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ABSTRACT 

The properties of all-optical nonlinear waveguide devices are investigated. 

In particular, the nonlinear directional coupler (NLDC) and nonlinear Mach-Zehnder 

interferometer (NLMZ) are analyzed using perturbation theory. The perturbation 

theory provides differential equations that describe the amplitude of the waveguide 

modes as a function of the propagation distance. To be practical, these waveguide 

devices require nonlinear phase shifts of 1T or more. Therefore, the theoretical 

investigation of these devices emphasizes their fabrication in bulk and muItiple

quantum-well (MQW) gallium arsenide (GaAs). For the first time, absorption, carrier 

diffusion, and thermal effects are included in the theoretical investigation of the 

NLMZ and NLDC. The nonlinear dependence of the coupling terms, which has been 

neglected in all previous work, is shown to be significant for semiconductor based 

NLDC's. 

The effects of carrier diffusion on the nonlinear response of a GaAs 

waveguide is demonstrated using a self-consistent numerical method. The effects are 

heavily dependent on the waveguide geometry, and, therefore, should be included in 

the analysis of nonlinear semiconductor waveguide devices. However, if the 

diffusion length is large compared to the mode width, carrier diffusion simplifies the 

investigation since the nonlinear absorption and index change are uniform across the 

mode. This important conclusion is used in the models for the NLMZ and NLDC. 

The theoretical models predict the NLMZ and NLDC should work in bulk 

and MQW GaAs. To demonstrate that the required nonlinear phase shifts for the 

NLMZ and NLDC are indeed possible in bulk and MQW GaAs, the first 

xiv 



xv 

experimental observation of electronic optical bistability in a MQW GaAs strip

loaded waveguide is recounted. This original research illustrated that phase shifts in 

excess of 21T are possible in MQW GaAs waveguides and, therefore, the future of 

all-optical waveguide devices in semiconductors is optimistic. 



CHAPTER 1 

INTRODUCTION 

The subject of this dissertation center:; on the theoretical and experimental 

studies of all-optical nonlinear waveguide devices. The words "all-optical nonlinear" 

signify that the devices considered have an optical output that is not linearly 

proportional to the optical input and the nonlinear mechanisms are optical in origin. 

The term "waveguide" implies that the optical power is confined to a region on the 

order of several wavelengths for propagation distances many wavelengths long. 

Devices with these properties have potential uses in the areas of optical 

communications and computing. 

The all-optical nonlinear waveguide devices emphasized are the nonlinear 

directional coupler (NLDC) and Mach-Zehnder interferometer (NLMZ). The NLDC, 

which transfers optical power from one waveguide to another (Sarid and Sargent 

1982), is potentially useful as an optical switch and logic element. The NLMZ 

interferes the optical power from two different waveguides (Lattes et at. 1983) and 

has potential as an optical logic element. Many of the functions performed by the 

NLDC and NLMZ can be reproduced by conventional optics (lenses, mirrors, etc.) 

and nonlinear Fabry-Perot etalons (Gibbs 1985). However, the use of waveguides 

has possible advantages over conventional optics since the optical nonlinearities 

depend on the local intensity, and a waveguide maintains a high, localized intensity 

over many wavelengths. Conventional optics can easily have a depth of fOCllS of 100 

/lm. Therefore, the waveguide devices should be longer in order to have a 
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significant advantage over other methods. In addition. the waveguide devices are 

conducive to serial communcation applications involving fibers and integrated optics. 

If the devices are fabricated in semiconductors. the waveguide devices allow one to 

include the laser source. decision element and detector on a single substrate and. 

therefore. fabricate optical equivalents of integrated electronic chips. 

Background of All-Optical Nonlinear Waveguide Devices 

The advent of optical fiber communication in the early 1970's revolutionized 

the communications industry. The enormous potential of using optical signals to 

send information caused many reseachers to investigate ways of controlling and 

modulating the optical signals. Similarly. the semiconductor diode laser allowed the 

miniaturization of coherent sources and optical detectors. The desire to control the 

optical signals on this miniature scale led to the field of integrated optics. 

Furthermore. in the early 1980's. a strong interest developed in optical computers and 

gave rise to the investigation of optical logic elements and interconnects for optical 

computing. 

These demands in the areas of integrated optics. optical communications. and 

optical computing encouraged the development of waveguide devices. Among them 

were the linear directional, coupler and Mach-Zehnder interferometer. These linear 

devices have limited value since their outputs are not controllable. As a result. 

directional couplers (Kurazono. Iwasaki. and Kumagi 1972) and Mach-Zehnder 

interferometers (Martin 1975) utilizing surface electrodes were developed. The 

output of these devices is controlled via the electro-optic effect (i.e. the refractive 

index changes when an electric field is put across the electrodes). The demonstrated 

uses of the electro-optic directional coupler includes signal switching (Kogelnik and 
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Schmidt 1976), optical filtering (Alferness and Schmidt 1978), and optical bistable 

switching (Tarucha, Minakata. and Noda 1981). Similarly. for the waveguide Mach

Zehnder interferometer. a high-speed analog-digital convertor (Leon berger. 

Woodward. and Spears 1979) and modulator (Leon berger 1980) have been 

demonstrated. The electro-optic material of choice. for these devices and others. has 

been LiNb03 since it has a high electro-optic coefficient. As a result. the fabrication 

of low-loss waveguide devices is very advanced in this material. Research is 

continuing to perfect electro-optic waveguide devices for many applications. 

The success of the electro-optically controlled waveguide devices and the 

growing interest in the optical nonlinear mechanisms of waveguides resulted in the 

proposal of all-optical NLDC's (Sarid and Sargent 1982. Jensen 1982) and NLMZ's 

(Lattes et al. 1983). A waveguide device that is controlled by the optical power 

carried in the waveguide has the potential for high speed operation and simplicity in 

fabrication. The speed of the device would be limited by the nonlinear response 

time of the material or. if the response is very fast. the transit time across the 

device. However. for practical applications. the nonlinear phase changes across the 

NLDC and NLMZ need to be approximately 7T. These large phase changes reduce 

the number of potential nonlinear materials for fabrication. The majority of 

theoretical designs have assumed that the devices were fabricated in Kerr-law media. 

A Kerr-law medium is non-absorptive and has a non-saturable. nonlinear refractive 

index proportional to the local intensity. Furthermore. since the nonlinearity arises 

from distortions of the electron orbit about the parent atom. the response is 

practically instantaneous but the magnitude of the nonlinearity is low. For example. 

LiNb03 has an optical Kerr coefficient of 10-19 m2 jW and requires large intensities 

and device lengths to get the desired phase shift. The personal experience of the 
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author with LiNb03 NLDC's was that LiNb03 optically damaged long before any 

nonlinear behavior was observed. This is further substantiated by the work of 

Lattes et al. (1983) with NLMZ's fabricated in LiNb03 • In their experiment, the 

peak optical power of 2 W modulated the output pulse by 0.26%. Therefore, this 

material of choice for electro-optic devices is inadequate for nonlinear devices. 

The considerations for obtaining large phase shifts with reasonable power 

levels and device lengths has shifted the emphasis from Kerr-law media to 

semiconductor materials. Semiconductor materials have large, non-thermal, optical 

nonlinearities. However, these large nonlinearities have their costs. Semiconductors 

have resonant oiectronic nonlinearities which require that a finite fraction of the 

optical field be absorbed. Therefore, to obtain larger nonlinearities, more of the 

optical power must be absorbed. These conditions prompt trade-offs between the 

magnitude of the nonlinearity and the device length. The theory for designing 

waveguide devices in semiconductors necessitates a realistic theory for the optical 

nonlinearities which is much more complicated than Kerr nonlinearity models. 

Despite these considerations, the potential uses of the waveguide devices in 

semiconductors is very attractive. 

The bulk of the dissertation describes the design of the NLDC and NLMZ in 

direct-gap semiconductors. Of the potential direct-gap semiconductors, bulk and 

multiple-quantum-well (MQW) gallium arsenide (GaAs) are emphasized since they 

possess large optical nonlinearities, near-infrared band edges for optical 

communications, and electro-optic properties for hybrid devices. In addition, GaAs 

has very good electronic properties for integrating electronic and optical circuitry. 
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Organization of the Dissertation 

The well-established theories of waveguides and direct-gap semiconductors 

are introduced in Chapters 2 and 3. Chapter 2 describes the theory of dielectric 

waveguides. The basic concepts for understanding and designing optical waveguides 

are presented. The chapter includes an introduction to the effective index method 

for designing rib and strip-loaded waveguides which are extensively used in the 

design of bulk and MQW GaAs waveguide devices. Chapter 3 discusses the basic 

nonlinear mechanisms in direct-gap semiconductors and introduces the plasma theory 

(Banyai and Koch 1986). This theory for direct-gap semiconductors has shown good 

agreement with experiment and is used for modelling the nonlinear mechanisms in 

bulk GaAs. In addition. thermal and carrier effects are presented since these 

mechanisms are present and affect the performance of devices fabricated in 

semiconductors. 

Chapter 4 uses the theories of Chapters 2 and 3 to evaluate the effects of 

carrier diffusion in nonlinear bulk GaAs waveguides. The results presented in this 

chapter will aid in the design of nonlinear waveguide devices in semiconductors. 

Perturbation theory is used in Chapter 5 to model the NLDC and NLMZ. The 

general perturbation theory is applied to bulk GaAs NLDC's and NLMZ's by 

introducing absorption terms and using the results of Chapters 2. 3. and 4. 

The theory for the NLDC and NLMZ predicts that the devices will operate 

properly if nonlinear phase shifts of approximately 1T are attainable in the device. 

The plasma theory substantiates that these phase shifts are possible in bulk GaAs. 

Chapter 6 summarizes the experimental results that confirm the phase shifts needed 

for a functional NLDC and NLMZ are attainable in MQW GaAs with reasonable 

power levels. Also. Chapter 6 includes the discussion of an experimental set-up that 
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is used to experimentally evaluate the NLDC. Chapter 7 contains concluding 

remarks and suggestions for future research. 

Two appendices are provided to support the work in the body of the 

dissertation. Appendix A is a summary of the modal properties of channel 

waveguides far from cut-off. These equations were used e}(tensively to model the 

rib and strip-loaded waveguides in bulk and MQW GaAs. Appendix B discusses the 

procedure for fabricating the rib and strip-loaded structures in bulk and MQW 

GaAs and includes the steps for mounting the completed samples for experimental 

evaluation. 



CHAPTER 2 

THEORY OF 

DIELECTRIC OPTICAL WAVEGUIDES 

The study of optical waveguide devices begins with a understanding of the 

modal properties of the dielectric optical waveguide. The material described in this 

chapter is essential for the design and optimization of waveguide devices. and. 

therefore. warrants a review. The introduction to optical waveguides usually begins 

with a geometrical (or ray) optics treatment of slab waveguides to acquaint the 

unfamiliar reader with the interference conditions required to get mode guidance. 

Since the emphasis in this dissertation is on waveguide devices. the modal properties 

of an optical waveguide are derived immediately. Any references to a geometrical 

optics treatment will only occur when further clarification is needed. The 

unfamiliar reader is referred to any number of basic texts on waveguides (see. for 

example, Marcuse 1974) for a full discussion of a geometrical optics treatment. 

In this chapter. Maxwell's equations are introduced and arranged to a 

suitable form for waveguide analysis. This is followed by an introduction to 

waveguides and their general properties. Next, a modal analysis of a slab waveguide 

structure is performed to clarify the concepts presented previously. For conciseness 

and quick reference, the modes of a channel waveguide are presented in Appendix 

A. The approach used to derive the modal properities is similar to that of Marcuse 

(1974) and Marcatili (1969). Since most waveguide structures are not purely slab or 

channel structures, the chapter is concluded with a discussion of the effective index 

7 
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method. This method allows one to reduce a more complicated waveguide structure 

to that of an equivalent channel waveguide structure. This procedure was 

extensively used to design the waveguide structures introduced in later chapters. 

Maxwell's Equations 

Maxwell's equations, which classically describe electromagnetic radiation in 

all media, must be solved to find the conditions for mode guidance in a waveguide 

structure. For most media, Maxwell's equations can be reduced to the 

electromagnetic wave equations which are useful for the analysis of waveguide 

structures. All fields and material parameters presented are functions of x, y, Z, and 

t unless otherwise specified. The general Maxwell's equations for an electromagnetic 

field in matter are given by 

V·D=p, 

v x H == J + aD 
at' 

aB VxE=-at ' 

(2.1) 

(2.2) 

(2.3) 

(2.4) 

where Hand E are the magnetic and electric field vectors, respectively, D is the 

displacement vector, and B is the magnetic induction vector. J and p are the electric 

current density and electric charge density, respectively, and are considered sources 
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of the electromagnetic radiation. For all situations relevant to this dissertation. the 

propagation of electromagnetic radiation is in structures far from the sources and. 

thus, .J and p are zero. 

In addition to Maxwell's equations. the material equations are needed to 

relate the field vectors to the charge and current distributions in the media. By 

defining P and M as the electric and magnetic polarizations of the media. 

respectively. the relations can be written as 

D :::: EoE + P • (2.5) 

B = JLoH + M • (2.6) 

where Eo and JLo are the permittivity and permeability of vacuum. respectively. If 

the material is isotropic and magnetization effects are small. then P :::: EoXE and M = 

O. Here. X is the scaler electronic susceptibility of the media and is related to the 

index of refraction by the equation n2(x,y.z) :::: 1 + X(x.y.z). Substitution of Eqs. (2.5) 

and (2.6) into Eqs. (2.1)-(2.4). and assuming an optically istropic media with 

negligible magnetization. yields 

(2.7) 

(2.8) 

(2.9) 



8H 
V x E == - J.Lo at . 
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(2.10) 

Taking the curl of Eq. (2.10) and using the vector identity Vx(VxA) == -V2A + 

V(V-A) along with Eqs. (2.7) and (2.8) gives 

(2.11) 

Similarly, one obtains 

(2.12) 

These are second-order differential equations that describe the electric and 

magnetic field vectors for an isotropic medium with no magnetization. Eqs. (2.11) 

and (2.12) (called electromagnetic wave equations) are used in the analysis of 

dielectric optical waveguides. 

The following is a summary of other important relationships needed in the 

waveguide analysis. For clarity, these relationships will only be recounted and not 

derived. The reader is referred to Yariv and Yeh (1984) for the technical aspects of 

deriving these relationships. 

Boundary Conditions 

The wave equations can be solved in regions of media where n2 is 

continuous. However, waveguide structures often require that n2 changes 



11 

discontinuously across one or more interfaces. If this is the case. the field vectors on 

one side of the interface are related to the field vectors on the other side of interface 

by boundary conditions. When the surface charge density and the sur:ace current 

density are negligible. the boundary conditions across the interface separating media 

1 and 2 can be written as 

(2.13) 

(2.14) 

(2.15) 

(2.16) 

where the subscript n refers to the normal component to the interface. and the 

subscript t refers to the tangential component to the interface. Simply stated. the 

tangential components of E and H and the normal components of D and Bare 

continuous across the interface separating media I and 2. 

Poynting Vector 

It is often necessary to calculate the total power carried by a mode in a 

waveguide. The Poynting vector represents the magnitude and direction of the 

energy flow in an electromagnetic field and has units of power per unit area. The 

Poynting vector. S. is 
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Sc:ExH. (2.17) 

For most cases of interest, steady-state sinusoidal time-varying fields are assumed. 

Therefore, the electric and magnetic fields are represented by complex exponentials 

of the form exp[iwt]. Consequently, the time averaged Poynting vector can be 

expressed as 

S c:! Re[E x H*] (2.18) 

The integration of the Poynting vector over all space gives the total power in the 

electromagnetic field. 

Introduction to Waveguides 

Using the wave equations (2.11) and (2.12), it is now possible to discuss 

waveguides and their modal properties. Before continuing, it is important to 

elucidate what is meant by the words mode and waveguide. 

Definition of a Mode 

For a dielectric structure to be considered a waveguide of electromagnetic 

radiation, it is necessary that the flow of energy be along the guiding structure and 

not perpendicular to it. This means that the field must decay to zero in a direction 

transverse to the propagation direction, and that the field is large only in the vicinity 

of the waveguide structure. A guided mode is supported by a structure when the 

divergence of the electromagnetic radiation due to diffraction is cancelled exactly by 

the guiding properties of the structure (Yariv and Yeh 1984). These conditions 
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require that the mode's phase fronts have a constant phase velocity and, therefore, 

the index of refraction profile be homogeneous along the propagation direction. 

Otherwise, the transverse field profile would change and radiate away from the 

waveguide structure. 

General Characteristics of Dielectric Waveguides 

The characteristics of the dielectric structure needed for mode guidance can 

be found by assuming that the index of refraction profile, n, is homogenous along the 

propagation direction, Z, and the phase velocity is constant. Therefore, the solutions 

to the wave equations can be written as 

E(x,y,z,t) = E (x, y) exp[i(wt - f3koz)] , (2.19) 

H(x,y,z,t) = H (x, y) exp[i(wt - f3koz)] , (2.20) 

where f3ko is the longitudinal propagation constant (which gives a constant phase 

velocity, v p => w/f3ko), w is the angular frequency of the electromagnetic field, and ko 

= w/c = 2rr/>..0. Here, >"0 and c are the wavelength and the speed of light in vacuum, 

respectively. Substitution of Eqs. (2.19) and (2.20) into the wave equations (2.11) and 

(2.12) gives 

(2.21) 

(2.22) 
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where '1/ = '12 - 82/8z2, and c2 
c:: l/Iloto. Equations (2.21) and (2.22) (called 

transverse wave equations) apply in each of the media making up the dielectric 

structure. 

To have a guided mode, it is required that the transverse field amplitudes of 

the guided modes must decay to zero at infinity. Therefore, the solutions to Eqs. 

(2.21) and (2.22) must decay exponentially outside the guiding region. This can only 

occur if (3 and the indices of refraction far from the core (Yariv and Yeh 1984) 

satisfy the following condition 

(3 > n(x ... oo,y ... 00) . (2.23) 

Similarly, the necessity that a peak occur somewhere in the transverse plane requires 

n(x,y) > (3 • (2.24) 

When this condition is satisfied, the solutions of Eqs. (2.21) and (2.22) are oscillatory. 

In the region where condition (2.24) is fulfilled, a direct comparison of conditions 

(2.23) and (2.24) leads to the conclusion 

n(x,y) > n(x ... oo,y ... 00) . (2.25) 

Therefore, the index of refraction of the guiding medium must be higher than that of 

the bounding indices of refraction. Requiring the tangential components of the fields 

be continuous at all points on the interface gives the eigenvalue relation for 

calculating the discrete values of (3. These two modal conditions are equivalent to 
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the geometrical conditions: 1) the ray representing the electromagnetic field must 

suffer total internal reflection at each interface, and 2) that all points on the same 

phase front of a ray must be in phase (Marcuse 1974). 

Orthogonality of Modes 

Another property of modes that is useful in the analysis of waveguide 

devices is their inherent orthogonality. Again, for clarity, the relation of interest is 

recounted without derivation and the reader is referred to Yariv and Yeh (1984) for 

an in-depth discussion. The orthognality of modes requires that the following 

expression be satisfied 

(2.26) 

where 0lm is the Kronecker delta, and Pm is the total power carried by the mode. 

The relation basically states that the power flow in a lossless dielectric waveguide is 

the sum of the powers carried by each mode individually. 

Dielectric Slab Waveguide 

The dielectric slab waveguide is the easiest of all waveguide structures to 

evaluate. The modal properties are readily derived and depicted by straightforward 

equations. Therefore, the analysis of the slab waveguide is a good way to 

familiarize the reader with the methods of deriving the modal properties of a 

waveguide. 
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The slab waveguide structure and coordinate system used in the derivation 

are shown in Figure 2.1. The structure consists of three materials of different 

indices of refraction. The core region has a thickness. d. and index of refraction. n t • 

The substrate and cover regions are assumed to be semi-infinite in extent and have 

indices of refraction of n2 and n3• respectively. The index of refraction profile. 

n(x,y). is summarized by 

x> 0 
o > x > -d • 
x < -d 

(2.27) 

where n l > n2 ~ n3. It can be seen in Figure 2.1 that the geometry of this dielectric 

structure allows confinement of the optical field along one dimension (in this case. 

the x direction) and. thus. is referred to as a slab waveguide. If n2 = n3 then the 

slab waveguide is considered symmetric. otherwise it is an assymmetric slab 

waveguide. The general solutions for the assymmetric slab waveguide apply to the 

symmetric waveguide and. therefore. will be presented. 

Before solving the transverse wave equations (2.21) and (2.22). it is helpful to 

write the electric and magnetic field amplitudes as 

(2.28) 

H (x. y) = iH x(x. y) + 1H y(x. y) + kH z(x. y) , (2.29) 

where i. 1. k. are the unit vectors along x, y, and z. respectively. For simplicity and 

without loss of generality, a common practice is to consider two orthogonal 
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Figure 2.1 Slab waveguide structure and coordinate system. 
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polarizations, referred to as transverse electric (TE) and transverse magnetic (TM), 

when evaluating slab waveguide structures. The modes are TE (TM) when there is 

no electric (magnetic) field along the propagation direction,. z. With these 

considerations in mind, the transverse wave equations (2.21) and (2.22) can be solved 

independently for the TE and TM modes, respectively. 

Slab Waveguide: TE Modes 

For the given waveguide geometry, the TE modes have three non-zero field 

components, E))' Hx' and Hz. The partial derivatives of the field components with 

respect to yare zero since the slab structure is uniform along that dimension. 

Therefore, the transverse wave equation (2.21) can be written as 

(2.30) 

where the subscript i :::: 1, 2, or 3. Analogous relations can be derived for the 

magnetic field components using Eq. (2.22), but if one substitutes the fields (2.19) and 

(2.20) along with Eqs. (2.28) and (2.29) into Eqs. (2.8) and (2.9), it can be shown that 

{3ko H =--E x Wilo y' 

i aEy 
H =---

z Wilo ax . 

(2.31) 

(2.32) 
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Therefore. if E y is determined from Eq. (2.30). the remaining field components for 

the TE modes can be found from Eqs. (2.31) and (2.32). By requiring Ey vanish at x 

::: ± 00 and it be continuous at x ::: 0 and x ::: -d. the solution to Eq. (2.30) for each 

of the three regions takes the form 

A exp(-'Y3kOx) 
A COS(KkoX) + B sin(ICkox) 
[A cos(ICkod) - B sin(Kkod)] exp['Y2kO(X + d)] 

x;;::o. 
o ;;:: x ;;:: -d • 
x ~ -d. 

(2.33) 
(2.34) 
(2.35) 

transverse propagation constant. and 'Y2kO and 'Y3ko are called the decay constants. 

Equations (2.33). (2.34) and (2.35) reveal that the field components are oscillatory in 

the core region and become evanescent in the substrate and cover regions. 

The boundary conditions also require that Hz be continuous across the 

interfaces. This is equivalent to requiring that 8E y/8x be continuous (see Eq. (2.32». 

Therefore. by taking the partial derivative of Eqs. (2.33). (2.34) and (2.35) with 

respect to x and requiring continuity at x ::: 0 and x ::: -d. one can derive the 

following relations 

B = - 'Y3 A . (2.36) 
/(. 

If A is known the value for B can be determined. The amplitude A can be 

calculated from the total power per unit length (along y) in the mode. Recall that 
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the Poynting vector (Eq. (2.18» gives the total power in the field when integrated 

over all space and. therefore. by integrating Eq. (2.18) along the transverse 

dimension. x. and using Eqs. (2.31)-(2.35). one gets the total power per unit length in 

the mode. 

Equation (2.37) is the eigenvalue relation for TE modes in a slab waveguide. 

The general characteristics of this type of eigenvalue relation are stated without 

proof. The reader is referred to Marcuse (1974) if a thorough discussion is desired. 

Since the tangent function is multi-valued. Eq. (2.37) can have discrete. mUltiple 

solutions for" and. therefore. {3. Each solution of Eq. (2.37) gives one TE mode of 

the slab waveguide. Also. the total number of solutions equals the number of TE 

modes the slab waveguide can support. The lowest order solution is called the zero

order (fundamental) TE mode. the next order solution is called the first-order TE 

mode. etc. until no other solutions can be found. It is possible. with very narrow 

cores or sufficiently small refractive index differences. that no solution to Eq. (2.37) 

can be found. and. thus. no guided TE modes can exist. However. if n2 = n3• the 

waveguide structure becomes symmetric and will always support at least one guided 

mode. 

A mode is said to be cut-off when the appropriate choice of the waveguide 

parameters causes either or both of the decay constants of that mode to become zero 

(mode extends to infinity) or imaginary (evanescent field becomes a radiation field). 

