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ABSTRACT 

Planar waveguide amplifiers and lasers were fabricated using Ag film ion 

exchange on Er^"^ / codoped phosphate glass. The performance of these amplifiers 

and lasers were studied and characterized. 

Silver film ion exchange process was thoroughly studied and a process suitable 

for fabrication of low loss waveguides on Er^"^ / Yb^"^ codoped phosphate glass was 

developed. A transmission loss of 0.15 dB/cm was obtained in surface waveguides on 

phosphate glass. Planar waveguide amplifiers were fabricated on Er^^ / Yb^"^ codoped 

phosphate glass and characterized. A net gain of 7 dB in a sample of length 4.7 cm and 

gain/cm of 1.5 dB/cm were achieved. Single mode waveguide laser arrays pumped by 

single mode laser diodes were fabricated. Their performance was characterized in terms 

of the output power, spectrum of the laser, lasing wavelength dependence on the 

waveguide width and the relative intensity noise (RIN) of the laser. The timability of the 

lasing wavelength to the desired wavelength, after waveguide fabrication, by annealing 

was demonstrated. 

A novel planar waveguide laser configuration for single-mode operation around 

1550 nm using cost-effective multimode diode pumping was demonstrated. The laser was 

fabricated by Ag film ion exchange in a hybrid phosphate glass which has active and 

passive regions monolithically integrated in a single glass chip. Power of 54 mW at 1538 

nm was measured fi-om the single-mode output waveguide. 
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Chapter 1 

1 INTRODUCTION 

Ever since the advent of Internet, data communications traffic has been grovdng 

faster than the Moore's law and to cope up with this rapid growth in traffic, the capacities 

of communication networks have been increased by employing optical technology. 

Wavelength Division Multiplexing (WDM), which allows multiple data to be transmitted 

on different optical carrier wavelengths simultaneously through the same fiber channel, is 

a key technique for large capacity optical communication systems. Wavelength division 

multiplexing was first used in long-haul backbone networks and has recently spread to 

short distance networks such as metropolitan area networks (MAN) and access networks. 

Optical switching has been introduced to increase the throughput of the network node. To 

accelerate the use of optical technologies in communication systems, integration is the 

keyword for next generation optical devices. Realization of compact inexpensive optical 

circuits with sophisticated functions has long been expccted to be the driving force for 

optical technologies similar to Large Scale Integrated circuits (LSI) for electronics but is 

particularly an urgent need for next generation optical devices. 

Integrated Optics, since originally proposed by S. E. Miller (S. E. Miller 1969), 

has held the promise that the success of integrated electronics could be transferred to the 

realm of optics. Even though integrated optics hasn't lived up to the expectations so far, it 

should be remembered that it took several years, since the invention of transistor, for 

integrated electronic circuits to be widely deployed and the demand for integrated optical 
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devices has only developed recently. The proposal by Miller has led to several groups 

working on integrated optical circuits using various optical materials. The last decade has 

seen the deployment of passive optical components such as multiplexers, splitters, 

variable optical attenuators, filters etc in fiber optic networks. Glass based integrated 

optic circuits have an advantage in fiber optic networks because of the need to pigtail the 

devices to optical fibers and the compatibility of glass waveguides to silica fibers. But 

active components such as lasers and photodetectors have been the domain of 

semiconductors and optical amplifiers for communication systems have been dominated 

by bulk fibers. The development of active components such as lasers and amplifiers by 

integrated optics and the ability to integrate active and passive devices in the same 

substrate is an important step for the next generation sophisticated integrated optical 

circuits. 

Significant progress has been made in the development of planar waveguide 

amplifiers and lasers in the recent years. Two of the most common approaches used for 

the fabrication of integrated optical waveguides are silica on silicon and ion-exchange. 

Silica on silicon waveguides (M. Kawachi 1990) are fabricated by plasma enhanced 

chemical vapor deposition (PECVD) or flame hydrolysis deposition (FHD) of silica 

cladding and core layers on top of the silicon substrate (D. Hie 1982; M. Kawachi 1983). 

The waveguide structure is formed on the core layer by photolithography and reactive ion 

etching (RIE). Silica waveguides are compatible with optical fibers because they are also 

made of silica. In the silica on silicon technology many process techniques can be 

adapted from the well advanced CMOS platform. 
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Ion-exchange in glass is one of the oldest techniques to successfully fabricate 

marketable integrated optical devices. The fabrication process for ion exchange is rather 

simple and low cost. Very low loss waveguides with transmission loss of 0.01 dB/cm 

have been demonstrated in ion-exchanged waveguides. Ion exchange is one of the most 

preferred techniques for the fabrication of planar waveguide amplifiers and lasers 

because of the ease of fabrication of ion-exchanged waveguides in multicomponent 

glasses such as phosphate glass. Phosphate glasses were recognized very early as better 

hosts for bulk lasers (E. Snitzer and R. Woodcock 1965). Because of the high 

solubility of rare earth ions in phosphate glass (V. P. Gapontsev et al. 1989; S. Jiang et al. 

1998), high erbium concentrations can be doped into the phosphate glass without 

significant lifetime reduction. This enables the development of planar waveguide 

amplifiers with high gain per cm and single frequency planar waveguide lasers that can 

absorb large amounts of pump power in short length and emit high output powers. 

In recent years, good results have been obtained for planar waveguide amplifiers 

using different fabrication techniques. A net gain of 27 dB has been achieved with ion-

exchange technique on phosphate glass (D. Barbier et al. 1998). Good results have also 

been obtained by FHD (T. Kitagawa et al. 1993) and PECVD (K. Shuto et al. 1993) 

techniques. A very high gain/cm of 4.1 dB/cm and a net gain of 15 dB has been achieved 

using sputtering technique (Y. C. Yan et al. 1997; J. Shmulovich 1999). Demonstration 

projects have been performed using the Er-Yb doped ion-exchanged planar waveguide 

amplifiers as power-boosters, in-line-amplifiers and preamplifiers in a 10 Obits / s 

transmission system (J. M. P. Delavaux et al. 1997). But planar waveguide amplifiers as 
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stand alone components cannot competc with the well established erbium doped fiber 

amplifiers (EDFA). To achieve the gain in a short length, higher concentrations of erbium 

are used in the planar waveguide amplifiers. This reduces the pumping efficiency because 

of the loss of energy due to cooperative upconversion process. Also the waveguide 

transmission losses are higher than the transmission losses in the fiber. This also 

increases the required pump power. The main advantage of planar waveguides is the 

ability to integrate along with the planar waveguide amplifier all the passive components 

such as 980/1550 nm multiplexers, tap couplers, variable optical attenuator and splitters 

that are required for amplifiers and lossless splitters (Y. Jaouen et al. 1999). This can 

reduce the package dimension considerably and also saves packaging cost compared to if 

these passive elements were packaged separately. This savings could be significant as the 

ability to integrate the number of components increases and it would become necessary to 

have amplifiers integrated in these chips to compensate for the losses from the passive 

elements. However it could be argued that, since fiber management is essential for these 

devices, using silica fiber amplifiers at the end to compensate the loss could reduce the 

pump power requirement considerably. 

Planar waveguide lasers, on the other hand, are essential for the next generation 

optical networks as well as other applications such as sensors and they provide clear cut 

advantages over other laser sources at 1550 nm. Semiconductor distributed feedback 

lasers (DFB) have been widely used for fiber optic communication systems. These lasers 

have some drawbacks, especially wavelength stabilization and coupling to optical fibers. 

Erbium doped glass waveguide lasers offer several advantages over semiconductor lasers 



16 

because they feature narrow line width, low noise and good beam quality, easy coupling 

to optical fibers, good wavelength stability and selectivity (T. Y. Fan and R. L. Byer 

1988; J. T. Kringlebotn et al. 1994; W. H. Loh et al. 1998). The broad absorption band 

found in erbium doped glass hosts allows the use of diode laser as pump source without 

strict requirements on the pump wavelength and beam quality. 

Planar waveguide lasers can compete favorably against fiber lasers, because of the 

small absorption and gain/cm in silica fiber amplifiers. Unlike multicomponent glass 

hosts such as silicate and phosphate used in planar waveguide lasers, silica cannot be 

doped with high concentrations of erbium. The doping level of silica fibers is two orders 

of magnitude lower than the phosphate glass host. Doping higher concentration would 

result in severe ion-clustering in silica fibers. To fabricate single frequency lasers, in 

general a short cavity is required. Using complicated filtering schemes single frequency 

output can be obtained from long cavity length but they may be limited in practical 

applications because of the cost and complications involved. The output from single 

mode fiber lasers is not very high because the short length is not sufficient to have 

enough pump absorption. Typically fiber lasers provide an output of about 1 mW and is 

followed by an amplifier, which uses the residual pump power fi-om the laser to provide 

amplification (G. A. Ball and W. W. Morey 1992). However, in this case the amplified 

spontaneous emission (ASE) from the amplifier increases the output noise. Codoping the 

fiber with ytterbium increases the pump absorption and output power of 19 mW has been 

demonstrated using Er-Yb codoped fiber lasers (J. T. Kringlebotn et al. 1994). 
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Planar waveguide lasers have all the advantages of fiber lasers but because of the 

ability to dope high concentrations of erbium, higher pump absorption and hence higher 

output powers are achievable. Planar waveguide lasers as stand alone components find 

several applications including fiber optic communications, sensors, high resolution 

spectroscopy etc. An array of lasers lasing at different wavelengths can be easily 

constructed in a single glass chip using planar waveguides and they also offer the ability 

to integrate with other glass based active and passive devices. Hence erbium doped glass 

waveguide lasers and laser arrays using ion-exchange technique is the main focus of this 

dissertation. 

In this dissertation, planar waveguide amplifiers and lasers were fabricated using 

silver film ion exchange on Er^^ / Yb^^ codoped phosphate glass. The performance of 

these amplifiers and lasers were studied and characterized. In Chapter 2, the theory of ion 

exchange process is presented. An important issue which relates to the burial depth of 

ion-exchanged buried waveguides with respect to the mask opening width is studied by 

numerical modeling. A linear relationship is obtained between the burial depth and the 

mask opening width and was confirmed experimentally. The modeling and experiment to 

study the burial depth dependence on the mask opening width is given in Chapter 2. 

Silver film ion exchange is one of the variations of the ion exchange process, and 

the fabrication process was developed to suit single mode waveguide fabrication in 

phosphate glass with low loss. The fabrication steps are discussed in Chapter 3. 

In Chapter 4, the fundamental properties of erbium ions in glass are presented. 
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In Chapter 5, the fabrication and characterization of planar waveguide amplifiers 

o 1 •;} 1 

in Er / Yb codoped phosphate glass is presented. A net gain of 7 dB in a sample of 

length 4.7 cm and gain/cm of 1.5 dB/cm were achieved. The characterization of 

waveguide amplifiers is an important step towards the realization of planar waveguide 

laser arrays. 

The fabrication and characterization of single mode waveguide laser arrays 

pumped by single mode laser diodes is reported in Chapter 6. The performance of the 

laser array was characterized in terms of the output power, spectrum of the laser, lasing 

wavelength dependence on the waveguide width and the relative intensity noise (RIN) of 

the laser. An output power of 11 mW was obtained with slope efficiencies up to 15 %. 

The tunability of the lasing wavelength from 1540.2 mm to the desired wavelength of 

1540 nm, which is an International Telecommunications Union (ITU) specified 

wavelength for fiber optic WDM networks, after waveguide fabrication, by annealing 

was demonstrated. 

All the single mode glass waveguide lasers that were demonstrated so far used 

single mode pump sources for easy coupling to the single mode waveguide. But 

multimode diode pump sources at 980 nm are much more inexpensive and can also emit 

higher output powers. In Chapter 7, a novel planar waveguide laser configuration for 

single-mode operation around 1550 nm using cost-effective multimode diode pumping is 

reported. The laser was fabricated by Ag film ion exchange in a hybrid phosphate glass 

which has active and passive regions monolithically integrated in a single glass chip. 

Power of 54 mW at 1538 nm was measured fi-om the single-mode output waveguide. The 
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ability to fabricate low loss waveguides in hybrid phosphate glass by Ag film ion 

exchange also demonstrates the potential of this fabrication technique to integrate active 

and passive devices in the same glass substrate. 

Conclusion and outlook are given in Chapter 8. 
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Chapter 2 

2 ION EXCHANGE - THEORY AND MODELING 

2.1 Introduction 

Ion-exchange in glass is one of the oldest techniques to fabricate marketable 

integrated optical devices. Since the first reported ion-exchanged waveguides (Izawa and 

Nakagome 1972) in 1972, significant progress has been made towards understanding the 

ion-exchange process and the role of the process parameters on the propagation 

characteristics of the resulting waveguides (G. Stewart et al. 1977; R. G. Walker et at. 

1983; S. Honkanen and A. Tervonen 1988; R. V. Ramaswamy and R. Srivastava 1988; S. 

I. Najafi 1992). In this chapter, the basic concepts of ion-exchange are reviewed and a 

brief description of the theory and modeling of ion-exchanges waveguides is provided. 

The basic concepts are introduced in section 2.2. A typical waveguide fabrication process 

by ion-exchange is described in section 2.3. Section 2.4 and section 2.5 describe the 

theory and modeling of ion-exchange respectively. Buried ion-exchanged glass 

waveguides are used extensively in integrated optical devices because they feature very 

low loss, are well matched with single-mode fibers and can have negligible birefringence. 

