide structure result in an evanescent wave for y 

> a. The solution for this region is given by; 

)exp( qyCx −⋅=ε                                   ∞≤≤ ya                                (2-4) 

 

where q is given by; 

2/122
2

2 )( knq −= β    .                                                                              (2-5) 

 

In equation 2-5, β is the effective propagation constant for the guided mode in the 

waveguide and k=2π/λ, where λ is the free space wavelength of the light in the waveguide. 

As seen in equation 2-4, the field of a guided mode penetrates as an evanescent field; an 

exponentially decaying field in regions y > a, and y < -a. This exponentially decaying 

field penetrates a small distance ∆yc into the cladding medium, which in sensor 

applications is the sample covering the waveguide surface. More precisely, the 

evanescent field has a penetration depth that is defined as the distance which the strength 

of the evanescent field is 1/e of its value at the waveguide surface and is given by; 

 

[ ] 2/12
2

2)2/( nny effc −⋅≡∆ πλ                                                          (2-6) 

 
 

In equation 2-6, neff is the effective index of the guided mode in the waveguide. 

During the sensing applications, the bio-chemical molecules penetrate the evanescent 

field in order to interact with it. The evanescent field “senses” changes in the refractive 

index distribution near the waveguide surface. Changes in the refractive indices occur 

both in real and imaginary portions of refractive index. As discussed previously, changes 
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in real part of the index cause a change in the effective index of the guided mode. This 

causes a change in the phase of the guided mode. Changes in the imaginary portion of the 

index result in a change in the absorption of the guided mode. Therefore, one important 

parameter while designing waveguides for evanescent field sensing applications is the 

penetration depth and the overlap of the guided mode tail with the surrounding over 

layers.  

2.4 WAVEGUIDE MATERIALS 
 

Selecting waveguide materials is very important and certain points must be 

considered. These include transmission of the light used for sensing, waveguide 

fabrication techniques and limits, nature of interaction with sensitive bio-chemical 

molecules and cost.  

The transparency of the waveguide material is relative to the chosen device 

operating wavelength. Since it was the goal of this project to fabricate an absorption 

based sensor, and due to the absorption characteristics of potential of interest bio-

chemical molecules it was necessary to choose a material which would be highly 

transparent for a relatively broad spectrum extending from ultraviolet to visible. Most of 

the bio-chemical agents that are of potential interest for sensing applications have specific 

optical characteristics, especially at lower visible and UV portion of spectrum. Therefore, 

due to their excellent transparency for this spectrum range, silica based glass material 

systems were chosen to be the waveguide materials used in this study. A very 

inexpensive borosilicate (corning 0211) glass substrate was chosen to be the waveguide 

substrate material. A silver ion-exchange [28] technique was used to fabricate surface  
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Figure 2-3.  Transmittence of Corning 0211 (borosilicate) glass substrate material. 

Very high transparency from deep ultraviolet to far infrared (320 nm to 3000 nm). 

Measurements were done with a 0.23 mm thick borosilicate sample. 

  

waveguides on this borosilicate glass substrate. Figure 2-3 shows the transmission 

spectrum of 0.23 mm thick Corning 0211 glass sample. As seen from the transmission 

spectrum, this glass has a very high transmission rate for the desired wavelength windows 

from UV to far infrared. The thickness of the purchased substrates were 0.5 mm and used 

as received from the manufacturer. This material and substrate was very inexpensive: less 

than $1.00 for a two inch substrate. In addition to borosilicate glass a sol-gel material was 

analysed and used both as waveguide core and cladding material. Well studied sol-gel 

fabrication process [29,30] can produce silica based passive waveguides and cladding 

structures by wet-etch processing of photosensitized sol-gels. Hybrid integration of ion-

exchange and sol-gel glass materials enable good control of both refractive index and 

dimensions and create opportunities for integrated structures. Waveguides using both of 

these materials were designed and tested for their potential as a  
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Figure 2-4. Proposed sol-gel and ion-exchange waveguide structures investigated 

for evanescent fields. Sol-gel produces ridge waveguides on a buffer layer. Ion-

exchange results in a surface waveguide on borosilicate glass surface. 

  

sensing structure. The point of interest in these investigations focused on the evanescent 

field of these waveguide structures for sensing purposes. For this, waveguide geometries 

shown in Figure 2-4 were considered and evanescent fields were calculated. By using sol-

gel, ridge waveguide structures through photo patterning were produced. Using ion-

exchange process, surface channel waveguides through diffusion were obtained as seen in 

Figure 2- 4. Evanescent field solutions as discussed in the previous section, depend on the 

indices of the core and cladding and also the dimensions of the waveguide geometry. 

Figures 2.5 and 2.6 summarize the results of evanescent field calculations for the sol-gel 

ridge geometry in vertical direction. Evanescent field percentage was calculated with 

both waveguide core layer (sol-gel) thickness and under cladding buffer layer index taken 

into consideration. These results are shown in Figure  2.5. Calculations were done at a 

wavelength of 633 nm and a refractive index value of 1.33 was used for the sensitive 

solution over the waveguide. Figure 2-6 shows the results of the calculations for 

evanescent field percentage with respect to under cladding buffer and over cladding 
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sensitive solution indices for a thickness of 2 µm of the sol-gel ridge waveguide at 632 

nm.  

 These calculations for the evanescent field for a sol-gel ridge waveguide revealed 

a very small interaction between the guided mode and the sensitive solution over the 

ridge. From the graph in Figure 2-5, it is seen that a negligible portion of the guided 

mode is overlapping with the sensitive solution unless the thickness of the sol-gel ridge is 

less than 1 µm. With the sol-gel material it was not possible to get smooth and crack free 

films for sol-gel thicknesses less than 3 µm thick. Since the sensitivity of the waveguide 

sensor depended on the overlap between the evanescent tail and the sensitive solution, 

use of sol-gel as a core resulted in minimum to no sensitivity. As a result, ion-exchange 

surface waveguides were examined for sensing purposes. Figure 2-7 presents the results 

of these calculations for an ion-exchanged waveguide. Various mask opening widths 

were examined to calculate the evanescent field percentages with respect to over-layer 

index. 
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Figure 2-5. Fraction of the guided mode field in evanescent tail with respect to 

ridge waveguide thickness t, and buffer layer index, for the sol-gel ridge 

waveguide structure shown in Figure 2-4. The wavelength used in the 

calculations was 632 nm for a sensing solution index of 1.33. 
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Figure 2-6. Fraction of  the guided mode in evanescent tail with respect to under 

and over cladding layer indices, for the sol-gel ridge waveguide structure in 

Figure  2.4. The wavelength used in the calculations was 632 nm for a waveguide 

2 µm thick. 

 



                                     
 
  34 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2-7. Percentage overlap of the fundamental mode with overlayer for an 

ion-exchanged waveguide at 630 nm wavelength for various waveguide width 

mask opening values. 
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2.5 ION-EXCHANGED GLASS WAVEGUIDES 
 

Ion-exchange is a process in which ions in glass are exchanged with another ion. 

During this process the incoming ions diffuse through the glass and change the local 

refractive index distribution and create a higher index region giving rise to a waveguide. 

Using this process surface waveguides are formed by masking the glass surface before 

the ion-exchange is performed. This process can be purely thermal or an electric field can 

be used to assist the diffusion process. Acting as ion sources, ions can be introduced to 

the glass by a solution or a thin metallic film. Since this technique was introduced [31], 

different fabrication processes have been developed. Many different integrated devices 

have been fabricated using this simple and inexpensive process. A detailed description of 

the various ion-exchange processes and theory can be found in [28]. A brief discussion of 

the thermal ion-exchange from salt melt is given below. 

 In thermal ion-exchange from a salt melt, glass substrate containing ions (A) is 

immersed in a molten salt containing chemically similar ions (B). At the glass-melt 

interface, a non-equilibrium of ion concentrations initially occurs when concentrations 

drop to zero from finite values. Ions (A) and (B) are perfectly interchangeable in the salt 

melt and glass. In glass, ions (A) are part of the glass network called network modifiers 

(such as Na2O or CaO) with relatively loose bonds with the remainder of network. Since 

these modifiers are weakly bounded to the rest of the glass network and high 

temperatures increase mobilities, it is possible to replace some network modifier ions 

with other ions that have similar chemical and valence properties. Increased mobility and 

collisions at the interface causes replacement of one (A) ion in glass with one (B) ion in 
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Figure 2-8. Thermal ion-exchange process. An AgNO3 salt melt is interfaced with a 

glass surface. Ag and Na ions are exchanged and Ag is diffused in to the glass with time. 

 

salt melt. This process continues over time and causes a diffusion into the glass from the 

interface. The diagram in Figure 2-8 explains this process for a Ag+(B) - Na+(A) ion 

exchange. The (A) ions in salt melt  move rapidly away from the interface than the (B) 

ions in the glass, which slowly forms a very thin layer of higher concentration  of (B) 

ions close to interface. This process is temperature dependent, and higher temperatures 

result in more diffusion.  

In a binary ion-exchange process, ions are subject to two types of forces; one is 

due to the concentration gradient and the other is caused by the electric field gradient. 

Concentration gradient causes an ionic diffusion while electric fields produce an ionic 

drift. The electric fields can be comprised by an externally applied field and an internally 

built up field by local charge non-uniformities caused by the ion-exchange process. These 

physical processes can be summarized and are governed by the diffusion equation [32]; 
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where CB is the concentration of the incoming ions from salt melt, DB is the self diffusion 

coefficient for the incoming ions, e is the electric charge of an electron, k is the 

Boltzmann’s constant, T is the absolute temperature, Eext is an externally applied electric 

field, and α is related to the ratio of the mobilities of the exchanging ions; 

 

A

B

D

D−= 1α                                                                          (2-8) 

 
 

In equation 2-7, thermal ionic diffusion is represented by the first term. The 

second term is the internal electric field, and the third term is the external applied field. 

The third term is only of interest when an applied field is present particularly in the field 

assisted ion-exchange process. Non-linear equation 2-7 simplifies into an ordinary 

diffusion equation with a constant diffusion coefficient when the mobilities of the ions 

tends to be equal (α tends to 0) and when there is no applied external field: 

 

BB
B CD

t

C 2∇⋅=
∂

∂
   .                                                                    (2-9) 

 
By using the boundary conditions, equation 2-9 can be solved to determine the 

concentration distributions in a thermal ion-exchange process. Slab waveguides have 
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constant boundary conditions along the interface between the melt and glass, while 

channel waveguides have boundary conditions depending on the masking conditions. 

Considering the ion-exchange process shown in Figure 2-8, the glass-salt melt interface 

lies at x=0 and equation 2-9 can be solved only in one dimension x (because of the 

symmetry in y-z ); 

 

2

2

x

C
D

t

C B
B

B

∂
∂

⋅=
∂

∂
   .                                                              (2-10) 

 
 

Boundary conditions for the concentration distribution CB(x,t) in this simple thermal 

diffusion process can be given as 

0)0,( =xCB  ,     0),0( BB CtC =          .                                     (2-11) 

 
The t=0 concentration is zero for all x, and at the interface x=0 concentration is constant 

where ions are constantly supplied from the salt melt. By using these boundary conditions, 

an analytic solution to equation 2-10 can be written as 
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The complementary error function is defined as 
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Equation 2-12 gives the ion concentration distribution resulting from the thermal ion-

exchange process. In most cases it is unnecessary to undertake a full analysis of equation 

2-7. Once a reasonable value of α is available, an approximating function can be 

determined for the ion-exchanged index profile. Literature provides a few ion-exchange 

processes that have been characterized in great detail [33]. Corning 0211 glass is one of 

those. Using a silver nitrate (AgNO3) salt melt, an index profile for the ion-exchange 

process is given in the form of 

 

)
2

()( max
tD

x
erfcnxn

e

⋅∆=∆   .                                                       (2-14) 

 

Here De is the effective diffusion coefficient, ∆nmax is the maximum index change in the 

glass.  