Recalling that it was assumed n2 ~ n3• the decay constant 'Y2kO will become zero 

before the decay constant 'Y3kO in an asymmetric slab waveguide. Therefore. as long 

as {3 for a particular mode is greater than the substrate index or. in general. is larger 

than the largest bounding media index. that mode will be supported by the 

waveguide structure. With these considerations. it is possible to design a slab 
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waveguide structure where only the fundamental mode is supported and all higher-

order modes are cut-off. To simplify the analysis and maximize the efficiency of 

waveguide devices. it is often desirable that the waveguide structures comprising 

them (slab or otherwise) be single-mode. The device structures evaluated in this 

dissertation are constructed from single-mode waveguides. 

Slab Waveguide: TM Modes 

The TM mode analysis of the structure in Figure 2.1 resembles the TE mode 

analysis. However. for completeness. the TM modal analysis will be summarized. 

The TM modes also have three nonzero field components. HY' Ex. and Ez. 

As for the TE case, a reduced transverse wave equation can be written for the field 

component H y' and is given by 

(2.38) 

where. as before. i ::: 1. 2. or 3. Using a procedure similar to that used on the TE 

modes. it can be shown that the remaining field components are related to H y via the 

expressions 

(2.39) 

. aH E = __ I_.::..:..:..l. 
z n2w€o ax . (2.40) 
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Therefore, by requiring Hy vanish at x = ± 00 and it be continuous across the 

interfaces at x :::I 0 and x == -d, the solutions to Eq. (2.37) become 

C exp(-'Y3kOx) 
C cos("kox) + D sin("kox) 
[C cos("kod) - D sin("kod)] exp[-Y2kO(X + d)] 

x> 0, 
O>x>-d, 
x < -d , 

(2.41) 
(2.42) 
(2.43) 

where" = (n1
2 - (32)1/2, 'Y2 = ({32 - n22)1/2, 'Y3 = ({32 - n32)1/2. Unlike Ey in the TE case, 

H y must change sign if the propagation direction is reversed (z .. -z). For the TM 

modes, the field components are also oscillatory in the core region and become 

evanescent in the bounding media. Similarly, if Ez (and, therefore, aHy/ax) is made 

continuous across the interfaces, the following relations for TM modes can be 

derived 

(2.44) 

(2.45) 

Comparing Eqs. (2.36) and (2.37) with (2.43) and (2.45), indicates the TM relations 

are easily derived from the TE relations through the substitutions 'Y2 -+ n12/n22 'Y2 and 

This is true in general for slab structures and is applied in later 

sections of this chapter when the effective index method is discussed. 
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Effective Index Method 

The slab waveguide is a useful waveguide structure in theory. but not 

always in practice. Since the light is confined only in one dimension. diffraction 

spreads the beam along the other dimension and decreases the usefulness of the 

waveguide. Ideally. confinement in both dimensions is desired. The channel 

waveguide structure presented in Appendix A provides confinement in both 

dimensions. but is also useful only as a theoretical construct. Feasible waveguide 

structures are often complicated and. therefore hard to analyze theoretically. In 

order to effectively design or model the modal properties of practical waveguides. 

these more complicated structures are often theoretically reduced to equivalent slab 

or channel structures. 

The method used to reduce a particular waveguide to a simpler structure is 

contingent on the fabrication techniques employed to make the waveguide. In this 

dissertation. the interest lies in designing and fabricating all-optical waveguide 

devices in semiconductor materials. Figures 2.2a and 2.2b illustrate two common 

waveguide structures fabricated in semiconductors: a) the rib waveguide and b) the 

strip-loaded or ridge waveguide. Appendix B gives a summary of how these 

structures are fabricated in bulk and MQW GaAs. Since the cross-sectional shape 

for both these structures is predominantly rectangular. the channel waveguide 

structure discussed in Appendix A and depicted in Figure 2.2c is ideal as the 

simplified. equ.ivalent structure. 

In the rib and strip-loaded waveguides. the confinement along x (vertical 

dimension) is due to the different materials comprising the structure. However. 

along y (horizontal dimension). the confinement is due to an effective index 

difference which arises from the different slab structures along x near the core 
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Figure 2.2 Common waveguide structures fabricated in semiconductors. 

a) rib waveguide b) strip-loaded waveguide c) equivalent channel waveguide. The 
ovals indicate where the waveguiding occurs in the structure. 
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region and away from the core region. For example. the rib waveguide (see Figure 

2.2a) is thicker in the core and. therefore. the core will have different propagation 

properties than the surrounding regions. The difference in longitudinal propagation 

constants between the core and the cladding is defined as the effective index 

difference that provides the horizontal confinement. If one assumes the slab 

structure in the core and surrounding regions is semi-infinite in extent along y. the 

effective propagation constants, "ko and J3ko. in each region can be found using the 

eigenvalue relations derived for the slab waveguide. The effective index difference 

and the waveguide width are used to generate an effective slab waveguide along y 

(semi-infinite in extent along x) whose modal properties correspond to the horizontal 

modes of the original waveguide. For the rib and strip-loaded waveguides. the 

effective slab waveguide is symmetric and. therefore. will support at least one mode 

along the y dimension. Figure 2.3 is a schematic summary of this procedure which 

is commonly referred to as the effective index method (Kogelnik 1985). 

For waveguide devices. the complete modal properties of a two-dimensional 

structure is needed. Therefore. one must take the information which the effective 

index method provides and construct an equivalent channel waveguide whose modal 

properties are comparable to the original waveguide. In Appendix A. it is shown 

that if the transverse propagation constants. '<:xko and ICyko. of the channel waveguide 

are known. all other parameters (namely f3. and the decay constants) can be 

calculated. Fortunately. "x and "yare provided by the effective index method and. 

thus. with the appropriate choice of the waveguide width and height (see Figures 

2.2a. b. and c). an equivalent channel waveguide of the actual structure can be 

constructed. 
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The Rib Waveguide 

As mentioned before. Figure 2.3 illustrates the effective index method 

applied to the rib waveguide. The procedure requires that " and {3 in the core 

region and the cladding region be determined. Assuming the input polarization is 

predominantly horizontal (E~q modes for a channel waveguide). the modes of the 

core and cladding slab are TE. and the effective slab waveguide modes are TM. 

For simplicity. ray notation for the eigenvalue equations is used. Suffice it 

to say. that these relations are equivalent to the ones derived using modal analysis. 

Since the final goal is to find an equivalent channel waveguide. the notation and 

conventions of Appendix A are used. 

Region I. The ray notation requires that the phase of any point on a given 

phase front must be some multiple of 21T (Marcuse 1974) regardless of the number of 

bounces. Therefore. the eigenvalue relation in this region is 

(2.46) 

introduced when the field experiences total internal reflection at the respective 

interfaces. The medium above the core is usually air (n3 '" I). Using the facts. 13/ = 

(n1
2 - I - "x/ )1/2 and 12/ '" (n1

2 
- nz2 

- "x/ )1/2, the eigenvalue relation (2.46) can be 

solved for "xl' This leads to 

(2.47) 
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Region II. The slab thickness of this region is reduced by the rib depth. t. 

but in every other respect is identical to Region I. Therefore. the appropriate 

relations for Region II can be derived from Eqs. (2.46) and (2.47) by making the 

transformations: d .. d - t and I .. II. Once (31/ is found for the same order mode as 

that of (3/. the effective index difference for the mode along y is defined as 

A.nell = (3/ - (31/ • (2.48) 

For a vertical input polarization (E~q modes). the modes for the core and 

cladding slab are TM. and the effective slab waveguide modes are TE. 

Region I. Again. Region I equations for the predominantly horizontal 

polarization (E~q modes) are used to derive the relevant equations for the E~q 

modes. The eigenvalue relation for the E~q modes is derived by replacing "'tj/ with 

(nj//nl/)2 "'tj/ in Eq. (2.46) (where j ::: 2.3). Solving this eigenvalue relation and using 

Eq. (2.47). the value for (3/ can be found. 

Region II. Similarly. t~e eigenvalue relation is derived from the relation for 

Region I by substituting d with d - t and I with II. As before. (31/ is determined 

and the effective index is derived from Eq. (2.48). 

The Strip-Loaded Waveguide 

The analysis for the strip-loaded waveguide is summarized in Figure 2.4. 

The approach is identical to the rib waveguide analysis. except for one major 

difference: the slab waveguide structures in Regions I and II are four-layered 

rather than three. The TE eigenvalue relation for a four-layered slab waveguide is 

given. by (Ramaswamy 1974) 
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Ickod := ¢30 + ¢2 + m7T. m:: O. I. 2 ...... . (2.49) 

where ¢2 == tan-1{-Y2/"} and is the phase introduced when the field experiences total 

internal reflection at the substrate interface. ¢30 is the net phase introduced when 

the field suffers total internal reflection at the two interfaces in the cover media and 

can be calculated from (Ramaswamy 1974) 

(2.50) 

where r :: b'3 - "(0)/("(3 + "(0) and t is the thickness of the cover medium represented 

by n3• Here. 'Yo :: (n1
2 - n0

2 - ,,2)1/2. where no is usually the refractive index of air. 

The strip-loaded waveguide analysis can be performed by replacing ¢3 in the rib 

waveguide analysis with ¢30 and noting that the cover thickness. t. is changed in the 

two regions and not the core thickness. d. Therefore. the effective index difference 

can be found and used to generate an effective slab waveguide along y for E~q and 

E~q modes. 

The information provided by the effective index method can now be used to 

get the equivalent channel waveguide. The Region I slab parameters give the 

equivalent channel waveguide values along the x dimension. The effective slab 

waveguide. derived from the effective index method. gives the appropriate channel 

waveguide parameters along the y dimension. It should be noted that the effective 

index method is approximate and gives the best results when the rib or strip width 

is large compared to the optical wavelength in the core media and the mode is far 

from cut-off. 
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The overview of dielectric waveguides and the effective index method gives 

the reader the necessary tools to evaluate and design the waveguide structures 

encountered in later chapters. As with all tools. some limitations apply. and care 

should be taken when using the concepts introduced in this chapter and Appendix A 

to design waveguides in semiconductor materials. It is well known that 

semiconductor materials absorb electromagnetic radiation and. therefore. attenuate the 

optical signal as it propagates through the material. The absorptive nature of the 

semiconductors is often modelled by complex indices of refraction. If the indices of 

refraction of a waveguide are complex. the propagation constants and decay constants 

become complex. and. thus. the field components in the core and bounding media are 

no longer purely oscillatory or evanescent. If the absorption is large enough. 

electromagnetic radition will propagate away from the core which violates the basic 

tenet (see Definition Of A Mode in this chapter) used to define an optical waveguide. 

In order to avoid this problem. the wavelength of light is chosen to make the 

absorption low over a distance of several wavelengths and. thus. cause the field to be 

predominantly evanescent in the bounding media. Therefore. for reasonable low 

levels of loss. the solutions presented in this chapter will still be valid (Marcuse 

1974). In Chapter 4. this question is re-addressed when the diffusion of charge 

carriers in an optical waveguide is investigated. 



CHAPTER 3 

THEORY OF OPTICAL NONLINEARITIES 

IN BULK SEMICONDUCTORS 

In Chapter 1, it was argued that semiconductor materials have large, non

thermal, optical nonlinearities and, therefore, may be useful for all-optical nonlinear 

waveguide devices. However, the resonant nonlinearities of semiconductors require 

that one must work in the spectral vicinity of the absorption band-edge where the 

absorption is relatively large compared to non-resonant nonlinearities. When 

designing nonlinear waveguide devices in semiconductors, these conditions prompt 

trade-offs between the size of the optical nonlinearity and the length of the device. 

Consequently, an accurate model of the nonlinear absorption and index spectrum in 

semiconductors is critical for optimized designs. 

This chapter begins with an introduction to direct-gap semiconductors to 

clarify concepts used in the plasma theory. Following the introduction, the plasma 

theory of highly-excited, direct-gap, bulk semiconductors as developed by Banyai and 

Koch (1986) is reviewed. This partly phenomenological theory gives a closed 

expression for the density- and temperature-dependent absorption spectrum. Recent 

experiments in bulk GaAs (Lee et al. 1986), CdSxSe1_x doped glasses (Olbright et al. 

1987) and bulk CdS (Wegener et al. 1986), have shown good agreement with the 

theoretical predictions of this theory. The plasma theory is used to model the 

waveguide devices discussed in later chapters. This is the first time the plasma 

theory has been applied to optical waveguides. Since the major source of the optical 

32 
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nonlinearities in semiconductors is the interaction of optically-excited electron-hole 

pairs, a discussion of carrier diffusion in semiconductors is included in this chapter. 

This is followed by a discussion of optically generated thermal effects in 

semiconductors and the thermal diffusion equation. Carrier and thermal diffusion 

are included in the analysis of waveguides and waveguide devices presented in 

Chapters 4 and 5. Limitations of the experimental apparatus often required that 

waveguide devices be fabricated in multiple-quantum-well (MQW) GaAs. 

Therefore, the chapter is concluded with a discussion of MQW semiconductors and 

how they differ from bulk GaAs. 

Introduction to Direct-Gap Semiconductors 

Before the plasma theory equations are introduced, it is essential that the 

reader be familiar with the terms used in conjunction with the plasma theory. 

Therefore, a brief discussion of the linear and nonlinear mechanisms in direct-gap 

bulk semiconductors is warranted. 

Band Filling in Semiconductors 

The band filling mechanism is due to the filling of the conduction band with 

electrons and the valence band with holes as is iJlustrated, using a simple parabolic 

band model, in Figure 3.1. Photons absorbed in a semiconductor excite electrons 

from the valence band to the conduction band and leaves holes in the valence band. 

If the photon energy is larger than the bandgap of the semiconductor, the electrons 

release excess energy by interacting with the lattice (carrier-phonon scattering) and 

other carriers (carrier-carrier scattering). These scattering processes achieve a quasi

equilibrium state in a femtosecond time scale. Therefore. for the quasi-cw 

(continuous wave) excitation considered in this dissertation. the assumption that the 
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Band 

Band 

Figure 3.1 Simplified schematic of the band structure in semiconductors. 

The shaded regions indicate states occupied by electrons and. as the conduction band 
fills with electrons. higher energy photons (tiw) are required to excite the electrons to 
the unoccupied states of the band. 
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carriers are in a quasi-equilibrium state is valid. The excited electrons occupy the 

lowest available states in the conduction band and. as the band is filled. larger 

photon energies are required to excite the electrons from the valance band to the 

conduction band. This may introduce a decrease in absorption at the excitation 

wavelength. If the photon energy is below the bandgap. similar behavior results. but 

an additional interaction with a phonon is required to excite the carriers to the 

conduction band. For excitation wavelengths below the bandgap. the photon-phonon

carrier interaction gives rise to the exponential tail in the absorption spectra (Urbach 

tail). 

Coulomb Interactions in Semiconductors 

If one neglects the Coulomb interaction of the charge carriers. the band-edge 

in direct-gap semiconductors is parabolic. As depicted in Figure 3.2. the optical 

absorption spectra has the well-known square-root dependence on photon energy. 

However. the Coulomb interactions are significant in semiconductors and. therefore. 

should not be neglected. The carrier-density-dependence of the Coulomb interactions 

leads to bandgap renormalization. exciton saturation. and the reduction of the 

enhancement of the continuum states. 

. Bandgap Renormalization. The bandgap renormalization is due to the 

Coulomb interaction of excited carriers with the crystal lattice and is schematically 

represented in Figure 3.2. The excited carriers perturb the crystal potential and 

result in a reduction of the bandgap. Consequently. with increasing carrier density. 

the absorption band-edge shifts to longer wavelengths (lower energies) and may 

increase the absorption at the excitation wavelength. 



36 

Ol 

/ 

<I I\C) j :f> / 
~1/2 

I I \ / 

I \/ 
I I I \ 

"-
0 EO Eg-ER E 9 

Figure 3.2 Nonlinear optical absorption spectra of a direct-gap semiconductor. 

a) band filling shifts band-edge to higher energies b) bandgap renormalization shifts 
band-edge to lower energies c) plasma screening broadens and saturates excitons d) 
reduction of the Coulomb enhanced states. 
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Exciton Screening. An exciton is created when an electron and hole remain 

bound to each other after excitation. The exciton energy levels are described by the 

hydrogen atom model. The R ::: I exciton (drawn in Figure 3.2) is the dominant 

exciton contribution to the below bandgap absorption spectrum. The Rydberg 

(binding) energy of the R '" I exciton is given by 

(3.1) 

is the Bohr radius of the exciton. Here. no is the static index of refraction of the 

crystal. The excited unbound carriers screen the Coulomb interaction of the bound 

electron and hole (exciton) and cause the Bohr radius and the exciton linewidth to 

increase. This results in a decrease in the binding energy of the exciton. As the 

number of carriers are increased. plasma screening decreases the contribution of the 

excitons to the absorption spectrum (exciton saturation) and a decrease in absorption 

may be observed at the excitation wavelength. 

Reduction in the Enhanced Continuum States. The carrier-carrier Coulomb 

interaction destroys the parabolicity of the band-edge. As illustrated in Figure 3.2. 

the absorption increases at the band-edge and is squared off. This enhancement of 

the continuum states is decreased when the carrier density is increased. A 

corresponding decrease of the absorption is observed in the vicinity of the band-

edge. 
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Kramers-Kronig Relation 

The all-optical waveguide devices presented in this dissertation depend on 

changes in the index of refraction of the semiconductor. So far. it has been 

demonstrated that nonlinear optical properties of semiconductors change the 

absorption spectrum and no mention of the index of refraction was made. However. 

for periodic crystal structures where the electron-hole plasma is in a quasi-

equilibrium state. a Kramers-Kronig relation (Kittel 1976) can be derived that relates 

the corresponding index of refraction at a given photon energy to the absorption 

spectrum. Since the change in the index of refraction is of primary importance to 

waveguide devices. one can exploit the linear properties of the Kramers-Kronig 

relation and write 

~n(E) = IIc pJ 00 ~OI(E') dE' 
rr E'2 - E2 • 

-00 

(3.2) 

where ~n(E) is the change in index at the photon energy E = IIw. ~OI(E') is the 

change in absorption spectrum due to the electron-hole plasma. and P stands for the 

principal part of the integral (i.e. neglect contributions to the integral in the vicinity 

of the poles where E' = E). A close examination of Eq. (3.2) indicates that the 

excitation wavelength can still experience index changes even if the absorption does 

not change at that frequency. However. the amount of index change rolls off as IfE2 

and one may not benefit by detuning too far away from any absorption changes. It 

is important to note that .!lOl(E') usually is zero outside some photon energy range 

and. thus. it is often not necessary to integrate from -00 to +00. 
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Plasma Theory of Bulk Semiconductors 

As stated before. optical nonlinearties in the vicinity of the band-edge are 

due to the interaction of optically excited electron-hole pairs. Until recently. an 

accurate theoretical treatment of the photo-generated electron-hole pairs required a 

quantum-mechanical many-body Green's function treatment (Haug and Schmitt-Rink 

1984) which involves many integral equations that must be numerically integrated. 

Banyai and Koch (1986) were able to greatly simplify the analysis by using a 

phenomenological approach to the linear response theory of bulk semiconductors with 

carrier-density-dependent material parameters. In these models. the electron-hole 

plasma is assumed to be in a quasi-equilibrium state. The equations relevant to the 

plasma theory are recited without proof and the reader is referred to Banyai and 

Koch (1986) for a more detailed analysis. The plasma theory uses band filling and 

plasma screening of the Coulomb interaction of the electron-hole pairs to describe the 

nonlinear behavior of bulk semiconductors. 

The carrier-density-dependent absorption in a semiconductor can be written 

as a generalized Elliott formula 

O!(w.N) = o!o A(w.N) L I¢A (r=OW 0r(tlW - EA) • 

X 

(3.3) 

where o!o = 8rr2p2cvw/noc and A(w.N) "" tanh{[hw - Il(N)]/2kB T} is the band filling 

factor. Here. Il(N) ::: lle(N) + 1l,,(N) is the sum of the quasi-chemical potentials of the 

electrons and holes. respectively. 0r(y) is the broadened lineshape function. N is the 
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carrier density. P cv is the interband matrix element. kB is the Boltzmann constant. 

and T is the temperature in Kelvin. The wave function. ¢,. (r). describes the relative 

motion of an electron-hole pair and is required to satisfy the modified Wannier 

equation 

f 
n2 2 1 - 2m V - V(r) - E,. J ¢,. (r) => 0 • (3.4) 

where E,. is the energy eigenvalue. V(r) = e2exp[ -IGr ]/no 2r is the screened Yukawa 

potential. and /G is the carrier-density-dependent inverse screening length. Equation 

(3.4) can not be solved analytically for the Yukawa potential. An approximate 

analytic solution can be found if the Yukawa potential is replaced by the Hulthen 

potential of the form 

(3.5) 

where g = 12/1T2aoIG was chosen to make the maximum number of the bound states 

for the Yukawa and Hulthen potentials agree. To agree with experimental results. it 

is required that the exciton ground state energy remain constant. This leads to the 

bandgap renormalization given by 

DoE = - - - 2 ER f I } 
g g g for g ~ 1 . (3.6) 
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When g S;; I. the bound states (excitons) are completely saturated and no longer 

contribute to the absorption spectrum. The Mott density is defined as the density 

for which the bound states disappear and corresponds to g ::: I. For densities greater 

than the Mott density. a phenomenological equation gives the bandgap 

renormalization as 

ER 
~E ::: - - for g < I . 

g g (3.7) 

Substituting Eq. (3.5) for V(r) in Eq. (3.4). solving for ¢A (r). and. finally. 

substituting the result into Eq. (3.3) leads to 

a(w.N) ::: ao A(w.N) [B(w.N) + C(w.N)] • (3.8) 

where B(w.N) and C(w.N) represent the contributions of the carrier-density-dependent 

bound and continuum states. respectively. Recall that A(w.N) is the band filling 

factor and. as the name implies. contains the carrier-density-dependent band filling. 

The B(w.N) term contains the saturation of the excitonic states (£ ::: 1.2.3.····) as a 

function of carrier density. The higher order excitons (£ == 2.3.4.····) saturate at much 

lower density values than the £ ::: I exciton. By summing over the bound states t the 

bound states can be written as 



00 

x n2 (n2£2 _ (g _ £2)2) 
(n2 _ £2) (n2£2 _ g2) . 
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(3.9) 

Here. Eg :: EgO + ~Eg is the renormalized bandgap and is included in both the bound 

and continuum states. The C(w.N) term contains the reduction in the Coulomb 

enhancement as a function of carrier density. For the continuum states. C(w.N) is 

given by 

where x is the detuning from the band-edge scaled to Rydberg energies. 

The broadened lineshape function. 0r(y). is phenomenologically chosen to 

serve the dual purpose of adequately modelling the exciton lineshape for the bound 

states and the exponential Urbach tail for the continuum states. Banyai and Koch 

(1986) expressed the lineshape function by 

(3.11) 

where r is the lineshape width. The linshape width is inversely related to the 
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lifetime of the exciton which ionizes in picoseconds (via interactions with other 

excitons. free carriers. and the lattice) to free carriers. For most semiconductors of 

interest. the lineshape width is carrier-density-dependent and is written as f::: f 0 + 

fIN (Lee et al. 1986) where fo and fl are empirically determined. 

To complete the discussion of the plasma theory. one must relate the inverse 

screening length. K.. and the quasi-chemical potentials. /La. (ot = e.h) to the respective 

carrier densities. Na.. The inverse screening length. K.. is determined by 

(3.12) 

with T = kB TIER' J1a. ::: (JLa.(Na.) - Eg12)/kB T. f(y) ::: {exp[y] + l}-l and. again. x is the 

detuning in Rydberg units from the band-edge. The quasi-chemical potential. /La.. 

assuming an ideal Fermi gas is related to the carrier density. Na.. by the relation 

(3.13) 

To simplify the analysis. it is often assumed that Ne = NIz = N. 

Despite the phenomenological approach. the closed-form solutions of the 

plasma theory agree well with the Green's function approach of Haug and Schmilt-

Rink (1985). A personal computer (PC) Basic program was written and used to 

generate the absorption spectra and the corresponding change in index spectra 

(through Eq. (3.2» of bulk semiconductors for a given carrier density, N. The 
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calculation of the infinite products in Eqs. (3.9) and (3.10) and the integration of Eqs. 

(3.12) and (3.13) can be time consuming on a Pc. The calculation of the infinite 

products were greatly simplified by taking their logarithm and reducing them to 

infinite sums (Sarid 1986). The infinite sums are then evaluated for 200 terms and 

the remainder of the sum is approximated by an integral over the summation index 

n. This drastically reduced the time required to generate the spectra. Figure 3.3a is 

the laser-excited absorption spectra of GaAs at room-temperature for different 

electron-hole pair densities. Figure 3.3b is the corresponding change in index 

spectra for the different densities in Figure 3.3a. The material parameters for room

temperature bulk GaAs used in Eqs. (3.8)-(3.12) are listed in Table 3.1. The PC 

generated figures. with the aforementioned approximations. agree well with the 

figures of Banyai and Koch (1986) and Lee et al. (1986). In Lee and co-workers 

(1986). a comparison of experiment and the plasma theory indicated that the dominate 

nonlinear mechanisms in bulk GaAs at room-temperature are band filling and the 

reduction of the Coulomb enhanced continuum states. Exciton saturation and bandgap 

renormalization dominate in bulk GaAs at low intensities. but the resultant index 

changes have opposite signs and nearly cancel. 

