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ABSTRACT 

The nonlinear optical properties of a semiconductor-doped glass (Soo) 

channel waveguide were measured on a picosecond time-scale; namely. fluence

dependent changes in the absorption and the refractive index as well as the relaxation 

time of the nonlinearity. Slower. thermally-induced changes in the refractive index 

were also observed. The saturation of the changes in the absorption and the 

refractive index with increasing optical fluE'nce is explained using a plasma model 

with bandfilIing as the dominant mechanism. The fast relaxation time of the excited 

electron-hole plasma (20 ps) is explained using a surface-state recombination model. 

A figure of merit for a nonlinear directional coupler fabricated in a material 

with a saturable nonlinear refractive index is presented. The measured nonlinear 

change in the refractive index of the SOO saturates below the value required to 

effect fluence-dependent switching in a nonlinear directional coupler. Experiments 

with a channel-waveguide directional coupler support this prediction. However. 

absorption switching due to differential saturation of the absorption in the two arms 

of the directional coupler was observed. 
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CHAPTER I 

INTRODUCTION 

§ 1.1 BACKGROUND 

Nonlinear optics is concerned with the interaction of high-intensity light with 

matter. Research with high-intensity, coherent optical sources has led to the 

demonstration of many interesting processes, the first being the demonstration of 

second-harmonic generation (Franken, 1961). This second-order process consists of 

converting the energy of two photons, each at frequency w, into a single photon with 

frequency 2w. The large intensities available with laser sources also allow the study 

of weaker three-photon, or third-order, processes that include a variety of mixing 

processes, such as third-harmonic generation, and self-induced changes in the index 

of refraction. 

From a technology point-of-view, nonlinear optics presents some interesting 

possibilities for novel applications of its inherent processes. In the past. second-order 

applications involved mostly harmonic generation. but recently there has been 

considerable progress in other types of frequency conversion. such as optical 

parametric amplifiers. The main interests in the third-order processes are phase 

conjugation and the nonlinear index of refraction. Phase conjugation is important for 

its potential as a means for the removal of wave aberrations created by passing 

coherent beams through the atmosphere or through amplifier stages in high energy 

lasers. or for its potential signal processing applications. The nonlinear index of 
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refraction is a particularly interesting process since it can be applied to existing 

linear device technology; that is. optical devices that respond to changes in the index 

of refraction. Recently. the analysis of these devices has been altered to include the 

effects of a material system that exhibits an intensity dependent refractive index. 

which. in the case of semiconductors. derives from a resonant absorption process that 

exhibits saturation at high optical intensities. 

From a technological research point-of-view. the most pressing needs in the 

area of nonlinear optics are the identification of new materials as well as the re

assessment and improvement of the existing ones. The important parameters of 

nonlinear optical materials include the second-order or third-order nonlinear response 

and saturation level. the relaxation time and the damage threshold. In addition. 

availability or ease of fabrication play an important role in the choice of materials. 

Recently an intense research effort has been aimed at the development of organic and 

polymeric materials. These materials are attractive because of the demonstration that 

large nonresonant nonlinear responses can be found among certain structural classes 

(Oudar. 1977). At the moment. however. the field of organics is minimally 

developed. On the other hand. semiconductors. which possess large. resonantly

enhanced third-order nonlinearities. have been extensively researched. 

Semiconductors will have a particularly dominant role to play in the future of 

nonlinear optics since material and fabrication technologies are well-developed in 

both the ~lectronics and linear optics industries. 

It is important to realize that material requirements differ considerably for 

each of the areas of technological significance. These areas include frequency 

conversion. beam-steering. removal of beam distortion. image amplification and 

transformation. optical processing. optical limiting. all-optical interconnects. optical 
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computing. optical memories and fiber-optic communications. In the areas of optical 

communication. optical signal processing and optical computing. bulk semiconductor. 

multiple-quantum-well (MQW) semiconductor structures and organics are being 

considered. These areas require materials that have a relatively large third-order 

nonlinearity, a fast relaxation time and can be tuned to specific operating 

wavelengths. Optical signal processing. real-time holography. beam-steering and 

optical limiting use photo refractive and liquid crystals. The requirements for these 

crystals include large electrooptic coefficients and the ability to trade speed for 

dynamic range. A large variety of doped crystals are used for frequency conversion: 

the relevant issues are high conversion efficiency, ease of fabrication. low absorption 

and lifetime. The point is that each application or class of applications requires its 

own class of specialized materials. 

The areas of optical computing. optical signal processing and optical 

communications pose a number of challenges for semiconductor and organic nonlinear 

optical materials. These areas benefit from the maturity of much of the science 

associated with device designs and system architectures. but the nonlinear optical 

requirements suffer from the demands of flexibility. This provides the motivation 

for developing long-range research programs for MQW structures and organic 

materials. Organics offer the combination of flexibility in material design and 

fabrication; in principle. organic chemists can engineer the properties (nonlinear 

polarizability and various condensed-phases). They suffer from ultra-violet cutoff 

and long-wavelength vibrational-mode absorption as well as having a large 

temperature dependence. MQW semiconductor structures offer "the flexibility of 

design. such as tuning the bandgap to the wavelength of diode lasers. and integration. 

by matching crystal lattices. with existing semiconductor technology. The 
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drawbacks are the large research costs associated with fabrication and 

characterization, the large absorption needed to enhance the nonlinearity and the long 

relaxation times (nanoseconds). Another semiconductor material that seems ideally 

suited for optical signal processing and optical c:ommunications is semiconductor

doped glass, i.e. glass doped with microcrystallites of semiconductors. This glass 

exhibits a relatively large resonantly enhanced nonlinear index of refraction reSUlting 

from carrier-dependent absorption. The small crystallite size leads to very short 

excited-carrier relaxation times (S!:15 ps) that improve the potential speed of switching 

devices by two to three orders of magnitude in comparison with bulk semiconductors 

or MQW's. In addition, like MQW's, these materials are interesting candidates for 

the study of the physics of quantum confinement in three dimensions (Brus, 1986). 

The interest in applying nonlinear optics to optical computing, optical signal 

processing and optical communications results from the potential for an increase in 

speed over existing digital electrical switching systems. In principle, an optical 

switch could be made to function as a result of a change in the intensity of the 

signal; that is, with the aid of the nonlinearity associated with the medium. In 

addition, the speed of these devices would not be limited by the transport of electrons 

but would, in principle, be instantaneous. Capacitance and inductance limit the 

speed at which a basic electronic switching component can return to its initial state 

from the switched state, but these switching times are getting faster as advanced 

designs optimize for minimum capacitance and current flow. There are fundamental 

limits that apply to both optical and electronic switching rates. The arguments for 

these limits are premised on three concepts (Keyes. 1975): I. From thermodynamic 

considerations a minimum energy of kT must be dissipated (k is Boltzman's constant 

and T is the absolute temperature) for any nonreversible switching operation, the 
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minimun energy required to know that you have switched states; 2. Quantum 

mechanical considerations lead to the assertion that a switching operation must 

dissipate at least hIT energy. where h is Planck's constant and T is the switching rate; 

and 3. Thermal transfer limits the amount of energy that can be dissipated for a 

particular switching rate. The results of Keyes' analysis are plotted along with 

estimates of performances in various switching technologies (Smith. 1982) in Fig. 1.1. 

This figure presents a comparison between optical and electronic switching rates 

versus power consumption. In the region between 10-6 and 10- 11 seconds. one cannot 

compete with electronic switching technology. In the region between 10-12 and 10-14• 

optical switches appear to have no competition. However. this region falls beyond 

the thermal transfer limit. The thermal transfer limit is a rigid limit for electrical 

switching. Current flow in electrical systems is limited by scattering that causes a 

transfer of momentum and. in turn. raises the energy (temperature) of the medium. 

Optical nonlinearities can fall in either of two classes: absorptive (resonant) or 

reactive (nonresonant). In absorptive nonlinearities the nonlinear effects are 

enhanced by the creation of excited electronic states when photons are absorbed. 

The absorbed energy is eventually transferred to the medium causing an increase in 

the temperature. In this case. thermal effects are appreciable and the thermal

transfer limit applies. Resonant nonlinearities are typically slower than nonresonant 

nolinearities mainly because of the time it. takes for excited carriers (electron-hole 

pairs in semiconductors) to recombine. Lately. research aimed at reducing the carrier 

recombination time in MQW structures has focused on proton damage of the 

substrate to increase the density of recombination sites. with resulting recombination 

times of approximately 100 ps. In reactive nonIinearities the transfer of energy to 

the electrons does not take place. instead either the potential functions that govern the 
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motion of the electrons are altered by the large applied optical fields or virtual 

transitions (off-resonance) are responsible for the nonlinear response of the medium. 

The fact that the thermal-transfer limit is flexible for nonresonant nonlinearities 

allows the development of subpicosecond switching devices in all-optical systems. 

10 
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Figure 1.1. A comparison of the operating range of two switching 
technologies: semiconductor electronic devices and all-optical devices. 
Note that reactive (non-absorbing) optical nonlinearities allow all-optical 
devices to operate well into the thermal-transfer limited region. 

Slower resonant nonlinearities can be used by all-optical systems to surpass 

the performance of electrical systems by taking advantage of the capacity in optical 

systems for parallel processing. Resonant nonlinearities in combination with large 

parallel architectures could be used for optical memories, optical signal processing 
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and optical computing and could compete with traditional semiconductor technologies. 

The fundamental component needed is the optical analog to the digital logic gate. 

Bistable optical devices. such as the nonlinear Fabry-Perot etalon (Gibbs. 1975) or 

hybrid devices employing electrical feedback. such as the self electrooptic-effect 

device (Miller. 1985). have been used to construct optical logic gates with switching 

times approaching 1 ns. As an example. a I cm2 Fabry-Perot etalon containing GaAs 

MQW material could have 107 resolvable spots. with each spot a bistable element 

with a response time of 30 ns. The throughput of this device is 3x I 014 bits-s-1 

(Smith. 1984). six-orders of magnitude faster than an equivalent. but currently 

operating. electronic system. Current research with MQW's is focusing on the 

optimization of material nonlinearities to reduce the switching energy (and time) and 

the uniform fabrication of large two-dimentional arrays for the demonstration of 

nonlinear parallel processors (Warren. 1987). 

As mentioned earlier. the possibility exists for directly exceeding the 

performance of electrically-based digital logic with the use of nonresonant or near

resonant third-order nonlinearities to obtain switching times in the subpicosecond 

region. Devices with such speed could compete directly with the serial format of 

most high-speed processors. However. the advanced state of semiconductor switching 

technology precludes any competition except in the areas of optical communication or 

optical interconnects. These areas require the use of guided-wave devices in order to 

meet the demands of compatibility. as is the case with fiber-optic systems. and 

flexibility. as in the case of optical interconnects. Also. the switching requirements 

are relatively simple compared to computer applications. with several logic devices 

performing most of the desired functions. so that a larger amount of heat generation 

is tolerable. 
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A number of linear guided-wave devices have been developed to be used 

with fiber-optic communication systems. The three guided-wave geometries 

commonly used are illustrated in Fig. 1.2. The channel-waveguide directional 

coupler. illustrated in Fig. 1.3. is a basic example of an integrated optical guided

wave device. Power transfer between the two channels is obtained by bringing the 

two guides close together such that their fields overlap. Single-mode channel

waveguide devices that provide efficient. low cross-talk optical switching. high-speed 

time division multiplexing/demuItiplexing. modulation or polarization manipulation 

have been demonstrated (A I ferness. 1981). Most of these devices are fabricated on 

lithium niobate. lithium tantalate or gallium arsenide substrates. The switching is 

controlled by the application of a bias voltage to a set of electrodes to take advantage 

of the linear electrooptic coefficient. The switching speed for these devices is limited 

by the RC charging time for the electrodes and appears to have a limit around 25 

GHz for lithium niobate. based on the optimization of the waveguide-electrode 

geometry (Atsuki. 1987). Also. the switching speed of semiconductor laser diodes are 

limited to a few GHz by the unacceptable frequency chirp and mode-partitioning 

introduced by current modulation (Sasaki. 1987) so it is advantageous to externaIly 

modulate a continuous-wave source. A nonlinear optical picosecond switch could 

operate at a frequency of 1 THz. extending the bandwidth of currently available 

high-speed sources by interlacing pulses through a time-division multiplexing (TOM) 

arrangement. 

Fiber-optic communication systems currently use single-mode fibers at 1.3 /lm 

and 1.55 /lm wavelengths. These spectral regions are important because they 

minimize material dispersion and attenuation. A bandwidth-distance product of 25 

GHz-km is available with InGaAsP lasers in conjunction with single-mode fibers at 



(A) SLAB 

(B) CHANNEL 

(C) FIBER 

Figure. 1.2. Three basic waveguide geometries: (a) slab; (b) channel; and, 
(c) fiber. In all cases the shaded region has a slightly larger index of 
refraction than the unshaded region. 
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1.55 /lm (Keiser, 1984). The potential exists for increasing the bandwidth to almost I 

Thz by using the results of research on nonlinear guided waves in fibers. Soliton 

solutions to the nonlinear wave equation represent nonbroadening pulse propagation 

in dispersive media with a nonlinear index of refraction that produces dispersion 

(self-phase modulation) capable of cancelling the linear dispersion. Soliton-like 

propagation for a 7 ps pulse has been demonstrated in a 700 m single-mode silica-

glass fiber at 1.55 /lm (Mollenauer, 1980). In principle, the bandwidth exists for the 

realization of an all-optical TDM fiber system that surpasses any available system 

based on electronic technology. 



'W AVEGUIDES 

Figure 1.3. Channel waveguide directional coupler. The shaded 
waveguide region has a slighty larger index than the substrate. Power 
is transferred between the two guides in the region where the guides are 
close together. 
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The guided-wave format is preferable for an all-optical switching device 

because high-intensity optical fields can be confined over the long distances required 

for the nonlinear interaction to take place; in this case, an integration of relative 

phase shift resulting from a nonlinear index of refraction. In addition, confinement 

in two dimensions is compatible with existing fiber and integrated optics technologies. 

A basic device for observing all-optical switching is a Mach-Zehnder waveguide 

interferometer shown in Fig. IAa. The single output of this device is modulated by 

the relative phase between the two arms. A hybrid version of this device fabricated 

in lithium niobate, shown in Fig. l.4b, was used to demonstrate TDM with lOps 
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pulses (Lattes. 1983). A pump beam was used to induce a change in the index of 

refraction in one arm of the interferometer producing a modulation of slightly less 

than 10% in the output. Although the modulation was far from complete. the result 

demonstrates the feasibility of high-speed nonlinear switching in a nonresonant 

material. and does so in a material that is currently used for the linear devices. i.e. 

lithium niobate. The drawback is that the third-order nonlinearity is so small that 

the required intensity levels are GW /cm2• which causes irreversible damage to the 

substrate after a few hours of operation. The power could be reduced by an order 

of magnitude in order to operate below the damage threshold. but this would increase 

the length of the device to 20 cm which is not favorable if the application calls for 

cascading devices. Nevertheless. this result has shown that all-optical switching in a 

waveguide format is feasible. 

Another device that is crucial to the realization of all-optical signal processing 

is the nonlinear directional coupler (NLDC). Mentioned earlier. it is a four-port 

device that can function as a 2x2 switch or a modulator. Again. it consists of two 

channel waveguides brought in close proximity such that their fields overlap. In the 

linear case. power is periodically transferred between the two waveguides with 

propagation distance. The beat length for a cycle of power transfer between the two 

guides can be made power dependent by fabricating the device in a medium with an 

intensity dependent index of refraction. This device has been analyzed using 

coupled-mode theory (Jensen. 1982; Daino. 1985) and the Beam Propagation Method 

(Wabnitz. 1986; Thylen. 1988). The critical power at which switching from the 

coupled port to the through port occurs for a half or full-beat length coupler has 

been established. In addition. saturation of the absortion and index change for a 

resonant nonlinear process has been theoretically investigated and a figure of merit 
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Figure 1.4. Mach-Zehnder interferometers: (a) Asymmetric Mach-Zehnder 
interferometer. There is a differential power split at each junction 
depending on the angle between the two arms; (b) Hybrid Mach-Zehnder 
interferometer. The presence of the high power pulses la and Ib 
determine the modulation of the low power pulse Ie at the output. 
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identified (Caglioti, 1988). Experiments with integrated-optical NLDC's have been 

reported, the most recent was a GaAS-AlGaAs MQW stacked-planar waveguide 

structure (Cad a, 1988). Partial nonlinear cw switching was observed; however. it is 

not clear that the mechanism for the nonlinearity is the saturation of an exciton 

resonance instead of a thermally induced change in the index of refraction. 

Relaxation time. carrier diffusion effects and saturation associated with this type of 

nonlinearity have yet to be experimentally investigated in a waveguide directional 

coupler. 
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In conclusion. the successful implementation of all-optical serial signal 

processing devices depends critically on the availability of appropriate nonlinear 

materials. All-optical devices should have advantages in optical communications 

applications since it is not necessary to interconvert between electrical and optical 

signals. but all-optical devices must use materials that enable the speed (bandwidth) 

advantage to be exploited. In addition to fast response times. the relevant device 

parameters to consider are interaction length. operating power. heating effects and 

device throughput. Research has shown that lithium niobate is not a suitable 

material. although picosecond switching has been observed. It appears that organics 

and MQW may offer interesting alternatives. but need to be studied more thoroughly. 

both analytically and experimentally. especially since the response times for MQW's 

are relatively slow. Semiconductor-doped glass. which is studied in this thesis. is an 

important material to be considered because of its availability. ease with which 

devices can be fabricated. large optical nonlinear response and picosecond response 

time. 

§ 1.2 SCOPE OF RESEARCH 

The work presented in this thesis is the result of an investigation of the basic 

methods for characterizing the optical nonlinear response of a channel waveguide 

fabricated in semiconductor-doped glass and. by extension. a nonlinear directional 

coupler. Much of the work was associated with assembling a microcomputer 

controlled measurement system. This system was flexible enough to allow fluence 

and wavelength dependent transmission. interferometric and pump/probe experiments 

to be performed with a tunable picosecond dye-laser source. The fluence-dependent 

transmission and index changes of a channel waveguide. the relaxation time of a 
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channel waveguide and the fluence-dependent transmission of a channel-waveguide 

directional coupler were measured with this system. In addition. a second linear

characterization system was assembled to measure mode profiles. polarization 

properties and the number of modes in channel-waveguide devices. 