The burial depth of waveguides changes with the initial mask opening width (P. 

Madasamy et al. 2003), which can result in loss at junctions of different widths in 

integrated optical circuits. The modeling is used to study the burial depth of waveguides 

as a function of waveguide width in section 2.6. Section 2.7 describes a simple 

experimental approach to measure the burial depth of buried waveguides (P. Madasamy 
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et al. 2002). The experimental results confirm the modeling results and the model can be 

used in the design of integrated optical devices, like arrayed waveguide gratings, which 

have different widths in different sections. 

2.2 Basics of Ion-exchange 

The basic concepts of ion-exchange are explained in detail in several references 

(R. V. Ramaswamy and R. Srivastava 1988; S. I. Najafi 1992). Here some of the salient 

features of ion-exchange are discussed briefly. Ion-exchange, with respect to glass 

waveguide components, is a process of exchanging an alkali ion in multicomponent oxide 

glass with another alkali ion of higher polarizability or larger size. In multicomponent 

oxide glasses the various constituents, classified according to the bond strength between 

their cations and the oxygen atoms, are network formers with strong bonds, network 

intermediates and network modifiers with relatively loose bonds to the rest of the 

network. Network modifier ions (cations) are ionically bound to oxygen atoms. These 

network modifier ions can be replaced by others with the same valence and chemical 

properties. 

A binary ion exchange involves a system with two kinds of monovalent ions: 

indiffusing ions A and outdiffusing ions B in the glass substrate. Since both the cations 

which exchange with each other are network modifiers, the basic structure of the glass is 

left unchanged and only the refractive index of the glass is modified. This fact is used to 

form integrated optical circuits by changing the refractive index in selected areas of the 

glass substrate. The net index variation due to the exchange of ions depends on three 
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major physical changes namely, ionic polarizability, molar volume (related to ionic size), 

and the stress state created by the substitution. The value of the index change resulting 

from the ionic substitution is given by (M. L. Huggins and K. H. Sun 1943) 

y AV 
An = "(Ai?-i?„ ) 2.2.1 

V V ' 0 ^0 

where % is the fraction of cations replaced by the incoming ion, Vo is the volume per 

mole of oxygen atoms, Ro is the refraction per mole of oxygen atoms, and AR and AV are 

the changes in these quantities as a result of cation exchange. In this model, the index 

change is caused by two factors: the first term represents index change due to the 

difference in ionic polarizability of ions and the second term is caused by the difference 

in molar voliime due to the difference in ionic size between the two ions. For most 

commonly used ion exchanges the outdiffusing ion is sodium ion (B — Na^) and the 

incoming ions are either silver or potassium ions (A - Ag"^ or K* ). In the Ag^ - Na"^ ion 

exchange, the first term dominates since the ionic polarizability of silver ion is much 

higher than sodium ion and the difference in ionic size is not significant. In the - Na^ 

ion exchange, the potassium ions are bigger than the sodium ions but the main cause of 

index change is due to stress effects. Since the ion exchange is done well below the stress 

relaxation temperature of the glass, the accompanying volume changes have to be 

accomodated in a direction normal to the surface since the surface is prevented from 

expanding in the lateral direction due to the resistance to the bending of the glass. -

Na"^ ion exchange gives rise to swelling of the glass in the surface and results in 

compressive stresses in the exchanged layer, which are balanced by tensile stresses in the 
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substrate. The stress-optic effect contributes to the index change by increasing the 

compressive layer index and decreasing the index of the tensile region (A. Bradenburg 

1986). This results in strongly birefiingent waveguide for - Na'^ ion exchange. 

Whereas in Ag"^ - Na"^ ion exchange, there is no detectable birefringence due to stress. 

There are two types of forces that drive the exchange of ions. One is due to the 

concentration gradient of ions (diffusion) and the other is due to the drift of ions resulting 

from the electric field in the glass during the exchange. The electric field can be an 

externally applied field or an internal field built by the local charge imbalances due to the 

ditTercnce in mobilities of the exchanging ions. The source for the indiffiising ions can be 

either molten salt or metallic film. A simple picture of ion-exchange is given below. 

driving 
force ^source 

source 

Molten salt 

Source 

Thin film 

Diffusion - Thermal agitation 

Driving force 

Drift - Electric field 
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2.3 Waveguide fabrication process 

The typical process steps to fabricate waveguides by ion-exchange is given in 

Figure 2.3.1. In this example, molten salt ion-exchange process is used to explain the 

steps. 

Ti Mask 
Deposition 

Mask 
Patterning 

Ion 
Exchange 

Mask 
Removal 

Field-
Assisted 
Burial 3 

Figure 2.3.1 Fabrication Steps for Molten salt ion-exchange 

The first step is to pattern the desired waveguide structure on a metallic mask on 

top of the surface of the glass substrate. Titanium is commonly used as the mask. The 

glass substrate is cleaned and a Ti mask of the thickness of 100 - 200 nm is deposited on 

top of it. Photoresist is spin coat on the substrate on top of the mask. The desired 

waveguide pattern is patterned on the photoresist by photolithography. The desired 
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pattern is transferred to the titanium mask by etching the titanium. Then the photoresist is 

removed using acetone. 

The second step is to do the ion-exchange. To do a Ag'^-Na"^ ion exchange, the 

substrate with the waveguide pattern is immersed in a silver nitrate salt melt. Silver ions 

in the salt melt replaces the sodium ions in the glass. After ion-exchange the titanium 

mask is completely removed using a titanium etch. At this point, there are surface planar 

waveguides formed in the glass substrate. A further annealing step could be done to fine 

tune the mode profile of the waveguide. This is one of the advantages of using ion-

exchange for fabrication of waveguides. Ion-exchange fabrication process does not 

require maintaining stringent fabrication conditions. The waveguides can be fine tuned 

later by amicaling. 

Surface waveguides are not symmetrical because of the asymmetry created by the 

surface-air boundary condition in the direction normal to the substrate. This adds 

coupling losses when coupling the waveguide to a fiber and transmission losses because 

of surface interactions with the mode. Also this creates some birefringence in the 

waveguide. To reduce the coupling and transmission losses in the waveguide, 

waveguides are often buried below the surface. This can also reduce the birefringence to 

negligible level. Hence the third step in the process is the burial step. In this step the 

sample is held between two chambers containing sodium nitrate and the field is applied 

between them. This moves the silver ions inside the substrate and forms a buried 

waveguide. A custom made burial furnace is used to do the burial step. The burial 
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furnace setup in the lab is shown in Figure 2.3.2. The top view and side view of the 

furnace is shown in Figure 2.3.3 and Figure 2.3.4 respectively. 

Figure 2.3.2 Burial furnace and the burial setup in the lab 
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Figure 2.3.3 Top view of the furnace 

Figure 2.3.4 Side view of furnace 

The furnace consists of two chambers as explained before, also as can be seen 

from the top and side view of the furnaces. The two chambers are filled with silver nitrate 

salt melt. The glass substrate in which the burial is done separates the two chambers. 



28 

There are vacuum feed throughs for the chambers through which vacuum can be created 

to remove any air bubbles. The salt melt comes into contact vnth the sample only when 

the chambers are rotated. In Figure 2.3.2, there is a handle in the front side of the fiimace. 

This when rotated from left to right rotates the chambers. The burial process is started by 

rotating the chambers and applying a voltage across the chamber. One chamber acts as 

the anode and the other acts as the cathode. The waveguide side should be facing the 

anode side. The silver ions migrate deeper in the glass and the waveguides are buried 

below the glass surface. 

As explained in section 2.2, the source of incoming ions could be either molten 

salt or thin film. Molten salt process has been explained in this .section. Since no alkali 

metal films other than silver can be deposited and maintained in a stable form, silver ion 

exchange is the only possible ion exchange with thin film source. Silver film ion 

exchange has significant advantages, especially for active devices in phosphate glass. 

Silver film ion exchange will be discussed in more detail in Chapter 3. 

2.4 Theory 

A binary ion exchange, such as Ag'^-Na^ exchange, involves a system with two 

kinds of monovalent ions: indifftising ions A and outdiffusing ions B in the glass 

substrate. There are two types of forces that drive the exchange of ions. One is due to the 

concentration gradient of ions (diffusion) and the other is due to the drift of ions resulting 

from the electric field in the glass during the exchange. The electric field can be an 
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externally applied field or an internal field built by the local charge imbalances due to the 

difference in mobilities of the exchanging ions. 

The generally accepted equations describing the binary ion-exchange in glass can 

be found in several references (Ari Tervonen 1990; J. Albert and J. W. Y. Lit 1990). The 

development of concentration distribution in time can be given by. 

_ D, 

dt 1 -
V'C, + 

a(VC,)^ 

^ l-aC^ kT 
(2.4.1) 

The first two terms result from the concentration gradient of ions and the internal field 

due to the local distribution of ions with different mobilities, respectively. The third tenn 

is due to the external applied electric field. Here Ca - Ca/Co is the normalized 

concentration of A ions where ca is the ionic concentration of A ions and Cq is the total 

ionic concentration. Da and Db are the self-diffusion coefficient of A ions and B ions 

respectively, a = 1 - Da/Db is a measure of the difference in ion mobilities. Da/C I-o-Ca) 

is the interdiffusion coefficient, which for small values of M (ratio between the self-

diffusion coefficient of two ions, Da/Db) is strongly concentration dependent. 

Accurate numerical models, assuming uniform current density, have been 

developed and used to model all the steps in ion-exchange and devices based on ion-

exchange (Ari Tervonen 1990; J. Albert and J. W. Y. Lit 1990; A. J. Cantor et at. 1991; 

Henry Saarikoski et al. 1997). As described in section 2.3, during the burial step in the 

waveguide fabrication process, electric field is applied across the substrate. The uniform 

current density approximation is valid for planar slab waveguides since the conductivity 
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change due to ion exchange is very small to cause any significant change in the net 

current. Making this approximation simplifies the modeling considerably, since the field 

has be calculated once and then used throughout the process simulation. But in the case 

of a channel waveguide, this approximation is not necessarily valid since the 

inhomogeneity of the conductivity due to the exchanged ions perturbs the field and 

results in variations in concentration profile (Dong Cheng et al. 1997; Jerome Hazart and 

V. Minier 2001). The motivation for doing this modeling is to study the burial depth 

dependence on the mask opening width. Burial depth of ion-exchanged buried 

waveguides can be different for different mask opening widths and this can result in 

significant loss at junctions of waveguides of different widths. Since the variations in 

concentration profile due to the inhomogeneity of the conductivity can affect the burial 

depth of a waveguide mode and the effect of field perturbations will be slightly different 

for different mask opening widths, the inhomogeneity in conductivity has to be taken into 

account in the modeling. The field has to be evaluated for each time step and inserted into 

diffusion equation 2.4.1. 

The current continuity condition is. 

where V is the true electric potential. Combining equations (2.4.2) and (2.4.3) gives 

V.J = V.(c7(C,)it„,) = 0 (2.4.2) 

Then using, 

(2.4.3) 
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cr(CJV'F + Vcr(CJ-VF = 0 (2.4.4) 

where 

cr(CJ^a,C,+a,(l-CJ (2.4.5) 

Here o(Ca) is the electric conductivity, which changes along with the ionic concentration 

Ca. 

The Nemst-Einstein relation relates the ionic conductivity of A and B ions in the 

glass with their self diffusion coefficient. 

a .  =  ° , = » " (2.4.6) 
' kT ® kT 

Using equations 2.4.6 and 2.4.5, 

+ (2.4.7) 
KT 

Using the relation 2.4.7, the differential equation 2.4.4 has to be solved. Then 

using 2.4.3 the field can be obtained. The field is then substituted in the diffusion 

equation 2.4.1. Solving the diffusion equation, the concentration profile can be obtained 

at any time during the ion-exchange fabrication process. 

2.5 Numerical Modeling 

Finite difference method is used to solve the differential equations in the 

modeling. All the derivatives in equations 2.4.1 and 2.4.4 are replaced with a central 
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difference formula. To obtain the field, the differential equation 2.4.4 has to be solved. 

The finite difference form of equation (2.4.4) is. 

' 2 2 ^ 
f 

V. - +  
[  &x~ V 

l + rc,.^.A^C,.^./2 l-rc,,^A,q^/2 

+ 
l  + rc,jA^q^^./2 

+ 
l-rc,  , A„C,- ,• /2  

(2.5.1) 
i j  y 'J ^.-1=0 

Here Cy is the concentration of A ions at point (i j), 6x is the grid spacing in the direction 

parallel to the surface and 5y is the grid spacing in the perpendicular direction to the 

surface, rcij= -a/(l-aCij), Ax= (Chij - Ci.ij)/2 and Ay= (Cjj+i - Cjj.|)/2. If the unknown 

potentials Vjj are regarded as elements of an vector V, then the set of linear equations in 

(2.5.1) can be written in a matrix form, 

AV=B (2.5.2) 

The elements of the vector B are mostly zeroes with the non-zero elements arising from 

the boundary conditions V = U at y = 0 (anode plane) and V = 0 at y = h (cathode plane), 

where U is the applied electric voltage. Equation 2.5.2 is solved for V using conjugate 

gradient squared (CGS) method (Peter Sonneveld 1989). 