For nonlinear waveguide devices. the wavelength is fixed and the input 

power is varied. Therefore. it is essential to have the absorption and index change 

as a function of carrier density. Figures 3.4a and 3.4b illustrate the absorption and 

index change of bulk GaAs versus the carrier-density at a below bandgap detuning 

of -7.6 Rydberg units (See Figure 3.3). Figure 3.4 is generated by calculating 

absorption and index change spectra for many carrier densities and selecting the 

values that apply to the detuning of interest. At high densities. the absorption 

increases and then falls off. It is clear from Figure 3.4a that the absorption 
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Table 3.1. Room-temperature bulk GaAs material parameters 

Parameter Value Units 

T 3.0xlO2 oK 

mo 9.11xlO-31 kg 

me O.0665mo kg 

mh O.52mo kg 

E 0 g 1.424 eV 

ER 4.2 meV 

ro 1.OER meV 

r 1 2.0xlO-18ER em3meV 

1 1.OxlO-8 see 

ao 1. 243x 10-6 em 

no 3.51 
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Figure 3.3 Room-temperature bulk GaAs absorption and change in index spectra. 

a) absorption spectra for the carrier densities 1) I x 1015 cm-3 2) 9x 1 016 cm-3 3) 3x 1017 

cm-3 4) 6xlOl7 cm-3 5) 9xl017 cm-3 and b) change in index spectra relative to IxlO15 

cm-3 absorption spectra for 1) 9xl016 cm-3 2) 3xlO17 cm-3 3) 6xlO17 cm-3 4) 9xlO17 

cm-3
• Ep is the photon energy with Eg and ER defined in the text. 
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Figure 3.4 Room-temperature bulk GaAs absorption and index change as a function 
of carrier density. 

a) absorption and b) change in index at a detuning of (Ep - EO g)/ER = -7.6. 
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eventually decreases to zero with increasing carrier density and becomes negative at 

very high densities. Negative absorption indicates optical gain in the material and 

for the cases considered in this dissertation, the carrier density will not get that high. 

However, the densities can be high enough to decrease the absorption at the 

excitation wavelength and, therefore, any additional nonlinear index change will 

require large increases in the optical intensity. For any practical application, this 

suggests that there is an upper limit to the input intensity and increasing the 

intensity beyond this limit will not improve the device's nonlinear behavior. 

Saturation of the nonlinearity is common in resonant electronic systems and must be 

considered in the design of nonlinear semiconductor devices. For optical 

waveguides, the wavelength will be below the band-edge and, consequently, the bulk 

GaAs nonlinear index change is negative (see Figure 3Ab). 

Carrier Diffusion in Bulk Semiconductors 

All-optical nonlinear devices begin with an input optical power which results 

in an input-dependent, output optical power. If the devices are fabricated in 

semiconductors, an understanding of how the optical field creates carriers is 

necessary. The local carrier density is increased by the local optical field and 

depends on the local intensity, I(x,y,z,t), of the excitation field and the local 

absorption, Ol(w,N), where N is a function of x, y, z, and t. The carrier density, 

N(x,y,z,t), will begin with a profile proportional to the intensity profile, I(x,y,z,t). 

However, the Coulomb interaction of like charge carriers repels them from each 

other. As a result, the gradient in the carrier density profile will move toward a 

minimum. This process is called carrier diffusion, and the material dependent 

strength of the diffusion process is often represented by a diffusion. constant, De 
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(cm2/sec). AI::O. the local carrier density is decreased by charge carrier 

recombination and depends on the charge carrier lifetime. r. The carrier lifetime is 

assumed constant for the cases considered in this dissertation. With these arguments. 

a rate equation for the carrier density distribution can be written as 

(3.14) 

As a result of the quasi-cw excitation. the carrier distribution is in steady-state 

(aN/at::: 0). Therefore. one obtains the well-known diffusion equation 

(3.15) 

Since the local nonlinearities depend on the local carrier density. the 

diffusion processes in semiconductors can have a significant effect on all-optical 

waveguide devices. In Chapter 4. the effect of carrier diffusion on the nonlinear 

response of an optical waveguide is evaluated. 

Thermal Effects in Bulk Semiconductors 

The design of all-optical nonlinear devices emphasizes the use of 

nonlinearities that are electronic in origin because greater speeds (== r) and higher 

repetition rates (== l/r) are possible. However. nonlinear index changes in 

semiconductors can originate from the local heating of the material. This thermal 

nonlinearity is less desirable since the thermal decay time is much larger than the 

carrier lifetime which leads to slower speeds and lower repetition rates. 
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An increase in the temperature of a semiconductor causes the lattice to 

expand and increases the oscillations of the atoms about their equilibrium lattice 

points. The net effect reduces the size of the bandgap and broadens the energy 

levels. As a result. the absorption band-edge shifts to lower energies (longer 

wavelengths) and. consequently. the nonlinear index change is positive. For bulk 

GaAs. the thermal index change and electronic index change are of opposite sign and 

offset each other. Therefore. careful consideration of thermal effects is needed when 

designing all-optical nonlinear waveguide devices. 

The plasma theory also includes the temperature dependence of the 

absorption spectra and. therefore by Eq. (3.2). the change in index spectra. The user 

of the plasma theory need only calculate the temperature distribution. T(x.y.z.t). from 

the intensity distribution. I(x.y.z.t) in the semiconductor. A thermal rate equation. 

similar to the carrier rate equation of the previous section. can be derived and used 

to relate the local temperature to the local intensity. 

The local temperature rise in an optically excited semiconductor arises from 

free carriers with enough excess energy to create phonons. These particular free 

carriers make up a fraction of the total number of free carriers and can be 

macroscopically accounted for by defining a free carrier absorption (Gabriel. Haus. 

and Ippen 1986). Ollc(w.N.n. which is some fraction of the total absorption. Ol(w.N.n. 

By defining 11 :::I Ollc(w.N.n/Ol(w.N.n. and assuming that thermal diffusion is the only 

source of cooling to an eqUilibrium temperature. one can write the thermal rate 

equation as 

(3.16) 
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where DT (cm2jsec) is the thermal diffusion constant. and cp is the heat capacity at 

constant pressure with units of JOK-1cm-3• Here. the heat capacity at a constant 

pressure was assumed to be constant for a given material. If the thermal 

distribution is in a steady-state. the thermal diffusion equation is given by 

(3.17) 

The value for 11 is empirically determined. The similarity of Eq. (3.17) to Eq. (3.16) 

(along with other considerations) is exploited to simplify the analysis of thermal 

effects in the waveguide devices of Chapter 5. 

Multipe-Quantum-W ell Semiconductors 

The previous brief introduction to bulk semiconductor nonlinearities allows 

one to design all-optical nonlinear waveguide devices in bulk semiconductors. As 

discussed in Chapter 1. bulk and MQW GaAs are a good choice for the fabrication 

of nonlinear waveguide devices because of their large optical nonlinearities. the 

spectral location of their band-edge in the near infrared. and their possible 

compatibility with electronic systems. The analysis of nonlinear waveguide devices 

in this dissertation is limited to bulk GaAs since the plasma theory does not apply to 

MQW GaAs. A theory for MQW semiconductors is beyond the scope of this 

dissertation. However. MQW GaAs nonlinear waveguide devices were used 

experimentally and. thus. the properties of MQW GaAs should be reviewed. 

MQW GaAs structures consist of alternating layers of bulk GaAs (wells) and 

AlxGa1_xAs (barriers). With the appropriate choice of the well-thickness and the 
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concentration of AI, the excitons and charge carriers are quantum-mechanically 

confined to the wells along the dimension perpendicular to the wells. As a result, 

the MQW absorption band-edge is blue-shifted and the exciton is more prominent in 

the absorption spectra. Also, the valence band becomes non-degenerate and splits 

into heavy-hole and light-hole valence bands. The non-degenerate valence band 

gives rise to two exciton peaks (heavy-hole and light-hole excitons) near the 

fundamental band-edge. Due to the two-dimensional nature of the MQW structure, 

the absorption spectra is blue-shifted more for an optical polarization perpendicular 

to the wells than for a polarization along the wells (Weiner et al. 1985). 

Lee and co-workers (1986) demonstrated that the dominant nonlinear 

mechanisms in bulk GaAs at room-temperature were band filling and the reduction 

in the Coulomb enhanced continuum states. For MQW GaAs at room-temperature, 

Gibbs and co-workers (1987) concluded that the dominant mechanism was excitonic 

by comparing their experimental work with the MQW theory of Chemla et al. (1984). 

Despite the differences in the nonlinear mechanisms, the plots of the change in index 

per carrier, ~n/N, versus the carrier density, were nearly the same for bulk and 

MQW GaAs (Gibbs et al. 1987). This leads one to conclude that nonlinear 

waveguide devices fabricated in bulk and MQW GaAs will have similar behavior, 

and, thus, the theoretical analysis of nonlinear waveguide devices in bulk GaAs can 

be used to draw some conclusions about devices fabricated in MQW GaAs. 



CHAPTER 4 

CARRIER DIFFUSION IN 

NONLINEAR SEMICONDUCTOR WAVEGUIDES 

Extensive calculations have been made for guided modes propagating in 

media that exhibit an intensity-dependent refractive index. Most of the models have 

been limited to Kerr-law media. Recall that a Kerr-law medium is non-absorptive 

and has an instantaneous. non-saturable. nonlinear refractive index proportional to 

the intensity. For example. Sarid and Stegeman (1981) applied perturbation methods 

to study optical waveguides with a Kerr nonlinearity in the bounding media. 

Nonperturbative solutions were used by Langbein et al. (1985). and Boardman and 

Egan (1986) for Kerr nonlinearties in the core and bounding media. Recently. 

nonlinear waveguide models have been presented for non-Kerr media (Stegeman et 

al. 1985). and saturable nonlinear media (Langbein et al. 1985). However. an 

adequate model for nonlinear semiconductor waveguides including absorption. 

saturation of the nonlinearity. and carrier diffusion has not been presented 

previously in the literature. By using the plasma theory of Chapter 3 to model the 

absorption and nonlinearity. this chapter will investigate how carrier diffusion 

affects the nonlinear modal properties of a slab waveguide fabricated in bulk GaAs 

(Gibbons and Sarid 1987). The conclusions of this chapter are helpful for the 

analysis of nonlinear waveguide devices in bulk semiconductors. 
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Coupled Nonlinear Wave and Diffusion Equations 

To include absorption affects. the indices of refraction of a slab waveguide 

are assumed to be complex. In linear waveguides with low levels of absorption. the 

solutions to the transverse wave equations (Eqs. (2.21) and (2.22» for the TE and TM 

modes are still valid for the complex parameters (Chapter 2). However. for this 

analysis. the waveguide has complex nonlinear indices. and the diffusion of charge 

carriers is included. As a result. the wave equations (2.11) and (2.12) must be solved 

self-consistently with the diffusion equation (3.15). 

To make the analysis more tractable some simplifying assumptions are 

needed. First. only the TE modes of a slab waveguide geometry (see Figure 2.1) will 

be considered. Second. the absorption is assumed to be low and. therefore. the 

envelope of the mode changes little over a distance of several wavelengths. This 

allows the transverse and longitudinal nonlinear responses of the slab waveguide to 

be seperated. The resulting complex field has the form of Eq. (2.19) where the 

nonlinear longitudinal propagation constant. (3. and the field amplitude are complex. 

By defining E y :::I E yr + iE yi' ni(w.N) :::I nir(w.N) + inii(w.N). and {3 == {3r + i{3i (r and i 

imply the real and imaginary part. respectively) and substituting them into Eq. (2.30). 

one derives the nonlinear wave equations for the real and imaginary part of Ey 

(4.1 ) 

(4.2) 
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where ~2 C2 f3/ - f3?, n2 :::: nj/ - ni, j == 1, 2, or 3 and N is the local carrier density. 

As in Chapter 2, once the solution for Ey is found, the remaining field components 

for the TE modes are determined from Eqs. (2.31) and (2.32). 

Since it is desired to investigate how carrier diffusion affects the modal 

properties of the slab waveguide, the diffusion along the propagation direction (z) 

and the unconfined dimension (y) is neglected and, as a result, the steady-state 

diffusion equation (3.15) is written as 

(4.3) 

Here, I == f3r lEy 12/2CJLo and is derived from the Poynting vector (Eq. (2.18). Also, 

O!(W,N) c 2ni(w,N)ko, which relates the local absorption to the local imaginary part of 

the refractive index. These relations couple the transverse diffusion equation (4.3) to 

the nonlinear wave equations (4.1) and (4.2). 

The problem is similar for the no-diffusion case (82N/8x2 == 0) except that Eq. 

(4.3) becomes 

N = TO!(w.N) I 
tiw 

(4.4) 

Equations (4.1) and (4.2) are numerically integrated and Eq. (4.4) is used to relate the 

local carrier density to the local intensity. 
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Method of Solution 

for the Nonlinear Coupled Differential Equations 

There is no analytic solution to the nonlinear coupled differential equations 

(Eqs. (4.1)-(4.3» and. therefore. they must be numerically integrated in a self

consistent way. Since waveguides have boundary conditions that must be satisfied. 

the solution to the system of differential equations is more complicated. In an initial 

value problem, one only needs the initial values of the integrated parameters to 

completely determine the solution. For the boundary value problem. one must guess 

the initial values and integrate the differential equations to the boundary where the 

integrated values are compared to the desired boundary values. The error between 

the values is used to adjust the initial conditions. This process is repeated until the 

desired tolerances are met at the boundaries. This technique is referred to as the 

shooting method of integration (Press et aI. 1986), and generates the field and carrier 

density distributions to the desired accuracy. 

The analysis is easier if the system of second-order differential equations is 

reduced to a system of first-order differential equations. Using the techniques of 

Press et al. (1986), the system of first-order equations for Eqs. (4.1), (4.2), and (4.3) 

are 

(4.5) 

(4.6) 

(4.7) 
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(4.8) 

fs ::: Ys' = 0 • (4.9) 

fs ::: Ys' = 0 • (4.10) 

(4.11) 

(4.12) 

where Yl = Ey,. Y2 ::: Ey,'. Y3 CI Eyi' Y4 ::: Ey/. Ys ::: {3,. Ys == (3i' Y7 = N. and Ys = N'. 

Here. the prime (') denotes the derivative of the given parameter with respect to x. 

Recall that ni, and nii are functions of wand Y7' The reduced notation has been 

chosen to make the system of equations compatible with standard numerical 

integration routines. Eqs. (4.9) and (4.10) are included in the system of first-order 

differential equations to insure that {3 is constant (by definition) throughout the 

transverse waveguide structure. Generally. this system of equations is numerically 

integrated in each of the three regions n1• n2• and n3 where the solutions must satisfy 

the boundary conditions of each region and are matched at the interfaces. For the 

no-diffusion case. Eqs. (4.5)-(4.10) sufficiently describe the system along with Eq. 

(4.4). 

The numerical integration of Eqs. (4.5)-(4.12) gives the transverse profile of 

the mode and the value for the longitudinal propagation constant. {3ko• at a given 

propagtion distance. z. By definition. the mode must propagate unchanged along a 
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waveguide. However. since there is absorption and the indices are nonlinear. the 

mode profile and f3 will change as a function of propagation distance. For practical 

applications. the changes are small (Le. for f3 in bulk GaAs waveguides. the change. 

ll.f3. is ~ I part in a 1000) and one still has good guiding. It is important to note that 

these changes cannot be neglected since the propagation distances are large and. 

consequently. the net absorption and phase change of the optical mode is significant. 

The information needed to propagate the mode along the waveguide is 

provided by solving for the complex longitudinal propagation constant. f3ko• Since f3 

is carrier-density-dependent. it is only valid for propagation distances of several 

wavelengths. At the new position a new value for f3 must be self-consistently 

determined from Eqs. (4.5)-(4.12) and used to propagate the mode further. This 

process is repeated to give the resulting field distribution at the output of the 

waveguide. 

Boundary Conditions 

for the Nonlinear Coupled Differential Equations 

The boundary conditions at the interfaces for the complex transverse field 

and carrier density distributions are needed to solve Eqs. (4.5)-(4.12). The optical 

boundary conditions for the core region are easily determined if one recalls that the 

complex field must be predominantly evanescent (the real part of the decay constant 

» the imaginary part of the decay constant) in the bounding media. Therefore. the 

logarithmic derivatives of the complex transverse field at the 1-2 (x == -d) and 1-3 (x 

== 0) interfaces are given by 
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(4.13) 

(4.14) 

where 'Y2kO and 'Y3kO are the complex decay constants in the substrate and cover 

media. respectively. Substituting the reduced notation for Ey and separating the real 

and imaginary parts of the decay constants. one gets 

Y1Y2 + Y3Y4 
Y12 + Y32 

YIY4 - Y2Y3 

Y12 + Y32 

YIY2 + Y3Y4 
Y12 + Y32 

YIY4 - Y2Y3 

Y12 + Y32 

(4.15) 

(4.16) 

(4.17) 

(4.18) 
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Here. Re( ) and Im( ) mean the real part and imaginary part. respectively. of the 

argument. For the cases considered. 'Y; == (f32 - n/)1/2 where {3 and n; (i ::: 2.3) are 

complex. The optical boundary conditions for the bounding media require the field 

decay to zero at x ::: ± 00. 

For the transverse diffusion equation. Eq. (4.3) or (4.11). the boundary 

conditions in the' core depend on the model for the carrier lifetime. If the index of 

refraction difference is large at the interfaces and/or the interfaces are not 

homogeneous. the charge carriers that diffuse to the interfaces are significantly 

perturbed and. consequently. recombine at a rate faster than that given by the 

intrinsic carrier lifetime. T. If surface recombination occurs at the interfaces then 

the logarithmic derivative of the carrier density distribution at each interface is 

finite (Many. Goldstein. and Grover 1965) and can be written as 

1 aN 
N ax ::: X2 • 

x:::-d 
(4.19) 

1 aN 
N ax ::: -X3 • 

x=O 
(4.20) 

where X2 and X3 are the surface recombination constants at their respective interfaces 

and are empirically determined. In reduced notation. Eq. (4.19) and (4.20) become 
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(4.21) 

(4.22) 

If the surface recombination constants are negligible. the interfaces act as perfect 

reflectors and reflect the carriers back into the core region. 

These boundary conditions must be satisfied by the integrated parameters. 

YcYg. for the diffusion and no-diffusion cases. and the differences are used to 

modify the intitial conditions until they meet the desired tolerances. 

Carrier Diffusion in Nonlinear Bulk GaAs Slab Waveguides 

For most GaAs slab waveguide geometries. the bulk GaAs core is 

surrounded by the lower index material AlxGa1_xAs whose absorption band-edge 

shifts to shorter wavelengths (higher energies) as the concentration of AI. x. is 

increased (Adachi 1985). This causes the absorption and nonlinear index change to 

be negligible in the substrate and cover media of the slab waveguide and. thus. the 

nonlinear behavior is confined to the bulk GaAs core. From these arguments. the 

indices for the substrate and cover media are effectively real and linear. Therefore. 

the solutions of Chapter 2 for the substrate and cover media are applicable and Eqs. 

(4.5)-(4.12) need only be numerically integrated in the core region. By limiting the 

discussion to symmetric GaAs slab waveguides (same Al concentration in the 

substrate and cover media). the analysis is further simplified without loss of 

generality. 



62 

To fully understand the effects of diffusion. two index distributions were 

chosen: 1) the index difference between the cladding and core is large (large Al 

concentration) compared to the nonlinear index change and 2) the index difference 

between the cladding and core is on the order of the nonlinear index change (small 

Al concentration). Assuming perfect interfaces. the index difference in both cases is 

small enough to neglect surface recombination. Therefore. Xz and X3 are zero in Eqs. 

(4.21) and (4.22) and the interfaces act as perfect reflectors of the carriers. 

For each index distribution. the core thickness. d. was varied to investigate 

the nonlinear response in the presence of diffusion for different mode widths 

(transverse lie points of the electric field). In most waveguide applications. single

mode guides are desired for the simplicity of analysis and efficiency of the device. 

Therefore. the core thicknesses were kept below the cut-off thickness of the next 

higher mode. Taking into consideration the properties and symmetry of the 

fundamental mode in a symmetric slab waveguide. one can integrate from the center 

of the guide to either interface and. therefore. reduce the calculation time required. 

The Initial Value Vector 

The shooting method routine of Press et al. (1986) uses an adaptive step-size 

Runge-Kutta routine that starts with an initial value vector to integrate Eqs. 

(4.5)-(4.12). At the interfaces. the boundary conditions are evaluated and a Newton

Raphson technique (Press et al. 1986) is used to generate a correction vector that is 

added to the freely specifiable values in the initial value vector and the process is 

repeated until the tolerances are met. Table 4.1 is a summary of initial value vector 

at the center of the guide (x ... -d/2). Also. Table 4.1 shows which initial values 
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Table 4.1. Initial value vector of integrated parameters 

Parameter Reduced Notation Status 

Eyr Yl F 

Eyr 
, 

Y2 F 

Eyi Y3 F 

Eyi' Y4 F 

f3r Y5 FS 

f3i Y6 FS 

N Y7 FS 

N' Ys F 

Notes: a) The prime denotes the derivative with respect to x 

b) F - fixed initial value 

c) FS - freely specifiable initial value 
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remain fixed (F in Status column) and which ones are freely specifiable (FS in the 

Status column) for the waveguides considered in this chapter. 

For a given total power per unit length (power density) in the fundamental 

mode. the first derivative of the complex field and carrier-density distributions are 

equal to zero at x = -d/2. The remaining initial values for the complex field (Y1S3S5 

and Y6) are set by using the solutions (Eqs. (2.33)-(2.37» for the TE modes assuming 

the paralneters are complex. The eigenvalue relation (2.37) must be solved by 

iterative means to get the transverse propagation constant (and. thus. (3). Since the 

parameters are complex. a two-dimensional Newton-Raphson technique (Press et al. 

1986) is used to iterate the value. The initial value for the carrier density (Y7) is 

determined by assuming no diffusion and using Eq. (4.4). The absorption value for 

no carriers is used in Eq. (4.4) and used to initialize the imaginary part of the 

complex index of refraction in the core. As Table 4.1 indicates. the peak field 

parameters (Yl-Y4) and the derivative of the carrier density (Ys) are held fixed at x = 

-d/2 while the shooting routine varies the {3 parameters (Y5 and Y6) and the initial 

peak carrier density (Y7) to satisfy the boundary conditions. 

Since the initial peak field parameters are held fixed. the self-consistent 

solution determined by the shooting method will not be for the given input power 

density. Therefore. the final solutions for the field distribtution and {3 are used to 

recalculate the corresponding total input power density of the mode. However. the 

actual power density is very close to the intitial value since the changes due to the 

nonlinearities and diffusion are small. Repetition of these steps for various input 

power densities allows one to self-consistently determine the nonlinear field. carrier 

density distributions and the longitudinal propagation constant as a function of power 

per unit length in the mode. 
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The Material Parameters and Carrier Diffusion Length 

A Fortran 77 program was written for the PC to perform the numerical 

integration of Eqs. (4.5)-(4.12), The material parameters used to generate Figures 

4.1-4.10 are: the wavelength, X "" .893 pm which corresponds to a detuning of (t1w -

E/)/ER "" -7.6; the real part of the GaAs core index, n1r = 3.609; and the bounding 

media indices, n2 = n3 = 3.524 (AluGao.9As) for the first index distribution, and n2 = 

n3 = 3.597 (Alo.OlGao.99As) for the second index distribution. The indices of 

refraction at the given wavelength and Al concentrations were calculated using the 

empirical formulas in the review article by Adachi (1985). The bulk GaAs 

nonlinear absorption and index changes were generated by the plasma theory of 

Chapter 3. Parameters relevant to the plasma theory are listed in Table 3.1. 

The chosen detuning gives a propagation distance to the intensity lie point 

of approximately 120 pm. This is probably the smallest practical detuning for 

waveguides since conventional optics can easily have a depth of focus (defined as 

twice the distance for the guassian beam waist, W o' to double in area i.e. z, = 

2rrw02/X) of approximately 100 pm and, consequently, the benefits of using a 

waveguide become questionable (Chapter I). At this detuning, the nonlinear 

absorption and index change for practical waveguides are at a maximum (relative to 

larger detunings) and, therefore, diffusion will have its largest effect on the nonlinear 

response of a slab waveguide. Since the absorption is relatively small, the scaled 

imaginary part of the electric field was found to be several orders of magnitude 

smaller than the real part and, therefore, the electric field changes are represented 

well by the real part. 
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At this point it is helpful to define a parameter called the carrier diffusion . 

length which is given by ie == (DeT)1/2. The diffusion length is the average radial 

distance a carrier will diffuse during its lifetime. T. and is useful for comparisons to 

the waveguide dimensions. The value chosen for the diffusion length in these 

calculations is 10 pm. For all the waveguide geometries considered. the chosen 

GaAs carrier diffusion length. £e. was much greater than the core thickness. d. The 

resulting carrier profiles with diffusion were virtually flat across the waveguide and. 

thus. give the largest difference from the no-diffusion case (£e == 0). It should be 

noted that the value of T in Table 3.1 and £e are approximate for bulk GaAs. but 

they are still useful for demonstrating the nonlinear behavior of a slab waveguide in 

the presence of carrier diffusion. For comparison purposes. the values often quoted 

are T e: 40 ns and De e: 10 cm2/sec (Koch 1987) which give £e == 6.3 pm. 