The samples used for the experiments were originally fabricated at the 

Department of Electronics and Electrical Engineering. Glasgow University. Scotland. 

Fabrication facilities have since been installed at this institution and the production 

of channel waveguides is underway. Results of those investigations. largely 

technological. are also presented. 

During the course of the experimental investigation of the semicondutor-doped 

glass channel waveguide a theoretical model became available for calculating the 

carrier-density dependence of the absorption coefficient. This allowed the correlation 

of experiment and theory by means of a Fortran program written to model the 

propagation of a plane-wave pulse through a medium with a carrier-dependent 

absorption coefficient. Also. a more complete understanding of the nonlinear 

directional coupler. effected by considerablli! theoretical research coupled with the 

results of the single-channel waveguide experiments. allowed the explanation of the 

nonlinear behavior of the directional coupler. 

§ 1.3 LAYOUT OF THESIS 

This chapter is intended to provide a broad introduction to the motivation 

behind nonlinear integrated-optics research. It includes a discussion of the various 

materials being studied for nonlinear-optics applications and the materials that have 

favorable properties for integrated optics. It concludes with the motivation for this 

thesis research. Chapter 2 includes the background needed to discuss nonlinear 



28 

optics. waveguides and nonlinear guided waves. Chapter 3 presents the methods 

used for the design. fabrication and testing of channel waveguides. Chapter 4 

contains the results of the theoretical and experimental investigation of the nonlinear 

optical properties of a semiconductor-doped glass channel waveguides. Chapter 5 

contains the theoretical and experimental results of the characterization of a nonlinear 

channel-waveguide directional coupler. Chapter 6 presents a summary of the results. 

the overall conclusions of the thesis research and suggestions for future research. 

Two appendices are included: 1) A sample design session with the programs used to 

design single-channel and dual-channel waveguides; and 2) The development of the 

differential equations used to propagate a plane-wave pulse through a medium with a 

carrier-dependent absorption coefficient. 
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CHAPTER 2 

GUIDED WA YES AND NONLINEAR OPTICS 

§2.1 WAVEGUIDES 

Dielectric waveguides are structures that are used to confine and guide light 

over distances much larger than is possible with diffraction limited confinement. i.e. 

focusing. The analysis of dielectric waveguides involves the solution of Maxwell's 

wave equation in the presence of a spatial index of refraction variation in the 

directions transverse to the direction of propagation. When the proper geometry is 

selected. a set of differential equations can be derived from Maxwell's equations that 

reduces the problem to an eigenvalue problem. The solution consists of 

eigenfunctions that describe the electromagnetic field distributions and eigenvalues 

that correspond to the propagation constants. A resonance condition is implied by 

the fact that the range of field profiles and propagation constants that can be excited 

(guided) for a specific wavelength and geometry are discrete. and finite in number. 

rather than continuous. 

The simplest geometry for a dielectric waveguide is a thin dielectric film (thin 

means a few wavelengths thick) sandwiched between two identical pieces of 

dielectric cladding. as shown in Fig. 2.1. For waveguiding to take place the index 

of the film must be larger than the index of the cladding. The specific waveguide 

modes for this configuration are derived using Maxwell's equations. 

v x E = -ipwH 2-1 
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Figure 2.1. Dielectric slab waveguide geometry and coordinate system. 

and v x H = iWE(W)E . 2-2 

It is assumed that: 

I. The time variation of the fields is exp[i(wt)]; 

2. There is no variation of the fields in the y-direction; and 

3. The z-dependence is exp[-i(kzz)]. 

Equations 2.1 and 2.2 become 

-ikzHy = i€WEx ikzEy = -iJlwHx 2-3 

-V x I-Iz + ikz Hx = iEWEy -VxE.z + iItzEx = -iJLwHy 2-4 
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v x By - -iJLw,\ 2-5 

The equations can be solved by direct substitution to yield 

2-6 

2-7 

One set of equations defines the transverse magnetic (TM) modes when '\ = 0 and 

the other set defines the transverse electric (TE) modes when liz = o. 

Equations 2.6 and 2.7 can be applied to the geometry of Fig. 2.1 by assuming 

a solution of the form 

d<x 2-8 

By .. Er COS(Kr x) 2-9 

x<o 2-10 

where. 2-11 

2-12 

Also. choosing the cosine dependence yields symmetric modes. Alternatively. 

choosing a sinusoidal dependence would yield antisymmetric modes. These equations 

are subject to the usual dielectric boundary conditions 

2-13 
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2-14 

where en is the unit vector normal to the boundary. Solving the system of equations 

yields the eigenvalue equations 

"rtan("r d) - 'Yc TE-symmetric 2-15 

and -Krcot("r d) '" 'Yc TE-antisymmetric 2-16 

Similarly. the electric fields amplitudes in equations 2-8 to 2-10 can be replaced by 

the magnetic field amplitudes and solved with the boundary conditions. equations 

2-13 and 2-14. to yield 

2-17 

and 2-18 

Equations 2-11. 2-12 and 2-15 through 2-18 can be solved numerically for the 

allowable eigenvalues. kz. for each of the four types of modes. Note that kz is 

understood to be equivalent to an effective index. neff' times the free-space 

propagation wavevector. ko• such that kz ... Defrko. The first few orders of the TE 

and TM modes are illustrated in Fig. 2.2. The salient features of slab dielectric 

waveguides modes are: 

1. The TE and TM modes are orthogonal; 

2. The mode profiles produce standing waves within the film and decay 

exponentially in the cladding; 

3. The larger the index change between film and cladding the tighter the 

confinement of the power in the film region; and. 
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4. The system can be designed. in general with different cladding material 

above and below the film. such that a single guided mode is allowed. 

Figure 2.2. Electric field profiles of the first three TE and TM slab 
waveguide modes. 
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Light can be coupled into a waveguide using grating. prism. or end-fire 

couplers (Tamir. 1979). as illustrated in Fig. 2-3. Prism and grating couplers operate 

on the principle of phase-matching since the power transfer is distributed over a 

finite length; this means that the projection of the input wavevector or the diffracted 

wavevector must match the guided-mode propagation wavevector for power to be 

coherently. or synchonously. transfered to the waveguide mode. End-fire couplers 

operate on the principle of mode-matching at a boundary; that is. the amount of 

power transfer depends on the overlap integral of the input and guided-mode field 

distributions at the interface. Prism couplers can be used to measure the eigenvalues. 

values of lcz. for the different modes by measuring the input angle at which the 

different modes are excited. End-fire coupling is useful for coupling into short 

channel waveguides. where prism coupling becomes cumbersome. but requires the 

end-faces to be polished to optical quality. 

The above analytic solution for waveguide modes considered confinement of 

light in one transverse dimension. In principle. analytic solutions can be found for 

confinement in two dimensions. but. in practice. analytic solutions exist only for 

geometries which are circularly symmetric: an analytic solution cannot be derived for 

a rectangular dielectric waveguide (Marcuse. 1974). The waveguides used for 

integrated optical devices are channel waveguides. waveguides that confine light in 

two transverse dimensions. In addition. instead of an abrupt. or step. change in the 

index of refraction across the boundary between two materials. as in the above 

example. the material system may have a graded index of refraction. Analytical 

solutions for confinement in two dimensions with a two-dimensional graded index of 

refraction exist when approximations are made to simplify the problem: an analytic 

solution does not exist for a rectangular waveguide. but. in general. numerical 
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methods can be applied to yield an accurate solution for field profiles and 

propagation constants for each of the modes. The method for the design and 

fabrication of such waveguides is presented in chapter 3. 

n. GRATING COUPLER 
/INPUT BEAM 

jlJAVEGUIDE 

b. PRIS~1 COUPLER 

C. ENDFIRE COUPLER 

Figure 2.3. Grating. prism and end-fire coupling schemes for exciting 
waveguide modes. 
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§2.2 NONLINEAR OPTICS 

The classical formalism describing the interaction of light with matter can be 

stated as follows: The classical electromagnetic field, E, interacts with matter via the 

material's electric dipole moment to produce a polarization field, P, which in turn 

drives new fields via the wave equation, 

I 82 
[ I] Vx(VxE) + c2 8t2 E + € p ... 0 , 2-19 

in a self-consistent manner. The polarization field, henceforth referred to as the 

polarization, is viewed as the response of the system to the perturbing electric field. 

It can be calculated through a knowledge of the forces governing the charge 

distribution of the system. In the semiclassical approach the interaction of the 

classical electric field with the system is still mediated by the induced dipole moment 

of the system; however, the dipole moment is calculated through the knowledge of the 

quantum mechanical equations of motion describing the system. In either case, the 

formalism is a powerful tool for understanding how a material system will respond to 

an electric field as well as studying the system for detailed information about its 

structure. 

The induced polarization is well-approximated by the first few terms in a 

series expansion in the powers of the electric field, E, 

p = pO + pI + p2 + ... 2-20 

Here the polarization.p{n), represents the n-th order term, 
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p<n) ex En. 2-21 

This is an application of perturbation theory: The system properties are determined 

by the leading term of the expansion. with each successive term being a successively 

smaller perturbation on the system. That this approximation is reasonable can be· 

seen from the following argument (Bloembergen. 1965). In dense media. the series is 

well-known to be an expansion of a small parameter. the ratio of the optical electric 

field to the atomic electric field: 

2-22 

where Eat is the natural "atomic" unit of the electric field; that is. the electric field at 

one Bohr radius. 30. from a proton: 

Eat = ~ "" 3.0 X 108 .Y . 
302 cm 

2-23 

This corresponds to an optical wave in a vacuum. E = Eat. having a power density of 

3.0 x 1013 W /cm2 • Note that catastrophic damage occurs in almost all media at 

power densities on the order of 1011 W /cm2• Therefore. the power series converges 

rapidly for nondamaging nonlinear effects. It must be emphasized that the advent of 

the laser made the study of nonlinear optics possible since the laser made it possible 

to realize the necessary single-frequency field strengths required for the nonlinear 

terms of the polarization to be appreciable. 

As a result of the above discussion. the induced polarization may be separated 

into two parts: a strong linear term and a weaker nonlinear. or perturbing. term; 

2-24 

This second term. the nonlinear polarization. is of interest because of the diversified 
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number of processes that it mediates; for example. second-harmonic generation. 

parametric upconversion and downconversion. stimulated scattering. four-wave 

mixing and intensity dependent index of refraction. to name just a few. The 

nonlinear polarization may be written formally as 

2-25 

where X(2) and X(3) are the higher-order nonlinear susceptibility tensors with 

appreciable magnitude. Subsequent higher-order terms are neglected. 

The nonlinear susceptibility formalism. or phenomenological interpretation. as 

described above. was presented for establishing the nomenclature for discussing 

various nonlinear interactions. Certain simplifications result when the basic models 

for nonlinearities are used for calculating the dispersive and absorptive (real and 

imaginary) characteristics of the susceptibility elements. The classical atomic models 

of nonlinearity include the free electron gas. the anharmonic oscillator and magnetic 

gyroscope (Bloembergen. 1965). The anharmonic-oscillator model is presented to 

provide an example of the method for calculating the basic characteristics of the 

susceptibility elements as well as to illustrate the use of perturbation theory. 

Consider the Lorentz model for a single atom with an electron and nucleus. 

The physical system can be described by the differential equation 

2-26 

where r is the displacement of the electron from an equilibrium position. e is the 

charge of the electron. m the mass of the electron. Wo the natural frequency. r a 

damping constant and E is the applied electric field. This is the equation for a 

damped harmonic oscillator; that is. it describes the damped motion of an electron in 



a quadratic potential well. With an applied electric field 

the solution is 

where 

and 

where 

E(t) ... Eoe-iwt + C.C •• 

x(t) ... [U(t) + iV(t)](e-iwt + c.c.) • 

e r 22(Wo-w)Eo 
U.,. mw I + (Wo-w)2r22 • 
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2-27 

2-28 

2-29 

2-30 

2-31 

Equations 2-29 and 2-30 result from a steady-state solution of the classical Bloch 

equations with the rotating wave approximation included. Equations 2-29 and 2-30 

represent the solution for the linear response of the medium. the interaction of the 

electric field with a dipole moment which induces a polarization. pet) = ex(t): U 

describes the functional dependence of the index of refraction while V describes the 

functional dependence of the absorption. as shown in Fig. 2.4. The system becomes 

anharmonic when the electronic potential includes higher-order terms; for example. 

2-32 

The solution to this equation can be found assuming a solution of the form 

2-33 

where 2-34 

Substituting 2-33 into 2-32 and collecting terms of the order £2 yields 
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Figure 2.4. Anomolous dispersion curves for a damped harmonic 
oscillator: T2 = 1; detuning = w - wo; the solid line corresponds to a 
change in absorption; and. the dashed line corresponds to a change in the 
index of refraction. 

The solution of 2-35 is 

where the abbreviated notation 
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2-35 

2-36 
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2-37 

has been introduced. Successive approximations with the single anharmonic term. ~r2. 

will yield higher-order nonlinear polarization terms. Alternatively. the problem can 

be reformulated to include a power series expansion of a generalized potential 

function. a more insightful approach. The solution of the equation of motion of an 

electron with both quadratic and quartic potentials will yield the third-order 

susceptibility (Hopf and Stegeman. 1985). In the generalized form. the equation of 

motion for an electron becomes 

2-38 

where the q's are generalized coordinates in the directions corresponding to the 

polarization directions of the four electric fields involved in the process. The 

second-order perturbation solution to equation 2-38 is 

2-39 

The method for calculating the second and third-order nonlinear susceptibilty 

elements for an anharmonic oscillator has been presented. The model assumes that 

the potential function for a harmonic oscillator deforms at large displacements and 

nonlinear terms in the restoring force must be included in the analysis. In addition. 

when the linear and nonlinear terms exhibit resonant behavior. large enhancements in 

the nonlinear susceptibilities can realized when the driving frequency equals the 

resonant frequency. The anharmonic model. like all classical models. assumes a 

perturbative solution when solving for the susceptibility elements. and is the basis for 
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the nonlinear susceptibility formalism. This model can be applied. with caution. to a 

semiconductor with parabolic energy bands that deform with large field strengths to 

yield a third-order susceptibility element. However. the value of X is usually only 

valid for nonresonant excitation over a limited range of intensities. Susceptibility 

elements calculated using models other than the anharmonic oscillator (for example. 

the nonperturbative model presented in chapter 4) are still quoted in relation to this 

basic model. 

The nonlinear polarization 

2-40 

can be reduced to a single tensor by requiring the system to be consistent in the 

presence of inversion symmetry (Zernike and 'Midwinter. 1973); i.e. a 

centrosymmetric or isotropic system. This requires that 

X(2) = 0 . 2-41 

The nonlinear polarization becomes. 

2-42 

where X(3) is a fourth rank tensor with 81 elements that describes the degree of 

coupling between the four participating fields and whose indices indicate the 

polarization states of those fields. In the case of an optically isotropic medium. and 

away from any resonances. the 81 tensor elements can be reduced to one. The 

arbritrary ordering of ',he electric fields allows the interchange of the resonant 

demoninator terms in equation 2-39. reducing to 27 the number of nonzero tensor 

elements for the most general case. The application of symmetry operations for an 
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isotropic medium reduces the number of independent elements to three which are 

related by 

(3) (3) (3) (3) 
X (tIl'" X (221 + X {122 + Xlil2 • 2-43 

It is noted that this relationship is valid for a generalized (tensor) power series 

solution of the potential function in an isotropic medium. The number of 

independent elements can be reduced to one by applying the Kleinman conjecture: for 

frequencies far from resonance 

2-44 

This allows the permutation of indices. resulting in 

I (3) (3) (3) (3) 
"j'X (tIl = X {221 = X {122 = X1212 • 2-45 

In completely general terms. the electric field in equation 2-27 is then the sum 

of up to three input fields. 

2-46 

This leads to a general expression for the amplitude of the nonlinear polarization 

produced at w4: 

2-47 

Note that negative frequency contributions are found by replacing w with -wand E 

with E*. The ordering of the electric fields is arbitrary and is taken into account by 

the degeneracy factor. ~; that is. each distinct permutation contributes to the 

polarization. 
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The third-order nonlinear process that is pertinent to this work is the 

nonlinear index of refraction. In the simplest case. this process results in a self-

induced change in the index of refraction for a single beam propagating in a 

nonlinear medium. i.e. the frequency is degenerate with W - WI for all fields; Eo: (WI)' 

Q! - i.j.k.l. If we consider terms that are proportional to Ej (wl)E: (wl)E, (WI) in the 

nonlinear polarization. then the total polarization can be rewritten as 

2-48 

where X~P produces the linear index of refraction. The electric displacement. D. 

within a medium is described by 

D - fon2E '" foE + Ptot • 2-49 

where Ptot .. fo XtotE • 2-50 

and (J) {3~E E* Xtot ... XII + X1j j k • 2-51 

so that Dj ... fo ( 1 + Xii + X~f~,EjE:) E, • 2-52 

where fo is the electric permittivity of free space. Assuming all fields are polarized 

along the l-direcion. E '" EI • 

2-53 

and Xeff ::: 3XUll . 2-54 

Through a Taylor's series expansion this may be rewritten as 

2-55 

where 
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no .. (l + X(I)I/2, 2-56 

and 2-57 

or in terms of intensity 2-58 

where 2-59 

Henceforth, the symbol n2 will stand for n2.1 with units of m2/w. 

Materials that exhibit an intensity-dependent index of refraction are referred 

to as Kerr media. The assumptions for a Kerr medium are that the third-order 

susceptibilty does not exhibit spatial dependence and does not saturate with 

increasing intensity, the index change is linear in intensity. These assumptions apply 

to a limited number of materials and depend on the mechanism for the nonlinearity. 