In general, these parameters along with some others that are necessary for the 

design and modeling of the ion-exchanged waveguide including glass substrate index and 

diffusion coefficients can be measured by using a prism coupler (Appendix B) [34]. For 

this, a slab waveguide is fabricated by using an unmasked sample for a controlled time at 

a controlled temperature in a certain salt melt solution. Then by using the prism coupler 

the guided modes in this slab waveguide are measured. Once the guided mode effective 

indices are known, desired parameters for the ion-exchange can be calculated  [35]. 

Figure 2-9 shows a sample index distribution calculation using equation 2-14, for 

a borosilicate (corning 0211) glass sample after a 20 minute ion-exchange process. For  
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Figure 2-9. Index profile for a corning 0211 borosilicate glass substrate after a 20 

minute thermal ion-exchange process in AgNO3 salt melt at 300 oC. 

 

this calculation a 100 % AgNO3 salt melt was used at 300 oC. A maximum index change 

∆nmax of 0.062 was obtained. A program for ion-exchange process developed in house 

was also used to simulate the ion-exchange process. To determine the ion-exchange 

parameters for the process used in waveguide fabrication, a very long ion-exchange 

process was performed using borosilicate glass (corning 0211) substrate. 1 % 

AgNO3/NaNO3 salt melt was used at 310 oC 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 this information, diffusion coefficients and their ratio were 

determined for the Na and Ag ions. A calculated ratio of 0.186 was obtained for the 

diffusion coefficients. These numbers were then used in simulations and results are 

compared with the measured values. Figure 2-10 shows the simulation result for silver 

ion 
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Figure 2-10. Simulated silver ion concentration distribution for a borosilicate glass 

substrate. Process was performed in a 1 % AgNO3/NaNO3 salt melt at 310 C for three 

hours to form a multimode waveguide. A 20 µm mask opening was used for this 

process. (Contours are for normalized concentrations of 0.9, 0.7, 0.5 and 0.3.) 

 

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

The calculated and measured guided mode effective indices matched very well.  

 For the most effective device operation, single mode waveguides are needed. 

Multimode waveguides result in higher noise in measurements due to the sensitivity to 

changing coupling conditions. As a result, single mode surface waveguides were 

designed and fabricated using ion-exchange process with a 1 % AgNO3/NaNO3 salt melt. 

Several simulations and calculations were done to design a single mode waveguide both 

in vertical and lateral directions. In vertical direction, ion exchange duration and the 

temperature determined the limits for a process which resulted in a single mode structure 

vertically. For 1 % AgNO3/NaNO3 salt melt at a temperature of 310 oC and ion-exchange 

process performed for less than 50 minutes resulted in a vertically single mode 

waveguide on the surface of a borosilicate glass sample at 532 nm wavelength. The width  
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Figure 2-11. Simulation results for single and multimode ion exchange surface waveguides on 

borosilicate glass. Silver (Ag) ion concentration contours and mode intensity profiles are also 

shown. Vertical single mode limit was calculated to be 50 minutes. In lateral direction, a limit 

for each waveguide mask opening width was calculated. 20 minutes ion exchange time was 

the limit for a 4 µm wide mask opening, to be laterally single mode. These simulations were 

done for a 1 % AgNO3/NaNO3 salt melt at 310 oC, and at wavelength 532 nm. 

 
 
of the waveguide on the mask opening needed to be considered for the single mode 

condition in lateral direction. For a 4 µm mask opening with the same temperature and 

salt melt parameters, a laterally single mode waveguide was obtained at 532 nm 

wavelength by performing an ion-exchange for less than 20 minutes. For various mask 

openings, single mode limits were calculated and single mode waveguides in both 

directions were obtained. Figure 2-11 shows the simulation results for single mode and 

multimode surface ion-exchange waveguides on borosilicate glass substrates. In the 

figure, normalized silver concentration contours and corresponding mode intensity 

profiles are shown for a laterally and vertically single mode waveguide (2 µm mask 

opening) and a vertically single mode but laterally multimode waveguide (4 µm mask 



                                     
 
  43 

opening). Therefore, a single mode surface waveguide on corning 0211 substrate, both in 

vertical and lateral directions was achieved using an optimized process time of 20 

minutes at a temperature of 310 oC using a 1 % AgNO3/NaNO3 salt melt. A maximum 

index difference ∆n of 0.0186 at the glass surface was calculated using the above process 

parameters (nsubstrate=1.52 @ 532 nm).  

2.6 DEVICE STRUCTURE 
 

Sensing with the ion-exchanged structures occurs when the sensitive bio-chemical 

species comes in close proximity or in contact with the evanescent field of the guided 

modes in the surface waveguides. For this an aqueous solution is generally used. This 

solution contained a predetermined amount of sensitive agents. While the light was 

propagating along the surface waveguides, the solution was dropped on the surface of the 

glass substrate and the effect on the guided mode by this sensitive solution was observed. 

For absorption based sensors, this effect was the change in the transmitted intensity 

through the waveguides before and after the sensitive agents were present in the aqueous 

solution. In order to achieve this, an early version of the device configuration consisted of 

a glass substrate with surface waveguides and a plastic 4-walled structure which was 

placed on the substrate surface in order to contain the aqueous solution. Solution 

containment was necessary, since the movements and changes in the aqueous solution 

significantly effected the sensitivity measurements. A schematic of this version of the 

device is shown in Figure 2-12. Guided light traveling in the surface waveguide came in 

to contact with aqueous sensitive solution inside the plastic pool region. Even though this 

structure provided a platform for early measurements, it was inefficient for many reasons. 
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Figure 2-12. Schematic of the earlier version for absorption based biosensor. Plastic pool is 

used to contain the aqueous solution over the ion-exchanged surface waveguides. 

 

The plastic pool was a large and bulky structure that was placed on the sensitive substrate 

surface in contact with the ion-exchanged waveguide. This caused many problems for the 

sensitivity measurements and device effectiveness. Guided mode was disturbed by this 

structure and caused light scattering and large optical losses. Also, in order to make the 

plastic pool liquid proof, it was necessary to use a sealing material such as a glue that 

prevented leakage. All these factors limited the success. As a result, a new design for a 

novel device structure was created to overcome these problems.  

A hybrid ion-exchange sol-gel structure was devised, in which sol-gel was used to 

fabricate micro openings over the surface of the ion-exchanged waveguides. This enabled 

compact, robust and stable micro devices to be fabricated with lithographic precision 

achieved by hybrid combination of two very well known integrated optical materials and 

fabrication processes. Figure 2-13 illustrates the structure and the operation of the hybrid 

absorption based biosensor. Following the fabrication of surface waveguides on a 0.5 mm 

thick corning 0211 borosilicate glass substrate using the silver ion-exchange technique, a 

sol-gel layer was spin coated and UV patterned. The combination of these processes 
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Figure 2-13. Hybrid ion-exchange/sol-gel waveguide structure for biosensing. A three 

dimensional version is shown in figure inset. UV patterned sol-gel provides selective 

regions for interaction with sensitive bio species in buffer aqueous solution. Opening of 

sizes from several microns to several millimeters were employed. 

 
created surface waveguides with evanescent field sensing capability at precisely defined 

locations on the glass chip. As illustrated in Figure 2-13, the optical mode in the 

waveguide is exposed to the aqueous solution only within the open areas. Outside these 

regions, the sol-gel layer acts as a lower index cladding and buries the waveguide mode 

preventing interaction of the guided mode with the solution. Edges of the sol-gel micro 

pools at the open areas are tapered in order to reduce scattering losses by enabling a 

smooth transition of the guided modes between the two cladding layers from sol-gel to 

aqueous solution. This hybrid integration provides great ease and flexibility in fabricating 

micro pools on different locations over the waveguide surfaces enabling multiple 

openings for multiple sensing schemes for any planar waveguide device configuration. 



                                     
 
  46 

2.7 DEVICE FABRICATION 
 
 Fabrication of the sensor starts with ion-exchanged surface waveguides fabricated 

on Corning 0211 borosilicate glass substrates. Ion-exchanged surface waveguides used in 

the sensor was fabricated by using Ag+/ Na+ ion exchange from a salt melt. Thermal ion 

exchange from salt melt is one of the most common techniques for ion-exchange 

waveguide fabrication [36-39]. Most of the early work in this area was done using pure 

silver nitrate melt. However later research showed that nitrate melts mixed with other 

salts proved advantageous [40] because it led to the reduction of silver colloidal 

formation (formation of metallic silver), lower melting points and easier control of max 

index change ∆nmax.. 

For those reasons, a dilute silver salt melt (1 % AgNO3/NaNO3) was used for the 

formation of the ion-exchanged waveguides. The process flow for the fabrication of ion-

exchanged channel waveguides is summarized in Figure 2-14. A titanium mask was used 

in the ion exchange process for defining the waveguide openings. First the glass substrate 

was cleaned with acetone, ethanol and de-ionized water in an ultrasonic bath. Then a 100-

nm-thick titanium film was deposited on the top surface. Later, the titanium layer was 

patterned with UV lithography and a mask with different opening widths (2, 3 and 4 

microns) was used. Before the sample was placed in the salt melt for ion-exchange, the Ti 

was oxidized in the furnace at 310 oC for several hours. This oxidation was done to 

prevent the formation of silver colloids (Ag+ ions condense in to clusters of metallic 

silver causing optical loss) in the glass [41]. Following the ion exchange process, the  
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Figure 2-14. Process flow for ion exchanged channel waveguide fabrication. 
   

titanium mask was removed by wet etching and the sample was diced and the end facets 

were polished. The second phase of the fabrication is the patterning of the sol-gel layer. 

A detailed explanation of the sol-gel formation is given by Fardad et al. [30]. 

Photosensitive sol-gel was synthesized in-house, as described by Yasafumi et al.[42] 

enabling the control of both refractive index and film thickness.  First, sol-gel was spin 

coated on the surface of the waveguide sample at 2000 rpm then pre-baked at 90 oC for 

10 min. Then it was exposed to UV light for 10 minutes (10.5 mW/cm2, λpeak=360 nm) 

and soaked in isopropanol to develop the sol-gel film. The resulting micro-patterned 

structure was hard baked for 3 hours at 150 oC. This process produced a sol-gel layer 

thickness of 4 microns with an index of refraction of 1.51 @ 532 nm. As seen in Figure  
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Figure 2-15. Formation of the tapered transition regions in sol-gel by using a gray scale 

photomask. 

 
2-13, the edges of the sol-gel micro pools are tapered in order to reduce scattering losses 

by enabling a smooth transition between the sol-gel and aqueous solution. This well- 

characterized tapering of sol-gel was achieved during the UV exposure step by using a 

gray scale mask [43].  The length of this taper was 500 microns. The opening dimensions 

on the waveguide glass chip were easily and precisely controlled by the photomask and 

various opening sizes ranging from several microns to several millimeters were produced. 

2.8 CHARACTERIZATIONS AND RESULTS 
 

To test the performance of our device, we used a horse-heart cytochrome c protein 

[44] that had a characteristic absorption spectrum with a band centered at 530nm when in 

the oxidized state. Absorption spectrum of the cytochrome c protein in both reduced and 

oxidized state is shown in Figure 2-16. Cytochrome c protein was dissolved in pH-7  
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Figure 2-16. Absorption spectra of Cytochrome c molecule in reduced and oxidized states. For 

performance tests of the hybrid sensor, green (532 nm) and red (632 nm) wavelengths were 

chosen. As can be seen, there is an abosrbtion band at 532 nm, and no absorption at 632 nm. 

 

aqueous phosphate buffer solution and was allowed to adsorb onto the waveguide 

glass surface via electrostatic interaction, as shown in Figure 2-13. This adsorption 

process forms about a half-monolayer of cytochrome c (assuming one monolayer is a full, 

closely-packed molecular layer that is about 22 pmol/ cm2 for cytochrome c) on the 

surface of the glass substrate. The absorption spectrum of cytochrome c molecule also 

defined the design and operation wavelengths for the device that was chosen to be in the 

visible green at 532 nm, for simplicity.  