The Nonlinear Field Profiles 

Figure 4.1 shows the scaled real part of the electric field. Eyr/Eymax for the 

bounding media indices. n2 == n3 :: 3.524 and core thickness. d == 0.2 pm. Similarly. 

Figure 4.2 illustrates Eyr/Eymax for n2 == n3 :: 3.597 and d == 0.55 pm. The 

thicknesses for both index distributions were chosen to have the field decrease (for 

low power densities) to approximately 90% of the peak at the interfaces. Note that 

the values of the high power densities make the size of the nonlinear index change 

nearly equal in Figures 4.1 and 4.2. 

For both Figures 4.1 and 4.2. it is apparent that diffusion of the charge 

carriers has little effect on the field profiles for low and high power densities. 

However. since the index of refrac+tion of GaAs decreases with increasing density. 

the mode broadens as the core index approaches the cladding index. As expected. 
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Figure 4.1 Normalized electric field as a function of normalized distance for a large 
index difference. 

The waveguide parameters are n2 = n3 == 3.524 and d = 0.2 p.m. Carrier diffusion 
has a negligible effect on the field profiles. Note that the mode does not broaden 
much since the index difference between the core and bounding media is large 
compared to the nonlinear index change. 
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Figure 4.2 Normalized electric field as a function of normalized distance for a small 
index difference. 

The waveguide parameters are n2 = n3 = 3.597 and d = 0.55 /Lm. Carrier diffusion 
has a negligible effect on the field profile. The mode is broadened at the high 
power density since the index difference between the core and bounding media is 
comparable to the nonlinear index change. 
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the effect is much more dramatic in waveguides where the index difference between 

the core and cladding is comparable to the nonlinear index changes (Figure 4.2). 

The reasons for no significant difference in the field profile for diffusion (£e 

= 10 JLm) and no-diffusion (£e = 0) is explained by the mode profiles and the 

corresponding carrier density profiles. For the no-diffusion case. the carrier density 

profile is generated by Eq. (4.4) and is proportional to the product of the local 

absorption. Ol. and the local intensity. I. As mentioned before. carrier diffusion 

flattens the profile to a line in all cases considered. At low power densities. the 

changes between diffusion and no-diffusion carrier profiles is considerable but the 

overall number of carriers are small and. therefore. results in identical field profiles. 

This will be true for all waveguide geometries discussed. At high power densities. 

the difference between the diffusion and no-diffusion carrier profiles is small. This 

is due to the resulting high carrier densities (> 5x I 017 cm-3) that cause the slope of 

the absorption distribution to be negative (see Figure 3.4a in Chapter 3). As a result. 

the local absorption decreases as the local intensity increases and. therefore. the 

product of the local Ol and I changes little across the guide. The nonlinear 

broadening of the mode further flattens the no-diffusion carrier density profiles and 

plays a significant role for the small index difference slab waveguide. Since the 

gradient in the carrier density profile is small. there is little difference between 

diffusion and no-diffusion field profiles at high input power densities. Figure 4.3 

illustrates the flattening of the no-diffusion carrier-density profiles with increasing 

input power density for the waveguide geometry n2 = n3 = 3.597 and d = 0.55 JLm. 

For intermediate input power densities. the field near the center of the 

waveguide will experience different absorption behavior than the field near the 

interfaces. For example. the absorption distribution near the center could have a 



1.00 

~O.90 

~ 
~ 

O.BO 
a) P 
b) P 

0.60 

0.0001 mW//-L?'Yt 
2.0000 mW //-Lm 

0.70 O.SO 
x/d 

70 

1.00 

Figure 4.3 Normalized no-diffusion carrier density distribution as a function of 
normalized distance for a small index difference. 

The waveguide parameters are n2 == n3 == 3.597 and d == 0.55 p.m. The high power 
density result is flat and. therefore. there is little difference between the no-diffusion 
and diffusion cases. 
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positive slope (ot t as I t) whereas at the interfaces the slope could be negative (ot ~ as 

I t). However. the difference between the diffusion and no-diffusion cases would 

still be small if the mode is broad. If the mode is narrower. one would expect that 

the differences would become more prominent. This is evident in Figure 4.4 where 

n2 = n3 = 3.597 and d = 1.6 j.Lm. At the high input power density. the diffusion and 

no-diffusion field profiles deviate more from each other than for the d = 0.2 /lm case 

(Figure 4.2). 

From the previous arguments. one can conclude that diffusion does not 

change the field profiles significantly. The largest effects occur when the nonlinear 

index change is comparable to the index difference between the core and bounding 

media and the optical power is well-confined to the core of the waveguide. 

The Nonlinear Longitudinal Propagation Constant 

The output behavior of nonlinear waveguide devices considered in this 

dissertation depend on the net phase change and absorption acquired by the mode as 

it propagates along the device. As for the field profiles. f3r » f3i where f3rko and 

f3iko represent the phase of the mode and the absorption of the mode. respectively. 

However. f3i is kept in the analysis since the accumlated absorption along the 

waveguide is significant. With these considerations. it is concluded that the effect of 

carrier diffusion on the nonlinear change of the complex longitudinal propagation 

constant. D,.f3ko = (t:.f3r + it:.f3i)ko• is of primary interest. Despite the small changes in 

the field profiles. the differences between the diffusion and no-diffusion cases for 

D.f3r and D.f3i can be significant. 

Figures 4.5-4.10 plot t:.f3r and D.f3i as a function of power density for various 

waveguide geometries. Figures 4.5-4.8 apply to the high index difference between 
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Figure 4.4 Normalized electric field as a function of normalized distance for a small 
index difference and wide guide. 

The waveguide parameters are n2 = n3 ::: 3.597 and d = 1.60 J1.m~ The well-confined 
mode leads to some differences in the no-diffusion and diffusion cases at large 
power densities. 
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the core and bounding media for two different thicknesses of the guide. Figure 4.5 

shows the result for a narrow guide thickness. d = 0.2 Jlm where the corresponding 

mode is broad (Figure 4.2). The carrier-density profile changes little when diffusion 

is included and. thus. there is no difference between the diffusion and no-diffusion 

cases of D.(3r' The roll-off in t1(3r with increasing power is due to the saturation of 

the absorption in GaAs and is easily seen in a plot of D.(3i (Figure 4.6) which also 

shows that there is little difference between the no-diffusion and diffusion cases. 

Comparison of Figure 4.6 to Figure 3Aa shows that A(3i mirrors the density

dependent absorption in bulk GaAs. If the guide thickness is increased. the mode 

becomes more confined and the difference between the diffusion and no-diffusion 

carrier density profiles is larger. As is shown in Figure 4.7 (d == .6 Jlm). there is a 

corresponding significant difference in A(3r for no-diffusion and diffusion cases. 

Again. the roll-off is due to the saturation of the absorption in the GaAs core. A(3r 

saturates at a lower value for the no-diffusion case since the carrier density 

distribution is peaked at the center of the guide and the absorption is saturated more 

there than at the interfaces and. consequently. less of the field profile contributes to 

the net nonlinearity. The plot of A(3i (Figure 4.8) for ie = 10 Jlm and £e == 0 clearly 

supports this hypothesis. 

Figure 4.9 and 4.10 plot A(3r for the guide with a small index difference 

between the core and bounding media when d '" 0.55 Jlm and 1.6 Jlm. respectively. 

The diffusion and no-diffusion cases are the same for both plots. For the lower 

index difference waveguide. the mode broadens much more as the power density is 

increased and. therefore. there is little difference between the carrier density profiles 

for ie '" 10 Jlm and £e '" O. This results in negligible differences of the A(3r curves 

even for the larger core thicknesses (Figure 4.9). It is important to note that the rol1-
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Figure 4.5 The power-dependent change in the real part of the propagation constant 
for a large index difference and narrow guide. 

The waveguide parameters are nz = n3 = 3.524 and d =: 0.2 /lm. The roll-off with 
increasing power density is due to the saturation of the absorption. 
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Figure 4.6 The power-dependent change in the imaginary part of the propagation 
constant for a large index difference and narrow guide. 

The waveguide parameters are nz :::s n3 == 3.524 and d = 0.2 p.m. Note the saturation 
of the imaginary part at high power densities. 
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Figure 4.7 The power-dependent change in the real part of the propagation constant 
for a large index difference and wide guide. 

The waveguide parameters are n2 == n3 = 3.524 and d = 0.6 j.Lm. Better mode 
confinement leads to a large difference in the no-diffusion and diffusion cases. The 
roll-off with increasing power density is due to the saturation of the absorption. 
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Figure 4.8 The power-dependent change in the imaginary part of the propagation 
constant for a large index difference and wide guide. 

The waveguide parameters are nz:::l n3 :::I 3.524 and d:::l 0.6 flm. Absorption is 
saturated more for the no-diffusion case. 
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Figure 4.9 The power-dependent change in the real part of the propagation constant 
for a small index difference and narrow guide. 

The waveguide parameters are n2 = n3 = 3.597 and d = 0.55 p.m. Diffusion has a 
negligible effect since the mode is very broad. The roll-off is due to the broadening 
of the mode into the linear bounding media. 
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Figure 4.10 The power-dependent change in the real part of the propagation 
constant for a small index difference and wide guide. 

The waveguide parameters are n2 ::: n3 ::: 3.597 and d ::: 1.6 Ilm. Again. diffusion has 
a negligible effect. 
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off in Af3r for the small index difference guide is not due to saturation of the 

absorption but is caused by the nonlinear broadening of the mode. The amount of 

power in the cladding grows as the power density is increased. Since the cladding is 

linear. this power does not contribute to the nonlinearity. and Af3r saturates at lower 

values than those achieved when the absorption saturates (compare Figures 4.5 and 

4.9). 

Summary of the Results 

Table 4.2 summarizes the transverse diffusion effects on the nonlinear 

response of a symmetric GaAs slab waveguide. As Table 4.2 indicates. the effects 

of transverse carrier diffusion are heavily dependent on the index profiles and the 

geometry of the waveguide. In most of the geometries considered here. the field 

profiles were not perturbed significantly unless most of the optical power was 

confined to the core. The nonlinear changes in the longitudinal propagation constant 

are sensitive to carrier diffusion. If the index difference between the core and 

cladding is relatively large compared to the nonlinear index change. diffusion 

produces different results from the no diffusion case. Also. saturation of the 

absorption limits the change in the propagation constant. If the index difference is 

relatively small. diffusion does not significantly modify the nonlinear response of the 

waveguide. However. the modal properties of the waveguide ultimately limit the 

change in the propagation constant. 

Carrier diffusion should be included in the analysis of nonlinear 

semiconductor waveguides since diffusion can change the nonlinear response of a 

waveguide. This is not particularly difficult since under the appropriate conditions 

carrier diffusion can actually simplify the analysis. If one assumes that the carrier 



Table 4.2. Diffussion effects in GaAs nonlinear slab waveguides 

Parameter Does Diffusion Affect 
The Parameter? 

Guide I Guide 2 
nCn3 » ~n(N) n1-n3 E!! ~n(N) 

Field Profiles No Yes 

Carrier Profiles Yes Yes 

~{3r 

~{3i 

Notes: 

Yes No 

Yes No 

n1-n3 is the index difference between the core 
and bounding media. 
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Comments 

Changes are 
small 
See Figures 
4.1. 4.2. & 
4.4 

Flattens the 
profile 
Changes ~ as 
Power t 
See Figure 
4.3 

Saturates 
slower 
See Figures 
4.5. 4.7. 
4.9. & 4.10 

Values are 
lower 
See Figures 
4.6 & 4.8 
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diffusion length is much greater than the mode width. the carrier density profile is 

uniform across the mode and. therefore. so is the absorption and index change 

profile. The benefits of this important conclusion are demonstrated in Chapter 5. 



CHAPTER 5 

THEORY OF NONLINEAR WAVEGUIDE DEVICES 

As discussed in Chapter 1. all-optical nonlinear waveguide devices have 

potential uses in the areas of integrated optics and optical communications. Inherent 

in these devices is high speed operation and simplicity of fabrication. This chapter 

will use the work of the previous three chapters to theoretically model two all

optical nonlinear waveguide devices. In order to function. both devices use the 

nonlinear changes in the index of refraction and. therefore. the longitudinal 

propagation constant. {3. For simplicity and efficiency only the fundamental modes 

of the waveguides that make up the device are considered. 

The first device introduced is the nonlinear Mach-Zehnder interferometer 

(NLMZ). As the name implies. the device interferes two fundamental modes from 

different waveguides. The output is either a minimum or maximum depending on 

the net phase difference between the two modes. If the net phase difference results 

from nonlinear changes in the longitudinal propagation constant. the output of the 

NLMZ will be power-dependent. The second device is the nonlinear directional 

coupler (NLDC) which transfers the optical power in one waveguide to another via 

evanescent coupling. Since the transfer depends on the net phase difference and the 

strength of the coupling. the nonlinear changes in {3 lead to a power-dependent 

switching of the device. 

The models for the NLMZ and NLDC are based upon perturbation theory 

which can be found in many standard texts that include the· analysis of linear 

83 
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waveguide devices (e.g. Yariv and Yeh 1986). The perturbation theory applied in 

this chapter will assume that the perturbation of the optical mode arises from 

nonlinear optical properties of the material as well as the geometry of the device. 

The optical mode of a waveguide is said to be perturbed when the absorption and 

the nonlinear index changes are small over the propagation distance of several 

wavelengths and. consequently. the transverse mode profile in the waveguide remains 

virtually unchanged. However. the net absorption and nonlinear index change along 

the device substantially alters the amplitude and phase of the mode. These affects 

are the basis for the operation of the NLMZ and NLDC. 

The perturbation theory applies to many nonlinear materials and waveguide 

geometries. Due to this generality. the nonlinear change in {3 need not be limited to 

optical sources. The theories presented in this chapter apply equally well to electro

optic sources of the nonlinearities (electric fields across electrodes - e.g. Yariv and 

Yeh 1986). However. this dissertation will only consider all-optical devices. The 

differential equations for the NLMZ and NLDC are solved to clarify the concepts 

introduced in the general derivation. The solutions for the NLMZ will assume the 

device is fabricated in a Kerr-law medium. The solutions for the NLDC do not 

apply to any nonlinear material but they offer insight into the nonlinear behavior of 

the NLDC. It is shown that both devices require nonlinear phase differences of 

approximately 7T in order to work. Therefore. this chapter will emphasize the use of 

bulk GaAs since it can provide the required nonlinear phase difference with 

reasonable powers and device lengths. The analysis of the bulk GaAs devices 

includes the effects of carrier diffusion and thermal index changes. 
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Nonlinear Mach-Zehnder Interferometer (NLMZ) 

The NLMZ is useful as an optical logic gate where the logic operations AND. 

NAND. OR. NOR. and XOR are performed. The NLMZ requires a power

dependent phase difference occur between two fundamental modes of different 

waveguides. The source of the nonlinear phase difference can be from unequal

arm-lengths (two different length waveguides) as illustrated in Figure 5.1a. This 

simple geometry was proposed by Kawaguchi (1985) and theoretically investigated for 

Kerr-law media. Another geometry is based on equal-arm-Iengths (Figure 5.1 b) and 

requires different optical powers in each arm. This design was experimentally and 

theoretically analyzed by Lattes et al. (1983) in LiNb03 (Kerr-law medium). The 

fabrication of this geometry is much more complicated but it allows for multiple 

inputs. The analysis presented is general and applies for both geometries when the 

appropriate assumptions are made. Absorption. carrier diffusion. and thermal 

nonlinearities are included for semiconductor based designs. 

Perturbation Theory for the NLMZ 

The analysis of the NLMZ starts where the device splits into two waveguides 

and the corresponding fundamental modes traverse different optical paths. The 

analysis ends where the device recombines the two waveguides into one waveguide 

and the modes interfere to give the corresponding output. Perturbation theory allows 

the longitudinal and transverse responses of the electric field to be separable. and. 

consequently. one writes the electric field in guide 1 (I == 1. 2) as 

Ej(x.y.z.t) == a/(z)EI(x,y)exp[i(wt - f3lkoz + ¢/)] • (5.1 ) 



a) 

b) 

t c 

s 
0 

l 
C 

Figure 5.1 
geometries. 
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Two common nonlinear Mach-Zehnder interferometer (NLMZ) 

a) the unequal-arm-Iength NLMZ where the input signal is the source of the 
nonlinearity and is the output of interest. b) the equal-arm-Iength NLMZ where the 
control powers (C) are the source of the nonlinearity. The input marked S is the 
constant signal input and is modulated by the control. The arrows and dots (out of 
the page) indicate the input polarization and PS is an output polarizer. 
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where ai(z) is the normalized amplitude of the field, Ei(x,y) is the transverse mode 

profile, f3iko is the corresponding longitudinal propagation const.ant, and 1>j is an 

arbitrary constant phase of the field. The phase 1>j is not necessary in the designs of 

Figure 5.la and 5.1 b since the interfering fields originate from the same source. 

However, for generality, it is left in the analysis. 

The electric field in each waveguide (Eq. (5.1) for i = I and 2) must 

independently satisfy the electromagnetic wave equation (2.11). The squared index 

distribution for each waveguide is assumed to be homongenous along the propagation 

direction, z, and is generically written as 

nl(x,y) = ns 2 (X,y) + Anl(x,y) + An~li(x,y) , (5.2) 

where ns 2 (x,y) is the background squared index distribution, Anl(x,y) is the linear 

perturbation to the squared index distribution due to the presence of waveguide i, 

and An~li(x,y) is the nonlinear perturbation to the squared index distribution due to 

the optical nonlinearity in waveguide i. The linear perturbation causes the guided 

mode whereas the nonlinear perturbation results in the nonlinear changes in the 

longitudinal propagation constant. The functional forms of Anl(x,y) and An~zli(x,y) 

depend on the waveguide geometry and nonlinear mechanisms of the material. 

Substituting Eqs. (5.1) and (5.2) into the electromagnetic wave equation (2.11), 

and using the fact that the transverse mode profile must satisfy 

{V 2 + [n 2 + An;! - f3 .2]k 2} E· == 0 t s I 101' (5.3) 

(see General Characteristics of Dielectric Waveguides in Chapter 2) leads to the 

result 
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(S.4) 

where the parabolic approximation. l,8jko 8atf8z1 » I 82atf8z2 I. for slowly varying 

amplitudes has been applied (Yariv and Yeh 1986). To continue the analysis. one 

takes the scaler product of Eq. (S.4) with Et and integrates over all x and y. 

Recalling that the modes are orthogonal and. therefore. administering Eq. (2.26). the 

differential equations for the amplitudes in guides 1 and 2 are given by 

(S.Sa) 

(S.Sb) 

where 6.,8iii is the nonlinear perturbation to ,8j (j = 1.2) and is expressed by 

J
OOJOO WEo * 

6.,8iii = 4p. Ej ·6.n~liEjdxdy . 
l -00-00 

(S.6) 

Here. Pi is the total power carried by the mode in guide i. 
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Absorption in the NLMZ 

In Chapter 4 the absorption of a mode in a waveguide was represented by 

the imaginary part of the complex f3. One can assume that the index distribution. 

nl(x,y). and f3i are complex for this analysis and. as a result. the imaginary part of 

fl.f3m is representative of the nonlinear changes in the absorption. However. this 

technique mixes the contributions to the phase and absorption and can be confusing. 

To clarify the analysis. it is assumed that nl(x.y) and f3i are real and a new 

normalized amplitude coefficient in each waveguide is defined as 

(5.7) 

where OI.i is the amplitude absorption coefficient for the ith waveguide. Substitution 

of Eq.(5.7) into Eqs.(5.5a) and (5.5b) gives the new differential equations that 

describe the normalized amplitude of the mode in each waveguide 

(5.8a) 

(5.8b) 

The derivation of Eqs. (5.8a) and (5.8b) assumed that the coefficients. 01. 1, 01.2, 

t:.f3111' and fl.f3m. do not change as a function of the propagation distance and. 

therefore. there are analytic solutions to each differential equation. Generally. the 

coefficients are functions of z. but one assumes that the changes are small over the 
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propagation distance of several wavelengths and. consequently. the differential 

equations are still suitable for representing the mode amplitude in each waveguide. 

However. Eqs. (5.8a) and (5.8b) are numerically integrated while updating the 

coefficients at each step. In either case. the normalized mode amplitudes al and a2 

are determined before the waveguides recombine and are substituted into Eq. (5.l) to 

give the electric field in each waveguide. 

Unequal-Arm-Length NLMZ. 

The final step is to interfere the fields at the output of the NLMZ. At any 

given value of z. Eq. (5.6) indicates f).f3w is constant across the mode profile and. 

therefore. the interference of the fields is easy to evaluate. 

For the unequal-arm-Iength NLMZ (Figure 5.la). the electric field of the 

wave. when the two waveguides recombine. is expressed by 

(5.9) 

where the electric fields in each waveguide are 

(5. lOa) 

(5.10b) 

The symbols. Zl and zz. are' relative to their respective waveguides and demonstrate 

that the fields have propagated unequal-arm-Iengths before they were recombined at 

z. Eq. (5.9) assumes interfering plane waves but it adequately describes the output 
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of the NLMZ (Lattes et al. 1983) and keeps the analysis manageable. The intensity 

of the mode is proportional to the squared electric field distribution and is written as 

(5.11) 

Equations (5.9)-(5.11) are completely general and apply to two different 

waveguides of different propagation constants. mode profiles and phases. Practical 

devices will consist of waveguides that have identical cross-sections and the phase 

differences are introduced by the nonlinear properties of the material. Also. as 

Figures S.la and b depict. the input power for both waveguides comes from the 

same source and. therefore. the initial values of the mode amplitudes are equal. 

Using the facts that E 1(x,y) == E 2(x,y) == E(x.y). (31 ::: (32 ::: (30' and ¢1 == ¢2 = O. one can 

write Eq. (5.11) as 

(5.12) 

where 10 ex IEI2 is the input intensity. Po is the input power. and P, is the 

transmitted power. For each input power. Eqs. (5.8a) and (5.8b) are numerically 

integrated to Zl and Z2' respectively. and the values for the normalized amplitudes are 

input into Eq. (5.12) to give the normalized output of the unequal-arm-length NLMZ. 

Equal-Arm-Length NLMZ 

Figure 5.1 b iIlustrates an equal-arm-length NLMZ where the multiple inputs 

allow the user to vary the power in each of the arms. As stated before. the unequal 
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powers in the arms lead to the nonlinear phase difference between the modes which 

modulates the output of the device. The inputs in Figure 5.1 b marked C are the 

optical control inputs and the input marked S is the optical signal input. The output 

of the NLMZ is the interference of the optical signal modes from each waveguide. 

If the signals and controls are predominantly polarized orthogonal to each other 

(indicated by arrows in Figure 5.1 b), the control modes would provide nonlinear 

changes in the index of refraction and, therefore, change the phase of the optical 

signal modes in their respective waveguides without interfering with the output 

signal. The control output can be blocked by a crossed polarizer while the signal is 

allowed to pass. 

The tolerances on this device are more stringent than the unequal-arm-Iength 

NLMZ since the waveguide must support both fundamental modes of the 

predominantly orthogonal optical control and signal. Also, it is important to note that 

the polarizations in a waveguide are not completely orthogonal since the mode 

guidance properties allow a component of the optical field to be along the 

propagation direction. For most applications, the z component of the mode is small 

and the interference effects between the control and signal are neglected. 

For the equal-arm-Iength NLMZ, the optical signals in each waveguide do 

not produce a net nonlinear phase difference since their amplitudes and propagation 

distances are equal. Therefore, it is best to keep the optical signal in each 

waveguide low and let the differences in the optical control powers produce the net 

nonlinear phase difference in the signals. Furthermore, the optical controls and 

signals are assumed to be at the same wavelength to simplify the analysis for devices 

fabricated in semiconductors. 



