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ABSTRACT 

In this dissertation different nonlinear materials for applications in frequency 

generation and nonlinear optical switching devices are investigated. The important 

aspects for efficient frequency generation in a three-wave mixing interaction are 

introduced. Blue laser light generation by sum frequency mixing in a KTP crystal and 

the production of tunable infrared in a Lil03 crystal by difference frequency mixing are 

demonstrated. The third-order optical nonlinear susceptibities of single-crystaline and 

spin-coated amorphous P-4BCMU thin films are measured by third harmonic generation. 

The effects of polymer orientation and multiphoton enhancement are discussed. A novel 

investigation of the room-temperature optical nonlinearities and recovery time of 

GaInAs/ AlInAs and GaAlInAs/ AlInAs MQWs at 1.3 IJm are presented. Fabry-Perot 

etalons with integrated mirrors grown by molecular beam epitaxy with GaInAs/ AlInAs 

MQWs as spacer layers are fabricated as optical logic gate devices. The recovery time of 

the etalon switching device is measured. 
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CHAPTER ONE 

INTRODUCTION 

Shortly after the invention of the laser, Franken and his co-workers generated the 

second harmonic of a Ruby laser in a quartz crystal [Franken et aI. (1961)], and this 

discovery marked the birth of the field of nonlinear optics. Ever since that time, the 

field has grown so rapidly and successfully that many applications of this field are 

utilized in different areas of science. One of the primary applications of nonlinear optics 

is the generation of new frequencies via nonlinear materials. In this manuscript, the 

important aspects of frequency generation will be described first. The intensity 

dependent refractive index of nonlinear materials, which can be utilized in nonlinear 

optical devices such as the signal processing elements, optical logic gates, laser diodes, and 

optical switching devices, will also be disscussed. 

Nonlinear Phenomena 

When a medium is subjected to an electric field the atoms in the medium are 

polarized. For weak electric fields the polarization is linearly proportional to the applied 

field 

(1-1) 

where X(l) is the linear optical susceptibility and Eo is the permittivity of free space. In a 

crystalline medium the linear susceptibility is a tensor that obeys the symmetry properties 
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of the crystal. 

When the applied electric field is large, the polarization is no longer linearly 

proportional to the applied field. In this case, the material responds in a nonlinear 

manner to the applied fields. The polarization is expressed as an expension in powers of 

the applied field, 

(1-2) 

where X(2) is the second-order nonlinear susceptibility and X(S) is the third-order 

nonlinear susceptibility. Generally, the X(I) values are strongly dependent on the 

frequencies of applied fields, especially for resonantly enhanced nonlinearities. For 

second-order nonlinear effect, however, a far-off resonance condition is usually used, so 

that Kleinman symmetry is valid and X(2) is frequency independent [Kleinman (1962)]. 

Except the refle\:tion of second harmonic generation from the interface of the nonlinear 

crystals, most second-order nonlinear optical effects noncentrosymmetric crystals are 

generally required. However, for third-order effects there is no restriction on the crystal 

symmetry; all materials have a nonzero x(S) value. A number of interesting optical 

phenomena arise from the second- and third-order susceptibilities. For example, X(2) 

gives rise to second harmonic generation, sum and difference frequency generation, 

parametric oscillation, and linear electro-optic effects. The third-order susceptibility is 

responsible for third harmonic generation, intensity dependent refractive index changes, 

self focusing and defocusing, optical bistability, stimulated Raman scattering, degenerate 

four wave mixing, and other effects [Shen (1984)]. 
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Second-Order Nonlinear Effects 

To see how X(2) gives rise to second harmonic generation and other second order 

nonlinear effects, consider an applied field, 

incident on the nonlinear medium. The second-order nonlinear polarization is 

p = ~o X(2) [EtEt exp(i(2klz-2wl t»+2EtESexp(i«kl+kz)z-(wl+wz)t))) 

+EtEt • +2EtEJ • exp(i«kckz)z-(wl-wz)t»+ ...... +Cc] , 

(1-3) 

(1-4) 

where the first term gives the second harmonic generation, the second term describes sum 

frequency generation, the third term which is a DC electric field term gives optical 

rectification , and the fourth term describes difference frequency generation. All of the 

above processes take place simultaneously in the nonlinear medium. To explain why only 

one process is observed at a time, phase matching must be considered. Phase-matching 

selects the process of interest which overwhelms other possible processes [Harper and 

Wherrett (1977)]. For example, if the crystal birefringence is adjusted so that sum 

frequency generation is phase-matched, the generated energy from this process is 

overwhelmingly larger than that from the other second-order processes of second 

harmonic and difference frequency generation. 

All second-order nonlinear optical effects are three wave mixing interactions. For 

the case of second harmonic, sum frequency, and difference frequency generations a 

photon, w3' is produced by the mixing process of a photon, wl ' and the other photon, wz. 
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Note that the second harmonic generation is a special case of sum frequency generation 

in which the two input photons, WI and wZ' are degenerate. Parametric generation is the 

reverse of sum frequency generation. Two output photons WI and Wz are produced by 

the interaction between an input photon, w3' and a nonlinear crystal. Energy 

conservation (w3 = WI + wz) and momentum conservation (phase-matching condition) (k3 

= kl + kz) are required for an efficient three wave mixing process. 

Phase Matching 

As we mentioned before, a nonlinear polarization is generated when a medium is 

subjected to a strong electric field. The nonlinear polarization acts as an electric-dipole 

source radiating its own field. The net re-radiated field of a nonlinear crystal is the sum 

of the fields re-radiated from the electric-dipole array of the nonlinear crystal. All of 

the re-radiated fields interfere with each other. For simplicity let us consider a one

dimensional electric-dipole array (see Fig. I-I). The constructive interference occurs 

only if the re-radiated field from each electric-dipole (such as dipole b) is in phase with 

the re-radiated fields from the previous (dipole a) and subsequent electric-dipole (dipole 

c). This means that the induced re-radiated (harmonic) wave should have the same phase 

velocity as the fundamental (driving) wave. The constructive interference, known as 

phase matching, builds up a large net re-radiated field from the nonlinear crystal and 

gives a high conversion efficiency from the fundamental beam to the harmonic beam . 

On the other hand, if the phase velocity of the fundamental wave is slightly different 

from that of the harmonic wave, destructive interference occurs and this limits the output 

of the harmonic beam. Generally, the dispersion relation of an isotropic medium makes 

phase matching impossible. The most convenient technique to fulfill the phase matching 
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condition is the use of birefringence to overcome dispersion (this will be discussed in 

Chapter 2). 

Third-Order Nonlinear Effects 

Many recent developments in nonlinear optics use third-order optical nonlinearities. 

Unlike second-order optical nonlinearities, third-order effects exist in all materials, with 

and without centrosymmetry. Since third-order nonlinearities arise from a higher order 

term in the expansion of polarization than second-order nonlinearities, third-order 

nonlinearities are generally smaller than second-order nonlinearities. However, third

order nonlinearities are often enhanced by a resonant effect and in this case can be large. 

All third-order effects are four-wave mixing processes. This can be explained by third 

harmonic generation and degenerate four wave mixing experiments. 

Among the third-order nonlinear effects, the optical Kerr effect is the most 

commonly used in the calculations because of its simplicity. The Kerr model give rise to 

an intensity dependent refractive index in nonlinear materials, where the refractive index 

can be expressed as 

(1-5) 

Here no is the linear index of refraction, An is the change of refractive index, n2 is the 

nonlinear refractive index, and I is the intensity of the laser beam. 

refractive index n2 is related to X(S) as follows [Gibbs (1935H 

The nonlinear 
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FiB. 1-1 Schematic of a one dimensional electric-dipole array. The solid curve 
represents the fundamental wave. The dashed curve is the re-radiated harmonic 
wave (Morsan (1988»). 

....., 
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n ~(4l1")J J" 3 . no 
(1-6) 

Here, nJ is in unit of cmz/kW and X(3) has esu unit. In the Kerr model the change 

of refractive index is linearly dependent on intensity. It is clear that the index of 

refraction of an nonlinear medium can be modulated by the intensity of a laser beam. 

Third harmonic generation (THG) is another third-order nonlinear effect that has 

received much attention. THG is a very convenient and powerful method to determine 

the third-order susceptibility. The THG technique is a self reference measurement where 

the fused silica substrate acts as the reference material. The THG measures the electronic 

contribution to the nonlinearity when the second and third harmonic frequencies are far 

from resonance [Torruellas (1991)]. It is also believed that the thermal nonlinearity can 

be excluded in THG measurement. Recently, the technique of measuring third harmonic 

generation as a function of wavelength (dispersion relation) has been used to determine 

the two photon transition state [Chollet el al.(1989), Torruellas (1991)]. 

Requirements For Nonlinear Optical Devices 

Second-order nonlinear optical devices are primarily used for generating new 

frequencies which are not available with existing laser sources. The nonlinear crystal 

used for a second-order nonlinear device, from a practical point of view, must have 

adequate nonlinearity and optical transparency, proper birefringence for phase matching, 

and sufficient resistance to optical damage by intense optical irradiation. For high power 

laser sources the conversion efficiency of a second-order nonlinear device is determined 
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by the maximum incident intensity the crystal can withstand without damaging (damage 

threshold). On the other hand, for low power laser sources (such as semiconductor diode 

lasers) the conversion efficiency is determined by the second-order nonlinear coefficient. 

Phase matching is a very important parameter for efficient frequency generation. 

Generally, the conversion efficiency can be enhanced at least by a factor of 1000, when 

the phase matching condition is satisfied. Very few crystals can satisfy phase matching 

conditions, so adequate birefringence for phase matching is the most restrictive 

requirement for a second-order nonlinear device. Because the transmission loss in a 

nonlinear crystal will reduce the conversion efficiency, it is also important to have no 

absorption at both fundamental and harmonic wavelengths. 

From a practical point of view the requirements for the nonlinear medium in a 

third-order nonlinear optical device are large nonlinearity, fast response time, and room 

temperature operation. The carrier-induced optical nonlinearities of semiconductor 

materials (such as GaAs, InGaAs, CdS, and znSe) have been studied extensively for 

potential applications in nonlinear devices [Gibbs (1985), Haung (1988)]. However, at the 

present time none of the above materials has been demonstrated as a practical device. 

Currently, improved nonlinear materials are still being sought. Recent advances in crystal 

growth techniques allow the growth of high quality multiple quantum well (MQW) 

crystals. Due to the quantum confinement effect in MQWs, the linear and nonlinear 

optical properties are different from those of bulk semiconductors. In general, MQWs 

have larger optical nonlinearities than bulk materials [Park et aI. (1988)]. Thus the studies 

of the optical nonlinearities in MQWs are important in developing a practical device. On 

the other hand, there has been a growing interest in using organic materials for nonlinear 

devices due to their fast response time and large nonlinearities. Polydiacetylene (PDA), 

which has fully-conjugated backbone structure leading to essentially one-dimensional 
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electronic properties, especially attracts much attention (Torruellas (1991)). In order to 

design a practical nonlinear device, it is crucial to understand the nonlinear optical 

properties of organic materials. 

Outline of Dissertation 

This dissertaion is an investigation of X(2) , X(3) and carrier-induced optical 

nonlinear effects. Some of this work appears in the following journal articals [Hsu et aI. 

(1990 a), Hsu et aI. (I990b), Hsu et aI. (1991) and Stolzenberg et aI. (1989»). Chapter 2 

mainly concentrates on second-order nonlinear effects in crystals such as potassium 

titanyl phosphate (KTP), while Chapter 3 covers third-order nonlinear effects in organics. 

Chapter 4 is a study of carrier-induced optical nonlinearities in inorganic semiconductor 

quantum structures. 

We review the basic requirements for efficient nonlinear optical frequency 

generation in Chapter 2, particularly the requirement of phase matching for efficient 

frequency conversion. The phase matching angles for different configurations in second 

harmonic generation, third harmonic generation, and difference frequency generation are 

illustrated. The properties and advantages of noncritical phase matching conditions are 

discussed. Blue light was generated in a KTP crystal by sum frequency mixing the 1.319 

I'm and 1.338 I'm lines of a Y AG laser with their second harmonic frequency in a 

convenient Type II configuration. It was found that a noncritical phase matching 

condition exists at near room temperature. The generation of tunable IR laser light by 

difference frequency generation in a LiI03 crystal is also reported. 

In Chapter 3, we present a third-harmonic generation experiment on amorphous and 

crystalline thin films of the red form of 4-butoxy-carbonyl-methyl-urethane 
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polydiacetylene (P-4BCMU). The measurement shows the XCS) values of the P-4BCMU 

spin-coated thin film are 9.6 x lO-u esu and 2.0 xlO-u esu at 1.064 #Am and 1.319 #Am, 

respectively. The xCS) values of the P-4BCMU crystalline film are 4.9 xlO-u esu and 1.0 

xlO- lO esu at 1.064 #Am and 1.319 #Am, respectively. The five times enhancement of the 

third-order nonlinearity of the crystalline film is due to the orientation of the polymer 

chains. Either the three-photon or two-photon resonant effect is believed to be the 

origin of the XeS) enhancement at 1.319 #Am compared to 1.064 #Am. 

Chapter 4 describes the dynamic optical nonlinearities and recovery time of 

GaInAs/ AlInAs and GaAlInAs/ AlInAs Multiple Quantum Wells (MQWs). We review 

optical nonlinearities of both bulk and MQW semiconductor materials. Saturation carrier 

densities at the heavy-exciton peak were determined to be 1.2 X1018 and 1.0 X1018 cm-3 

with carrier recovery times of 5 ns and 750 ps for GaInAs/ AlInAs and GaAlInAs/ AlInAs 

MQWs, respectively. Nonlinear integrated Fabry-Perot etalons were designed and 

fabricated for a high-speed optical switching device operated at room temperature with a 

recovery time of 125 ps near 1.3 #Am. 
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CHAPTER TWO 

FREQUENCY GENERATION VIA NONLINEAR CRYSTALS 

Introduction 

Second-order optical nonlinearities were not only the first nonlinear optical effects 

to be observed [Franken et al. (1961)], but are still the most widely used. Second-order 

nonlinear optical effects are mostly used for frequency conversion of laser radiation such 

as second harmonic generation, sum frequency generation, difference frequency 

generation, and optical parametric oscillation and amplification. In general, a second

order nonlinear optical effect is a three wave mixing process (TWM) in a nonlinear 

noncentrosymmetric crystal. Conservation of energy (WI ± Wz = w3) and conservation of 

momentum (k l ± kz = k3) are required for efficient processes. Conservation of 

momentum, usually referred to as the phase matching (PM) condition, can be obtained in 

several ways. The most important PM method is the use of birefringent nonlinear 

crystals under appopriate geometry and temperature. 