For characterization of the sensing platform, two wavelengths 532 nm (green) and 

633 nm (red) were coupled into a single mode input fiber. The two wavelengths, one 

centered at an absorption peak (532 nm) and another one (633 nm) outside the absorption 

band of the protein, were used to demonstrate sensitivity and spectroscopic nature of the   
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Figure 2-17. Experimental setup used for sensor characterizations. 
  

 

device response. In order to eliminate unmodulated noise in the detected signal, a 

chopper and a lock-in amplifier were utilized. The input fiber was butt-coupled to the 

waveguide and index matching gel was used between the fiber and the input port of the 

composite waveguide device to minimize Fresnel reflections. The output light from the 

waveguides was collected by using a multimode fiber and carried into a photo-detector. 

At 532 nm wavelength, fiber-to-fiber insertion loss for the hybrid sensing structure was 

about 6 to 7 dB of that the propagation losses account for less than 0.4 dB/cm and 

coupling losses account for rest of the loss. The use of shallow surface ion-exchanged 

waveguides with small mode size increased the interaction of the mode with the sensitive 

monolayer. This resulted in high coupling losses due to the large mismatch between fiber 

and waveguide modes.  The coupling losses can be reduced by tapering the input and 
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output waveguides [45]. The experimental setup used for characterizations is shown in 

Figure 2-17. The experiment started with a drop of 0.1 ml of a pH-7 phosphate buffer 

solution, which was transparent for the two laser lines used on to the micro-patterned sol-

gel probing region, as shown in Figure 2-13. This was followed by the final optical 

alignment of the input and output coupling to maximize the throughput signal. Signal 

acquisition started at this point. Next, a drop of 0.1 ml solution containing 10 µM of 

cytochrome c dissolved in buffer solution (also at pH 7) was added to the initial buffer 

solution. A real time signal for the throughput was recorded for both green and red lights 

during this process.  

Both single mode and multimode waveguide devices were measured for 

sensitivity. The devices with multimode waveguides clearly resulted in lower sensitivities 

as predicted. A sample measurement of sensitivity to green and red signals for a 

multimode waveguide device is presented in Figure 2-18. As expected, the green light 

was attenuated showing a sensing signal with respect to the red light, but the noise level 

was high and sensitivity was low. In order to decrease the noise level and increase the 

sensing signal and the sensitivity, single mode waveguides were incorporated and the 

results improved significantly. Results of the measurements with a single mode 

waveguide sensor device are shown in Figure 2-19. Additionally, it was observed that 

using an index matching gel and improving the optics and setup stability also improved 

the signal to noise ratio and the sensitivity. The data for this improvement is also shown 

in Figure 2-19. Figure 2-20 shows the sensitivity measurements of the improved and 

optimized single mode hybrid sol-gel/ion-exchange device. Real time signals for both  
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Figure 2-18. Results of the sensitivity measurements for hybrid sol-gel/ion-exchange 

device formed by multimode ion-exchange waveguides. Even though there is a sensing 

signal for green light as expected, the sensitivity is very low. 

 
 

 
Figure 2-19. Results of the sensitivity measurements by using a sensor device formed of a 

single mode ion-exchanged waveguide. Results show that the sensing signal drop was 

larger, noise is decreased and the sensitivity is improved. Sensitivity is further improved by 

stabilizing the optical characterization setup and by using index matching liquid. 
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green and red lights recorded during the experiment are shown on the same graph for 

easy comparison. As seen in Figure 2-20, the red signal was undisturbed by the presence 

of cytochrome c in the solution, while the green signal was clearly attenuated.  

Adsorption of cytochrome c molecules onto the waveguide glass surface starts almost  

 

 

Figure 2-20. Characterization results for a single mode hybrid sol-gel/ion-exchange 

waveguide sensing platform. Following the addition of the cytochrome c protein, there was 

about a 2 dB decrease for the green (532 nm) signal, while no change in the red (632 nm) 

signal was measured. This was expected via comparision to the absorption spectrum of the 

oxidized cytochrome c protein (figure inset). 
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immediately after its introduction into the buffer solution. It takes approximately one to 

two minutes to reach a steady state that corresponds to a surface coverage concentration 

of about 11 pmol/cm2 [46].The change in transmission for the sensing signal (532 nm) 

was about 2 dB for a probing length of 1.4 cm. The device limit of detection was then 

estimated by considering the noise in the measured signal through its root-mean-square σ, 

and the device sensitivity given by ∆/Г where ∆ is the measured signal for a particular 

molecular surface coverage Г (explained in Figure 2-18). Assuming a limit of detection 

given by (3σ/∆)Г we obtain a value of 1 pmol/cm2 that corresponds to about 5% of a full 

monolayer of cytochrome c protein. As seen in Figure 2-20, with comparison to the 

cytochrome c absorption spectrum (inset), a relatively small absorption peak of the 

protein is identified and detected by the signal.  This demonstrates that the structure is 

capable for detection of the absorption spectra signatures with very small concentrations 

of bio-chemical agents. 
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CHAPTER 3 
 

3 A BROADBAND POLARIZATION AND TEMPERATURE 
INSENSITIVE ARRAY WAVEGUIDE GRATING 

 

3.1 INTRODUCTION 

 
 The fiber optic communication link bandwidth can be increased by transmitting 

data faster or by transmitting multiple wavelengths in a single fiber with a method known 

as Wavelength Division Multiplexing (WDM). WDM has become an integral part of 

modern optical communication systems, and the interest in WDM components and 

systems has rapidly increased. WDM provides a new dimension for solving capacity and 

flexibility problems in the telecommunication network. It offers a huge transmission 

capacity, which allows for novel network architectures that offer much more flexibility 

[47].     

 WDM technology uses a multiplexer to combine wavelengths traveling on 

different fibers into a single fiber. At the receiver end of the link, a demultiplexer 

separates the wavelengths and routes them into different fibers. Technologies for 

Multiplexing (MUX) and De-multiplexing (DEMUX) that have been studied and 

implemented include various tunable filters [48-53], fixed wavelength thin film 

interference filters, reflective diffractive gratings [54-55] and planar arrayed waveguide 

gratings [56]. For greater transmission capacity, past studies have emphasized  
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Figure 3-1. WDM is accomplished using a multiplexer to combine wavelengths traveling on 

separate fibers into a single fiber. At the receiver end of the optical communication link, a de-

multiplexer separates the wavelengths and routes them into different fibers. 

 

components for dense wavelength division multiplexing (DWDM) [57-61]. However, as 

metro carriers seek cost-effective solutions, coarse wavelength division multiplexing 

(CWDM) has become widely accepted as an important transport architecture. CWDM in 

which the spacing between individual wavelengths is larger (20nm as specified in the 

International Telecommunications Standard G.694.2), has been examined recently 

because it can be implemented with less expensive components [62-65].  

 CWDM is a promising technique for increasing the capacity and/or extending the 

link length of an existing multimode fiber. Each wavelength channel can use existing 

low-cost lasers and standard driver receiver electronics to transmit data within the 

conventional limits of the optical fiber. CWDM systems are only limited by the number 

of wavelengths that can be combined and separated. Broadband multiplexing components 

for CWDM include dielectric interference filters [66], concave diffraction gratings [67], 
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polymer arrayed waveguide gratings (AWG’s), Mach-Zehnder interferometers [68] and 

silica AWG’s [69].  Planar devices based on III-V semiconductors are also highly 

desirable because they can be monolithically integrated with active components such as 

lasers. While there has been a significant amount of work on III-V semiconductor 

AWG’s for DWDM [70], research on planar III-V semiconductor devices with broadband 

operation and larger channel spacing suitable for CWDM has been very limited. A two-

channel InP-based AWG for the multiplexing of 1.31 µm and 1.55 µm wavelengths [71]  

and an InP-based AWG with 3.2 nm channel spacing have been reported [72]; however, 

the channel spacing for these devices is not suitable for broadband operation desired for 

CWDM standards.  

 The next chapter will describe the design, fabrication and the characterization of 

CWDM compatible broadband AWG’s on InP with channel spacing as large as 20 nm.  It 

is believed that this is the first report of a III-V semiconductor AWG that has a broadband 

operation compatible with CWDM. This design provides a polarization and thermally 

insensitive operation. The AWG presented in this study is not a trivial extension of a 

DWDM AWG as there were significant problems to overcome. It was conjectured that 

chromatic dispersion could significantly degrade the performance of the AWG due to the 

broadband operation. However, it was found that with proper design, the effects of 

chromatic dispersion could be minimized. Also, this study replaced the standard 

“horseshoe” design with an “S” shaped design for AWG. This has never been 

implemented in a semiconductor.  
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3.2 AWG: PRINCIPLES AND OPERATION 
 
 Multiplexers and de-multiplexers are key components in WDM systems as shown 

in Figure 3-1. Research on integrated optic multiplexers and de-multiplexers has been 

increasingly focused on phased array (phasar) based devices, which are also called 

arrayed waveguide gratings [73]. These are imaging devices that image the field of an  

 

Figure 3-2. Schematic configuration of a conventional Arrayed-waveguide grating multiplexer. 
 
 

input waveguide on to an array of output waveguides in a dispersive way. A schematic 

configuration of an AWG is shown in Figure 3-2. AWG consists of input-output 

waveguides, two focusing slab regions, and a phased array of multiple channel 

waveguides with the constant path-length difference of ∆L between neighboring 

waveguides. In the first slab region, the input waveguide separation is denoted as D1, the 
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array waveguide separation is d1 and the radius of curvature is f1. Generally, the 

waveguide parameters in the first and second slab regions may be different. Therefore, in 

the second slab region the output waveguide separation is denoted as D, the array 

waveguide separation is d, and the radius of curvature is f. The light input at the x1 

position (x1 is measured counterclockwise from the center if the input waveguides, as 

shown in Figure 3-2.) is radiated to the first slab and then excites the arrayed waveguides. 

The excited field amplitude profile in each array waveguide usually has a Gaussian 

distribution. After  

 

Figure 3-3. Enlarged view of the second slab region shown in figure 3-2. The geometrical 

distances between the two adjacent beams are approximated. The focal point of the beams 

coming through the array depends on the wavelength, and shifts through the focal axis x of 

the output plane. 

 
traveling through the arrayed waveguides, the light beams constructively interfere into 

one focal point x (measured counterclockwise from the center of the output waveguides) 
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in the second slab. The location of this focal point depends on the signal wavelength. The 

relative phase delay in each waveguide is given by ∆L/λ. Figure 3-3 shows an enlarged 

view of the second slab region. Considering the phase retardations for the two light 

beams passing through the two consecutive waveguides in the array (lets assume (i-1)th 

and ith ), the geometrical distances of the two beams in the second slab region are 

approximated to be f ± dx/2f, and these configurations apply to the first slab as well. The 

difference between the total phase retardations for the two light beams passing through 

the  (i-1)th and ith array waveguides must be an integer multiple of 2π in order for the two 

beams to interfere constructively at the focal point x. Therefore we have the interference 

condition expressed by 
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where βs and βc denote the propagation constants in the slab region and array waveguide 

m is an integer, λ0 is the center wavelength of the WDM system, and Lc is the minimum 

array waveguide length. Subtracting common terms from equation 3-1, we obtain 
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When the condition βc(λ0) ∆L=2mπ or  
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m

Lnc∆=0λ                                                                               (3-3) 

 
 

is satisfied for λ0, the light input position x1 and the output position x should satisfy the 

condition 

f

dx

f

xd
=

1

11   .                                                                           (3-4) 

 
In Equation 3-3 nc is an effective index of the array waveguide (nc= βc /k, where k is the 

wavenumber in a vacuum) and m is called a diffraction order. The output position x is 

uniquely determined by equation 3-4 when light is coupled to the input position x1 . 

Usually the waveguide parameters in the first and second slab regions are the same. 

