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ABSTRACT 

This dissertation studies the physics of room-temperature optical nonlinearities in 

GaAs and their application to the optical logic gates. 

The microscopic origins of the room-temperature optical nonlinearities in GaAs are 

investigated experimentally and theoretically. The data of nonlinear absorption measure

ment are analyzed in the framework of a semiconductor plasma theory in combination with 

excitation-dependent line broadening. The importance of the plasma screening of the 

continuum-state Coulomb enhancement and band filling are emphasized for GaAs at room 

temperature. 

Optical bistability and optical logic gating are direct consequences of the nonlinear 

refractive index changes in etalons. The nonlinear index changes are directly measured by 

a new technique of observing the Fabry-Perot transmission peak shift using the self-photo

luminescence as a broad-band source. The validity of a Kramers-Kronig technique under 

quasi-steady state conditions is crosschecked by an independent measurement of ~n under 

identical pumping conditions. Thermal index changes are also directly flleasured to establish 

the criteria on the temperature stability condition that is needed for reliable operation of 

devices based on dispersive nonlinearities. 

Optical logic gates based on dispersive optical nonlinearities may be the critical 

components of an all-optical computer in the future. Five optical logic functions are dem

onstrated in a nonlinear GaAsj AIGaAs MQW etalon. Specially designed dielectric mirrors 

are used to observe low-energy (3-pJ) operation of optical logic gates. Parallel operation 

using as many as eight optical logic devices is achieved with Wollaston prisms. Toward 

practical devices, optical logic gating using diode lasers is demonstrated in a setup much 

xi 
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smaller than the usual argon-laser pumped dye laser setup. 

The cycle time of optical logic devices is limited, not by the swith-on time, but by 

the switch-off time which depends on the carrier relaxation rather than the switch-on 

time. To reduce the carrier relaxation time windowless GaAs is employed to take advantage 

of the faster surface recombination of carriers at the GaAs/dielectric mirror interface 

compared to that at the GaAs/GaAIAs interface. The speed and effectiveness of the win

dowless GaAs are compared with those of the proton-bombarded GaAs as optical logic 

gates. 



CHAPTER 1 

INTRODUCTION 

Materials and Devices for Optical Computing 

Since the first observation of optical bistability in sodium vapor (Gibbs, McCall, 

and Venkatesan, 1976), there has been increasing interest in optical nonlinearities for many 

materials because of their possible application to all-optical computing. Direct-gap semi

conductors have drawn special attention due to their exceptionally strong optical nonlinear

ity in the spectral vicinity of the band edge. Semiconductors also have an advantage 

because they are able to provide reasonable absorption (aL-I) in a very thin sample (-1 

I'm). The short length relieves the limitations due to the cavity build-up time and permits 

tighter focusing, so that switching energies are redu~ed. 

One of the most promising semiconductors has been GaAs which has many interest

ing features at room temperature. Theoretically speaking, optical nonlinearities in different 

semiconductors can be explained using the same theoretical formalism with different 

material parameters (Banyai and Koch, 1986). GaAs does have some advantages over the 

other semiconductors from the point of view of practical applications. Room-temperature 

compatibility, convenience of operating wavelength, requirement of relatively small 

switching energies, and reasonably fast response times are all combined in GaAs. Also, the 

current growth and fabrication techniques of GaAs crystals are so advanced and wides

pread that one can relatively easily obtain high-quality GaAs. 

With the help of the mentioned advantages, remarkable progress has been achieved 

in recent years. For GaAs etalon devices, the fabrication and subnanosecond operation of a 
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2-dimensional array of optical logic gates have been reported (Lee, Warren, albright, 

Gibbs, Peyghambarian, Venkatesan, Smith, and Yariv, 1986a). Even a 70-ps all-optical 

cycle time has been achieved in a 0.3-l'm-thick windowless GaAs etalon device (Lee, 

Gibbs, Jewell, Duffy, Gossard, and Wiegmann, 1986b). Miller et al. (1984) reported a self 

electro-optic effect device (SEED) operating with very low power. The SEED is hybrid 

device that has shown very impressive characteristics, but its fabrication is more compli

cated than an all-optical etalon. Polarization switching (Korpel and Lohmann, 1986) in a 

laser diode (Chen and Liu, 1983) demonstrated a new possibility of using two orthogonal 

polarizations, and very low-power switching of laser diode amplifier was also reported by 

Sharfin and Dagenais (1985). Doped superlattices (Dohler, Kunzel, Olego, Ploog, Ruden, 

and Stolz, 1981) are also good candidates for nonlinear optical devices even though the lack 

of sharply defined band edges leaves much room for improvement. 

One of the very interesting reports was that of quantum well envelope state transi

tion (QWEST) by West and Eglash (1985) since the QWEST possesses the possibility of fast 

switching (-1 ps) and low power operation (-10 I'W). This phenomenon is based on the 

intra-band dipole transition of electrons (West, 1983; Yuen, 1983) in the conduction band 

of multiple-Quantum-well GaAs. Since it is the transition between sub-bands, the photon 

energy is in the far-infrared (>.-10 I'm) spectrum. The QWEST shows very strong, isolated 

absorption peaks and good thermal stability as well. Due to the polarization dependence of 

its dipole transition, devices based on the QWEST should be realized in waveguides where 

the polarization of light is perpendicular to the Quantum well. 

Since none of the devices seems to possess all the characteristics (-fJ/logic 

operation, -GHz, cascadability, and fan-out) needed for real optical computing, there 

should be organized efforts to find the ideal material for these purposes. The QWEST may 

be the answer. Research efforts are currently ongoing to investigate Quantum dots, which 
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represent a logical extension of two-dimensional multiple-quantum-well structures to zero 

dimension. The quantum dots may be visualized as spheres of few tens of angstroms in 

diameter. The manufacturing of this micro-micro structure with extreme uniformity is not 

a trivial problem. Even though study is at the primitive stage of theoretical and experi

mental investigations, this zero-dimensional structure promises, at least in theory, enormous 

optical nonlinearities related to quantum confinement effects (Chemla and Miller, 1986). 

Scope of Dissertation 

The dissertation consists of two main parts. The first part which includes Chapter 2 

through Chapter 5 discusses the physics of the optical nonlinearities in GaAs at room tem

perature. Microscopic origins of optical nonlinearities in GaAs at room temperature are 

understood through both experimental measurements and theoretical investigations in colla

boration with Professor Stephan Koch. The second part consists of Chapters 6, 7, and 8 

and deals with optical logic devices based on GaAs nonlinear Fabry-Perot etalon structures. 

The concepts of optical ·logic gates and some of the experimental breakthroughs are 

describt.d in detail. 

Basic semiconductor theory on the band edge is discussed in Chapter 2. This chapter 

briefly introduces the Elliott theory (1956) of optical absorption (line~r absorption) at the 

band edge of a semiconductor. This explains the importance of the Coulomb interaction on 

the absorption spectrum in the spectral vicinity of the band edge. Then the recently 

developed plasma theory of semiconductors is described conceptually. The generalized 

Elliott formalism uses density-dependent material parameters in connection with the linear 

response theory (the Elliott formula can be derived from the standard linear response 

theory) to obtain the nonlinear optical response function. This theory does contain all the 

major concepts of a Green's function approach of a many-body formalism, and the calcu-
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lation of the susceptibility function is relatively easy and straightforward compared to that 

of rigorous many-body approaches. The important concepts of band filling and bandgap 

renormaIization are discussed as well. 

In Chapter 3 the microscopic origins of room-temperature GaAs optical nonlineari

ties are investigated experimentally as well as theoretically. The details of a pump-and

probe experiment are described. The usefulness of photoluminescence as a broad-band 

probe source is found and explained. The generalized Elliott formula is applied to explain 

the experimental data, and a good quantitative. agreement is found between the two. In the 

past room-temperature optical nonlinearities in bulk GaAs have been attributed to excitons 

without systematic experimental studies (Ovadia et aI., 1985). On the contrary, we conclude 

from our experiments that band filling and plasma screening of the Coulomb enhancement 

of continuum states are the dominant nonlinear optical mechanisms responsible for bulk

GaAs optical bistability and optical logic gating at room temperature. 

In Chapter 4 a new experimental technique for direct measurement of nonlinear 

refractive index changes and the validity of a Kramers-Kronig transformation under 

quasi-steady state conditions are tested for the first time using identical excitation beams. 

The basic idea is to look at the shifts of Fabry-Perot transmission peaks under various 

excitation conditions. An attractive feature of the measurement is that no independent 

probe beam is needed. The photoluminescence from the focused pump beam is used as a 

broad-band probe source. Since this technique employs only one beam, there is no need 

for alignment for the pump and the probe; they are automatically aligned. The results of 

this measurement are consistent with those of Chapter 3. These directly measured index 

changes were compared to those obtained by Kramers-Kronig transformations of Aa 

which were measured using pump-and-probe techniques. The two values of An obtained 

by these two independent methods (but the same excitation wavelength) agree well, con-
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firming the validity of a Kramers-Kronig transformation under quasi-steady-state pumping 

conditions. 

In Chapter 5 thermal contributions to the refractive index in the vicinity of the 

band edge are discussed. Thermal index changes are also measured directly as a function of 

lattice temperature. The experimental data give us some measure of thermal stability condi

tions for stable operation of GaAs devices based on dispersive optical nonlinearities, 

specially for the etalon devices. 

For the remaining chapters, GaAs optical logic gates are described. The basic 

concepts of optical logic gates using nonlinear etalons are described in the first section of 

Chapter 6. The techniques of realizing NOR, AND, XOR, NAND, and AND gates are 

discussed. High-frequency (82-MHz) and low-energy (3 pJ/logic operation) operations are 

achieyed in a specially designed Fabry-Perot etalon. In addition a simple example of the 

parallel operation in a flat GaAs etalon is explained. Up to an array of 2x4 optical NOR 

gates are operated successfully using Wollaston prisms as an array generator. Also, the use 

of laser diodes for optical logic gates is demonstrated in a very small setup of 30-cm 

maximum dimension. This may be one step toward practical imlemantation of nonlinear 

optical devices. 