93 

Equations (5.6)-(5.12) are applicable to the analysis of the equal-arm-length 

NLMZ with a few minor changes. First. the propagation distances ZI and Z2 are 

equal. Secondly. the values for the amplitude absorption coefficients are calculated 

using the power in the optical controls and, finally, the relation for f:lf3m (Eq. 5.6) is 

integrated over the modal profiles of the optical controls in each waveguide rather 

than the signal modal profiles. As before, for each optical control power, Eqs. (5.8a) 

and (5.8b) are numerically integrated to the same propagation distance with their 

respective nonlinear amplitude absorption coefficients and phase coefficients. At this 

propagation distance, the signal modes in each waveguide are recombined and, for 

identical waveguides. Eq. (5.12) is used to find the normalized signal output. 

The NLMZ in Kerr-Law Media 

The equations presented previously are general and do not impart much 

information about the nonlinear behavior of the device. To gain more insight. the 

equations for an NLMZ fabricated in a Kerr-law medium are derived. 

A Kerr-law medium is non-absorptive and has an intensity-dependent 

refractive index (Kawaguchi 1985). The refractive index distribution is often 

represented by 

n(x.y) = no(x,y) + n2/ I(x,y) , (5.13) 

where no(x,y) is the linear index distribution for the waveguide. n2/ is the optical 

Kerr coefficient (m2/W) and is assumed constant throughout the waveguide structure, 

and I(x.y) (= f3!E(x,y)i2/2cllo) is the local mode intensity. By squaring Eq. (5.13) and 

neglecting terms second-order in n2/. one can show (after comparing the result to Eq. 

(5.2» that 
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An~l (x.y) ~ 2no(x,y)n2/I(x.y) . (5.14) 

Since there is no absorption. the power (intensity) of the mode remains constant along 

the length of the device and. therefore. A{3m (Eq. 5.6) with Eq. (5.14) remains 

constant in each waveguide. As a consequence. Eqs. (5.8) a and b have analytic 

solutions given by 

(5.15a) 

(S.15b) 

Here. z :::: 0 is where the waveguide splits into two waveguides. Assuming identical 

waveguides with equal input powers (al(O) = a2(O) = 1/2) and substituting these 

solutions into Eq. (5.12) gives 

2 [Aenl ] Pt = Pocos -2- . (5.16) 

where the trigonometric identities cos (e) = [exp(ie) + exp(-ie)]/2 and cos2(e/2) = [I + 

cos(e)]/2 have been used. Aenl is the nonlinear phase difference and has a different 

functional form for the unequal-arm-Iength and equal-arm-Iength NLMZ. For the 

unequal-arm-length NLMZ. the power in both arms is identical and the arms are 

unequal in length. Therefore. A{3111 '" l::.{3222 "" A{3 and the nonlinear phase difference 

has the form 
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(5.17) 

For the equal-arm-Iength NLMZ. the control power in each arm is different and the 

arms are equal in length. As a result. Zl = Zz = Z and the nonlinear phase difference 

is represented by 

(5.18) 

Regardless of the geometry, it is obvious from Eq. (5.16) that the nonlinear 

phase difference must change by mrr (m = 1.3.5 .. ···) for the transmission of the 

NLMZ to go from a minimum (light leaks into radiation modes) to a maximum (light 

is confined to the waveguide) or visa versa. Therefore. a nonlinear phase difference 

of approximately rr across the length of the device is needed to have a practical 

NLMZ. Furthermore. if one assumes A{3 = A{3111 "- A{3222' the unequal-arm-Iength 

NLMZ needs larger nonlinear index changes since the phase is built up over a 

distance Zl-Z2 rather than the total distance Z as for the equal-arm-Iength NLMZ. 

From these arguments. one can infer the equal-arm-Iength NLMZ will have lower 

power operation. This conclusion is further substantiated when both NLMZ 

geometries are modelled in bulk GaAs. 

The NLMZ in Bulk GaAs 

The NLMZ is modelled for rib and strip-loaded waveguides (Figures 5.2a 

and 5.2b) in GaAs. These waveguide structures were designed using the equations 
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b) 

1\ 
3 tLm 

* GaAs substrate 

Figure 5.2 The GaAs waveguide structures used to model the NLMZ (and NLDC). 

a) rib waveguide and b) strip-loaded waveguide. Note that the strip-loaded 
waveguide has part of the strip (0.1 J.Lm) in the bulk GaAs. This was necessary to 
get a well-confined mode and. thus. make the equivalent channel waveguide 
parameters more accurate. 
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for the slab waveguide and the effective index method (both are discussed in 

Chapter 2). The waveguide structures only support the fundamental modes of the 

predominately vertical (along x) and horizontal (along y) polarizations. 

To calculate the nonlinear changes in the propagation constant. D.(3jib one 

must integrate Eq. (5.6). The integration is simplified if the functional form of the 

mode profile and nonlinear index distribution are known. If one assumes a well

guided mode ((3 ::= n1 » K.x.K.y )' the mode profiles of the waveguide structures in 

Figures 5.2a and b are approximated by an equivalent channel waveguide derived 

from the analytic formulas of Appendix A. The well-known mode profiles of the 

equivalent channel waveguide are used to calculate D.(3m. The equivalent channel 

waveguide parameters for each structure are displayed in Table 5.1. The indices of 

refraction n 1• n2• and n3 in Table 5.1 were calculated at the given wavelength using 

the empirical formulas in Adachi (1985). The remaining indices of refraction were 

determined by the effective index method (Chapter 2). 

The local nonlinear changes in index and absorption for the GaAs core are 

calculated from the local carrier density using the plasma theory of Chapter 3. The 

nonlinearities are limited to the bulk GaAs since the band-edge of the bounding 

media are at higher energies and. thus. their nonlinear absorption and index changes 

are negligible. The local carrier-density is derived from the mode intensity profile 

by using the transverse diffusion equation (4.3). However. if one assumes that the 

carrier diffusion length is larger than the mode width (see Chapter 4). the resulting 

carrier-density profile is uniform across the mode. It is important to note that there 

is no physical interface along the y dimension and. therefore. the diffusion of 

carriers extends out of the effective core to the evanescent tails of the mode along 

the y dimension. Furthermore. it is assumed the uniform carrier-density value. N. is 
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Table 5.1. Equivalent channel waveguide parameters for the bulk GaAs rib and 

strip-loaded waveguides 

,I _ 

Parameter 

n l 

n2 

n3 

n4 

n5 

"x 

"y 

'Y2 

'Y3 

'Y4 

'Y5 

d 

b 

A 

Notes: 

Rib Waveguide 

3.5974 

3.5183 

1.0000 

3.5921 

3.5921 

0.4286 

0.1253 

0.6158 

3.4289 

0.1501 

0.1501 

0.5 JLm 

2.0 JLm 

0.9 JLm 

Strip-Loaded 
Waveguide 

3.5974 

3.3955 

3.5872 

3.5946 

3.5946 

0.2311 

0.1049 

1.1655 

0.1411 

0.0943 

0.0943 

1.2 JLm 

2.0 Ilm 

0.9 Ilm 

a) Transverse propagation constants -+ "x ko and "yko· 

b) Decay constants -+ 'Y2k~. 'Y3kO' 'Y4kO and 'Y5kO. 

c) Height -+ d. width -+ b. wavelength -+ A 
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the average of the peak carrier-density and the carrier-density at the lIe point of the 

mode intensity profile (± 1/2'Y5ko). Both of these carrier-density values are easily 

calculated from Eq. (4.4). As a result. the analysis of the NLMZ in bulk GaAs is 

straightforward since the transverse diffusion equation is not used and the value for 

~a ... becomes fJlll 

WEOnl J 0 J 1/2'Y5
k

o * 
~a ... - -- ~n'(N) E· . E·dxdy fJlll - 2p. I I I • 

I -d -1/2'Y5ko 
(5.19) 

where the fact ~n;lli(x,y) == 2nl~nj(N) was used and Ej is the mode profile of the 

equivalent channel waveguide. 

As described in Chapter 4. the nonlinear mode profile of a bulk GaAs 

waveguide significantly changes when the index difference between the core and 

linear bounding media is relatively small compared to the nonlinear index change. 

Therefore. one would expect nonlinear changes in the rib and strip-loaded mode 

profiles since the effective index difference is small. Consequently. the validity of 

perturbation theory becomes questionable. However. unlike the structure of Chapter 

4. the rib and strip-loaded structures have nonlinear bounding media. Therefore. by 

recalling the nonlinear index change is uniform across the mode. the nonlinear 

change in the mode profile of the rib and strip-loaded waveguides is expected to be 

small. Based upon these arguments. it is assumed the peturbation model applies to 

the rib and strip-loaded waveguides. 

As stated before. the effects of thermal nonlinearities play an important role 

in nonlinear semiconductor devices. Chapter 3 explained that one can use a thermal 
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diffusion relation similar to the carrier diffusion equation to relate the local intensity 

to the local temperature. However. the similarity does not stop there. As for carrier 

diffusion. one can define a thermal diffusion length. RT = (DTT)lj2. where T is the 

thermal "lifetime" of the material. For many practical applications. the value of T is 

the optical pulse width. The thermal diffusion coefficient of bulk GaAs is 0.44 

cm2 jsec (Gabriel. Haus. and Ippen 1986) which gives £T = 5 J1.m for a 0.5 J1.S pulse 

width. Therefore. the thermal diffusion length is much larger than the mode width 

and the resulting thermal index change is uniform across the mode. An equation 

similar to Eq. (5.19) would give the corresponding change in {3 for the thermal 

nonlinearities. 

The calculation of the average thermal index change requires the value of 1/ 

(Eq. (3.17)) which is fabrication dependent. One can overcome this complication by 

assuming the thermal index change is some percentage of the electronic index 

change. This is a valid assumption as long as the thermal and carrier diffusion 

lengths are of the same order of magnitude and the thermal absorption changes are 

negligible. The result is a decrease in the net nonlinear index change since the 

thermal and electronic index changes are competing mechanisms. This process is 

used to analyze the NLMZ and NLDC in bulk GaAs. 

The devices analyzed are at a detuning of -10 Rydberg units (A = 900 nm), 

Beyond this detuning background absorption due to crystal impurities and 

contaminants becomes significant. The plasma theory does not include these extra 

terms and. therefore. it is not as accurate beyond -10 Rydberg units. The devices 

have the lowest calculated absorption at the chosen detuning which gives maximum 

flexibility of the device length. 
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A Fortran 77 program using a fourth-order Runge-Kutta routine (Press et al. 

1986) to integrate Eqs. (S.8a) and (S.8b). was written for the PC. The amplitude 

absorption coefficients. ot1 and ot2• were calculated from the intensity absorption 

coefficient (divide by 2) generated by the plasma theory in each waveguide. This is 

a very good approximation for the imaginary part of the longitudinal propagation 

constant since the mode is assumed to be well-guided. 

Unequal-arm-Iength NLMZ. Figure S.3 illustrates the output power of the 

unequal-arm-Iength NLMZ (Figure S.la) as a function of input power. The results 

are for the rib waveguide structure (Figure S.2a) and illustrate the output behavior 

for a t:::..z c: ZI - Z2 = 0.2 mm. 0.3 mm. and 0.4 mm. The overall length of the device 

is ZI := 1.0 mm and results in approximately 3 db attenuation of the input signal. 

The nonlinear phase shift for t:::..z = 0.2 mm is not large enough to significantly alter 

the output of the device which constructively interferes up to the maximum input 

power. For t:J.z = 0.3 mm. the device constructively interferes the two signals up to 

the input power of 2 m W (l m W into both waveguides). As the input power is 

further increased. the nonlinear phase difference results in destructive interference 

and the device has a minimum output at 8 mW. The last plot is for t::J.z = 0.4 mm 

which demonstrates that the device destructively interferes until 2 mW where the 

device begins to constructively interefere until 8 mW. 

As Figure 5.3 indicates. the output behavior of the unequal-arm-Iength 

NLMZ is sensitive to t:J.z and. for the given power range and device length. nonlinear 

phase shifts in excess of 1T are attainable. The I mm device would be hard to 

fabricate for t::J.z's as large as 0.4 mm. but the difference in length must be greater 

than 0.2 mm in order to observe nonlinear behavior with reasonable power levels. 

For a I mm device length. a t:::..z from 0.25 mm to 0.35 mm is reasonable. Larger 
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Figure 5.3 Output power versus input power for the rib waveguide unequal-arm
length NLMZ. 

The device length is I mm. The curves are for the arm length differences, f::j.z = a) 
0.2 mm b) 0.3 mm and c) 0.4 mm. 
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Az's are possible for longer device lengths but the absorption increases and. 

therefore. the extra nonlinear phase change is costly. As a result. the output signal 

and constrast of the interference fringes are lower since. respectively. the net 

absorption in each arm and amplitUde difference between the two arms are larger. 

Figure 5.4 illustrates the output for the strip-loaded waveguide structure 

(Figure 5.?-b) with a device length of I mm and Az = 0.3 mm. The fiqure clearly 

demonstrates that the phase difference changes little over the given power range. 

The cross-sectional area of this waveguide is 2.5 times larger than that of the rib 

waveguide. Therefore. it is not surprising that higher input powers are required to 

observe significant nonlinear behavior in this device. 

The effect of thermal index changes on the output of the unequal-arm-Iength 

NLMZ is illustrated in Figure 5.5 for O. 25%. 50%. 75%. and 100% of the electronic 

index change. This is for the rib waveguide structure device where Zt = I mm and 

Az :::I 0.3 mm. It is obvious that the thermal index changes move the minimum from 

8 m W to higher powers. This behavior provides an easy check for the source of the 

nonlinearity. The size of the thermal index change increases with power and pulse 

width since it is an integrated nonlinearity. If the nonlinearity is predominantly 

electronic and the pulse width is increased. the minimimum transmission will shift to 

higher powers. For a predominantly thermal nonlinearity. the minimum transmission 

will shift to lower powers as the pulse width is increased. 

The unequal-arm-Iength NLMZ is relatively easy to fabricate and 

demonstrates nonlinear behavior. However. the design of the device introduces a 

linear phase difference between the arms which changes the output characteristics 

for each Az. Similarly. the interfering signal is the source of the nonlinearity and. 

as a result. there is a large change in the input power (6 m W) required to switch the 
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Figure 5.4 Output power versus input power for the strip-loaded waveguide 
unequal-arm-Iength NLMZ. 

The device length is I mm and D.z = 0.3 mm. The nonlinearity across D.z is not 
large enough to cause any significant modulation of the output. 
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The waveguide is a rib structure with a device length of I mm and 6.z = 0.3 mm. 
The thermal index change is assumed to be a) 0% b) 25% c) 50% d) 75% and e) 100% 
of the electronic index change. 
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device output (maximum to minimum or visa versa), In addition. it is undesirable to 

have the nonlinear phase difference build up over a fraction of the device length. 

These reasons make the design sensitive to the waveguide structure (recall the strip

loaded waveguide did not work with reasonable powers) and !:::..z. 

Equal-arm-Iength NLMZ. The problems encountered with the unequal-arm

length NLMZ (Figure 5.1 b) are not present for this design. For this geometry. the 

nonlinear behavior arises from the control input and the linear phase difference is 

eliminated. The signal input remains constant while the control input is varied and. 

therefore. the modulation is about some constant value. However. the fabrication 

requirements are more stringent since the device must support two orthogonal 

fundamental modes. have multiple inputs. and use an output polarizer. 

Figure 5.6 illustrates the signal output of the rib waveguide equal-arm-Iength 

NLMZ as a function of input control power for two signal inputs. For simplicity. 

the control arm is limited to one arm of the device. The device length is 0.8 mm 

and results in approximately 3 db attenuation of the signal. For the high control 

signals. the low signal input of 0.2 m W (0.1 m W into each arm) demonstrates a net 

nonlinear phase change of approximately 77T across the length of the device. This 

requires the average nonlinear index change to be approximately 0.004 (assuming a 

plane wave ... An = XA¢/27TL). Note that the frequency of the output signal is 

increasing with increasing control input. This is due to the saturation of the 

nonlinearity. since the device requires larger changes in the control power for any 

additional increase in the nonlinear index change. Likewise. if the signal input 

power is increased. the available nonlinear index change is decreased due to 

saturation effects in bulk GaAs and the resulting nonlinear phase change is 

decreased. This is clearly demonstrated for the signal input of I mW (0.5 mW into 
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Figure 5.6 Output signal power versus control power for the rib waveguide equaI
arm-length NLMZ. 

The various input signal powers are a) 0.2 m Wand b) I m W. The device length is 
0.8 mm. 
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each arm) where the net nonlinear phase change is 41T for the higher control powers. 

At first glance. it appears that the lower the signal the better the device. However. 

this is not the case when one considers that the extinction of the control is not 100%. 

Therefore. for a leakage of 4% and signal input of 0.2 mW. the signal output would 

be washed out at the higher control powers. Therefore. it is desirable to operate 

with higher input signals. All further considerations will use the 1 m W signal 

input. 

The output signal for the strip-loaded waveguide equal-arm-Iength NLMZ 

versus the input control power is illustrated in Figure 5.7. Since the nonlinear phase 

accumulates over the device length of 0.8 mm. this device geometry demonstrates 

nonlinear behavior and nearly 21T phase shift is acquired. The structure on the 

output is due to the nonlinear changes in the absorption. Figure 5.8 depicts the 

thermal effects for the same geometry. As with the unequal-arm-Iength NLMZ. the 

minimum shifts to higher powers as the percentage of thermal index change 

increases. 

The equal-arm-Iength NLMZ has much better output characteristics and is 

more efficient than the unequal-arm-Iength NLMZ. The required change in the 

control power to switch the device from a maximum to a minimum (or visa versa) is 

smaller than the unequal-arm-Iength NLMZ (2 m W versus 6 m W for the rib 

waveguide devices). 

Nonlinear Directional Coupler (NLDC) 

As depicted in Figure 5.9. a directional coupler consists of two waveguides 

that run parallel to each other. For small waveguide separations. the evanescent tails 

of the modes in each waveguide can sense the presence of the other waveguide and. 
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Figure 5.7 Output signal power versus control power for the strip-loaded waveguide 
equal-arm-Iength NLMZ. 

The device length is 0.8 mm. 
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The waveguide is a strip-loaded structure with a device length of 0.8 mm. The 
thermal index change is assumed to be a) 0% b) 25% c) 50% d) 75% and e) 100% of 
the electronic index change. 
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Figure 5.9 The nonlinear directional coupler (NLDC) geometry. 
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therefore. the directional coupler will linearly transfer optical power from one 

waveguide to the other. The strength of the coupling depends on the waveguide 

separation. the length of the evanescent tail. and the transverse propagation constant 

along the dimension between the two waveguides. The amount of optical power 

transferred also depends on the initial phase difference between the interacting 

optical modes. If there is a power-dependent change in the longitudinal propagation 

constant. {3. in each waveguide then the strength of the coupling and the net phase 

difference will also be power-dependent. Therefore. the transfer of optical power 

from one waveguide to the other is optically controllable. 

The analysis has been performed for Kerr-law media (Sarid and Sargent 

1982. Jensen 1982) and for media with saturation and loss (Stegeman et al. 1987). 

However. in all cases considered. nonlinear terms were neglected and not included in 

the analysis. The NLDC discussion in this chapter includes these terms and. for 

semiconductor based devices. these terms are significant and predict nonlinear 

behavior different from earlier models (Gibbons and Sarid 1987). 

Perturbation Theory for the NLDC 

The analysis is similar to that presented in Yariv and Yeh (1986) for a linear 

directional coupler. Assuming the modes only perturb each other and the 

longitudinal and transverse components of the electric field are separable. one can 

write the total electric field in the two waveguides as 

This differs considerably from the NLMZ analysis since one sums the electric fields 
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at the beginning of the analysis rather than at the end. Furthermore. the summed 

electric fields at the output of the NLMZ were assumed to overlap completely. 

whereas. for the NLDC. the evanescent tails of each mode interact with the mode in 

the other waveguide. As with the NLMZ. the physics of the NLDC arises from the 

interference of the two fundamental modes but the interaction occurs over the whole 

length of the device. The arbitrary constant phases in Eq. (5.20) play a significant 

role in the NLDC since the modal electric fields in each waveguide can originate 

from different sources. 

Equation (5.20) must satisfy the electromagnetic wave equation (Eq. (2.11» 

with the squared index distribution represented by 

(5.21) 

where ns 2 (x,y) is the background squared index distribution for both waveguides. 

Anl(x.y) is the linear perturbation to the squared index distribution due to the 

presence of waveguide i (i = 1.2). and An~li(x,y) is the nonlinear perturbation to the 

squared index distribution due to the optical nonlinearity in waveguide i. The 

definition of the terms for the NLDC are similar to the definitions presented for the 

NLMZ. However. since the optical modes interact from the beginning. they share the 

same squared index distribution. Therefore. each term self-perturbs the mode in the 

waveguide it represents as well as cross-perturbs the mode in the other waveguide. 

As for the NLMZ. the self-perturbations lead to the guided mode and the nonlinear 

self-phase. Unlike the NLMZ. the cross-perturbations cause the coupling of optical 

power from one waveguide to the other and affect the phase of the mode in the 
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other waveguide. The functional forms of .6onl(x,y) and .6on~li(x.y) depend on the 

waveguide geometry and nonlinear mechanisms of the material. 

Substituting Eqs. (5.20) and (5.21) into the electromagnetic wave equation 

(Eq. (2.11» and using Eq. (5.3) along with the parabolic approximation. one obtains 

"" - (.6on22 + .6on~l1 + .6on~12)ko2 alElexp[i(wt - f31koz + ¢l)] 

- (.6on1
2 + .6on~l1 + .6on~12)ko2 a2E 2exp[i(wt - f32koZ + ¢2)] . (5.22) 

Next. one takes the scalar product with El* and E2*' respectively. and integrates 

over all x and y. Since the modes perturb each other. the overlap integral for the 

modes in different waveguides is small compared to the overlap integral of the mode 

in the same waveguide. Mathematically. this condition is written as 

J 
OOJ 00 ErEtdxdy » J OOJ 00 ErEj *dxdy . 

-00 -00 -00 -00 
(5.23) 

Using this relation to isolate the derivatives of the normalized amplitudes with 

respect to z and Eq. (2.26) for orthogonal modes in the same waveguide. the 

following coupled differential equations for the normalized amplitudes are derived 

(5.24a) 
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(5.24b) 

where 0 '" (/31 - (32)ko• and A¢ = ¢1 - ¢2' Here. f(ijk and A{3ijk are the linear and 

nonlinear perturbation terms. respectively. and are given by 

J
ooJoo GUEo * f("k = - E· -An .2Ekdxdy 

IJ 4P I J • 
-00 -00 

(5.25) 

(5.26) 

where i, j, k "" 1.2 and P is the total power in the mode when i == k and is the 

geometric mean of the powers in the two fundamental modes when i =F k. 

Equations (5.24a) and (S.24b) can be further simplified. and the absorption 

can be taken into account by making the following substitutions for the normalized 

amplitudes 

(5.27a) 

(5.27b) 

Therefore. the new coupled differential equations (in reduced notation) are 
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(5.28a) 

(5.28b) 

where Oli (i ::: 1.2) is the amplitude absorption coefficient in guide i. 0i is the phase 

coefficient for guide i. and "i is the coupling coefficient between the channel 

waveguides from the jth guide to the other guide. Finally. the phase and coupling 

coefficients are written as a sum of the linear and nonlinear perturbation terms 

(5.29) 

(5.30) 

(5.31) 

(5.32) 

Equations (5.25)-(5.32) describe the linear and nonlinear behavior of the 

NLDC. As the modes propagate along the NLDC. the amplitude of the field carried 

by the modes changes due to absorption and the evanescent coupling of power to and 

from the other guide. Since the amplitude is varying. the nonlinear propagation 

constant. /3. changes as a function of propagation distance. This alters the local 

amplitude absorption. phase and coupling for each waveguide. The cummulative 
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effects of the nonlinear changes in 51' 52' "1' "2' 0!1' and 0!2 give rise to the nonlinear 

response of the directional coupler. 

The nonlinear perturbation terms always change as a function of the 

propagation distance since the power in each waveguide does not remain constant. 

Therefore. regardless of the nonlinear media. the coupled differential equations must 

be numerically integrated to find the amplitude of the modes in the two waveguides 

at the output of the NLDC. Often the geometries of both waveguides making up the 

NLDC are identical. If this is the case. then 5 ::: O. and the linear cross-phase terms 

become equal ("121 CI "212) and can be ignored (i.e. incorporated into the definition of 

the respective (3's). Also. the linear coupling terms. 1'112 and "22l' become equal which 

further simplifies the analysis. 

If the magnitude of the nonlinear index change is small compared to the 

linear index difference between the core and bounding media. the nonlinear cross

perturbation terms can be neglected. In this regime. the nonlinear behavior of the 

NLDC is purely due to nonlinear changes in the self-phase (t>.{3111 and t>.(3222) of each 

mode. This is valid for most Kerr-law media and is the predominant assumption in 

the previous work using perturbation theory to model the NLDC. 