The diffusion equation 2.4.1 is then solved using Peaceman-Rachford Alternating 

Direction Implicit (PR-ADI) method (P. J. Masalkar 1994). In the PR-ADI method, each 

time step is calculated in two half-steps. In the first half step, the partial derivatives with 

respect to one coordinate direction are expressed explicitly and the partial derivatives 

with respect to the other coordinate direction are expressed implicitly. In the second half 

step, the coordinate directions are reversed. The difference equation at each half step has 
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only three grid points at the advanced time. This leads to a tridiagonal system which can 

be solved quite easily. 

2.6 Burial depth dependence on the waveguide width 

Buried silver ion-exchanged glass waveguides are used extensively in integrated 

optical devices for optical communications because they feature very low loss, are well 

matched with single-mode fibers and can have negligible birefiingence (S. Honkanen 

1994: Y. Jaouen et al. 1999; D. F. Geraghty et al. 2001). As explained in section 2.3, 

these buried channel waveguides are fabricated by first performing a thermal silver ion 

exchange through a mask patterned on the glass surface. At the surface, silver ions are 

exchanged for sodium ions and the refractive index is locally increased. The resulting 

surface channel waveguides are then buried by an electric-field assisted, unmasked ion 

exchange. In this step, the silver ions migrate deeper in the glass and the waveguides are 

buried below the glass surface. 

In many cases, there is a need to use waveguides of different widths at different 

sections of an integrated optical circuit. Good examples of such devices are arrayed 

waveguide gratings (AWGs) (K. Okamoto et al. 1995) and devices based on raultimode 

interference (MMI) coupler (L. H. Spiekman et al. 1994). If these devices are fabricated 

using buried ion-exchanged waveguides, significant losses are expected, due to vertical 

waveguide misalignment, at the junction between two waveguides having different 

widths. It has been suggested (B. Buchold and E. Voges 1996) that the burial depth of 

buried ion-exchanged waveguides would be different for a channel waveguide and a slab 
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waveguide having no lateral confinement. Hence a detailed study, based on the model 

developed in the previous section, is necessary to imderstand the burial depth dependence 

on the iBitial mask opening width of buried ion-exchanged waveguides (Pratheepan 

Madasamy et al. 2003). 

In the calculations, the diffusion parameters and refractive indices estimated for 

3" BGG31 glass substrates are used. These values were obtained from slab waveguide 

and prism coupling experiments (R. G. Walker et al 1983). To study the burial depth 

dependence on the mask opening width, the same process parameters were used to 

simulate 8 buried waveguides with different mask opening widths during the first step, 

ranging from 2 to 9 jam. The estimated self-diffusion coefficient of Ag ions is 1x10"'^ 

m^/s at T=553 K and 3.5x10"'^ m^/s at T=523 K. M for the glass is 0.2. The first step, 

which is thermal ion exchange, is done for 4500 s at T=553 K. The second step, which is 

the field assisted burial, is done for 2400 s at 1=523 K with an applied voltage of U=3.2 

volts across the 20|.im thick substrate. The small values used for voltage and thickness 

correspond to the values of 320 V and 2 mm used in the experiment. Note that a small 

value for glass thickness is used to reduce the number of points in the calculation and the 

modeling results would not be different if a larger substrate thickness and 

correspondingly larger voltages were used. 

The burial depth of the waveguide is defined in terms of the mode profile since 

the mode profile is more relevant in practical applications. The mode profile of the 

waveguide was solved using scalar Finite Difference Method with the substrate index of 

1.4525 at 1.55 |im and maximum index change of 0.03. Figure 2.6.1 gives the 
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concentration and intensity profiles of waveguides with 3 and 9 jim mask-opening 

widths. The concentration profile with the electric field lines at the end of the burial 

process for the 3 and 9 jim waveguides are given in the top with the 3 |im in the left and 

the 9 fj,m in the right. The contours for the concentration profile represent the relative Ag 

ion concentration and go as 0.1, 0.2, 0.3 and 0.4 for the 3 p.m waveguide and 0.1,0.2, 0.3, 

0.4 and 0.5 for the 9 jim waveguide. The corresponding intensity profiles solved by FDM 

are given below the concentration profiles. The contour lines for the intensity profile go 

as 0.1, 0.3, 0.5, 0.7 and 0.9 of the normalized intensity. The electric field lines shown 

with the concentration profiles clearly demonstrate that the field lines deviate from the 

homogeneous case. 
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Figure 2.6.1 The concentration profile with the electric field lines at the end of the burial process for 
the 3 and 9 pm waveguides are given in the top with the 3 fim in the left and the 9 (ioi in the right. 
The corresponding intensity profiles solved by FDM are given below the concentration profiles. 

To compare with the experimeBts done using a fiber, a convolution of the 

waveguide mode profile and a Gaussian function approximating the fiber mode is taken. 

The distance from the surface of the glass to the peak of the convolution is defined as the 

burial depth of the waveguide. The results of the burial depth modeling as a function of 

mask opening width are given in Figure 2.6.2. The error bars are due to the finite grid 

spacing. 
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Figure 2.6.2 The burial depth variation as a function of mask opening width. The solid line 
corresponds to the linear fit for the experimental data and the dashed lines correspond to the linear 
fit for the modeled data. 

For M=0.2, the burial depth increases linearly with mask opening width in the 

mask opening width region studied. This behavior can be explained from the strong 

concentration dependence of the interdiffiision coefficient for small values of M, which 

affects the drift velocity of the peak concentration of waveguides during the burial step. It 

should be noted that even though the diffusion depth, in terms of concentration, changes 

vrith the mask opening width after the first step, as has been similarly observed in other 

references (R. V. Ramaswamy and R. Srivastava 1988; Martin N. Weiss and R. 
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Srivastava 1995; Luca Palchetti et al. 1998), the waveguide depth in terms of the mode 

profile does not change with the mask opening width. This difference in diffusion depths 

does not influence the burial depths as can be seen from the case for M=1 where there is 

no concentration dependence on the interdiffusion coefficient and there is no difference 

in burial depth for different mask openings. When waveguides fonned from different 

mask opening widths are buried, the concentration values of the narrower waveguides 

become smaller faster since the gradient in transverse direction is larger for narrower 

waveguides. The interdiffusion coefficient is larger for higher concentrations and hence 

the wider waveguides get buried deeper than the narrower waveguides. The results for 

M=0.5 and M-1 are also plotted in the same figure. The concentration dependence of the 

interdiffusion coefficient is stronger for smaller M and there is no dependence for M=l. 

Hence the slope of the variation in burial depth is larger for M=0.2 than for M=0.5 and no 

variation in burial depth for M=L The burial depths for M=0.5 and M=1 appear smaller 

than that for M=0.2 because the self diffusion coefficient of silver has been kept the same 

for all three cases. This basically results in smaller diffusion coefficients for sodium for 

increasing M. This is not physically the case and the point of this calculation is to show 

the dependence of the burial depth on the mask opening width and the difference in slope 

in the burial depth variation for different values for M. 

2.7 Burial depth measurement 

To experimentally investigate the burial depth dependence on the waveguide 

width we fabricated buried waveguides in BGG31 glass using similar parameters as used 



39 

in modeling. Mask widths ranging from 2, 3...9}jLm were patterned on the sample. The 

first step, thermal ion exchange, was performed in a 50:50 AgNOs/NaNOs melt at 

T=553K for 4500 s. The second step, unmasked field assisted burial, was done at 

T=523K for 2400 s with an applied voltage of 320 V, across a 2 mm substrate thickness. 

A simple procedure to measure the burial depth based on an interferometric 

approach was developed (Pratheepan Madasamy et al. 2002). The experiment was setup 

on the Newport AutoAlign system to take advantage of the high accuracy of the system. 

The data was taken with a resolution of 0.1 |im. The measurement consists of two steps, 

one is to find the center of the mode and the other is to find the surface of the glass 

relative to the center of the mode. The set-up used to find the center of the mode is given 

in Figure 2.7.1 
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Figure 2.7.1 The Experimental Set-up to measure burial depth, (a) First step to find the center of the 
mode, (b) Second step to find the surface of the glass. 

The input fiber firom a 1550nm superluminescent diode source and the output 

fiber to the optica! power meter are butt-coupled to the waveguide, and the throughput is 

maximized. Then the output fiber is scanned in vertical, y-direction and the center of the 

profile gives the center of the mode (yo). To fiind the surface of the glass, the input fiber is 

moved about 1mm from the surface of the glass as shown in Figure 2.7.1(b). This forms a 

Lloyd's mirror interferometer-like set-up, as shown in Figure 2.7.2(a) with interference 

fringes formed due to the direct light from the input fiber and the reflected light from the 

glass surface. Since s » a, the light hits the substrate at oblique incident angles. The 

reflectivity is very high at these angles and hence the surface of the substrate acts like a 
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' ' 2 mirror. The intensity in y direction in the observation plane is I = 4Iosin (uay/sX) for y>0, 

where y = 0 corresponds to the surface. 

Observation 
plane 

Point source 

b) 

Figure 2.7.2 (a) Lloyd's mirror interferometer, (b) Measured interference pattern. 

The interference fringe has a minimum at the surface of the glass and there are no 

fringes below the surface. In the set-up in Figure 2.7.1(b), by scanning the output fiber in 

y direction from the center of the mode gives the fringes and the first minimum gives the 

surface point. The measured interference pattern is given in Figure 2.7.2(b). The 

difference between the surface point and the center of the mode gives the burial depth for 

the waveguide. The experimental results are plotted in Figure 2.6.2. The results agree 
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well with the modeling results for M=0.2 which confirms the linear dependence of the 

burial depth on the mask opening width. These results may be used in proper design of 

integrated optical circuits that need waveguides of different widths at different sections, 

such as AWGs. 
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Chapter 3 

3 SILVER FILM ION EXCHANGE 

3.1 Introduction 

Ag film ion exchange is a single step ion exchange process where a thin Ag film 

is used as the ion source and the ion exchange is driven by applied electric field. The 

main difference of physics compared to the case of molten salts is that the ions are 

introduced into the glass by an electrochemical reaction. In the absence of an applied 

voltage, even if the Ag atoms are ionized due to thermal energy, Ag ions cannot enter the 

glass because of the presence of an electrochemical potential between the Ag film and the 

glass, which blocks the movement of Ag ions. This potential barrier can be overcome by 

the application of a voltage. Ag film ion exchange has significant advantages in the 

fabrication of active devices, which will be discussed in section 3.2. For this reason, Ag 

film ion exchange has been used to fabricate waveguide amplifiers and waveguide laser 

arrays for this dissertation. Section 3.3 discusses the fabrication process for Ag film ion 

exchange. Section 3.4 gives the actual recipe used for the labrication of active devices for 

this dissertation. 
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3.2 Ag film ion exchange for active devices 

Phosphate glasses are preferred for erbium doped waveguide amplifiers (EDWA) 

and lasers because of the high solubility of rare-earth ions in phosphate glasses, which 

allows doping high erbium concentrations v«thout significant lifetime reduction. 

However, phosphate glasses react easily with molten salt baths and etchants used to 

remove the diffusion mask, resulting in damage of the surface. Also hybrid substrates 

containing active and passive regions need to be used to integrate active and passive 

devices in the same substrate. Molten salt baths can easily damage the joint between the 

active and passive regions. Hence a gentle waveguide fabrication process, which does not 

damage the surface of the glass nor the joint between the active and passive regions, is 

required. This will ensure low propagation losses and allows repeatable subsequent 

photolithographic processing of the glass, e.g., for fabrication of DBR gratings for 

waveguide lasers. 

Ag film ion exchange is a gentle and dry technique without the use of salt melts or 

strong etchants and causes no damage to the surface. This reduces significantly the 

scattering losses at the surface and simplifies subsequent photolithographic processing of 

the glass surface, e.g. for making DBR gratings. The process can be done at very low 

temperatures and hence photoresist can be used as mask (P. Poyhonen et al. 1991). The 

use of photoresist as mask makes the channel waveguide patterning as simple and 

accurate as possible. Since this process can be charge controlled (Ari Tervonen et al. 

1987), it is insensitive to temperature variations during fabrication and the process can be 
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repeated accurately every time. This technique is simple and easily reproducible and 

hence is "well suited for low cost mass production. 

3.3 Fabrication process 

Figure 3.3.1 shows the fabrication process of both molten salt ion exchange and 

Ag film ion exchange to show the comparison between the two processes. 

Molten salt ion exchange a ^-i • t, ® Ag film ion exchange 

Mask 

Renraval 

Field-

Burial 

Figure 3.3.1 Comparison of molten salt and Ag film ion exchange fabrication process 

The main difference in the Ag film ion exchange is that the Ag film acts as the ion 

source for exchange and an applied voltage acts as the driving force. Since molten salts 
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are not involved, the process can be done at very low temperatures, as low at 90 °C. 

Hence photoresist itself can act as the mask during ion-exchange. This eliminates the 

steps of Ti deposition and Ti etching during the waveguide patterning. Photoresist is spin 

coat on the clean surface and the waveguide pattern is transferred to photoresist by 

photolithography. Then the photoresist is post-baked at 150 °C for 30 mins. This ensures 

that the photoresist remains stable during Ag film deposition and Ag film ion-exchange. 