In Chapter 7 the fast operation and fabrication of an array of two-dimensional 

optical logic gates are shown. Complete recovery of optical logic gates in less than 200 ps is 

achieved from a pixel of the windowless (actually one-window) GaAs etalon. In etalons 

with windows, the recovery time is limited by the diffusion time which may be shorter 

than the carrier lifetime. The faster relaxation of carriers is attributed to the faster surface 

recombination at the GaAs/dielectric mirror interface compared to that at the 

GaAs/ AIGaAs interface. A streak camera is used for the measurement of the fast response. 
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In Chapter 8, various thickness windowless GaAs samples are prepared and tested. 

The purpose of this experiment is to confirm the mechanism of the surface recombination. 

If the surface recombination is a dominant relaxation process of carriers, we can expect 

faster relaxation for thinner samples. Two mode-locked picosecond dye lasers are used to 

obtain picosecond resolution. The recovery time increases roughly linearly with the sample 

thickness, consistent with surface recombination being the dominant relaxation mechanism 

for windowless GaAs. A 70-ps all-optical cycle time is demonstrated as well, which is the 

fastest all-optical cycle time yet reported. Proton samples are tested for comparison 

purposes, but found to be neither as fast nor as effective as the windowless GaAs when 

used as optical logic gates. 



CHAPTER 2 

THEORY OF SEMICONDUCTOR OPTICAL NONLINEARlTIES 

Many ill-V and II-VI semiconductors exhibit large optical nonlinearities in the 

vicinity of their band edges. These optical nonlinearities have been of great interest 

because of their physics and their potential applications to all-optical computing and to 

other electro-optic devices. The nonlinear optical properties of the materials are mainly 

determined by the interaction between the photo-generated electron-hole pairs. In order to 

fully understand the underlying physics, one needs a quantum-mechanical many-body 

theory (Lowenau, Schmitt-Rink, and Haug, 1982; Haug and Schmitt-Rink, 1984). In this 

many-body approach, one often has to solve complicated coupled integral equations which 

have to be treated by involved numerical analysis. Even after the integrations, the interpre

tation of the results is usually not straightforward, and is rather difficult to apply to 

problems like optical bistability or optical logic gating. From an experimentalist's point of 

view, a somewhat simpler semiconductor theory of electron-hole plasma is in great 

demand. Recently such a plasma theory for the highly excited semiconductors was 

developed for this purpose by Banyai and Koch (1986). 

In Chapter 2, the important results concerning the linear absorption at the semicon

ductor band edge in the limiting case of zero electron-hole pair density (Elliott formula) 

are briefly reviewed. The contributions of bound (exciton) and unbound states to the linear 

absorption are also discussed in this regime. Then the main concepts related to the partly 

phenomenological plasma theory for the photo-excited semiconductors developed by Banyai 

and Koch (1986) are introduced. This generalized Elliott formula incorporates density- and 

temperature-dependent material parameters into the linear response theory. The results of 

7 
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this theory are rather simple to understand and to use for many device applications. 

Linear Absorption at the Band Edge: Elliott Formula 

In a free-electron model, one assumes the absence of a Coulomb interaction 

between the electron and the hole in a semiconductor. This situation cannot really exist. 

However the neglect of the Coulomb interaction may be a reasonable approximation as 

shown by experimental results on samples at high temperature and on impure samples 

(Pankove, 1971). The effects due to the Coulomb interaction become significant in pure 

samples. The Coulomb interaction is responsible for excitons and related Coulomb 

enhancement factor as will be discussed subsequently. Let us consider only the momentum-

conserving transitions (optical selection rule) in direct-gap semiconductors. In the absence 

of Coulomb interactions and in a parabolic two-band model, the product of the absorption 

coefficient Cl! and the photon energy liw becomes 

aliw = A JIiW-E~, (2-1) 

where A is proportional to the interband transition matrix element (Johnson, 1967) and EO 
g 

is the bandgap energy. 

If one turns on the Coulomb interaction for the case of a single electron-hole pair, 

the Coulomb interaction between carriers gives rise to changes in the absorption in the 

vicinity of the band edge. In the two-band approximation, the system of electrons and 

holes is represented by the Hamiltonian 



9 

(2-2) 

- e
2f f drdr' q,+(r) q, (r) 1 q,+(r')q, (r'). 

eo h h Ir-r'l e e 

Here q,a(r) is the annihilation operator for a quasi particle a at the space point r (a = e for 

electrons, h for holes), rna is the effective mass of the corresponding quasi particle. EO is g 

the semiconductor bandgap and eo is the static dielectric constant of the crystal. Following 

standard linear response theory (Kubo, 1957), one may derive an expression for the sus-

ceptibility X(w). For zero electron-hole pair density and zero temperature, one obtains the 

well-known Elliott formula (Elliott, 1956), 

1m X(w) = 271' p2cv L 1~~(r=O)12 6(IiW-E~ J. 
~ 

(2-3) 

where Pcv is the interband matrix-element and EA=EgO+E~. Also ~~(r) are the eigenfunc-

tions which describe the relative motion of the ~lectron and the hole, and E~ is the energy 

eigenvalue of the Wannier equation (see Eq. (2-8» with Coulomb potential, respectively. 

1~~(r=O)12 is called the enhancement factor and has the physical meaning of the probability 

of finding the electron and the hole in the same unit cell. Depending upon the energy of 
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an electron-hole pair, the pair can form either unbound or bound states. The wavefunc-

tions for the bound and unbound states have the same form as those of a hydrogen atom. 

By knowing the wavefunctions one can calculate both contributions to the absorption coef-

ficient. 

Let us first consider the unbound states. Using the ionization-continuum wavefunc-

tions, one gets the absorption coefficient as follows (Johnson, 1967) 

OOiw= (2-4) 

where A is the same constant used in Eq. (2-1) and ER is the Rydberg. energy for the 

exciton. The modification of the fundamantal absorption by the Coulomb interaction is 

greatest at the threshold. This represents the Coulomb enhancement factor of the 

continuum states inside the conduction band. 

For the case of bound states (excitons), one can use hydrogen-like wave functions to 

calculate their contribution to the absorption coefficient. The excitons give rise to discrete 

line spectra corresponding to 

o ER (IiW)d = E - -
" g £2 ' 

(2-5) 

where £ is the principal quantum number. For allowed transitions the intensity of the lines 

falls off as 
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(2-6) 

where ao is the Bohr radius of the exciton. For high I., the lines overlap, giving a continu

ous absorption that can be characterized by a density of states proportional to 1.-3• In this 

case, the absorption on the quasi-continuum is given by 

oeJiw = 211" JER A • (2-7) 

This is the contribution from free excitons, i.e., bound states of the electron-hole pair. 

Comparing Eq. (2-1), (2-4), and (2-7), one can easily notice the effect of the 

Coulomb interaction on the fundamental absorption edge. Theoretical calculations 

(Dimmock, 1967) on GaAs are reproduced in Fig. 2-1 for better understanding. Up to this 

point, we have assumed a single electron-hole pair under the Coulomb interaction. If there 

are many photo-generated electron-hole pairs in a crystal, the effective force on the 

carriers will be weakened due to the screening effects. Therefore to be complete,one has to 

take into account the interactions between many electron-hole pairs, the band-filling 

effects, and other many-body effects to explain the nonlinear optical spectra at the band 

edge. 

Nonlinear Absorption: Plasma Theory of Semiconductors 

The semiconductor plasma theory of this section uses the concept that "the optical 

response function C~Jl be computed in the scheme of linear response theory, but the 

material parameters will depend parametrically on the density 'of electron-hole plasma, 



c 
o .--Q. ... 
o 
fn 
~ 

< 

12 

n ~ 1 Exciton Peak 

(a) 

-1 0 20 

Fig. 2-1 Optical absorption for direct transitions in a parabolic band model with (a) and 
without (b) Coulomb interaction. 
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which is assumed to be in a quasi-equilibrium state" (Banyai and Koch, 1986). Microscopi-

cally, it is often justified to calculate the absorption spectra in the framework of linear 

response theory, where the dependence of the semiconductor parameters on the electron-

hole density has to be taken into account (Haug and Schmitt-Rink, 1984). It has been 

shown by several experiments that photo-generated excitons are ionized by interactions 

with phonons in less than a picosecond. In addition, quasi-thermal equilibrium is esta-

bUshed in femtoseconds by carrier-carrier and carrier-phonon scattering, i.e., the quasi-

equilibrium condition can also be justified in most cases. Under these conditions, the 

lowest energetic states in the conduction and valence bands are filled with photo-generated 

carriers. This band filling and the screening of the Coulomb interaction are the origin of 

the optical nonlinearity in semiconductors. In this sense, the theory takes the many-body 

nature of electron-hole plasma into account to obtain optical nonlinear respons~ function in 

the same spirit as a Green's function approach. 

In highly-excited semiconductors, the wave function for the relative motion of an 

electron-hole pair is assumed to obey a modified Wannier equation in which the Coulomb 

potential is replaced by a screened one (Yukawa potential). 

(2-8) 

Here, the inverse screening length " is a function of both the electron-hole pair density 

and temperature, and E,\ is the energy eigenvalue of the above equation. Its solution shows 

that the density-dependent binding energy of excitons is decreased due to the plasma 

screening, and eventually the bound states disappear at the Mott density (~ao -3). One can 

also obtain the value of energy-gap reduction (renormalization) by calculating the average 
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energy variation using the modified eigenfunctions, ~>.(r). The bandgap reduction is deter

mined by the screening length which in turn depends on the electron-hole pair density. 