In this chapter, a review of important parameters such as PM for efficient 

frequency generation will be discussed. Blue laser light generation by sum frequency 

mixing in a KTP crystal and the production of a tunable infrared radiation in a LiI03 by 

different frequency mixing will be disscussed as examples for frequency conversion. 
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Three Wave Mixing 

Considering the plane wave approximation with negligible pump depletion, the 

output power from the TWM is given by [Zernike and Midwinter (1972)] 

(2-1) 

where the parameters of the input beams are denoted by the subscripts I, 2, while the 

parameters of the output beam are denoted by the subscript 3. L is the effective 

interaction length between beam I and beam 2 in the crystal, and d is the effective 

second-order nonlinear coefficient. n and ~ are the refractive index and wavelength, 

respectively. C and P are the speed of light and power, respectively. A is the area of 

the laser spot and Ak is defined as the following for collinear interactions: 

(2-2) 

Equation (2-1) contains some features that are typical for frequency mixing: 

1. The term (sin x/x)'I., where x = AkL/2, is crucial to the success of any frequency 

mixing experiment. It is a measure of the phase mismatch between the input waves and 

the generated output wave. 

2. The output power is proportional to P 1 P 2/ A and the square of the effective interaction 

length in the crystal. 

3. The output power is proportional to the square of effective second-order nonlinear 
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coefficient and inversely proportional to nl ' assuming nl ~ nJ ~ n3• This is the reason 

why the figure of merit for second-order nonlinear crystals is dJ/n1
3 [Hopf and Stegeman 

(1985 a)]. This figure of merit is of qustionable value, since there are many factors that 

influence the choice of a nonlinear crystal for frequency generation. 

Phase MatchinB 

According to equation (2-0, if Ak " 0, the output power oscillates about zero as a 

function of the thickness L. This means that the harmonic generated at some position 

(e.g. Xl) and having propagated to some other posistion (x2), is not in phase with the 

harmonic beam generated at x2• This results in the interference described by the factor 

(sin x/x)!. The half width of the interference fringe of this spatial interference pattern 

is called "coherence length" [Zernike and Midwinter (1972)] 

(2-3) 

If, on the other hand, Ak = 0; the output signal is maximized. This is known as phase 

matching (PM). In a collinear interaction the PM condition for TWM yields 

(2-4) 

For convenience, the specification W3 > Wz > wl is chosen. Note that a number of 

possible TWM PM configurations exist. These will be analyzed individually below. 

There are two types of collinear TWM interactions, denoted as Type I and Type II [Hopf 

and Stegeman (1985 a)]. For a Type I interaction, the two longer-wavelength 
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eigenvectors are polarized in the same direction and orthogonal to the polarization of the 

third shorter-wavelength eigenvector. In the case of degenerate TWM or Type I second 

harmonic generation (SHG). these two input fields are the same. For a Type II 

interaction. the two longer-wavelength eigenvectors are orthogonally polarized and the 

shorter-wavelength eigenvector is polarized parallel to one of them. 

Phase Matched Second Harmonic Generation in Uniaxial Crystals 

For simplicity. SHG (WI - w2) will be treated first to illustrate how to obtain PM. 

Considering equation (2-4). the PM condition in Type I SHG is 

n (w) :z n (2w). (2-5) 

This PM condition is obviously not satisfied in isotropic crystals due to the dispersion 

relation. In other words. the PM conditions are only satisfied in nonlinear birefringent 

crystals. Figure 2-1 (a) is the eigenvector diagram of the Type I eoo SHG configuration 

in a negative uniaxial crystal (no > n.) such as potassium dihydrogen phosphate (KDP). 

lithium niobate (LiNb03). lithium iodate (LiI03). or barium borate (BBO). where 0 and e 

refer to the ordinary and extraordinary rays respectively [Hopf and Stegeman (1985 a)]. 

The eigenvectors are listed from left to right in order of increasing wavelength. so eoo 

means that two fundamental beams are o-configuration. producing an e-configuration of 

the 2nd harmonic beam. The corresponding index-matching curve. shown in Fig. 2-1 

(b). illustrates that the refractive indices for the fundamental and 2nd harmonic beams 

are no(w) and n.(2w. 8). respectively. The refractive index of 2nd harmonic is a function 

of angle 8. Thus eq. (2-5) can be written as 
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(2-6) 

The fundamental beams are polarized along the 2 axis; this represents any axis that is 

perpendicular to the 3 axis. The 2nd harmonic field can experience any index from 

no(2w) for 8 .. 00 to n.(2w) for 8 .. 900• Generally, the refractive index of e-ray can be 

written as [Hopf and Stegeman (1985 b)) 

(2-7) 

where nj (81) is the angle-dependent index of an eigenvector in the i-j plane, and 81 is the 

angle between the principal crystal axis having index nl and the propagation vector K. 

In the case of Fig. 2-1, the parameters in eq. 2-7 can be expressed as follows 81 = 8, 

nj(81) = n.(2w, 8), nl = n.(2w) = n3(2w) , nj ::I no (2w) = Jl1(2w). The eq. 2-7 is easily 

checked by noting that at 8 = 00 , then n.(2w, 8) = no (2w), and 8 = 900, n.(2w, 8) .. 

n.(2w). This equation is valid for both uniaxial and biaxial crystals as long as the 

propagation remains within the principal planes. The PM condition in eq. (2-6) can be 

satisfied by adjusting the angle of light propagation in the crystal because of its 

sensitivity to the tuning angle; this angle tuning technique is called the critical phase 

matching method (CPM). Note that the necessary condition (if this condition can not be 

satisfied, then the phase matching is impossible) for PM for Type I eoo negative uniaxial 

crystals is 

(2-8) 
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Type I eoo SHG 
(a) 

K 
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2 
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Fig. 2-1 (a) The eigenvector diagram for Type I eoo SHG in a negative uniaxial 
crystal. where Ef • and E. is the polarization of the fundamental beam and second 
harmonic beam. respectively. The propagation vector K has a angle 9 to the 
principal axis 3. Where the refractive index of fundamental beam is no. while the 
refractive index of second harmonic beam is n •• which is a function of 9. Note that 
o and e represent the ordinary and extraordinary rays. respectively. (b) The index 
matching curve for this configuration. The two open circles represent the refractive 
index can be ajusted between the two open circles by tuning the angle of light 
propagation. The close circle is the index match value. 
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From eqs. (2-6) and (2-7), the PM angle is 

O . -1 {n,(2W) [ no 2(2w)-no 2(w) J1 /2} 
PM = sm ) . no(IoI) no 2(2w)-n. 2(2w 
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(2-9) 

In eq. (2-9), the dispersive index of refraction values can be calculated by the 

appropriate Sellmeier equation. 

The Sellmeier equation, which is a dispersive relation equation, can be used to 

calculate index of refraction values at different wavelengths and different temperatures. 

Sellmeier equations are, generally, empirical fits to refractive index data. Any impurities, 

variation, and defects of nonlinear crystals will change the refractive indices and hence 

the Sellmeier equations. For the high quality nonlinear crystals (such as KTP) , it is 

hoped that the consistency in growth conditions result in accurate Sellmeier equations for 

sample to sample repeatability [Morgan (1988)]. The Sellmeier equations are very 

important for predicting the phase matching configurations, angles, and temperatues. The 

Sellmeier equation for a KTP crystal given by Anthon and Crowder et al. (1988) is 

illustrated below: 

nZ =2029809+ 0.9737485~z , 1.l048585~z 
x' ~z-0.04093072 ~z-loo.0 

(2-10a) 

nZ =2079195+ 0.9412874~z ,0.9320789~z 
y' ~z-0.04S95899 ~2-1 00.0 

(2-10b) 

nZ =2006239+ 1.2965213~2 , 1.1329810~z 
II' ~z-0.04807691 ~z-1 00.0 . 

(2-IOc) 
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For postive uniaxial crystals (n. > no), the Type I SHG PM condition can only be 

satisfied in an oee configuration as shown in Fig. 2-2 (a) and Fig 2-2 (b). The index 

matching curve shown in Fig. 2-2 (b) indicates that the necessary condition for PM is 

and the PM angle is 

il • -1 { ne(w) [no 2(w)-no 2(2W)] 1/2} 
I1PM -sm -- . no (2w) no 2(w)-ne 2(w) 

(2-lla) 

(2-lIb) 

The Type II SHG PM condition is slightly more complicated than Type I. The PM 

condition can be written as 

k~ + kew - k2W = 0, (2-12) 

which leads to 

(2-13) 

Figures 2-3 (a) and (b) show the eigenvectors and index matching curve of the Type II 

eeo SHG in negative uniaxial crystals. The necessary condition for PM is 

(2-14) 
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Fig. 2-2 (a) The eigenvector diagram for Type I oee SHG configuration in a postive 
uniaxial crystal. (b) The index matching curve for this configuration. 
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Fig. 2-3 (a) The eigenvector diagram for Type U eeo SHG in a negative uniaxial 
crystal. (b) The index matching curve for this configuration. 
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eu 2eu 
Fig. 2-4 Configuration for Type II oeo SHG in a postive uniaxial crystal. (a) the 
eigenvector diagram. (b) the index matching curve. 
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This PM condition is not easily computed in a closed form. It is usually obtained from a 

numerical solution of 

(2-15) 

For the case of Type II oeo SHG in a positive uniaxial, the eigenvectors and index 

matching curve are shown in Fig. 2-4 (a) and (b). The necessary condition for PM and 

the PM angle are 

(2-16) 

(2-17) 

Phase Matched Second Harmonic Generation in Biaxial Crystals 

Most commercially available nonlinear crystals are negative uniaxial, but one 

important exception is the biaxial KTP crystal. KTP is a widely used material for 

frequency doubling Nd: Y AG lasers and other Nd-doped laser systems around 1.06 I'm 

[Zumsteg et al. (1976), Vanherzeele et al. (1988)]. SHG of a 1.3 I'm Nd:YAG is also 

possible in this material [Ballman et al. (1986)]. In this research we demonstrated that the 

1.319 I'm and 1.338 I'm lines of Nd: Y AG can be tripled by mixing the fundamentals 

with their second harmonic signal (this will be discussed later). Another biaxial crystal 
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gaining prominence, especially for doubling GaAs semiconductor diode lasers, is the 

KNb03 crystal [Risk et al. (1989)]. 

The biaxial crystals work just like uniaxial crystals. [n biaxial crystal, tuning can 

occur in three planes: a-p, P-'Y, and a-'Y, and the index convention for biaxials is defined 

as 

(2-18) 

For SHG in biaxial crystals, the possible PM configurations are the following [Morgan 

(1988)] : 

(1) Tuning in the a-p plane 

(a) Type [ eoo 

(2-19) 

The eigenvectors and index matching diagrams of this configuration are shown in Fig. 

2-5 (a) and (b). 

(b) Type [[ eeo 

np(2w) ~ ![np(w) + n'Y(w)] and na(2w) ~ ![n'Y(w) + na(w)] 

![n'Y(w) + ne(w,O)] = ne(2w,O) (numerical solution). (2-20) 
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Fig. 2-5 Configuration for Type I eoo SHG tuning in a{J plane of a biaxial crystal. 
(a) the eigenvector diagram. (b) the index matching curve. 
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Fig. 2-6 Configuration for Type n eeo SHG tuning in ofJ plane of a biaxial crystal. 
(a) the eigenvector diagram. (b) the index matching curve. 
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The eigenvectors and index matching of this configuration are shown in Fig. 2-6 (a) and 

(b). 

(2) Tuning in the (J-'Y plane 

(a) Type I oee 

n..,(w) ~ na(2w) ~ np(w) 

f) = Sin-1{n8(W) [n,2(W)-na2(2W)]1
/
2} 

PM na(aw) n.., 2(w)-np 2(w) 
(2-21) 

(b) Type II oeo 

(3) Tuning in the 'Y-a plane 

(a) Type I eoo 

(2-23) 

(b) Type I oee 
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(2-24) 

(c) Type II oeo 

(2-25) 

(d) Type II eoe 

na (2w) s ![na(w) + np(w)] 

~[np(w) + ne(w,O)] = ne(2w,0) (numerical solution) (2-26) 

Noncritical Phase Matched 

The ray direction and the wave-normal direction for an extraordinary wave in a 

birefringent crystal are parallel only when 0 = 00 or when 0 = 90°. Thus, in a PM 

interaction at any intermediate angle 0, the extraordinary beam does not overlap the 

ordinary beam throughout the entire crystal length [Zernike and Midwinter (1972), Hopf 

and Stegeman (1985 a»). This effect, although present, is not serious for the Type I 

interaction. It only means that the generated beam does not totally overlap the 

fundamental beam. For a Type II interaction this effect is more problematic, because the 
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two fundamental beams do not overlap completely throughout the entire crystal, and this 

reduces the effective interaction length so that the overall conversion efficiency becomes 

small. The angular separation between the ray direction and wave-normal, as shown in 

Fig. 2-7, (or the angle separation between the two fundamentals in a Type II 

configuration) is called a walk-off angle. The walk-off angle can usually be 

approximated as [Hopf and Stegeman (1985 a)] 

(2-27) 

For the special PM condition at 0pM = 900, the walk-off effect is nonexistent and 

the PM condition is not sensitive to small angle deviations. At this angle, all e-rays are 

polarized along the optic axis and overlap with the o-rays. This type of PM is called 

noncritical, temperature tuned, or 900 PM. Sometimes the fundamental beams are 

focused to small spot sizes to enhance the conversion efficiency, but the divergence of 

focused beams produces a larger walk-off effect in the angle tuning method. It is 

desirable to use the temperature tuning method to obtain PM in this case. As its name 

suggests, the basic means of accomplishing this type of PM is by changing the refractive 

indices through changes in temperature as illustrated in Fig. 2-8. The nonlinear crystals 

used for temperature tuning PM are usually extremely sensitive to temperature and the 

extraordinary index generally much more temperature dependent than the ordinary index 

for negative unaxial crystals. 
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Fig. 2-7 Spatial separation of the two fundamental beams due to the walk-off effect. 
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Fil. 2-1 Configuration for NCPM Type I eoo SHG ia a neaative unWtial crystal. (a) 
the eipnvector diagram. (b) the index matching curve. 
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Principals for Successful Frequency Generation 

Generally, the principles for choosing the best crystal for frequency generation are 

following: 

1. The nonlinear crystal should have no absorption at both the fundamental and generated 

wavelengths. For example, KDP, BBO, and lithium triborate (LBO) [Eimerl et aI. (1987), 

Chen et al. (1989)] are good choices for generating UV wavelengths for this reason (Sth 

or 4th harmonic frequency of 1.064 J.'m). 