Therefore input and output distances are equal, because  x1 = x. The dispersion of the 

focal position x with respect to wavelength λ for the fixed light input position x1 is given 

by differentiating equation 3-2 with respect to λ : 
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where ns is the effective index in the slab region and Nc is the group index of the effective 

index nc of the array waveguide (Nc= nc – λ dnc / dλ). The dispersion of the input-side 

position x1 with respect to wavelength λ for the fixed light output position x is given by  
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The input and output waveguide separations are |∆x1| = D1 and |∆x| = D , respectively as 

shown in Figure 3-2, when ∆λ is the channel spacing of the WDM signal. Putting these 

relations into equations 3-5 and 3-6, the wavelength spacing in the output side for the 

fixed light input position x1 is given by 
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and the wavelength spacing in the input side for the fixed light output positon x is given 

by  
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Generally the waveguide parameters in the first and second slab regions are the same: D1 

= D, d1 = d, and f1 = f. Then the channel spacings are the same: ∆λin =  ∆λout =  ∆λ. The 

path length difference ∆L is obtained from equation 3-7 or 3-8 as  
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The spatial separation of the mth and (m+1)th focused beams for the same wavelength is 

given by 

dn
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XFSR represents the free spatial range of AWG. The number of available wavelength 

channels Nch is given by dividing XFSR with the output waveguide separation D: 
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With these equations derived, one can find the wavelength free spectral range (FSR) of 

the AWG by  
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3.3 AWG DESIGN 
 
 Considerations in the previous section for channel separation and FSR is followed 

by the layout design of the corresponding AWG geometry. Figure 3-4 shows a schematic 

of slab and array waveguide layout for a conventional AWG design. The design 

considerations that are discussed here are applicable to any geometry, although we are 

using a conventional horseshoe layout here. Each arm in the waveguide array consists of 

two straight waveguides of variable length Sj (distance between Aj and Bj ) on both sides,  
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Figure 3-4. Schematic waveguide layout for a conventional AWG design. 
 
 

and they are connected smoothly to a nonconcentric waveguide bend. The parameters to 

be determined are the angle of slab β (angle of  PQQ’) and the separation of the slab Lslab 

(distance between Q and Q’). There are two basic equations for the design: 
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Equation 3-13 is the path-length difference of the array waveguide. Equation 3-14 is 

given by the relation that the distance between point Q and the centerline should be Lslab / 
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2. The straight length SN for the innermost arraywaveguide should be given in advance, 

which consists of the taper and the minimum necessary straight length. From equations 

13 and 14, Rj and Sj for j=1-N are: 
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Since there are only 2N equations for 2N+1 unknown parameters (β, Lslab , S1 .. SN-1 , and 

R1 .. RN ), we can not fully determine these AWG parameters. Therefore, we have an 

infinite number of choices for the AWG parameters. However there are restrictive 

conditions for several waveguide parameters. The minimum of Rj should be larger than 

the known minimum bending radius Rmin . The straight length Sj should be larger than SN , 

and the minimum array waveguide separation at the center should be larger than the 

known value smin. Then the AWG parameters for the mask design can be determined. 

Further considerations on AWG design with respect to device characteristics can be 

found in [74] and [75].  

 AWG’s were commonly designed for closely spaced narrow band channels 

suitable for a dense wavelength division multiplexing. For this, a high order design is 
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needed in which the FSR is less then ~30 nm and length increment between the 

waveguides (∆L) in the array being hundreds of wavelengths. The conventional horse 

shoe design as pictured in Figure 3-2  is suitable for this operation range, but it will not 

work for low order designs. In broadband AWGs, that are suitable for CWDM, the FSR 

is large requiring a small ∆L on the order of few wavelengths. For conventional 

horseshoe design AWGs, it is not possible to satisfy all the conditions set forth by the 

equations 3-13 through 3-17 and result in such a short ∆L without waveguides in the 

array crossing with each other. For a broadband AWG a different design is required. This  

 

 

Figure 3-5. Schematic layout design of an S-shape anti-symmetric AWG. Relative 

phases accrued in section I and III cancel each other. Small path length increment in the 

array is created in section II. 

 
was achieved with an “S” shaped anti-symmetric design [69] as opposed to the 

symmetric designs shown in Figures 3-2 and 3-4. This anti-symmetric design allows for 

the AWG to have array waveguides with extremely small length increments ∆L that is 

required for broadband operation. A schematic design of an S-shape AWG is shown in 

Figure 3-5 consists of three different sections. Sections I and III are anti-symmetric, and 
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for each waveguide in the array, phase accrued between waveguides in section I is 

exactly canceled in section III leaving section II the only phase creating part. Section II is 

formed of a series of concentric arcs that all subtend the same angle but have different 

radius of curvature. The length increment ∆L between adjacent waveguides in the array 

is: 

RL ∆⋅=∆ θ   ,                                                                           (3-18) 
 
 

where θ is the subtended angle and ∆R is the incremental radius of curvature between the 

two adjacent array waveguides. By controlling the subtended angle θ for section II, any 

incremental path difference can be achieved resulting in AWG designs of any desired 

order without changing the design of the rest of the AWG.  

 Using the design and operation principles discussed earlier, a 4 channel S-shape 

AWG was designed for coarse wavelength division multiplexing of optical signals at 

1470 nm, 1490 nm, 1510 nm and 1530 nm. The schematic of this AWG is shown in 

Figure 3-6. The S-shape design enabled a broadband (60 nm) operation to be achieved. A 

physical path difference ∆L of 10.31 µm between adjacent waveguides was generated in 

the center arc portion of the AWG to give a free spectral range of approximately 70 nm. 

This value for the path difference meant that the AWG operated in its 22nd order. This 

relatively small path difference accounts for insensitivity to chromatic dispersion and 

changes in refractive indices due to broadband operation that led to only small changes in 

optical path difference.  

  



                                     
 
  68 

 

Figure 3-6. Schematic layout of the four channel S-shape broadband AWG design. There 

are 9 waveguides in the array, the input slab coupler was designed to be a 1 to 9 coupler, 

the output slab coupler was 9 to 4 coupler. The inset figure shows the design layout and 

parameters of the slab coupler region, which is identical for input and output. 

 
 

 There were nine waveguides in the array. A single waveguide at the input was 

coupled to the AWG array with a Rowland-type slab (also called a star) coupler with 

radius of curvature of 136 µm at the input face of the coupler and 272 µm at the output 

face. The center points of the coupler faces were separated by 272 µm.  The waveguide 

array was coupled to four output waveguides with an inverted and identical slab coupler. 
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Center-to- center spacing for all waveguides was 5 µm at the star couplers.  Waveguides 

were separated by 100 µm at the output of the device. Calculations indicated that the 

difference in the spectral response of the AWG for TE and TM polarization would be a 

shift of just 1.1 nm. This value was small compared with the measured spectral width for 

an output channel.  The overall size of the AWG was about 0.8 mm by 4 mm. 

3.4 WAVEGUIDES FOR AWG 
 
 Optical waveguide design is crucial for optimal operation of the device. Except 

for the slab couplers, all the other sections of the AWG are formed of optical waveguides. 

The number of the guided modes is determined by the waveguide geometry and the 

refractive indices for the structure. Also, the confinement has to be optimized as it affects 

the bend radiation loss and the total size of the structure. Optical wave guiding was 

achieved by ridge structures etched into the epi-layers. An illustration of the cross-section 

of the ridge waveguides used for the AWG is shown in Figure 3-7.  In0.85Ga0.15As0.33P0.67 

was chosen for the 0.3 µm thick, high-index waveguide core layer that was sandwiched 

between InP. The wavelength dependent refractive indices were calculated from 

interpolated experimental values. The calculated refractive indices for the core and 

cladding material at 1.5 µm are 3.293 and 3.170 respectively [76].  Photoluminescence 

for the InGaAsP layer was at a wavelength of 1.1 µm [77], indicating that the 

semiconductor had an absorption edge near this wavelength and establishing a lower 

bound for the range of operating wavelengths for the device.  All epi-layers were grown 

by metal-organic chemical vapor deposition (MOCVD) on InP substrates. 
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Figure 3-7. Composition and design dimensions of ridge waveguides for the four channel 

S-shape AWG.  This waveguide design is used for the input, output and the array 

waveguides. Also, simulated mode profile is shown on the waveguide structure for the 

fundamental guided mode. 

 
 
Two ways of creating a ridge waveguide structure is a shallow or deep ridge design. In 

shallow ridge geometry the etch stops short of reaching the waveguide core, but in deep 

ridge geometry the waveguide is etched into or below the core. Extremely small AWG’s 

can be designed with deep etch structures because they can create very strongly confining 

waveguides that allow use of a smaller bend radii in the curved sections. 

 Since there are limits on how close the waveguides can be fabricated, the high 

confinement along with the separation of the waveguides on the input and output of the 

star coupler leads to excessive coupling loss when the mode passes from star coupler to 
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phased array and vice versa [70]. At the same time, the guided mode is in contact with 

the sidewalls of the deep etch structure causing scattering losses due to rough sidewalls. 

In shallow ridge waveguides the confinement is not as high and less coupling loss 

resulted in the passage through the star couplers with less contact with the sidewalls of 

the etched structure as seen from the mode field distribution in Figure 3-7.  However, the 

lower confinement requires larger bend radii for shallow ridge relative to deep ridge 

waveguides. In a shallow ridge waveguide, the confinement is strongly dependent on the 

thickness of the thin InP layer remained (t) directly on top of the InGaAsP core layer  

 

 

Figure 3-8. Bend loss with respect to the remained InP layer thickness t for the structure 

shown in Figure 3-7 for a bend radius of 1000 µm. For the remained thickness values of 

over 0.2 microns, bend loss rapidly increases.   
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on both sides of the ridge structure. Bend loss was simulated for the waveguide design 

pictured in Figure 3-7 as a function of layer thickness (t) with results presented in Figure 

3-8. The waveguide used for the simulation had a bend radius of curvature of 1000 µm, 

and a waveguide width of 2.5 µm. The plot shows the bend loss quickly increasing as the 

thickness of the layer is increased beyond 0.2 µm because the lateral confinement of the 

mode is decreasing as the layer thickness is increasing.  Etching to within t=0.2 µm of the 

InGaAsP layer was necessary to create strong enough confinement so that bend loss 

would remain small in the curved waveguides of the AWG. 

 Therefore, a shallow ridge was designed to be 1.45 µm high resulting in a 

remaining layer thickness of t=0.11 µm, as shown in Figure 3-7. The bend loss as a 

function of radius for this waveguide design with width w=2.5 µm, is shown in Figure 3-

9.  Results from the simulations indicated that bend loss for the fundamental mode was 

negligible when the radius of curvature is greater than 900 µm. Based on that result, the 

AWG was designed so that no segments had radius of curvature less than 1000 µm. The 

bend radius range used for the AWG was between 1000 µm and 1700 µm. If the 

waveguides in AWG are not strictly single mode, then it might be theorized that the 

presence of a higher order mode would degrade device performance by causing ghost 

images and increased crosstalk. However, as indicated in Figure 3-9, the higher order 

mode was expected to experience much higher loss. The choice of the bend radius range 

eased the constraints on the waveguide design to be strictly single mode. Guided mode 

solutions in appendix A were used for solving the guided modes and mode indices. 

Birefringence was calculated to be ∆n = 0.002. This caused a shift in the AWG spectrum 
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Figure 3-9. Simulated bend loss for the fundamental and the second order mode for the 

waveguide design in Figure 3-7. Based on these results, AWG was designed so that no 

segments had a radius of curvature less than 1000 µm. 

 

between the TE and the TM modes that was calculated to be 1.1 nm. That value was 

found to be small compared with the spectrally wide channels.  

3.5 AWG FABRICATION 
 
 InP based substrates with an InGaAsP high index core layer (Figure 3-7) was 

outsourced and grown by MOCVD. The top surfaces were polished and were used as  
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Figure 3-10. Wet etching of InP substrate using HCl based etchant. SEM picture of the 

etched structure shows very severe undercut resulting in unreproducible results. 