For low electron-hole densities one has the asymptotic result, 

(2-9) 

Now one can introduce these density- and temperature-dependent parameters in the 

linear response theory, as suggested in the main concept of the theory. Replacing E~ with 

E>. and E~ with the effective bandgap, Eg = E~ + cSEg, one obtains a generalized Elliott 

formula. 

1m X(w) = 211' p2cv A(w) L 1~>.(r=0)12 cSr(liw-E>.), 

.>. 

(2-10) 

Here, A(w) = tanh«liw-J.')/2kT) is the band filling factor, J.'=J.'e+J.'h is the sum of the quasi-

chemical potentials of electron and holes. For an electron-hole plasma in a quasi-equili-

brium state, one can redefine quasi chemical potentials for electrons and holes, which 

depends on the temperature and electron-hole density via the conservation of the average 

number (N) of electron-hole pairs. 

where f~(x,p) is the Fermi function, 
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with classical energy, 

and a: stands for electrons (e) or holes (h). 

In this generalized Elliott formula Eq. (2-10), the energy conserving o-function can 

be replaced by a broadened function of width r. This phenomenological substitution can be 

justified from the fact that there is no mathematical o-function in nature, and the 

broadened lineshape describes the physics more closely. Technically speaking, this broadelll

ing comes from interactions which are not included in the Hamiltonian Eq. (2-2), such b 
I 

scattering with phonons and impurities. In fact, to approximate the exponential Urba<:h 

tail, Banyai and Koch (1986) used an inverse hyperbolic cosine function for Or-function. I 

i 

E o (x) - R 
r - 7r r cosh(x ER /r) . 

To analytically evaluate the modified Wannier equation, one can approximate the 

Yukawa potential by the so-called Hulthen potential Eq. (2-12) for which closed form 

solutions of Eq. (2-8) are available. 
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(2-12) 

where ks = ks(N) is the density(N)-dependent screening wavenumber and the value is 

chosen such that the resulting bandgap shift reproduces Eq. (2-9). 

The resulting absorption coefficient, a(w) = 411"w 1m X(w), can be written as 

Foc 

a(w) = Q o A(w) ( b(w) + u(w) ). (2-13) 

Here, b(w) and u(w) are the respective contributions of the bound and unbound states, 

where 

00 

TI 
n=l(n#) 

n2 (n2 1..2 - (g - 1..2)2) 
(n2 - 1..2) (n21..2 _ g2) , 

The sum runs over all bound states and g = l/aoks' For unbound states, 

u(w) = ro~x v'X TOOr, l'l + 2 g n
2 

- g2 ) 0 (IiW - Eg(N) - xJ . J( (n2 - g2)2 + n2 g2 r Eo 
n=1 

(2-14) 

(2-15) 

The closed-form solutions Eq. (2-13) that can be calculated rather easily by this way were 
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shown to reproduce the older Green's function results which had to be obtained by a time 

consuming numerical solution of coupled integral equations. In Chapter 3, this . plasma 

theory is used to analyze the experimental data. 



CHAPTER 3 

NONLINEAR ABSORPTION OF GaAs BAND EDGE 

It is generally believed that the optical nonlinearity in InSb, for example, is mainly 

due to band filling (Miller, Seaton, Prise, and Smith, 1981), whereas, for GaAs, the origin 

of the room-temperature optical nonlinearity responsible for optical bistability and optical 

logic gating has not been clearly understood and has rather been attributed (Ovadia, Gibbs, 

Jewell, and Peyghambarian, 1985) to excitonic saturation (Gibbs, Gossard, McCall, Passner, 

Wiegmann, and Venkatesan, 1979). At low temperature (2 OK), excitonic contributions have 

been shown to be the dominant nonlinear mechanism (Fehrenbach, Schafer, Treush, and 

Ulbrich, 1982; S~ah and Leheney, 1977). As temperature increases, the exciton linewidth 

broadens due to the scattering with longitudinal optical phonons (Miller, Chemla, Eilen

berger, Smith, Gossard, and Wiegmann, 1982). Nonlinear-absorption changes at the exciton 

frequency have been measured by Miller et al. (1982). However, it is not clear if the 

nonlinear transmission change around the band edge is primarily of excitonic origin since 

the many-body nature of the plasma interaction has to be considered. To better under

stand the physics of the nonlinearity, accurate measurements of the nonlinear absorption 

changes over a wide spectral range including the band edge are needed as well as a proper 

semiconductor plasma theory. 

In this chapter, a systematic study of the frequency dependence of the optical non

linearity in GaAs at room temperature is presented. The microscopic origins of the nonli

nearity are investigated, and the nonlinear absorptive and dispersive changes in GaAs 

under quasi-steady-state conditions are measured. The experimental data obtained are 

compared with the plasma theory (generalized Elliott theory) described in Chapter 2 in 

18 
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combination with excitation-dependent line broadening. 

Optical Multichannel Analyzer and Broad-band Probe Sources 

The invention of the optical multichannel analyzer has been one the most remark

able advances in semiconductor spectroscopy in recent years. The optical multichannel 

analyzer consists of a spectrometer and a detector array. This combination makes possible 

the simultaneous observation of wide-band optical spectra with high accuracy and sensitiv

ity. When used properly, the measurement accuracy can be made comparable to that of 

lock-in techniques. The use of an optical multichannel analyzer saves experimentalists a 

significant amount of measurement time as well. Also, when connected to a personal 

computer, data recording and subsequent analyses are even faster and easier. The optical 

multichannel analyzer system used in the experiment is Model 1461 from EG&G. The in

tensified, detector array is made of silicon, having 512 elements. The spectrometer is from 

Jarrell-Ash, which is equipped with three selectable gratings inside. The output of the 

detector array is transferred to an IBM-PC through an RS-232 serial communication 

channel. The data are recorded on diskettes for analyses and plotting. 

One of the most important requirements for the measurement using an optical mul

tichannel analyzer is a good wide-band probe source. When designing a pump-and-probe 

experiment for nonlinear absorption measurements, the probe source must meet the 

following criteria: 

1. The source should be broad enough to cover the whole spectrum of 

interest (830-900 nm). 

2. Optical modulation for the probe beam should be possible (-1 J,LS). 

3. The probe beam has to be focusable to a well-defined spot size (-15 JLm). 
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A rather popular broad-band source has been the fluorescence from a dye jet in a 

dye laser (without output coupler). For example, from an LDS-821 dye, one can get a rea

sonably broad-band infrared fluorescence. However the fluorescence from this dye has its 

center around 830 nm, and its intensity falls off rapidly at wavelengths longer than 870 

nm, which is the most important spectral region for room-temperature GaAs. It is possible 

to use a dye like IR.-144 which extends to 880 nm, but it is then necessary to use a toxic 

chemical as a solvent for the dye. Even so, it is still difficult to generate a well-defined 

focal spot. 

An alternative is a GaAs diode laser. When operated below the threshold current, 

the diode laser does not lase, but it does generate a reasonably strong photoluminescence. 

We tested this option and found that the photoluminescence does not extend as far as 870 

nm. One may obtain a wider spectrum by heating the diode laser. This is actually a strong 

candidate for a real source, since it could satisfy all the stated criteria with the help of a 

good temperature controller for the diode laser. But a better source was found. 

In the experiment, the photoluminescence from the 299-A MQW GaAs (Fig. 3-1) 

was chosen as a broad-band probe source. We initially attempted to use the fluorescence 

from an LDS-821 dye jet for a pump-and probe experiment, but found that the intensity 

of photoluminescence from th.e test GaAs sample (when illuminated by the pump beam) is 

much larger than the dye fluorescence when the IS-JLm-diameter spot is sampled and fed 

into the optical multichannel analyzer. In this case the signal-to-noise ratio for the meas

urement is unsatisfactory because the photoluminescence is much stronger and appears as 

noise. Then the idea of using photoluminescence from GaAs as a probe source flashed: 

why not use this strong noise source itself as a probe source? The photoluminescence of 

GaAs meets all the requirements of a good probe source. Its radiation extends to 900 nm 

when irradiated by l-W peak-power and 0.8-JLS-Iong Ar-Iaser pulses at a repetition rate of 
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Fig. 3-1 Photoluminescence spectrum of 299-A MQW GaAs pumped by Ar-Iaser light. 
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10 kHz. By controlling the peak power and duration of the Ar-laser beam, one can even 

tune the spectrum-of photoluminescence to longer wavelengths. A lOx microscope objective 

is used as focusing optics for an Ar-laser beam (514.5 nm) to generate a 15-~m-diameter 

photoluminescence spot, and the collection lens for the photoluminescence is a 7x micro

scope objective. The actual spot diameter for green light is about 10 ~m, but subsequent 

diffusion of carriers within the GaAs makes the size somewhat larger. For modulation of 

the photoluminescence probe beam, the monochromatic Ar-laser beam (instead of the 

photoluminescence) is acousto-optically modulated, since the acousto-optic modulation of 

the broad-band probe beam results in angular spreading of the beam. The deflection angle 

for the acousto-optic modulator is a function of wavelength. 

Another advantage of this idea is the ease of alignment. One of the difficulties of 

the infrared experiment is that the infrared beam is invisible; i.e., one has to use an 

infrared viewer. When using the photoluminescence setup, one may simply remove the 

photoluminescence source (GaAs platelet) and define an optical path using the visible green 

light. Moreover, temporal overlap between infrared pump- and probe-beams can also be 

checked easily using one photodiode (shown in Fig. 3-2) aligned for both infrared pump 

beam -and green Ar-laser beam, by simply sliding the GaAs platelet out of Ar-laser beam 

path. This method of using photoluminescence from the sample can be applied to the spec

troscopy of other semiconductors as well. One simply prepares two samples instead of one: 

one for a test sample and one for a broad-band photoluminescence probe source. For 

example, if one wants to investigate nonlinear behavIors on the band edge of ZnSe using 

an optical multichannel analyzer, one can use the photoluminescence from the ZnSe as a 

probe source ideal for the material under test. 
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Quasi Steady-State Nonlinear Absorption Experiment 

The experimental configuration is a pump-and-probe scheme utilizing an optical 

multichannel analyzer as shown in Fig. 3-2. The pump beam is tuned to and fixed at 821 

nm throughout the experiment and a broad-band (820-900 nm) probe source is obtained 

from the photoluminescence of a 299-A multiple-quantum-well (MQW) GaAs platelet 

pumped by an argon-laser beam as described above. The infrared pump beam and probe 

beam (actually the Ar-Iaser beam) are synchronously modulated by acousto-optic modula

tors to produce I-J.'S and O.8-J.'S rectangular pulse trains, respectively, at 10 kHz. The 

timing of the probe beam is adjusted such that the probe beam monitors the transmission 

of the sample only when the pump beam is present. Note that the temporal width of the 

probe beam is smaller than that of the infrared pump beam. 