Electronic nonlinearities involving the excitation of electron-hole pairs, as is the case 

for semiconductors, violate both of the Kerr-law assumptions: diffusion of the 

carriers causes a nonlocal change in the index of refraction and the density of 

electron-hole pairs that can be generated saturates. In addition, although one of the 

mechanisms for the optical nonlinearity in semiconductors is a distortion of the 

potential function governing the motion of electrons and holes, other mechanisms 

contribute to the nonlinearity. In order to handle non-Kerr nonlinearities, a different 

formalism must be used. 

For-near resonant excitation of a semiconductor, one alternative is to use the 

two-level model. This model predicts intensity-dependent saturation of both the 

absorption coefficient and the change in the index of refraction. The following 

assumptions are made when using this model (Chang, 1981): 
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I. The absorption line is well isolated from other absorption lines or bands; 

2. The absorption can be described in terms of a transition between two 

energy levels with a dipole moment p,; 

3. The transition is assumed to be in homogeneously broadened with a 

linewidth (full width at half maximum) of Aw - 2{f2' where T2 is the phase-

coherence time; and. 

4. The system. once excited. is assumed to relax back to thermal equilibrium 

with a time constant T. 

The complex susceptibility is written as 

x = X' + iX" 2-60 

or. for a two-level system. 

X ~ /L
2
AN [ I ] • 

f1w (wo - w) + iT2-1 
2-61 

where w ~ WOo /L is the component of the dipole moment parallel to the direction of 

the electric field. T2 is the dipole decay time and the population density difference. 

AN. between the lower and the upper states can be shown from rate equation 

analysis to be 

2-62 

where ANeq is the population difference at equilibrium and Q = p,E/2h is the Rabi 

frequency. The system exibits an intensity-dependent absorption coefficient since 

" a o 
a = k X = I + I/Is • 2-63 

where k is propagation wavevector. I is the intensity and 
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2-634 

2-65 

2-66 

and 2-67 

The system also exhibits an intensity-dependent index of refraction 

A (I O!oc ( )T Ills 
'-In )... 2wo Wo - W 2 1 + Ills 

2-68 

The two-level system can be used to model an intensity-dependent nonlinearity that 

exhibits saturation. The main problem with this model. in the case of 

semiconductors. is that the description of T2• in a system that has energy bands 

instead of discrete transitions that are in homogeneously broadened. becomes 

phenomenological (Keilman. 1976). However. it is a useful model in the limiting case 

of N-independent k-states or two-levels systems; that is. when many-body effects can 

be ignored. 

Two models have been presented for calculating the nonlinear susceptibiliy: 1) 

the classical anharmonic oscillator; and. 2) the semi-classical two-level system. Each 

model assumes a perturbative solution when solving for the effects of the electric 

field on the system. Also. each model exhibits resonance phemonena. but with a 

fundamental difference between the two models (Pauling. 1935). When a classical 

harmonic oscillator is resonantly driven the oscillator amplitude increases. but when a 

two-level system is resonantly driven. energy is exchanged between the two levels 

with a resulting saturation of the rate of exchange at high excitation levels. Both 
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models calculate a microscopic polarization for a single atom and assume the 

macroscopic polarization is the linear combination of the single-atom polarizations. 

A nonperturbative model solves for the susceptibility of the system in the spirit of a 

system response function. A nonperturbative many-body theory for optical 

nonlinearities in semiconductors includes the effects of electron-hole interactions. 

plasma-screening effects. exchange and correlation effects and band filling. In light 

of the fact that the excited-carrier density is proportional to the incident optical 

intensity. the resulting system susceptibility is viewed as a third-order susceptibility. 

but not as Kerr-like. The nonperturbative model used to calculate the nonlinear 

susceptibility of semiconductors is presented in chapter 4. 

§2.3 NONLINEAR GUIDED W A YES 

Guided waves result from the coupling of an electromagnetic wave to a 

resonance. These resonances can arise from material properties. such as the plasma 

resonance associated with an electron gas in a metal which leads to a coupling of 

fields and surface charge oscillations (surface plasmon). or can be geometrical. as in 

the tranverse resonance in thin-film waveguides that leads to constructive 

interference between fields reflected at opposite boundaries. as shown in Fig 2.5. 

Tight confinement of the fields is possible depending on the strength of the 

resonance. Also. guided waves will propagate for large distances as long as the 

resonance condition is maintained. Limitations to this concept are loss in the medium 

either by absorption or scattering. In addition. in media where absorption and 

scattering are small. nonlinear effects can be observed since large fields can be 

maintained by tight confinement over large distances. 

A variety of nonlinear interactions have been observed in waveguides 
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Figure 2.5. The geometry of the transverse resonance condition for 
obtaining a modal solution in a slab waveguide. The reflected and 
unreflected rays must be in phase to within 2mlT for constructive 
interference. i.e. waveguiding. to take place. 
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(Stegeman. 1985). These include second-order effects such as second-harmonic 

generation and parametric mixing and third-order effects such as an intensity-

dependent index of refraction and phase conjugation. In general. the same processes 

that are observable with plane-wave interactions can be observed with guided waves. 

Of special interest is the third-order nonlinear process that gives rise to the intensity-

dependent index of refraction. In general. the transverse field profile and the 

propagation wavevector depend on the index of refraction. This means that a change 

in the intensity of the field can manifest itself as a change in the propagation vector 

and/or a change in the field distribution. Both of these effects have consequences 

when considering a coupled-mode waveguide system where the coupling coefficient 

depends on the field-overlap integral and the phase mismatch depends on the 

difference between the propagation wavevectors. 
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Power-dependent effects can be either self-focusing (n2>O) or self-defocusing 

(n2<O) for plane-wave propagation in a nonlinear medium (Shen. 1975). Formally. 

these processes are described by the nonlinear wave equation; for TE waves. 

2-69 

where 2-70 

Th,e nonlinear wave equation can be solved for a variety of geometries that include 

semi-infinite and thin-film conducting media bounded by dielectric materials (surface 

plasmons). single dielectric interfaces and multilayer dielectric systems. with one or 

more of the dielectric materials exhibiting an intensity-dependent index of refraction. 

to yield the dispersion relations for various modes. In general. the introduction of a 

nonlinearity voids the principle of superposition of modes since othogonality relations 

no longer hold for the power-dependent field distributions. Solutions to the nonlinear 

wave equation are valid for a single mode or guided wave propagating in a 

waveguide. 

As a basic example. consider waveguiding along the interface between two 

dielectrics. the cladding exhibiting a self-focusing nonlinearity and the substrate 

exhibiting a self-defocusing nonlinearity (Fig. 2.6). 

A solution to the nonlinear wave equation can be found that has the form 

where 

Z = l 2 9 
[ )

1 

Ey( ) Q! cosh[koq(z-zc)]' 

I 
22-

q == (neff.c - nc) 2 . 

2-71 

2-72 

and Zc is a constant that depends on the total power per unit distance along the 
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Figure 2.6. The effective index f3R versus waveguide power for s
polarized (TE) nonlinear waves guided by a single interface with nc = 

1.55. ns c 1.56 and n2s = _10-9 m2/W. The dashed. solid and dash-dotted 
lines correspond to n2c ... 2 x 10-9• 10-9 and 0.5 x 10-9 m2/W. 
respectively. The circles correspond to the saturation limit of ~n = 0.1 
for real materials. The field distributions are for n2c = -n25 == 10-9 m2jW 
(After Stegeman. 1985a) 
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wavefront. The field distribution becomes intensity dependent because of the power 

dependence of Zc (Kaplan. 1977; Kaplan. 1981). In addition. the propagation 

wavevector becomes intensity dependent as shown in Fig. 2.6 (Stegeman. I 985a). 

This is the simplest example of a waveguide system where both the field distribution 

and propagation wavevector are intensity dependent. 
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Multilayer dielectric waveguides with one or more of the dielectric layers 

exhibiting an intensity-dependent index of refraction have been analyzed (see 

Stegeman. 1985 for a review). The case of a linear film with one or more of the 

bounding regions having an Kerr-like intensity-dependent refractive index reveals 

field distributions that are strongly intensity dependent. In addition. approximate 

analytical methods have been used to analyze the case of a weak substrate Kerr-like 

nonlinearity (Chrostowski. 1987) with the result that the propagation wavevector 

varies linearly with intensity while less than a 10% change in the field distribution is 

realized. The case where the film is nonlinear and the bounding layers are linear 

also indicates less of a change of the field distribution with intensity while still an 

approximately linear change in the propagation wavevector with intensity (Langbein. 

1983; Boardman, 1986; AI-Bader, 1987). 

Two regimes exist for the use of multilayer dielectric waveguides, with one or 

more of the layers exhibiting a Kerr-like nonlinearity, for all-optical devices: 1) 

phase-switching devices which take advantage of a power-dependent wavevector; and 

2) field-switching devices that take advantage of a power-dependent field 

distribution. 
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CHAPTER 3 

CHANNEL WAVEGUIDES: DESIGN. FABRICATION AND TESTING 

§3.1 INTRODUCTION 

The basic techniques for the design and fabrication of waveguides and 

waveguide devices for integrated optics are well established (Tamir. 1979). These 

include both slab and channel waveguides in a variety of materials that range from 

amorphous silica glass to crystalline semiconductors such as gallium arsenide. 

Progress continues to be made in waveguide design and fabrication for two reasons: 

1) the quest for a fully integrated optical chip continues to motivate GaAs channel 

waveguide research (Austin. 1984); and 2) fiber-optical communications with its 

emphasis on high data rate single-mode fiber networks in the 1.3-1.6 p.m wavelength 

region has stimulated the application of existing LiNb03 guided-wave device 

technology (Voges. 1987) as well as the development of alternative materials. 

applications and fabrication technologies (Cullen. 1986). One of the advantages of 

using commercially available semiconductor-doped glass to study nonlinear guided

wave processes is the relative ease with which slab and channel waveguides can be 

fabricated; a researcher is able to take advantage of the existing design programs and 

fabrication technologies developed for studying linear devices fabricated in glass 

substrates by ion-exchange. In this chapter. the design. fabrication and testing of 

single-channel waveguides and dual-channel waveguide devices fabricated in 

semiconductor-doped glass by the ion-exchange process are presented. 
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§3.2 DESIGN OF CHANNEL-WA VEGUIDE DEVICES 

Integrated optical glass waveguides can be fabricated by deposition or by ion

exchange. The ion-exchange method offers simplicity and nexibilty in choosing the 

waveguide numerical aperture and dimensions. Waveguides can be made in 

semiconductor-doped glass substrates using the well characterized technique of 

K+ -Na+ ion-exchange (Findakly. 1985; Yip. 1985). Schott 7183 semiconductor-doped 

glass substrates. henceforth called SOO. containing 9.5% wt. sodium and 3.5% wt. 

potassium are placed in a bath of molten potassium nitrate (KN03) at 340°C. which is 

slightly above the melting point of 334°C. Potassium diffuses into the glass and 

sodium diffuses out of the glass due to the concentration gradients set up between the 

glass matrix and the salt bath. The result of the ion-exchange process is a 

potassium concentration gradient in the glass that has a maximum value at the 

surface and decreases monotonically as a function of depth. This also causes a 

gradient in the index of refraction since the index varies linearly with the density of 

potassium. The maximum surface index change that can be realized is 0.009. The 

index of the material varies monotonically as a function of depth. Although the 

fabrication process is easy. the resulting index profile requires an involved 

characterization process to determine the diffusion constants. which are required to 

reliably design channel waveguide devices such as directional couplers. The methods 

used to characterize the samples for these experiments were thoroughly described by 

Walker (1983). The basic characterization process for semiconductor-doped glass was 

described by Cullen (1986). 

The refractive index gradient in an ion-exchanged glass substrate can be 

experimentally determined with the aid of the Wentzel-Kramers-Brillouin (WKB) 

method. A sample of SDG is ion-exchanged for a long period of time to produce a 
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multi-mode slab waveguide. A prism coupler set-up with a HeNe laser is used to 

measure the coupling angles for each of the modes and from this data the effective 

indices are calculated. Using the inverse WKB method. each modal effective index 

corresponds to an index value at a particular depth from the surface. In order to 

successfully predict the index profile for an arbitrary diffusion time. a number of 

multimode waveguides must be fabricated. the effective indices measured and the 

results plotted in the form of dispersion curves. as shown in Fig. 3.1. 

Theoretical dispersion curves are then calculated for the waveguide using the WKB 

method in conjunction with the nonlinear diffusion equation in one dimension 

3-1 

where c ... c1/CO' O! ... 1 - (Dt/Do). Co is the initial ion concentration in the glass. c is 

the normalized concentration of the in-diffused ions and 0 1 and Do are the self 

diffusion coefficients of the potasasium and the sodium respectively. By adjusting O! 

and Dl a spatial index profile. n(x) O! c(x). is found which best matches the inverse 

WKB profile produced by the measured data. thus establishing the diffusion 

parameters. 0/ and 0 1, for the glass at a given temperature. These values can be used 

to design or analyze slab or. by extension to two dimensions. channel waveguides. 

In order to design a single-mode channel waveguide the effective depth of a 

single-mode slab waveguide must first be determined. This process is now described 

in detail. The constants. O! and 0 1, are used as inputs to a computer program that 

calculates a normalized index profile for a waveguide. A scaling coefficient for the 

depth of the index profile is assigned as an initial estimate. This coefficient scales 

the depth of the diffusion profile to the square root of the diffusion time. A 

variational technique is then used to calculate the field profile which satisfies the 
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Figure 3.1. Theoretical dispersion curves calculated using the WKB 
method for the optimum index profiles compared to the measured mode 
effective index values for samples fabricated at T = 340°C. (a) TE modes. 
(b) TM modes. (After Cullen, 1986) 
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Helmholtz equation for TE modes. 

3-2 

and which provides a value for {3 that is equal to a value measured for a single-mode 

slab waveguide. The computational technique requires restating the equation as an 

integral over x (no field variation in the y-direction) 

3-3 

and then numerically minimizing F(Ey) by adjusting the the form of the field profile. 

The field profile is approximated by the first ten Hermite-Gaussian basis functions. 

3-4 

which closely resemble the modes of a waveguide. The minimization is performed 

by setting the derivatives of F(Ey) with respect to the coefficients of the basis 

functions to zero. 8F(Ey)/8an = O. and then solving for these coefficients such that 

F(Ey) is minimized. If the final calculated {3 does not match the measured value. a 

new scaling coefficient for the depth of the index profile is input and the process is 

repeated. Once the calculated and measured {3's do match. the analysis (or design) is 

complete and all quantities of interest (ot. D1• n(x). E(x). (3) are known. For a 

diffusion time of 1 hour at 340°C: ot == 0.3. Dl = 4.5 x 10-16 m2s-1 and neff = 1.5205. 

These values are then used as input for two computer programs that calculate the 

effective indices for a channel waveguide directional coupler. 

This requires re-running the computer program that calculates the diffusion 

profile. except that the profile is calculated in two dimensions using the equation 



58 

3-5 

For example. the boundary conditions for a dual-waveguide geometry are stated such 

that ions can only enter the substrate through well-defined windows. A typical 

example of a mask geometry and corresponding calculated two-dimensional diffusion 

profile is shown in Fig. 3.2. This profile is then used as the input for the program 

that performs the minimization with respect to f32. yielding the effective indices for 

the symmetric and antisymmetric modes of the two waveguide system. The 

calculated mode profile for the symmetric mode is shown in Fig. 3.3.a while the 

calculated mode profile for the antisymmetric mode is shown in Fig. 3.3.b. The 

coupling length for a half-beat length directional coupler can be calculated by 

requiring 

(f3sym - f3asym )Lc = 1r 3-6 

or 

2(neff.sym - neff,asym) . 
3-7 

For the case discussed and illustrated in Fig. 3.2 

neff.sym ... 1.519533 3-8 

and neff.asym ... 1.519237 3-9 

If Ao = 632.8. then Lc :: 1.07 mm. A sample design session using the design programs 

is documented in Appendix A. 

The fabrication of directional couplers using an all-purpose mask. shown in 

Fig. 3.4. is discussed in the next section along with a comparison of the theoretical 

and experimental results of the coupling lengths for various guide spacings. In 

general. the theory predicts that channel waveguides formed by K+-Na+ ion-exchange 
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Figure 3.3. Theoretical field amplitude distributions for the symmetric 
and antisymmetric modes of the system defined by the diffusion profile 
shown in Fig. 3.2: (a) symmetric mode; (b) antisymmetric mode. 
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Figure 3.4. Schematic diagram of the directional coupler pattern used to 
fabricate devices. This pattern was repeated three times on the mask for 
different waveguide spacings (d) of (a) 4.0 p.m. (b) 4.5 p.m and (c) 5.0 p.m. 
The interaction length. Lj • was varied in steps of 0.5 mm over the ranges 
of (a) 1.0-3.0 mm. (b) 2.0-4.0 mm and (c) 3.0-5.0 mm. The waveguide 
width was nominally 4.0 p.m for all the couplers on the mask (After 
Cullen. 1986) 
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d 

at 340°C for I hour will be single-mode for aperture widths of 3-5 p.m with effective 

indices of 1.5189 to 1.5196. 

§3.3 FABRICATION OF CHANNEL WAVEGUIDES DEVICES 

The fabrication of ion-exchanged channel waveguide devices requires a step-

by-step process: substrate cleaning. photolithographic masking. ion-exchange. mask 

removal and end polishing. The entire process is illustrated in Fig. 3.5. 
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Figure 3.5. Step-by-step process for creating an ion-exchange waveguide 
in a glass substrate. 
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Initially the plates of Schott 7 I 83 soa are 2" x 2" X 0.080" and are polished 

to an optical quality, usually to better than X/lO at 632.8 nm. These plates are cut 

into four I" x I" X .080" pieces, a reasonable size to work with in the fabrication 

process. The initial cleaning process is critical to producing defect-free channel 

waveguides. The defects that can occur from improper cleaning include poor resist 

adhesion due to organic film residues, breaks in the resist from particles not scrubbed 

from the substrate surface, and premature lift-off of the aluminum mask due to 

residues left on the substrate. The basic philosophy behind the cleaning process is to 

use a succession of solvents that remove organic, organic-inorganic and inorganic 
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residues from the surface. with each successive solvent removing the residue of the 

previous solvent. A basic system is acetone. alcohol and sulfuric acid (or sodium 

hydroxide). In addition. the initial step would be to scrub the glass with soap and 

water. or to soak it in heated chromic acid. to remove gross amounts of surface 

contamination. The final step would consist of a thorough rinse in deionized water. 