Removal of the Ti etching step makes this process very accurate and also protects the 

surface of the phosphate glass from any damage. The schematic diagram of Ag film ion 

exchange is shown in Figure 3.3.2 

Glass 

Ag-film Ion-Exchange 

Ag:=|> 

Maskcrr^ 

Ag-=^ 

+v 

"Gnd 

Figure 3.3.2 Schematic diagram of Ag film ion exchange 
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A thin Ag film is deposited on both the top of the photoresist and the bottom 

surface of the substrate. When a voltage is applied ion exchange happens with the Ag 

films acting as electrodes as well. After ion-exchange, Ag film and photoresist are 

removed. Ag film ion exchange gives a step like index profile and the depth of the index 

profile depends on the Ag film thickness, applied voltage and duration of the ion 

exchange. If the entire film is not exchanged, the process can be controlled by integrating 

the current through the entire process. As long as the net current is the same every time, 

the index profile vwll be repeated precisely. This makes the process insensitive to 

temperature variations and easy to repeat. The sample is annealed to form a diffused 

waveguide. Having a step like index profile at the end of Ag film ion exchange gives the 

most confined waveguide of any ion exchange process. By controlling the annealing step, 

the waveguide mode can be easily controlled to get the desired size and shape. For most 

applications no further processing is required. Especially for waveguide laser 

applications, surface waveguide is preferred since that makes it easy to fabricate the DBR 

(Distributed Bragg Reflector) gratings as surface relief gratings. 

For some applications it is preferred to bury the waveguides below the surface. 

Burying the waveguides gives a better mode overlap between signal and pump modes 

and can also eliminate the birefiingence in the waveguide. To bury the waveguides, the 

fabrication process is exactly similar to the one used for molten salt ion exchange as 

described in section 2.3. 
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Recipe for Ag film ion exchange 

Photolithography 

® Clean the glass sample with isopropyl alcohol for 15 mins in ultrasonic 

chamber. 

® Clean the glass sample with flowing DI water and blow dry with Nitrogen. 

® Bake the sample at 120 ° C to remove residual water. 

• Spin coat Photoresist on top of sample. 

• Soft-bake the sample with photoresist. 

• Expose the photoresist using mask aligner to transfer the mask pattern. 

• Develop the photoresist using standard developer. 

• Hard bake the sample after it is developed. This ensures that the 

photoresist is stable during ion exchange. 

Ag film ion exchange 

• Deposit 100 nm thick Ag film on both sides of the substrate. 

• After Ag deposition, remove the Ag from sides to eliminate the short 

circuit between anode and cathode. 

• Apply a voltage across the substrate with the waveguide side in contact 

with the anode and the other side with anode. Do the ion exchange in a 
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oven at 90 ® C. The voltage and duration of ion exchange should be 

decided depending on the mode profile requirements for the waveguide. In 

this dissertation, voltages between 100 and 400 V and time duration 

between 1 hr and 4 hrs have been used. 

• After ion exchange, remove Ag film using Ag etch. To prepare Ag etch, 

mix 1 part of NH4OH with 1 part of H2O2 and 6 parts of DI water. Ag can 

be removed in 5 to 10 mins. To remove the photoresist as well, leave the 

sample in the Ag etch for an hour. 

• Clean the sample with acetone in the ultrasonic chamber for 10 mins. 

• The sample can be annealed further to tailor the mode profile. Annealing 

temperature and duration will depend on the mode profile requirement. 
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Chapter 4 

4 PROPERTIES OF ERBIUM IONS IN GLASS 

4,1 Introduction 

This chapter reviews some important properties of rare earth ions, especially 

erbium ions, in glass. The characteristics that distinguish rare earth ions from other 

optically active ions are: they emit and absorb over narrow wavelength ranges, the 

wavelengths of the absorption and emission transitions are relatively insensitive to host 

material, the intensities of these transitions are weak, the lifetimes of metastabie states are 

long, and the quantum efficiencies tend to be high. Glass hosts provide low scattering 

loss and broader absorption and emission spectra that are important for devices such as 

lasers and amplifiers. The electronic and optical properties of erbium ions are introduced 

in section 4.2. The interaction of electromagnetic field with erbium ions is discussed in 

section 4.3. The ion-ion interactions, which are important in the high concentration Er'^ 

doped and Er^VYb^^ codoped glasses (cross relaxation and cooperative upconversion), 

are discussed in section 4.4. 
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4.2 ElectroHic aHd optical properties of erbium ions 

The electronic structure of rare earth ions is that of the xenon structure plus a 

certain number (1-14) of 4f electrons. The observed infrared and visible optical spectra of 

rare earth ions is a consequence of transition between 4f states. The electronic structure 

of is [Xe]4f". The 5s and 5p electrons shield the partially filled 4f shell from the 

effects of environment. This leads to energy levels that are relatively insensitive to host, 

have small host induced splittings, and are only weakly mixed with higher energy states. 

In terms of electronic transitions, the consequences are little or no vibronic structure and 

weak nonradiative relaxation of excited states, which occurs through phonon emission. 

The net results are optical transitions between 4f states that manifest themselves as 

narrow, weak bands, and emission that can be highly efficient. 

The energy diagram for the 4f electrons of the Ixee Er'^" ion is shown in Figure 

4.2.1. The different energy levels arise from the spin-spin and spin-orbit interactions. The 

energy levels are labeled using Russell-Saunders coupling scheme, where the states are 

labeled L and S are vector sums of the orbital and spin quantum numbers and L 

and S are vectorially added to form the total angular momentum J. 
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Figure 4.2.1 Energy levels of Er3+ using Russell-Saunders coupling. The number to the right of each 
excited state is the wavelength in nm of the ground state absorption terminating on it 

Because the 4f electrons interact only weakly with electrons on other ions, the 

Hamiltonian for an individual erbium ion can be written and decomposed as: 

H ~ -Hfree-ion -ffciystal-field -Hem -Hion-ion (4.2.1) 

Here -flfree-ion JS the Hamiltonian of the ion in complete isolation, ficiystai-fieid contains the 

interaction of ion with the host, J^em treats the interaction of ion with the EM field, and 

-ffio-ion treats the interaction between rare earth ions. The first two terms give rise to the 
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observed electronic structure. The techniques to solving the two terms have been 

discussed in detail by several authors (B. G. Wybourne 1965; G. H. Dieke 1968; B. Di 

Bartolo 1968; S. Huffiier 1978). The standard approach for treating //ivec-ion is to use the 

central field approximation, in which electron is assumed to move independently in a 

spherically symmetric potential formed by the nucleus and the average potential of all 

other electrons. The host interaction with the ion is replaced by a crystal field, which is 

generated by the charge distribution in the glass. The host effect does not change the 

position of the energy levels much but the crystal field induces a Stark effect. Each 

energy level splits into a manifold of g = J + energy sublevels. The degeneracy for 

(''lis/a) and C^Ijs/a) levels are 8 and 7 respectively. This crystal field interaction is 

responsible for the observed absorption and emission spectra. Variations in spectra 

among glasses are caused primarily by differences in the intensities of the constituent 

Stark transitions. 

43 Interaction with EM field 

For luminescent devices, the most important term in equation (4.2.1) is Hem, the 

interaction of ions with the electromagnetic field, which gives rise to the emission and 

absorption of photons. This involves both the interaction between the electron charge and 

the electric field and the interaction between the electron spin and the magnetic field. The 

radiative transition associated with a pair of levels, a and b, can be described by the line 

strength Sab, 
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4.3.1 

where the summation is over all components of i and j in the a and b multiplets, D is the 

interaction operator, gb is the degeneracy of manifold b and P/, is the probability for an 

ion in Stark level j of manifold b. The electric and magnetic dipole interaction operators 

under dipole approximation are given by: 

where m and e are the electron mass and charge, r„ li and s; are the position, orbital and 

spin operators, respectively, for each electron, and the sum is over all f electrons on the 

ion. 

The strength of rare earth transitions can be calculated using a semiempirical 

technique developed independently by Judd (B. R. Judd 1962) and Ofelt (G. S. Ofelt 

1962). According to Judd-Ofelt analysis, the line strength of the transition from level a 

and b is given by a simple expression involving three empirical parameters (Qa, f^) 

and the appropriate reduced matrix elements. 

Electric dipole : 4.3.2 

Magnetic dipole: 
2m 

4.3.3 

=4®!. 
(=2,4,6 

ZhcnjlJ^ +1) 1 

8;rV X 
la^^i,(v)dv 4.3.4 



55 

are reduced tensor operator components reflecting the so-called intermediate coupling 

approximation (R. R. Jacobs and Weber 1976). The reduced matrix elements, 

are almost independent of host material and have been tabulated by a number of authors 

(L. A. Riseberg and M. J. Weber 1976; W. T. Camall et al. 1968). The host dependence 

is contained in the three intensity parameters Qt, which are empirically determined for a 

given combination of dopant and host. The general procedure is to perform a least-

squares fit of equation (4.3.4) to the integrated absorption bands obtained form a 

measured spectrum. Once the parameters have been determined, the strength of any 

radiative transition can be calculatcd for that dopant-host combination. 

The emission and absorption cross sections are important to describe the 

characteristics of a luminescent device. They describe the interaction of light and the ion 

as a function of the frequency of wavelength of the light. McCumber theory is used to 

obtain the relation between absorption and emission cross sections and the relation is 

given by: 

^ba (^) = ^ab M exp|^^ 4.3.5 

The cross section spectra are scaled relative to each other by the temperature-dependent 

parameter s, which is the net free energy required to excite one ion from the ^l\m to 

the \nri state at temperature T. 
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4.4 Ion-Ion Interactions 

The term Hion-ion, which represents the interaction between rare earth ions, 

becomes significant for high dopant concentration. At low dopant concentrations, the 

distance over which energy can be transferred (ion-ion interaction) is limited. But the 

probability of finding a neighboring ion increases with ion concentration, and hence ion-

ion interactions will be more important at higher dopant concentrations. The ion-ion 

interactions result in the energy transfer from a donor to an acceptor. 

There are several types of energy tranfer process for rare-earth in solids (L. A. 

Riseberg and Weber 1976). Two main types of phenomena are discussed, which are 

cooperative upconversion and cross relaxation. 
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Cooperative upconversion 

Donor Acceptor 

Figure 4.41 Schematic of the cooparative upconversion process 

Cooperative upconversion (1-igure 4.4.1) is believed to be the dominant process 

causing the inefficiency of the Er^"*' doped devices (R. Wyatt 1989). If two excited ions 

interacts, one (donor) can transfer its energy to the other (acceptor), promoting the 

acceptor to the higher excited state leaving the donor in the ground state. The acceptor 

nonradiatively relaxes to the ground state resulting in a loss of one photon energy. The 

cooperative upconversion process is a host material related property since it is caused by 

the ion-ion interactions in the host. Therefore, choice of an efficient rare-earth ion host is 

a crucial issue for active devices. Cooperative upconversion effects have been studied in 

Er^"^ doped phosphate glasses and their cooperative upconversion coefficients have been 
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reported to be smaller than that in silica glass by an order of magnitude (T. Ohtsuki et al. 

1997; 13. C. Hwang et al. 2000). 

Cross-Relaxation 

p. x 

Donor Acceptor 

Figure 4.4.2 Energy transfer in cross-relaxation process 

In the cross relaxation process (Figure 4.4.2), an excited ion transfers part of its 

energy to its neighboring acceptor ion. The ions need not be the same, and both may be in 

excited (but different) states. In Er doped system, this process is advantageously 

utilized by codoping the glass with Yb"^ ' to compensate for the low absorption of erbium 

at 980 am. The cross relaxation process efficiently transfers the energy from the 

ytterbium ion to the erbium ion in the ground state. This effect is important in improving 

the pump absorption efficiency in short length amplifiers and lasers. 
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Cross-relaxation can also be deleterious in some rare earth doped systems and is 

generally accepted as the primary quenching mechanism for Neodymium. 
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Chapter 5 

5 ERBIUM DOPED WAVEGUIDE AMPLIFIER 

5.1 Introduction 

Compact Erbium doped waveguide amplifiers (EDWA) with moderate gain are 

one of the key enabling technologies for the new network architectures for Fiber Optic 

communications. These amplifiers called 'Amplets' should be low-cost, have small size 

with modest gain performance and be able to integrate passive devices on the same 

substrate. The applications for these amplifiers include the compensation of loss caused 

by other network elements such as power splitters, add/drop filters, and dispersion 

compensation devices, transmitter booster and receiver pre-amplifier for high bit-rate 

systems as well as the compensation of gain nonuniformity caused by line repeater 

amplifiers. Planar optical waveguide amplifiers suit well for these applications. They 

offer the possibility to fabricate amplifier arrays and combine passive and active 

functions in a single substrate at an attractive cost. This chapter discusses the fabrication 

and characterization of planar erbium doped waveguide amplifier by Ag film ion 

exchange technique on Schott IOG-1 phosphate glass substrate. Section 5.2 discusses the 

different pump wavelengths that can be used to pump erbium doped waveguide amplifier. 

Rate equation analysis and modeling of the waveguide amplifier are discussed in section 

5.3. The fabrication of waveguide amplifier by Ag film ion exchange is discussed in 

section 5.4. Loss measurement set-up to measure the transmission and propagation losses 
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is explained in section 5.5. The experiment to measure the gain and the results are 

discussed in the rest of the chapter. 