For semiconductor materials. the nonlinear index change can be comparable 

to the linear index difference and. therefore. the nonlinear cross-perturbation terms 

must be included. In particular. the nonlinear coupling terms t>.{3112' t>.{3122' t>.{3221 and 

t>.{3122 can significantly diminish or increase (depending on the sign of the 

nonlinearity) the coupling of optical power between the two waveguides. Usually, 

even for semiconductor materials. the nonlinear self-phase terms will dominate over 

the cross-phase terms. The theoretical analysis of bulk GaAs NLDC's demonstrates 

the interesting interplay between the nonlinear coupling and phase of the optical 
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modes. 

Solutions to the Coupled Differential Equations 

To gain further insight into the behavior of the NLDC. the solutions to the 

coupled differential equations (5.28a) and (5.28b) are presented. In order to solve 

these equations. one must assume that all the coefficients remain constant as a 

function of z. As a result. the solutions in general are not applicable to the NLDC. 

However. the solutions demonstrate the changes required to completely switch the 

device and clarify the functional dependence of the device on the coupling and phase 

terms. 

The solutions to Eqs. (5.28a) and (5.28b) are recited without proof. The 

techniques of solving coupled first-order differential equations are in any standard 

text on ordinary differential equations. Assuming all coefficients are real. one 

obtains 

• [ ()'" '" ( • A A.)] sin(Qz) } 
- 1 alO + "la20exp -l~'f' Q • (5.33a) 

(5.33b) 
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where the the modes in each waveguide begin to interact. For a functional device, it 

is desirable to know the transmitted power in each waveguide. Therefore, by taking 

the squared modulus of Eqs. (S.33a) and (S.33b), the output powers of the 

waveguides as a function of z are given by 

(S.34a) 

(S.34b) 

where Po is the total power input into both guides. Generally, Eqs. (S.34a) and 

(S.34b) reveal that absorption attenuates the signal at the output and a non-zero 

phase difference, !::J..¢, introduces a cross term to the solutions. As written the 

solutions offer some insight into the nonlinear behavior of the NLDC but the picture 

is much clearer if one considers several special cases. 

Special Case I: Linear Directional Coupler. For the linear directional 

coupler, all perturbation terms are neglected except for the linear coupling 

coefficients (I'm, 1'221). To simplify the analysis, all the power is input into guide I 
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«110 ::: 1. a:w ::: 0). In addition. the guides are assumed to be identical (K112 = K221 ::: K) 

and non-absorptive. Consequently. the solutions reduce to the standard solutions for 

a linear directional coupler (Yariv and Yeh 1986) 

(5.35a) 

(5.35b) 

From these equations the half-beat-length (l interaction length). ~. is defined as the 

distance required to transfer all the power from guide I to guide 2 in a linear 

directional coupler and is given by rr/2K. A full-beat-Iength. 2£. is the distance 

required to transfer the power from guide 1 to guide 2 and back again. Most 

NLDC's are designed to be half-beat-Iength devices in the low power regime. 

Therefore. the device length is the minimum required to get a maximum contrast in 

both guides (0 to Po and Po to 0) when the input power is increased. The linear 

coupling coefficient. K.. is calculated from Eq. (5.25). An analytic formula was 

derived by Kusnetsov (1985) for the channel waveguide structures introduced in 

Appendix A. The formula for the E~q modes is 

(5.36) 

where s is the separation between the waveguides and all other parameters are 

defined in Appendix A. 
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Special Case 2: Single-Input Device. By including all the perturbation terms 

and keeping the remaining assumptions of Special Case 1 (identical guides and power 

input into guide 1). the solutions become 

(S.37a) 

(S.37b) 

where Q' = Je2 + KIKz and e = (01 - 02)/2. In the low power regime where the 

nonlinear perturbation terms are negligible (0 = 0 and Q' = K) these equations reduce 

to the linear directional coupler equations. Therefore. if z = ~ = 1T/21<.. the power will 

transfer from guide I to guide 2 at low powers. As the power is increased. 0 

becomes non-zero and "1 (Kz) departs from the linear coupling coefficient. K. In 

order to keep the power from transferring to guide 2 the nonlinear changes in 01' Oz. 

Kl and I'z must cause Q'~ to equal 1T. If the device is fabricated in a medium where 

the nonlinear index change is much less than the linear index difference (e.g. Kerr-

law media) then the nonlinear cross-coupling terms are negligible compared to the 

linear coupling coefficient. In this limit. the nonlinear self-phase coefficients are the 

sole source of the nonlinearity and. thus. Q' ::: J02 + ,,2. In order to switch the 

device. the nonlinear self-phase coefficients must satisfy 
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where id = 1(/2 has been used to isolate the- terms of interest. This value is often 

quoted in the literature as the minimum nonlinear phase shift required to have a 

useful NLDC. Since it is hard to get that large of a phase shift with reasonable 

powers and device lengths. it is argued that a practical NLDC may not be possible. 

However. this is only true for media where the sole source of the nonlinearity is 'lhe 

nonlinear self-phase perturbations. In actuality. there are materials (e.g. bulk and 

MQW GaAs) where the nonlinear cross-perturbation terms are significant. When 

this is true. the nonlinearities are distributed among 01' Oz. 1<1' and I<z and the required 

phase changes are easier to achieve. Consequently. a practical NLDC is attainable. 

It is important to note for these materials that the nonlinear index changes are large 

enough to significantly alter the mode profile and. thus. make the perturbation model 

inaccurate. As a result. one must be cautious when using perturbation theory to 

design NLDC's in semiconductors and other materials with large nonlinearities. 

Another important point concerns the amplitude dependence of the NLDC on 

the nonlinear perturbation terms. For example. Eq. (5.37b) shows that the amplitude 

coefficient of guide 2 goes as I<zz/Q'z. As the power in guide 1 is increased. the 

values for "z and Q' change which affects the output behavior of the NLDC. The 

amplitude of guide 1 demonstrates the opposite behavior of guide 2 since the second 

term's amplitude coefficient in Eq. (5.37a) goes as eZ/Q'z. For Kerr-law media and in 

the limit of large input powers and. therefore. large nonlinear phase differences (2e "" 

01 - 0z). then I<z/Q'z == a and eZ/Q'z == 1.00. Therefore. the majority of the output 

power will remain in guide I regardless of the sine and cosine arguments. 
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Special Case 3: Dual-Input Device. As Eqs. (S.34a) and (S.34b) demonstrate. 

the amplitudes of the solutions as well as the arguments of the cosines and sines 

depend on the nonlinear phase and coupling terms. This implies that under the 

appropriate conditions the NLDC may be enhanced by the nonlinear amplitude 

dependence. For input powers into both identical. non-absorptive waveguides and a 

zero phase difference (tl¢ = 0). the solutions are 

(S.39a) 

(S.39b) 

If the input powers are significantly different in the two waveguides. the equations 

behave similar to Eqs. (S.37a) and (S.37b). If the powers are equal in both 

waveguides. then "1 CJ "2 and 0 = O. Therefore. the outputs of the waveguides are 

equal. The interesting behavior occurs when the powers are slightly different. If 

the nonlinearity causes 0 == "2 before the input power in guide I differs significantly 

from the input power in guide 2. one observes that [Oa20 - "2alOF == 0 and the power 

decreases significantly in guide 2 and increases in guide I (assuming sin2(Q'z) is non-

zero). 

The amplitude switching can also occur under conditions different than those 

listed above. In any situation where Oa20 == "2al0' there is a possibility of observing 

the amplitude switching. This strong amplitude dependence of the NLDC occurs if 

there is power input into both waveguides and is in conjunction with nonlinear 
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changes in the phase arguments of the sines and cosines. Later in this chapter. this 

behavior is demonstrated theoretically for the NLDC in bulk GaAs. 

The NLDC in Bulk GaAs 

The summary at the beginning of the section "The NLMZ in Bulk GaAs" 

applies equally well to the NLDC in bulk GaAs. The rib and strip-loaded 

waveguide structures of Figures 5.2a and b are used to construct the NLDC. The 

values for the phase and coupling coefficients are calculated using the equivalent 

channel waveguide parameters (Table 5.1) and mode profiles. Figure 5.10 illustrates 

the cross-section of the NLDC for the rib and strip-loaded waveguide structures and 

the equivalent channel waveguides. The effects of carrier diffusion are included by 

assuming the diffusion length is large compared to the mode width which simplifies 

the calculation of the linear and nonlinear perturbation terms of each waveguide. 

As with the NLMZ. the thermal effects are considered as a percentage of the 

electronic index changes and all devices were designed at a detuning of -10 Rydberg 

units. The amplitude absorption coefficients were approximated by the intensity 

absorption coefficient divided by 2. As before. a Fortran 77 program. using the 

fourth-order Runge-Kutta integration routine to integrate Eqs. (5.28a) and (5.28b). 

was written for the Pc. 

The unique geometry of the NLDC (Figure 5.10) requires special 

consideration for carrier diffusion. Since the waveguide separation is small and 

there are no physical interfaces along the dimension seperating the waveguides. 

carriers excited in one waveguide can diffuse into the other waveguide. For large 

diffusion lengths and small waveguide separations. the resulting nonlinear index 

change is uniform across both waveguides. The uniform index change across both 
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Figure 5.10 The cross-sections of the NLDC for various waveguide structures. 

a) rib waveguide structure b) strip-loaded waveguide structure and c) equivalent 
channel waveguide structure. The rib and strip-loaded waveguide structures were 
also used in the analysis of the NLMZ (Figure 5.2). 
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waveguides causes the nonlinear phase and coupling terms for each waveguide to be 

equal. Consequently, the nonlinear phase difference (0 1 - O2) between the waveguides 

is zero and the nonlinear behavior of the NLDC is diminished. However, the device 

can still demonstrate nonlinear behavior due to the nonlinear coupling terms but 

requires higher input powers to operate. 

Generally, it is assumed that the waveguide separation is large enough to 

minimize the diffusion of carriers from one waveguide to the other. The separation 

of the waveguides for the rib and strip-loaded structures was chosen to be 2 Mm. 

This separation keeps the absorption across the device (half -beat-length) at a 

reasonable level and is large enough to diminish the diffusion of carriers from one 

waveguide to the other (the lie point of the mode intensity is approximately 1 Mm). 

Furthermore, this insures that perturbation theory is applicable. All further 

considerations of the NLDC assumes a half-beat-Iength device with a 2 Mm 

waveguide separation. 

Single-input NLDC. Figure 5.11 shows the output power of each rib 

waveguide as a function of the power input into guide 1. The half-beat-Iength of 

this device for a 2 Mm waveguide separation is approximately 1.45 mm. The 

absorption across the device results in approximately 4 dB attenuation of the input 

power. At low power levels, where the nonlinear phase and coupling is negligible, 

all the power input into guide I is transferred to guide 2 except for the part that is 

absorbed. At higher power levels, one observes that less power transfers over. The 

critical power, Pc' of the NLDC is defined as the input power where the output of 

both waveguides are equal. For this geometry, the critical power is 0.5 mW. The 

changes in the phase arguments (Special Case 2) dominate up to the critical power. 

Beyond the critical power, the amplitude coefficients (Special Case 2) begin to 
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Figure 5.11 Output power versus input power for the single-input rib waveguide 
NLDC. 

The waveguides are separated by 2 /Lffi and the resulting half-beat-Iength of the 
device is 1.45 ffiffi. P 1 is the power input into guide 1. P 2 is the power input into 
guide 2. and P 2 is the power at one half -beat-length. 
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dominate and the output power of guide 2 rolls-off. There is a corresponding 

increase in guide I output power. As the power is further increased. the nonlinear 

amplitude coefficients completely dominate and restrict the output power to guide I. 

The oscillatory behavior observed in the outputs of both guides is a result of the 

changes in the phase arguments and is indicative of the total nonlinear phase 

difference between the waveguides across the device. 

The outputs of the strip-loaded waveguide NLDC versus the input power is 

illustrated in Figure 5.12. For the 2 flm waveguide separation. the half -beat-length 

is approximately 1.35 mm. The resulting critcal power is 3 mW for the strip-loaded 

waveguide structure. For the given input power range. the nonlinear behavior of the 

NLDC is a result of the nonlinear changes in the amplitude coefficients and phase 

arguments. The input powers do not get high enough to cause the amplitude 

dependence to completely dominate. Recall that the cross-sectional area of these 

waveguides is 2.5 times the cross-sectional area of the rib waveguide which explains 

the large differences in critical powers. 

It was argued earlier in this chapter (Perturbation Theory of the NLDC) that 

neglecting th~ nonlinear coupling dependence ("1' "2 ~ ,,) significantly alters the 

nonlinear behavior of the NLDC. Figure 5.13 depicts the outputs of the strip-loaded 

waveguide NLDC when the nonlinear coupling terms are neglected in the analysis. 

Comparing to Figure 5.12. the critical power has doubled to approximately 6 m W 

and the roll-off in the power of guide 2 is sharper. The higher critical power is a 

result of restricting the nonlinear dependence of the NLDC to the nonlinear phase 

terms (01, ( 2), Therefore. one can conclude that the nonlinear coupling dependence is 

important for semiconductor based NLDC's. 
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Figure 5.12 Output power versus input power for the single-input strip-loaded 
waveguide NLDC. 

The waveguides are separated by 2 JLffi and the resulting half-beat-Iength of the 
device is 1.35 mm. PI is the power input into guide 1. P2 is the power input into 
guide 2. and Pi is the power at one half-beat-Iength. 
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Figure 5.13 The output of the single-input strip-loaded waveguide NLDC when 
there is no nonlinear coupling dependence. 

The waveguides are separated by 2 pm and the resulting half-beat-Iength of the 
device is 1.35 mm. The output characteristic is significantly altered from that of 
Figure 5.12. 
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The effects of thermal index changes are illustrated in Figures 5.14a and b 

for O. 25%. 50%. 75%. and 100% of the electronic index change. The case considered 

is for the strip-loaded waveguide NLDC. Figure 5.14a is the output of guide I and 

indicates the ouput decreases to zero with increasing thermal effects. The output 

power completely transfers to guide 2 when the nonlinear electronic index change is 

cancelled by the thermal index change. Figure 5.14b demonstrates the corresponding 

increase in the output power of guide 2 with increasing thermal index change. For 

the thermal percentage of 100%. the output of guide 2 increases linearly with 

increasing input power and. therefore. the device behaves as a linear half-beat-length 

directional coupler. As with the NLMZ. this behavior can be used to investigate the 

source of the nonlinearity in practical NLDC's. 

Dual-input NLDC. As can be seen in the figures for the single-input NLDC. 

there is a disadvantage when inputing all the power into guide 1. The output power 

of guide 2. before the device switches. is much smaller than the output power of 

guide 1 after the device switches. To avoid this asymmetry. one can input power 

into both waveguides. Figure 5.15 demonstrates the behavior of the rib waveguide 

NLDC if a constant power of 0.5 m W is input into guide 2 and the power in guide I 

is allowed to vary. The power in guide 2. Pz• is the critical power of the single

input NLDC (Figure 5.1l) and the initial phase difference is zero. The output 

characteristics of the two-input NLDC include two switchings. The first is a result 

of the processes described for the one-input device. The second is due to the 

enhanced amplitude coefficient effect described earlier in the chapter (Special Case 

3). The sharp second switch occurs when the input power to guide I is varied by 

0.2 m Wand demonstrates a better output characteristic than the single-input NLDC. 

Figure 5.16 demonstrates similar behavior for the strip-loaded waveguide NLDC for 
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Figure 5.14 Thermal nonlinearities in the NLDC. 
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The strip-loaded waveguides are separated by 2 p.m and the resulting half -beat
length of the device is 1.35 mm. The thermal effects are plotted for a) the output of 
guide I and b) the output of guide 2. The thermal index change is assumed to be I) 
0% 2) 25% 3) 50% 4) 75% and 5) 100% of the electronic index change. 
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Figure 5.15 Output power versus input power of guide 1 for the dual-input rib 
waveguide NLDC when P2 CI 2 mW. 

The waveguides are separated by 2 /lm and the resulting half -beat-length of the 
device is 1.45 mm. 
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Figure 5.16 Output power versus input power of guide 1 for the dual-input strip
loaded waveguide NLDC when Pz :::: 2 mW. 

The waveguides are separated by 2 /lm and the resulting half-beat-length of the 
device is 1.35 mm. 
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P2 == 2 mW input power to guide 2. Again. the output characteristic is improved 

over the single-input NLDC (Figure 5.12). The second enhanced switch is not as 

sharp as that of the rib waveguide NLDC and occurs at much higher powers (6 m W 

versus I m W). 

If the input power into guide 2 is increased. the output behavior of the 

dual-input NLDC is different from the lower power case. Figures 5.17 and 5.18 

illustrate the output behavior of the rib and strip-loaded waveguide NLDC's. 

respectively. Figure 5.17 illustrates two enhanced switchings at 2.2 m Wand 4.0 

mW. respectively. for P2 :::: 4.0 mW. This large input power into guide 2 prevents 

the switching of the device similar to the single-input NLDC and. therefore. 

improves the contrast at the output of each waveguide for each switch. Since the 

nonlinear index changes in the rib waveguide are large. the switching is very sharp. 

The strip-loaded waveguide NLDC demonstrates only one enhanced switching (Figure 

5.18) at the input powers PI :::: P2 :.I 6 mW. As before. the contrast in both guides is 

nearly the same when the device switches. One can envision a device that switches 

when approximately I m W is input into guide 1 when holding beams of 

approximately 5.5 mW and 6.0 mW are input into guide 1 and guide 2. respectively. 

The dual-input NLDC's demonstrated in Figures 5.11-5.18 were modelled 

assuming the initial phase difference between the two inputs is zero. Since the input 

powers in each waveguide can come from different sources, one must consider the 

effects of intial phase differences between the waveguides. Figures 5.19a and b 

depict the outputs of guide I and guide 2, respectively. versus the input power into 

guide I for an initial phase difference of 0, rr/2, rr, 3rr/2 and 2rr. The model is for 

the strip-loaded waveguide NLDC with P2 == 2 mW. As expected the 0, 2rr intitial 

phase differences are identical. However. as Figures 5.19a and b indicate, the dual-
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Figure 5.17 Output power versus input power of guide I for the dual-input rib 
waveguide NLDC when P2 = 4 mW. 

The waveguides are separated by 2 pm and the resulting half-beat-Iength of the 
device is 1.45 mm. 
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Figure 5.18 Output power versus input power of guide 1 for the dual-input strip
loaded waveguide NLDC when P2 ::: 6 mW. 

The waveguides are separated by 2 Ilm and the resulting half-beat-length of the 
device is 1.35 mm. 
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Figure 5.19 Input phase dependence of the dual-input NLOC. 
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The strip-loaded waveguides are separated by 2 Jlm and the resulting half-beat
length of the device is 1.35 mm. The power into guide 2 is 2 m W. The phase 
dependence is plotted for a) the output of guide I and b) the output of guide 2. The 
initial input phase is assumed to be 1) O,27T 2) 7T/2 3) 7T and 4) 37T/2. 
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input NLDC is extremely sensitive to the input phases of the input fields and. 

therefore. substantially reduces the potential of the dual-input NLDC as a practical 

device. 

Summary of the Results and Some Limitations 

The perturbation theory was used to model the nonlinear Mach-Zehnder 

interferometer (NLMZ) and nonlinear directional coupler (NLDC). The theory 

reduces the analysis to first-order differential equations representing the amplitudes 

of the mode in each waveguide. The nonlinear behavior results from the nonlinear 

perturbation terms that are incorporated in the coefficients of the first-order 

differential equations. The perturbation theory assumes the mode profile of the 

waveguide remains virtually unchanged along the length of the device. This is 

easily satisfied for Kerr-law media. but may not be the case for the semiconductors. 

The rib and strip-loaded waveguide designs insure the mode profiles do not change 

as much since the nonlinear index change across the mode is uniform due to carrier 

diffusion. Therefore. the perturbation modets were applied to devices fabricated 

with rib or strip-loaded waveguides. 

It was assumed for both devices that the carrier and thermal diffusion 

lengths were much larger than the mode width. This simplified the calculation of 

the linear and nonlinear perturbation terms. Furthermore. the equivalent channel 

waveguides for the rib and strip-loaded waveguides were calculated so that the well

known modal equations of Appendix A could be used to simplify the integral 

relations for the perturbation terms. 

Large nonlinear phase shifts were observed in both devices which 

theoretically implies the devices should work in bulk GaAs. The analysis for both 



140 

devices indicated that smaller cross-sectional area waveguides demonstrated lower 

power operation since the local intensity was higher and generated more carriers. 

However. for practical applications. the coupling of power into the waveguide 

fundamental mode is easier for larger cross-sectional waveguides. This indicates that 

there are trade-offs to be considered when designing the waveguide structure. 

The equal-arm-Iength NLMZ performed much better than the unequal-arm

length NLMZ since the nonlinear phase difference accumulates over the whole 

device. The cost for the better performance was an increased complexity in the 

device design and fabrication. Thermal nonlinearities affected the device but the 

behavior is predictable and. therefore. the source of the nonlinearity is easy to 

determine. Input phase of the signals do not affect the output of the NLMZ since 

they originate from the same source. 

The dual-input NLDC had better output characteristics than the single-input 

NLDC. However. there is an increase in sensitivity to the input phase difference of 

the signals. This would prove detrimental to any device applications. The NLDC 

design is more complicated than the NLMZ since the waveguides must interact over 

the length of the device. For semiconductor-based NLDC's. there are trade-offs 

between the device separation and the device length. The perturbation theory is 

more accurate for larger waveguide separations but the device half-beat-Iength 

becomes prohibitive due to absorption. Furthermore. for close waveguide separations 

and the rib and strip-loaded waveguide structures. the carriers can diffuse from one 

waveguide to the other. The result is to reduce the net nonlinear phase difference 

between the waveguides which decreases the effectiveness of the NLDC. However. 

the nonlinear coupling terms are still significant and can produce nonlinear behavior. 

As with the NLMZ. thermal effects have a predictable behavior on the output of the 

NLDC. 
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The overall conclusions of this chapter indicate that the NLMZ and NLDC 

will work when fabricated in semiconductors but care must be exercised when 

designing and fabricating these devices. 



CHAPTER 6 

MEASUREMENT OF OPTICAL NONLINEARITIES IN 

MULTIPLE-QUANTUM-WELL GALLIUM ARSENIDE WAVEGUIDES 

The previous chapters have emphasized the theoretical aspects of nonlinear 

semiconductor waveguides and waveguide devices. The analysis was limited to bulk 

GaAs nonlinearities since a well-developed theory for the nonlinear mechanisms in 

direct-gap semiconductors was available (the plasma theory of Chapter 3). The 

perturbation theory of Chapter 5 predicted the nonlinear Mach-Zehnder (NLMZ) and 

directional coupler (NLDC) would work in bulk GaAs. As outlined at the end of 

Chapter 5, the predictions of the perturbation theory are optimistic since it assumes 

the mode profile in each waveguide changes little along the length of the device. 

Therefore, experimental studies of the NLMZ and NLDC are needed to investigate 

the predictions of the perturbation theory. Unfortunately, the fabrication of the 

NLMZ and NLDC is a science in itself (see Appendix B) and, thus, it is hard to get 

good quality devices. Also, in order to have acceptable net absorption levels across 

the device, the source of laser radiation must be tuned far from the band-edge (::: 20 

nm). However, for the available Argon-pumped Stryl-9 dye laser, the output power 

is low at the wavelengths needed to investigate bulk GaAs waveguide devices (::: 

0.91 JLm). This further complicates the acquisition of experimental results. 

These considerations and others prompted the experimental investigation of 

the nonlinear behavior in multiple-quantum-well (MQW) GaAs waveguides. The 

simplicity of the waveguide geometry allows for relatively easy fabrication and 
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characterization of many samples. Also. MQW GaAs has its band-edge shifted to 

higher energies. and. thus. the dye laser has sufficient power at the larger detunings 

to study the waveguide nonlinear properties. The results for MQW GaAs 

waveguides are indicative of how a similar waveguide would perform in bulk GaAs 

(Multiple-Quantum-Well Semiconductors in Chapter 4). 

Both the NLMZ and NLDC require nonlinear phase shifts on the order of 1T. 

Consequently. it was decided to experimentally observe optical bistable behavior in 

the MQW GaAs waveguides. The experiment indicates the achievable nonlinear 

phase shift across the waveguide and. as a byproduct. it measures the overall quality 

of the waveguide. In addition. optical bistability in a waveguide has potential 

applications in the areas of optical computing and communications. 