A recipe for preparing a clean. dry surface for the application of photoresist is 

1. Scrub both sides of the substrate with soap and water. 

2. Rinse with tap water. 

3. Blow dry with Nz• 

4. Immerse in acetone in an ultrasonic cleaner for five minutes. 

5. Immerse in methanol in an ultrasonic cleaner for five minutes. 

6. Immerse in 1:1 mixture of HzS04:HzO at 90aC for ten minutes. 

7. Rinse in deionized water for ten minutes. 

8. Blow dry with Nz• 

9. Bake in oven at 180aC for thirty minutes. 

It is imperative that the surface be baked dry for an extended period of time at a 

temperature well above the boiling point of water in order to get good photoresist 

adhesion. 

Positive photoresist was used for the photolithographic medium: both KTI and 

Shipley brands were used. Also. both the 1300 and 1400 series were used. the only 

difference is that the 1400 series has a striation inhibitor. Typically. a 30 centistoke 

viscosity photoresist spun at 4000 rpm for 45 seconds produces a 1.5 /lm layer on a 

glass substrate. The photoresist must first be filtered through a 0.2 /lm syringe filter. 

One important improvement for promoting resist adhesion is the use of 

hexamethyldisilane (HMDS). It is spun onto the substrate for ten seconds at 1500 
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rpm before spinning the photoresist in order to drive off any excess water. The 

substrate is baked for thirty minutes at 90°C to drive off any of the remaining resist 

solvent. 

The resist is exposed by UV light through a light-field chrome mask using a 

Hybrid Technologies Group contact printer. The printer is equipped with an 

intensity controller and can be operated at either 365 nm or 405 nm. In contact 

mode the mask is pulled against the photoresist-coated substrate by the application of 

a vacuum to the gap between the two surfaces. Outgassing of nitrogen is a problem, 

since a large amount of resist is exposed to UV light. The photochemical reaction 

that enhances photoresist dissolution in the developer releases N2• Exposure at high 

intensities causes rapid outgassing resulting in incomplete contact between the 

substrate and the mask. The symptom of this problem is poor line definition. 

Typically, 1.5 pm of photoresist requires an exposure of 60-80 mJjcm2• This 

exposure is best applied at 8 mJjs-cm2 for 7-10 seconds, or less exposure for a longer 

period of time. Also, the mask must be cleaned each time a fresh batch of substrates 

is ready to be exposed in order to remove any photoresist pulled off during the 

previous contact printing process. The mask is cleaned with acetone, a dilute acid 

solution and a deionized water rinse. 

The exposed resist is developed in a I: I solution of TDM-250 developer, or an 

equivalent developer, and deionized water. The development time is kept constant at 

sixty seconds and any optimization is done with the exposure time. Once developed, 

the substrate is blown dry with N2 and then baked for fifteen minutes to drive off 

excess water. The result is a substrate with long rectangular ridges of photoresist 

slightly less than 1.5 pm high. 

An aluminum film is deposited onto the substrate by evaporation in a high-
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vacuum chnmber. Aluminum evaporation is a standard procedure and requires a 

vacuum of 10-6. 
o 

The control of the thickness is not critical; more than 300 A but 

less than 1000 A is desirable. Typically. when the aluminum melts onto the wire 

filament the shutter is opened long enough that the view through the port on the side 

of the vacuum chamber becomes obscured (usually this takes a few seconds). at this 

o 
point approximately 1000 A of aluminum has been deposited onto the substrate. 

The aluminum adheres to the clean substrate and the top of the resist. but not 

to the sides of the resist. Placing the substrate in acetone removes the aluminum 

coated resist. termed the lift-off process. leaving an aluminized substrate with fine 

lines of exposed substrate. The lift-off process is usually done by placing the 

substrate in fresh acetone in an ultrasonic cleaner. The only problem is that the 

photoresist is dissolved in the acetone and the aluminum is left floating. If the 

aluminum comes in contact with the substrate as it is pulled out of the acetone it 

attaches permanently to the substrate. An alternative is to hold the substrate with 

tweezers and spray acetone across the surface to wash the aluminum coated resist 

from the substrate. After successful lift-off. the substrate is inspected for uniformity 

along the channels. In addition. the channel width is measured with a Filar eyepiece 

that has an eyeball accuracy of approximately 0.2 pm to insure that it is the desired 

dimension. 

The K+-Na+ ion-exchange process is done. as described at the beginning of 

this section. by immersing the substrate in molten KN03 at 340°C (melting point for 

KN03 is 334°C) for a fixed period of time. The KN03 is held in an anodized 

aluminum boat. The substrate is placed on a shelf on the top of the aluminum boat. 

as shown in Fig. 3.6. and placed in a Linberg three zone furnace. After the KN03 

has melted the boat is removed briefly. the substrate dropped into the salt bath and 
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POTASSIUM NITRATE BATH 

SAMPLE 

ANODIZED ALUMINUM BOAT 

Figure 3.6. Aluminum boat used for ion-exchange. 

the boat re-inserted into the furnace for the desired amount of time. 

The aluminum is stripped from the ion-exchanged substrate with an 

aluminum etch solution consisting of 80% phosphoric acid. 5% nitric acid and 15% 

water. The etch is heated to quicken the etch rate. A slightly warmed etch will 

strip the aluminum mask in less than one minute. The substrate is then rinsed. dried 

and inspected under a phase-contrast microscope to check for uniform ion-exchange. 

The substrate is prepared for end polishing (for end-fire coupling) by cutting 

it to the desired length with a diamond saw. It is then blocked between two pieces 

of soda-lime glass. This is done by melting shelac on both sides of the glass blocks 

and pressing the sample in between them while pressing the whole composite 

structure on a flat grinding disk. as shown in Fig. 3.7. The grinding process consists 
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Figure 3.7. Blocking apparatus for holding the sample during grinding 
and polishing. 
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of grinding on a steel disk with 40, 25, 12,and 3 /lm grits. Twenty minutes for the 

first grit and twenty-five percent more time for each successive grit. Polishing is 

done with rouge on a pitch lap. The time varies, but usually three to four hours of 

polishing is required. After both ends are polished the sample is ready for testing. 

§3.4 TESTING OF CHANNEL WA VEOUIDE DEVICES 

The testing of a channel waveguide device consists of measuring the coupling 

efficiency, determining whether the waveguide is single mode or not, and evaluating 

the polarization properties and waveguide losses. Two types of SDO channel 
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waveguide devices were tested: I) single-mode. single-channel waveguides 6 mm long; 

and 2) fifteen directional couplers on a single substrate with varying guide spacings 

and coupling lengths (Fig. 3.4). All these tests were performed on the experimental 
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.......:...-' 

DET 

Figure 3.8. Channel waveguide test apparatus: spatial filter (SF); detector 
(DEn; beamsplitter (BjS); polarizer (POL); and. microscope objective 
(MO). 

set-up shown in Fig. 3.8 with a HeNe laser at 632.8 nm. 

Coupling into the channel waveguide device is accomplished by end-fire 

coupling. as shown in Fig 3.8. Since the SDG channel waveguides have a small 

numerical aperture. approximately 0.2. a 20X microscope objective is sufficient at the 

input. However. because resolution is needed for the two output channels of a 

directional coupler. a 40X or 60X microscope objective is required at the output. 
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The system throughput is calculated by the equation 

T .. Tdl-RI)·'l·(l-AIHI-RI)·T2 3-10 

where TI is the transmission through the multi-element input microscope objective, 

RI is the reflection at the end of the waveguide, '1 is the waveguide coupling 

efficiency, Al is the waveguide loss and T2 is the transmission of the output 

microscope objective. Assuming TI ... 0.8, Al :II 0, R "" 0.04 and T2 .. 0.8. then '1 -

1.7 x T. Optimization of the coupling efficiency is effected by defining an axis with 

the HeNe laser, aligning the microscope objectives to the axis such that the axis is not 

displaced nor is there any coma or astigmatism introduced by a combination of 

angular tilt with lens displacement. The channel waveguide was then mounted such 

that it has x, y, pitch and yaw degrees of freedom. Adjustments were made to these 

degrees of freedom until the throughput was a maximum. A throughput of less than 

1 % usually indicates a poorly fabricated waveguide. The coupling efficiency for the 

waveguides tested varied between 22% and 37%. 

The mode profile is checked by imaging the output of a channel-waveguide 

device onto a camera, as shown in Fig. 3.9. The output of a channel-waveguide 

directional coupler is shown in Fig. 3.9. Smooth profiles are expected; discontinuities 

in the diffracted output indicate surface damage to the output face. The device can 

be checked for single mode operation by scanning the input microscope objective 

horizontally and testing whether the power ratio between the two output ports 

decreases. Single depth modes were expected, however the waveguide can have 

multiple lateral modes when the width of the channel waveguide is approximately 

four times larger than the depth. The manifestation of multiple lateral modes is an 

oscillation of the ratio of the power in the two output ports with transverse 

displacement of the input microscope objective. Although the waveguides tested, as 
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Figure 3.9. Imaged output from a channel-waveguide directional coupler. 

described above. were all single-mode. earlier versions were multi mode. A plot of 

the fraction of coupled power versus interaction length is shown in Fig. 3.10 for the 

fifteen directional couplers. 

The polarization properties of the channel waveguide devices were 

investigated by setting the polarization of the light with an input polarizer and by 
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analyzing the output light with a second polarizer. The system isolation was tested 

by bringing the two microscope objectives together in a confocal configuration and 

crossing the input and output polarizers. The isolation between vertical (TM) and 

horizontal (TE) was greater than 40 dB. Two single-channel waveguides were tested 

for polarization isolation between the TE-like and TM-like modes. Isolation between 

the two polarizations was approximately 30 dB. The polarization characteristics of 

the fifteen directional couplers were also investigated. A large variation in the 

power conversion between the two polarizations for the different directional couplers 

was observed with a minimum of about I % and a maximum of about 50%. Channel 

waveguides are particularly sensitive to power conversion between the two 

polarizations since the modes are not true TE and TM modes but instead TE-like and 

TM-like (Marcatili. 1969). This means that both TE-like and TM-like solutions to the 

wave equation have electric field components along the z-direction and can exchange 

power when coupled by a perturbation. Depolarizations of up to 10% have been 

reported (Garmire. 1986) for channel waveguides. Surface irregularities are thought 

to be responsible for the depolarization observed in channel waveguides produced by 

ion-exchange. Specifically. poor aluminum-mask adhesion during the ion-exchange 

process results in edge roughness (Jackel. 1985). Surface swelling at the boundary of 

an ion-exchange area may be the mechanism responsible for mask lift-off (Albert. 

1987). A thicker aluminum film minimizes lift-off during the ion-exchange process 

and. thus. reduces depolarization. It was stated earlier in §3.4 that any thickness of 

o 
aluminum above 300 A was sufficient for preventing ion exchange outside of the 

desired region; however. this value did not take into account the possibility of suface 

roughness caused by premature mask lift-off. Therefore. the measured depolarization 

in the channel-waveguide directional couplers is attributed to surface roughness 
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Figure 3.10. Plot of normalized coupled power (I-Pc/Po) against the 
device interaction length (Lj ) for the three sets of similar couplers on a 
sample. The best fit COS2(1TZ/2Lc) curves are shown for each set of 
devices. The coupling lengths are estimated to be (a) 3.5 mm. (b) 5.2 mm 
and (c) 7.7 mm. (After Cullen. 1986) 
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caused by lift-off of the aluminum mask during the ion-exchange process. 

Losses in the throughput of the waveguide are due to absorption and volume 

and surface scattering. The absorption (far from the band edge of the semiconductor) 

and volume scattering losses are known from the measurements on the bulk glasses 

and are typically a few percent. The waveguide losses are due to the coupling of the 

guided-wave modes to the radiation modes of the waveguide structure. The 

waveguide losses were visually seen as a streak of scattered light along the path of 

the guided wave when light was coupled into the waveguide with the end-fire 

coupling apparatus (Fig. 3.8). Two techniques were used to measure the loss. Both 

techniques measured the change in the brightness of the streak with distance. The 

loss was determined by assuming that the scattered light is described by 

P,(z) = P,(z = 0) .-[ z~ 1 . 3-11 

where Ps(z) is the scattered power at a position z and zL is the loss in cm- I . One 

loss-measurement technique consisted of placing a fiber-optic-bundle array (l/8" x 

3/4" x 6") just above the streak and scanning a slit in front of a photodetector at the 

other end of the fiber bundle (Himel. 1986). This technique did not work for the 

following reason. The numerical aperture of the waveguide is so small that it was 

difficult to couple all of the light into the waveguide. The remaining light was 

diffracted in the forward direction and was observed to fan-out with distance from 

the input microscope objective. The effect of the fiber bundle was to integrate the 

diffracted light along with the scattered light. yielding inconclusive results. The 

second loss-measurement technique consisted of imaging the streak onto a Hamamatsu 

CIOOO camera and digitizing the center of the streak. The results are plotted in Fig. 

3. I I and indicate a waveguide loss of 0.5 dB/cm. 
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CHAPTER 4 

OPTICAL NONLINEARITIES IN SEMICONDUCTOR-DOPED 

GLASS CHANNEL WAVEGUIDES 

§4.1 INTRODUCTION 

Increased light transmission with increased light intensity was first observed 

in a color glass filter doped with microcrystallites of the semiconductor CdSxSe I _x 

that was used as a saturable absorber in a ruby laser cavity (Bret. 1964). More 

recently. several groups have analyzed the intensity-dependent nonlinear optical 

properties of semiconductor-doped glass (SDG) using degenerate four-wave mixing 

(DFWM) (Jain. 1982 and 1983; Rustagi. 1984; Yao. 1985): saturable DFWM 

reflectivities and picosecond response times were measured. Efficient DFWM with 

SDG slab waveguides has been demonstrated by Gabel et al (1987). 

The nonlinear index of refraction. n2• of a Corning SDG color filter was 

measured directly by an interferometric technique (Olbright. 1986): a value of n2 = 

10-14 m2Jw was measured. In addition. an intensity-dependent change in absorption 

was correlated with an intensity-dependent change in the index of refraction by the 

application of the Kramers-Kronig transformation 

00 

c V I t ~Ci(w') Lln(w) = - P.. dw '2 2 • 
1T 0 w-w 

4-1 

where P.V. indicates the principal value of the integral. 
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A variety of relaxation times for the SDG optical nonlinearity have been 

measured. ranging from tens of picoseconds to hundreds of nanoseconds. A 

simultaneous photodarkening of Corning SDG and a reduction in the relaxation time 

from nanoseconds to picoseconds was observed in DFWM experiments (Roussignol. 

1987). Photodarkening. a slight broadband increase in the absorption spectrum 

around the band edge. takes place when a sample is subjected to high intensity pulses 

for a period of time. usually related to the repetition rate of the laser. It has been 

hypothesized that long-lived impurity states are responsible for a long electron-hole 

recombination time that is superimposed on a shorter electron-hole recombination 

time. These impurity states are effectively removed from participation in the 

nonlinear process by a photochemical reaction that manifests itself as photodarkening. 

The evidence for this is the absence of a long-wavelength peak (at an energy below 

the band-gap energy) in the photoluminesence spectrum. Therefore. photo darkened 

SDG exhibits a relaxation time of tens of picoseconds. The proposed mechanism for 

this relatively short relaxation time. relative to bulk CdSxSe I _x' is the diffusion of the 

excited carriers to the edges of the microcrystallites where recombination takes place 

at surface recombination sites. The rapid recombination. or relaxation. time is due to 

the small size of the microcrystaIlites; that is. the relaxation time is of the order of 

the size of the microcrystallites divided by the bulk diffusion time. In addition. a 

further shortening of the recombination time due to Auger recombination. resulting in 

an intensity-dependent recombination time for high-intensity excitation. has been 

proposed to account for measured saturation characteristics of DfWM reflectivity 

versus intensity (Roussignol. I 987a). 

Two formalisms. described in chapter 2. are most often used to account for 

optical nonlinearities in semiconductors: 1) the anharmomic response of bound 
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electrons (Jain. 1982). which is justified for nonresonant processes. and 2) a two-level 

density matrix approach. suitable for atomic transitions. that yields a power-

broadened. saturable susceptibilty (Chang. 1981) for near-resonant nonlinear 

processes. The second approach involves adjustable parameters. for example. T2• 

which are difficult to explain or measure (Miller. 1981). A number of mechanisms 

were proposed by Miller et. al. (1980) as possible explanations for optical 

nonlinearities in semiconductors: I) the dynamic Burstein-Moss effect; 2) an induced 

free-carrier plasma; 3) the direct saturation of interband excitation; or. 4) the 

saturation of the exciton absorption. The application of one or more of these 

mechanisms to explain a particular optical nonlinear process depends on the whether 

the excitation is above or below the band gap. on the level of excitation. on whether 

the excitation is in the transient or steady-state regime and on the temperature. 

Recently. Banyai and Koch (1986) developed a partly phenomenological 

theory that incorporates many-body effects (interactions between the excited carriers) 

to explain the semiconductor optical nonlinearities which are caused by a 

photogenerated electron-hole plasma. The nonlinearity is intensity-dependent in the 

sense that the rate at which carriers are excited is a function of the optical intensity. 