5.2 Pump Wavelengths 

In phosphate glass, \3a is the only metastable state for Er^'^. Hence, all energy 

levels higher than "*113/2 can be used to pump the \ui2 -> transition. Practical 

considerations such as reliability, package size, cost and power consumption dictate that 

these waveguide amplifiers be pumped by diode lasers in most applications. Based on 

available evidence, 800 nm, 980 nm and 1480 nm bands are best suited for pumping. 

Pump ESA is a serious dissipative process for these devices and this makes the 800 nm 

band pumping very inefficient. 980 nm and 1480 nm bands are the most efficient and 

most commonly used for pumping. Hence, this discussion is restricted to 980 nm and 

1480 nm pumping. 

The resonant pumping at 1480 nm produces gain because of the shift in the 

absorption and emission spectrum, which is a consequence of the nonuniformly 

populated Stark levels. The absorption cross section at 1480 nm is comparable to the Er^^ 

absorption at 980 nm. The absorption band is also broad hence care need not be taken in 

selecting the wavelength of the pump laser and even multimode pump lasers would 

suffice. For surface waveguides, very good pump and signal overlap can be obtained 

since the mode profiles of pump and signal tend to be similar because of small difference 

in signal and pump wavelengths. The power conversion efficiency is also higher because 

of the small difference in signal and pump wavelengths. The main drawback to resonant 
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pumping results from the incomplete offset between emission and absorption spectrums. 

The emission cross section is appreciable at pump wavelength and this reduces the pump 

absorption and prevents full inversion from being achieved at any pump power. This 

results in a reduction in gain per unit cm achievable and penalty in signal-to-noise ratio. 

980 nm is the most important pumping band for achieving high gain and low 

noise figure. Pumping at 980 nm results in a three level laser system. There is no 

emission at the pump wavelength due to the short lifetime of''l 11/2 and the \\-ia state has 

long metastable lifetime, typically about 8 ms. This results in high efficiency and signal-

to-noise ratio for small signal amplifiers. The only disadvantage with 980 nm pump is the 

mode mismatch between the signal and pump for surface waveguide amplifiers. This 

could be overcome by having a tightly confined mode, and Ag film ion-exchange can be 

used to produce very tightly confined modes. Another advantage of using 980 nm pump 

band is to increase the pump absorption by Yb'^ sensitization since the Yb - Er energy 

transfer efficiency is very high (greater than 95 %) for phosphate glasses. Codoping with 

Yb also increases the pump absorption bandwidth, which makes the amplifier less 

sensitive to pump wavelength changes. For this dissertation only 980 nm pumping has 

been used and from now on only this band is considered. 

5.3 Rate Equation analysis 

The energy diagram with energy level transitions for Er^VYb^"*' systems is given 

in Figure 5.3.1. The multilevel rate equations for the coupled - Yb^"^ system by 



63 

taking into account the cross relaxation effect between erbium->lterbium ions and 

cooperative upconversion from the metastable level can be vwitten as: 

' = + Rl^Nl' + Al^Nl' + K,^Nl'N, - 5.3.1 
dt 

TVf - Al\Nl' - A'„.¥fA', + 5.3.2 
dt 

N;" + Nl" = N'" 5.3.3 

^ = A„N, -HV^N,-ir„N,-R„N,+R„N, ^K,^N^N,+K^N^N, 
dt 

5.3.4 

^  =  + A , , N , + W , , N , - I C ^ ^ N l  5 . 3 . 5  
dt 

^ = ~A„N, + R„N, - R„N, + A,,N,-K,^N','N, + K„N;''N, 5.3.6 
dt 

dN. 
dt 

= 5.3.7 

N, + iV, + + N, = iVf 5.3.8 
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Figure 5.3.1 Energy level transitions of the Er3+/Yb3+ system 

Here Nq "̂̂  and No^ are erbium and ytterbium ion concentrations respectively. 

Ni^ and N2^ are electron concentrations of ytterbium energy levels and Ni, N2, N3, and 

N4 are electron concentrations of erbium energy levels. R2i^ and Rn^ are the pump 

emission and absorption rates of ytterbium and R31 and R13 are pump emission and 

absorption rates of erbium. W12 and W21 are the signal absorption and emission rates. 

and Kba coefficients are for energy transfer from Yb^"^ to Er^"^ and vice versa respectively. 

VTi 
A21 and A21 are spontaneous transition rates and A32 and A43 are non-radiative 
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relaxation rates. Aji=l/Tji, where xj; is the lifetime of energy level j. In the steady state 

regime, the population densities are computed by imposing dldi - 0 in the rate equations. 

The stimulated absorption and emission rates of signal and pump are given by, 

Wrz 5.3.9 
hv^ 

W ^ 5.3.10 
" ho, ' 

I 5.3.11 
hv^ 

= — ( n o t e  t h a t R 3 1  =  0 ,  s i n c e  a 3 i  =  0 )  5 . 3 . 1 2  
ho^ 

R,2 5.3.13 
hu„ 

5 3 , ^  
hOp 

5.4 Fabrication 

Ag film ion-exchanged waveguides were fabricated in the commercially available 

Schott IOG-1 phosphate glass. The glass is doped with 1.15 wt% £1203 (1.0 x 10^° 

ions/cm^) and 4.73 wt% YbiOj (4.0 x 10^° ions/cm^). Mask aperture widths ranging from 

2 fim to 10 }im were patterned in photoresist with standard technique. The ion exchange 
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was done at 90 C for 1 hr and 15 niin with a voltage of lOOV. At this point, all the Ag 

was consumed only in 2, 3 and 4 jjim waveguides. Since the current density is largest in 

the smallest mask opening, the Ag ions in the Ag 11 Im get exchanged faster in the smaller 

waveguides. The ion exchange was not continued after this to prevent side diffusion of 

Ag ions in the smaller waveguides. The remaining Ag film was removed. The sample 

was then annealed at 230 C for 1 hr and 45 min. The end facets of the sample were 

polished. 

The sample with the best results for the amplifier had a length of 4.7 cm. The 

waveguides formed through apertures 2 to 9 {im supported single transverse waveguide 

mode at 1550 nm. For the guide formed through the 3 p-m mask opening, the 1/e fiill 

width of the intensity profile was 6.3 p.m in the vertical direction and 9.3 jum in the 

horizontal direction at 1550 nm wavelength. The near field intensity pattern of the 

waveguide mode was obtained using an irtfrared camera and a microscope objective. The 

contour diagram of the intensity profile is given in Figure 5.4.1. The contours of the 

intensity profile go as 0.1, 0.3, 0.5, 0.7, and 0.9. 
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Figure 5.4.1 Intensity Profile of the waveguide. The contours go as 0.1, 0.3...0.9. 

5.5 Loss Measurement 

The coupling loss and propagation loss of the ion-cxchangcd waveguides were 

measured at a wavelength of 1.3 ).im to avoid the absorption band of erbium. The loss 

measurement setup is given in Figure 5.5.1. 
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Loss Measurement set-up 

Lens A pcrture a) Pp'"^P,a^a,Tj, 

I I I b) P/=P,a,a,a J 

Laser 

W aveguide 

I b) 
Fiber 

Detector 

Figure 5.5.1 Setup to measure the coupling and propagation losses of the waveguide 

The loss measurements consist of two steps. In both steps, the input fiber is 

coupled to the waveguide through a fiber. In the first step, the light from the output of the 

waveguide is collected using an objective lens and imaged into a detector. The measured 

power in the detector is given by. 

In the second step, the light from the output of the waveguide is coupled to a fiber 

and the fiber is connected to the detector. The measured power in the detector is given by. 

Here, P, is the input power to the waveguide from the input fiber, ac is the 

coupling loss between the waveguide and the fiber, ai is the propagation loss in the 

5.5.1 

?/ = P,a^a,a;r, 5.5.2 
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waveguide. To is the transmission of the objective, and Tf is the transmission of the fiber, 

ttc and tt] are the unknowns and they are obtained by solving equations 5.5.1 and 5.5.2. It 

is assumed here that the coupling losses at both ends of the waveguide are the same. If 

the polishing at both end facets is good, then the assumption holds true. The measured 

propagation loss for the waveguide is 0.15 dB/cm and the coupling loss is 0.6 dB. The 

waveguide modes were designed to give higher amplification. To lower the coupling loss 

with the fiber, the waveguides at the ends can be tapered to match the fiber mode size. 

5.6 Gain Measurement 

The measurement setup used to measure the gain of the waveguide amplifier is 

shown in Figure 5.6.1. The pump source used for gain characterization has a multiplexed 

output from two laser diodes lasing at 975 nm and 980 nm with a power ratio of 1.3. A 

tunable laser source between wavelengths 1530 nm and 1610 nm was used to measure the 

gain as a function of wavelength. The pump and signal lights are combined using a 

980/1550 nm WDM. The signal is passed through an attenuator to measure the small 

signal gain. An isolator is used to avoid the back reflections into the source. The 

combined signal and pump light is butt coupled into the waveguide. The output from the 

waveguide is passed through another 980/1550 nm WDM to separate the signal and the 

pump. The signal is connected to an optical spectrum analyzer through an isolator. 
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Gain Measurement Set-up 

980 nm 1550/980 
WDM 

1550/980 

WDM/ Isolator 

Sample split 

Signal monitor 
OSA 

Attenuator 

Tunable laser 
1530-1610 nm 

Pump Laser 
980 nm 

Figure 5.6.1 The gain measurement setup for the waveguide amplifier. 

A net gain of 7 dB was measured at 1534 nm in this sample for a 2 and 3 jam 

guide in the fiber to fiber configuration. Figure 5.6.2 gives the net gain in this sample as a 

function of launched pump power. A net gain of 3.1 dB was measured at 1550 nm. 
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Figure 5.6.2 Gain as a function of pump power. 

The sample has high concentration of ytterbium, which is optimized for short 

length waveguide laser, which is the main focus of this dissertation. Hence large amount 

of pump power is required to achieve the maximum gain. But the gain measurement 

gives a good indication of the gain that can be achieved per cm, which is important for 

the design of waveguide laser. 

Gain as a function of the wavelength is obtained by continuously tuning the 

tunable laser between 1530 nm and 1610. The measured gain as a function of wavelength 

is shown in Figure 5.6.3. 
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Figure 5.6.3 Gain as a function of wavelength for the waveguide amplifier 

Signal enhancement can be obtained at all wavelengths up to 1600 ran. This 

indicates that by proper design of the cavity, lasing can be achieved at all wavelengths 

between 1530 nm and 1600 nm. 
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Chapter 6 

6 ERBIUM DOPED WAVEGUIDE LASER ARRAYS 

6.1 Introduction 

Erbium doped glass waveguide lasers (Fiber lasers and Planar waveguide lasers) 

have shown promise for several applications including sensing applications and fiber 

optic communication systems because they feature narrow line width, low noise and good 

beam quality, high efficiency, easy coupling to optical fibers and they operate in the 

important 1550 nm wavelength region (T. Y. Fan and R. L. Byer 1988; J. T. Kringlebotn 

et al. 1994; W. H. Loh et al. 1998). The broad absorption band found in erbium doped 

glass hosts allows the use of diode laser as pump source without strict requirements on 

the pump wavelength and beam quality. The broadening of the absorption and emission 

bands is a result of the interaction of erbium ions with the intrinsic electric field 

associated with the host. The ability to convert the output radiation from low cost diode 

lasers with poor beam quality and poor frequency definition into a highly coherent source 

could be useful in several applications because it results in compact systems with low 

power requirements. The broad emission band of erbium doped glass provides the 

possibility of building sources with widely tunable narrow line width operation, broad 

band continuous wave spectra and ultrashort pulses. 

For the erbium doped glass waveguide lasers to be used widely in several 

applications, the comparison with semiconductor lasers is inevitable. The glass 

waveguide laser should be comparable in price and performance to semiconductor lasers 
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and should have a few significant advantages for them to replace the semiconductor 

lasers. Glass waveguide lasers are capable of providing much narrower linewidth 

compared to semiconductor lasers. The quantum limit for the linewidth of a laser is 

provided by Schawlow-Tovwies formula given by equation 6.1.1 

Here Avl is the quantum limited linewidth of the laser, Avc is the linewidth of the cavity, 

vl is the lasing center frequency, P is the output power of the laser, and Ni and N2 are the 

excited and ground state population densities of the excited and ground state energy 

levels respectively, a is the linewidth enhancement factor, also known as Henry factor. 

This term is specific to semiconductor lasers and is zero for other lasers. For most lasers 

including the glass waveguide lasers, this limit is very small of the order of 1 Hz. There 

are three important factors which push this limit to the order of a MHz in semiconductor 

lasers. First is the cavity length, which is a fraction of a mm in the semiconductor laser, 

and the cavity linewidth is at least two orders of magnitude larger for semiconductor 

lasers compared to glass waveguide lasers. The second factor is the linewidth 

enhancement factor due to the fluctuations in carrier density. Fluctuations in electron hole 

density causes fluctuations in reixactive index which results in fluctuations in cavity 

length and cavity frequency. This linewidth enhancement factor is a large number for 

semiconductor lasers and is not present in the case of glass waveguide lasers. The third 

factor that increases the linewddth is the amount of amplified spontaneous emission that is 

coupled to the oscillating longitudinal mode, which is determined by the gain cross-

P 
6.1.1 
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section of the transition. For erbium ions, this cross-section is of the order of 10 "' cm^, 

whereas for a semiconductor laser it is typically 10'"' cm"l 1 lence the linewidth that can 

be expected from a glass waveguide laser is significantly smaller than the semiconductor 

lasers. 