The transmitted probe pulses are collected and integrated 30 seconds by the optical 

multichannel analyzer. This is equivalent to an average over 3xl05 pump pulses. The meas

urement accuracy is determined mainly by the long-term stability of infrared dye laser, 

because the major noise source is the photoluminescence arising from the sample itself. 

The pump beam (821 nm) is weak after transmission through the sample and is doubly

blocked by a polarization beam splitter and by optical multichannel analyzer tuning 

(adjusted to see only 830-900nm). The nonlinear absorption is measured as a function of 

pump intensity by successively adding identical HOY A neutral density filters (measured 

transmission at 821 nm is 40%). At the end of each cycle, the highest nonlinear absorption 

spectrum is taken one additional time to check for long-term variation of the dye laser 

output power. The typical difference between the two spectra taken at different times is 

less than 1% of the absolute transmission, indicating the accuracy of the measurement 

techniques. 



Fig. 3-2 Schematics of pump-and-probe experiment. 

IBM 
PC 
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AOM: acoustic-optic modulator, PBS: polarization beam splitter, PL: photolumi
nescence, OMA: optical multichannel analyzer. 
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Thermal effects up to the highest pump intensity (50 mW) are carefully checked 

and avoided by changing the pulse widths and repetition rates. The temporal width of the 

pulse is much longer than the carrier lifetime, assuring quasi-steady state for the duration 

of the pump. Spot diameters of the pump and probe beams are both 15 J.l.m, which are 

measured using a calibrated pinhole of 10-J.l.m diameter. But diffusion of the photo

generated carriers slightly increases the effective pump spot size to 20 J.l.m. Small «3 J.l.m) 

misalignments do not critically alter the absorption spectra. 

Bulk-GaAs samples grown by molecular beam epitaxy (MBE) consist of a 2.05-J.l.m

thick GaAs layer between two AIGaAs layers. For comparison purposes, 299-A MQW 

GaAs (1.8-J.l.m GaAs thickness) samples are also grown in the same chamber without 

opening the MBE machine. The structure of 299 A MQW GaAs is discussed in Chapter 4. 

Silicon monoxide antireflection (AR) coatings are deposited to minimize the Fabry-Perot 

interference effects from the surfaces of the samples. The coating material is silicon 

monoxide (SiO) whose refractive index is about 1.85 (~v'33", n(GaAs) ~ 3.5) at A = 0.9 

J.l.m. When the coating thickness is very close to >';4, the surface shows blue color. During 

the heating/evaporation process some of SiO turns into Si and SiOz which are of different 

refractive indices. Consequently, a high-quality AR coating is not easy to obtain. For the 

sample used in the experiment, it appears that one surface is AR coated well, but the other 

surface is not. 

The group of curves in Fig. 3-3(a) is obtained by varying the the pump intensity. 

The pump wavelength is set far from the band edge (821 nm) to minimize the effects of 

absorption saturation at the pump frequency. If one extrapolates the nonlinear absorption 

data (Fig. 3-3(a» to 821 nm, one can expect a non-negligible reduction in absorption. 

This nonresonant pumping generates an electron-hole plasma rather than excitons at room 
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Fig. 3-3 Room-temperature bulk-GaAs optical nonlinearities: experiment and theory. 
(a) Experimental absorption spectra for different excitation powers P (mW): 0) 
0; I) 0.2; 2) 0.5 3) 1.3; 4) 3.2 5) 8; 6) 20; 7) 50 on a 15-JLm diameter spot. 
(b) Nonlinear refractive index changes corresponding to the measured absorption 
spectra. These curves (a-f) in Fig. 3-3(b) are obtained by the Kramers-Kronig 
transformation of the corresponding experimental data (2-7) in Fig. 3-3(a). 
(c) Calculated absorption spectra for different electron-hole pair densities N 
(cm-3): 0) 1015 ; 2) 8xl016 ; 3) 2xl017 ; 4) 5xl017 ; 5) 8xl017 ; 6) 1018 ;7) 

1.5xl018• EO = 1.420 eV (873.1 nm) and ER = 4.2 meV. 
g 

(d) Calculated nonlinear refractive index changes. The curves (a-f) in Fig. 
3-3(d) are obtained from the curves (2-7) in Fig. 3-3(c) respectively. 
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temperature. The top curve (1) in Fig. 3-3(a) is an unpumped absorption spectrum of bulk 

GaAs and shows a small but clear exciton feature. At small pump intensities, most of the 

negative absorption change comes from the exciton saturation, but the net effect is not 

very strong because it is partly cancelled by the positive contribution from the bandgap 

reduction. As the pump intensity increases, broad absorption changes in the band begin to 

take place and become dominant. The wavy structures in the absorption spectrum at the 

highest pump intensity are due to the interference fringes arising from the incomplete 

antireflection coating (- 1 %). These structures are more pronounced at high pump intensi-

ties because the absorptioll is highly saturated. A Kramers-Kronig transformation of the 

difference tl.a.(E') between two measured absorption spectra yields a refractive index 

change tl.n(E), as in Fig. 3-3(b), given by 

where E is the photon energy, and P means the principal value of the integration. The 

maximum refractive index change is approximately -0.06 at about 3 to 4 meV (~2 nm) 

below the exciton energy. The nonlinear dispersive changes far below the band edge at 

high excitations come from broad-band absorption changes inside the conduction band 

(band filling and screening of continuum ehancement). The rising slopes at the high-energy 

end of Fig. 3-3(b) are artifacts arising from the finite integration limits (E1=1.38 eV (898.4 

nm), E2=1.50 eV (826.5 nm» set in the Kramers-Kronig transformation. Errors from this 

finite integration are small «10%) below the bandgap, because then the integrand falls off 

very rapidly at higher energy due to the denominator. For theoretical calculations shown in 
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Fig. 3-2(d), E1 and E2 are set to EO - 10ER (1.378 eV, 899.7 nm) and EO + 20ER (1.524 
. g g 

eV, 824.3 nm), respectively. 

The 299-A MQW GaAs samples exhibit similar nonlinear behavior to that of the 

bulk GaAs as shown in Fig. 3-4. Since the Bohr radius of the free exciton is comparable 

to the quantum-well thickness, the two-dimensional characteristics of MQW samples would 

be small so that one would expect bulk-GaAs behavior. The MQW sample shows well 

resolved exciton peaks up to the third subband. As in the bulk-GaAs case, at low pump 

intensities, most absorption changes are from exciton saturation. At higher pump intensi-

ties, the saturation process is very similar to that of bulk GaAs. This relative similarity of 

nonlinear characteristics in bulk and 299 A MQW samples explains the comparable hyster-

esis curves and switching powers for bistable operations in the two samples previously 

reported (Ovadia, Gibbs, Jewell, and Peyghambarian, 1985). 

Comparison with Plasma Theory 

The experimental data are analyzed in the framework of a plasma theory described 

in Chapter 2 in combination with excitation-dependent line broadening (see Eq. (2-11», r 

= ro + r1N, where N is the electron-hole pair density. The density-dependent line-broa-

dening is incorporated into the theoretical analysis for better fitting of experimental data. 

For GaAs at room-temperature, ro = 1.25 ER and r1 = 2x10-18ER cm3 yield the results 

shown in F~g. 3-3(c). Here, the bandgap energy used is 1.420 eV (873.1 nm) and the 

exciton Rydberg energy is 4.2 meV. The corresponding dispersive changes (~n) are 

obtained from a Kramers-Kronig transformation of the absorptive changes ( Fig. 3-3(d) ). 

The relative simplicity of Eq. (2-13) allows one to analy~e the individual contribu

tions of the different nonlinear effects. Fig. 3-5 shows absorption spectra obtained by art-
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Fig. 3-4 Nonlinear absorption spectra of 299-A MQW GaAs. 
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Excitation powers P (mW) are 1) 0; 2) 1.1; 3) 2.8; 4) 7.0; 5) 17.6; 6) 44 on 15-J,tm 
diameter spot. The curves (a-g) in Fig. 3-4(b) are obtained from the curves (2-8) 
in Fig. 3-4(a), respectively. 
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Fig. 3-5 The relative contribution of different nonlinear effects from the theory, labelling 
of curves as in Fig. 3-3(c). 
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ificially turning off excitonic (bound-state) contributions (a), band filling (b), and bandgap 

renormalization (c) during the calculation. The bound-state (exciton) contribution can be 

turned off in Eq. (2-13) by omitting the b(w) term. In other words, to obtain curve (a) one 

can use following expression for o(w), 

o(w) = ao A(w) u(w) (no exciton). 

Also to tum off band-filling effects, we replace A(w) by unity in Eq. (2-13), so 

o(w) = ao (b(w) + u(w» (no band filling). 

To obtain the absorption coefficient without bandgap renormalization, we replace Eg(N) by 

the density-independent bandgap EO in b(w) of Eq. (2-14) and u(w) of Eq. (2-15), and then 
g . 

use Eq. (2-13) to calculate o(w). 