This process is described by the equation 

aN = _ N + cx(N) I. 
at T hv 

4-2 

where N is the excited carrier density. 1 is the (low intensity) relaxation time. 0l(N) is 

the density-dependent absorption coefficient. hv is the photon energy and I is the 

intensity. At room temperature. the carrier-density dependent changes in the 

semiconductor optical properties can be described by band-filling. band-gap 

renormalization and plasma screening of the Coloumb interactions. These effects are 
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illustrated in Fig. 4.1. Band-filling reduces the valence-band to conduction-band 

transition probability because of the Pauli exclusion principle. Screening reduces the 

exciton binding energy, the Coulomb enhancement of the continuum states and the 

band-gap energy. The absorption coefficient can be expressed in the form of the 

generalized Elliott formula 
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4-3 

where eto is proportional to the absolute square of the inter band-transition matrix 

element. A(w) .. tanh[(hv - lLe - ILh)/2kB T]. which describes band-filling effects. f1. -

f1.e + ILh are the quasi-chemical potentials of the conduction-band electrons and the 

valence-band holes. (,h(r) is the wave function for the relative motion of an electron-

hole pair which is computed as an eigenfunction of the Wannier equation with the 

screened Coulomb potential. Ex is the corresponding energy eigenvalue and Eg = Ell g + 

6Eg is the density-dependent renormalized band-gap energy. In addition. 6r is a 

broadened 6-function. which is the phenomenological addition to the theory; 

ER [XER] or (x) = 1Tr cosh r 4-4 

where ER is the exciton Rydberg energy and r = I.SER. The broadened o-function 

is included to account for the compositional fluctuations of the CdSx Se I-x 

microcrystaUites; that is. variations in x that tend to smear out the sharp features of 

the band edge. As stated above. a carrier-dependent change in index can be 

calculated from the carrier-dependent change in absorption by the Kramers-Kronig 

transformation. 

The plasma theory has been used to predict the excited-carrier induced 

changes in the absorption spectrum for bulk SDG (Olbright. 1987). A measured shift 

in the absorption spectrum to higher energies (blue shift) is consistent with the band-

filling mechanism. Band-filling for a direct-band-gap semiconductor such as 

CdSxSe 1_x can be explained as follows (see Fig. 4.2): the system is pumped with 

light at a single wavelength at an energy above the band gap; absorbed photons excite 
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Figure 4.2. Schematic structure of a direct bandgap semiconductor. In 
this simplified model, the density of states is determined by the parabolic 
band structure. The available levels fiII in accordance with the Pauli 
exclusion principle, illustrated by the shading, such that increasing photon 
energies are needed to make new states available. 
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electrons from the valence band to the conduction band; the excited electrons relax 

through phonon interactions to the lowest available energy states in the conduction 

band; and, as the available states are filled the density of states available for valence-

band to conduction-band transitions decreases causing a decrease in absorption or, 

equivalently, a shift of the absorption band-edge to higher photon energies. If the 

photon energy is below the band gap, similar behavior results, but an additional 

interaction with a phonon is required to excite the carriers to the conduction band. 

This phonon interaction gives rise to the exponential Urbach tail in absorption 

spectra, as shown in Fig. 4.1. 
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The plasma theory has also been used to explain the dynamics of optical 

nonlinearities in SDG on a femtosecond time-scale (Peyghambarian, 1986). The 

dynamics are revealed when the system is pumped at a single wavelength above the 

band gap while monitoring the absorption of a broad-band probe. Initially, carrier 

screening and band-gap renormalization cause a red shift in the absorption spectrum, 

but after 200 femtoseconds the red shift is dominated by a blue shift as a result of 

band-filling effects. After a few picoseconds the blue shift starts to recover, 

indicating the onset of electron-hole recombination. The blue shift completely 

recovers in 50 ps. 

In this chapter, the measurement of the nonlinear optical response for a 

single-channel waveguide fabricated in SDG is presented. The system is pumped 

with light at energies below the bandgap energy. The system response manifests 

itself as a carrier-dependent change in both the absorption coefficient and the index 

of refraction. The nonlinear changes in the absorption and the index of refraction 

exhibit saturation as predicted by the plasma theory; it is the measurement of these 

quanities, Olsat and ~nsat. that is c; interest. As discussed in Chapter I. the reason 

the nonlinear response of semiconductor-doped glasses are of interest is because of 

their rapid relaxation time; therefore. the results of the measurement of the relaxation 

time are also presented. 

§4.2 LINEAR PROPERTIES OF SEMICONDUCTOR-DOPED GLASS 

The SDG used in these experiments is a silica-based glass doped with 

microcrystallites of the compound semiconductor CdSxSe I _x ' with x determining the 

relative amount of sulfur and selenium. Commercially available as a color filter 

glass. the SDG used in these experiments has been modified with the addition of 
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sodium to make it suitable for K+-Na+ ion exchange. with negligible effect on its 

optical properties. The sodium-rich substrates were custom made by Schott and 

designated as 7183 color filter glass. Corning manufactures a color filter glass. CS-

series. that is also a CdSxSe I _x glass. but the low amount of sodium in the glass 

makes it difficult to use as an ion-exchange medium. Recent work by Gabel et. al. 

has shown that planar waveguides can be made by ion-exchange in standard Corning 

CS-series glass. but the diffusion times were in excess of twenty hours. The optical 

properties of the glass result from scattering. reflection and absorption by 

semiconductor microcrystallites embedded in the host-glass matrix. The relative 

amounts of sulfur and selenium determine the band edge of the transmission 
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Figure 4.3. Room temperature band-edge transmission spectra of 
CdSxSe I_x semiconductor-doped glass for a 2 mm thick sample. The 
values of x range from approximately 0.1 for 2-64 to 0.9 for 3-69. (From 
Corning Filter Glass Catalog). 
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spectrum for this material, as illustrated in Fig. 4.3. The 50% transmission 
o 

wavelength for a 2 mm sample varies from 5000 to 6600 A for the composition x 

ranging from I to O. The band gaps for the two constituent semiconductor materials, 

o 0 
CdS and CdSe, range from 2.53 eV (4901 A) for CdS(T ... 300 K) to 1.74 eV (7139 A) 

for CdSe(T ... 300 K). The band gap for a mixture, defined by x, can be determined by 

interpolating between the two band gaps; for example, a value of x - 0.6 places the 

band gap at 2.20 eV or 562 nm. The growth of the semiconductor microcrystallites 

in the glass can be controlled by secondary heat treatment of the glass (striking); 

temperature and time determine the resulting size distribution of the microcrystallites. 

o 
The size distribution for commercially available SDG has been estimated at 120 A 

(FWHM CI 50 A) from TEM photographs (Olbright, 1987a; Borrelli, 1987). The 

fraction of volume occupied by the microcrystallites has been estimated using TEM 

photographs or from a comparison of the bulk absorption, at a wavelength near the 

band gap, of CdS and a SDG with a value of x near 1. The fill-fraction is 

approximately 0.00 I. 

The linear transmission (absorption) spectrum was measured with a Cary 

Spectrophotometer on a 2 mm thick sample of the same SDG that was used as a 

substrate for waveguide fabrication. The corresponding linear absorption spectrum 

was obtained by normalizing the transmission spectrum to unity and assuming 

exponential attenuation (T c: exp[ -O!L]). A theoretical linear absorption spectrum was 

calculated using the plasma theory and adjusted by changing the bandgap. while 

keeping the fill fraction at 0.001. to match the measured spectrum. A bandgap 

wavelength of 562 nm provided the best-fit to the measured spectrum. as illustrated 

by Fig. 4.4. This established the band-gap wavelength that was used in subsequent 

theoretical calculations of absorption (index change) versus excited carrier density. 
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Photoluminesence measurements were taken on samples of the 7183 glass 

obtained from Schott. The experimental objective was to corroborate the results from 

the linear transmission measurements by using a different experimental technique to 

measurement of the bandgap wavelength. The experimental set-up, shown in Fig. 

4.5.a, used the green line of a multi-line HeNe laser (543 Dm), chopped at 1 KHz, as 

the source. The beam was focused onto the SOO surface to produce the 
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photoluminesence through absorption and re-emission. The photoluminesence was 

transferred to a 0.5 m Jarrel-Ash spectrometer by using a relay lens that matched the 

F/8.6 of the spectrometer. The signal was detected by a photomultiplier tube and 

processed by a lock-in amplifier. The photoluminesence spectrum was recorded by 

scanning the grating in the spectrometer and recording the output on a chart 

recorder. The bandgap wavelength was determined by assuming that the peak of the 

photoluminesence occurs at the bandgap wavelength. This measurement was 

performed on several different samples of SOO. In some cases it was difficult to 

obtain a large enough signal in order to distinguish the signal from the noise. 

Visually. the brightness of the photoluminesence appeared to vary depending on 

which area of the substrate surface was being probed. This problem is attributed to 

crystallite concentration variations in the samples. When the SOO samples are 

visually inspected one can see color variations in the form of striations; therefore. it 

can be inferred that the the microcrystallite spatial distribution may be 

inhomogeneous. The bandgap. as determined from the spectrum in Fig. 4.5.b. is at 

575 nm. 

The difference in the measured value of the bandgap wavelength. as 

determined by the two methods (transmission versus photoluminesence). is 13 nm. 

This comparison indicates that the system is broadened by impurities and 

stoichiometric variations in the crystallites. The photoluminesence spectrum is more 

susceptible to detecting these variations than the transmission measurement since the 

method used to produce the luminesence only excites a small area on the surface of 

the SDG. Since the bandgap can be found by a linear interpolation between the 

bandgaps of the two constituent semiconductors for a particular number ratio. a 

variation in composition of 0.05 causes a variation in the bandgap wavelength of 
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approximately 13 nm. A variation in the crystallite composition is partially 

responsible for the featureless absorption edge at low temperatures (absence of 

resolvable exicton absorption). Recent work using controlled crystal growth 

techniques for CdS and CdSxSe I _x semiconductors in a glass matrix supports this 

conclusion (Potter. 1988); that is. there can be substantial variations in the crystallite 

compositions when grown in a glass matrix that lead to a smearing out of the sharp 

features of the absorption edge. i.e. the bandgap. In addition. the fact that the glass 

was made as a custom one-kilogram batch may also be part of the reason for 

detecting large differences in the luminesence properties of different areas of the 

surface of the sample. The conclusion is that it is difficult to determine the bandgap 

of SDO using the surface photoluminesence spectrum. 

§4.3 NONLINEAR PROPERTIES OF SDG ION-EXCHANGED WA VEOUIDES 

In this section. the origin of the optical nonlinearities in Schott 7183 SDO is 

deduced experimentally and interpreted theoretically. Experimentally. a saturable 

shift in the absorption spectrum to higher energies is observed with increasing 

fluence for picosecond excitation below the bandgap. Fluence is used instead of 

intensity since the excitation time. as determined by the laser pulsewidth. is much 

less than the relaxation time of the excited carrier density (approximately one-tenth). 

The semiconductor material intergrates the number of excited carriers over the 

duration of the excitation. Therefore. the amount of energy in the pulse will 

determine the maximum number of electron-hole pairs that can be generated. At 

high fluences the experimental and theoretical results suggest band-filling as the 

dominant mechanism for the nonlinearity. The nonlinear index change is also seen to 

saturate as a consequence of the relation of the absorption and index through the 
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Kramers-Kronig transformation. 

The transmission of a single-channel waveguide versus input f1uence can be 

calculated by numerically propagating a pulse through a nonlinear medium. The 

evolution of a pulse through a medium that exhibits carrier-dependent absorption can 

be characterized by the following two equations (see Appendix B): 

[a no a 1 az + c at I(z.t) == -ex:(A.N) I(z.t) 4-5 

and aN == _ N-Nj + ex:(tN) I(z.t). 
at T 

4-6 

where no is the linear index of refraction. c is the speed of light. I is the 

instantaneous intensity in the waveguide. ex: is the absorption coefficient. A is the 

normalized detuning from resonance; N is the excited carrier density. Nj is the 

intrinsic carrier density. T is the phenomenological relaxation constant and v is the 

optical frequency. The functional dependence of the absorption coefficient on carrier 

density and frequency can be calculated with the plasma theory. Absorption versus 

wavelength for several values of the carrier density are plotted in Fig. 4.6. 

illustrating the blue shift due to band filling. The change in index of refraction 

versus density is plotted in Fig. 4.7. In order to illustrate the saturation behavior. 

the absorption coefficient and change in refractive index versus carrier density are 

shown in Fig. 4.8. The curve exhibits two distinct features: 1) for carrier densities 

up to approximately 5 x 1017 cm-3• plasma screening is the dominant nonlinear 

process. determining the shape of the nonlinear absorption curve; and 2) for carrier 

densities larger than 5 x 1017 cm-3• bnadfilling is the dominant nonlinear process. 

The functional dependence of the nonlinear absorption coefficient is put into an 

analytical form by fitting an exponential function to each curve in Fig. 4.8 such that 
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4-7 

where a o is the linear absorption coefficient and Nsat is the saturation carrier 

density. Equations 4-5 and 4-6 are solved numerically, as outlined in Appendix B, 

for transmission versus input intensity for the case of plane-wave propagation with a 

10-7 cm2 cross-sectional area, a relaxation time of 20 ps, an intrinsic carrier density 

of 1015 cm-3 and a length of .6 cm. The values used for the absorption coefficient 

and saturated carrier density are contained in Table I. 

Table 4.1 Absorption and saturation density versus wavelength. 

h (nm) a(cm- I ) NsatINj 

576 8.0 129 
580 504 100 
584 3.6 69 
588 2.5 43 

The results, shown in Fig. 4.9, indicate that, in the absence of residual absorption, an 

input fluence in the range of a 6 mJ/cm2 will saturate the entire length of the 

waveguide, resulting in 100% transmission. 

The experimental arrangement for measuring transmission versus input 

fluence in a single-channel waveguide is shown in Fig. 4.10 and described below. 

The experiment consisted of coupling light into a channel waveguide and measuring 

the change in transmission as a function of input power for several wavelengths. 

The source for the light was a synchonously-pumped, mode-locked dye laser system. 

The back-end of the laser system was a Quantronix 4 I 6 mode-locked, doubled-Y AG 
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laser with the following characteristics: wavelength at 532 nm; full-width half-

maximum (FWHM) pulse-width of 100 ps; repetition rate of 76 MHz; output of I w 

of average power with a stability of 2%; and an energy per pulse of 13 nJ. The 

front-end of the laser system was a synchonously-pumped. mode-locked. cavity-

dumped Coherent 702-2 dye laser: the 700 series requires synchronous pumping from 

the 416 Y AG laser; the 02 designates a twin-jet system in which one jet flows R6-G 

and is pumped by the 416 laser output and the other jet flows the saturable absorber 

YAG LASER 

DYE LASER 

DET 

Figure 4.10. Experimental arrangement for measuring transmission versus 
fluence: polarizer (POL); beam-splitter (B/S); detector (DET); and. 
microscope objective (MO). 
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DODCI; the -2 signifies the use of a two-plate. inter-cavity birefringent filter with a 

FWHM of I I A; and the system has an add-on cavity dumper consisting of an 

electronically pulsed acousto-optic crystal and utilized Bragg reflection to deflect a 

pulse out of the inter-cavity pulse train. The Coherent 702-2 dye laser had the 

following characteristics: wavelength tunable from 570 nm to 620 nm; FWHM pulse-

width of 6 ps without the saturable absorber flowing and 2 ps with the saturable 

absorber flowing; cavity-dumped output that could be electronically set at 38 MHz/N. 

where N is an integer; it emitted 70 mw of average power at a cavity-dumped 

repetition rate of 3.8 MHz with a stability of 4%; and an energy per pulse of 13 nJ. 

The output pulsewidth of the laser system was monitored by a real-time intensity 

autocorrelation interferometer (Fork. 1978). as shown in Fig. 4.11. Absolute 

calibrations of the pulse-width were measured by replacing the harmonic oscillator 

with a linear-translation stage and using a chart recorder to record the autocorrelated 

output signal (see Fig. 4.10. The pulse shape was assumed to be a squared-

hyperbolic secant function of time; therefore. the pulse-width is the measured 

autocorrelated pulse-width divided by 1.55 (Sala. 1980). The output wavelength was 

o 
. measured with a Jarrel-Ash 0.5 m grating spectrometer with a resolution of 0.2 A. 

The average output power of the system was monitored by a slow-response 

photodetector. To minimize the output power fluctuations. the 416 laser cavity 

length. the 416 laser high-reflector mirror angle. the 416 laser flash-lamp current. the 

702-2 laser gain dye and saturable-absorber dye pressure. the pump angle on the 

702-2 laser R6-G dye jet. the M7 mirror on the 702-2 laser and 702-2 laser cavity 

length were adjusted. The dye laser output was directed to an intensity controller 

which consisted of a set of crossed prism-polarizers (Karl Lambrecht Glan-Laser) in 

which a Pockel's cell (Lasermetrics LMA-l) was inserted. The half-wave voltage of 
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Figure 4.11. Autocorrelator used to measure the output of the Coherent 
702-2 dye laser system: set-up and autocorrelation trace taken with the 
saturable absorber flowing. 
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the Pockel's cell. controlled by a microprocessor-controlled power supply. was 

approximately 900 v at 580 nm. The extinction ratio for the intensity controller was 

better than 10-3• The coupling apparatus was described in §3.3. The average power 

of the dye laser was detected in two places: I) approximately 4% of the power was 

split off of the input beam after the intensity controller and directed to a slow 

response photodetector to provide a reference signal; and 2) the output of the channel 

waveguide was directed to a slow-response photodetector to provide an absolute value 

of the power transmitted by the waveguide. The photodetectors were reversed-biased 

FND 
100 

+ 9v 

500 K PDT 

OUTPUT 

~ 
9 

Figure 4.12. Schematic of the photodetection system. 

silicon photodiodes (E&G&G FND-IOO) which are followed by a current-to-voltage 

converter (See Fig. 4.12) that drives an AID parallel board in a personal computer. 
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The experiment was executed by a personal computer (Artisoft PC). The wavelength 

was tuned by a stepper motor (Oriel Stepper-Mike). The intensity was varied by a 

programable power supply (Kepco 1000 v). The voltages of the reference and 

transmission detectors were read off an AID board. The experimental output was 

normalized transmission versus coupled input average power at each wavelength. 

The input average power is related to the peak fluence by 

E Pave ~ -2 -- ... 11 f A - Pave X 0.8 s-cm • area rea 4-8 

where 11 ~ 0.3. f CI 3.8 MHz and the effective waveguide area was estimated from 

Fig. 3-2 to be 10 Jlm2 or 10-7 cm2 • The linear absorption spectrum for the SDG 

channel waveguide is shown in Fig. 4.13. The spectral region where the 

transmission was less than ten percent was analyzed experimentally. 