Another advantage for the glass waveguide laser is that the relaxation oscillation 

peak occurs at Irequencies —lOOKHz away from the center Irequency, whereas for 

semiconductor lasers this occurs several 100 MHz away from the center frequency. For 

applications such as high resolution spectroscopy, where it is necessary to make sensitive 

heterodyne measurements, it is best to operate at frequencies where the relative intensity 

noise of the laser does not add significantly to the noise generated by the detection 

system. Since relaxation oscillation peak occurs at low frequencies, single mode glass 

waveguide lasers can operate at the shot noise limit in the megahertz frequency range (S. 

Sanders et al. 1992). Hence noise free measurements can be made using single mode 

glass waveguide lasers at lower frequencies, whereas using semiconductor lasers requires 

complicated high frequency detection systems to make the measurement. 

. All devices made for fiber optic communications should also be suitable for 

coupling to optical fibers. Glass waveguide lasers are naturally suitable for coupling to 

fibers because of similar refractive indices and the modes can be easily designed to match 

the fiber. On the other hand, semiconductors have high index difference and need 

complicated coupling scheme to couple to the fiber, and the coupling efficiency is not as 

high as glass waveguide devices. Semiconductor lasers have large tunable bandwidth 

compared to glass waveguide lasers. But the glass waveguide lasers can still provide 
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tunability over the entire C-band, which is sufficient for many fiber optic communication 

systems. External cavity semiconductor lasers can provide narrow linewidth of about 150 

KHz (which is still much higher than what is achievable with glass waveguide lasers 

where it is possible to obtain linewidths of about few KHz) and can provide mode-hop 

free tuning over a band of 50 nm. The technology for glass waveguide lasers has to 

advance more to compete with the semiconductor laser, but the advantages are present 

and promising results have been obtained recently. 

Of the glass waveguide lasers, fiber lasers were the ones that were demonstrated 

early. One of the problems with fiber lasers is to obtain single longitudinal mode 

operation because the fibers used were very long. Fiber amplifiers require long length to 

provide sufficient absorption and gain. To understand how to make single mode lasers, 

we need to know if the gain medium is homogeneous or inhomogeneous. The spectral 

broadening of rare earth glass hosts is a result of both homogeneous and inhomogeneous 

effects. Erbium doped glass has a homogeneous linewidth of the order of few nanometers 

(J. L. Zyskind et al. 1990) and the homogeneous saturation effects are predominant. If the 

gain medium is perfectly homogeneous, the output of the laser is always single frequency 

since as soon a longitudinal mode reaches sufficient gain to compensate the loss, the gain 

is saturated and depletes the gain for neighboring modes. This prevents the other modes 

from lasing. In practice there is some inhomogeneous broadening effect observed in these 

lasers, and hence they can operate at several longitudinal modes. In purely homogeneous 

systems, all the ions exhibit the same frequency behavior as the signal in the cavity. But 

the local environment experienced by a group of ions may alter their frequency response. 
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Hence when one longitudinal mode saturates the gain for one set of ions, another set of 

ions can provide gain for another longitudinal mode to oscillate. So to have single 

longitudinal mode lasers, we need to have bandwidth selective elements like Bragg 

gratings and short cavity to increase the spacing between longitudinal modes. Fiber 

Bragg gratings are used in fiber lasers to provide frequency selectivity. Fiber Bragg 

gratings have bandwidths of about a few Angstroms. So the cavity length should be less 

than 2 cms to obtain single mode operation. 

The output from single mode fiber lasers is not very high because the short length 

is not sufficient to have enough pump absorption. Typically fiber lasers provide an output 

of about 1 mW and is followed by an amplifier, which uses the residual pump power 

from the laser to provide amplification. This configuration is not suitable for high power 

single mode lasers. To provide higher output powers, higher absorption needs to be 

achieved, which means that higher concentration of erbium needs to be doped in the 

fiber. Silica, which is used to make fibers, is not a good host material for high 

concentrations of erbium. High concentrations of erbium results in ion-ion interactions, 

such as concentration quenching (J. Nilsson et al. 1993), co-operative upconversion (H. 

Masuda et al. 1992) and self-pulsing (P. Leboudec et al. 1993) which have serious effects 

on the performance of the laser. The amplitude instabilities caused by self-pulsing can be 

eliminated by applying an appropriate feedback control signal to the pump laser diode (V. 

Mizrahi etal. 1993). 

High concentrations of erbium can be doped in phosphate and silicate glasses 

vrithout significant concentration quenching. Integrated optical waveguide amplifiers 
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with high gain/cm have been demonstrated using several techniques. Integrated optical 

waveguide lasers are naturally suitable for making single frequency lasers since sufficient 

gain and pump absorption can be achieved in a short cavity. Pump absorption can be 

easily improved by codoping the glass with ytterbium, and the energy transfer efficiency 

from ytterbium to erbiiim is close to 100%. Waveguide lasers have been demonstrated 

using integrated optic techniques like flame hydrolysis deposition (FHD) and reactive 

ion-etching (RIE), ion-exchange, and plasma enhanced chemical vapor deposition 

(PECVD) and RIE (T. Kitagawa et al. 1994; D. L. Veasey et al. 1999; S. Guldberg-Kjaer 

etal. 1999). 

Ion-exchange is the simplest of the integrated optic techniques to fabricate 

waveguide lasers because of the ease of fabrication of low loss waveguides in phosphate 

glasses doped with high concentration, and the case of fabrication of gratings on the 

waveguide. Both molten salt and silver film ion-exchanges have been used to fabricate 

array of waveguide lasers using a simple surface relief grating (D. L. Veasey et al. 1999; 

Pratheepan Madasamy et al. 2002). Tunability of the ion-exchanged laser from 1525 nm 

to 1564 nm has also been demonstrated using an extended cavity configuration (D. L. 

Veasey et al. 2000). 

This chapter discusses the fabrication and characterization of waveguide laser 

arrays by Ag film ion-exchange. The organization of this chapter is as follows. Section 

6.2 discusses the schematic structure of the device. The fabrication of the waveguide 

laser is discussed in section 6.3. The fabrication of surface relief gratings is described in 

section 6.4. Section 6.5 describes the performance of the laser. Section 6.6 discusses 
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Relative Intensity Noise (RIN) and the relaxation oscillation frequency (ROF) of the 

laser. The chapter conclusion is given in section 6.7. 
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6.2 Device Configuration 

As discussed in the introduction, to fabricate line narrowed or single frequency 

lasers, a frequency selective element like Bragg grating should be part of the cavity. 

Surface waveguides are better suited for ion-exchanged glass waveguide laser because a 

surface relief grating can be used as Bragg grating. Surface relief gratings are easy to 

fabricate, can have high reflectivity in a narrow band and have very narrow bandvwdth. 

Surface relief gratings also interact only with the TE mode of the waveguide and the 

output of the laser is automatically TE polarized. The schematic diagram for the 

waveguide laser array is given in Figure 6.2.1 
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Figure 6.2.1 A DBR waveguide laser array implemented with a surface relief grating and a dielectric 
mirror on Ag film ion exchanged waveguides. 

The laser cavity is implemented with a broad band high reflection dielectric 

mirror on one end and surface relief grating on the other end. The cavity should be 

pumped through the dielectric mirror, because the surface relief gratings can couple the 

pump light into substrate modes which get scattered away. This configuration also allows 

coupling the output of the laser to a fiber easily. An array of lasers lasing at different 

wavelengths can be fabricated by changing the width of the waveguides and keeping the 

period of the grating the same. The effective index of the waveguide can be changed by 

changing the width of the waveguide and the wavelength at which the Bragg grating 
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reflects depends on the effective index of the waveguide. The relation between the Bragg 

wavelength and the period is given by 

6.2.1 

where X is the Bragg wavelength, A is the period of the grating and neff is the effective 

index of the waveguide. There are other techniques to implement a waveguide laser array 

by keeping the waveguide width constant and changing the period for each individual 

waveguide. The configuration in Figure 6.2.1 is the simplest to implement. 

By controlling the width of the waveguides, each channel can be made to lase in 

different ITU (International Telecommunication Union) specified wavelengths. The 

number of wavelengths that can be implemented with a single grating depends on the 

maximum index change that can be obtained by the fabrication process. Ag film ion 

exchange produces the highest index change of all the known ion-exchanges. Also Ag 

film ion exchange is a clean process that does not use molten salt or other etchants that 

can etch the surface of the glass or damage the surface of the glass. This is very essential 

for making waveguide laser arrays since the surface quality should be maintained dtiring 

the waveguide fabrication process to allow subsequent photolithographic process to make 

DBR gratings. Hence Ag film ion exchange suits well for the fabrication of waveguide 

laser arrays. 
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6.3 Waveguide Fabrication 

Ag film ion-exchanged waveguides were fabricated in the commercially available 

Schott IOG-1 phosphate glass. The glass is doped with 1.15 wt% Er203 (1.0 x 10^® 

ions/cm^) and 4.73 wt% YbaOa (4.0 x 10^° ions/cm^). Mask aperture widths ranging from 

2 |im to 10 |im were patterned in photoresist as described in section 3.3. An important 

point to note is that after the waveguide pattern is transferred to photoresist, the 

photoresist must be post-baked at 150 °C to ensure that the photoresist mask remains 

stable during Ag film deposition and Ag film ion-exchange. An Ag film of thickness 100 

nm is then deposited on top of the photoresist mask. Two samples were fabricated using 

slightly different ion-exchange times. 

For the first sample (Sample 1), the ion exchange was done at 90°C for 1 hr and 

15 min with a voltage of lOOV. At this point, all the Ag was consumed only in 2, 3 and 4 

pm waveguides. During ion exchange, the current density is largest in the smallest mask 

opening and hence the Ag ions in the Ag film get exchanged faster in the smaller 

waveguides. The ion exchange was not continued after this to prevent side diffusion of 

Ag ions in the smaller waveguides. The remaining Ag film was removed. The sample 

was annealed at 230 C for 1 hr and 45 min to better match the waveguide mode profile 

with fiber mode profile. The waveguides formed through apertures 2 to 9 )im supported 

single transverse waveguide mode at 1550 nm and two modes at 980 nm. The losses were 

measured at 1300 nm and the transmission loss was ~ .15 dB/cm and the coupling loss 

with standard Telecom fiber was ~ 0.6 dB. Tapering the waveguides at the ends to match 
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the fiber mode size could further reduce the coupling loss (D. Barbier et al. 1998). For the 

guide formed through the 3 jam mask opening, the 1/e' full width of the intensity profile 

was 6.3 |im in the vertical direction and 9.3 ^im in the horizontal direction at 1550 nm. 

For Sample 2, the ion exchange was done for 1 hr and 30 min, slightly longer than 

Sample 1. After ion-exchange, the sample was annealed at 235 °C for Ihr and 15 mins. 

For this sample also, the waveguides formed through apertures 2 to 9 }im supported 

single transverse waveguide mode at 1550 nm. 

6.4 Grating fabrication 

As discussed in the introduction, a bandwidth selective element such as Bragg 

grating has to be part of the cavity to obtain line narrowed lasers and single longitudinal 

frequency lasers. Since the waveguides are at the surface, a surface relief grating would 

be suffice to get good reflection from the grating. Surface relief grating is fabricated 

holographically on the photoresist on the surface of the glass. Reactive Ion Etching (RIE) 

or Ion-milling using either Argon or Freon gas can transfer the photoresist grating to the 

glass. 
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Surface Relief Grating 

Mirror 

Sample 

Collimator 

Figure 6.4.1 Holographic Setup to fabricate surface relief gratings 

The holographic set-up to fabricate surface relief gratings is shown in Figure 

6.4.1. The light from the He-Cd laser is focused using an objective and passed through a 

pinhole. This cleans the beam into a nice gaussian beam. Then a collimating lens is used 

to collimate the beam. An aperture could be used after the collimator to choose a desired 

length for the grating. The beam hits the mirror and the sample, which are peipendicular 

to each other and their axis coincides with the optical axis of the beam. The light 

reflected from the mirror and the one that directly hits the sample interfere and form the 

grating pattern. By controlling the angle of the mirror, the period of the grating can be 

controlled. After exposure, the grating is developed in a container containing photoresist 

developer (352). Simultaneously, red light from Helium-Neon laser is sMned on the 

grating and the power of the first order diffracted beam is monitored. The power 
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increases with time, reaches the maximum and starts to drop. When the power is 5 % past 

the peak, the developing is stopped (L. Li et al. 1987; J. E. Roman and K. A. Winick 

1992). 

After the grating is formed in the photoresist, it is transferred to the glass by ion-

milling using Freon ion plasma. By controlling the ion-milling time, depth of the grating 

and subsequently the reflectivity of the grating can be controlled. Figure 6.4.2 gives the 

grating spectrum for waveguides of two different widths. The transmission spectrum also 

includes the absorption of erbium doped waveguide and hence the grating spectrum is 

displayed on top of the absorption spectrum of erbium doped waveguide. As explained 

before, waveguides of two different widths have different Bragg wavelengths. Figure 

6.4.3 gives the grating spectrum at the best resolution possible by the Optical Spectrum 

Analyzer in our lab (which is 0.07 nm). The full width half maximum (FWHM) of the 

grating is less than 0.07 nm and the measurement is limited by the resolution of our OSA. 