This chapter begins with an introduction to the plane-wave theory of a 

Fabry-Perot etalon since the equations of this' theory were used to measure the 

quality of the waveguides. The interaction of the nonlinear changes in the refractive 

index and absorption with the transmission properties of the etalon lead to optical 

bistability. It is beyond the scope of this dissertation to give an exhaustive analyis 

of optical bistability. The reader is referred to Gibbs (1985) for a complete review 

of optical bistability and its applications. Next. the techniques used to make the first 

observation of optical bistability (Warren et al. 1987) in a strip-loaded MQW GaAs 

waveguide are discussed. The chapter concludes with a brief overview of an 

experimental set-up used to investigate NLDC's fabricated in MQW GaAs. This set

up is similar to the one used by Li Kam Wa (1984) to experimentally demonstrate the 

strain-induced waveguide NLDC fabricated in MQW GaAs. 
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Theory of a Fabry-Perot Etalon 

Figure 6.1 is a sketch of a Fabry-Perot etalon (Gibbs 1985) which consists of 

two parallel mirrors separated by a distance. L. A material of refractive index. n. is 

sandwiched between the mirrors. If the etalon is illuminated with plane-wave laser 

radiation as indicated in Figure 6.1. the light bounces back and forth between the 

mirrors with a finite percentage leaking out of the back mirror. A standing-wave 

pattern occurs due to the interference of the backward and forward propagating 

beams. If the optical path length between the two mirrors is an integral number of 

wavelengths. the transmission of the etalon device is at a maximum. If the optical 

path length is an integral number of half-wavelengths. the transmission is a minimum 

(the unabsorbed light is reflected off the front mirror). The transmission of the 

device for normal incidence can be written as (Gibbs 1985) 

(6.1) 

where R, and Rb are the intensity reflectivities of the front and back mirrors. 

respectively. Ra: == eXP[-OlL1JR,Rb• F '" 4Ra:/O - Ra:)2 and 0 CI nLko• Here. Ol is the 

absorption of the material between the mirrors and it decreases the peak transmission 

of the etalon. Another useful parameter is the free spectral range. FSR = A.2/2nL. 

and is defined as the difference in wavelength between the transmission peaks. The 

finesse. / == rr./F /2. is defined as the FSR divided by the full-width-at-half-

maximum (FWHM) of the spectral transmission peak and is loosely interpreted as the 

number of bounces in the etalon. A large finesse etalon performs better than a low 

finesse etalon. 
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Figure 6.1 Simple schematic of a Fabry-Perot etalon. 

The mirror separation is L and a material with an index of refraction. n. is 
sandwiched between the mirrors. 



146 

If the index of refraction and absorption are intensity-dependent then the 

transmission of the etalon depends on the input intensity. 1/. A nonlinear Fabry

Perot etalon is optically bistable if it has two output values. IT' for the same input 

value. 1/. as the input value is scanned up and then down again. It is important to 

note that some sort of material feedback is needed to observe optical bistability. 

Often two different types of optical bistability (OB) are defined. Dispersive OB 

occurs when the predominate feedback mechanism is due to the nonlinear changes in 

the refractive index. Absorptive OB results when the nonlinear changes in 

absorption are the source of feedback. Technically. for a medium with a nonlinear 

index of refraction and nonlinear absorption. the OB is never purely dispersive or 

absorptive. However. either mechanism can dominate with the proper choice of the 

optical wavelength relative to the band-edge of the medium. Similarly. the origins of 

the optical nonlinearity are either electronic (carrier-density-dependent changes) or 

thermal. Thermally dispersive and absortive OB are relatively easy to observe 

compared to OB of electronic origin (regardless of the mechansim for feedback). The 

desired (and observed) waveguide OB is predominantly electronic in origin with a 

dispersive feedback mechanism. Figure 6.2 illustrates a typical output pulse for a 

triangular input pulse and the corresponding bistable loop (output versus input) when 

the feedback mechanism is predominantly dispersive and the nonlinearity is 

electronic in origin. The material in the etalon is MQW GaAs several microns thick 

(FSR == 4.0 nm). and the reflectivity of the mirrors are approximately 90%. The 

nonlinear phase shift required for optical bistability is ../31T /1 (Gibbs 1985). 
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Figure 6.2 Room-temperature MQW GaAs optical bistability in an etalon. 

The MQW structure consisted of 300 periods of 5.3 nm wells and 5.6 nm 
Alo•3Gao•7As wells. The upper inverted triangular pulse is the input optical pulse. 
the lower trace is the output pulse and the trace to the left is the corresponding 
bistable loop. The source was a laser diode at 830 nm and 6 m W output power 
(Peyghambarian and Gibbs 1985). 
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The MQW GaAs waveguides used were 100 /lm or more in length. 

Therefore. the FSR is small (for L == 200 /lm. FSR == 0.5 nm) and care must be taken 

to keep the FSR larger than the linewidth of the dye laser (~ 0.1 nm). For 

simplicity. the natural reflectivities «n - 1)2j(n + 1)2 ~ .31) of the cleaved facets were 

used as the etalon mirrors. Assuming a lossless waveguide. the maximum finesse for 

the given reflectivities is 2.6. Therefore. the minimum nonlinear phase shift 

required to obtain optical bistability is O.7rr which is comparable to the phase shifts 

required in the NLMZ and NLDC. Remember that these numbers are approximate 

for waveguides since the formulas apply to plane waves. 

Equation (6.1) can be used to provide a relative measure of the waveguide 

quality for each sample. The maximum transmission of the etalon occurs when 0 == 

ffirr (m == 1.2.3 ..... ). Similarly. the minimum transmission is given when 0 = mrr/2. 

Taking the ratio of the maximum T and mimumum T and assuming equal 

reflectivities (Rf == Rb == R). one obtains 

Itmax 4R 
== 1 + F == 1 + Itmin { exp[<xLj2] - R exp[-<xL/2] }2 . (6.2) 

Since the FSR is small for the waveguide etalons. Itmax and I tmin are easily measured 

by varying the wavelength of the dye laser. Once the values are obtained. Eq. (6.2) 

can be iterated to determine <xL. The value of <xL indicates the net losses across the 

waveguide and includes the intrinsic losses of the material and the scattering losses 

of the waveguide. Therefore. one can measure the relative quality of each 

waveguide and change the fabrication procedures to minimize <xL. The value for <xL 

is also used to determine the coupling efficiency of the waveguide. The method for 
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determining the coupling efficiency is discussed later in the chapter. The finesse of' 

the waveguide etalon is easily determined from Eq. (6.2). Recalling that F ::: 4/ /rr2, 

the finesse is given by 

rr Itmax _ 1 /::: 2: I 
tmin 

(6.3) 

This formula provides a quick way to compare equal length waveguides. The larger 

the value the better the waveguide. Nearly 1000 waveguides were fabricated before 

optical bistability was observed, and the use of Eq. (6.2) and (6.3) allowed one to 

determine the best candidates and concentrate on them. 

Observation of Optical Bistability in GaAs Waveguides 

The previous section explained that optical bistability in an etalon can be the 

result of different nonlinear and feedback mechanisms. Several different forms of 

optical bistability were also experimentally observed in the waveguides and are 

summarized in this section. 

The Experimental Set-Up for Observing Waveguide Bistability 

The experimental set-up used to characterize the waveguides is similar to 

that used for conventional etalon DB (Gibbs 1985) and is depicted in Figure 6.3. A 

Coherent Innova-20 Argon laser with 7 W of power at 514.7 nm pumps a Coherent 

CR-599-01 Stryl-9 dye laser. Stryl-9 dye lases from 800 nm to 910 nm with a peak 

power of 450 m W at 830 nm. The vertically polarized CW output of the dye laser 

is passed through an Interaction acousto-optic modulator (AOM). The AOM delivers 
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Figure 6.3 Schematic of the experimental set-up used to observe optical bistability 
in waveguides. 
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pulses of approximately 200 ns or longer in the first-order and is controlled by an 

HP-405 pulse generator with variable duty-cycle and pulse shape. A beamsplitter is 

used to pick off part of the input beam for monitoring with a TIED56 p-i-n silicon 

avalanche photodiode (APD). The two iris diaphragms (IDI and ID2) in Figure 6.3 

are for alignment of the optical beam down the optic axis. The modulated light 

passes through an input objective. The coupling to the waveguide fundamental 

mode is imperfect since the laser beam has a guassian mode profile and there is a 

resulting mode mismatch. However. the coupling is best when the focal spot size has 

a cross-sectional area nearly equal to the waveguide cross-sectional area (40 to 60 

power objective). A 20 power objective images the output of the waveguide onto a 

General Electric CID camera and iris diaphragm in front of the output TIED56 APD. 

The iris diaphragm (ID2) blocks the uncoupled light from the output APD. Both the 

input and output APD signals are sent to a Tektronix 7904 Mainframe oscilloscope 

where the input and output signals are traced individually and versus each other. 

The signal diverted to the camera is used to align and couple the light into the 

waveguide. The wavelength calibration of the dye laser output is performed using 

the EG&G 1461 Optical Multi-Channel Spectrum Analyzer (OMA) in Figure 6.3. 

Determination of the Waveguide Coupling Efficiency 

To fully determine the quality of the waveguides and the power 

requirements for optical bistability the coupling efficiency into the waveguide must 

be determined. The power entering the input objective and exiting the output 

objective from the waveguide is easily measured. The total efficiency. 1/ = Pr/p/. of 

the objective-waveguide-objective system is defined as the transmitted power divided 

by the input power. The total efficiency of the system can be written as the 



152 

product of the component efficiencies 

(6.4) 

where 'TIio and 'TIoo are the efficiencies of the input and output objectives. 'TIT is the 

transmission efficiency representative of the transmission across each cleaved facet of 

the waveguide. 'TIc is the coupling efficiency which indicates the conversion of the 

input beam mode to the waveguide mode. and 'TIw is the waveguide efficiency which 

expresses the transmission of the waveguide. By realizing 'TIT = I - Rand 'TIw = 

exp[ -<xL] where R is the reflectance of the facet and <xL is determined from Eq. 

(6.2). one can solve for the coupling efficiency 

(6.5) 

The objective efficiencies are determined by measuring the input and output power 

of each objective. For the near infrared wavelengths. the high power input objective 

and low power output objective gave 'TIio :::I 0.73 and 'TIoo :::I 0.80. respectively. The 

coupling efficiency of a waveguide is often quoted in the literature. However. for 

waveguide DB. the input power into the fundamental mode is of primary interest. 

This is easily found by defining an injection efficiency. 'TIillj = 'TIio'TIT'TIc' and 

multiplying it by the total input power of the objective-waveguide-objective system. 

As a result. the injected power into the mode is given by 
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1] PI 
Pinj ::: 1]oo(l-R)exp[-otL] • (6.6) 

where Eq. (6.5) was used. 

Thermally-Induced Increasing Absorption Optical Bistability 

Originally. molecular beam epitaxy bulk and MQW GaAs samples designed 

for etalon devices were used for the waveguide samples. The strip-depth was 

chosen using the effective index method of Chapter 2 to give single-mode 

confinement along one dimension. However. the epitaxial layer structures were 

multi-mode which decreased the efficiency of the waveguide. Furthermore. the 

epitaxial AlxGa1_xAs layer that isolated the guiding layer from the GaAs substrate 

was thin and. therefore. evanescent coupling of the mode to the substrate introduced 

higher losses. The combination of being multi-mode and having higher losses 

prevented the observation of electronically dispersive OB. However. thermally-

induced increasing absorption OB was observed. The feedback mechanism is 

thermal and does not require an external cavity. For relatively long pulses and small 

detunings. the waveguide is heated and the band-edge shifts to longer waveglengths 

as depicted in Figure 6.4. This increases the absorption at the excitation wavelength 

which further increases the temperature and so on. This positive feedback causes 

the transmission of the waveguide to switch down. The transmission stays low until 

the input power decreases enough to allow the band-edge to shift back to shorter 

waveglengths. The sample transmission then switches up and follows the input pulse 

down to zero. 
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Figure 6.4 The thermal shifting of bulk GaAs absorption spectra. 

The heating of the lattice shifts the band-edge to longer wavelengths (smaller 
energies). 
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A typical waveguide structure that showed thermally-induced increasing 

absorption OB is illustrated in Figure 6.5a. The waveguide was a 200 p.m long bulk 

GaAs rib waveguide with a 0.5 p.m etch depth and 3 p.m wide rib. The measured 

finesse for this waveguide was approximately 1.25 which corresponds to an OIL =: 0.9 

at a wavelength of 885 nm. The chosen wavelength is approximately 15 nm from 

the band-edge. Figure 6.5b is an oscilloscope trace of the input and output pulses 

along with the corresponding bistable loop. The peak power incident on the input 

objective was 70 mW for a 100 p.s (FWHM) triangular pulse. For a total efficiency, 

11, of 0.05 and using Eq. (6.6), the calculated peak injected power into the 

fundamental mode is 15 m W. Comparing Figure 6.2 and 6.5b, one observes that the 

two different origins of the nonlinearity and feedback mechanisms lead to very 

different output characteristics. 

The coupling efficiency for the above waveguide is 0.70 which is much 

higher than expected for semiconductor waveguides (usually :::;; 0.50). The 

explaination for this anomaly is straightforward when one realizes the definition of 

the coupling efficiency (Eq. (6.5» assumes an instantaneous conversion of the 

guassian mode to the fundamental mode of the waveguide. This assumption is valid 

when analyzing waveguides that are long compared to the distance required to 

convert the modes (mode conversion length). However, since the waveguides 

considered here are on the order of the mode conversion length, the value for OIL 

incorporates losses due to the mode conversion and results in a higher value than 

expected for OIL and the coupling efficiency. The value for the coupling efficiency 

is good for relative comparisons of the waveguides but should not be used to 

compare this work to other work in the literature. It should be noted that the value 

for the injected power into the waveguide is still a good approximation since it 
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Figure 6.5 Thermally-induced increasing absorption bistability in bulk GaAs 
waveguides. 

a) the bulk waveguide structure which is multi-mode and has large evanescent 
coupling losses to the substrate and b) the resulting bistability traces. The lower 
trace is the input triangular pulse. the upper trace is the output pulse and the trace 
to the left is the corresponding bistable loop. 
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depends on the ratio of the coupling and waveguide efficiency. Similarly. values for 

the etalon parameters apply since they depend on the total losses across the 

waveguide regardless of the mechansim. 

Thermally-induced increasing absorption OB has been observed in slab 

waveguides by Walker et al. (1985) along with thermally dispersive OB. Thermally

induced OB in a waveguide (or any device for that matter) is of interest from a 

physics standpoint but not for practical considerations (Chapter 3) and gives little 

information about the waveguide devices discussed in Chapter 5. Therefore. the 

search was continued for electronically dispersive OB in a waveguide. Many 

waveguides were tried without any results before it was decided to design and grow 

an epitaxial layer structure that is single-mode and minimizes evanescent coupling to 

the substrate. 

Observation of Electronically Dispersive Optical Bistability 

The strip-loaded waveguide structure in Figure 6.6 was designed to be 

single-mode from 865 to 880 nm using the slab waveguide formulas and the effective 

index method of Chapter 2. In addition. the 3 /lm AIQ,3oGao.7oAs epitaxial layer 

isolates the guided mode from the GaAs substrate and minimizes the evanescent 

coupling. The refractive index of the MQW guiding region was approximated by an 

average of the refractive indices of bulk GaAs well and Alo.2sGao.nAs barriers 

(Adachi 1985). The design assumed the polarization of the light was perpendicular 

to the MQW layers. The exciton resonance of this sample was measured to be at 

845 nm for the polarization parallel to the wells. For the vertical input polarization 

and 10 nm well size. the resonance is at 839 nm (Weiner et al. 1985). Appendix B 

describes the process used to fabricate the ridge that provides the transverse 

confinement of the light. 
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Figure 6.6 The first waveguide structure which demonstrated electronically 
dispersive optical bistability. 
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Most of the etched samples are evaluated using a scanning electron 

microscope. However. the microscope is designed for observing small regions at high 

magnification and does not provide an overall view of the waveguide. An optical 

microscope with top illumination is used to overcome this limitation. The 

waveguides (and devices) are checked to see if the ridge or rib is continuous across 

the length of the sample and if the cleaved facets are clean. All waveguides that did 

show electronically dispersive OB had a very good appearance (a minimum amount 

of scattering from the ridge and cleaved facets) under the optical microscope. 

The first waveguide to demonstrate electronically dispersive OB had a 0.9 

/lID etch depth. 3 /lm width ridge. and was 200 /lm long. Figure 6.7 illustrates the 

corresponding oscilloscope traces at 867 nm. The FSR of the waveguide was 0.5 nm 

for the given length. The ratio of the peak transmission and minimum transmission 

obtained by scanning the dye laser through several Fabry-Perot peaks was 1.5 in the 

vicinity of 867 nm. One calculates from Eqs. (6.2) and (6.3) an Q!L = 1.15 and / ::: 

1.07 which gives the required nonlinear phase shift as 1.61T. Furthermore. the large 

nonlinear phase shifts occur at large detunings from the exciton resonance (~ 28 nm). 

Again. the value for Q!L is high for the given detuning since it incorporates scattering 

and mode conversion losses of the waveguide. It should be noted that. the values for 

Q!L and the finesse are similar to the values measured for the thermally-induced 

increasing absorption OB. This seems to indicate that the dominant loss mechanism 

is due to mode conversion rather than the intrinsic absorption of the material. The 

peak power injected into the waveguide is calculated to be 60 mW (using Eq. (6.6) 

along with the peak power of 175 mW and 1/ ~ 0.06). This is higher than the lowest 

observed peak power (~ 5 m W) required in a thin etalon and indicates the devices of 
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Figure 6.7 The oscilloscope traces demonstrating electronically dispersive optical 
bistability in a waveguide. 

The waveguide structure is illustrated in Figure 6.6. The lower trace is the input 
triangular pulse. the upper trace is the output pulse and the trace to the left is the 
corresponding bistable loop. 
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Chapter 5 may operate at higher powers than was predicted by the theory. 

However. the loss mechanisms in the waveguide are more complicated than a thin 

etalon and need to be minimized before any valid comparisons can be made. 

These results are encouraging for the waveguide devices of Chapter 5 if the 

nonlinearity is electronic in origin and the feedback dispersive. To confirm the 

origin of the nonlinearity and source of the feedback. several additional experiments 

were performed. The shape of the output pulse (switch-down is at lower powers 

than switch-up) and bistable loop (forward loop as in Figure 6.2) is characteristic of 

dispersive feedback mechanisms (Gibbs 1985). However. the origin of the 

nonlinearity (thermal or electronic) requires a little more sophistication to determine. 

Recall that the index change for electronic processes is negative while for the 

thermal processes it is postive (bulk and MQW GaAs). As illustrated in Figure 6.8. 

the corresponding Fabry-Perot transmission (Eq. (6.1» shifts to shorter wavelengths 

for the electronic and to longer wavelengths for the thermal. Also. in Figure 6.8 are 

the relative positions of the laser wavelength for thermally and electronically 

dispersive OB. If the laser wavelength is decreased (increased) the switching power 

for the electronic case increases (decreases) since the Fabry-Perot transmission peak 

must move more (less) in order to observe OB. However. for the thermal case, the 

opposite occurs as the wavelength is decreased (increased) since the Fabry-Perot peak 

moves less (more) for OB. Therefore. the origin of the nonlinearity is easily 

determined by changing the dye laser wavelength and observing which way the 

bistable loop moves. For the above waveguide. the switching power increased (loop 

moves up) as the wavelength was decreased and. therefore. one can conclude that the 

nonlinearity is electronic. 
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Figure 6.8 Illustration of the nonlinear Fabry-Perot transmission. 

a) electronic and b) thermal nonlinearities. The peaks shift in opposite directions for 
the two mechanisms. The arrows indicate where the laser excitation wavelength is 
located to observe dispersive optical bistability. 
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One additional check was performed to confirm the previous results. The 

thermal mechanisms are an integrated effect and. thus. to minimize them the pulse 

length is kept short (5: 500 ns at FWHM). If the pulse length is increased. the 

thermal mechanisms should become more predominant and cancel the electronic 

mechanisms. As a result. the bistable loop is observed to close and. for high enough 

pulse widths. even reverse itself (switch-down occurs at lower powers than switch

up). The reversed loop is due to the competing thermal and electronic effects 

shifting the peak opposite directions after the initial switch-up and. consequently. 

causing the switch-down to occur at higher powers than the switch-up. The pulse 

width was increased and the described behavior was observed in the output of the 

waveguide. The oscilloscope traces in Figure 6.9 demonstrate the reversal of the 

bistable loop for an 8 p.s FWHM input pulse. 

The electronically dispersive OB occured over a range of approximately 10 

nm with the best loops observed in the vicinity of 867 nm. The predictions of 

nonlinear phase shifts on the order of 1.611' were further confirmed when another 

waveguide on the same substrate showed two loops near 867 nm (Figure 6.10). The 

upper loop is clearly bistable while the lower loop is hysteretic but not necessarily 

bistable. If the wavelength was decreased. the two loops climbed up (indicating 

electronic mechanisms) and the lower hysteretsis loop became bistable while a new 

hysteretsis loop formed at the bottom of the trace. This confirms that the Fabry

Perot transmission was passing through two peaks requiring a nonlinear phase shift 

of 211'. The average nonlinear index change. ~n. along the length of the device is 

inferred from the equation for 0 by substituting for the index of refraction. n. the 

value no + ~n. Neglecting the initial detuning of the etalon produced by no. the 

value of ~n for any given nonlinear phase change ~¢ is given by 
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Figure 6.9 Reversed bistable loop. 

This demonstrates that the competing thermal and electronic err ects are shifting the 
peak in opposite directions after the initial switch-up and, thus, are causing a 
premature switch-down. The lower trace is the input triangular pulse, the upper 
trace is the output pulse and the trace to the left is the corresponding bistable loop. 
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Figure 6.10 Two hysteresis loops in a waveguide. 

The upper loop is bistable while the lower is hysteretic but not necessarily bistable. 
However. the transmission of the waveguide etalon is passing through to transmission 
peaks indicating nonlinear phase shifts on the order of 21T. 
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(6.7) 

For A¢ :: 271. X :: 867 nm. and L :: 200 p.m. the average nonlinear index change is 

0.004. Comparing this value to the theoretically calculated bulk GaAs changes in 

the refractive index at nearly the same relative detuning (Figure 3Ab of Chapter 3). 

one concludes that it is possible to see nonlinear phase changes on the order of 271 in 

bulk GaAs waveguides and. therefore. electronically dispersive optical bistability. 

This indicates the waveguide devices of Chapter 5 fabricated in bulk GaAs as well 

as MQW GaAs have a good chance of experimentally working. 

The Nonlinear Directional Coupler in MQW GaAs 

The observation of dispersive OB of electronic origin in MQW GaAs 

suggests that the NLMZ and NLDC would work also. Therefore. using the theory of 

Chapter 2 and the linear aspects of the theory for the NLDC in Chapter 5. a set of 

single-mode waveguide NLDC's were designed for the same MQW epitaxial layer 

structure used to observe optical bistability. 

For simplicity and generality. the NLDC's mask (Appendix B) consisted of 4 

sets of two parallel 6 mm waveguides with the waveguide separation variable from I 

p.m to 4 p.m in steps of I p.m. The waveguide width was also varied to allow 2 p.m. 

3p.m. and 4 p.m widths. Each waveguide separation and width gives a different half-

beat-length for operation and. therefore. the samples were cleaved to the length 

desirable for the given waveguide separation and width. The I and 2 p.m separation 

and 2 and 3 p.m widths were emphasized in the experiments so that the net 

absorption across the device remained reasonable. To aid in the fabrication of the 
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NLDC's in MQW GaAs. Figures 6.lla and b were generated. They plot the linear 

coupling coefficient (Chapter 5) of the NLDC as a function of the etch depth of the 

ridge for the I /lm and 2 /lm waveguide separation. Both figures indicate that a 1.1 

/lm etch depth would give the strongest coupling and. therefore. the shortest length 

devices. 

The Experimental Set-up for the NLDC 

The experimental set-up for studying the NLDC's is illustrated in Figure 6.12 

and is similar to the set-up for optical bistability except for the detection of the 

output signals. It is desirable to observe both outputs of the NLDC simultaneously 

in order to compare their relative magnitude. For these reasons it was decided to 

use the camera as a detection system. The camera is designed for interfacing to 

processing electronics and the camera manual provides the schematics for fabricating 

a line-grabber. The line-grabber diverts a chosen line of the rastered television 

signal and displays it on an oscilloscope. The line is set to pass through the center 

of both waveguide outputs giving an oscilloscope tra~e similar to that of Figure 6.13. 

The camera charge-injection-device (CID) detecting element is linear over several 

orders of magnitude and. therefore. insures any observed nonlinear behavior in the 

output signals is due to the NLDC. 

The HP 405 pulse generator is set to give a low duty-cycle I J.LS square

topped optical pulse from the AOM. This minimizes the thermal contributions to the 

nonlinearity. The power input to the NLDC is varied by changing the voltage signal 

to the AOM. This eliminates the problem of variable-density filters which deflect 

the input beam and inadvertently change the coupling into the input waveguide. A 

high power input objective is used to maximize the coupling to the waveguide mode 
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Figure 6.11 The linear coupling coefficient versus the etch depth of a MQW strip
loaded waveguide. 