The experimental results support the theoretical predictions of the plasma 

theory in three ways: 1) a blue-shift in the absorption band edge is observed with 

increasing fluence. as shown in Fig. 4.14; 2) Large wavelength-dependent changes in 

the transmission are observed with increasing fluence. as shown in Fig. 4.15; and 3) 

The fluence level at which saturation of the change in absorption occurs increases 

with decreasing wavelength. as illustrated by Fig. 4.15. These results follow from 

Fig. 4.6. where large changes in the absorption coefficient are expected for 

wavelengths shorter than 580 nm. The experimental results also expose the limit in 

which the plasma theory may be applicable: the theory predicts complete saturation 

of the absorption coefficient in the spectral region that was explored experimentally; 

for example. the absorption changes from 9.0 cm- l to 2.0 cm- l at 576 nm. This 

suggests that it may not be possible to excite carrier densities above 1018 cm-3 

without other processes. such as free carrier absorption. dominating the nonlinearity. 
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The fluence-dependent change in absorption is accompanied by a fluence-

dependent change in the index of refraction. which is manifested as a phase shift in 

a wavefront propagating through the channel waveguide. The phase shift can be 

described by 

L 

A~ c 2; fa {no + An[N(x)ll dx. 4-9 

where h is the wavelength, L is the length of the medium and N is the carrier 
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102 

density. The nonlinear index of refraction as a function of the carrier density was 

shown in Fig. 4.7 and the saturation characteristics of the nonlinear index were 

shown in Fig. 4.8. A reasonable fit of the nonlinear index of refraction to an 

analytical function is effected by 

II. n II. n [l-e-(N - Nj )/Nsat ] . 
oI-l. ::II oI-l. sat 4-10 

Hence. the quantity to measure is Ansat ' This can be obtained by taking the 

difference between the measured low and high fluence phase shifts; that is. at low 

fluences 

4-11 

and at high fluences 

4-12 

such that An ... ¢high - ¢Iow 1 
sat 2lT L . 4-13 

The direct measurement of the carrier-dependent change in the index of 

refraction is complicated by a thermally-induced change in the index of refraction 

(Friberg. 1987). An increase in the temperature of the medium results from the 

transfer of the energy of the excited carriers to the medium through phonon 

interactions. i.e. collisions. It is assumed for the sake of calculation that all the 

absorbed energy is transfered to the medium. although a small percentage is re-

emitted through radiative recombination of electron-hole pairs. The thermal index 

change is described by 

dn T Antherm = dTA ss • 4-14 

where dn is the index change induced by a temperature change dT and ATss is the 
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steady-state temperature increase of the medium. The rate of change of temperature 

is described by 

aT fN hv T at .. sat C
p 

P - TT 4-15 

where Nsat is the saturated carrier density. hv is the energy per carrier. I is the 

repetition rate of the laser. Cp is the specific heat. p is the density of the Soo. T is 

the temperature and TT is the thermal decay constant. The steady-state solution for 

the temperature change is 

4-16 

Combining equations 4-14 and 4-16 yields 

4-17 

The thermal decay constant can be estimated by assuming the laser beam heats a 

cylinder of length much greater than the beam radius (Gibbs. 1985). A solution to 

the heat diffusion equation leads to 

where K. is the thermal conductivity of the host glass. For the single-channel Soo 

waveguide with CpP .,. 1.8 J/cm3-K. " = I X 10-2 w/cm-K and r :!: 5 pm 

4-19 

Therefore. using dn/dT = 4 x 10-6 K-I. Nsat = I X 1018 cm-3
• hv = 3.4 X 10-19 J. f = 

3.8 MHz and TT = 8 ps. then 
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~ntherm - 4 x 10-5 
• 4-20 

The maximum calculated thermal index change is of the order of the predicted 

excited-carrier nonlinear index change. although opposite in sign. 

A pump-probe experimental arrangement for measuring the thermal and 

electronic nonlinear phase shifts in a single-channel waveguide is shown in Fig. 4.16. 

YAG LASER 

VIDEO 
CAMERA 

DYE LASER 

MONOCHROMETER 

AUTOCORRELATOR LENS 

BIS 

POL BIS 

Figure 4.16. Pump-probe hybrid Mach-Zehnder interferometer for 
measuring the index change versus fluence in a single-channel 
waveguide. 

The 3.8 MHz output from the 702-2 dye laser was split into orthogonally polarized 

pump and probe beams by using a half-wave plate followed by a polarizing beam-

splitter. The probe beam was split into a signal and reference beam. forming a 
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hybrid Mach-Zehnder interferometer. The signal and pump beams were recombined 

with a polarizing beam-splitter and coupled into a SDG channel waveguide. A 

polarizer placed at the output of the channel waveguide blocked the pump beam yet 

transmitted the signal beam. The signal and reference beams were recombined. 

producing an interference pattern when a delay line placed in the reference arm was 

adjusted such that the pulses from both arms overlapped. The polarizers were 

adjusted such that the interference pattern between the pump beam and the reference 

beam was minimized. This was done to compensate for the depolarization in the 

optical system. The interference pattern was imaged onto a Hamamatsu CIOOO 

camera and the pattern was viewed on a video monitor. The interference pattern. 

cosine-squared fringes. was digitized and then filtered by a fast-fourier transform 

subroutine that yielded the amplitude and phase of the interference pattern. A delay 

line placed in the pump-beam path allowed the pump beam to be advanced or 

delayed with respect to the probe beam. The input power level of the probe was set 

at 0.01 mW (8 p.J/cm2). The input power of the pump was variable with a 

maximum of 12 mW coupled power (40 mJ/cm2). 

The objectives of the pump-probe experiment were to isolate and measure the 

electronic and thermal nonlinear phase shifts. The thermally-induced phase shift was 

measured by advancing the probe beam in time with respect to the pump beam and 

measuring the fringe shift as a function of input power. In this case only the 

thermal effect was measured since the separation between the pump and the probe 

was greater than the carrier relaxation time of approximately 20 ps and the estimated 

thermal decay time was much longer than the probe-pulse separation. i.e. 8 p.s 

compared to 260 ns. The thermally-induced phase shift varied linearly with input 

power for a 6 mm long channel waveguide at 580 nm. as shown in Fig. 4.17. A 
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combination of thermal and fluence-dependent electronic phase shifts in a 
6 mm long SDO channel waveguide. 
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maximum phase shift of 3rr/4 was measured for an input power of 12 mW. 

corresponding to a change in the index of refraction of approximately 3 x 10-5• The 

combination of the electronic and thermal nonlinearities was observed by overlapping 

the pump and probe beams and measuring the phase shift versus the input fluence. 

The observed effect was a negative phase shift that initially offset the positive. 

thermally-induced phase shift. but as the input fluence increased the negative. 

carrier-dependent phase shift saturated (at 6 mJ/cm2) while the positive phase shift 

continued to increase linearly with input power. The observed result was a linear. 
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positive phase-shift versus input power. characteristic of the thermal nonlinearity but 

offset by the saturated electronic nonlinearity. as illustrated in Fig. 4.17. 

The electronic nonlinear phase shift was measured by setting the 'pump power 

to 12 mW and measuring the fringe shift as a function of the delay between the 

pump and the probe. The pump power was set to 12 m W in order to keep the 

thermally-induced phase shift constant and to saturate the electronic nonlinear index 

change along the entire length of the waveguide. The resulting fringe pattern is 

illustrated in Fig. 4.18. A maximum phase shift of -31T /4 was measured at 582 nm. 

as shown in Fig. 4.19. corresponding to a saturated nonlinear index change of -3 x 

10-5 • The electronic phase shift versus wavelength exhibits a long tail that extends 

beyond 600 nm. 

The relaxation time of the SDG optical nonlinearity was measured during the 

pump-probe interferometer experiment since the fringe shift versus the probe delay 

or the fringe visibiIty versus the probe delay can be plotted. as shown in Figs. 4.19 

and 4.20. The measured relaxation time was less than 20 ps. 

§4.4 DISCUSSION OF RESULTS 

The linear and nonlinear properties of single-channel SDG waveguides have 

been investigated. both experimentally and theoretically. The motivation for this 

investigation was to determine the maximum nonlinear phase shift that could be 

obtained in a channel waveguide 6 mm long. and the relaxation time of this 

nonlinearity. The plasma theory was useful for predicting the carrier-dependent 

behavior of the absorption coefficient and the index of refraction for various 

detunings below the band gap. The results of the three experiments are discussed 

below. 
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Figure 4.18. Fringe shift versus probe delay for constant input fluence. 
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Figure 4.19. Experimental saturated electronic phase shift in a 6 mm long 
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The measurement of an increase in transmission with increasing fluence leads 

to the conjecture that a band-filling effect was being observed. This conjecture was 

substantiated by the theoretical predictions of the plasma theory: band-filling is the 

dominant nonlinear mechanism for moderate to high carrier densities. The change in 

absorption also meant that a simultaneous change in the index of refraction was 

taking place. Therefore. the change in absorption became the signature for the 

nonlinearity. The change in absorption was a relatively easy effect to observe 

compared to the change in the index of refraction. Large changes in the absorption 

were observed: the transmission changed from 7% to 21% when the peak input 

intensity changed from less than 1 JlJ/cm2 to more than 6 mJ/cm2 at 584 nm. The 

absorption did not bleach as predicted. instead residual absorption was observed. 

The nonlinear index of refraction was measured and found not to be Kerr

like. The functional dependence was 

4-21 

instead of 

4-22 

predicted by the Kerr model. This result is supported by the plasma theory by the 

application of the Kramers-Kronig transformation to the nonlinear absorption 

spectrum. The small electronic nonlinear phase shift that was measured. f)..rp E:!: -377/4 

(f)..nsat = -3 x 10-5). is in good agreement with the predicted value. f)..rp :!! -77/2 (f)..nsat = 

-2 x 10-5). This value was predicted for a carrier density of 1018 cm-3
• therefore is 

is assumed that in spite of the residual absorption a carrier density of 1018 cm-3 was 

excited. 

The measured thermal index change. f)..nT :!! 3 x 10-5 was in good agreement 
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with the predicted value of 4 x 10-5
• The thermal index change was on the order of 

the electronic nonlinear index change due to the repetition rate of the laser. The 

thermal index change is sensitive to the rate at which power is dissapated by the 

system. therefore heat sinking the substrate would reduce the thermal index change. 

The value for the relaxation time was approximately 20 ps. A carrier

density-dependent relaxation time has been proposed with radiative or Auger 

recombination as the mechanisms. This may shorten the lifetime at large carrier 

densities( AN > 1018 cm-3). however a recombination time in the picosecond range has 

been measured in the small carrier density range (AN :!: 1016 cm-3). It is concluded 

that surface traps or surface states due to the small size of the microcrystallites are 

responsible for the short excited-carrier relaxation time relative to the bulk 

semiconductor. 

By far the most important result is the prediction and measurement of the 

long spectral tail of the electronic nonlinear index change (compare Figs. 4.7 and 

4.19). The maximum change in the index is detuned from the band edge. The long 

tail means that a larger interaction length for a constant absorptive loss. O/oL. can be 

realized by detuning the wavelength. 
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CHAPTER 5 

NONLINEAR DIRECTIONAL COUPLER 

§5.1 INTRODUCTION 

The nonlinear directional coupler (NLDC), illustrated in Fig. 5.1, is an 

integrated all-optical switch that relies on a power-dependent index of refraction to 

alter the phase-matching condition between two coupled channel waveguides and, 

therefore, to effect power-dependent switching of the input power between the two 

output ports. The initial analysis of the device suggested that it could be realized 

with existing technology and could operate at gigabit/second data rates (Jensen, 1982). 

However, to date, only a few examples of all-optical switching have been 

demonstrated in an integrated-optical format. For example, power-dependent 

switching at a relatively low power level (sub-watt) has been demonstrated in a 

strain-induced directional coupler on a multiple-quantum-well GaAs substrate (Li 

Kam Wa, 1985). However, the observed switching was incomplete and accompanied 

by a large absorptive loss. Low-loss, non-resonant materials, such as silica-based 

glass, exhibit a fast Kerr-like nonlinear response, but the small value of the 

nonlinearity would require kilowatt power levels to produce nonlinear switching in 

an integrated-optic format. The nonlinearity can be resonantly enhanced in 

semiconductors at the expense of increased absorption, as discussed in Chapter 4. In 

resonantly enhanced materials, however, saturation of the refractive index change 

limits the the maximum phase shift that can be realized in a device. Therefore, the 
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realization of a fast NLDC is predicated on the availability of materials that can 

achieve a large ~nsat with relatively low absorption. and have a fast relaxation time. 

Semiconductor-doped glass (SDG) initially appeared to be a promising material 

for demonstrating fast, all-optical switching in a channel-waveguide directional 

coupler since a large value of n2 (10-14 m2/W) and a fast relaxation time «20 ps) 

were measured experimentally (Jain. 1983; Yao. 1985). However. the value of n2 for 

near-resonant excitation in semiconductors is misleading since the functional form of 

the nonlinear index of refraction is not Kerr-like. Instead. the nonlinear index of 

refraction saturates with increasing carrier density such that 

~n c: ~nsad 1 - exp[ -(PI Psat )]} 5-1 
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where .o!lnsat is the maximum nonlinear index change induced in the medium (Ansat ~ 

-3 x 10-5 for SDG). p is the excited carrier density and Psat is the saturated carrier 

density. as described in Chapter 4. The value of Ansat is the relevant parameter for 

determining the amount of phase-mismatch switching possible in a NLDC. In 

addition. it was established in Chapter 4 that semiconductors excited near the 

band~ap exhibit a saturable change in the absorption coefficient along with a 

saturable change in the index of refraction. Since the power in the two arms differ 

as a function of distance along the interaction length of a directional coupler. 

differential absorption saturation between the two arms can be induced. resulting in 

saturable-absorption-induced switching of the power between the two output ports. 

In this chapter. the coupled-mode formalism is used to model the operation of 

a nonlinear channel-waveguide directional coupler fabricated in SOO. The model 

includes a saturable absorption coefficient and a saturable refractive index change. 

Based on this model. the value of Ansat in SDG is too small to effect phase switching 

in a NLDC with a length of less than 3 centimeters. However. saturable absorption 

switching was observed. A theoretical interpretation for the observed behavior is 

given based on differential saturable absorption of two coupled modes. 

§5.2 NONLINEAR DIRECTIONAL COUPLER THEORY 

The theory of a NLDC is expounded as follows: the general linear coupled

mode formalism is described. illustrating the effects of phase mismatch between two 

coupled modes; the coupled-mode formalism is developed from Maxwell's equations 

for a two-waveguide system. illustrating intensity-dependent phase-mismatch 

switching; and the coupled-mode equations are restated to include both saturable 

absorption and refractive index change and the numerical solutions to the equations 
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are discussed. 

The formalism for treating the linear coupling of waveguide modes is well-

known (Marcatili. 1969; Yariv. 1973). The basic assumption for analyzing coupled 

waveguides is that the system is a linear combination of the independent waveguides. 

A small perturbation due to the overlap of the evanesent tails of the electric fields of 

adjacent waveguides causes power to be exchanged between the two waveguides. 

However. if one does not choose to analyze a synchronous and identical system. then 

problems arise. especially or tightly coupled systems. The problem. even for the two 

guide system. is that the presence of the second guide influences the eigenfunction of 

the first guide. altering the propagation constants and resulting in nonorthogonality of 

the mode powers which leads to incorrect theroretical predictions. To obtain power 

orthogonality. the independent modes must be revised when coupled such that each 

revised mode contains a combination of both independent modes (Haus. 1987). 

Therefore. the assumptions normally made when applying the basic coupled-mode 

theory to waveguides are weakly coupled waveguides with power-orthogonal modes 

and identical waveguides for synchronous coupling. i.e. 1"211 = 1"121. In general. one 

can retain a phase-mismatch term in the analysis to account for the mismatch in 

coupling constants or nonsychro+nous coupling. 

Consider two electromagnetic modes with. in general. different frequencies 

whose complex amplitudes are Al and A2• These are taken as the eigenmodes of the 

unperturbed medium and are described by 

5-2 

and 

5-3 



118 

where fI,2(x,y) describe the fi~ld distributions of the modes. and Al and A2 are 

constants. In the presence of a perturbation. power is exchanged between the two 

modes. In this case. the complex amplitudes Al and A2 are no longer constant but 

will be found to depend on z such that 

and 

dA2 "A_ 

-- m K. A e+l<.U. dz 12 I • 

5-4 

5-5 

where the phase-mismatch constant. A. depends on the propagation constants fJI and 

fJ2 as well as on the spatial variation of the coupling coefficients. The coupling 

coefficients. 1'12 and K.21• are determined by the physical situation under consideration. 

It is convenient to define a l and a2 in such a way that IA I(x)12 and IA2(x)12 

correspond to the power carried by the modes a l and a2• respectively. The 

conservation of the total power is thus expressed as 

5-6 

which by using equations 5-3 and 5-4. is satisfied by 

5-7 

If the boundary conditions are such that a single mode, say a l • is incident at z = 

o on the perturbed region z > O. then 

5-8 

Under these conditions the solutions of equations 5-4 and 5-5 become 
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5-9 

and 

5-10 

where 1<.2 .. 11<.121 2 • Under the phase matched condition. A - O. a complete periodic 

power transfer between modes al and a2 takes place with a period Lb "" TTII<. and 

equations 5-9 and 5-10 reduce to 

i(wt-f3) al(z.t) = Aoe 1 1 cos(I<.Z) 5-11 

and 

5-12 

Equations 5-9 and 5-10 are plotted in Fig. 5.2. illustrating complete power 

exchange between the two modes under phase-matched conditions and incomplete 

power exchange under phase-mismatched conditions. The nonlinear coherent coupler 

operates on this principle: an intensity-dependent phase-mismatch condition causes 

switching to occur between the two output ports of the device. When applying the 

coupled-mode formalism to the NLDC. it is assumed that. to the first-order. the 

nonlinear perturbation results in an power-dependent propagation constant. but not a 

power-dependent field distribution. This assumption is justified since the 

nonlinearity is uniform in the waveguiding medium. as opposed to a nonlinear 

cladding or film as discussed in §2.3. and the nonlinear change in the index of 

refraction in the channel is small compared to the difference between the indices of 

the channel and the substrate (Romagnoli. 1987). A large. negative nonlinear change 

1D the channel index. where the power is the highest. would cause the the difference 
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between the indices of the channel and the substrate to approach zero. This would 

cause the field distribution to change since a large index difference is required to 

tightly confine the power in the channel. The difference between the channel and 

the substrate is 9 x 10-3 while the maximum nonlinear index change in the channel is 

approximately -3 x 10-5• Therefore, it is assumed that the propagation constant of 

each guide depends on the modal power while the field distribution of each guide 
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remains independent of the modal power. This means that a power-dependent phase 

mismatch can be induced between the two modes while the coupling constants. which 

depend on the overlap of the fields. remain constant. 