The difference between Fig. 3-3(c) and Fig. 3-5 illustrates the relative contributions 

from the respective sources. The refractive-index changes corresponding to Doa of Fig. 3-5 

are also calculated by Kramers-Kronig transformations and shown in Fig. 3-6. Depending 

on the frequency regime, band filling and screening of the continuum-:-state Coulomb 

enhancement are almost equally efficient in generating the observed dispersive changes; the 

band filling is mainly responsible for the broad low-frequency tails of Don, whereas the 

screening causes the sharp structure in the vicinity of the bandgap (recall Chapter 2 that 

the Coulomb enhancement is greatest at the threshold of the continuum). The absorptive 

changes obtained through the bleaching of bound states (exciton ionization) are largely 

compensated through the red shift of the continuum states caused by the bandgap 

reduction. In other words, the negative Don from exciton saturation is largely offset by a 
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positive tln from bandgap reduction at low intensities. The nonlinearities leading to a tln 

(>0.01) sufficient for bistability around 884 nm (Ovadia, Gibbs, Jewell, and Peyghambar

ian, 1985) and optical logic gating around 890 nm (Lee, Warren, Olbright, Gibbs, Pey

ghambarian, Venkatesan, Smith, and Yariv, 1986) are roughly equal contributions from the 

band filling and screening of the Coulomb enhancement of the continuum states. In this 

regime of tln>O.OI, the electron-hole pair densities are larger than 2xl017 cm-3• 

To summarize, the microscopic origins of the room-temperature optical nonlineari

ties in bulk GaAs are investigated. At low excitations, the excitonic nonlinearity is 

dominant. As the pump intensity increases, the nonlinear contribution from exciton satura

tion becomes offset by that from the bandgap renormalization. At higher excitations (N) 

2xl017 cm-3), the plasma screening of the continuum-state Coulomb enhancement and 

band filling are the dominant contributions to the dispersive nonlinearities. 



CHAPTER 4 

DIRECT MEASUREMENT OF DISPERSIVE OPTICAL NONLINEARITIES 

Dispersive nonlinearities are known to be responsible for optical bistability (Optical 

Bistability: Controlling Light with Light by Gibbs, 1985) and optical logic-gate action in 

many semiconductors such as GaAs (Gibbs et al., 1979; Jewell et aI., 1985), InSb (Miller, 

Smith, and Johnson, 1979), and CdS (Dagenais, 1982; 1983). Several attempts have been 

made to measure the dispersive nonlinearities in semiconductors. Recently, Downer et aI. 

(1986) measured the interference fringe shift to obtain the refractive index changes in Si 

on sapphire. Olbright et aI. (1986) employed Twymann-Green interferometric techniques to 

measure refractive index changes from color filter. Halbout and Tang (1982) used the fem

tosecond Mach-Zehnder interferometry to oberve nonlinear refractive index changes of 

CS2• Miller et al. (1981) obtained nonlinear refractive index changes by measuring the 

Gaussian beam distortion due to self-defocusing in InSb. Baumert et at. (1986) used very 

thin crystal-prisms of CdS (Broser et aI., 1981) and measured beam deflection due to a 

nonlinear refractive index change. 

A more common technique is to measure band-edge absorption changes as a 

function of pump intensities and then perform Kramers-Kronig transformations to obtain 

the corresponding refractive index changes. But a Kramers-Kronig transformation requires 

the absorption changes at all frequencies. The accuracy and validity of such a transforma

tion is limited, if absorption changes are measured in a too-narrow region. For GaAs, 

Chemla and Miller (1984) examined multiple-quantum-well GaAs saturation at low intensi

ties and calculated nonlinear refractive index changes using a Kramers-Kronig relation. 
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In this chapter, direct measurement of nonlinear refractive index changes in GaAs 

at room temperature are presented. The main idea is to monitor the nonlinear Fabry-Perot 

transmission-peak shifts due to dispersive nonlinearities. In addition, nonlinear absorption

changes in the vicinity of band edge are also measured under identical pumping conditions, 

and the corresponding nonlinear refractive index changes are calculated by Kramers

Kronig transformations. These two data sets obtained by different methods are compared 

to check the Validity of the Kramers-Kronig technique under quasi steady-state pumping 

conditions. 

Samples and Experimental Procedure 

The GaAs MQW sample is grown by molecular beam epitaxy and consists of 61 

periods of 299-A GaAs and 99-A A1GaAs layers supported by two windows of 2930-A 

and 201S-A thick A1GaAs. The sample is mechanically ground down to a thickness of 

about 20 J.'m, and the remaining GaAs substrate is chemically etched away. The sample is 

then· sandwiched between two dielectric mirrors (90 % reflectivity) on sapphire substrates 

to form a Fabry-Perot etalon. The 1/4-inch-diameter sapphire substrates are polished and 

optically flat (about one oA). Unlike the conventional etalon-making procedure (which is 

described in Chapter 6), optical glue is applied along the perimeter of the sapphire sub

strates. The sandwiched GaAs sample, in this case, has better contact with dielectric 

mirrors. Consequently the etalon shows better thermal characteristics as well. The full 

widths at half-maximum for the etalon lie between 22-28 A. Contrary to common sense, 

the width is narrower near the bandgap (high absorption, low finesse) than far below the 

bandgap (low absorption, high finesse). This is due to the steep gradient of dispersion near 

the band-edge region. The linear refractive index of GaAs in the spectral vicinity of the 

band edge is shown in Fig. 4-1. The free spectral range of the Fabry-Perot etalon is about 
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Fig. 4-1 Refractive index of 299-A MQW GaAs from the formula of Pikhtin and Yas'kov 
(1978) with the bandgap of 1.43 eV (867 nm). 
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230 to 250 A and its finesse is about 10. The Fabry-Perot etalon is reasonably flat over the 

sample. In the OMA, one can usually see two successive orders of Fabry-Perot transmission 

peaks. Fabry-Perot transmission peaks of the etalon are located at 876 ± 4 nm (n+lBt order) 

and 890 ± 6 nm (nth order). Typical 299-A MQW GaAs Fabry-Perot transmission curves 

in the vicinity of the bandgap are shown in Fig. 4-2. These slight variations in transmis

sion peak positions are attributed to the nonflatness of the sapphire substrates and the 

minute wedge introduced during the selective etching process of the sample. The exciton 

peak of this 299-A MQW GaAs sample is at 8696 A. Since its quantum well thickness is 

slightly larger than the exciton diameter, its optical characteristics should be similar to 

those of bulk GaAs. 

Initial experimental setup is a pump-and-probe scheme. Namely, the fluorescence 

(broad-band source) from LOS 821 dye jet is aligned to monitor the spot pumped by the 

dye laser and is fed into an optical multichannel analyzer (OMA). During the experiment it 

is found that the intensity of photoluminescence from the 15-J.&m-diameter focused pump 

spot on the GaAs etalon is strong enough to be detected by the OMA and even stronger 

than that of the probe beam (dye fluorescence). It is verified that the Fabry-Perot 

transmission peaks seen by the photoluminescence are at the same wavelength as the ones 

seen by the dye fluorescence. Consequently, one can use the photoluminescence from the 

sample itself as a broad-band probe source, if one is only interested in the FP peak wave

length. Since the photoluminescence is due to the carriers generated by the pump beam, 

the pump and the probe are automatically aligned: there is no need for careful alignment 

between the pump and the probe at all. The experimental setup becomes very simple as 

shown in Fig. 4-3. Experimentally, what one observes in this case is the average effect due 

to both diffusion and the Gaussian-beam profile. 
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Fig. 4-3 Experimental setup for nonlinear index measurement. 
AOM: acousto-optic modulator, PH: pinhole, PBS: polarization beam splitter. 
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When an Ar-Iaser is used as a pump source, thermal effects are observed as a 

function of pulse length as in Fig. 4-4. Thermal effects are identified as a red shift 

(positive refractive-index change) of the Fabry-Perot transmission peak. With short pulse

width (11-'5) pump pulses, one can see large blue shifts of the Faqry-Perot transmission 

peaks. The positions of the peaks then red shift with increasing pulse width, indicating the 

competition between thermal and electronic refractive index changes. Under high pumping 

conditions, the peak intially blue shifts and returns to almost the original position for long 

pulses. The thermal data are obtained from the OMA using subtraction techniques. 

Temporal evolution of the peaks are obtained from the difference spectra between two 

successive OMA integrations for two pulse widths. More systematic study of the thermal 

effects on the GaAs band edge are presented in Chapter S. 

To minimize the thermal effects, the rest of the experiment is performed using a 

dye laser pump at 821 nm. Up to the maximum pump intensity, unwanted red shifts due 

to the infrared pump are checked and avoided by changing the duty cycle of the pump 

beam. The pump beam is modulated to produce 1-1-'5 pulses at low repetition rates (10 

kHz) to avoid slow heating problems as well. The maximum pump power is 90 mW before 

the etalon, and 20% of the power is assumed to be absorbed at the sample to generate the 

carriers responsible for the nonlinear refractive-index change. The spot diameter is IS Jjm. 

Nonlinear-absorption measurements are also performed using an AR-coated 299-A 

MQW GaAs sample under identical pumping conditions. The experimental setup is the 

same as described in Chapter 3. The pump laser wavelength is set at the same wavelength 

(821 nm) as in the nonlinear-refractive-index measurement, for comparison purposes. The 

~a obtained is later Kramers-Kronig transformed to calculate the corresponding ~n. The 

comparison of two sets of ~n's obtained from two independent ways will support the 

experimental accuracy and the validity of the Kramers-Kronig transformation under quasi-
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steady-state pumping conditions. 