The MQW strip-loaded structure is depicted in Figure 6.6. The higher the coupling 
coefficent the shorter the half-beat-Iength (£ = 1T/21<.) of the NLDC. K. is calculated for 
a ridge width of a) 2 /lm and b) 3 /lm at 878 nm. The solid and dashed lines are for 
waveguide separations of I and 2 /lm. respectively. The curves stop at the etch 
depth where the waveguide structure becomes multi-mode. Note that for this MQW 
structure. the coupling coefficient does not become significant until one etches into 
the core. 
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Figure 6.12 Schematic of the experimental set-up used to investigate NLDC's. 
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Figure 6.13 The line grabber output after receiving the signal from the camera. 
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and isolate the input to one waveguide. The output objective images both the 

waveguide outputs onto the camera for detection and alignment. 

Optical Characterization of the NLDC 

The requirements for the NLDC are more stringen1: than optical bistability. 

The waveguide separation'. etch depth. device length. and waveguide quality must be 

matched at the same time for successful results. As Figure 6.11 a and b indicate the 

etch depth must be within ± 0.05 p.m of the peak in order to keep the waveguides 

single-mode and the coupling coefficient reasonably large. The fabrication process 

(Appendix B) is reproducible to ± 0.1 p.m. Futhermore. the device lengths are 600 

p.m or more and the parallel waveguides must be uniform along the majority of the 

length. Uniformity over 500 p.m or less is relatively easy with contact lithography 

(Appendix B) but becomes increasingly harder for longer waveguides. Therefore. the 

number of available devices per sample is 60. and of those 60 only 3 or 4 devices 

are potentially useful. Whereas for the waveguides used for bistability. the number 

was on the order of 150 per sample with 20 or more of them potentially useful. 

Therefore. the number of useful devices per etch run has been drastically reduced 

due to the strict requirements on the fabrication process. 

As with the optical bistability experiment. many NLDC's need to be 

fabricated and evaluated. The results are then used to improve the fabrication 

process and with a little luck the right combination of fabrication steps will lead to a 

device that works. The theory of the NLDC predicts the device should work and Li 

Kam Wa et al. (1984) has demonstrated a ::;train-induced waveguide NLDC in MQW 

GaAs whose nonlinear behavior is similar to the predictions of the theory. Strain

induced waveguide devices are relatively easy to fabricate but the modal properties 
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are hard to determine (Kirby. Selway. and Westbrook 1979) which complicates the 

theoretical analysis of the device. Therefore. once the fabrication of the strip-loaded 

or rib NLDC is perfected. the ease of designing and characterizing these devices will 

make them more advantageous to use. 



CHAPTER 7 

CONCLUSIONS 

This dissertation has theoretically studied all-optical nonlinear waveguide 

devices. In particular. the nonlinear directional coupler (NLDC) and Mach-Zehnder 

interferometer (NLMZ) were extensively analyzed. The theory introduced for these 

devices is independent of the nonlinear mechanism and can be used to model linear 

and electro-optic devices. The required nonlinear phase change across the devices is 

on the order of 1T and. therefore. limits the number of potential materials. 

It was argued in Chapter 1 that semiconductors offer the most promise for 

all-optical nonlinear devices and. therefore. were emphasized in the analysis of the 

NLDC and NLMZ. Unfortunately. the large electronic nonlinearities of 

semiconductors are not without cost since one must work in the vicinity of the band

edge where the absorption is large. Furthermore. the nonlinear mechanisms are 

carrier-density dependent and. as a result. carrier diffusion is important and affects 

the performance of the NLDC and NLMZ. 

Chapters 2 and 3 introduced the basic tools needed for designing the NLDC 

and NLMZ. Chapter 2 emphasized the theory of dielectric waveguides and 

acquainted the reader with the effective index method for modelling the waveguide 

structures commonly used in semiconductors: the rib and strip-loaded waveguides. 

Chapter 3 described the basic nonlinear mechanisms in bulk direct-gap 

semconductors and discussed the plasma theory which mathematically represents bulk 

semiconductor nonlinearities. 
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Chapter 4 investigated to what degree carrier diffusion affects the nonlinear 

response of bulk GaAs waveguides. It was found that carrier diffusion had little 

effect on the nonlinear mode profiles but could have a significant effect on the 

nonlinear longitudinal propagation constant. The magnitude of the effects depended 

heavily on the waveguide geometry. In addition. if the carrier diffusion length is 

large compared to the mode width. the carrier-density profile is flat across the mode. 

This important conclusion simplifies the analysis of nonlinear waveguide devices 

since the resulting nonlinear index and absorption changes were also uniform across 

the waveguide. Therefore. even if carrier diffusion did not affect the nonlinear 

response of a waveguide. it is still easier to include diffusion in the analysis. 

Chapter 5 utilized the perturbation theory to model the NLMZ and NLDC. 

The models substantiated the required nonlinear phase change claimed in Chapter 1. 

The theory demonstrated that the NLMZ and NLDC would work if fabricated in 

bulk GaAs. The equal-arm- and unequal-arm-Iength NLMZ's were modelled and it 

was found that the equal-arm-length NLMZ had lower power requirements and a 

better output characteristic since the nonlinear phase accumulates over the whole 

length of the device and the input signal was held constant. However. the equal

arm-length device needs multiple inputs and a output polarizer to isolate the signal 

from the optical control. Since the isolation is not 100%. one must excercise care to 

prevent the control from overwhelming the signal. 

The analysis of the bulk GaAs NLDC included terms neglected when the 

NLDC was modelled in Kerr-law media. The incorporation of the nonlinear cross

coupling terms led to previously unpredicted behavior. These extra terms distribute 

the nonlinear behavior of the NLDC between the coupling and phase allowing for 

lower power operation. The single- and dual-input NLDC were characterized. and 
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the dual-input NLDC performed much better when the the input powers were 

comparable in magnitude. In this regime, the strong NLDC amplitude dependence on 

the nonlinear phase and cross-coupling coefficients gave a sharp switching in the 

output of both waveguides. However, the dual-input NLDC is extremely sensitive to 

input phase variations which lessens its potential as a practical device. 

The nonlinearities in semiconductors originate from thermal as well as 

electronic mechanisms. For most semiconductors, the thermal index change is 

opposite in sign to the electronic index change. The magnitude of the thermal index 

change depends on the total energy in the optical pulse and can be minimized by 

decreasing the pulse length, duty-cycle, and/or power in the pulse. In Chapter 5, it 

was demonstrated that these competing mechanisms degrade the performance of the 

bulk GaAs NLDC's and NLMZ's. The operating power increased for both devices 

as the percentage of thermal nonlinearities was increased. This behavior can be 

used to experimentally confirm the source of the nonlinearity in semiconductor based 

NLDC's and NLMZ's. For example, if the operating power increases when the pulse 

width is increased then the nonlinear mechanism is predominately electronic. 

Otherwise, the operating power will decrease and, therefore, the mechanism is 

predominantly thermal. 

In Chapter 6, the experimental observation of electronic optical bistability in 

a MQW waveguide was discussed. These experiments demonstrated that nonlinear 

phase shifts on the order of 27T are possible in MQW GaAs waveguides and by 

inference it should be possible in bulk GaAs waveguides. These phase shifts are 

comparable to those required by the NLMZ and NLDC, and, consequently, one can 

conclude the NLDC and NLMZ should work in bulk and MQW GaAs. The power 

required to obtain the expermentally observed phase shift is higher than what the 



176 

theory predicts. However. the NLMZ and NLDC are approximately five times longer 

than the waveguides that demonstrated optical bistability. This implies that the 

experimental power requirements for the NLMZ and NLDC will be lower than 

predicted by the optical bistability. 

Suggestions for Further Research 

The strict fabrication requirements prevented the experimental demonstration 

of an NLDC and NLMZ. However. the outlook for these devices fabricated in bulk 

and MQW GaAs is very optimistic. Consequently. the effort to fabricate these 

devices should continue. The personal experience of the author with the optically 

bistable waveguides indicates that many devices have to be fabricated before the 

observation of nonlinear behavior. Once this occurs. the steps for creating that 

particular device can be repeated to produce more devices with better nonlinear 

behavior. The experimental results should then be compared to the predictions of 

the theory in Chapter 5. It is expected that there will be a disagreement since many 

assumptions and approximations were made to derive the models. However. the 

experimental work of Li Kam Wa et al. (1984). with the strain-induced waveguide 

NLDC in MQW GaAs. indicates that the predictions of the NLDC model are 

reasonable. It is recommended that the dual-input NLDC be experimentally persued 

since it has some very interesting output characteristics. If the predictions of the 

theory are experimentally verified. the dual-input NLDC has potential uses in the 

area of optical communications. Similarly. the equal-arm-length NLMZ should be 

experimentally evaluated in MQW and bulk GaAs since it will be useful as an 

optical logic element. 
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On the theoretical front there is much one can still do. The following are a 

few possible suggestions. 

Multiple-Quantum-Well GaAs Waveguide Devices. The plasma theory is 

limited to bulk semiconductors. However. it was concluded that MQW GaAs is 

experimentally desirable because its band-edge is tunable. Furthermore. the 

material's absorption has a strong polarization dependence. Therefore. research 

should be done on an adequate model for MQW GaAs nonlinearities and. once 

found. it should be used to model the NLDC and NLMZ fabricated in MQW GaAs. 

Two-wavelength Nonlinear Waveguide Devices. The NLDC and NLMZ 

have been modelled at a single wavelength. Two-wavelength versions of these 

devices in semiconductors may have some advant~ ges. The control wavelength can 

be highly absorbed over the length of the device while the signal wavelength is 

detuned to minimize absorption. If the signal wavelength experiences a significant 

nonlinear phase shift for reasonable control powers. the signal output of the device 

would be power dependent with a minimum of attenuation. 

Four-port Nonlinear Directional Coupler. The NLDC has two inputs and 

two outputs. The theory of this dissertation has demonstrated the behavior of the 

NLDC when power is input into two waveguides. If power is input into all four 

ports (the inputs and outputs). standing wave patterns will occur which result in 

nonlinear refractive index gratings. These gratings will provide feedback and 

possibly some interesting output characteristics of the NLDC. 



APPENDIX A 

MODAL ANALYSIS OF CHANNEL WAVEGUIDES 

In Chapter 2. it was explained that channel waveguide structures can be 

used to model the modal properties of the rib and strip-loaded waveguides. 

Therefore. the modal properties of the channel waveguide must be derived. The 

derivation presented here is similar to the analysis of channel waveguides in 

Marcuse (1974). Figure A.l depicts the coordinate system and channel waveguide 

structure. An exact analytic solution of Maxwell's equations for this structure is not 

possible. However. by assuming that most of the field is confined to the core of the 

waveguide. the shaded regions in Figure A.l can be neglected in the analysis and an 

approximate solution found. This assumption is analogous to requiring that the mode 

be far from cut-off and implies f3 ~ n l . 

Using Eqs. (2.8) and (2.10) and remembering that the index distribution is 

homogeneous along the propagation direction. z. the field components Ex. E yo H X' 

and H yare related to the field components E z and Hz by the relations 

(A. 1) 

Jf3 _aE_z _ cJLo aH z] 
~ ay ax 

E C2 - ....!::..---=----=---=-
Y (n / - (32)ko 

(A.2) 
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Figure A.I Channel waveguide structure and coordinate system. 

The shaded regions can be neglected in the analysis if the mode is well-guided. 
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(A.3) 

(A A) 

where nj is the refractive index in each of the five regions (j = 1.2,3.4, or 5). Ez 

and Hz must satisfy the transverse wave equations (2.21) and (2.22), respectively, in 

each of the five regions. 

Without loss of generality, the analysis is limited to two types of modes that 

the waveguide can support. The first type assumes the electric field is 

predominately polarized in the x direction (vertical) and are called E~q modes. The 

second type are referred to as E~q modes and assumes the electric field is 

predominately polarized in the y direction (horizontal). Here, p and q are the mode 

numbers, and can be interpreted as the number of maxima along x and the number 

of maxima along y, respectively. 

As with the slab waveguide, by requiring the fields vanish outside the core 

and the tangential field components to a particular boundary be continuous across 

the interface, the modal equations for Ez and Hz can be found from Eqs (2.21) and 

(2.22), respectively. Since the field components extending into the shaded regions of 

Figure A.I are neglected, not all of the tangential field components can be made 

continuous across their respective interfaces. Therefore, the dominant tangential 
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field components are made continuous for each of the mode types and the 

discontinuity of the remaining tangential components ignored. Despite these 

approximations, the equations given in this Appendix agree very well with numerical 

solutions of the transverse wave equations (Marcuse (1974)). 

The modal analysis of the channel waveguide is not complete until the 

eigenvalue relations for the transverse propagation constants and phase are obtained. 

The continuity of Hz at the, four interfaces leads to the necessary relations. For the 

E~q modes, it can be shown 

(A.S) 

(A.6) 

(A.7) 

(A.S) 

Comparison of Eqs. (A.S) and (A.6) to the eigenvalue relations of the slab TE 

(Eq. (2.37)) and TM (Eq. (2.45)) modes. one concludes that Eq. (A.S) is the same as a 

slab TM mode (viewed from Regions 2 and 3) and Eq. (A.6) is the same as a slab TE 

mode (viewed from Regions 4 and S). Eqs. (A.7) and (A.S) are the phase terms in 



182 

the modal equations. These result from assuming solutions of the form cos(x + ¢) 

rather than Acos(x) + Bsin(x) (as was done for the slab waveguide analysis in 

Chapter 2). Similarly. for the E~q modes. one gets 

(A.9) 

(A.IO) 

(A. II) 

(A.12) 

As before. the comparison of Eas. (A.9) and (A. I 0) to Eqs. (2.37) and (2.45) 

shows Eq. (A.9) is the same as a slab TE mode (viewed from Regions 2 and 3) and 

Eq. (A. I 0) is the same as a slab TM mode (viewed from Regions 4 and 5). 

The Ez and Hz equations are now summarized for the E~q and E~q modes. 

The remaining field components can be determined from Eqs. (A.l)-(A.4). The 

amplitudes A and B can be determined from the total power in the mode and Eq. 

(2.18) when integrated over all space. The solutions for the E~q modes are 
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Region 1: 

(A.13) 

(A. 14) 

Region 2: 

(A. IS) 

(A.I6) 

Region 3: 

(A.I7) 

(A. IS) 
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Region 4: 

(A.19) 

(A.20) 

Region 5: 

(A.2l) 

(A.22) 

Analogously, the equations for the E~q modes are 

Region I: 

(A.23) 
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(A.24) 

Region 2: 

(A.25) 

(A.26) 

Region 3: 

(A.27) 

(A.28) 
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Region 4: 

(A.29) 

(A.30) 

Region 5: 

(A.31) 

(A.32) 



APPENDIX B 

FABRICATION PROCEDURE FOR 

BULK AND MQW GALLIUM ARSENIDE WAVEGUIDE DEVICES 

In Chapter 5 and 6 strip-loaded and rib waveguides were theoretically and 

experimentally evaluated. It was mentioned that the fabrication procedure is in the 

develpmental stage and. therefore. many waveguides were made before the first 

observation of optical bistability. Since the fabrication process is experimental. it is 

important to document the procedures that led to the best waveguides and devices. 

For completeness. the methods of preparing the sample for optical characterization 

are presented at the end of this Appendix. 

Reactive Ion Etching of Bulk and MQW GaAs 

In all the bulk and MQW samples considered. the light is confined along one 

dimension by the eptixial layer structure grown by molecular beam epitaxy (MBE). 

The confinement along the orthogonal dimension is provided by the effective index 

difference that arises from the rib or ridge in the epitaxial layer structure over the 

core. The fabrication procedure centers on generating the rib or ridge in the MBE 

grown structure. 

One method for generating small structures in bulk and MQW GaAs (and other 

semiconductors) is reactive ion etching (RIE). Figure B.I is a sketch of the high 

vacuum RIE chamber. A high power RF field is generated between the parallel 

bottom and upper electrodes while a molecular gas (or mixture of gases) enters the 

chamber through a control valve (or valves). The RF field ionizes the gas mixture 
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Figure B.l Schematic of the high vacuum RIE chamber. 
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The gas of choice passes between the electrodes and is ionized into a plasma. The 
ionized species of the gas react with the exposed sample surface and etch them 
thinner. 
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into a plasma. The mixture of gases is chosen so that one or more of its ionized 

species is chemically reactive with the exposed regions of the sample. Since it is a 

plasma of ions that interact with the sample. the process is often referred to as 

plasma etching. The exposed regions of the sample are chemically etched away 

causing the sample to get thinner as function of time. If the etching rate of the 

particular gas mixture is known. one can calculate the amount of time required to 

thin the sample to the desired thickness. 

Furthermore. the RF field accelerates the ionized species in the plasma toward the 

sample and provides an anisotropic etch. .This is advantageous when etching small 

structures in the sample because it produces side walls that are uniform and 

perpendicular to the sample plane. The amount of anisotropy depends on the gas 

mixture used to generate the plasma. Some gases in the RF field gain enough kinetic 

energy to physically break pieces of the sample away when they collide with the 

sample surface. This physical etching process is undesirable since it roughens the 

surface of the sample and is uncontrollable. Therefore. the gas mixture is chosen to 

minimize the physical etching while maximizing the anisotropy. Also. one considers 

the selectivity of a particular gas mixture when plasma etching. A gas mixture is 

said to be selective when the chemical etching rate varies significantly from one 

epitaxial layer to another in a sample (e.g. AlxGa1_xAs versus GaAs). A non

selective gas mixture etches all epitaxial layers in a sample at nearly the same rate. 

For example. a non-selective gas mixture would be needed for MQW GaAs samples. 

Before a sample is placed in the etch chamber. a pattern of photoresist is placed 

over the sample regions one does not want to etch. The photoresist procedure is 

explained in the next section. The photoresist is highly resistive to the chemical 

etching process. and. therefore. prevents the sample from being thinned in those 
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regions it covers. The surrounding exposed regions are chemically etched and 

become thinner. The result is to leave a raised structure on the sample. In this 

particular case the photoresist mask was in the shape of waveguides or nonlinear 

directional couplers (NLDC) which left a rib or ridge over the guiding region of the 

waveguide cores. 

The plasma etching system is RIE System 1000 TC made by Semi-Group. The 

lower electrode is water cooled to insure thermal stability while etching. The 

samples are placed on a 2" silicon wafer and are secured with Dow Corning high 

vacuum grease. This makes it easier to insert or remove two or more samples from 

the chamber. The 2" silicon wafer is also attached to the bottom electrode with the 

high vacuum grease to insure good thermal contact. It was found that excessive 

amounts of high vacuum grease deteriorates the etching quality and. therefore. it is 

used sparingly. Boron Trichloride (BCI3) gas is used to non-selectively etch the bulk 

and MQW waveguide devices. The etching mechanism is predominantly chemical 

with some physical etching (Sonek and Ballantyne 1984). Table B.l gives the specific 

numbers used for the BC13 etch of the waveguide and NLDC samples. Figures B.2a 

and b are scanning electron micrographs of a single waveguide structure and a 

NLDC fabricated in MQW GaAs. Notice the high perpendicularity of the side walls 

and uniformity of the etched regions. 

Photolithography of the Bulk and MQW GaAs Samples 

Figure B.3 illustrates the photolithography procedure to lay the desired photoresist 

pattern on the sample.. The following steps correspond to the steps sketched in 

Figure B.3. 

Step 1: Cleaning the sample. It is important to clean the sample of contaminants 



Table B.l. Parameters for etching bulk and MQW GaAs 

Parameter 

Gas 

Flow rate 

Pressure 

RF power 

Etching rate 

* standard cubic centimeters 

Value 

25 

50 

170 

0.07 

Units 

* sccm 

mT 

W 

tLm/min 
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a) 

b) 

Figure B.2 Scanning electron micrographs of etched MQW GaAs structures. 

a) a single strip-loaded waveguide structure and b) a directional coupler structure. 
The rough appearance on top of the single strip-loaded waveguide is unstripped 
photoresist. 



I 
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Figure B.3 Schematic of the photolithography and fabrication procedure. 
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so that the photoresist is uniform and holds to the sample. All samples are soaked in 

acetone and placed in an ultrasonic cleaner for 20 minutes. Next. they are placed in 

de-ionized water and ultrasonically cleaned for 10 minutes. In order to dry the 

sample and remove the residue of acetone. the sample is baked in an oven at 90°C 

for 30 minutes. The sample is removed from the oven and allowed to cool to room

temperature. 

Step 2: Spinning the photoresist. The photoresist is sensitive to normal room light 

and. therefore. this process is performed under a yellow light. The clean sample is 

put on the vacuum chuck of a spinner. The Headway Research Inc. spinner (Model 

# l-ECIOID-R485) is set at 9000 RPM and turned on. When the sample reaches the 

desired angular velocity a drop of KTI 830 positive photoresist is released onto the 

sample. The high angular velocity spins a uniform layer of photoresist over most of 

the sample. The chosen angular velocity gives a 0.9 pm thick layer of photoresist. 

The sample with photoresist is again baked (pre-bake) at 90°C for 30 minutes and 

allowed to cool. 

Step 3: Exposure of the photoresist. The method of exposure is called contact 

photolithography. Another words. the sample is placed in crmtact with the mask that 

has the desired pattern. Therefore. to insure that the mask is clean. the Step I 

process of cleaning the sample is done to the mask. 

The waveguide and NLDC patterns on the masks were designed using the theories 

of Chapters 2. 3. and 5. The masks were fabricated by MicroMask Inc. in 

Sunnyvale. California. Since the photoresist is positive. the exposed regions will 

wash away in the developing steps. The corresponding masks of the waveguides 

and NLDC are called clear-field masks (i.e. the patterns on the mask are chrome 

while the remaining field is clear). 
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The sample with photoresist and the mask are placed on a vacuum chuck. The 

desired pattern is centered on the sample and the chuck is turned on. The vacuum 

pulls the mask into contact with the sample. The assembly is placed under an ultra

violet lamp at 405 nm (UVP Inc .• Model # LH-37lP) and exposed for 6 seconds. 

After a one hour warm-up to stabilize the lamp. the uniform intensity across the 

sample and mask is 21.2 mW/cm2. 

Step 4: Development of the photoresist. The developing of the photoresist washes 

away the unexposed photoresist leaving behind the desired waveguide pattern. The 

developer for the given positive photoresist is KTI developer 932. The sample is 

soaked in a mixture of de-ionized water and developer (1: 1) for 30-40 seconds. The 

sample is post-baked at 115°C to dry the sample and harden the photoresist for 

plasma etching. 

Step 5: Reactive ion etching of sample. After the sample cools. it is ready for the 

reactive ion etch process of the previous section. 

Step 6: Stripping the photoresist. The photoresist pattern usually remains on the 

sample throughout the etch process. This residual resist is removed by using acetone 

and ultrasonically cleaning the sample for 20 minutes. The cleaning with acetone is 

followed by de-ionized water and the ultrasonic cleaner for 5 minutes. The sample 

is then blow-dried with nitrogen gas. The sample is now ready to be prepared for 

optical characterization. 

Preparation of Etched Sample for Optical Characterization 

The etched samples are not the optimum length for their desired use. Therefore. 

the samples are cleaved to a reasonable or designed length. Also. the cleaved 

samples are mounted for ease of handling during experimentation. The following 
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steps outline the sample preparation. 

Step 1: Grinding the sample. The epitaxial layer structure is grown on a thick 

substrate of bulk GaAs which makes the sample hard to cleave. As a result. the 

cleaved faces are rough and. for endfire coupling and optical bistability. the 

roughness introduces excessive losses. The thick substrate is ground to a thickness 

conducive to easy cleaving but still provides enough support for ease of handling. 

The sample is glued (etched face down) to a I" sapphire disk using a thermal glue 

(Crystal Bond). The sample is firmly pressed into the melted glue to insure a thin 

layer of glue is between the sample and the disk. The sample is ground in a 

circular motion on a piece of 3M Company 9 p.m alumina grit polishing sheet until it 

is 60 to 100 p.m thick. The epitaxial layered structure that provides mode 

confinement is e: 5 p.m and. therefore. the major portion of the ground sample is the 

substrate. The ground sample is placed in acetone for 30 minutes (or more -

depending on the surface area of the sample) to remove it from the sapphire disk. 

Step 2: Cleaving the sample. Bulk and MQW GaAs's crystal structure easily 

cleaves when a localized pressure is applied along a cleavage plane. A good quality 

scapel with replacable blades was found to be the most successful method of 

applying the pressure. Often the sample does not cleave at the point of contact but 

it usually is close enough to the desired length. Both ends of the waveguides (and 

devices) usually need to be cleaved to provide good facets for experimentation. 

Step 3: Mounting the sample. The waveguide and device samples have 

dimensions on the order of 2 mm x I mm x 0.10 mm and. thus. require care in 

transporting them. Consequently, the samples are mounted on copper (or glass) shims 

with Dow Corning 340 heat sinking compound. The shim thickness is chosen to be 

less than the waveguide or device length to keep the cleaved facets clear of the shim 
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and heat sinking compound. The mounted sample is easily inserted into the 

experimental set-ups described in Chapter 6. 
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