The coupled-mode equations for a NLDC can be derived by solving 

Maxwell's equations in the presence of a perturbing polarization 

D ... fE + P' 5-13 

where P' contains linear contributions from a waveguide placed in close proximity to 

another waveguide and nonlinear contributions from the nonlinear response of the 

medium. Maxwell's equations can be written as (Jensen. 1982; Marcuse. 1974) 

5-14 

and 

5-15 

where V t and V z represent the transverse and longitudinal components of the curl 

operator. The fields. I; and Ht • can be expanded in terms of ideal modes such that 

equations 5-14 and 5-~5 reduce to 

La~vz x .; = Vt x ~P'z 5-16 

v 

and 

L aAv HV . Wp' -a z x t = -1 - t· 
Z c 

5-17 

v 

where v represents the vth mode of the waveguide and Av is the amplitude of the vth 

mode. Assuming power orthonormality. equations 5-15 and 5-16 reduce to 
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- iaa~v ... ;/dXdy EV.P'. 5-18 

where Po is normalized power. Using equation 5-18. the coupled-mode equations for 

a two-waveguide system can be written as 

5-19 

and 

5-20 

where AI,2 are the complex normalized amplitudes of the modes and IG. 6.{3o and 

6.{3o'eff are the coupling coefficients defined as 

kOCEOf 2· 
IG'" 4P

o 
dxdy no EJ~ • 5-21 

k 2 2 
oEo C f 2 I 14 tl.{3o - 4P 0 dxdy no n2 EJ 5-22 

and 
k 2 2 

oEo C f 2 I 121 12 tl.{3o'... 4P 0 dxdy no n2 EJ ~ • 5-23 

where Et•2 are the electric fields in the two waveguides. no is the linear index of 

refraction and n2 is the nonlinear index of refraction. The coupling coefficients are 

described as follows: IG is linear coupling coefficient. 6.{3o is the nonlinear change in 

the wavevector due to the interaction of the guided wave on itself and 6.{3o' is the 

nonlinear change in the wavevector due to the overlap of the two fields. 

For the special case where light is incident in one channel only. i.e. AJ2 (0) > 

o and A 2(O) == O. the analytic solution to equations 5-19 and 5-20 is 

5-24 
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Figure 5.3. Power in the input channel as a function of length for a 
nonlinear directional coupler. The figure shows distinctly different 
solutions for input powers P 1(0) < Pc and for input powers P 1(0) > Pc' 

where m = A)2(0)/A;w(0), the critical power to which everything scales is 
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5-25 

and cn(2x;m) is a Jacobian elliptic function. Typical solutions for A 1(x) are shown in 

Fig. 5.3 for different input powers. Nonlinear switching can be achieved for almost 

any coupler length. but, for a particular coupler length, the value at which switching 
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is produced is single valued (for example. see Figure 5.4.). 

The operation of the NLDC. as illustrated by Fig. 5.3. can be explained as 

follows. At low powers the device behaves like a linear coupler with a periodic 

transfer of the power between the two guides. As the power is increased the 

propagation constant of the first guide is detuned from the propagation constant of 

the second guide due to the nonlinear index of refraction. Eventually. more than half 

of the power is coupled into the second guide and it detunes with respect to the first 

guide. Complete power transfer takes place. but at an increased coupling distance 

due to the detuning effect. If the input power reaches the critical power. Pc. then 

the power in the coupled guide never increases beyond the half-power level. In this 

case the linear coupling is offset by the nonlinear phase mismatch between the two 

guides. with the result that further power transfer does not take place; that is. the 

coupler remains in a 3-dB power-split state independent of the length. Increasing the 

power beyond the critical power causes the detuning in the input guide to reach a 

level such that the 3-dB power split between the two guides is not attained. The 

phase mismatch introduced by the input guide dominates the interaction and most of 

the power remains in the first guide. Complete nonlinear switching from the 

coupled-port to the through-port can be achieved for a one-half beat length coupler 

when P I: 1.25 Pc. as shown in Fig. 5.4. 

The above analysis assumed the ideal case of a lossless medium with a Kerr-

like nonlinearity. The next level of complexity is introduced by including saturation 

of the nonlinear index of refraction. The coupled-mode equations for the system are 

rewritten as 

5-26 
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Figure 5.4. Nonlinear switching characteristic of a half-beat length 
directional coupler. 
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and 5-27 

where A 1.2 OIl IA1.2Iexp(iI/>1,2) are the slowly varying complex amplitudes • .613(IAI2) is 

the intensity-dependent change in the waveguide effective index and the cross-

channel mixing term. 1l{3' •. has been neglected. Saturation of the nonlinear index of 

refraction can be introduced in a simple way by assuming 

5-28 

where b.l3sat is the maximum change in the wavevector. Equations 5-26 through 5-28 

have been solved analytically (Caglioti. 1987) for a full-beat length coupler by 

writing the system in terms of the variables I/> ... 1/>2 - 1/>1 and y == (PI - P2)/P such that 

and 

~= dH 
d~ dl/>' 

M __ dH 
d~ - dy 

H = O-y2)1/2cosl/> + 2;2 e(-p/W) cosh [ ~] • 

5-29 

5-30 

5-31 

where PI,2 =- IA1.212• P is the total input power. ~ =21TZ/Lb is the normalized length. w 

= l.6n;}}ILb /X and p I: PIPe is the total power normalized to the critical power Pe = 

4K.1l:il3o. The solution is expressed as 

with E = H[I/>(z = 0). y(z == 0)] .,. 2w2exp(-p/w) COSh~P/W) . 5-33 

The solution has two salient features: 1) Complete switching in the presence of 
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saturation occurs if w > 2.45, which implies that I~n~r} I > 2.455X/Lb ; and 2) For w > 

2.45, complete switching occurs at two distinct input power levels. Transmission 

versus input power is plotted for a full-beat length coupler for different values of 

the saturation parameter in Fig. 5.5. Note that increasing the value of the saturation 
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Figure 5.5. Transmission versus input power, normalized to the critical 
power when w = 00, for a full-beat length nonlinear directional coupler 
when all the power is launched into the through-port for different values 
of the saturation parameter, W = Ansat Lb/X (After Caglioti, 1987). 

parameter decreases the power at which switching takes place. 

The model can be complicated further by including saturable absorption. The 
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coupled-mode equations become 

5-34 

and 

5-35 

For a two-level saturable absorber 

2noO!o i - 6 
X "" ~ (l + 62)(1 + I/Isat> 

5-36 

where o!o is the peak absorption. 6 is the normalized line detuning and Isat is 1 + 62 

times the line center saturation intensity. The saturable absorption and change in the 

refractive index are given by 

5-37 

and 

1 
b.{3 = -tl{3sat 1 + III . sat 

5-38 

where Pnl is the fraction of the total power in a single guide. Equations 5-34 

through 5-38 were solved numerically for transmission versus incident power for 

various detunings and values of the saturation parameter (Caglioti. 1988). The 

solution has three salient features: 1) the value of the saturation parameter required 

to observe switching in a half-beat length coupler is w == lb.n~1}ILc/A > 2 (Stegeman. 

1987); 2) the throughput of the device is sensitive to the detuning since values of 6 > 

10 are required for the device throughput to be greater than 75%; and. 3) absorption 

degrades the switching performance (Stegeman. 1987a; Caglioti; 1988). 

In the limit that the nonlinear guided-wave index change follows the material 
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nonlinear index change. the saturation parameter. w. defines the minimum value of 

~n~f} needed in order to observe switching in a directional coupler; namely. l.6.n~f}1 > 

2'A./Lc ' A semiconductor-doped glass channel-waveguide directional coupler with 'A. 

"" 0.6 /lm and Lc .. 6 mm requires l~n!f}1 > 2 x 10-4, but the measured value of 

l~n~f}1 was approximately 3 x 10-5
• Therefore. complete nonlinear switching is not 

expected in a SDG NLDC with a length less than 3 cm. 

The effects of the saturation of the absorption coefficient in a coupled-mode 

system. in the absence of a nonlinear change in the index of refraction. can be 

studied by solving equations 5-34 and 5-35 with ~n = O. This is approximately the 

case for a SDG NLDC; namely. .D&n~f}(measured)/.6.n~f}(switching) S!: 0.1 with 

~n~f}(switching) :: 1 x 10-4
• In this case. the absorption coefficient can be modelled 

as 

5-39 

Numerical solutions of the coupled-mode equations with saturable absorption for a 

directional coupler one coupling-length long indicate that complete linear switching to 

the coupled port is still achieved. although the intensity is attenuated by the 

absorption. However. the transmission characteristics of devices less than or greater 

than one coupling length are asymmetric; that is. the rate of change of the 

transmission of coupled port is not as great as the rate of change of the transmission 

of the through port with increasing input fluence. This effect is illustrated in Fig 

5.6 for NLDC's with interaction lengths of Lc/2 and Lc/4. 

This phenomenon is explained as follows. Since the phase dependence of the 

coupled-mode system is not affected by the saturable absorption. the change in the 
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transmission of each mode with respect to the input f1uence only depends on the 

change in the absorption coefficient of each mode with respect to the input f1uence. 

As the input f1uence is increased the absorption coefficient of the through port begins 

to saturate. The through port continues to transfer power to the coupled port, but 

the absorption coefficient of the coupled port requires a finite distance to build up 

enough amplitude in order to saturate its absorption coefficient. This effect causes 

the differential change in the transmission between the two modes as the device 

begins to saturate. This argument is supported by the fact that a coupler of length 

3Lc/2 exhibits the reverse behavior of a coupler of length Lc/2; that is, the through 

port saturates before the coupled port since the majority of the power is in the 

coupled port as the length is increased beyond one coupling length. 

The theory presented so far has assumed a continuous power source. 

Complete switching of the power is not obtained for the case of pulsed excitation. 

Pulsed operation is required in order to achieve high switching rates in NLDC's. 

Since each part of the pulse follows a switching characteristic that depends on its 

power level. if the peak of the pulse is at 1.25P C' then the sides of the pulse will be 

below the value for 100% switching. For a medium with an instantaneous response 

time. 50% switching can be achieved for a pulse with a peak power of 1.25Pc' as 

shown in Fig. 5.7 (Silberberg, 1988). 

This concludes the exposition of the coupled-mode theory of a NLDC. Two 

principal theoretical results have been identified: 1) the figure of merit for nonlinear 

materials. w == IAn!r}ILclh > 2. which represents the minimum requirement that must 

be met in order to observe complete nonlinear switching in a coupled-mode system; 

and 2) the deterioration of the switching performance with increasing absorption. 
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§5.3 NONLINEAR DIRECTIONAL-COUPLER EXPERIMENT 

In this section. the results of fluence-dependent transmission experiments on 

directional couplers fabricated in SDG are presented. Nonlinear switching due to a 

fluence-dependent index of refraction was not expected. as discussed in §5.2. and was 

not observed experimentally. Instead. intensity-dependent differential transmission 

between the two output ports of a NLDC of length 0.45 x Lc was observed. 

The channel-waveguide devices. which were shown in Fig. 3.10. were 

fabricated and tested as described in Chapter 3. Directional couplers with 

particularly poor polarization isolation were not tested; almost half of the devices 

displayed depolarization. The experimental set-up, shown in Fig. 5.8. used the laser 

system described in §4.3. The wavelength at which the measurements were made 

was 580 nm. which roughly corresponded to the wavelength at which the nonlinear 

change in the index of refraction was measured to be a maximum. viz. 582 nm. The 

devices were probed with fluence levels ranging from 6 p.J/cm2 to 6 mJ/cm2. 

Photodiodes were used to measure the average power from the two output ports as 

well as from an input reference beam. The characterization of a channel-waveguide 

directional coupler consisted of measuring the transmission of the two output ports. 

normalized to the input power. In addition. the two output beams were imaged onto 

a video camera in order to view the intensity distributions of the two modes as a 

function of input power. 

Nonlinear effects were observed for nearly all input fluence levels. The 

observed effect was an increase in the normalized transmission. with increased input 

fluence. in both output ports. However. at high fluence levels (mJ/cm2) the 

normalized transmission began to saturate. The behavior was similar to the 

saturation of the change in transmission in a single channel waveguide except that 
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different rates of change in transmission were observed in the through versus the 

coupled ports. The experimental results for a directional coupler of length 0.45 x Lc 

show a change in the differential transmission between the two output ports versus 

input fluence. as shown in Fig. 5.9 and 5.10. The observed effect is due to 

differential saturation of the absorption coefficient in the two arms of the directional 

coupler. as described in §5.2. The specific case of a directional coupler 0.45 x Lc 

long was modelled with the coupled-mode theory. equations 5-33 and 5-34, without 

pulsed excitation. for two cases: l) with nonlinear absorption, but without a nonlinear 

index of refraction; and 2) with a nonlinear index of refraction, but without 

nonlinear absorption. The results, shown in Fig. 5.11, exhibit the same behavior as 
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the experimental data for the case of saturable absorption. Therefore. it is concluded 

that saturable absorption was the mechanism responsible for the observed switching. 
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§5,4 DISCUSSION 

The coupled-mode theory of the operation of a nonlinear directional coupler 

has been presented in order to explain the operation of the semiconductor-doped glass 

directional coupler. Two different models for the saturation of the nonlinear index 

of refraction have been discussed (equations 5-28 and 5-38). A figure of merit has 

been identified from the solutions of the coupled-mode equations with a saturable 

nonlinear index of refraction. The figures of merit. as calculated by the two models. 

are in approximate agreement. Based on the figure of merit. it was predicted that 

nonlinear switching would not be possible in a SDG NLDC with a interaction length 

of less than approximately 3 em. The experimental results support this prediction. 

Several other effects mitigated the possibility of observing nonlinear optical 

switching in the SDO directional coupler. All of the directional couplers tested were 

less than one coupling-length long. Although switching is achievable for interaction 

lengths less than one coupling length. optimum sensitivity is realized for a directional 

coupler one coupling length long. The spectral region in which the directional 

coupler was tested yielded large absorptive losses. This tends to degrade the fraction 

of power that can be nonlinearly switched and. therefore. reduces the sensitivity with 

which switching can be detected. The pulsed excitation further reduces the 

sensitivity since at best only fifty percent of the average power can be switched. 

A nonlinear effect was observed in a directional coupler with an interaction 

length of ,45 x Lc' A change was observed in the ratio of the two ouputs as the 

input fluence was increased. This effect was attributed to nonlinear differential 

saturation of the absorption in the two arms of the directional coupler. This was not 

a thermal effect since it would produce an effect opposite to what was observed. A 
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thermal shift in the absorption results in an increase in the absorption instead of a 

decrease. The effect that was observed does not demonstrate a practical optical 

switch. although switching does occur since the fluence in both arms increases at 

different rates with increasing input fluence. 
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CHAPTER 6 

EPILOGUE 

§6.1 SUMMARY 

The optically-induced electronic and thermal nonlinearities of semiconductor

doped glass (SOG) channel waveguides and the switching characteristics of a SOG 

channel-waveguide directional coupler have been investigated experimentally and 

interpreted theoretically. The salient features of the experimental and theoretical 

work are summarized below. 

The optically-induced electronic nonlinearity in SOG is manifested as a 

carrier-density-dependent change in the absorption coefficient with a corresponding 

carrier-density-dependent change in the index of refraction. These two quanities. 

change in the absorption coefficient and change in the refractive index. are related by 

the Kramers-Kronig transformation. Several competing mechanisms are responsible 

for the optically-induced nonlinear change in the absorption coefficient; for example. 

bandgap renormalization. plasma screening and band filling. These mechanisms 

operate on different time-scales; however. for large carrier densities (1018 cm-3
). 

bandfilling dominates the electronic nonlinear processes on a picosecond time-scale in 

the spectral region near or below the bandgap. 

A partly-phenomenological plasma theory was applied to the SDG to 

qualitatively predict the spectral characteristics of the electronic (bandfilling) 

nonlinearity. The model predicts that the self-induced changes in both the absorption 
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coefficient and the refractive index saturate with increasing input fluence. The 

predicted maximum carrier-induced change in the index of refraction was -3 x 10-5 

at a detuning of approximately 22 nm (584 nm) below the bandgap wavelength (562 

nm). This was predicted for an absorption coefficient that was saturated with a 

carrier density of 1018 cm-s. 

A large thermal nonlinearity was predicted for the SDG. In general, the 

temperature dependence of the refractive index of a semiconductor can be described 

by a material term and an electronic term. The material term (temperature 

dependence of the lattice constant) was assumed to be small. The electronic term, 

based on the temperature dependence of the bandgap energy, was calculated based on 

constants available in the literature. The mechanism for the temperature increase in 

the material is the transfer of the kinetic energy of the photo-excited electrons to the 

lattice. An increase in temperature causes a decrease in the bandgap energy resulting 

in a positive change in the refractive index. The predicted thermally-induced change 

in the refractive index for a carrier density of 1018 cm-3 was 4 x 10-5• 

The nonlinear absorption and refractive index characteristics of commercially 

available Cd~SeI_x SDG were investigated experimentally with a 6 mm long channel 

waveguide with a cross-section of 10 Jlm2. The principal goal was to determine the 

wavelength and fluence at which the density-dependent change in the refractive 

index was a maximum, and to confirm the predictions of the plasma model. The 

measured density-dependent change in the refractive index peaked at -3 x 10-5 at 582 

nm. The transmission changed from the linear value of 7% to a saturated value of 

25% at a fluence of 6 mJ/cm2• The plasma model predicted a maximum index 

change of -3 x 10-5 at 584 nm and a transmission change from the linear value of 

8% to a saturated value of 85% at 6 mJ/cm2• The measured thermally-induced 
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change in the refractive index agreed with the predicted value of 4 x 10-5 • In 

addition. a measured relaxation time of 20 ps was consistent with previous 

measurements on bulk SDG samples. 