2. The PM condition must be satisfied either by the angle tuning or the temeperature 

tuning method. The temperature tuning method is preferable. 

3. If Type II CPM method is used, the walk-off effect must be considered in calculating 

the effective interaction length. 

4. In order to obtain a high conversion efficiency, the chosen crystal should satisfy the 

first two requirements and have large second-order nonlinear figure of merit. 

S. The chosen crystal should have a large optical damage threshold and good optical 

quality. 

6. The temperature sensitivity (or temperature tuning coefficient) of the chosen nonlinear 

crystal must be considered, if the refractive indices of crystal are sensitive to temperature 

such as KNb03, LiNb03, a temperature controller is needed to stablize the temperature. 

For example, consider doubling a GaAs laser diode laser to generate a blue 

wavelength. KNb03 is the best choice because it has a large effective 2nd order 

nonlinear coefficient and the PM condition is satisfied for the fundamental at 840 nm. 

Unfortunately, KNb03 crystal is sensitive to temperature changes, and thus needs to be 

temperature stabilized in the SHG set up [Risk et al. (1989)]. 
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Phase Matched Third Harmonic Frequency Generation for Biaxial Crystals 

The third harmonic frequencies of the Nd: Y AG 1.064 Jjm and 1.3 Jjm lines are 

important blue and near-UV coherent sources for pumping dye lasers. The third 

harmonic frequency is normally generated by mixing the fundamental with its second 

harmonic [Craxton (1980), Seka el al. (1980), Stolzenberger et aI. (1989), Hsu el al. (1990 

a»). The refractive index matching for PM is 

3n(3w) = 2n(2w) + n(w). (2-28) 

The analyses of PM configurations for THG are similar to those of SHG. The possible 

PM configurations for THG in biaxial crystals are [Morgen (1988»): 

(I) Tuning in the Q-{3 plane 

(a) Type I eoo 

(b) Type II eoe 

3n~(3w) ~ 2n..,(2w) + n,8(w) and 3na(3w) S 2n..,(2w) + na(w) 

3ne(3w,8) = 2n..,(2w) + ne(w,8) (numerical solution) 

(2-29) 

(2-30) 



(c) Type II eeo 

3np(3w) ~ 2np(2w) + n'Y(w) and 3na(3w) ~ 2na(2w) + n'Y(w) 

3ne(3w,8) '" 2ne(2w,8) + n..,(w) (numerical solution) 

(2) Tuning in the /J-'Y plane 

(a) Type I oee 

3na(3w) > 2np(2w) + np(w) and 3na(3w) ~ 2n..,(2w) + n'Y(w) 

3na(3w) '" 2ne(2w,8) + ne(w,8) (numerical solution) 

(b) Type II ooe 

(c) Type II oeo 

(3) Tuning in the 'Y-a plane 
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(2-31) 

(2-32) 

(2-33) 
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(a) Type [ eoo 

3na (3w) < 2np(2w) + np(w) 

() = Sin-1{ n,(3w) [9nq 2(3W)-(ns (W) + 2nS (2w»z]1/2} 
PM np(w)+2np(2w) na 2(3w)-n.., 2(3w) (2-35) 

(b) Type II eoe 

3na (3w) ~ 2np(2w) + na(w) 

3n.(3w,() • 2np(2w) + n.(w,() (numerical solution) (2-36) 

(c) Type II eeo 

3na(3w) ~ 2na(2w) + np(w) 

3n.(3w,() = 2n.(2w,() + np(w) (numerical solution) (2-37) 

(d) Type [ oee 

3np(3w) ~ 2n'Y(2w) + n'Y(w) 

3np(3w) = 2n.(2w,() + Il.(w,() (numerical solution) (2-38) 

(e) Type II ooe 

3np(3w) < 2np(2w) + n'Y(w) 

,-' ------
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{ I~} () = sin-1 n,(w) [na 2(W)-(3n8 (3W) - 2n8 (2W»2] 
PM 3n,8 (3w)-2n,8 (2w) na 2(w)-n.y 2(w) 

(2-39) 

(f) Type II oeo 

3n,8(3w) > 2na (2w) + n,8(w) and 3n,8(3w) ~ 2n.y(2w) + n,8(w) 

o = sin-1{ n,(2w) [4na
2(2W)-(3np (3W) - n8 (W»2]1/2} 

PM 3n,8 (3w)-n,8 (w) na 2(2w)-n., 2(2w) 
(2-40) 

Using the above equations and the appropriate Sellmeier equations for KTP, we are able 

to find the possible CPM configurations for third hamonic frequency generation in KTP. 

Blue Laser Light Generation By Frequency Mixing 

at 1.319 pm and 1.338 pm in KTP Crystal 

Because of its unique combination of nonlinear optical propertities, KTiOPO. (KTP) 

has rapidly become an important new nonlinear material for SHG, particularly in the 

doubling of Nd: Y AG laser radiation [Zumsteg el al. (1976), Liu el al. (1984), Fan el al. 

(1987), Stolzenberger (1988)]. KTP is both thermally and chemically stable, 

nonhygroscopic, and highly resistant to laser damage. The material combines large 

nonlinear optical coefficients with broad angular and temperature PM bandwidths 

[Zumsteg et al. (1976), Belt et al. (1985), Baumert et al. (1987), Risk el al. (1988)]. If 

the PM conditions can be satisfied and sufficient conversion of frequency is possible, 

KTP is readily extendable to other wavelengths within its transparency range of 0.35-4.5 
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~m [Bierlein and Vanherzeele (1989)]. 

Blue laser light is needed for many applications such as data storage, laser printing 

and optical spectroscopy. It is therefore important to develop compact and reliable laser 

system; for blue light generation. Generation of blue radiation has been demonstrated by 

sum frequency mixing of Nd:YAG and dye laser radiation in KTP [Baumert el aI. 

(1987), Kato (1988)]. Recently, it was suggested that the 1.319 ~m line of Nd:YAG 

could be mixed with its second harmonic to generate 439.7 nm radiation in a "nearly" 

noncritical phase match configuration [Anthon and Crowder (1988)]. As we demonstrate 

below, this process presents itself as a useful source of high power blue radiation using 

mature Nd:YAG technology. 

Throughout the literature, a number of Sellmeier equations have been presented to 

describe refractive index dispersion in KTP [Fan et al. (1987), Kato (1988), Anthon and 

Crowder (1988), Eimerl (1986), Vanherzeel el al. (1988), Dyakov, el al. (1988), Liao el 

al. (1988)]. Significant differences (of as much as 20°) arise when these equations are 

used to calculate the angles required for PM, particularly at longer wavelengths. Previous 

references [Fan el al.(1987), Ballman el al. (1986)] have been made in regard to 

differences in the refractive indices. These index differences mean the conditions 

required for PM in materials prepared by various techniques may be different. 

Normally, large single crystals of KTP can be grown by either hydrothermal or flux 

techniques. The hydrothermal process consists of sealing nutrient and seed crystals in a 

gold tube, inserting the tube into a high-pressure and high temperature autoclave and 

growing crystals at constant pressure (25,000 psi) and temperature with a fixed gradient 

(~600 DC at the nutrient end and ~ 550 DC at the seed end) for approximately six weeks 

[Bierlein and Vanherzeele (1989)]. The flux technique is essentially a high-temperature 

solution growth process in which the KTP crystallizes out of a molten KTP flux 
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composition when cooled. Depending on the specific flux used, crystal growth can occur 

from ~ 700 OC to ~ 1000 OC [Bierlein and Vanherzeele (1989)]. 

Although the linear and nonlinear optical properties of KTP crystals grown by the 

flux and hydrothermal thechniques are similar, differences have been observed in some 

of the dielectric properties and optical damage characteristics. Hydrothermally grown 

material has very low conductivities whereas flux-grown material exhibits higher 

conductivities. Hydrothermally grown KTP has a somewhat higher optical damage 

threshold than flux grown crystals The origins of the differences are still not understood 

[Roelofs (1989), Bierlein and Vanherzeele (1989»). 

Here we present results obtained for type II noncritically phase-matched (NCPM) 

sum frequency generation of 440 and 446 nm radiation by the mixing of 1.319 and 1.338 

I'm Nd:YAG lines with their second harmonics in both flux and hydrothermally grown 

KTP. The PM temperatures and the associated temperature bandwidths are given for 

each case. Type II critical phase matching (CPM) of these wavelengths at room 

temperature is also demonstrated for several propagation/polarization configurations [ 

Stolzenberger et al. (1989), Hsu et al. (1990 a»). The differences in the hydrothermally 

and flux grown crystal samples are accurately quantified. 

Four KTP samples were evaluated: two grown hydrothermally and two grown by the 

flux technique. The two flux grown crystals were obtained from North American Philips 

Corperation, while the other two hydrothermal grown crystals were purchased from 

Airton company. The flux grown crystals were oriented on a two-crystal x-ray 

diffractometer. All samples were fabricated with sides perpendicular to the three 

principal crystallographic axes. The flux grown pieces were optically polished on the 

(100) or "x" surfaces and the hydrothermal samples were polished on all sides. The 

standard convention of x = a, y = p, and z = "( is adopted for relating the 



49 

crystallographic to the pricipal axes. 

A 4.0 mJ General Photonics model TWO-45BQ Q-switched Nd:YAG laser was fitted 

with a frequency selecting prism to allow for operation at 1.319 or 1.338 Jjm [Morgan et 

al. (1987)]. A type I CPM LiNb03 doubling crystal was used to convert about 25 % of 

the IR energy into red, second harmonic radiation without optimizing the conversion 

efficiency. For each of the fundamental wavelengths, the red harmonic and the residual 

IR beams were type II sum frequency mixed colinearly in the KTP sample to produce 

blue radiation (see Fig. 2-9). The blue beam was separated from the red and IR beams 

by means of cutoff filters. A Laser Precision energy meter was used to determine the 

blue light energy, and every data point was integrated over 100 laser pulses. A rotation 

stage was used to provide accurate rotation in the tuning plane. For each configuration, 

the intensity of the blue radiation was recorded as the KTP crystal was rotated in 0.050 

steps. Three different CPM propagation/polarization configurations were examined in 

our experiment. For the case of tuning in the 'Y-a plane, the fundamental and third 

harmonic were polarized along the fJ axis, the polarization of the second harmonic was 

in the 'Y-a plane; and the angle of propagation (0) was measured from the 'Y axis. The 

eigenvector and index matching curve diagrams of this configuration are shown in Fig. 

2-10. For tuning in the fJ-'Y plane, the fundamental and third harmonic were polarized 

along the a axis, the polarization of second harmonic was in the fJ-'Y plane, and 0 was 

measured from the fJ axis. For tuning in the a-fJ plane, the fundamental and third 

harmonic were polarized along the 'Y axis, the polarization of the second harmonic was in 

the a-fJ plane, and (J was measured from the a axis. Figure 2-11 illustrates relative CPM 

output energy as a function of the external angle of propagation for tuning in the 'Y-a 

plane configuration for the 1.319 Jjm fundamental. This is a typical result of room

temperature near NCPM where the two PM peaks are located in the vicinity of the 
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NCPM condition, i.e. 6 • 90°. The data was fit to enable an accurate determination of 

the external PM angle. 

The measured PM angles of these four samples in the three different configurations 

were c(lmpared to solutions derived by the use of the PM conditions described in the 

previous section and the Sellmeier equation found in Fan et aI. (1987), Kato (1988), 

Anthon and Crowder (1988), Eimer! (1986), Vanherzeel (1988), Oyakov, et aI. (1988), 

Liao et al. (1988). The best agreement was found using the Sellmeier parameters given by 

Anthon et al. [Anthon and Crowder (1988)]. The calculated angles are presented in table 

2-1 with our experimental results. The PM angles given are those internal to the crystals 

calculated by Snell's law using the measured external angles and are the results of 

averaging over several measurements. 

The propagation and polarization orientations used for the demonstration of NCPM 

sum frequency generation in KTP are illustrated in Fig. 2-12. 6 is the angle of 

propagation relative to the "y axis and rp is the angle in the x-y plane relative to the Q 

axis. NCPM was achieved by heating the sample crystal in an oven fitted with optical 

windows. The NCPM temperature and temperature bandwidth were determined by 

varying the temperature in steps of 1 OC while monitoring the relative energy output of 

the sum frequency mixing process as described above. The NCPM temperatures for the 

1.319 J,&m fudamental were 60.2 OC and 47.0 OC for the flux and hydrothermally grown 

KTP, respectively. At the 1.338 J,&m fudamental, the NCPM temperatures were 463 OC 

for the hydrothermally grown and 484 OC for the flux grown KTP crystals (see table 

2-1). The NCPM temperature bandwidth at both 1.319 and 1.338 J,&m was found to be 

8.S ± O.S OC-cm (FWHM) for both hydrothermally and flux grown crystals. A relative 

NCPM third harmonic enegy output from a hydrothermal KTP crystal as a function of 

temperature for the 1.338 J,&m fudamental is shown in Fig. 2-13. 
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KTP PHAse MATCHING CONDITIONS 

nux h~dro!hermal :heo~l 
Sample Number #1 #2 #3 #4 
LcnSth (em) 0.775 0.6 0.4 0.4 
CPM angle, a (eI> • 0') 87.2' 87.0' 87.6' 87.7' 87.9' 
x-z plane 
1.3191J,m 

CPM angle, a (41 • 0') 79.8' 79.7' 79.9' 79.9' 80.3' 
x-z plane 
1.3381J,m 

CPM angle, a (41 • 90') 65.1' 65.' , 
y-z plane 
1.3191J,m 

CPM angle, a (41 • 90') 63.2' 63.3' 
y-z plane 
1.3381J,m 

CPM angle, a (eI> • 90') 3.8' 2 

x-y plane 
1.3191J,m 

NCPM 
temperaturerC) 60.2' 49.0' 45.0' 3 

1.3191J,m 

NCPM 
temperaturerC) 484.0' 461.0' 465.0' 3 

1.3381J,m 

(1) not measured, 
(2) not predicted at room temperature, NCPM (9 • 0°) is near 1.318 Jjm, 
(3) not calculated since temperature dependent Sellmeier equations with required 
accuracy are unavailable, 
(4) the calculated phase matching conditions from the Sellmeier equation given by 
Anthon et aI. 