Phase Function of GaAs Etalon 

Figure 4-5 shows typical nonlinear Fabry-Perot transmission curves seen by the 

photoluminesc:ence at high and low pump intensities. With two Fabry-Perot peaks at one 

etalon point, one can measure the free spectral range which corresponds to a 211' phase 

change. Carriers generated by absorption of laser light introduce negative nonlinear-refrac-

tive-index changes. The Fabry-Perot transmission peak then blue shifts in the case of 

defocusing nonlinearities such as that of GaAs. If there is an increase in the GaAs lattice 

temperature, the positive thermal refractive-index change red shifts the peaks. By 

measuring this shift one can calculate the ~n introduced; if there is no dispersion, 

~,p = 2 11' ~>. 
free spectral range(>.) , (4-1) 

Ai. ~n = >. 411'L' (4-2), 

where ~>. is the Fabry-Perot transmission peak shift in wavelength. 

If there is dispersion, one must know the phase variation in the nonlinear Fabry-

Perot etalon as a function of wavelength. This can be obtained by measuring the free 

spectral range for many different wavelengths. In this case one can calculate the phase 

variation by knowing the linear refractive index n(>') of GaAs and the etalon thickness. For 

the calculation, the refractive index formula by Pikhtin and Yas'kov (1978) is used. The 

linear index is plotted in Fig. 4-1. Figure 4-6 is the calculated phase function for a round-

trip, ,p(>'), of the etalon assuming 2.9-J'm GaAs and 1.35-J'm air gap: 
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Fig. 4-5 Typical FP transmission peaks seen by the photoluminescence of GaAs at low and 
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(4-3) 

This phase function reproduces the measured free spectral range variation success

fully. As long as one finds a phase function that fits experimental data of free spectral 

range, one can derive An from Eq. (4-2). In Fig. 4-7, the free spectral ranges from the 

experiment are plotted as small circles whereas the solid line is obtained from the phase 

function of Eq. (4-3). It is possible to attempt a polynomial fitting for the phase function. 

With the phase function, one may deduce AcP by measuring the phase difference between 

the shifted Fabry-Perot peak and the reference one. If a Fabry-Perot peak initially at >'0 is 

shifted to >.ru after absorption of laser light, one can say that the phase of the Fabry-Perot 

etalon at >'0 at low pump intensity is equal to that at >'n1 at high pump intensity. Then the 

nonlinear phase change at >'n1 can be obtained simply as the difference of the phases at 

two wavelengths (cP(>'0)-cP(>.ru» and An from Eq. (4-2). For wavelengths longer than 874 

rim, the phase function is tested self-consistently so that the accuracy is limited by the 

resolution of the OMA, 1.5 A. The measurement error of nonlinear refractive index is 

about 0.002 for this region. For wavelengths shorter than 873 nm, the error is about 0.006. 

An extrapolated phase function is used in this region. If the linear refractive index were 

known more precisely in the spectral vicinity of the band gap, the measurement accuracy 

could be improved. 

Nonlinear-Refractive-Index Changes 

The dots in Fig. 4-8 (b) are the nonlinear-refractive-index changes obtained by 

direct measurement of Fabry-Perot transmission-peak shifts. It shows two groups of data 
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a) Nonlinear absorption changes measured by quasi-cw pump-and-probe experi
ment. 
b) Nonlinear refractive index changes (~n) obtained directly from the FP peak 
shifts (dots). Solid curves are obtained by Kramers-Kronig transformations of 
measured in a). 
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points. In most cases, two data points are (nth and n+lst orders) obtained from one spot on 

the etalon. Since the etalon is not perfectly flat, but has about 100 A of Fabry-Perot peak 

variation over the etalon, it is possible to find different detunings by looking at different 

spots on the sample. The data in the mid-region are missing, because no Fabry-Perot 

transmission peaks are available for 880-890 nm. The solid cW'ves in Fig. 4-8 (b) are cal

culated ~n's from Kramers-Kronig transformations of nonlinear absorption (~Q) data. 

These calculated ~n's agree well with those of the direct measurement, but there is a slight 

deviation just below the banQgap at high pump power (18.6 mW). Presumably the differ

ence is due to the cooperative effects inside the Fabry-Perot cavity; the nonlinear absorp

tion spectra show small gain just below the bandgap at this pump intensity. The maximum 

nonlinear refractive index change is found to be about -0.06 and occurs 40 A below the 

exciton wavelength. 

At low pump intensities most nonlinear changes come from exciton saturation as 

one can see in Fig. 4-8. The nonlinear refractive index change, however, does not saturate, 

rather it keeps on increasing with the pump intensity. This behavior is more consistent 

with nonresonant nonlinearities which arise from band-filling and the screening of 

Coulomb enhancement of continuum states at room temperature as in bulk GaAs discussed 

in Chapter 3 (Banyai and Koch, 1986; Lee et al., 1986). The contribution from the exciton 

peak alone rapidly diminishes as one moves away from the exciton frequency, although 

even at the frequencies well below the band edge, appreciable nonlinear-refractive-index 

changes are observed that are almost constant over a wide spectral range. The long tail of 

this nonlinear-refractive-index changes originates from absorption changes over a broad 

spectrum inside the band. 

Optical bistability is observed using 10-mW laser power for the region of large 

nonlinear-refractive-index change (872-878 nm}. All excitons are ionized at this power 
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level. That is already out of the excitation regime dominated by excitonic nonlinearities 

suggesting that nonresonant nonIinearities are the dominant mechanism for the optical 

bistability at this power level. One needs ~1l>0.01 for dispersive optical bistability for the 

current etalon design, consistent with the observation of optical bistability with 10 mW. 

With 40 mW, optical bistability is observed over a wide spectral region (866-883 nm), even 

inside the exciton peak. The optical bistability in this power regime would be interpreted 

as mixed dispersive and absorptive bistability. 

Summarizing this chapter, the dispersive nonIinearities in GaAs are measured 

directly by the new technique of observing the Fabry-Perot transmission-peak shift using 

self-photoluminescence as a broad-band probe source. One concludes that, at room tem

perature, the nonresonant contributions from the band are more important than the 

excitonic effects for GaAs optical bistability and optical logic gates. The validity of the 

Kramers-Kronig technique under quasi-steady-state conditions has been crosschecked by 

independent measurements of ~n and ~Q under identical pumping conditions. 



CHAPTER 5 

THERMAL EFFECTS ON THE REFRACTIVE INDEX OF GaAs 

Macroscopically the refrclCtive index of a material is directly related to the optical 

absorption coefficient through the Kramers-Kronig relation. Therefore, a change in the 

absorption spectrum produces a corresponding change in the refractive index spectrum. If 

the absorption changes are due to optical excitation, the corresponding index changes are 

called dispersive nonlinear optical effects. The optical changes induced may be electronic 

(non thermal) or thermal in origin. The main effect of lattice temperature increase is the 

shrinkage of the bandgap (Semiconductors and Semimetals Vol.3, edited by Willardson and 

Beer, 1967). In other words, a new absorption source is created with the increase of tem

perature in the originally transparent spectral region. The net effect of this change is a 

positive change of the refractive index below the bandgap and a negative one above the 

bandgap. Note that in most semiconductors the sign of the refractive index change is 

opposite to that of usual dispersive nonlinear optical effects (not always: for HgCdTe (Elci 

and Rogovin, 1981), the nonlinear optical refractive index change is positive). The differ

ence is that the absorption is reduced or saturated in the electronic case and increased in 

the thermal case. The observed regenerative pulsation in GaAs is based on these two 

competing, opposite nonlinearities (Jewell, Gibbs, Tarng, Gossard, and Wiegmann, 1982). 

For nonlinear optical devices based on dispersive optical nonlinearities, it is 

important to know how the refractive index depends upon temperature in the spectral 

vicinity of the band edge. The data give us the information about the temperature stability 

that is needed for reliable operation of dispersive nonlinear devices. In this chapter, we 

briefly describe the temperature effects on the band edge of semiconductors. We describe 
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the experimental procedures for direct measurement of the thermal refractive index 

changes and analyze the experimental results in connection with the stability condition of 

GaAs devices. 

Bandgap Reduc6>n Due to Thermal Effects 

As the temperature of a semiconductor increases, the lattice expands and the oscilla-

tions of the atoms about their equilibrium . lattice points increase at the same time. The 

increased motion shifts the band edge and broadens the energy levels. Let us consider the 

case of homogeneous dilation due to thermal effects. Since the crystal structure of GaAs is 

cubic, for a given thermal dilation A, the band edge energies Ec (conduction band energy) 

or Ey (valence band energy) can be expressed as follows (Johnson, 1967), 

where E1(0) is the barid-edge energy at 0 OK, Es1(T) is the self-energy, A(T) is the dilation , 

induced by temperature and E1 is the deformation potential. The bandgap energy is then 

where Eg(O) is the value of the bandgap energy at 0 OK. 

At a temperature much lower than the Debye temperature, the energy gap varies 

proportionately to the square of the temperature, whereas much above the Debye tempera-

ture the energy gap varies almost linearly with temperature. The temperature dependence 

of the bandgap energy for many semiconductors has been fitted by the following empirical 

relation: 
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(5-1) 

For GaAs, Eg(O) is 1.5216 eV, Q is 8.871xl0-4 eV/Ko, and P is 572 /Ko (Varshni, 1967). 

The other important effect of the temperature is to vary exponentially the popula-

tion of the states. When a large concentration of free electron-hole pairs is thermally intro-

duced in a semiconductor, the resulting screened Coulomb interaction between carriers 

perturbs the band edges and induces a tailing of the band states into the energy gap. 

Thermal Index Changes and Their Implications 

Thermal effects are studied with 299-A MQW GaAs and bulk GaAs samples. Two 

independent measurements are performed for these samples. For the direct measurement of 

thermal changes in the refractive index, high-finesse (F~10) Fabry-Perot etalons are used. 

For the observation of the temperature dependence of optical absorption in the spectral 

vicinity of the GaAs band edge, anti-reflection coated samples are tried. The anti-reflec-

tion coated samples of 299-A MQW and bulk GaAs are the same ones used for the 

nonlinear absorption measurements in Chapter 3. The Fabry-Perot etalon containing 299-A 

MQW GaAs is also the same one used for dispersive nonlinearity in Chapter 4. The bulk 

GaAs Fabry-Perot etalon is made by the same procedure explained in Chapter 4, using 

identical dielectric mirrors on circular sapphire substrates for comparison purposes. 