Also the reflection can be observ ed only for the TE mode of the waveguide. The coupling 

coefficient of the TM mode is very small compared with the TE mode (Ming-Jun Li and 

S. 1. Najafi 1993). This is an advantage for the laser which will automatically be TE 

polarized. 
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Figure 6.4.2 Grating spectrum for waveguides of two different widths 



88 

-10 

-15 

-20 

-25 

-30 

-35 

-40 

-45 

-50 
1547 1548 1549 1550 1551 1552 

Figure 6.4.3 Grating spectrum with 0.07 nni resolution 

6.5 Laser Performance 

The dielectric mirror was attached to one end using index matching oil. The pump 

source used for laser characterization has a multiplexed output from two laser diodes 

lasing at 975 nm and 980 nm with a power ratio of 1.3. The pump source is fiber 

pigtailed. Figure 1 illustrates the fabricated DBR laser array. The pump light has to be 

coupled to the waveguide through the dielectric mirror because the surface relief grating 

will couple the pump light into radiation and substrate modes. This is in contrast to a 

fiber Bragg grating which is a volume grating and the pump light passes through the 
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grating unaffected. To couple light between modes using a grating, the modes should 

satisfy the condition 

where pi and P2 are the propagation constants of the two modes and A is the period of the 

grating. The coupling coefficient is given by. 

The coupling coefficient is zero for two orthogonal modes when An is symmetrical as in 

the case of volume gratings. Hence the grating can couple only to the forward or 

backward propagating waves of the same mode. The condition 6.5.1 is satisfied only for 

one wavelength in this case. If the fiber Bragg grating is designed to reflect at 1550 nm, 

then it passes the rest of the wavelengths unaffected. In the case of a surface relief 

grating, An is not sjonmetrical along the direction perpendicular to the surface of the 

glass and orthogonal modes can couple between each other provided they satisfy the 

condition 6.5.1. If the surface relief grating is designed to act as a Bragg grating at 1550 

nm, the diffraction angle is 180 " for 1550nm and at other wavelengths the diffraction 

angle changes. Hence surface relief gratings can easily couple the light to substrate or 

radiation modes at pump wavelength. 

The pump source used for laser characterization has a multiplexed output from 

two laser diodes lasing at 975 nm and 980 nm vdth a power ratio of 1.3. The pump source 

is fiber pigtailed. The experimental setup is given in Figure 6.5.1. The pump light is 

/? _ /? P\ Pi "" . 

A 
6.5.1 

6.5.2 
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collimated and focused into the waveguide through the dielectric mirror using similar 

objective lenses. The output from the waveguide laser is collected using a single mode 

fiber. The pump and signal are separated using a 980/1550 WDM. The signal is then 

connected to either an OSA (Optical Spectrum Analyzer) for spectrum and output power 

measurements or to a fast detector and ESA (Electrical Spectrum Analyzer) for noise 

measurements. 

Pump 
laser 

Bragg 
grating 

waveguide 

WDM 

Dielectnc 
mirror 

Isolator 

980 nm 

1550 nm 

Fast detector 

Figure 6.5.1 The experimental set-up for single mode pumped waveguide laser array 

The best performance was obtained in the 5 p,m waveguide in sample 2 at 1540.2 

nm. For a coupled power of 145 mW, the output power was 11 mW with a threshold of 

60 mW and slope efficiency of 13%. Figure 6.5.2 gives the output power of the laser as a 
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function of coupled pump power. The reflectance of the dielectric mirror is 99.8% and 

that of the surface relief grating is 58.3% at 1540.2 nm. 

Laser Output power as a function of pump power 
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Figure 6.5.2 Laser output power as a function of pump power for 5 fim waveguide 

In the 3 jim waveguide in the same sample, an output power of 10 mW was 

obtained with a threshold of 80 mW and a slope efficiency of 15 %. The lasing 

wavelength is 1539.9 nm. The reflectivity of the grating is 38.3 %. Figure 6.5.3 gives the 

output power of the laser as a ftinction of coupled pump power. 
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Pump power (mW) 

Figure 6.5.3 Laser output power as a function of pump power for 3 jim waveguide 

The output of the laser from the 5 pm waveguide is passed thorough a Fabry Perot 

Scanning Interferometer (FPSI) with a Free Spectral Range (FSR) of 8 GHz. The output 

from the FPSI is displayed in an oscilloscope and is shown in Figure 6.5.4. The laser 

lases in single longitudinal mode as can be seen from the FPSI output in the oscilloscope. 

A second longitudinal mode comes up near the maximum output. The linewidth of the 

laser is less than 2.7 MHz which is the resolution limit of the FPSI. 
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Figure 6.5.4 The output from the Fabry Perot Scanning Interferometer displayed in an oscilloscope 
shows that the laser lases in single longitudinal mode 

The output spectrum of the laser is given in Figure 6.5.5. The Fabry-Perot modes 

are separated by .0285 nm or 3.6 GHz. From the frequency separation, the cavity length 

can be estimated to be 2.8 cm. At maximum output power, there are two longitudinal 

modes lasing in the cavity. From the spectrum we can see that the power in the second 

longitudinal mode is 32 dB below the main lasing mode. It can also be seen from the 

spectrum that a signal to noise ratio of about 60 dB is obtained. 
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Figure 6.5.5 Output spectrum of the laser 

One of the advantages of ion-exchange is that waveguide effective index can be 

reduced easily by annealing the waveguide. The index change due to Ag film ion-

exchange is high, which makes it possible to anneal the waveguide and still maintain 

single mode. Hence the lasing wavelength of a waveguide can be fine tuned by annealing 

the sample. I was able to tune the lasing wavelength of the best waveguide from 1540.2 

nm to 1540 nm, which is an ITU {International Telecommunications Union) specified 

wavelength, by annealing the sample at 225°C for 30 min. Figure 6.5.6 shows the 

spectrum of the laser before and after annealing. The output power of the laser did not 

change. The lasing wavelength of the rest of the waveguides in the array also changed by 
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0.2 nm. By designing the waveguides to have an effective index difference corresponding 

to 0.4 nm between them, the wavelength of the lasers in the array can be fine tuned to fall 

exactly on ITU specified wavelengths by annealing. This adds flexibility to the 

fabrication process. 
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Figure 6.5.6 Lasing wavelength of a waveguide can be fine tuned by annealing 

Figure 6.5.7 (Sample 1) gives the lasing wavelength of each waveguide in the 

array. The effective index increases linearly from 2 to 4 jim waveguides in which all the 

Ag film was consumed. The effective index starts to drop and saturates for wider 

waveguides. The lasing wavelengths range firom 1548.6 nm to 1550.7 nm. For Sample 2, 
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the ion exchange was done for 1 hr and 30-min, slightly longer than Sample 1. The 

effective index increases linearly from 2 to 5 jim waveguides in this sample. 
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Figure 6.5.7 Laser wavelength as a function of mask opening width. For Sample 1, ion exchange was 
done for 1 hr and 15 min. For Sample 2, ion exchange was done for 1 hr and 30 min 

By completely exhausting the Ag film, the effective index would increase linearly 

for the whole range of waveguide widths in the array as s. One other advantage of using 

Ag film ion exchange for waveguide laser arrays is that the refractive index change due 

to Ag'^ for Na"*" exchange is about an order of magnitude higher than the K"^ for Na"^ 

exchange which was used in the previous demonstration of waveguide laser arrays [5], 

The maximum index change in this glass by Ag film ion exchange is .03, which results in 

a maximum possible wavelength variation of 30 nm in an array. 
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6.6 Relative Intensity Noise 

Relative intensity noise (RIN) is an important quantity related to Signal-to-Noise 

ratio (SNR) in communication systems. RIN is defined as: 

RIN= 6.6.1 
(Pa.,)' 

where (AP) is the mean square intensity-fluctuation spectral-density of the optical signal 

from the laser and PAvg is the average optical power. A very low value of RIN is 

desirable. The quantity can be used to determine the maximum realizable SNR in a 

lightwave transmission system where the dominant noise source is laser intensity noise. 

The following relationship shows the theoretical relationship between the SNR and the 

RIN: 

6.6.2 
iV IBxRIN 

where m is the optical modulation index and B is the noise bandwidth. 

The RIN measurement setup is shown in Figure 6.5.1. The output from the laser is 

detected using a fast photodetector and the electrical signal from the photodetector is 

displayed in an electrical spectrum analyzer (ESA). The measurement on the ESA 

corresponds to (AP)^ term. Pavs is the dc value and is also monitored simultaneously. RIN 

is often expressed as dB/Hz where RIN (dB/Hz) = 10 log (RIN), when RIN is measured 

in a bandwidth of 1 Hz. The measured RIN has contributions from shot noise and thermal 

noise. Typically shot noise and thermal noise contributions to RM are about -155 dB/Hz 
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to -160 clB/Hz. When the RIN measured is 5 to 10 dB larger than this value, then the 

measurement is not limited by the noise from the detector. 

The measured RIN spectrum for the waveguide laser is shown in Figure 6.6.1. 

Relative intensity noise is shot noise limited for frequeBcies above 10 MHz as similarly 

observed in other glass fiber and waveguide laser measurements (J. T. Kringlebotn et al. 

1994; W. H. Loh et al. 1998, D. L. Veasey et al. 2000; G. Sorbello et al. 2001; C. 

Spiegelberg et al. 2003). As can be seen from the spectrum, the RIN is well below -120 

dB/Hz for frequencies above 1 MHz. 
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Figure 6.6.1 Measured relative intensity noise of the laser between 0 and 3 MHz 

The relaxation oscillation peak is found at about 65 kHz and this frequency is well 

below the modulation band for communications. The relaxation oscillations occur due to 

nonlinear interaction between the population inversion and the photon density in the 

active material (Orazio Svelto 1998). This oscillations can be easily driven by 

fluctuations in the pump level. The relaxation oscillation can be controlled by active 

electronic feedback to the pump laser diode. This was first demonstrated by Thomas J. 

Kane (Thomas J. Kane 1990) in Nd:YAG lasers. This has been successfully demonstrated 
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in erbium doped fiber lasers as well (Victor Mizrahi et al. 1993). These lasers have been 

successfully tested in high speed communication systems and did not exhibit any problem 

(J. L. Zyskind et al. 1993, Victor Mizrahi et al. 1993). Hence this relaxation oscillation 

can be easily suppressed and is not an issue for these lasers. 

6.7 Summary 

A monolithic DBR waveguide laser array by Ag film ion exchange technique was 

demonstrated using a simple surface relief grating. The maximum output power obtained 

was 11 mw with a slope efficiency of 13% and a threshold power of 60 mW. The 

performance of the laser can be improved by optimizing the cavity length and the grating 

reflectivity. Ag film ion exchange process is a dry technique without use of salt melts and 

hence causes no damage to the surface which is essential to implement the monolithic 

DBR laser array with a simple surface relief grating. Thin film ion exchange causes the 

maximum index change at the surface possible by ion exchange and hence a wide band of 

wavelengths can be implemented with a single grating. The process is easily repeatable 

and flexible. Hence this technique is best suited for low cost mass fabrication of DBR 

laser arrays in glass. 
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Chapter 7  

7 SINGLE MODE TAPERED WAV EGUIDE LASER WITH MULTIMODE 
DIODE PUMPING 

7.1 Introduction 

Er-doped planax waveguides by ion exchange have shown promise for high power 

lasers in the C band for telecommunications. Diode pumped planar waveguide lasers are 

advantageous over diode lasers because they feature very narrow linewidth, good beam 

quality, low noise and easy coupling to optical fibers. High output powers are preferred 

for several applications and in telecommunications, high output power single mode lasers 

at 1550nm would eliminate the need of a booster amplifier that is typically used. High 

power single mode lasers about a 100 mW has been demonstrated using ion-exchanged 

planar waveguides and also erbium doped micro fiber lasers (D. L. Veasey et al. 1999; C. 

Spiegelberg et al. 2003). However these lasers used high power single mode lasers for 

pumping, which are expensive. High power multimode semiconductor lasers are 

inexpensive and therefore highly cost effective pump sources (C. L. Bonner et al. 1998). 

However, they are difficult to couple into the single mode waveguides that are 

conventionally used in single mode waveguide lasers. 

In this dissertation, a novel planar waveguide laser configuration, which enables 

easy pumping with low-cost multimode semiconductor lasers, for single mode lasers in 

the 1550nm region has been proposed and demonstrated. The flexibility of tailoring the 

asjmflmetry of planar waveguides is advantageously utilized in coupling light from broad 

area pump sources with simple optics. The cavity can be made short enough to allow only 
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a single longitudinal mode output from the laser. And the output of the laser is a single 

mode waveguide that can be efficiently butt-coupled to a single-mode fiber. The device is 

fabricated by Ag film ion-exchange in a hybrid phosphate glass having Er-doped and 

passive regions monolithically integrated in a single substrate. Fabricating devices 

successfully will enable integration of active and passive devices in the same substrate. 

This feature is important for the success of planar waveguide devices in fiber optic 

communications. 