 
  

they were received. In order to form the ridge waveguide, removal of the material next to 

ridge was required and this was done by etching. Some techniques commonly used for 

semiconductor micro processing materials are wet chemical etching, ion beam milling 

and reactive ion etching. For AWG fabrication, all three of these techniques were tested. 

The simplest and most commonly employed etching technique is wet chemical etching. 

The wafer was simply soaked in a liquid chemical that dissolved away the semiconductor. 

Extensive compilations were made of etches for the InP-based compounds [78]. The most 

common selective InP etches are HCl based. Typical mixtures are HCl and H3PO4  with 

the lower HCl content leading to slower etch rates [79]. The HCl-based mixtures were 

highly crystallographic in nature [80], and the etch rates were several micrometers per 

minute. Using photoresist masks was not useful as they severely undercut the wafer 

resulting in an outwardly sloping profile that was not reproducible.  Etching of the InP 

substrates within a HCl:H3PO4:H2O2 solution resulted in the structures shown in Figure 3-  
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Figure 3-11. Ion beam milling and geometrical effects associated with it. Perpendicular 

incident beam can produce trenching effects as well as redeposition causing sidewall 

roughness. Angled beam can cause shadows. SEM picture of an InP ridge etched by 

using Ar ions shows these effects. 

 
10. Severe undercutting without vertical ridges and inconsistent results made wet etching 

a very inefficient process.  

 Ion beam milling was the second process used for etching the ridge. The ion 

milling required a focused high energy beam of ions that could physically knock out 

atoms from the InP substrate [81]. This was a physical process rather than a chemical one. 

The process was highly directional and was dominated by geometric effects as shown in  

Figure 3-11. The impact of the beam caused the substrate material fly off randomly. 

Some of the material was re-deposited on the etched sidewalls. Also, ions bounding off 

the edges can cause trenches around the ridge. In Figure 3-11, SEM picture of the etched 

ridge structure using Ar ions is shown. As seen in this picture the milling produced 

trenches, rough sidewalls and angled ridges. Even though this process was reproducible, 

it caused unwanted results in optical propagation and wave-guiding. Because of these  
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Figure 3-12. SEM pictures of some of the ridge structures fabricated by using RIE. 

Relatively smoother and vertical sidewalls were achieved. Very high aspect ratio (thin 

and tall) ridges are possible by using RIE. 

 
results, it was necessary to use a very prominent and common etching technology: 

reactive ion etching (RIE). In RIE, a plasma is produced by passing an RF electrical 

discharge through a gas at low pressure. The RF discharge creates ions and electrons. The 

ions are used to interact with the elements in the substrate causing the etching. In some 

systems, the charged ions in the plasma are accelerated towards the substrate by using an 

electric field. The lack of mask undercutting usually achieved using RIE is appealing as it 

allows for a very high lateral precision with reproducible ridge structures. Additionally it 

has the ability to create vertically smooth sidewalls through a variety of different 

semiconductor compositions of epitaxial layers. Excellent etch results were obtained with 

methane-hydrogen mixtures for RIE of InP based materials [81]. We used an Oxford 

Instruments Plasma Lab 100 reactive ion etching system (RIE) equipped with an electron 

cyclotron resonance unit (ECR) to etch semiconductor epi-layers. Before etching, the RIE 

chamber was cleaned for two hours with oxygen plasma and pre-treated for 20 minutes 
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with H2/CH4 plasma [82]. Epi-layers were etched with a mixture of hydrogen (20 sccm) 

and methane (10 sccm). Chamber pressure was 60 mbar. RF power was 150 W. 

Microwave forward power to the ECR was 500 W, and the current in ECR coil was 16.4 

amps.  The etch rate for InP was 0.7 nm/s. This process resulted in relatively smoother 

sidewalls and vertical ridge waveguide structures. High aspect ratio structures were also 

obtained with this process. A surface roughness < 9 nm rms was measured using an 

atomic force microscope. Examples of these structures that were fabricated by using the 

described RIE are presented in Figure 3-12.  

 A masking layer was needed during the RIE process to define the ridges and other 

AWG structures. Initially a photoresist was used but it was found that it was not suitable. 

The photoresist broke down during the reactive ion etching process and the damaged 

photoresist substantially increased sidewall roughness. A SiO2 mask was used for 

defining ridge waveguides instead since it was more rigid and stable compared to 

photoresist. Substrates were cleaved and then sent through a three solvent cleaning 

process, which included acetone, isopropanol and deionized water. Washed samples were 

dried using a nitrogen blow followed by a dehydration bake at 100 0C for 5 minutes. 

Following the cleaning process, a 300 nm SiO2 layer was deposited on top of the 

semiconductor epi-layers by using e-beam evaporation. In order to transfer the mask on 

to the SiO2 layer, a photoresist patterning process was utilized. For this a 1.5 µm AZ 

1813 photoresist was spin-coated over the SiO2 layer. The SiO2 surface was treated in 

oxygen plasma for three minutes before spin coating, and then an adhesion promoter 

(HMDS) was spinned over the SiO2 layer to promote adhesion. Photoresist was then soft-
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baked on a hot plate at 110 0C for 2 minutes immediately after spin-coating. The 

photoresist was exposed through a quartz-titanium mask for 10 seconds to ultraviolet 

light with an irradiance of 276 mW/cm2, developed in AZ 352 developer, and then post 

baked for five minutes on a hot plate at 110 0C. A buffered oxide etch was used to etch 

the SiO2. It was determined that the SiO2 layer suffered 1 µm of undercut during the 

isotropic buffered oxide etch. The potential for undercutting while etching was accounted 

for in the design by incorporating several AWGs with different waveguide widths on the 

mask. Sample picture of a patterned SiO2 mask and an SEM picture of an InP sample that 

underwent RIE with SiO2 mask layer are presented in Figure 3-13. 

 

Figure 3-13. An optical microscope picture of SiO2 Mask layer patterned by using UV 

photolithography and photoresist. SEM picture of a RIE etched InP structure with the 

SiO2 Mask layer on it is also shown. 

 

 Following the formation of SiO2 mask, samples were etched by RIE, and SiO2 was 

removed from the RIE etched epi-layers with the same buffered oxide etch used for SiO2 

patterning. This completed the fabrication process for the AWG’s. Several AWG’s were 
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fabricated with various parameters by using the described processes. Figure 3-14 shows 

SEM pictures for different sections of S-shape AWG’s on InP. Ridge waveguides had a 

lateral width of about 1 µm less than the stripes on the mask that were used to define 

them. That result was attributed to isotropic etching of SiO2 during the patterning of the 

SiO2 mask layer. The pictures show that the sidewalls and the surface of the ridge 

structures are only moderately smooth but did not effect the device performance since the 

optical guided mode in the ridge structure had minimal contact  

 

 

 

Figure 3-14. SEM pictures of various sections of an S-shape broadband AWG 

fabricated on InP are presented. 
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with the sidewalls and surfaces (as shown in Figure 3-7) and the total device size was 

small. Ridges were formed by etching to 0.11 µm of the InGaAsP core layer.  Etching to 

within 0.11 µm of the core ensured good lateral confinement of the optical mode and 

minimized bend loss. Quartz glass mask with a size of 4”x 4” was used as a 

photolithographic mask, and several broadband AWG’s were designed with various 

parameters including the number of channels, waveguide with, waveguide separation at 

the couplers and output waveguide separations. A layout of optical mask is shown in 

Figure 3-15. 
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Figure 3-15. Layout of the AWG mask used for UV photolithography. Many AWGs 

with various parameters were on the mask.  4, 8 and 16 channel broadband AWGs were 

designed for fabrication. 

  

 



                                     
 
  82 

3.6 CHARACTERIZATIONS AND RESULTS 
 
 Completed AWG samples were thinned by back-polishing the substrate to enable 

easy cleaving. Optical setup shown in Figure 3-16 was used for device characterization. 

Light from a tunable laser was coupled into the AWG with an end tapered single-mode 

fiber. Light from individual output waveguides was focused onto a germanium detector 

using an infrared objective. Optical propagation loss was measured by using a Fabry 

Perot technique [84], and was found to be 4.5 dB/cm that gave a total calculated 

propagation loss of 2.75 dB in the devices. The AWG transmission was tested over the 

wavelength range of 1460 nm-1580 nm that was the maximum tuning range of the laser.  

The spectral response for the four channel AWG with portions of three different grating 

orders is displayed in Figure 3-17.  Within a diffraction order, each peak (wavelength 

channel) represents the output of an individual waveguide as the laser was scanned over 

its full range from 1460 nm to 1580 nm. Full width half maximum (FWHM) of the  

 

 

Figure 3-16. Optical setup used for characterization of broadband AWGs. 
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channels was approximately 11 nm. Crosstalk between wavelength channels was no 

larger than -16 dB.  For a fixed input power, the variation in the output of waveguides at 

the center wavelength for each channel was no greater than approximately 2 dB. The total 

estimated on-chip loss was less than 8 dB, which included the propagation, bend and 

waveguide to star coupler coupling losses. No extra peaks were observed, and it was  

 

 

Figure 3-17. Spectral response for the broadband AWG, with portions of three different 

grating orders displayed. Within a grating order, each peak is the output from a single 

waveguide as the broadband laser source is tuned. 
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Figure 3-18. Polarization insensitivity; birefringence between TE and TM modes shifts 

the transmission spectrum by only 1.1 nm.  Only one peak is shown for clarity. 

 
concluded that high bend loss for higher order modes prevented ghost image effects from 

a higher order mode. As can be seen in Figure 3-17, the channel spacing was slightly less 

than 20 nm that was caused by the approximations made in the design calculations. In 

equation number 3-9, Nc and ns were assumed to be same, which is not actually true. This 

led to a slightly different ∆L than it is supposed to be, resulting in a decrease of channel 

spacing and FSR. The transmission response shown in Figure 3-17 is for un-polarized 

light. As seen below, our AWGs are polarization insensitive compared to the wide 

channel spacing and therefore polarization control was not necessary for transmission 

characteristics. Birefringence measurements, as shown in Figure 3-18, revealed a TE-TM 

shift of approximately 1.2 nm in the output spectra consistent with earlier calculations 

predicting a red shift of 1.1 nm due to TE-TM birefringence. 
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Figure 3-19. Temperature Insensitivity; increasing the AWG temperature from 25 oC to 

85 oC shifted the spectrum by 3.5 nm. Only one peak is shown for clarity. 

 

This resulted in a polarization dependent loss value of approximately 0.6 dB. Also, 

thermal stability of the device was tested by heating it over a wide temperature range. 

The results are shown in Figure 3-19. A shift of approximately 3.5 nm over a temperature 

range of 60 0C was observed in the output spectra of this four channel AWG. The 

measured loss for this shift was less than 4 dB. The results show that the shifts due to 

birefringence and temperature fluctuations are small compared to the wide spectral peaks 

of the output spectra (~11nm), resulting in a device that is insensitive to polarization and 

temperature. Design parameters and performance characteristics of the broadband AWG 

are summarized in Table 3-1. 
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Table 3-1. Design parameters and performance characteristics of broadband AWG on InP 

 
# of channels 4 

channel spacing 18.3 nm 

operating range 1470-1525 nm 

#  of phase array waveguides 9 

∆∆∆∆L    10.31 µµµµm 

FPR Length ( R ) 272 µµµµm 

Waveguide Separation (dw) 5 µµµµm 

FWHM 11 nm 

minimum bend radius 1000 µµµµm 

maximum crosstalk -16 dB 

non-uniformity < 2 dB  

On chip Loss 8 dB 

Device Size 0.8 mm x 4.0 mm 
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CHAPTER 4 
 

4 FABRICATION AND CHARACTERIZATION OF OPTICAL 
WAVEGUIDES USING A NOVEL PHOTOSENSITIVE 

POLYIMIDE 
 

4.1 INTRODUCTION 
 
 With the emergence of photonics in traditional telecommunications and its 

continuing importance in computer and communications systems at virtually every 

interconnection level, technologies for the implementation of photonic transmission, 

switching, logic, and memory functions consistent with these application environments 

are being aggressively sought. The greatest appeal of polymeric optical materials is their 

potential to coexist benignly with the predominantly inorganic optical and electronic 

material systems providing a pivotal bridging technology that allows full integration of 

optics and electronics at the component and system levels. Optical waveguides are a 

crucial component of photonic and integrated optical systems. They are fabricated by 

using polymeric materials and are becoming more attractive for applications in 

optoelectronic devices and circuits [85].  