The experimental configurations for thermal index measurements and thermal 

absorption changes are basically the same as those of Chapter 4 and Chapter 3, respec-

tively. The only difference is that it is a thermal perturbation instead of optical excitation 

which introduces changes at the band edge of GaAs. Namely, a micro-refrigerator (Model-
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K7701 from MMR Technologies) is used to control the lattice temperature of the samples 

to a temperature stability of about 0.1 degrees. Using this unit, the temperature can be 

made as low as liquid nitrogen temperature (-80 OK) through louie-Thompson processes. In 

the experiment the lattice temperature is increased in steps of 20 degrees from 215 oK to 

335 oK. Lower-temperature experiments are not performed because of possible damage to 

the anti-reflection coatings on the samples. It is found that good anti-reflection coatings at 

room temperature become degraded at low temperature due to the thermal index change in 

SiO layers. 

The band-edge shift as a function of temperature is plotted in Fig. 5-1. The top 

curves are for bulk GaAs and the bottom ones for 299-A MQW GaAs. Both samples show 

an almost linear shift of band edge with temperature. The amount of this shift is in good 

agreement with the empirical function of Eq. (5-1). Roughly speaking, the whole absorp

tion band shifts to a longer wavelength as the temperature increases, without significant 

changes in the overall absorption spectrum. If one describes an absorption spectrum at 

temperature To as o(~,To)' the absorption spectrum at temperature Tl may be approximated 

by 

(5-2) 

where a~ is the bandgap shift between two temperatures, To and T 1" This concept is 

applied later in this chapter to analyze the experimental data. It is also possible to observe 

the change in the slope of the band edge. It becomes smoother with temperature increase, 

demonstrating the effects of thermally generated free carriers and phonons. 

Figure 5-2 plots the refractive index changes due to thermal effects, anth, for the 

sample at temperatures 305 OK and 315 oK relative to the reference refractive index at 295 
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Fig. 5-2 Thermal contribution to refractive indices in the vicinity of the band edge of 
299-A MQW GaAs (direct measurement). 
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OK (room temperature). These data are obtained by measuring Fabry-Perot transmission 

peak positions at different temperatures. The data analysis is the same as in Chapter 4. 

Anth shows a sharp spectral dependence similar to that of the electronic nonlinear refrac

tive index, but with an opposite sign. It is instructive to compare the data with that of a 

Kramers-Kronig transformation. In Fig. 5-3, optical absorption changes, Aa(>.) = a(315 

oK,>.) - a(295 oK,>.), are presented and used for Kramers-Kronig transformations. The 

Ao(>') has the shape of an isolated absorption peak whose width increases with tempera

ture. The Ao(>') inside the conduction band stays almost constant within the range of OMA 

setting, which implies the shift of the whole absorption spectrum. The Anth(>') calculated 

by a Kramers-Kronig transformation of Aoth(>') shows a dispersion curve reminescent of 

that of a two-level atom. In addition, the absolute magnitude of Anth(>.) is a little bit (-10 

%) smaller than that of the direct measurement. This is attributed to the finit~ limits of in

tegration (1.38 to 1.50 eV), which are set by the range of OMA setting in the experiment. 

If one assumes this Aoth(>.) extends to the higher energy side indefinitely, the contribution 

of this long tail would show up as a small DC component in An(>') below the bandgap. 

This DC contribution to the refractive index would explain the difference between the two 

data. 

Therefore, it is interesting to calculate the thermal index change based on the 

assumption that the whole optical absorption spectrum inside the conduction band shifts 

without changing its shape. In other words, let us assume an equality in Eq. (5-2). Then, 

one obtains 

Anth(>') = n(T 1'>') - n(T 0'>') 

= n(T o,>.+A>.) - n(T 0'>') . (5-3) 
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Here the bandgap shift, A>', can be obtained either from direct measurement or the 

empirical Eq. (5-1). The resulting Anth(>') are shown in Fig. 5-4, using Eq. (5-1) for A>' 

and refractive index formula from Pikhitn and Yas'kov (1978). This simple calculation rep

roduces the data of direct measurement. 

The magnitude of positive thermal contributions to the refractive index is of the 

order of 0.01 for about 10 degrees increase in temperature. The thermal refractive index 

change is larger in the spectral vicinity of the band edge than at more distant wavelengths. 

The spectral dependence of Anth(>') is similar to that of the electronic dispersive nonlinear 

optical effects having the opposite sign. The positive Anth induced by a ten- to twenty

degree increase in lattice temperature is comparable to the negative An from dispersive 

nonlinear optical effects that are responsible for optical bistability and optical logic gating 

shown in Chapter 4. The response of optical logic gates usually does not vary significantly 

with wavelength within 1/10 of an instrument width of a Fabry-Perot etalon, which is 

described extensively in Chapters 6 and 7. Therefore, for a reliable operation of nonlinear 

optical devices based on electronic dispersive optical nonlinearities in GaAs, it is necessary 

to stabilize the operating temperature of devices within a few degrees. 
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Fig. 5-4 Thermal index changes obtained from Eq. (5-3). 
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CHAPTER 6 

GaAs OPTICAL LOGIC GATES 

One of the most important components for an all-optical computer or an all-optical 

signal processing system is an active element which performs logic functions. Bistable 

devices have performed many optical logic functions like optical memories, optical limiters, 

optical discriminators, and optical transistors (for summary, see Optical Bistability: Control

ling Light with Light by Gibbs, 1985). In this chapter, we will describe all-optical logic 

gates based on a bistable device (nonlinear Fabry-Perot etalon), but not operating in a 

bistable mode. Historically, Gibbs et aI. (1979) reported optical modulation in nonlinear 

Fabry-Perot etalons made of GaAs and color filter, using Ar-Iaser control pulses. Jewell et 

al. (1984) introduced and demonstrated the idea of a complete set of opticaIlogic gates in a 

dye-filled etalon, which could be thought of as a logical extension of the optical modula

tion techniques. In the dye-filled. etalon experiment, Jewell, Rushford, and Gibbs (1984) 

used a single Ar-Iaser line for both input and probe beams (I-A device). They also 

suggested two-wavelength (2-A device) operation of optical logic gates by setting the pump 

beam at a high-absorption wavelength of the nonlinear medium and the probe beam at 

low-absorption region. The low absorption at the probe wavelength promises high finesse 

such that a small change of refractive index produces the desired change in output 

(transmission). 

This chapter is devoted to describing the two-wavelength operation of an optical 

logic gate using GaAs as the nonlinear material in the etalon. Following a brief introduc

tion to optical logic gates, the dye laser experiment demonstrating optical NOR, NAND, 

XOR, OR, and AND logic operations using GaAs multiple-quantum-well etalons at 82 
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MHz is explained. The input energy needed for an optical '1' input is as small as 3 pJ 

incident on the device, yielding contrasts better than 5:1. Then a simple experiment on 

parallel operation of optical NOR gates is described, and a 2x4 array of optical NOR gates 

is successfully demonstrated. Later in the chapter, the optical NOR gating from laser diode 

sources is presented, which may be one step toward the practical form of an all-optical 

signal processing system. 

Introduction to Optical Logic Gates 

For a nonlinear Fabry-Perot etalon, the intensity transmission coefficient can be 

written as an Airy function with absorption as 

1 (6-1) 1 + F sin2cp , 

where 

cp = (211'/>')nL , 

and Rr and Rb are the intensity reflectivities of front and back mirrors of an etalon, res-

pectively. a, n, and L are the absorption coefficient, the refractive index, and the 

thickness of a nonlinear material inside the etalon. Figure 6-1 is a plot of Fabry-Perot 

transmission in Eq. (6-1) with different detunings; curves (1) and (2) are the shifted 
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versions of curve (0) by one and two full width at half-maximum (FWHM), respectively. 

Let us now assume an excitation-dependent phase change in rp, i.e., rp = rp(N) where 

N is the magnitude of the excitation. This excitation can be thermal, electronic, or 

mechanical. Then one can define 'I' and '2' inputs as the excitation N needed for the shift 

of one and two FWHM's of a Fabry-Perot transmission peak, respectively. With these cali

brated inputs, one can construct a complete set of optical logic gates, NOR, NAND, XOR, 

OR, and AND in transmission (their complements in reflection). For example, a NOR gate 

can be implemented by tuning a nonlinear Fabry-Perot etalon to its transmission peak with 

no input at the start. The output is HIGH with no input. The ' l' input will shift the initial 

transmission curve (in Fig. 6-1 curve (0» by one FWHM to the curve (1) of Fig. 6-1. 

Then the transmission is down to 20 % which is taken as LOW. With '2' input, the Fabry

Perot peak shifts even more and the transmission goes down almost to nothing. Again 

LOW. Therefore, one can obtain HIGH with '0' input and LOW with either '1' or '2' input, 

which is by definition a NOR gate. Similarly with different initial detunings, a complete 

set of optical logic gates can be obtained as summarized in the table of Fig. (6-1). 

The transmission versus time can also be calculated using Eq. (6-1) and an excita

tion-dependent phase rp(N) that suddenly· changes, then exponentially relaxes to its original 

value. It is shown in Fig. 6-2 that the optical logic gates reset in a few times the medium 

relaxation time Tr (Jewell, 1984). Note that the probe pulses have to be incident immedi

ately after the inputs, since only the instantaneous transmission determines the output. 