Table 2-1 Measured critical and noncritical phase matching data for both flux and 
hydrothermally grown crystals under the individual configurations, 
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One of the practical benefits of NCPM is an anomalously large angular bandwidth 

where large changes in propagation direction result in small changes in phase mismatch. 

In device applications, this permits strong focusing with a long interaction length yielding 

high conversion efficiency. Conversely, small differences in phase mismatch due to 

birefringence differences are emphasized by large differences in the angle required for 

PM. Thus, NCPM provides an opportunity to detect small variations in the birefringence 

of KTP grown by different methods. Furthermore, since propagation is nearly along one 

of the principal crystal axes, the symmetry evident in Fig. 2-11 allows measurement of 

the double angle between PM in the two quadrants. This eliminates any possible 

uncertainty introduced by inaccuracy in crystal orientation. 

While maximization of efficiency was not the primary purpose of these experiments, 

useful amounts of blue light were nonetheless produced. Output energies of a few tenths 

of a millijoule were typical for both CPM and NCPM configurations without optimizing 

the conversion efficiency. This corresponds to an overall conversion to the blue of 

almost 10% of the input energy. No optical damage was observed for the power levels 

used in this work. 

The results obtained for both the flux and hydrothermally grown crystals were found 

to be in close agreement with the numerical predictions. It was found that the PM angles 

for the hydrothermally grown crystals were consistantly greater than those determined for 

the flux grown material. This was observed in each of 12 data sets. The differences in 

PM angles were larger for the measurements made at 1.319 ~m. This illustrates the 

benefit of working near NCPM when attemping to demonstrate samll differences in 

birefringence between samples. Additionally, the use of three widely separated mixing 

wavelengths provides a more stringent test of the material and corresponding Sellmeier 

equations. The NCPM temperature was found to be significantly higher (3-4 % of 
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absolute temperature) for the flux grown crystals than for the hydrothermally grown 

samples in all data sets. 

The differences in the PM angle of crystals grown by the same growth technique 

were smaller than those noted above. These differences may be due to experimental 

error, but may also, in part, be due to small variations in the refractive indexes of 

individual samples. The combination of error incurred in the mathematical analysis and 

in the experimental error gives an overall accuracy of ±0.050 in the PM angle. 

In conclusion, blue laser light generation from KTP, by NCPM sum frequency 

mixing of the 1.319 I'm line of Nd; Y AG with its second harmonic to produce 440 nm 

radiation has been demonstrated near room temperature (4S-60OC). This demonstrates a 

practical method of producing high power pulses of blue radiation using well-established 

Nd;YAG laser technologies. Similarly, the 1.338 I'm line yielded 446 nm at 461-484OC. 

Quantitative results show the previous postulations [Anthon and Crowder (1988), Ballman 

et al. (1986), Bierlein and Vanherzeele (1989)] regarding possible small differences in 

birefringence that exist in KTP crystals grown by different techniques are correct. 

Differences in birefringence may also exist for crystals grown by the same technique, but 

for the crystals tested these differences were small. 

Tunable Infrared Laser by Difference Frequency Mixing 

Difference frequency generation is another typical technique used to produce new 

optical wavelengths. In this technique two intense collinear laser beams with different 

frequencies interact in a nonlinear crystal via the second order nonlinear effect and 

generate a new laser radiation frequency which is equal to the difference of frequency 

between the two input beams, i.e. 
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(2-41 ) 

where WI > W2 is assumed. The PM condition for the difference frequency generation is 

(2-42) 

Note that if one of the input lasers is a tunable source and the PM condition is satisfied, 

tunable laser radiation is generated by this difference frequency mixing process. For 

example, in our experiment tunable near infrared radiation was achived under a Type I 

eoo CPM configuration in a LiI03 crystal by difference frequency mixing between the 

1.064 JJm line of aNd: Y AG laser and a tunable Rhodamine 6G dye laser [Goldberg 

(1975), Kato (1985)). As illustrated in Fig. 2-14 (a), in this Type I eoo configuration 

both the 1.064 JJm and the output near infrared laser were polarized along the 2 axis (0-

ray), and the polarization direction of the Rhodamine dye laser was in the 1-3 plane (e

ray). According to eQ. (2-42), the .index matching condition, shown in Fig. 2-14 (b), for 

this particular configuration is 

(2-43) 

and the PM angle is 

(2-44) 
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where 

(2-44) 

The PM angle as a function of the wavelength of the generated near IR beam, illustrated 

in Fig. 2-15, is calculated from equations (2-43), (2-44) and the Sellmeier equation of 

LiI03 [Morgan (1988)]. This calculated result indicates that it is possible to generate a 

tunable, near IR, laser source from 1.0 JIm to 2.0 JIm. However, the tuning range of the 

near IR laser is limited by the tuning range of the dye laser, which is generally around 

20 nm. 

In the set-up for generating the tunable near IR laser in our experiment (Chapter 

4), a Spectron Q-switched Nd: YAG laser operating at 1.064 JIm with 10 Hz rep-rate 

produced SHG through an internal second harmonic generator, and the SHG then was 

used to pump a Rhodamine 6G dye laser system. The Rhodamine 6G dye laser, which 

was tunable between 564 nm and 595 nm, was overlapped both in time and space with 

the residual 1.064 JIm in the LiI03 crystal to generate tunable near IR radition from 1210 

nm to 1350 nm. A 100 JI1 pulse energy of tunable generated beam near 1.3 JIm was 

obtained by providing 3 mJ of dye laser energy and 18 mJ energy of 1.064 JIm laser 

without optimizing the conversion efficieny. The generated tunable IR beam had enough 

energy as a probe beam to perform the pump-probe experiment for the nonlinear 

absorption measurement at 1.3 JIm region for InGaAs-related materials (Chapter 4). 



I 

-. 
l 

(a) 
Type I coo DFO 

. 1 

K 

3 

2 

(b) 

n 

1.3 IJSll 1.06 jJIJl 0.59 I4l1 

Fia. 2-14 Configuration for CPM Type I eoo DFG in a LiIO, crystal. (a) the 
eiaenvec:tor diagram. (b) the index matchins diagram. 

61 



I 

- . 
l 

30 r---------------------------------~ 

28 

22 

1.2 1.4 1.6 1.8 2.0 

Wavelength (J,Lm) 

Fil. 2- U The PM angle as a function of the nvelenlth of the generated IR beam 
in a LilO. crystal under the Type [ eoo DFG c:onfiluration. 

62 



I 

63 

ConclUJion 

In this chapter, we reviewed the basic requirements for efficient nonlinear optical 

frequency generation. Both CPM and NCPM properties have been introduced in detail. 

The PM angles and necessary conditions for different configurations in SHO, THO, and 

difference frequency mixing have been illustrated. Blue laser light was generated in a 

KTP crystal by sum frequency mixing the 1.319 JAm and 1.338 JAm lines of a YAO laser 

with their second harmonic frequency in a convenient Type II configurations. A near 

room temperature Type II NCPM configuration for tripling 1.319 JAm to 440 nm was 

found, and this provides a means of generating high power blue coherent radition. The 

differences in NCPM conditions indicate that small differences in birefringence exist 

between the flux and hydrothermally grown KTP. The difference frequency technique 

has been utilized to generate tunable IR laser light in a LilO, crystal. In this technique, 

1.064 JAm laser light was mixed with a tunable Rhodamine 6G laser in a Type I eoo CPM 

configuration. The generated tunable IR laser radiation was used as a probe beam in the 

pump-probe experiment of the nonlinear absorption measurment for InGaAs-related 

materials near 1.3 JAm (Chapter 4). 
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CHAPTER THREE 

COMPARISON OF THE xeS) VALUES OF CRYSTALLINE AND AMORPHOUS 

THIN FILMS OF 4-BCMU POLYDIACETYLENE AT 1.06 pm AND 1.3 pm 

Introduction 

Third harmonic generation is a technique that is being widely used to determine 

the third-order nonlinear susceptibility xeS) (-3w; w, w, w). Third harmonic generation is a 

simple and reproducible method. Futhermore the thermal nonlinearities are excluded in 

this measurement, in contrast to some other measurements. 

There has been a growing interest in using organic materials for nonlinear optical 

devices. The fast response times and relatively large nonresonance third order 

susceptibilities [Williams (1985), Chemla and Zyss (1987)] of organic and polymeric 

systems are especially attractive for possible applications in high speed optical switching 

and optical signal processing [Stegeman and Seaton (1985), Townsend et aI. (1988)]. 

Polydiacetylene (PDA), which has a fully-conjugated backbone structure leading to 

essentially one-dimensional electronic properties, is an interesting nonlinear optical 

material. A fast nonlinear response time ( ~ 2 ps ) [Carter (1987), Greene et aI. (1987), 

Kajzar et aI. (1988)] and large nonlinearities [Sauteret et aI. (1976), Kajzar and Messier 

(1983), Kajzar and Messier (1985 a), Bloor et aI. (1987)] have been reported in PDA. 

Among the many types of PDA, 4-butoxy-carbonyl-methyl-urethane polydiacetylene (P-

4BCMU) is receiving considerable attention, not only because of its transparency in part 

of the visible region, but also because of its large solubility in some common organic 
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solvents. An important feature of this polymer is that the visible absorption spectra can 

be varied in a controlled manner by solvent and temperature variation [Chance et aI. 

(1979)]. Optical waveguide films have also been made by spin-coating P-4BCMU on 

glass substrates [Townsend et aI. (1988)]. Third harmonic generation (THG) in P-

4BCMU monolayer films at the air-water interface at 1.064 pm has been reported 

[Berkovic et al. (1987), Berkovic et aI. (1988)]. The X(S) (-3w ; w, w, w) value of bulk P-

4BCMU has been estimated to be 3 X 10-11 esu at 1.064 pm. Recently, Chollet et.al. [ 

Chollet el al. (1989)] have measured the x(S) of the blue form of P-4BCMU in the 0.9 

and 1.9 pm range. Their results show that the THG has resonant enhancements at 1.90 

and 1.35 pm due to three-photon and two-photon resonances, respectively. Consequently 

THG can be used as a technique to investigate the position of the two-photon state. 

However, there has not been any reported comparison of X(S) values for crystalline 

and amorphous films of polydiacetylene. For applications, it is much more desirable to 

use spin coated amorphous films than to deal with expensive and hard to obtain 

crystalline films. Therefore, optical nonlinearities of crystalline and amorphous films 

should be compared. In this chapter, we report THG measurements of both crystalline 

and amorphous P-4BCMU red form thin films [Hsu et al. (1990 b)]. The experiments 

were performed with fundamental wavelengths at 1.064 pm and 1.319 pm. The THG 

intensities as a function of incident angle were measured and calculated for these two 

samples. In order to obtain precise values of the optical nonlinearity, the effect of 

absorption at the THG frequencies (0.355 pm and 0.440 pm) was taken into account. In 

this calculation, we also considered the reflection from interface layers. From the curve 

fitting of the angle dependent THG intensity, X(S) can be obtained with great accuracy. 

The effects of polymer orientation and multiphoton resonance are discussed. 
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Experiment 

The P-4BCMU films were obtained from High Technology Center of Boeing 

Electronics Company. The 4BCMU monomer was synthesized by procedures documented 

in the literature [Patel (1978)] and stored in a dark container in a freezer. To make 

amorphous P-4BCMU thin films, the recrystallized monomer was first irradiated with a 

C060 source for a total dosage of 50 Mrad to form P-4BCMU. Then the polymer was 

reprecipitated twice from a hot acetone solution, and was Soxhlet extracted for 8 hours 

by use of diethylether under nitrogen atmosphere. Next, amorphous thin films were 

made by spin coating [Townsend et aI. (1987)] from cyclopentanone solution with an 

appropriate concentration in a laminar-flow clean hood and soft baked at 65° C in a 

convection oven for 8 hours. To prepare P-4BCMU thin film crystals, the monomer was 

first recrystallized twice from acetone/hexane, and then dried under vacuum until no 

further weight loss was observed. Next, a monomer solution ( 10% w/v) in HPLC grade 

acetone was made, dried with sodium sulfate, and filtered through a 0.2 J'm syringe 

filter. Subsequently, the solution was charged between two optically flat substrates 

[Thakur and Meyler (1985), Krug et aI. (1989)], applied proper pressure from clamps, 

and stored in the dark for slow solvent evaporation. Finally, the substrates were 

separated carefully, and the single crystalline thin film monomer was polymerized by a 

UV source (254 nm). The optical quality and isotropy of the sample was verified by 

polarization microscopy. The film thickness was measured by a Tencor Alpha Step 2000 

surface profiler. 

The red form crystalline sample of P-4BCMU was prepared from the blue form 

by irradiation with 1.064 J'm laser pulses. The position of the absorption peak clearly 

indicated the transition from the blue form (peak at 620 nm) to the more stable red form 
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(S20nm). This red form crystalline film shows a very similar absorption spectrum to that 

of the red amorphous film (peak at 480nm ) ( see Fig. 3-1 (a) and (b». The red forms 

(both crystalline and amorphous ) are stable under long term exposure to laser irradiation. 

Generally, the THG measurement includes two steps. First, we need to measure 

THG as a function of incidence angle from polymer film and substrate (fused silica) . 

After this we need to measure THG as a function of incidence angle from the substrate 

alone as a reference. The X(3) (-3w;w,w,w) of the polymer thin film can be determined 

by the THG ratio between the two layer system and substrate. 

As demonstrated in Fig. 3-2, the THG intensity from the substrate alone exhibits 

the Maker fringe pattern. As we dicussed in the phase matching section of Chapter 1 

and Appendix A, the Maker fringes mainly come from the interference of the fields re-

radiated from the electric-dipole array of the substrate. Because of the difference in 

phase velocity between fundamental wave (bound wave) and harmonic wave (free wave) 

in an isotropic medium, the phase matching condition is impossible to satisfy in THG 

measurement. In this situation the third harmonic wave generated at some position (e.g. 

b) and having progated to some other position (e.g. c), is not in phase with the third 

harmonic wave generated at c. The interference of re-radiated fields from the electric-

dipole array can be described by the factor (sinc2~kl/2), where ~k is the phase mismatch 

between the fundamental wave (bound wave) and the third harmonic wave (free wave) 

(i.e., ~k .. kw - k3W) and I is the effective thickness. In the Maker fringe pattern, half 

the fringe spacing is defined as the "coherence length" 

(3-1) 

Generally, Ie is ~ 10 J.&m for a fused silica material at 1.0 J.&m fundamental wavelength. 