Conventional silica-based inorganic waveguides and glass optical fibers are 

routinely used for high-speed data transfer. Although they are convenient for carrying 

optical information over long distances with a minimal amount of loss, they are 

inconvenient for complex high-density integrated circuitry. In addition to being fragile, 

glass fiber devices are difficult to fabricate and as a result are quite expensive. However, 
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organic polymer waveguides can be fabricated on larger substrates permitting the mass 

production of low-cost, high-port-count and high-volume photonic circuits, and are more 

flexible with higher degree of ruggedness. Since organic polymers such as poly-methyl-

methacrylate (PMMA), poly stylene, poly carbonate have excellent optical transparency 

in the visible wavelength, optical waveguides using these polymers have been studied 

[86],[87]. Even though these organics have excellent transparency in the visible 

wavelength, they do not posses sufficient high thermal stability—a key property for 

effective use in photonic circuits. However, one class of polymers, polyimides (PIs) 

captured the interest of researchers from very early on due to their superior thermal 

stability. Prolonged use of PIs are possible at temperatures of up to 200 oC, and short 

term heating at temperatures up to 500 oC. PIs are nonflammable and stable at room 

temperature to organic solvents and concentrated acids (excluding sulfuric and nitric 

acids). PIs exhibit excellent physico-mechanical properties in a broad temperature range 

and exceptionally high radiation resistance [88]. PIs have been widely used in 

microelectronic circuitry because of high thermal and chemical stability and resistance to 

exceptionally high radiation [89-91].  

Recently, photonic devices using PI-based waveguides have been demonstrated 

[92,93]. Such waveguides were fabricated using conventional micro fabrication 

techniques that included multilevel photoresist patterning and reactive ion etching (RIE). 

If Photosensitive Polymides (PSPI) are used several fabrication steps can be removed 

reducing the processing costs.  PSPI’s have excellent thermal and chemical stability and 

low dielectric constants. They are widely used as protective insulating layers in multichip 
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module fabrication [94-96]. Recently optical applications for PSPI’s have been developed 

[97],[98]. Beuhler et al. [99],[100] reported that waveguides based on PSPI had a loss of 

less than 1 dB/cm at 800 nm wavelength.  

           In this chapter, we report on the fabrication of low-loss optical waveguides for 

telecommunication applications using a novel PSPI comprised of polyamic acid (PAA) 

and photosensitizer. Buried single and multimode ridge waveguides were made and 

tested. Optical propagation losses of 0.4 dB/cm were measured at 1.55 µm wavelength. 

4.2 MATERIALS 
 

The polyimide (PI) was prepared initially as polyamic acid by mixing a 

stoichiometric ratio of aromatic fluorinated diamines with aromatic fluorinated 

tetracarboxylic acid dianhydrides in N,N-dimethylacetamide (DMAc) at room 

temperature (Equation 4-1.)  Monomers and solvent were obtained commercially and 

used as received. A small amount of 1,4-dihydropyridine (DHP) derivative was added 

and the resulting solution was used as a PSPI precursor.  The overall concentration of the 

PSPI was 80% DMAc and about 20% PAA. 

 

Equation 4-1. 
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A small amount of DHP derivatives was used as a photosensitizer. Figure 4-1 

shows DHPs converted to its corresponding pyridine derivatives after exposure to UV 

light. Depending on the post-exposure baking temperature, a negative or positive tone 

image can be made [101]. The PSPI made had a Tg of 330 °C and its decomposition 

temperature was higher than 400 °C. It is worth noting that the imidization of the PAA 

initially begins during the UV exposure and the PEB (~180 °C) steps. Complete 

imidization occurs during the  

 

 

Figure 4-1. Mechanism of the photochemical reaction. UV exposure of DHP’s converts 

them to corresponding pyridine derivatives. 

 

curing of the sample at temperatures larger than 300 °C. When PAA is baked in a 

vacuum oven during the curing process, water and microvoids (which were resulted from 

the imidization process) do not seem to remain in the PSPI film. However, a part of the 

decomposed photosensitizer remains in the film. The refractive index of the PSPI does 

not depend on the processing conditions and remains almost the same at temperature 

ranges of 310–350 °C. The PSPI film is colorless with an index of refraction of 1.52 at a  
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Figure 4-2. Absorbance of the PSPI film using Fourier transform infrared spectroscopy 

(FT-IR). PSPI shows relatively low absorption at optical communication wavelengths 

of 1.3 and 1.5 µm. 

 
1.55 µm wavelength. As shown in Figure 4-2, the resulting film has low absorption at the 

optical communication wavelengths of 1.3 µm and 1.55 µm. Fundamental properties of 

the PSPI film that is formed by the described solution and reaction are summarized in 

table 4-1. This PSPI film is spin coated over a substrate and then patterned by using a 

UV-exposure-development process that is outlined in Figure 4-3. UV exposure converts 

 
 

 

 

 

 

 

 2.7Dielectric constant 

0.010Birefringence     (@ 1.55 µm )

1.510TM polarization

40Coefficient of thermal expansion (ppm)

>400Decomposition temperature  (ºC)

330Glass-transition temperature (ºC)                                    

1.520TE polarization

Refractive index (@ 1.55 µm )

2.7Dielectric constant 

0.010Birefringence     (@ 1.55 µm )

1.510TM polarization

40Coefficient of thermal expansion (ppm)

>400Decomposition temperature  (ºC)

330Glass-transition temperature (ºC)                                    

1.520TE polarization

Refractive index (@ 1.55 µm )

Table 4-1. Fundamental properties of PSPI 
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Figure 4-3. UV patterning process for the PSPI film. 
 

DHPs in the PSPI film in to corresponding pyridine derivatives and an image of the mask 

pattern is formed by the development of exposed film. 

4.3 WAVEGUIDE DESIGN 
 

Several different waveguide designs and geometries were considered. They all 

included rectangular ridge structures formed by PSPI and were either placed on a 

substrate with air as cladding or were buried in another cladding material. PSPI ridge 

structures were initially fabricated on a silca-on-silicon substrate as shown in Figure 4-4. 

This substrate system was formed by a thin buffer layer of SiO2 over the silicon substrate. 

Thin SiO2 layer on silicon served as a low index buffer cladding layer for the PSPI 

waveguide. Some waveguides using this substrate system were designed and fabricated  
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Figure 4-4. Initial waveguide design. Si substrate was used in order to achieve smooth 

end surfaces through the substrate cleaving. PSPI was directly patterned on the SiO2 

buffer layer. Thickness of the  SiO2 layer was about 10 microns.  

 
 
 
 
 

 
 

Figure 4-5. Final waveguide geometry used to fabricate photosensitive polyimide (PSPI) 

waveguides. Core material, PSPI, is buried in a lower index cladding Polyimide. A 

quartz glass was used as a substrate. W and t3 are the core dimensions, t1 and t2 are the 

spinned cladding thicknesses.  
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until there was difficulty preparing the finished waveguides sample for testing. Although 

the PSPI polymer material was rigid and able to be cut, it was not cleavable. It was 

theorized that the silicon substrate could be cleaved and the PSPI waveguide over 

substrate could be cleanly cut, but this did not work as thought. It created rough and 

optically  not flat end surfaces for the waveguide samples. This unexpected result created 

high losses during light coupling in to the waveguides and significantly diminished the 

effectiveness of the characterizations. The process was discontinued and others were 

examined.   

During research, it was determined that optical waveguides where air is the direct 

over-cladding material suffer from high scattering losses due to surface roughness. Large 

index contrast between the core and air dictates more strict conditions for single mode 

operation including very thin ridges. With consideration to these arguments, a thick 

quartz glass substrate was utilized and the PSPI ridge was buried in another polyimide 

material on the glass substrate. The polyimide used as a cladding material was a 

conventional fluorinated polyimide and had a slightly smaller refractive index with 

respect to the core PSPI. This geometry of the waveguide structure is shown in Figure 4-5, 

in which w and t3 are the waveguide core (PSPI) dimensions and t1 and t2 are the 

thickness for the spin-coated polyimide cladding layers.   

 Solutions for the waveguide modes (Appendix A) showed that for the waveguide 

geometry shown in Figure 4-5 with a 0.3 % index difference between the core and the 

cladding, the structure resulted in a single mode waveguide as long as the dimensions of 

the core region is smaller than about 6 x 6 µm at the 1.55 µm wavelength. Beam 
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propagation method software was used to simulate these structures. Several simulations 

were done using variations of PSPI waveguide dimensions and material indices. These 

simulations provided information about the guided modes in the structure, the intensity 

and the field distributions, and about guided mode propagation through the PSPI 

waveguides.     

Both single and multimode structures were simulated. Samples of these 

simulations are presented in Figure 4-6 and Figure 4-7. Figure 4-6 shows the results of 

the simulations for the structure presented in Figure 4-4. The index of refraction for the 

PSPI core material used in these simulations was measured to be 1.5182. The cladding 

polyimide was measured to be 1.5138, and the glass substrate was 1.458, at 1.55 µm 

wavelength. Simulation results presented in Figures 4-6 and 4-7 include optical field 

intensity profiles for the fundamental guided mode and mode electric field magnitudes 

with respect to the waveguide index distribution. By using the simulation software it was 

also possible to propagate guided mode in the waveguide for a limited distance, and a 

demonstration for wave propagation is also included in the simulation results. Figure 4-7 

shows simulation results for the structure presented in Figure 4-5 that was later decided to 

be the optimum waveguide design used for PSPI waveguide fabrication.  

It can be observed by the comparison of the results from these two simulations 

that PSPI waveguide which is fully buried in a lower index polyimide cladding material 

produces a symmetric  
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Figure 4-6. Simulation results for the structure shown in Figure 4-4. Cross section of 

Optical field distribution for the fundamental mode,  refractive index distribution over 

part of the waveguide length, electric field and index distribution, and propagation of 

the optical field along the waveguide are shown. 
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Figure 4-7. Simulation results for the structure shown in Figure 4-5. Cross section of 

Optical field distribution for the fundamental mode,  refractive index distribution over 

part of the waveguide length, electric field and index distribution, and propagation of 

the optical field along the waveguide are shown. In this structure, PSPI waveguide was 

buried in PI cladding producing more uniformity. 
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guided field distribution since the index distribution is symmetric when the core is buried 

in the same cladding uniformly in all directions. After considering the end-facet 

preparation issues and the simulation results, the structure shown in figure 4-5 was used 

as the basis for the waveguide fabrication. Samples using this structure with various 

waveguide dimensions and core-cladding refractive indices were fabricated.  

4.4 MASK 
 

A photomask was designed and used during the fabrication process. The 

patterning process for the PSPI material included a UV exposure as was described in the 

materials section previously. As was previously shown in Figure 4-3, UV exposure 

defines the regions of the PSPI film that may or may not stay after the development 

depending on the post-exposure baking conditions. This was achieved by the conversion 

process of the DHP’s in PSPI film to its corresponding pyridine derivatives (Figure 4-1). 

PSPI material acts like a photoresist. Via UV exposure through a photomask, patterns on 

the mask are transferred to the PSPI film. 