The organization of the chapter is as follows. Section 7.2 discusses the device 

configuration used. Taper is an important element and the taper has to be adiabatic to be 

able to use this device configuration. The condition for the taper to be adiabatic is 

discussed in .section 7.3. The waveguide fabrication is discussed in section 7.4. Section 

7.5 gives the experimental setup and the results. The chapter concludes with a discussion 

of further improvements and summary in section 7.6. 
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7.2 Device Configuration 

The device has three regions: a 100 fim wide multimode region that supports 

several modes at 980 ntn and 1550 nm wavelengths, a 4 |im wide single mode region that 

supports only a single mode at 1550 nm, and a linear taper joining the multimode and the 

single mode sections (see Figure 7.2.1). 

ErbiunVY tterbium codoped 
glass 

Multimode section (100 nm) 

Dielectric mirror (R>99%) 

Undoped glass 

Single mode waveguide 

965 nm 
pump Surface Relief Bragg grating (R 

= 72 %) 

Ion exchanged waveguide 

10 mm 10 mm 30 mm 

Figure 7.2.1 Schematic diagram of the tapered waveguide laser pumped by a broad area diode pump 
and lasing at single mode at 1550 nm. 

A broadband dielectric mirror at the input and a Bragg grating placed in the single 

mode waveguide fonn the cavity for 1550 nm wavelength. Except the fundamental mode. 
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all other modes of the waveguide experience very high losses in the cavity and hence 

only the fundamental mode can have lasing action. 

The multimode section allows us to couple light from a high power, single emitter 

multimode laser diode pump at 980 nm into the dcvice. Planar waveguides are naturally 

suited for pimiping with the multimode diodes because the mode profile of a planar 

waveguide is asymmetric and can be easily tailored to match the asymmetric output from 

a multimode diode. A typical mode profile of a 100 pm wide planar ion-exchanged 

waveguide is shown in Figure 7.2.2. There is a mismatch between the numerical aperture 

and the divergence angle of the multimode diode laser in the vertical direction. But this 

can be easily compensated by simple beam shaping optics or by using short focal length 

cylindrical lens and butt coupling the waveguide to the cylindrical lens. Because of the 

strip nature of the planar waveguides, heat can be easily transferred out from the surface 

of the waveguide. Also because of the one directional nature of the heat transfer there are 

no thermal lensing issues involved. 
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Figure 7.2.2 Mode profile of a 100 niu m ion-exchanged waveguide 

Since the higher order modes from the pump are scattered out of the waveguide in 

the taper region, the signal would experience absorption loss in the single mode section if 

the entire device were in the active Er-doped glass. Also when the higher order modes of 

the pump get scattered out, the pump power is lost which reduces the efficiency of the 

laser. Therefore, it is essential to make the device in a hybrid glass that has both active 

and passive regions, with the multimode section in the active and the single mode section 

in the passive region. 

In the taper, the intensity of the lower order modes of the pump increases as the 

waveguide narrows before scattering out. The intensity profile of the fundamental mode 

of the pump as it propagates along the taper is shown in Figure 7.2.3. As the intensity 
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increases, the pump power required for gain threshold decreases which can bring the 

threshold of the laser down. Hence by having part of the taper, when the waveguide is 

still wide enough to guide most of the pump modes, in the active section of the glass, the 

threshold of the laser can be reduced. Hence the device configuration has the multimode 

section and part of the taper in the active section of the glass and the rest of the taper and 

the single mode sections are in the passive section of the glass as shown in Figure 7.2.1. 

Figure 7.2.3 Intensity profile of the fundamental mode of the pump as it propagates along the taper 

7.3 Adiabatic taper 

According to (Milton and Bums 1977), the taper is adiabatic if the local half angle 

at any point in the taper meets the condition, 
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, 7.3.1 
2n,ffW 

where 0 is the local half angle at any point in the taper, W is the waveguide width 

at that point, Xo is the free space wavelength and neff is the effective index of the 

waveguide. 

For the linear taper, as shown in Figure 7.3.1, the angle is constant and is limited 

by the widest section of the waveguide. The angle at which the taper can diverge gets 

smaller as the width increases. Since the angle is constant for the linear taper, it is 

determined by the widest section of the waveguide in the taper. In our structure, the 

length of the taper should be greater than 10 mm to be adiabatic. A linear taper of 30 ram 

is used in our experiments. This length is too long for the taper but ensures adiabatic 

transition for the fundamental mode of the waveguide. 

Figure 7.3.1 A linear taper. 

The equation suggests that a taper which diverges fast near the narrow waveguide 

and that diverges slowly near the wide waveguide will have a short length and will also 
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be adiabatic. A parabolic taper as shown in Figure 7.3.2 would fit the description. A 

parabolic taper, for our device configuration, has to be only 5 mm long for it to be 

adiabatic. Using a parabolic taper is something that could be tried out in the future. 

Figure 7.3.2 A parabolic taper 

7.4 Waveguide fabrication 

The device was fabricated in Schott IOG-1 hybrid glass (S. D. Conzone et al. 

2001). This is a phosphate glass which has active region, doped with 1.15 wt% Er203 and 

4.7 wt% YbaOs, and passive region, not doped with either erbium or ytterbium, 

monolithically integrated in a single substrate. Phosphate glasses are preferred for erbium 

doped waveguide amplifiers (EDWA) and lasers because of the high solubility of rare-

earth ions in phosphate glasses, which allows doping high erbium concentrations without 

significant lifetime reduction. However, phosphate glasses react easily with molten salt 

baths and etchants used to remove the difiusion mask, resulting in damage of the surface. 
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Hence a gentle waveguide fabrication process, which does not damage the surface of the 

glass nor the joint between the active and passive regions, is required. This will ensure 

low propagation losses and allows repeatable subsequent photolithographic processing of 

the glass, e.g., for fabrication of DBR gratings. Ag film ion exchange, as described in 

chapter 3, is used since this is a gentle process that does not use salt melts or strong 

etchants and is done at low temperatures. The process causes no damage to the surface or 

the joint between the active and passive regions. A very low propagation loss of 0.15 

dB/cm in surface waveguides has been achieved. To fabricate the device, the waveguide 

structure is first patterned on photoresist using standard optical lithography. An Ag film 

with a thickness of 150 run is then deposited on top of the photoresist, and the photoresist 

acts as a mask during the ion exchange. The Ag film ion exchange is done at 90° C, vwth 

an applied voltage of 400 V for 2hrs. and 45mins. The waveguide is then annealed at 

230°C for 3 hours after ion exchange. The length of the sample is 50 mm with the active 

and passive lengths being 25 mm each. The 100 |im wide waveguide in the active region 

of the glass is 10 mm long, the taper is 30 mm long and the single mode 4 |im wide 

waveguide is 10 mm long. The single mode section is in the passive region of the glass. 

7.5 Experimental setup and Results 

As discussed in section 7.2, except for a mismatch in numerical aperture in the 

vertical direction, the asymmetric output fi-om the multimode pump diode matches well 

vrith the mode profile of the waveguide. The mismatch in numerical aperture can be 
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compensated by simple beam shaping optics. The experimental set-up is shown in Figure 

7.5.1. 

Single 
emitter 
multimode 
diode laser^^ 

Aspheric 
lens 
f=6.5 mm 

Beam shape 

Anamorphic 
prism pair 
(4X) 

Silicon piece 

Aspheric 
lens 
{=15.36 mm 

Sample Objective 
lens 

Optical power 
meter 

Figure 7.5.1 The measurement setup for the waveguide laser. 

The output from a multimode diode is first collimated using an aspheric lens. 

Then the beam is expanded in the horizontal direction using an anamorphic prism pair. 

Then the light is focused into the waveguide using another aspheric lens through the 

dielectric mirror. The beam shape at the focal point is designed to match the mode profile 

of the waveguide. Aspherical lenses are used to eliminate spherical aberration due to the 

large divergence angle of the output from the multimode diode. The estimated coupling 



I l l  

efficiency into the waveguide of this set-up is 35%. The pump laser can emit a maximum 

power of 4 W at 965 nm. 

The output from the waveguide laser is collected using an objective lens onto an 

optical power meter. A silicon piece is used between the objective lens and the power 

meter to eliminate any residual pump power. To observe the spectrum the output is 

collected using a single mode fiber and connected to the optical spectrum analyzer. The 

output spectrum of the waveguide laser is shown in Figure 7.5.2. 

1550 

wavelength (nm) 

Figure 7.5.2 The output spectrum of the tapered waveguide laser 

As expected, we don't see any higher order modes in the spectrum. The laser 

lased at a wavelength of 1538 nm. The reflectivity of the input broadband dielectric 
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mirror is 99.3% at wavelengths around 1550 nm and 14.5% at 965 nm. The reflectivity of 

the output Bragg grating is 72% at 1538 nm. The laser threshold is 280 mW. For a 

coupled pump power of 1.4 W, an output power of 54 mW at 1538 nm was obtained with 

a slope efficiency of 4.9%. The output power of the laser as a function of the coupled 

pump power is shovm in fig. 
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Figure 7.5.3 The output power of the tapered waveguide laser at 1538 nm as a function of coupled 
pump power. 

7.6 Smmmary 

A novel planar waveguide laser configuration for single-mode operation around 

1550 nm using cost-effective multimode diode pumping was demonstrated. The laser was 

fabricated by Ag film ion exchange in a hybrid phosphate glass which has active and 
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passive regions monolithically integrated in a single glass chip. Power of 54 mW at 1538 

nm was measured from the single-mode output waveguide. In this demonstration the 

cavity length and the output reflectivity of the laser have not been optimized. Higher 

output powers should be achievable by optimizing the laser cavity. Furthermore, the 

pump coupling efficiency and the vertical mode overlap between the pump and signal can 

be increased, which should improve the performance. Here, the length of the taper was 

made quite long to ensure that the transition from single mode to multimode section is 

adiabatic. The cavity length is too long to obtain single longitudinal mode. However as 

discussed in section 7.3, the taper length can be as short as 5 mm using parabolic taper. 

This will enable single longitudinal mode operation in the laser. 
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Chapter 8 

8 CONCLUSION AND OUTLOOK 

Planar waveguide amplifiers and lasers were fabricated using silver film ion 

exchange on Er^"^ / Yb^"^ codoped phosphate glass. The performance of these amplifiers 

and lasers were studied and characterized. Integration of active and passive devices is a 

key requirement for the next generation optical devices for fiber optical communications. 

Excellent glass based passive devices have been developed and used in Fiber optic 

networks. Integrated optical amplifiers and lasers based on glass are expected to play an 

important role in the future all optical devices for communications. Glass lasers also offer 

several advantages over semiconductor lasers and are expected to play an important role 

as stand alone components for several applications. Ion exchange is one of the leading 

candidates for the development of these active and passive integrated optical devices. 

Numerical modeling is an important tool for the accurate design of integrated 

optical devices by ion exchange. Numerical simulation of ion exchange process including 

the important field effects has been done. An important issue which relates to the burial 

depth of ion-exchanged buried waveguides with respect to the mask opening width was 

studied using the developed simulation program. A linear relationship is obtained 

between the burial depth and the mask opening width and was confirmed experimentally. 

Silver film ion exchange process was developed to suit single mode waveguide 

fabrication in erbium doped phosphate glass with low loss. The process was also used to 

make low loss waveguide in hybrid glass, which has active and passive glass integrated 
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monolithically in the same substrate. This demonstrates the potential of using Ag film ion 

exchange for the integration of active and passive devices monolithically in the same 

substrate. 

Planar waveguide amplifiers were fabricated in Er^^ / Yb^"^ codoped phosphate 

glass and characterized. A net gain of 7 dB in a sample of length 4.7 cm and gain/cm of 

1.5 dB/cm were achieved. The glass used has erbium and j^erbium concentrations 

optimized for the laser. The characterization of waveguide amplifier is an important step 

towards the realization of planar waveguide laser arrays. For waveguide amplifier 

applications, suitable concentration levels for erbium and ytterbium could be used 

Single mode waveguide laser arrays pumped by single mode laser were fabricated 

on Er^' / Yb^^ codoped phosphate glass. The performance of the laser array was 

characterized in terms of the output power, .spectrum of the laser, lasing wavelength 

dependence on the waveguide width and the relative intensity noise (RIN) of the laser. 

An output power of 11 mW was obtained with slope efficiencies up to 15 %. The 

tunability of the lasing wavelength from 1540.2 nm to the desired wavelength of 1540 

nm, which is an International Telecommunications Union (ITU) specified wavelength for 

fiber optic WDM networks, after waveguide fabrication, by annealing was demonstrated. 

All the single mode glass waveguide lasers that were demonstrated so far used 

single mode pump sources for easy coupling to the single mode waveguide. Tapered 

waveguide laser configuration for single-mode operation around 1550 nm using cost-

effective muitimode diode pumping was developed. Multimode pump diodes at 980 nm 

are much more inexpensive than the single mode laser diodes and also emit higher output 
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power. The laser was fabricated by Ag film ion exchange in a hybrid phosphate glass 

which has active and passive regions monolithically integrated in a single glass chip. 

Power of 54 mW at 1538 nm was measured from the single-mode output waveguide. The 

slope efficiency of this laser is 4.9 %. Slope efficiency of this laser can be improved by 

optimizing the cavity length and the reflectivity of the surface relief grating. 

Planar waveguide lasers are attractive for high speed mode locked laser 

applications because of the short length that is required to achieve lasing threshold. 

Planar waveguide high speed mode locked lasers is an interesting and important research 

area that could be studied in the future. 
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