Because the thickness of the substrate is grater than the coherence length (1 > Ie), the 
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output of THG intensity from the substrate is modulated by the effective thickness. For 

the other case, the THG intensity from a polymer film and the substrate is a monotonic 

function of incidence angle (see Fig. 3-4 and Fig 3-5). In this measurement the THG 

from the polymer film is larger than that from the substrate, thus the THG output of this 

two layer system is mainly from the polymer film. However, since the thickness of the 

polymer film is close to the coherence length of the polymer film (l ~ Ie), we can not 

find oscillating fringes in this case. 

A Q-switched NdS+ :YAG laser generating 10 ns pulses at 1.064 #Jm and 1.319 #Jm 

was used in the THG experiments. The fundamental beams were individually directed 

through the fused silica substrate and focused on the film which was mounted on a 

goniometer and a rotational stage. This procedure eliminated the possibility of absorption 

of the third harmonic signal by the substrate. The laser was operated at a 10Hz 

repetition rate with a peak power density ~1 GW/cm2. No damage was observed on the 

surface of the films at these intensities. It is known that the air contribution to the THG 

signal becomes significant when the x(S) of the test material is as small as that of fused 

silica. To minimize the THG effect from air, a short focal length lens (10 cm) was used. 

With this geometry, the collimation length of the laser beam was shorter than the 

coherence length of air and comparable to the length of the reference fused silica 

[Kanetake el al. (1989), Kajzar and Messier (1985 b)) making the contribution from air 

negligible. The transmitted THG signal was filtered through the proper color filters and 

detected by a photomultiplier. A small portion of the fundamental beam was sent 

through a second harmonic generating Lil03 crystal as a reference single. A boxcar 

integrater was used to average and normalize the THG signal. Every data point is the 

average of 50 laser shots. The ratio of THG signals between the samples and fused silica 

were obtained. The x(S) values of the spin-coated film and crystalline film were 

measured relative to the X(3) value of fused silica. The experiment set-up of this THG 
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measurement is shown in Fig. 3-3. 

The spin-coated sample was isotropic, its X(S) value and absorption spectrum were 

independent of the orientation of sample, but the properties of the crystalline sample 

were highly orientation dependent. In the experiments on the crystalline film, the 

rotating axis was parallel to the polarization of the laser beam (s-wave) which was also 

parallel to the chain direction of the polymer. The THG signal (lSwp) was measured by 

rotating the sample from -600 to 600 in 50 intervals for the fundamental wavelength at 

1.319 I'm and from -250 to 250 in 2.50 intervals for the fundamental wavelength at 1.064 

I'm. In the experiment on the amorphous sample, the rotating axis was perpendicular to 

the polarization of the laser beam (p-wave). The sample was rotated from -600 to 600 in 

50 intervals for both 1.064 I'm and 1.319 I'm in the THG measurements. 
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Theory 

In our experimental geometry, the sample was composed of two layers (fused silica 

and polymer film). Since the laser beam passed through the substrate and then the thin 

polymer film, a two-layer system was considered in the calculation. THG intensity was 

derived from the classical propagation equation of a harmonic field and the boundary 

conditions at each interface. The method described by Jerphagnon and Kurtz (1970) was 

applied to calculate THG from P-4BCMU. Since the nonlinear optical coefficient of 

fused silica is much smaller than that of P-4BCMU, the nonlinearity of the substrate was 

neglected. However, the relative refractive indices at both sides of the interface were 

different, so the reflection factor (Fresnel's factor) was not eliminated. A detailed 

calculation of THG intensity from a isotropic sample under the above conditions is 

illustrated in the Appendix A, the result can be written as follows: 

I R/Q"/Z/A (- 3wICI ] A f(-'3 I) nSwcosO"Sw-nwco~ 3wp = 1 exp (ft"") + zexp 1 W 
C co:wSw C 

(3-2) 

Al and A2 are the reflection factors of the fundamental and harmonic waves at the 

interfaces of the media, 

(3-3a) 

(3-3b) 



and 

(niw + i /C )cos8"lIw +~ cos8"lIw 
(niw +i/C)co~Sw +COSO 

(s-wave), 
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(3-3c) 

(3-3d) 

where I~ is the THG intensity from polymer film, I is the thickness of polymer film, 9 

is the incident angle of the laser beam, ~, 9'Sw' ~, b"Sw are the internal refractive angles 

at the subscript frequencies, and prime and double prime refer to the parameters for the 

first (fused silica) and second (polymer) medium, respectively. The absorption at the 

THG wavelengths in the polymer corresponds to the imaginary part of the refractive 

index (/C). 

In equation (3-2), R is the correction for reflection of the fundamental beam at 

the first air-substrate surface. 

6 
R [ 2 cosO ] (p wave) = n' cosO + cos~ - , w w w 

(3-4a) 

and 

(3-4b) 

The quantity Q" is related to the nonlinear polarization in the polymer: 

E 3 
Q" =W' Xxxxx(3) W (s-, p-wave). 

n:, 2 - niw 2 +/C2 - 2iniw /C 
(3-5) 
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In isotropic media, the diagonal part of X(3) is expressed as Xxxxx (3) in both s and 

p wave cases. In our experiment on the amorphous film, we used the p-wave geometry. 

In the case of a PDA monoclinic crystal, the anisotropy of the optical properties must be 

taken into account. In our THG experiment on the crystalline sample, the polarization of 

the laser was parallel to the polymer chain axis, so the polarization direction was 

perpendicular to the plane of incidence. In this case, the propagation of the optical field 

was determined by the optical tensor elements parallel to the polymer chain, such as 

refractive index and absorption coefficient. Here we assumed that Xxxxx(3) (x is the 

direction of the chain axis) is much larger than any other element in X(3). Under these 

conditions we can use equations (3-1) to (3-5) for the crystalline sample. 

The maximum of the Maker fringe envelope of a fused silica sample (ISwq) can be 

calculated by a similar method; 

(3-6) 

6 
Here Rq = [l+~w'] is the reflection correction for the fundamental beam incident on 

the surface of the fused silica, Xq (3) represents the hyperpolarizability of fused silica, 

and Anq is the difference of the refractive index of fused silica at w and 3w. The 

experimental ratio of IlIwp / ISwq can be fitted to the theory, and the ratios of Xp (3) / Xq (3) 

and Xpc (3) /Xq (3) can be obtained from the fit, where Xp (3) and Xpc (3) is the cubic 

susceptibility of amorphous and crystalline films, respectively. 
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Results and Discussions 

Figure 3-4 (a)-(b) shows the experimental ratio of THG signal between 

amorphous P-4BCMU and fused silica, ( ISwp (0) / ISwq ), as a function of the incident 

angle. Using equations (3-2) and (3-6), the ratio of XeS) between the P-4BCMU spin-

coated thin film and the fused silica can be obtained from the fit to the data. The 

thickness of the film was O. 75 ~m. The refractive index n~ is ~ 1.57 and ~ 1.56 at 1.064 

I'm and 1.319 ~m, and nSw is 1.32 and 1.28 at 0.355 ~m and 0.440 ~m, respectively. We 

measured these values both by the Brewster angle and by the prism coupling methods and 

consistently obtained the above index values. The imaginary part of the refractive index, 

It, is 0.0208 and 0.0653 at 0.355 ~m and 0.440 ~m, respectively. For fused silica, the 

index of refraction n~ is 1.4496 at 1.064 14m and 1.4467 at 1.319 ~m, while n3w is 1.4761 

at 0.355 ~m and 1.4664 at 0.440 I'm [Malitson (1965)]. By optimizing the fit of the 

Maker fringes between the experimental and calculated data, we found that the ratios of 

XeS) between the P-4BCMU spin-coated thin film and the fused silica are 340 ±30 at 

1.064 I'm and 720 ±80 at 1.319 I'm. The Xq (S) of fused silica has been reported to be 

2.82 x 10-14 esu at 1.9 I'm [Meredith et aI. (I983)]. The xeS) at each experimental 

wavelength was calculated from Miller's rule based on this value. The x~S) of the P-

4BCMU spin-coated thin film is (9.6 ± 1.0 ) x 10-12 esu at 1.064 I'm and (2.0 ± 0.2 ) x 

10-11 esu at 1.319 I'm. 

For the P-4BCMU crystalline sample, the ratio ( ISwp(jI) / ISwq ) as a function of 

incident angle is shown in Fig. 3-5 (a)-(b). The thickness of the film was 1.88 ~m. The 

refractive indices parallel to the chain n::..c are ~ 1.68 and ~ 1.67 at 1.064 I'm and 1.319 

I'm, and nSw• is ~ 1.32 and ~ 1.22 at 0.355 I'm and 0.440 I'm, respectively. These values 

were obtained by a reflection measurement. Values of It are 0.0062 and 0.0524 at 0.355 
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JIm and 0.440 JIm, respectively. From the best fit of the experimental data, we found 

that the ratio of Xpc (3) / Xq (3) is 1730 ± 170 at 1.064 JIm and 3660 ±250 at 1.319 Jo'm for 

the crystalline sample. From these ratios, we obtained Xpc (S) values of ( 4.9 ± 0.5 ) x 

10-11 esu at 1.064 Jo'm and ( 1.0 ± 0.07) x 10-10 esu at 1.319 Jo'm. The value at 1.064 Jo'm 

is slightly larger (factor of 2) than the X(3) obtained from a monolayer of 4-BCMU at the 

air-water interface [Berkovic et al. (1987), Berkovic et a/.(1988»). 

The ratio of Xpc(3) / Xp(3) between the P-4BCMU crystal and spin-coated thin film 

sample is ~ 5. For an amorphous system, the measured X(S) is the orientational average 

of the randomly distributed molecules in the three dimensional space. The distribution 

factor < cos" () > = 1/5 [Chemla and Zyss (1987)] in three dimensional space, where () is 

the angle between the electric field and the direction of the polymer chains. The 

coincidence of these two values strongly indicates that the orientation of the polymers 

plays the key role in the enhancement of the third order nonlinearity for the crystalline 

sample. 

The third order nonlinear susceptibility X(3) corresponding to THG is given as 

follows [Ward (1965), Langhof et al. (1972), Chemla and Zyss (1987H 

X(S) (-3W; w, w, w) ex~ L p(g)nlll~~'~'1' 
gnmn' 

x [ I + I 
(Enr -3w)(Ema -2w)(En'l'-w) (EIIj(+w)(Ema -2w)(En'l'-w) 

+ I + I ) , (3-7) 
(Enr+w)(Emg+2w)(En'l'-w) (Enr+w)(Emc+2w)(En'I'+3w) 

where p(g) is the density matrix element of the fundamental state, Eij is the energy 

difference between state j and i, and ~ is the transition matrix element. Note that m is 

a two-photon state which has the same parity as the ground state g and this two photon 

transition can not be observed in the linear absorption spectrum. On the other hand, n 
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and n' have the opposite parity to the ground state and the transition between n (or n') 

and g can be seen in the linear absorption spectrum. Equation (3-7) indicates that there 

are two kinds of resonance enhancement in X(lI) (-3W; w, w, w): 

(I) Three-photon resonance effect when triple the incident photon energy approaches the 

gap energy, the cubic susceptibility X(lI) (-3W; w, w, w) will be enhanced. In this case, 

under a three level approximation (n • n') and conserving only the dominant term in 

equation (3-7), the cubic susceptibility becomes [Chemla and Zyss (1987)] 

x(S) (-3w; w, W, w) ex (En,-3W-ir)(E~-2W)(EIli-W) . (3-8) 

(2) Two-photon resonance effect when double the fundamental photon energy equals the 

energy difference between the two photon state m and ground state 8, the cubic 

susceptibility will be enhanced and the dominant term can be expressed as follows 

[Chemla and Zyss (l987H 

(3-9) 

The effects of two-photon and three-photon resonant enhancement on THG was 

observed and discussed by Kajzar and Messier (1985a), Chollet et aI. (1989) for PDA 

Langmuir Blodgett (LB) films and for a P-4BCMU blue form sample. Their results show 

that the large optical nonlinearity at 1.9 #-1m is due to the three-photon resonant effect, 

and the peak observed at 1.35 I'm is attributed to the resonance due to the two-photon 

state that lies below the lowest one-photon state. However, it also has been reported that 

a two-photon state appears to lie above the first one-photon state [Chance et aI. (1980), 

Dinur and Karplus (1982)]. As shown in Fig. I (a), the one-photon absorption spectrum 

of the red form P-4BCMU amorphous sample peaks at 0.480 #-1m and drops to allow 
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value between 0.200 JIm and 0.380 JIm. Thus, if the three-photon resonance is the 

dominant effect in the enhancement of the nonlinear susceptibilty, it should have larger 

resonance effect at 1.319 JIm (THG at 0.440 #-1m) than that at 1.064 JIm (THG at 0.355 

#-1m). Our data shows that the X(3) value at 1.319 JIm is a factor of 2 larger than at 1.064 

#-1m, which implies that the three-photon may indeed be the dominant effect. The two-

photon resonance may become important in this wavelength region if the two-photon 

state lies below the one-photon state. If this the case, the ratio of X(3) at these two 

wavelengths will depend on the exact energy position of the two-photon state. 

In conclusion, a THG experiment was performed on amorphous and crystalline 

thin films of the red form of P-4BCMU. The THG signals as a function of angle match 

well with the calculated curves. The Xp (3) values from the P-4BCMU spin-coated thin 

film are ( 9.6 ± 1.0 ) x 10-12 esu and ( 2.0 ± 0.2 ) x 10-11 esu at 1.064 JIm and 1.319 #-1m, 

respectively. The Xpc(3) values of the P-4BCMU crystalline film are ( 4.9 ± 0.5 ) xlO-11 

esu and ( 1.0 ± 0.07 ) x10- 1o esu at 1.064 #-1m and 1.319 #-1m, respectively. The 

orientation of the polymer chains accounts for a factor of five enhancement in the third-

order optical nonlinearity of the crystalline film. Either the three-photon or the two

photon resonant effect is believed to be the origin of the X(3) enhancement at 1.319 #-1m 

compared to 1.064 #-1m. 
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CHAPTER FOUR 

ROOM-TEMPERATURE OPTICAL NONLINEARITIES 

OF GaInAs/AlInAs AND GaAlInAs/AlInAs MULTIPLE QUANTUM WELLS 

AND INTEGRATED MIRROR ETALONS AT 1.3 pm 

Introduction 

82 

As a result of the advances in optical fiber communication technology, the dream 

of a high bit-rate telecommunication system has become possible. However, the 

performance of optical fiber communication systems is limited due to the lack of a high 

speed signal processor to process the information. At present, the processing speed of an 

optical fiber communication system is determined by the speed of an electronic logic gate 

which is not as fast of optical logic gates. On the other hand, optical switching devices 

have been shown to exhibit sub-picosecond switching speeds [Hulin el al.( 1986), Friberg 

el al. (1987)]. Thus photonic processing is an alternative technology of processing signals 

in optical fiber communication systems. Photonic processing also has the potential to 

avoid the optical-electronic conversion which is used now in the telecommunication 

system. 