During the experiments, baking conditions were set in a range that the PSPI film 

acts as a negative photoresist. This allows the exposed portion of the PSPI film to stay 

while the rest is washed away during the developing process. As a result, a 4” by 4” 

chrome mask written on a quartz glass substrate was designed and fabricated outside. As 

shown in Figure 4-8, this mask was opaque everywhere except for the features that were 

transferred to the PSPI film.  Straight waveguides were designed. They were 5 cm long. 

Long waveguides were needed in order to be able to cut them in to several pieces for 

characterization and end surface preparation. The widths of these waveguides ranged  
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Figure 4-8. Photomask for the UV patterning process.  a) The mask is called to be a 

“negative-tone”; only the features transparent on the mask will be transferred to the 

patterned PSPI film.  b) Straight waveguides with several widths (w) were spaced a 

distance of s=200 µm on the mask. Resolution marks were used to calibrate the exposure-

development process. 

 
from 2 µm to 16 µm. Resolution features as small as 1 µm were also placed on the mask 

for process quality control. These features and groups of waveguides were repeated many 

times over the complete mask to allow for more waveguides to be fabricated on a given 

substrate. 

4.5 FABRICATION PROCESS 
 

Buried ridge waveguides as described in the design section were fabricated using 

the PSPI and regular polyimide. Conventional fluorinated (UV insensitive) polyimide 

was used in under-cladding and over-cladding layers, and the fluorinated PSPI was used 

as core material. The use of the polyimide as cladding allowed for a very small refractive 

index difference between the PSPI core and the polyimide cladding.  
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Figure 4-9. Fabrication process of PSPI waveguide. PSPI is waveguide core material 

and works as a photoresist at the same time. Conventional fluorinated polyimide is used 

as cladding layers. 

 

Figure 4-9 shows a schematic diagram of the fabrication process and the resulting 

buried ridge waveguide. Formation of the core PSPI ridge involved spin-coating of PSPI, 

pre-baking of the spin-coated PSPI film, exposure with UV light, a post-exposure-baking, 

developing the UV exposed PSPI in a developer solution and a final curing. Figure 4-10 

summarizes the 6 step processing of the PSPI film. Each process step plays a crucial role 

in the formation of the PSPI ridge structure and careful analysis of each step was required 

to produce a smooth, stable vertical ridge structure. PSPI film thickness was 

characterized for various spin coating parameters. Depending on the viscosity level of the 

prepared PSPI solution, PSPI thicknesses versus spin relations were shifted. Following  
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Figure 4-10. Processing steps for the PSPI core ridge. Thickness of the PSPI film 

changed during the process flow. 

 
 
 
 

 

Figure 4-11. PSPI film thickness as a function of spin coating rpm for various viscosity 

levels. 
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the spin-coating, samples were pre-baked at 90 oC, and the PSPI film thicknesses were 

measured by using a step profilometer. Figure 4-11 presents the results of the 

characterizations for thickness of the PSPI film as a function of the spin speed in rotation 

per minute (rpm) for various viscosity levels. Next comes the sequence of exposure-post 

exposure bake (PEB)-development. The pre-baked PSPI film was exposed by using a 

contact UV exposure system through the photomask. All exposures were done at 365 nm 

wavelength. The combination of exposure and PEB determines the data for the 

development and the dissolution rates of the exposed and unexposed PSPI film. 

Therefore, the effect of these two steps was examined individually by keeping the other 

at a constant.  

 

 

Figure 4-12. Developing time vs. Exposure dose graph. The waveguides were 5 

microns wide and the space between the waveguides were 5 microns.   
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First, exposure is characterized for development time. Figure 4-11 shows the 

results of these measurements. It is observed from Figure 4-12 that developing time for 

the PSPI film was increased with the increased exposure dose. This was attributed to the 

scattering of the UV light and exposure of regions that were not supposed to be exposed. 

It was also observed that a percentage of the exposed PSPI was dissolving during the 

steps resulting in shrinkage of  

 

 

Figure 4-13. Dissolution rate of exposed PSPI film vs. Exposure dose. 
 

the PSPI film. This dissolution was also related in part to the exposure dose.    

To characterize this dissolution, samples were exposed to various doses and the 

remaining thickness of the patterned PSPI film was measured after the development. 

Results are presented in Figure 4-13. As shown by the graph in Figure 4-12, there is a 

saturation point for the dissolution rate between 35 and 40 mJ/cm2. The preferred 
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exposure levels were larger than 35 mJ/cm2 and provided a stable and reliable dissolution 

rate of the exposed PSPI during the development of the PSPI film. Dissolution of the 

exposed PSPI film during these steps resulted in a thinner PSPI film than what was 

started with.  

It was also important to properly characterize the dissolution and the remainder rate for a 

starting PSPI film in order to be able to reach the designed waveguide thickness for the 

patterned film. For this reason, the exposure level to the remainder rate of the PSPI was 

calibrated and the effects were studied. Figure 4-14 presents the results of this 

characterization. Interestingly, this characterization also revealed that at a certain 

exposure dose the remainder percentage of the initial PSPI thickness is at maximum.  

               

 

Figure 4-14. Remainder rate of PSPI vs Exposure dose. 
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Figure 4-15. Development time vs post-exposure-time (PEB) for various PEB temperatures. 

 
 
 
 

 

Figure 4-16. Dissolution rate of exposed PSPI vs PEB time. 
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Figure 4-17. Remainder rate of PSPI vs PEB time for various PEB temperatures. 

 
Next, the effect of PEB to the development, dissolution and remainder rate of PSPI were 

characterized. The samples were post baked at various temperatures for various amount 

of time and the developing times were recorded. Results of this characterization are 

shown in Figure 4-15. Dissolution rate of the exposed PSPI film was also characterized 

with respect to PEB time for various PEB temperatures. For temperatures more than 175 

oC the dissolution rate stabilizes after 10 minutes of post exposure baking. The remainder 

rate of the PSPI film was again characterized with respect to PEB time for various 

temperatures as it was a main point of interest. Figure 4-17 shows the results of these 

characterizations. For varying temperatures of PEB, the remaining PSPI film percentage 

reaches to a maximum at different PEB times. These process characterizations were 

evaluated and an optimum process for the PSPI film patterning was determined.  

The shrinkage of the PSPI film was also quantified by the presented data and used 

as basis for the desired waveguide design during the calculations. Each process  
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Figure 4-18. PSPI film thickness shrinkage during each process for pattern generation. 
 

contributed to the thickness reduction. A summary of PSPI thickness shrinkage after each 

step of the patterning process is given in Figure 4-18. Completely processed and cured 

PSPI ridge thickness was reduced by about 38-40 % from its original pre-baked thickness. 

4.6 OPTIMUM PROCESS 
 

After careful analysis of the individual processes characterizations and the 

resulting quality of the processed PSPI film, an optimum process recipe was formulated. 

Theoretical waveguide design parameters were also considered in order to obtain the 

desired end result for the PSPI waveguide. A 10-µm-thick under-cladding layer was 

formed on pre-cleaned 1-mm-thick quartz glass substrates by spin-coating. After curing 

this layer, PSPI was spin-coated over this under-cladding layer. This spin coating recipe 

was 500 rounds per minute (rpm) for 5 seconds for the first step followed by a 3000 rpm 
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for 15 seconds.  A pre-baking  at 90 oC for 15 min was then performed by using a hot 

plate followed by UV exposure of the PSPI layer through the photomask described earlier 

defining the waveguide width and length. An UV exposure dose of 40 mJ/cm2 (@ 365 

nm) was used. The substrates were then placed on a hotplate, at ambient room 

temperature for PEB at 180 oC for 10 min. To dissolve the unexposed area of PSPI layer, 

a 1:1 mixture of tetra-methyl ammonium hydroxide (10% TMAH) solution and ethyl 

alcohol was used as a developer. The substrates were developed in the solution for 10 

min at 40 oC. After development, the resulting pattern was cured under vacuum at 350 oC 

for 2 hours. The final thickness of the PSPI waveguide was measured and found to be 7 

µm, a reduction of 37% from it is original value of 11 µm. Finally, the waveguide ribs 

were covered with a spin-coated and cured over-cladding layer. The measured 

birefringence value for the spun and cured PSPI is 0.01 for 1550 nm.  

 

Table 4-2. Optimum Process Conditions 

 
PROCESS EQUIPTMENT CONDITIONS 

Spin-Coating Spinner 500 rpm*5sec+3000rpm*15sec  

Pre-bake Hot Plate 90 0C for 15 minutes  

Exposure  Mask Aligner 40 mJ/cm2 (@365 nm) 

Post Exposure Bake (PEB) Hot Plate 180 0C for 10 minutes 

Development TMAH Solution 40 0C for 10 minutes 

Curing Vacuum Oven 350 0C for 2 hours 
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Figure 4-19. Scanning electron microscope (SEM) pictures of the ridge waveguides 

fabricated using PSPI. Optimized process produced very smooth sidewalls and surfaces. 

High aspect ratio structures can be obtained with PSPI. 

 
 

This processes resulted in very smooth and high quality ridge structures. Figures 

4-19 and 4-20 show the scanning electron microscope (SEM) pictures of the core 

waveguide structures made of PSPI. Relatively smooth sidewalls and surfaces were 

obtained by controlling the exposure and development conditions, thus showing the 

potential of PSPI waveguides in achieving low-loss propagation of optical guided modes. 

Moreover, as seen in Figure 4-19, it was also possible to achieve high-aspect-ratio 

patterns with vertical ridge structures. In Figure 4-20, pictures of ridges from the earlier 

results are presented alongside the pictures from improved process, which were achieved 

by the optimization of the PSPI material and fabrication process.  

 Completion of the PSPI waveguide core was followed by spin-coating and 

curing of over cladding polyimide layer that was 15 µm thick. Formation of the over-  
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Figure 4-20. Improvement of the PSPI process quality.  Optimization of the PSPI 

contents and spin-exposure-PEB-development conditions resulted in vertical structures 

with smooth sidewalls. 

 
cladding layer concluded the fabrication of the waveguides. Buried ridge waveguides 

with various thicknesses ranging from 3 to 10 µm and widths of 2 to 16 µm were 

fabricated. These structures resulted in both single-mode and multimode structures, but 

single mode waveguides were used in characterizations.  

 The next step was the preparation of the waveguides for optical propagation loss 

characterization. For this, the end-facets of the waveguide samples needed to be prepared 

for end-fire light coupling. Coupling efficiency of the light in to the optical waveguides 

depended significantly on the optical quality of the end-facets. The end-facet needs to be 

optically flat and smooth. As mentioned earlier, use of silicon substrate was discontinued  
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Figure 4-21. SEM pictures (cross sectional view) for the end-facets of PSPI-PI 

waveguides on quartz glass substrate. Disco No. 522 dicing machine produced high 

optical quality end-facets, enabling efficient light coupling. 

 
 
after it was realized that cleaving the silicon substrate did not produce a quality end-facet. 

The choice of quartz glass as a substrate gave us the opportunity to polish the end-facets. 

This is how most of the glass optical waveguides are prepared. Unfortunately, the relative 

softness of the polyimide and PSPI with respect to the quartz glass made it impossible to 

polish and obtain a quality end facet. Next, a diamond cutter was used but this did not 

yield the desired results. Finally a commercial dicing system was used and it produced 

nice results for the PSPI waveguides. The results for each technique is shown in Figure 4-

21. Samples that were cut with a Disco No. 522 dicing system rendered end facets that 

were very smooth for efficient butt-fire light coupling. 

4.7 CHARACTERIZATIOSN AND RESULTS 
 

The waveguides were evaluated for propagation losses at a wavelength of 1.55 

µm. The optical setup that was used in the characterizations is shown in Figure 4-22. Due 

to their excellent optical transparency in the visible range, the initial butt-coupling  
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Figure 4-22. Optical setup used to measure loss in the waveguide structures fabricated 

using PSPI. 