A figure of merit for the nonlinear directional coupler (NLDC) was identified 

for optical nonlinearities that exhibit saturation. The figure of merit can be 

interpreted as requiring a minimum nonlinear phase shift of 47T along the interaction 

length of the directional coupler. This is the the minimum requirement for nonlinear 

switching in a directional coupler. In addition. the effects of saturable absorption 

play an important role in the operation of the directional coupler since differential 

saturation of the absorption coefficient can take place between the two arms of the 

device. 

The switching characteristic of a NLDC with a maximum nonlinear phase 

shift of less than -7T/2 (interaction length ~ 4mm) along the interaction length was 

measured. Phase switching was not observed. However. switching in the relative 

intensities of the two output arms of the device due to differential saturable 

absorption was observed. 

§6.2 CONCLUSIONS 

Conclusions can be drawn from both the experimental and theoretical results 

with respect to the physics of the SDO. the dynamics of pulse propagation through a 

SDO channel waveguide and the switching characteristics of a nonlinear directional 

coupler. 

The measured fluence-dependent transmission of a channel waveguide 

saturated at values below what was predicted theoretically. This result implies that 

the absorption has two components: a saturable component and a nonsaturable 
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(residual) component. The plasma model was able to account for the saturable 

component of the absorption as evidenced by the close match of the predicted and 

measured values of the nonlinear change in the refractive index. This implies that 

an excited carrier density of approximately 1018 cm-3 was excited. The residual 

absorption can result from waveguide losses. impurity losses and free-carrier 

absorption. 

determined. 

The exact mechanism for the residual absorption has not been 

A simple model for the measured 20 ps relaxation time of the absorption and 

refractive index changes is surface-state recombination; that is. the time it takes the 

excited carriers to diffuse to the surface of the microcrystallites. where they 

recombine. is short due to the small size of the microcrystallites. This is in constrast 

to a bulk-semiconductor relaxation time of approximately 30 ns. This model predicts 

an exponential decay of the excited-carrier distribution; however. the measured decay 

curve exhibits a sharp. nonexponential decay which becomes exponential after several 

picoseconds. This is evidence of decay terms proportional to the either the square of 

the density (radiative recombination) or the cube of the density (Auger 

recombination). or both. The actual higher-order mechanism has not been 

established. since a theoretical match to the experimental data can be effected by the 

addition of one or both of the higher-order decay terms to the model. 

The nonlinear process is self-induced; that is. absorbed photons from the 

leading edge of the pulse alter the absorption and refractive index for the rest of the 

pulse. Since the pulsewidth is much shorter than the relaxation time. photons are 

absorbed from the leading edge of the pulse until the integrated carrier density 

saturates the absorption coefficient to zero, neglecting the residual absorption. 

Theoretically. a normalized transmission of unity will not be obtained. Instead, a 
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transmission ranging from 60% to 90% is expected at the onset of saturation for the 

wavelength range of 576 nm to 592 nm. 

The maximum nonlinear refractive index change due to bandfilling is an 

order of magnitUde smaller than what is required for observing nonlinear switching 

in a NLDC with an interaction length of 4 mm. Futhermore. the measurement of the 

thermal refractive index change would not produce switching since it was 

approximately the same magnitude as the electronic term. Differential saturation of 

the absorption in the two arms of the directional coupler can be misinterpreted as 

switching when only low and high fluence (or power) measurements of the relative 

levels of the two outputs are taken with a video camera. 

§6.3 FUTURE RESEARCH 

Future directions for research can be divided into two groups: 1) a 

continuation of the work on existing commercial SDO; and 2) material studies of 

hybrids of the basic concept of semiconductor microcrystallites in a glass host matrix. 

The results regarding the relation between the excited carrier density and the 

relaxation time have not established which higher order decay terms (radiative or 

Auger) are operative in shortening the relaxation time. Careful experiments that 

measure relaxation time versus carrier density are needed in order to differentiate the 

two processes. These experiments could be performed on thin wedges of SOO. In 

addition. a theoretical comparison of the expected contributions from radiative and 

Auger recombination for the specific system of CdSxSe I _x would provide a basis for 

interpreting the experimental results. 

The mechanisms responsible for the measured residual absorption have not 

been isolated. The Drude model could be used to estimate the strength of the free-
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carrier absorption by the electron plasma. This may not be an important effect since 

the excited carrier density is only 1018 cm-s. Nevertheless, free-carrier absorption 

appears to be partly responsible for the residual absorption observed in the system. 

The effect of the finite field distribution could also lead to residual absorption. The 

beam propagation method could be used to model a system with a tapered field 

distribution and an intensity-dependent absorption coefficient. 

A longer interaction length is needed in order to demonstrate fluence-

dependent switching in a NLDC fabricated in SDG. An increase in the length would 

require a further detuning from the absorption edge in order to keep <xL E!!: 1 

(detuning of approximately -10). It would be impractical to pursue the NLDC in a 

planar technology since the required length would be approximately 30 cm. Instead. 

a dual-core fiber coupler should be fabricated in order to continue the research on 

the NLOC in the currently available SDG. 

Research on increasing the fill-factor in SOO should be pursued in 

collaboration with a materials science group. Increasing the fill-factor by a factor of 

ten would make the nonlinear phase shift in a planar NLDC large enough to observe 

nonlinear switching. 

Since the maximum change in the refractive index follows a dispersion 

relation determined by the Kramers-Kronig transformation. a sharper peak in the 

nonlinear absorption spectrum will result in a sharper. but larger. change in the 

refractive index. The absorption spectrum could be sharpened in two ways: 1) by 

removing stoichiometric variations in the SOO microcrystallites that tend to broaden 

the nonlinear absorption peak; and 2) with quantum confinement effects that result 

o 
from microcrystallites less than 75 A in diameter. 
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APPENDIX A 

CHANNEL-WAVEGUIDE DEVICE DESIGN 

The purpose of this appendix is to provide an example of how to design a 

channel-waveguide device using the computer programs obtained from the University 

of Glasgow. In this example session. the coupling length .of a channel-waveguide 

directional coupler fabricated by K+-Na+ ion-exchange in a Schott semiconductor

doped glass substrate is calculated. 

Two principal computer programs are used to design the device: one program 

is used to model the ion-exchange process by solving a nonlinear partial differential 

equation by a finite difference technique and the other program solves the wave 

equation for an arbitrary refractive index profile --derived from the first program-

using a variational technique. The programs were originally developed by C. D. W. 

Wilkinson and J. A. H. Wilkinson. The computer models are discussed in R. G. 

Walker's thesis (1981) and in T. J. Cullen's thesis (1984). 

The object of this design session is to find the coupling length for a 

directional coupler with the following dimensions: channel width == 4.0 /lm and 

channel spacing::: 3.0 /lm. The guides are fabricated by immersing the masked 

substrate in molten potassium nitrate for one hour at a temperature of 3400 C. 

The design process begins by modelling an ion-exchanged slab waveguide (I 

hour at 3400 C) and comparing the calculated effective index with the measured 

effective index (1.5205). This is done to insure that the programs are working 
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properly. The following parameters are known for the system under consideration: 

nc(cladding) .. 1.0000; ns(substrate) co 1.5185; and. np(surface) ... 1.5276. The cladding 

is air. the substrate was measured with an Abbe refractometer and the surface 

refractive index was determined by fabricating a multimode waveguide. measuring 

the effective indices and using the inverse WKB method to extrapolate the value of 

the refractive index at the surface. 

The program. dif.out. that solves the nonlinear diffusion equation requires an 

input data file. difwave.dat. This data file contains the following information: 

3 61 

2 2 

3 2 

61 

3 

61 3 

3 

61 3 

0.6 

90 

0.0 

1.0000000 

1.0000000 

1.0000000 

1.0000000 
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The meaning of the above data file is discussed row by row. 

l. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

3 

2 

3 

61 

3 

61 

3 

61 

2 

2 

3 

These numbers define a matrix that will hold the 

calculated ion-concentration profile. Three columns in 

the x-direction and 61 columns in the y-direction. 

These numbers mean that there are two lines in both 

the x and y-directions on which the boundary 

conditions are specified. The boundary condition codes 

are given by 

o No boundary. 

u ... 0; A source of sodium ions. 

2 u "" Uo; If u CI 1. then this specifies glass which 

is saturated with potassium ions. 

3 ou/ox... 0; Reflection about a y-direction 

boundary line. 

4 ou/oy <= 0; Reflection about an x-direction 

boundary line. 

5 ou/oy = ou/ox = 0; Defined only where a 3 

boundary meets a 4 boundary at a corner. 

Row one has the boundary condition(s) (BC) 1. 

Row one is filled up to column 3 with Be 2. 

Row 61 has 1 set of BC. 

Row 6 I is filled up to column 3 with BC 1. 

Column I has one set of BC. 

Column I is filled up to row 61 with BC 3. 

Column 3 has I set of BC. 



149 

10. 61 3 Column 3 is filled up to row 61. 

The boundary condition matrix is set up such that there is no diffusion in the +x or 

-x directions (columns 1 and 3 are filled with 3's), there is a potassium-ion source at 

the top (the top row is filled with 2's) and there is a sodium source at the bottom (the 

bottom row is filled with 1 's). 

11. 0.6 This is the time step size, r o' The program algorithms are 

stable for this value. 

12. 90 This is the number of times the program steps forward, 

NLOOP. 

13. 0.0 This determines the shape of the profile (O!). 

The rest of the parameters are not used. 

The program dif.out is run with difwave.dat as the input data file. The 

program pauses for input: INTITIAL PROFILE? IF NOT ENTER O. Entering 0 

indicates that the program starts from scratch. Alternatively, an existing ion-

concentration profile can be diffused deeper into the substrate. The program ends by 

producing a data file, data.nu, and outputing 53.99998 (RACD to the screen. 

A normalized diffusion profile now exists, but without dimensions in space or 

time. The relationship between the diffusion time, t, and the scaling parameter, 5y, 

used by the next program is 

A-I 

where ro is 0.6, Nt == NLOOP, DB is the self-diffusion constant for the potassium 

ions. 5y = 5x = YI/(NS - I). NS is the number of steps (61) and YI is the depth of the 

profile in microns. The method used to scale the profile is to let r oNt = constant, DB 

= constant and vary 5y until neff(measured) = nefdcalculated). 

Two data files are set-up for slab. min and slab.out, the programs that scale 
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the profile and perform the minimization and calculate the values for the effective 

indices. respectively. 

Contents 0/ slab.dat 

1.0 (nc ) 1.5185 (ns) 1.5276 (np) 

0.6328 (X) 12.000 (YI) 

3 (NR) 61 (NS) 

10 (JM) 0 (KS) I (1M) 

o 

Notes: 

Contents 0/ data.par 

3 (number of eigenvalues to be calculated) 

JM is the number of Hermite-Gaussian functions used in 

the y-direction. 

1M is the number of Hermite-Gaussian functions used in 

the x-direction. 

KS .. 0 for symmetric modes and I for anti symmetric 

modes. 

1.0000 (XI) 1.261212 (ETA) 4.49867 (YO) 

Notes: Xl is a normalized Gaussian in the x-direction. 

ETA is a normalized Gaussian in the y-direction. 

YO is the displacement of the maximum of the Gaussian 

into the substrate. 

Slabmin.out is run in order to scale the diffusion profile and perform the 

minimization. The execution of the program produces an eigenvalue: -227.59085. 

The program is then run a second time to insure that the eigenvalue is at a 

minimum. Slab.out is then run in order to calculate the value for the effective 

index. The program produces three effective indices. The first two are ignored 
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since they are 'less than the substrate refractive index, However. the third value 

neff(calculated) .. 1.520461 is close enough to neff (measured) - 1.5205 to assume that 

the programs are working properly. 

The directional coupler can modelled by modifying the data files to reflect the 

different boundary conditions due to the mask at the top of the substrate and the 

symmetry of the structure. The data program for dif.out is changed to 

71 61 

2 2 

3 

8 4 

28 2 

71 4 

61 

71 1 

1 

61 3 

71 1 

61 

0.6 

90 

0.0 

1.0 

1.0 

1.0 

1.0 
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The scaling parameters from the slab waveguide are used for the channel 

waveguide. The values of NR and NS define a box in which the diffusion takes 

place. The program can only deal with symmetrical structures; therefore. only half 

the refractive index profile needs to be calculated. This is then reflected about the 

y-axis by wave.out. In this case. 6y IS 6x - 12.0/60 .. 0.2 and. for the 3 Jlm spacing. 

x ... 3.0/0.2 = 15; however. since only half the profile is calcualated. then X ... 7 or 8. 

For the 4 Jlm aperture. X = 4.0/0.2 ... 20. 

Running dif.out produces results similar to slab waveguide geometry. The 

directional coupler requires an input data file wave.dat instead of slab.dat. 

However. the data should be the same except for NR = 71 and JM = 12. Running 

min.out produces the minimization for the directional coupler. Running wave.out 

calculates the the effective index for symmetric mode (ns = 1.519533) when KS =0 

and for the antisymmetric mode (nas = 1.519237) when KS =1. The coupling length 

for the directional coupler can be calculated using the formula 

Ao 
Lc .,. 2( _ ) = 1.07 mm. 

ns nas 

The diffusion profiles and modal profiles can be plotted by emap.out. 

A-2 
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CARRIER-DENSITY DEPENDENT ABSORPTION COEFFICIENT 
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In this appendix. the equations describing the propagation of a plane wave 

through a medium with a carrier-density-dependent absorption coefficient are derived 

and the method for the numerical solution of the equations for the case of pulse 

propagation is described. 

The wave equation derived from Maxwell's equations is 

A-I 

Assuming E(r.t) = xEo(z.t)exp[i(kz - vt - ¢(z.t)]. k = nov/c. applying the slowly-varying 

amplitude and phase approximation (SV AP). 

aBo 
at «vEo. A-2 

and 

I ~ I «v. I * I « k • 
A-3 

and equating the real and imaginary parts. the wave equation becomes 

aBo no aBo = 0 
az + c at A-4 
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and ~ + no~ .. 0 az c at . A-5 

This same method can be applied to the wave equation in a medium; that is, in the 

case where an induced polarization is driving the field. The wave equation becomes 

A-6 

Assuming P .. EoXE .. Eo(X' + iX")E and applying a modified SV AP yields 

A-7 

and 

QP.. + no ~ ... _!X'En az c at 2 . A-8 

These two equations play a central role in quantum optics: they describe how light 

propagates through a medium and. specifically, the action of the real and imaginary 

parts of the polarization on the electric field. In the present case, we are interested 

in the first of these two equations; namely 

aEn no aEn = !X"R az + c at 2 LJ(). 
A-9 

Defining the absorption coefficient, Ol ... _kX"/2, results in 

aEn no aEn Ol 
-+ --=--En az c at 2 . A-IO 

Rewriting equation A-lOin terms of the intensity, where I(z,t) = IEI2/2. results in 

81 + no aI I az c at = -Ol • A-II 

In order to accommodate an intensity-dependent absorption coefficient, one 

can write an excited-carrier rate equation 



dN N-Nj -----+ dt T 
ad 
hv ' 

ISS 

A-12 

where h is Planck's constant, Nj is the background carrier density and T IS a 

phenomenological relaxation constant. 

The two equations can be rewritten to include a generalized absorption 

coefficient that has a density dependence and a detuning dependence, at ... at(N,~), 

aI + no aI III -a(N~) I az c at ' A-13 

and 

dN N-Nj -=---+ dt T 
A-14 

Equation A-13 describes the propagation of a slowly-varying envelope 

through the medium while equation A-14 describes the time evolution of the the 

carrier density in the medium. These equations can be manipulated through 

successive operations to yield a set of equations suitable for a numerical solution. 

First, rescale the variables t and z such that 

t = Tr and z 0: ~ , A-IS 

where T is the relaxation time and L is the length of the medium and define a 

normalized density 

N-Nj p ... --
N· I 

A-16 

Equations A-13 and A-14 are transformed to 

[a noL a 1 - + - - I = -oc(~,p)LI 
a~ CT ar A-17 

and 

~ :: _p + OC(~.p)T I ar hvN j ' 
A-18 



Equations A-17 and A-18 are transformed by the change of variables 

oc(~.p) .. OCo{A)n~.p) 

I(~.r) - 10 F(~.r) 

and 

into 

[:~ + 'Y :r) F(~.n ... -OCo(A)LnA.p)F(~.n 
and 

£e. [oco(A)r 1 at == -p + hvNj 10 nA.p)F(~.n . 

Equations A-22 and A-23 are transformed by 

and 

into 

and 

O!o(~)L .. A(A). 

I. = hvNj 

I O!o(A)r 

10 
Po CI -I· I 

[:~ + 'Y :t ]F(~.n = -A(~)r(A.p)F(~.n 

~ = -p + ponA.p)F(~.r) . 

Finally. the change of variables. 

f ... ~ and 1] <= t - 'Y~ • 
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A-19 

A-20 

A-21 

A-22 

A-23 

A-24 

A-25 

A-26 

A-27 

A-28 

A-29 
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is made such that. 

A-30 

and 

A-31 

Equations A-27 and A-28 become 

A-32 

and 

A-33 

Equations A-32 and A-33 are uncoupled in terms of the derivatives of spatial 

variable f and the temporal variable fl. This means that a pulse can be stepped 

across the medium by digitizing the pulse. stepping the first point across the medium 

as if it were a plane wave with equation A-32 (the step size can be estimated by the 

requirement that 'Y « I). updating the density at each point in the medium. using 

equation A-33 to let the density evolve for the length of time between points on the 

digitized pulse and then stepping the next point on the pulse through the medium. 

The equations are solved numerically for each spatial or temporal step by using a 

fourth-order Runge-Kutta numerical integration subroutine. The absorption 

coefficient is calculated each time a spatial or temporal step is taken by using the 

relationship 

r(p.~) = e-(P(~)/psatJ • A-34 

where Psat is the normalized saturation intensity for a particular detuning. The 
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transmission of the pulse can be found by evaluating the integrals 

A-35 

and 

A-36 

which turn out to be summations when the equations are solved numerically. and 

then calculating 

A-37 

The transmission. T. is then plotted versus input fluence. 
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