The optical time-division multiplexing technique is an extension of the well-known 

electronic multiplexing technique. In an optical time-division multiplexing system, a high 

bit-rate data stream is constructed directly by time-multiplexing several lower bit-rate 

signals. Similarly, at the receiver end of the system, the very high bit-rate optical signal 



I 

83 

is de multiplexed to several lower bit-rate optical signals before detection and conversion 

to the electronic domain [Tucker el ai. (l988}). Generally. a high bit-rate system requires 

a high speed signal processor to demultiplex the high bit-rate data. For a 10 Gbit/sec 

system. the optical switching device must have a high switching contrast and a switching 

speed faster than 100 picoseconds of full recovery time [Johns (1991)]. In this research. 

nonlinear Fabry-Perot etalons are being studied as possible high speed photonic switching 

devices. 

The operating wavelength of optical switching devices should match the optical 

wavelength used in fiber communication systems. The proper operating wavelength of an 

optical switching device in an optical fiber communication system is near 1.3 #Am or I.S 

#Am. because optical fibers have the smallest absorption and group velocity dispersion in 

these wavelength I'egions [Senior (1985)]. Generally. the operating mechanism of optical 

switching devices utilizes the nonlinear optical effects of the materials in the devices. so 

it is clear that the nonlinear optical materials should have large optical nonlinearities and 

fast response times. Because semiconductor materials usually exhibit large optical 

nonlinearities in the vicinity of the absorption band-edge due to resonance effects, the 

best materials for optical switching devices in optical fiber communication systems should 

have absorption band-edges in the 1.3 #Am or 1.5 #Am regions. GaIn As and its related 

materials have this property. In order to design a pratical nonlinear optical switching 

device for optical fiber communication systems. it is crucial to understand the nonlinear 

optical properties of GaInAs and related materials. 

Recent advances in crystal growth techniques such as molecular beam epitaxy 

(MBE) and metalorganic chemical vapor deposition (MOCYD) allow the growth of high 

quality multiple quantum well (MQW) crystals of precise layer thickness. Due to the 

quantum confinement effect in semiconductor MQWs. the linear and nonlinear optical 
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properties of MQWs are different from those of bulk semiconductors (we will discuss this 

later). In general, MQWs have larger optical nonlinearities than bulk materials [Park et 

aI. (1988») and studies of the nonlinear optical properties in MQWs are important in 

developing a pratical nonlinear switching device. 

In this chapter, the nonlinear optical properties near the absorption edge of both 

bulk and MQW semiconductors are reviewed and the room-temperature optical 

nonlinearities of GalnAs/ AllnAs and GaAllnAs/ AllnAs MQWs at 1.3 pm are presented. 

We also examine a nonlinear optical Fabry-Perot (FP) etalon of GaIn As/ AllnAs MQW as 

an example of a photonic switching device for optical fiber telecommunication systems. 

The basic theory of the operation for a nonlinear optical FP etalon are introduced, and 

the design and fabrication of GalnAs/ AllnAs MQW nonlinear optical FP etalons are 

disscussed. In the last section, the recovery time of GalnAs/ AllnAs etalons are reported. 

Nonlinear Mechanisms in the Bulk Semiconductors Near the Band-Gap 

The carrier density dependent nonlinear optical effects of semiconductor materials 

have been studied extensively for potential applications in opto-electronic and all-optical 

devices [Haug (1988), Gibbs et al. (1990»). The carrier density dependent nonlinear 

optical effects in semiconductors are due to the interaction between laser light and the 

material. Most nonlinear effects depend on the intensity of the incident laser light. As 

laser light is absorbed by semiconductors, electrons and holes are generated in the 

conduction band and the valence band, respectively. An electron in the conduction band 

and a hole in the valence band are attracted to each other by the Coulomb force and 

form bound states. This hydrogen-like electron-hole pair is called an exciton. Excitons 

have binding energies and Bohr radii like a hydrogenic system, and the binding energy is 
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inversely porpotional to the Bohr radius. Normally there are two kinds of excitons. 

Wannier excitons have Bohr radii several times the length of the lattice unit cel~ this is 

usually true for III-V and II-VI semiconductors. On the other hand, Frenkel excitons 

have Bohr radii is on the order of or smaller than an atomic unit cell which is true in 

some organic materials [Knox (1963), Cho (1979)]. Here we will focus our attention on 

the Wannier excitons. It is well known that Wannier excitons play an important role in 

the linear and nonlinear optical properties of semiconductors [Chemla and Miller (1985), 

Peyghambrian el al. (1988)]. The Coulomb interaction between the excited electrons and 

holes significantly changes the linear absorption spectrum of bulk semiconductors from a 

basic non-interacting approximation. The major differences of the absorption spectrum, 

as shown in Fig. 4-1, are the appearance of discrete (excitonic) lines below the band-gap 

and the enhancement of absorption above the band-gap (Coulomb enhancement) [Elliot 

(1957), Bassani (1975), Banyai and Koch (1986)]. However, the excitonic features are 

usually hidden in room temperature spectra as a result of phonon broadening. 

Generally, there are two categories of optical nonlinearities in semiconductors: 

quasi-equlibrium and transient nonlinearities. Quasi-equilibrium nonlinearities are mainly 

due to the real carriers, which are generated by resonance or above band-gap photo

excitation. The life-time of quasi-equilibrim nonlinearities is determined by the life

time of carriers but not by the laser pulse duration. Once carriers are generated from 

photo-excitation, the bound electron and hole pairs collide with each other and with 

other excitations in the solid such as phonons on a time scale of the order of a few 

hundred femtoseconds [Chemla el al. (1984)]. After these collisions, the carriers are in 

thermal equilibrium within each band, but not in thermal equilibrium with the whole 

semiconductor. The electrons in the conduction band return to the valance band on a 

time scale of nanoseconds either by radiative or nonradiative processes, and then the 
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whole semiconductor is in thermal equilibrium. Typically, the life-time of quasi

equilibrium nonlinearities in semiconductors is on the order of nanoseconds because the 

life-time of the carriers is on the order of nanoseconds. In contrast, for the transient 

nonlinearities, the optical nonlinear effects do not depend on real carrier generation 

[Haug (1988), Lee el al. (1991 )]. The life-time of this nonlinearity follows the excitation 

laser pulse time profile and is limited by the dephasing time of the electronic resonance. 

The laser frequency is often tuned below the exciton resonance into the transparency 

region of the semiconductor so that real carrier generation is minimized. Throughout the 

following discussions of optical nonlinearities of semiconductors, we will concentrate on 

the quasi-equlibrium case. 

The microscopic origins of the nonlinear optical effects in semiconductors are 

explained theoretically by many-body effects [Haug (1988), Haug and Koch (1990), 

Banyai and Koch (1986)], which take into account the complicated interactions between 

the electron-hole pairs resulting from the large carrier concentration. Various nonlinear 

mechanisms such as bandfilling, bandgap renormalization, and Coulomb screening play 

significant role. 

The Pauli exclusion principle permits only one fermion in the same quantum state, 

and this introduces the band filling effect. If the allowed electron and hole states are 

occupied, further transitions into those states are prohibited. As the electron states near 

the bottom of the conduction band and the hole states near the top of valence band are 

filled, the photon energy needed for further transitions is increased, resulting in a 

bleaching of the absorption in the vicinity of the band-gap and appearing as if the 

absorption edge is shifted to the high energy side. 

The band-gap renormalization is also a consequence of the many-body effect. 

The two main mechanisms which govern renormalization are the intraband Coulomb 
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repulsion between like charges and the exchange interactions between identical particles. 

The net result reduces the spatial correlation f the electrons and therefore reduces the 

overall system energy [Haug and Schmitt-Rink (1985)]. The band-gap renormalization 

results in a red shift of absorption band-edge. 

As the photo-generated carrier density becomes large, the Coulomb interaction 

between an electron and a hole decreases as a result of the screening effect of other 

nearby charged carriers. The screened Coulomb potential between an electron and a hole 

is weaker than the unscreened potential and decreases exponentially for large separations 

between charges. This screening effect reduces the binding energy of the excitons. As 

the screening increases, the Bohr radius of the exciton increases and eventually the 

exciton is ionized. This screening also suppresses the Coulomb enhancement factor of the 

continuum states. The Coulomb screening effect causes a reduction of absorption 

coefficient near and above band-edge and a bleaching of excitonic resonance [Haug and 

Schmitt-Rink (1985), Banyai and Koch (1986)]. These nonlinear mechanisms are 

summarized in Fig. 4-2 [Gibbons (1987)]. 
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Fig. 4-1 Schematic diagram of the absorption spectrum with inclusion of Coulomb 
interaction. The dashed line is the absorption spectrum without considering 
Coulomb interaction [Dassani (l97S»). 
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Fig. 4-2 Nonlinear optical absorption spectra of a direct-gap semiconductor. (a) 
band filling effect shifts the band-edge to higher energy side; (b) bandgap 
renormall2ation shifts the band-edge to lower energy side; (c) screening effect 
broadens and saturates exciton.s; (d) reduction of the Coulomb enhanced states 
[Gibbons (1988») . 
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Excitonic Optical Nonlinearities in MQW Structures 

A MQW structure consists of alternating ultrathin layers of semiconductors of two 

different compositions. The band-gaps of these two alternating layers are determined by 

the semiconductor compositions. Typically, each period of the MQW contains a low 

band-gap layer sandwiched between two high band-gap layers. In the direction normal 

to the layers, electrons and holes are confined in the low-gap layer because the 

neighboring layers have high potentials. In contrast, along the plane of the layers, the 

electrons and holes can move freely. Since the electrons and holes in a MQW can only 

move freely in two dimensions (2-D), the optical properties of the MQWs are different 

from those of the three dimensional (3-D) bulk materials. A schematic representation of 

an MQW is shown in Fig. 4-3 [Chavez-Pirson (1989)]. 

To calculate the linear absorption spectra of the MQWs near the band-edge, the 

quasi-two dimensional Coulomb interaction must be taken into account. The calculated 

absorption spectrum of a 2-D MQW shows several important differences from that of 

bulk. First, the density of states in 2-D is step-like, while in 3-D it is proportional to 

v'liw-E,. The binding energy of an exciton in 2-D is 

ER 
En = (n+I/2)2 , (4-1) 

where n is the principal quantum number, and ER is the exciton Ryderg energy. The 

binding energy of a exciton in 3-D is 
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ER 
En = (n+I/2)2 ' (4-1) 

where n is the principal Quantum number. and ER is the exciton Ryderg energy. The 

binding energy of a exciton in 3-D is 

(4-2) 

The 2-D exciton has larger binding energy than the 3-~. The binding energy of the 

first (Is) exciton state in 2-D is four times that of the first exciton state in 3-~. The 

2-D Bohr radius is half of the 3-D value. In 3-D. the exciton binding energy. through 

its dependence on dielectric constant and effective masses. scales roughly as the band-

gap. The dominate exciton-phonon interaction in semiconductors is due to LO phonons 

and this interaction strength, through the dependence on the ionicity. also scales 

approximately as the band-gap. So, in 3-D semiconductors, increasing the exciton 

binding energy also increases sensitivity to thermal broadening; and exciton resonances 

are only seen at low temperatures almost regardless of band gap energy [Haug (1988)]. In 

MQWs. the increased binding energy is a result of the artificial reduction of the electron-

hole separation by the confinement effect, without any significant change of the coupling 

to LO phonons [Haug (1988)]. The 2-D Is-exciton absorption peak is better resolved 

spectrally than the 3-D as a result of its four times large binding energy. 

The dominant nonlinear optical mechanisms in MQWs are different from those in 

bulk semiconductors. It is important to note the Coulomb screening in MQWs is reduced 

in comparison with the 3-D bulk semiconductors [Schmitt-Rink (1985)]. The main 

contributions to the optical nonlinearities in 2-D are phase space filling and exchange 

effects [Schmitt-Rink (1985), Haug (1988)]. The exchange effect in 2-D is same as in 
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bulk. As the carrier density increases, the carriers are forced closer together. The 

exchange interactions between identical particles reduce the spatial correlation and 

therefore decrease the single particle energy and shrink the band-gap. The phase space 

filling effect happens as the states in phase space that are already occupied are no longer 

accessible in optical transitions or available for exciton formation. Both phase space 

filling and exchange effects are efficient at short distances, so the influences of these two 

effects in 2-D, where particles see more of their neighbors than in 3-D, are larger than 

in 3-D. As the carrier density increases, the exciton resonances become bleached because 

of the phase space filling and exchange effects. 

Room - Temperature Optical Nonlinearities of Gain As/ AllnAs 

and GaAllnAs/ AllnAs Multiple Quantum Wells at 1.3 pm 

Previous studies have been made of optical nonlinearities in both GaInAs/ AlInAs 

[Weiner et al. (1986)] and GaInAs/InP [Fox et al. (1987), Fisher (1990)] MQWs near 1.5 

JIm. Transient nonlinear absorption spectra of GaInAs/ AlInAs near 1.3 JIm at 10 K have 

been reported [Elsaesse et a/ (1989), Lobentanzer (1989)]. An optical logic etalon of an 

GaInAs/InP MQW at 1.55 JIm operating at 77 K has also been demonstrated with a 20: 1 

contrast and nanosecond recovery time [Tai et aI. (1987)]. A room-temperature optically 

bistable device in a GaInAs/ AlInAs MQW etalon at 1.5 JIm was also demonstrated 

[Kawaguchi et aI. (1987)]. However, there has been no report to date on the room

temperature nonlinear optical properties of GaInAs/ AlInAs and GaAlInAs/ AllnAs MQWs 

and the performance of optical logic devices made from these materials at 1.3 JIm. In 

this section we report room-temperature measurements of the nonlinear absorption 

spectra, saturation carrier densities and carrier recovery times for both a 40 A 
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GaIn As/ AlInAs and a 90 A GaAlInAs/ AlInAs MQW sample. 