 
 
alignment was made with a helium–neon (He–Ne) laser at 633 nm. Since it was possible 

to see the visible light propagating in a transparent PSPI waveguide, coupling into the 

waveguides using a visible laser was much easier compared to the infrared light. The 

measurement setup allows for a simultaneous feed of either the He–Ne or infrared laser 

into the single mode input fiber without destroying the alignment. Upon aligning the fiber 

to couple with the waveguide, the He–Ne laser output is blocked, and the infrared light is 

allowed to propagate into the waveguide. The coupling was further optimized by 

maximizing the waveguide output. The output from the waveguide was imaged on to a 

photodetector by using an objective lens as shown in Figure 4-22. To measure the 

propagation losses, a slightly modified conventional cutback method was used. In this 

case, samples with different waveguide lengths were measured to collect data. Figure 4-

23 summarizes the procedure used for this technique. In our measurements at least four 

different lengths of waveguide samples were used including 1 cm, 1.5 cm, 2 cm, and 4.5  
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Figure 4-23. Cut-back technique used to measure the propagation losses. 
 

 

 

Figure 4-24. Losses versus waveguide length as measured by the setup in Figure 4-22. 
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cm. Total loss values for these different length samples were plotted with respect to 

waveguide length. As shown in Figure 4-23, the slope of the line gives the propagation 

loss per unit length of the waveguide. Figure 4-24 presents an example for one of these 

measurements that was used. The graph demonstrated that propagation loss as low as 0.4 

dB/cm at 1.55 µm was possible in the PSPI waveguide. Another method as described in 

[102] was used to confirm the results. With this method, a propagation loss value of 0.35 

dB/cm was obtained. Current research suggests that this is lowest loss value reported for 

PSPI. Figure 4-25 shows the near field picture of the optical guided mode in a single 

mode PSPI waveguide by using an infrared camera and lateral-vertical intensity profiles.  

 

 

 

Figure 4-25. Near field picture of the guided mode in a single mode PSPI waveguide, 

by using an infrared camera. 
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The propagation loss spectrum in the infrared region was evaluated using an optical 

spectrum analyzer (Advantest, Q8381A) with a white light source.  Figure 4-26 shows 

the loss dependence on the wavelength for straight waveguides that are fabricated by 

using the PSPI. Observed peaks at wavelengths 1.1, 1.4 and 1.65 µm were due to the 

resonances for the vibrations of chemical bonds in the PSPI.  However, at optical 

communication wavelengths of 1.3 or 1.55 µm, PSPI exhibits a lower absorption band.  

In particular, the loss at 1.55 µm is the lowest in the infrared region. This confirms that 

this novel PSPI and the waveguides fabricated by using PSPI are suitable for applications 

in optical communications and devices. 

 

 

Figure 4-26. Propagation loss dependence on wavelength for infrared. 
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CHAPTER 5 

 

5 SUMMARY AND CONCLUSIONS 
 
 
 In conclusion, this dissertation discussed guided wave integrated optical devices 

fabricated on various material systems for various functions. The study of a novel 

biosensor platform has presented the first demonstration of a hybrid sensing structure 

composed of sol-gel and ion-exchanged glass materials and its application to absorption-

based bio-sensing. This technique is applicable for sensing of a wide range of 

biochemical species via recognition of absorption spectra over a broad wavelength region. 

Simultaneous detection of multiple species is possible with the fabrication of several 

selective channels using this sol-gel on glass waveguide technology. Simplicity, ease of 

fabrication, and ability to operate with a wide range of wavelengths demonstrate the 

potential of this approach for highly selective, disposable, and multi-agent biochemical 

sensing applications. Sensitivity can be significantly improved by making simple 

modifications for the device design and operation: a shift in the wavelength used in the 

device can improve the sensitivity by an order of magnitude, an doubling in the 

waveguide interaction length can double the sensitivity, on-chip referencing improves the 

sensitivity by about five times. Also designing thinner waveguides in which the 

interaction overlap between the sensitive agents over the surface of the waveguide can 

also increase the sensitivity. It is calculated that by using a combination of these 

improvements two orders of magnitude improvement in the sensitivity is possible, which 
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results a sensitivity that is close to the state of the art industry detection levels using large 

scale environmentally controlled devices. 

 This dissertation also demonstrated the first s-shaped arrayed waveguide grating 

fabricated on III-V semiconductors operating at wavelengths compatible with the coarse 

wavelength division multiplexing standards. The wide spectral peaks results in a device 

which is thermally stable over a wide temperature range and is polarization insensitive.  

The four channel design can easily be modified for operation with 8 or 16 wavelength 

channels and operation over any portion of the coarse wavelength division multiplexing 

range that extends from 1270 nm to 1610 nm. Simulations indicate several modifications 

to improve the device performance including doubling of the number of waveguides in 

the central array to reduce cross talk by 20 dB and reduce the insertion loss, an increase 

in the length of star couplers to reduce channel non-uniformity, and use of tapered 

waveguides at the star couplers to further reduce insertion loss. Waveguide spacing at the 

output star coupler can also be adjusted to fine tune the spacing between wavelength 

channels and minimize loss if the standardized CWDM channels are desired.  

Finally, the study for a novel photosensitive polymer material is presented. Buried 

optical waveguides using newly developed photosensitive polyimide (PSPI) material 

have been fabricated through simple photolithographic process. Optical characterization 

and measurements indicated relatively low propagation losses at 1.55 µm. The 

simplification of the fabrication process along with the low optical propagation loss make 

this novel PSPI a viable candidate for low cost telecommunication and photonic elements.  
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APPENDIX A. PLANAR OPTICAL WAVEGUIDES: BASIC 
EQUATIONS 

 
For the wave analysis of planar optical waveguides, the slab waveguide shown in Figure 

A.1 was used. Maxwell’s equations in a homogeneous and lossless dielectric medium are 

written in terms of the electric field E and magnetic field B as [103]; 

t
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E
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r
µ                                                             (A.1) 
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ε and µ denote the permittivity and permeability of the medium respectively. ε and µ are 

related to their respective values in a vacuum by ε = ε0 n
2 and µ  = µ0 , where n is the 

refractive index. We are interested in plane wave propagation in the form of 
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Substituting Equations. (A.3) and (A.4) into equations (A.1) and (A.2), we obtain the 

following set of equations for the electromagnetic field components: 
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Figure A-1. Slab optical waveguide. 
 

and, 
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In the slab waveguide, as shown in Figure A.1, electromagnetic fields E and H do not 

have y-axis dependency. Therefore, we set partial derivatives with respect to y equal to 

zero, reducing equations (A.5) and (A.6) in to two independent electromagnetic modes 

which are denoted as TE mode and TM mode, respectively. 
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 The TE mode satisfies the following wave equation: 

0)( 222
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y Enk
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Also the tangential components Ey and Hz should be continuous at the boundaries of two 

different media. As shown in equation (A.10), the electric field component along the z-

axis is zero (Ez = 0). Since the electric field lies in the plane that is perpendicular to the z-

axis, this electromagnetic field distribution is called transverse electric (TE) mode.  

 The TM mode satisfies the following wave equation; 
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As shown in equation (A.14), the magnetic field component along the z-axis is zero (Hz = 

0). Since the magnetic field lies in the plane that is perpendicular to the z-axis, this 

electromagnetic field distribution is called transverse magnetic (TM) mode. 

 Propagation constants and electromagnetic fields for TE and TM modes can be 

obtained by solving equations (A.7)-(A.14). Considering the fact that the guided 

electromagnetic fields are confined in the core and exponentially decay in the cladding, 

the electric field distribution is expressed as: 

)()cos( ax
y eaAE −−⋅−⋅= σφκ                   x > a                    (A.15) 

 
)cos( φκ −⋅= xAEy                                  -a < x < a              (A.16) 

 
)()cos( ax

y eaAE +−⋅+⋅= ξφκ                    x < -a                  (A.17) 

 
κ, σ, and ξ are wave-numbers along the x-axis in the core and the cladding regions and 

are given by: 
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 222
snk−= βξ . 

The electric field Ey and the magnetic field Hz are continuous at the boundaries of core-

cladding interfaces (x = ± a). These boundary conditions result in the following equations; 

)sin()sin( φκξφκκ +⋅⋅=+⋅⋅ aAaA                                         (A.19) 
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Eliminating the constant A in equations (A.19-20) we have  
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Where u = κa, w = ξa, and w’ = σa. By using equations (A.21,22) we obtain the 

eigenvalue equations as; 
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Where m=0,1,2,…. The normalized transverse wave-numbers u, w, and w’ are not 

independent. They can be expressed as; 
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v is the normalized frequency, and γ is a measure of the asymmetry of the cladding 

refractive indices. Once the wavelength of the light signal and the geometrical parameters 

of the waveguide are determined, the normalized frequency v and γ are determined. 

Equations (A.23,25,26, and 27) are the dispersion equations or eigenvalue equations for 

TEm modes. When the the wavelength of the light signal and the geometrical parameters 

of the waveguide are determined, or when the normalized frequency v and asymmetrical 

parameter γ are determined, the propagation constant β can be determined from these 

equations. The transverse wave number κ should be a real number for the main part of the 
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optical field to be confined in the core region. Then the following condition should be 

satisfied: 

1n
k

ns ≤≤ β
                                                                            (A.28) 

 
β/k is a dimensionless value and is a refractive index itself for the plane wave. Therefore 

it is called the effective index and is usually expressed as: 
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When ne < ns ,  the electromagnetic field in the cladding becomes oscillatory along the 

transverse direction; that is, the field is dissipated as the radiation mode. Since the 

condition β=kns represents the critical condition under which the field is cut off and 

becomes the non-guided (radiation mode), it is called as cutoff condition. Here, we 

introduce a new parameter, which is defined by 
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Then the condition for the guided modes are expressed, from equations (A.28,29) by 
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And the cutoff condition is expressed as 
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b  is called the normalized propagation constant. Rewriting the dispersion Eq.(A.23) by 

using the normalized frequency v and the normalized propagation constant b, we obtain 
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Also, equation (A.18) is rewritten as 
 

bvu −= 1  

bvw =                                                                     (A.34) 

γ+= bvw' . 

 
For the symmetrical waveguides with n0 = ns , we have γ = 0 and the dispersion equations 

(A.23) and (A.24) are reduced to 
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Equation (A.35) is also commonly expressed as the dispersion equation; 
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Similar analysis can be carried out for the TM mode. In this case the dispersion relation is 

obtained as: 
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APPENDIX B. MEASUREMENT OF THE GUIDED MODE 
EFFECTIVE  INDICES: PRISM COUPLER 

 
 
 The effective refractive index nm defined in Eq. (A.29) can be measured by using 

various techniques. One of the common techniques is the Prism Coupling technique 

[104,105]. The principle of operation for the prism coupling method is shown in Figure 

B.1. Light beams entering the prism with an incoming angle θ is refracted through the 

prism with an angle Φ at the prism base. In both the prism and in the gap between the 

prism and waveguide the phase velocity of the beam in the z direction determined by this 

angle can be expressed as 

φsinp
i n

c
v =                                                                        (B.1) 

 
 

 

 

Figure B-1. Prism coupling principle of operation. 
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c is the free space light speed, and np is the prism refractive index. Light couples 

efficiently in to the waveguide when the phase velocity of the light matches to the phase 

velocity of one of the guided modes m (m=0,1,2..) in the waveguide. 

m
m N

c
v =                                                                         (B.2) 

 
Nm is the guided mode effective index defined as, Nm=β/k, β is the guided mode 

propagation constant, and k=2π/λ is the free space wavenumber. By using equations (B.1) 

and (B.2), the effective refractive index for the mth guided mode can be expressed as: 

mpm nN φsin=          .                                                          (B.3) 

 
Under this condition, total internal reflection occurs at the base of the prism and light 

coupling into the waveguide occurs by evanescent wave coupling. It is possible to 

measure the light incoming angle θ. From this, angle Φ can be calculated by using prism 

geometry[104] . Then, guided mode effective indices can be calculated as: 
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α is the base angle for the prism used, as shown in Figure B.1. 
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