The nonlinear absorption spectra and saturation carrier densities of MBE grown 

Ga0.376Alo.0Iu,Ino.63As/ Alo.~8Ino.62As and GaQ.f7Ino.63As/ Alo.~JnO.5:aAs MQW structures 

were measured in this experiment. The samples were grown by Khitrova et aI. and the 

detailed growth conditions of the samples were previously described [Khitrova et al. 

(1990)]. The GaInAs/AlInAs MQW consists of 100 periods of 40 A GaInAs wells and 68 

AAlInAs barriers. The quaternary GaAlInAs/ AUnAs MQW sample has 100 periods of 90 

AGaAlInAs wells and 69 A AUnAs barriers. Both MQWs have heavy-hole exciton peaks 

near 1.3 J,£m at room temperature. In the ternary system, the transition energy of the 

exciton can be adjusted by changing the quantum well thickness. For the quaternary 

system, both the well thickness and the Ga/ AI ratio can be used to shift the exciton 

absorption peak. The latter affords the opportunity to tailor other parameters such as the 

carrier lifetime or exciton sharpness while maintaining the exciton at the same 

wavelength [Khitrova et al. (1990». 

The absorption spectra of both samples were examined in a pump-probe geometry 

shown as Fig. 4-4. The 1.064 J,£m line from a Q-switched Nd: Y AG laser with a 10 Hz 

repetition rate was used for the pump beam. The pump beam frequency was enough 

above the absorption band-edge of all samples to efficiently generate electron and hole 

pairs. The probe beam was generated by difference frequency mixing of the 1.064 J,£m 

line of a Y AG laser and the output of a tunable Rhodamine 6G dye laser in a LiI03 

crystal. The tunable range of the infrared beam, from 1220 nm to 1350 nm, covered the 

band-edge region of all samples. The pump pulse and probe pulse were 10 ns and 4 ns 

in duration, respectively. The samples were mounted on a rotation stage which was 

adjusted to Brewster's angle to minimize Fabry-Perot oscillations in the absorption 

spectra. The pump and probe beams were overlapped on the sample in both space and 
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time with spot diameters of 135 JJm and 37 JJm, respectively. The large pump beam 

eliminated diffusion of the carriers from the probed region. The polarization of the 

pump beam was orthogonal to that of the probe beam so that an analyzer could 

selectively block the pump beam. The probe beam was divided with one beam focused 

on a Ge detector as the reference signal and the other beam focused on the sample, then 

imaged onto another Ge detector which measured the transmitted signal. The reference 

and transmitted signals were averaged over 100 laser shots by a boxcar integrater. The 

relative transmission values for the samples were obtained from the ratios between the 

transmitted and the reference signals. The absolute transmission value for the samples 

was obtained from the ratio of the relative transmission with and without the sample. 

The nonlinear absorption spectra measured at room temperature with pump 

intensities of 0, 1.6, 3.1, and 17.0 kW /cm2 on the 40 A GaInAs/ A lIn As MQW are shown 

in Fig. 4-5 (a). The latter three pump beam intensities correspond to photo-generated 

carrier densities of 6.4 x 1017, 1.2 X 1018, and 6.7 Xl018 cm-3 and are calculated from the 

well known rate equation, 

dN = Q(w,N)I N 
dt liw - r' (4-3) 

where T is the lifetime of the electron-hole pairs, w is the pump beam frequency, I is the 

pump beam intensity, and a is the absorption coefficient at the pump beam frequency. 

Using a Gaussian temporal profile for the the pump beam, the solution of equation (4-3) 

is: 
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absorption spectra of InGaAs and its related materials. M is a mirror, L is a lens, I 
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a silicon filter, CF is a color filter, SF is a spatial f"dter, Fe is a fiber coupler, and 
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N( t) = e-t/,. aIo x f t e-t'l,. exp [_ ( 1.665 It' )S]dt' 
fiw FWHM ' -x 

(4-4) 

where 10 is the peak pump beam intensity, FWHM is pulse width at half-maximum of 

the pump beam, x is twice FWHM, and t is the delay time between the pump and probe, 

which is 0 ns in this experiment. For this calculation, we used our measured electron-

hole pair lifetime values r and the reflection loss of the pump beam at the sample surface 

was taken into account. 

In the linear absorption spectrum of the 40 A MQW, we observed well-resolved 

heavy-hole and light-hole excitonic resonances located at 1315 nm and 1225 nm, 

respectively. The half-width of the lowest exciton peak is about 14 meV [Khitrova el aI. 

(1990»). As shown in Fig. 4-5 (a), the exciton resonances bleach and broaden with 

increasing pump beam intensities. Phase-space filling and exchange effects are believed 

to be the dominant nonlinear mechanisms for saturation of the excitons in MQWs 

[Schmitt-Rink el al. (1985), Weiner et al. (1986), Haug (1988)]. Note that the influence 

of Coulomb screening in quasi two-dimensional MQWs is relatively weak in comparison 

to the three-dimensional case [Schmitt-Rink et al. (1985), Weiner et aI. (1986), Haug 

(1988»). 

Because the change in absorption at the exciton peak depends on the pump beam 

intensity only through the photo-generated carriers, we computed the saturation carrier 

densities for these samples instead of the saturation intensities. The saturation carrier 

density at the heavy-hole exciton peak was determined by the best fit of the 

experimental data to the following Lorentzian equation: 
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(4-5) 

where ao and ab are the linear and background absorption coefficients at the heavy-hole 

exciton peak, respectively, L is the well thickness of the MQW, and N. is the saturation 

carrier density. As shown in Fig. 4-6 (ai, the optical absorption decreases as the carrier 

density increases. The solid curve is a best fit to the experimental data. The saturation 

carrier density, linear absorption (aoL), and background absorption (abL) were found to 

be 1.2 X 101B cm-3, 0.88, and 0.88, respectively. The computed saturation carrier density 

for the GaInAs/ AlInAs MQW is close to the reported values for GaAs/ AIGaAs MQWs 

[Park et aI. (1988)]. 

Figure 4-5 (b) shows the room-temperature nonlinear absorption spectra of the 

GaAlInAs/AlInAs MQW sample for pump beam intensities of 0, 1.7, 5.0, and 21.2 

kW/cm2. These pump beam intensities generated carrier densities of 2.1 X 1017, 6.2 x 

1017, and 2.6 x 101B cm-3 , respectively. Note that in Fig. 4-5 (a) and (b), the residual 

background absorption of al ~ 0.8 and 0.4, respectively, at energies below the exciton 

originates from the reflection and scattering from the sample surfaces. The linear 

absorption spectrum of the sample also shows two well resolved exciton peaks. The half-

width of the lowest exciton peak is about 12 meV [Khitrova et al. (1990)]. The exciton 

peaks of the quaternary MQW are less pronounced than those of the ternary, presumably 

because 90 A wells have less confinement than 40 A wells [Khitrova et al. (1990)]. As in 

the GaInAs/ AlInAs MQW case, the presence of increasing pump beam intensity bleaches 

exciton peaks of GaAlInAs/ AUnAs MQW due to phase-space filling and exchange 

effects. The saturation carrier density, linear absorption, and background absorption 

were determined to be 1.0 x 101B cm-3, 0.84, and 0.43, respectively. The computed 

saturation carrier density for the GaAlInAs/ AlInAs MQW is close to the GaInAs/ AlInAs 
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MQW. The dependence of the optical absorption on the carrier density in the 90 A 

GaAlInAs/ AlInAs MQW is shown in Fig. 4-6 (b). 

Normally, the switching time of an nonlinear switching device is limited by the 

recovery time of carriers because the recombination time of carriers is longer than the 

time needed to generate carriers. The carrier recovery dynamics of the samples were 

measured with a picosecond pump-probe set-up (see Fig. 4-7) [Johns (1991)]. The 

experiments were performed with a pulse compressed mode-locked Nd:YAG laser at a 

100 MHz repetition rate. Both pump and probe beams had a 2 ps duration at a 

wavelength of 1319 nm which coincides with the heavy-hole exciton peak. The pump 

and probe beams were overlapped on the samples with a 26 11m diameter. The pump 

beam was polarized orthogonally to the probe beam. An analyzer and a aperture were 

placed in front of the detector to isolate the probe from any scattering from the pump. 

The time delay between the pump and probe beam was varied from -so ps to 450 ps. 

Figure 4-8 shows the probe transmission as a function of the pump-probe delay for a 

pumping power of 20 mW on the 90 A GaAllnAs/AlInAs MQW. This pumping power 

corresponds to a photo-generated carrier density of 1.7 x 1018 cm-3• The exponential fit 

of the data resulted in a 750 ps lifetime for the 90 A MQW. The lifetime for the 40 A 

ternary MQW is longer, with a value of!:::! 5.3 ns. The lifetime for the quaternary MQW 

is shorter than that for the ternary MQW, probably due to the presence of aluminum in 

the quaternary MQW, which may affect the carrier lifetime [Khitrova el aI. (199la)]. To 

check the effects of lateral diffusion on the absorption recovery time, the diffusion 

equation [Kittle (1966)] was used to determine changes in the average carrier density. In 

this calculation, the ambipolar diffusion constant 0 !:::! IS cm2/s was determined by 

carrier mobilities of 10500 cm2/Vs for electrons and 300 cm2/Vs for holes [Pearsall 

(1982)]. The diffusion calculation indicates that 500 ps after excitation, the average 

-, 
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carrier density decreases less than 1 % for a 26 I'm diameter spot. Thus, the small lateral 

diffusion of the carriers does not play an important role in the picosecond recovery of 

the absorption changes. 

---
I 



--, 

I 

~ :::1 

(b) 
1.4 r--------------, 

1.0 

O.IS 

FiB. 4-6 (a) Optic:al absorption dependence of carriers density in the 40 A 
GalnAs/ AllnAs MQW. The black points are experimental data and the solid curve 
is the best fit of the experimental data. (b) same as (a) but for the 90 A 
GaAllnAs/ AllnAs MQW. 
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Nonlinear Fabry-Perot EtalOD 

A FP etalon consists of two high reflectors or flat mirrors placed in parallel and 

held a fixed distance apart by a spacer. Because of the high reflectivity of the mirrors, 

the light undergoes mUltiple reflections in the mirrors. If the light inside the cavity is 

sufficiently coherent, the interference will occur between the multiple reflected beams. 

If the phase shift between the successive beams is an integral multiple of 211", the 

interference will be constructive. In this case, the transmission through the etalon will be 

at a maximum and this result is the well-known "standing-wave" resonance condition 

L = nu\R 
2n ' 

(4-6) 

where L is the cavity length, m is the order number, n is the refractive index, and AR is 

resonance wavelength in vacuum. 

A nonlinear optical FP etalon is a FP interferometer with a material used for the 

spacer which has an intensity-dependent absorption and index of refraction. To 

qualitatively understand the operation of the nonlinear optical Fabry-Perot etalon, a 

medium with negative nonlinear refractive index is considered. As the index of 

refraction decreases, which results from the presence of the pump beam on the nonlinear 

etalon, the resonance wavelength must also decreases; ie., the transmission peak shifts to a 

shorter wavelength. Therefore, for a probe wavelength A < AR' when the pump beam 

intensity increases, the probe transmission at A increases. By continuing to increase the 

pump beam intensity, the probe transmission will become resonant. In this case, the 

probe transmission is switched from the "off resonance" state to the "on resonance" state 

by increasing the pump beam intensity. On the contrary, if the the probe beam 
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wavelength is originally on the transmission peak, the presence of the pump beam will 

switch the probe transmission from the "on resonance" state to the "off resonance" state. 

In general, the nonlinear FP etalon can be operated by the pump-probe technique. 

The pump beam is used for changing the refractive index of the spacer, so it is necessary 

to tune the pump beam above the absorption band-edge of the spacer. Since the probe 

beam is used to probe the transmission of the cavity, it is desirable to set the probe beam 

below the absorption band-edge of the spacer [Jewell et al. (1984, 1985, and 1987)]. 

Typically, the front mirror is highly transmitting and rear mirror is highly reflecting for 

the pump beam. For the probe beam, both mirrors are highly reflecting to optimize the 

cavity finesse. 

Design and Fabrication 

Two catagories of high reflectors are used in the nonlinear optical FP etalon. The 

first uses high reflection dielectric thin film multilayer structures for the reflectors. 

These high reflection multilayer structures are attched or coated on the epitaxially grown 

semiconductor materials to form a cavity for photonic switching [Gourley et aI. (1986), 

Jewell et al. (1987), Tai et al. (1987), Kawaguchi et al. (1987), Sfez et al. (1990), 

Kuszelewicz et aI. (1990)]. However this type of etalon is highly nonuniform, either due 

to wedges produced in the semiconductor material as a result of the etching process or 

due to the nonparallel alignment of the reflectors [Chavez-Pirson (1989)]. The other FP 

structure, which is called an integrated mirror etalon, is grown monolithically for the 

whole etalon by using well-developed crystal grown technology such as MBE. The high 

reflector used in this integrated FP etalon structure is a quarterwave stack, consisting of 

alternating layers of high and low index semicoductors with the optical thickness of each 

-, 
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layer equal to a quarter of the design wavelength, i.e., 

(4-7) 

The detailed design of a nonlinear integrated mirror etalon has been previously 

described (Chavez-Pirson (1989), Chuang (1991)). The design of the etalon first must 

consider the operating wavelength, the reflectivity, spectral bandwidth, and the center 

wavelength of reflectors. Then the thickness of each layer for both the high reflectors 

and spacer, the number of layers, the types of materials for both high reflectors and 

spacer regions, and the structure of the spacer region must be considered. In general, the 

design of the integrated mirror etalon can be approached as follows: the operating 

wavelength of the switching etalon needs to be determined, and this parameter will 

determine what substrate should be used for the MBE growth. For example, if the 

wavelength is chosen in the 0.8 Ilm to 1.1 Ilm region, a GaAs substrate should be used; 

on the other hand, if the wavelength is around 1.3 Ilm or I.S Ilm, an InP substrate must 

be used. The lattice-matching requirement in the epitaxial grown monolithic structure 

then limits the choice of materials for the reflectors and spacer. Next the thickness of 

the high and low refractive index layers of high reflectors must be calculated using the 

refractive index values at the operating wavelength. The numbers of layers in the 

reflectors are then determined according to the specified reflectance of the reflectors or 

the finesse of the cavity. The material and structure of the spacer region is determined 

by the operating wavelength as well as the specific properties desired. The spacer layer 

must be chosen properly so that the resonance wavelength of the etalon has the proper 

detuning from the optical absorption band-edge to yield a high finesse cavity with 

enough nonlinear index change to produce optical switching. The electric field 
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distribution of the whole structure must be calculated to ensure the position of the active 

spacer layer. Note that the effective cavity length, defined by the length where light will 

bounce back and forth, is longer than the physical spacer length since the electric field 

extends into the quarterwave stacks [Jewell et aI. (1988), Chuang (1991)]. This means the 

equation, 

(4-8) 

usually used for calculating the spacing of transmission peaks in FP transmission spectrum 

shown as below is no longer true. A schematic structure of an optical integrated mirror 

etalon is shown in Fig. 4-9. 

The MBE-grown integrated mirror etalons at 1.3 JIm were designed and fabricated 

by Khitrova et al. [Khitrova et al. (l991b)] as the photonic switching devices for optical 

fiber communication systems. The etalons were designed for the control beam at a 

shorter wavelength (~ 1.25 JIm) for efficient generation of carriers and the probe beam at 

a longer wavelength (~ 1.30 JIm) for low absorption and high Fabry-Perot finesse. The 

challenge is to grow MQW material between very thick ( > 20 quarterwave layers on each 

side) integrated mirrors, lattice-matched to the InP substrate and with a band-edge close 

to but shorter in wavelength than 1.3 #Am [Khitrova et aI. (1991b)]. 

The high reflectors are formed by alternately growing quarterwave layers of high 

(GaAllnAs) and low (AllnAs) index. The absorption band-edge of GaAlInAs can be 

controlled by the ratio of Ga: AI and this ratio was set at a small value so that the 

reflectors have no absorption at the operating wavelength. The refractive index 

difference between these materials is ~ 0.25 although this varies with wavelength. 

Compared with the larger index difference (~ 0.7) for AIGaAs/ AlAs [Chavez-Pirson 
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(1989), Chuang (1991)], the small difference of index refraction means the reflectors 

require a larger number of quarterwave layers to have the same reflectivity. The mirrors 

in the etalons consist of 12 periods of 91.4 nm of Gao.33Alo.16Ino.62As and 99.0 nm of 

AI0.4aIno.uAs. The mirrors have reflectivities higher than 0.7 from 1278 to 1361 nm. 

The nonlinear spacer layer consists of GaIDAs/ AUnAs MQWs with exciton features 

near 1.3 JAm [Khitrova el al.(1990), Hsu el aJ.(l991)]. The band-edge of the MQWs can 

be controlled by the the well width and the band-edge is reasonably sharp so that large 

nonlinear index exists simultaneously with low absorption at the probe wavelength. The 

spacer has 108 Gao.47Ino.63As/Alo.4aIno.uAs MQWs with 35 A wells and 58 A barriers 

and band-edge at 1.25 JAm. 

The transmission spectra taken at two different positions of a integrated mirror 

etalon, shown in Fig. 4-10 (a) and (b) [Khitrova el al. (1991 b», show the etalon peaks 

located at different wavelengths for these two positions and this is mainly due to the 

thickness variation in the etalon. As shown in Fig 4-10 (a), the two etalon peaks are at 

1250 and 1320 nm, but in Fig. 4-10 (b), the two etalon transmission resonance are shifted 

to 1280 and 1350 nm, respectively. Because the two etalon fringes in Fig. 4-10 (b) have 

a larger detuning relative to the absorption band-edge of the spacer than those of in Fig. 

4-10 (a), the FP transmission peaks in Fig. 4-10 (b) have larger values. The transmission 

fringe, at shorter wavelengths shown in both Fig. 4-10 (a) and (b) have small finesse and 

this is a result of low reflectivity of mirrors and absorption by the spacer in this 

wavelength region. 
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Fia. 4-9 Schematic diagram of an integrated mirror etalon. 
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The Recovery Time Measurements of Integrated Mirror Etalons at 1.3 pm 

The switching recovery times of two integrated mirror etalons were investigated 

by the previously described pump-probe set up with a 2 ps duration at 1319 nm (see Fig. 

4-7). No change in transmission was observed for the FP etalon which was designed for 

the control beam at I.25 pm and the probe beam at 1.3 pm (the transmission spectrum is 

shown in Fig. 4-10). The pump beam wavelength 1.319 pm is below the band-edge of 

the spacer (1.25 J,'m) so that few carriers are generated and this might be the reason for a 

lack of change in the transmission in this etalon. Another GaInAs FP etalon was used to 

measure the recovery time of the device. The absorption band-edge of the spacer is near 

1.32 J,'m and the high absorption effect from the spacer reduces the transmission peaks of 

this etalon. Only 20% transmission was observed at the peaks. The transmission 

spectrum of this etalon is shown in Fig. 4-11 (a). The pump beam at 1.319 J,'m was 

efficient enough to generate nonlinearities in the spacer, so that a change of transmission 

was observed in this case. As shown in Fig. 4-11 (b), the GalnAs/ AllnAs FP etalon has 

a 125 ps recovery time, with a fast switch-on speed. Due to the limited translation from 

the positioning equipment available, we could not measure the delay beyond 500 ps. It is 

probable that the transmission drops below the baseline as a result of heating of the 

sample (which shifts the transmission fringe to a longer wavelength) by the high 

repetition rate pulser laser in our experiment. The faster recovery of the etalon 

compared with the MQWs may be associated with poorer quality MQWs in the etalon 

grown on top of 12 pairs of quarter-wave layers . 
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Conclusions 

In conclusion, the nonlinear optical properties of both bulk and MQWs 

semiconductor materials were reviewed. We have measured optical nonlinearities and 

recovery time of carriers at 1.3 I'm for two MQW structures of epitaxially-grown 

GaAlInAs/ AlInAs and GaIn As/ AlInAs at room temperature. Saturation carrier densities 

at the heavy-hole exciton peak were determined to be 1.2 x 1018 and 1.0 x 1018 cm-3 

with carrier recovery times of ~ 5 ns and ~ 750 ps for GaIn As/ AlInAs and 

GaAlInAs/ AUnAs MQWs, respectively. These measured carrier density are close to the 

reported values for GaAs/ AlInAs MQWs. Nonlinear integrated FP etalon logic gates were 

designed and fabricated for a high-speed optical switching device with a recovery time 

of 125 ps near 1.3 I'm operated at room temperature. These devices are potentially useful 

for development of a multi-giga-bit optical time-division demultiplexed interconnection 

system at 1.3 I'm where ultrafast optical processing elements are needed. 

Future Work 

For future studies of this work, two types of all-optical devices promising for the 

development of high-contrast fast-speed switching elements at 1.3 I'm. The first device 

is a asymmetric etalon made from GaInAs/ AUnAs or GaAlInAs/ AUnas MQWs. It has 

been reported that a GaAs/ AIGaAs all-optical asymmetric reflection modulator can been 

switched at 2.5 mW with a 27: I contrast ratio [Heffernan el al. (1991 »). Asymmetric 

reflection modulators based on GaInAs or GaAlInAs material would be one approach to 

obtain high contrast all-optial switching elements at 1.3 I'm . 
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The second device is the switching element that is based on a GaIn As/ A lIn As or 

GaAlInAs/ AUnAs tunneling biquantum well structure (BQW). It was reported that a 

GaAs/ AIGaAs BQW exhibits picosecond recovery of excitonic absorption near 0.85 lSm 

[Tackeuchi el al (1991)]. A FP etalon device utilizing the GaInAs or GaAUnAs BQW 

structure would be one approach to be considered for high speed all-optical switching 

elements at 1.3 lSm. 
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In this appendix we derive the equation for third harmonic generation (THG) for a 

two layer medium. The result for the THG intensity has been used to determine the 

cubic susceptibility of P-4BCMU in chapter 3. A monochromatic plane wave, given by 

(A-I) 

generates a nonlinear polarization P 3W at the third harmonic frequency in a dielectric 

medium; where P 3W is given by 

P3W (r, t) = p P3W (r, t) 

= ![P3WexP(ik'r)exP(-iwt)+C.C] , (A-2) 

and 

(A-3) 

The nonlinear polarization is a source term in the wave equation [Bloem bergen and 

Pershan (1962)] 
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V
:aE ( ) n23W 82(E3W (r, t» _ 411' 82(P 3W(r, t» 

3W r, t + C2 at2 • C2 at:a • (A-4) 

The solution of the wave equation (A-4) for the electric field can be written as follows 

[Bloembergen and Pershan (I962)~ 

(A-5) 

where the first term of (A-5) is the "free wave" solution of (A-4) when P3W == 0, and the 

second term is a "bound wave", a particular solution of (A-4). K f and Kb are the wave 

vectors for the free and bound waves, respectively. For simplification, let us take 

(A-6) 

, [411'P3W J 
Q = n~-nL ' 

(A-7) 

then equation (A-S) can be rewritten as 

(A-B) 

The magnetic field is 

(A-9) 

-, 
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The reflected third harmonic wave in the air at the input surface of the sample is 

EL • eR ER exp(ikR 'r) • (A-IO) 

where the parameters let. kb' kR' ef' eb, eR, ft' and ER must be determined from the 

boundary conditions at z = 0, i.e., continuity of the tangential compents of the electric 

and magnetic fields. Considering the coordinate system (X, Y, Z), the projections on X, 

Y, Z of eb' er, eR and pare: 

eb er eR p 

X b' x rx Rx p'x 

Y b' y f' y Ry P'y 

Z b' • f' • R. P' •. (A-II) 

The continuity relations are [Jerphagnon and Kurtz (1970n 

v E = f' E' + b' Q' ''X R x r x (A-12) 

(A-I3) 

REf' E' + b' Q' -'"'I R = y r y (A-14) 

(A-IS) 

, 
," 
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For the case of a p-wave, P' • (COsO'III' 0, -sine' III)' b' - (CosO'III' 0, -sine' III)' eR ... (cosO, 

0, sin9), and e'r ... (cosO' 3101,0, -sine' 3101)' and these lead (A-12) and (A-IS) to 

(A-16) 

(A-17) 

From (A-16) and (A-17), E'r is determined to be 

E' = _rY cosO'III+n'III cosO (A-IS) 
r '< cosO' +n' cosO' 

3101 3101 

The surface between the quartz and P-4BCMU thin film is at the point z=I'. The 

boundary conditions at this surface are 

f'x E'rexp(ik' r·z1')+b'xQ'exp(ik'b ·z1')+R' x E'R exp( -ik'r .z1') 

(k'r. f' x - k' fx f'. )E'r exp( ik'r ·z1')+(k' b. p' x - k' bx P'. )Q' exp(ik' b .z1') 

+(k'RI R'x -k' RxR'. )E'R exp( -ik'r·zl')=(k"r.f" x -k"rx f". )E"rexP(ik"r'z1') 

Let us define 

(A-19) 

(A-20) 

(A-21 a) 



.. , 

!/J' b • k' b ·zI' • k"b ·zI' , 

then equations (A-19) and (A-20) can be rewritten as 

cosO' 3'" E'fexP(Wf )+CosO' ",Q'exp(i!/J'b )+CosB' 3W E'R exp( -i!/J'f) 

=cosfl' 3W E" fexP( il/J' f )+Cosfl' '" Q"exp(i!/J' b) 

n' 3'" E' fexP(Wf )+n' ",Q'exp(i!/J' b )-n' 3W E' R exp( -i!/J'f) 

=Je" 3W E"fexp(i!/J'f )+n"",Q"exp(i!/J'b)' 

From equations of (A-22) and (A-23), E"f can be found: 

E"f: 
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(A-21 b) 

(A-22) 

(A-23) 

2n' 3"'COsO' 3",E'f+(n' 3"'COsO' ",+n' ",cosO' 3'" )Q'exp(iW b -!/J'f »-(n' 3Wcosfl' ",+n"",cosB' 3W)Q"exp(i(!/J' b -!/J'f» 

n' 3'" cosfl' 3W + J e" 3'" cosO' 3W 

(A-24) 

For the surface at z = L (between the P-4BCMU thin film and air), the boundary 

conditions are 



--, 
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using e"R .. (cosO" 3111' 0, sinO" 3111) and e3W • (cosO, 0, -sinO); then the equations (A-2S) and 

(A-26) become 

cosO" 3111 E" r exp( iq,"r )+CosO" 161 Q"exp( iq,\ )+Cos8" 3111 E" R exp( - iq,"r ) 

=cosOE3Wexp(ik3W ·zL) 

je" 3161 E"rexp(iq,"r )+n"wQ"exP(iq,\)-je" 3111 E"R exp( -iq,"r) 

=E3W exp(ik3W ·zL) . 

(A-27) 

(A-28) 

The third harmonic electric field output from z .. L can be calculated from equations (A-

27) and (A-28), 

E3W exp(ik3W 'zL)= 

{2 FE" ,cosU' '" .xp(iO", ). [F oosl' w.n" woosi' '" )Q"'xP( io,,) } 

j e" 3161 cosO+cosO" 3161 

(A-29) 

From (A-18), (A-2S), and (A-30), the third harmonic electric field output at z = L is 

E3W exp(ik3W ·zL)=B3{ -Bz(B1Q')+(B.Q' -B6Q")exp(iW b -q,' r ))}exp(iq,"r )+BeQ"exp(iq,"b)' 

(A-30a) 

where 
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(A-30b) 

(A-30e) 

B OR cos8'w+n'w cosO 
1 cosb' 3W+n' 3W cosD ' 

(A-3Od) 

(A-30e) 

(A-30f) 

(A-30g) 

Because the nonlinear effect from the quartz glass is much smaller than that from the P-

4BCMU thin film, the nonlinearity of the substrate can be neglected and equation (A-

30a) can be reduced to 

(A-3l) 

-, 



The square of the absolute value of the third harmonic field is 

where 

AI--BsB3 
-2cosO" 3W(n" 3W+ilt)(n' 3Wcos8' w+n"wcos8' 3W) 

=( «n"3W+iIt)cosO+cosO" 3W)«n' 3WCOsO" 3W+n" 3W+iIt)cos8' 3W) 

and 

A3=B" 
n"WcosO"3W+(n"3W+iIt)CosO" W 

- cosO" 3W+(n"3w+ilt)cosO 

The THG intensity output from the P-4BCMU sample for the P-wave is 
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(A-32a) 

(A 32b) 

(A-32c) 

where R is the correction for the reflection of the fundamental beam at the first air-

substrate surface: 

R = (, 2cosO J" (p-wave). 
n wcosOw+cos8' W 

(A-34) 

Equation (A-33) has been used to calculated the THG from the amorphous thin film of 

the P-4BCMU sample for a p-polarization case. For the crystaline P-4BCMU sample, 
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the equation for THG intensity can be obtained by a similar process. 
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