Operation of Five Optical Logic Gates 

The GaAs MQW sample used in the experiment is grown by molecular beam 

epitaxy (MBE) and consists of 63 periods of 76-A GaAs and 8I-A AIGaAs layers and is 

clad by AIGaAs layers. The thickness of GaAs is 0.48 J.'m, and the total thickness of the 
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the medium relaxation time TO; (Jewell, 1984). 
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MWQ structure is l.25 I'm. Luminescence spectra indicate that about 10 % of the quantum 

wells are actually 67-A thick; however, this probably did not significantly affect the device 

response. The sample is mechanically ground to about 40 I'm, and the remaining GaAs 

substrate is selectively etched away up to the Alo.37Gao.63As stop layer using a mixed 

solution of H20 2 and NH40H (100:1 ratio). 

The etalon mirror is a 10-layer dielectric interference filter with a 4-wave-thick 

spacer designed for high transmission at the peak output wavelength of mode-locked dye 

laser around 825 nm and for 97% reflectivity for wavelengths longer than 850 nm as 

shown in Fig. 6-3. This kind of mirror allows a high finesse at the probe wavelength while 

making efficient use of the input pulses at a wavelength close to the exciton wavelength. It 

is measured in the experiment that about 40 % of the input energy is absorbed, consistent 

with the fact that the absorption coefficient times the GaAs length is abo~t 0.5. 

To form an etalon,. the etched MQW GaAs is sandwiched between these two dielec

tric mirrors using UV -curing optical glue. The overall etalon quality of the device used is 

poor and not uniform compared to similar devices made previously, due to the deformation 

of the soft coating used for the interference filter mirror. However, a finesse of about SO 

is achieved on a good spot of less than 10 I'm in diameter. This high finesse compared to 

previous etalons is results from using a thinner MQW sample with higher reflectivity 

mirrors and detuning the probe beam farther from the exciton peak so that the absorption 

is low. A high-finesse thin cavity is also predicted by Miller (1981) to exhibit dispersive 

optical bistability with minimum power. With a I-J.'S triangular pulse at 850 nm, the device 

shows well-defined switching at low power (25mW), but bistabiIity appeared greatly 

inhibited by thermal effects, probably resulting from problems in the fabrication process. 

The heatsinking ability of this device thus seemed much worse than most of our similar 

etalons. 
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The cw probe is obtained from a infrared dye (LDS 821) laser and the wavelength 

is tuned around 875 nm. The pump pulses are the output of a synchronously-pumped 

mode-locked dye laser equipped with a cavity dumper. Each pump pulse is 7-ps long and 

can be approxima~ed as a delta function compared to the effective carrier lifetime in GaAs 

(-10 ns). The low input energy requirements allowed us to gate out pulses continually from 

the cavity dumper at their cw mode-locked rate of 82 MHz. By adjusting the phase of the 

cavity dumper's voltage it is possible to obtain pulses with alternating relative energies ' 1', 

'2', 'I', '2', ... to show continuously the logic gate response to both 'I' and '2' inputs. 20X 

and 40X microscope objectives focused the input and probe beams, respectively, from 

opposite sides of the sample (Fig. 6-4). It is known that the switching power for the quasi

steady-state optical bistability is almost the same for lOX, 20X, and 40X microscope 

objectives, which is ascribed to the similar effective spot sizes (carrier densities) due to the 

diffusion during the lifetime of carriers. This is not true for optical logic gates when 

excited by pulses short compared to carrier lifetimes: there is no time for the" carriers to 

diffuse. It turns out that the 20X and 40X combination is the optimum for the present 

experimental configuration in terms of the input energy. 

Fig. 6-5 shows the transmission response to less than 8-pJ ('1' input) and less than 

16-pJ ('2' inputs) pump pulses. Contrast with '1' input appear to be greater than 6:1, 

however the O.5-ns response of the silicon photodetector did not allow us to observe the 

maximum contrast obtained; i.e., after 0.5 ns the device has already relaxed somewhat as 

evidenced by the steeply rising transmission at that time. A faster detector, or ideally a 

picosecond probe pulse incident immediately following the inputs should show contrast 

higher than 5:1. From Fig. 6-5, one can also observe the recovery of the logic gates in 

about 5 ns. Considering the carrier lifetime of about 30 ns (Chemla, Miller, Smith, 

Gossard, Wiegmann, 1984), the recovery is very fast. This is attributed to the fast diffusion 
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Dotted portion is a beam-reducer. HWP: half-wave plate, PBS: polarization 
beam splitter. 
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out of a tightly-focused spot of <10-J.'m diameter. One may call it a diffusion-limited 

recovery. The experimental waveform of the NOR and other gates closely match the 

computer simulations of Fig. 6-2, which is reproduced in Fig. 6-5 for comparison 

purposes. A NOR-gate response similar to that in Fig. 6-5 is found on many isolated 

'spots' on the non-flat etalon. 

The energy ratio of the 'I-input' to '2-input' pulses is measured by placing cali

brated neutral density filters in the input beam until the larger input pulse produces the 

same modulation depth as the smaller input dose with no filters. When the input beam only 

is translated across the sample, the energy ratio varies considerably. This is attributable to 

differences in the spatial distribution on the sample of the '1' and '2' input pulses and 

having the inputs focused to a region larger than that being probed. Thus much of the 

input is wasted in this case. Removal of the beam reducer allows the input beam to overfill 

lens LI so that only the central portion is focused onto the sample. With this configuration, 

only a 3-pJ input is required to produce the response seen in Fig. 6-6. Spatial variation of 

the inputs is still observable although significantly reduced. 

Parallel Operation and Crosstalk of NOR Gates 

Parallel operation of many pixels is one of the major advantages of all-optical pro

cessing, but crosstalk due to diffraction and/or carrier diffusion is a limiting factor to the 

packing density of nonlinear etalon devices unless steps are taken in the fabrication to 

reduce it. Crosstalk between pixels on dye-filled-etalon optical bistable devices is observed 

(Rushford, Gibbs, Jewell, Peyghambarian, Weinberger, and Li, 1984) and found to agree 

reasonably with theory. Similar observation in znS and ZnSe interference filters reported 

switching by crosstalk for distances <20 J.'m (Olbright, Peyghambarian, Gibbs, Macleod, 

and Van Milligan, 1984). Parallel operation of optical bistable devices in other thermally 
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Fig. 6-6 NOR-gate response to 3- and 6-pJ input puises. 
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driven ZnSe interference filters (MacGillivary, Smith, MacKenzie, and Tooley, 1985) and 

in InSb etalons has. been accomplished, but without any published account of crosstalk. In 

this section, the parallel operation of optical logic ·devices in GaAs is described. 

The MQW GaAs sample consists of 63 periods of 76-A GaAs wells with 81-A 

AIGaAs barriers and is clad by 1047- and 1570-A AIGaAs layers. The high reflectivity 

mirror is 10-layer interference filters having four-wave-thick spacers and transmitted 825 

nm wavelength. The peak reflectivity is only about 85 % and the finesse is poor and about 

60-pJ inp~t pulse energy is required to produce 5:1 contrast (compared to 3 pJ in a high 

finesse etalon in the previous section). The mirror substrates are reasonably flat (about 1 

wave flat) sapphire disks 0.5 inches diameter and yielded nearly uniform response over 

-100-l'm-diameter area. 

The experimental setup is shown in Fig. 6-7, in which two mode-locked dye lasers 

are in synchronism with each other (for a more detailed description of the experimental 

setup, see Chapter 8). Input and probe wavelengths are about 825 nm and 875 nm respec

tively. Uniform multispots are easily and efficiently obtained by inserting appropriately 

oriented Wollaston prisms in the combined beams. A single detector monitored the average 

performance and a CCD camera ver-ified spot uniformity. Although the use of Wollaston 

prisms is convenient for generating small arrays, their cost would make them impractical 

for very large arrays. Such arrays should probably be generated by lenslet arrays (Borelli et 

al., 1985) or by holographic techniques (Case, Haugen, and Lokberg, 1981). A doubly 

exposed photograph of the TV monitor from the CCD camera shows a 2x2 array of NOR 

gates (Fig. 6-8). The four spots, fairly dim with the input present, became much brighter 

with the input blocked. The actual contrast measured on the oscilloscope is 5:1 and the 

spacing is -16 I'm. A 2x4 array is also operated with similar performance; however, the 

illumination by the probe beam is slightly nonuniform. All spots do show similar changes 
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Fig. 6-7 Pump-and-probe optical logic gate layout for parallel operations. 
FD: frequency doubler, AG: Wollaston prism array generation (see Fig. 6-8(c». 
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in apparent brightness when the input is changed. Since both pump and probe beams are 

pulses on the order of 10 ps long and about 12 ns (approximately the carrier lifetime) 

elapsed between operation, diffusion did not play an important role. Two-spot crosstalk is 

most conveniently measured by using single pump and probe beams and measuring the 

distance (typically about 10 J,'m) at which the pump just barely affected the probe (when 

5:1 contrast resulted from direct overlap). Figure 6-8(a) shows another 2x2 array of NOR 

gates with the input illuminating only two spots. The nonroundness of some spot images 

results from the birefringent sapphire substrates. Two-spot crosstalk measurements are also 

carried out with very similar results on etalons with glass substrates and even on window

less bulk-GaAs etalons used in Chapter 8. Thus, we believe that neither the birefringent 

substrates nor carrier diffusion during the 12 ns between operations played any important 

roles jn our results. 

Another interesting feature of this NOR gate array is that when all spots are con

tinually illuminated by both pump and probe beams for times ranging from I J.'S to many 

minutes, there is no noticeable change in the probe transmission. Thus, any temperature 

rise due to absorption is so small that the etalon transmission peak is shifted only a small 

fraction of its width. This thermal stability resulted from efficient heat sinking provided 

by having optically contacted one or both sides of the sample to the mirrors. This is distin

guished from the thermally stable NOR gate (Jewell, Lee, Warren, Gibbs, Peyghambarian, 

Gossard, and Wiegmann, 1985) in which it is necessary to increase probe wavelength with 

increasing duty cycle to accomodate the rising temperature. 



Fig. 6-8 2x2 NOR gate array. 
(a) Bottom (darker): with input; top (brighter): no input. 

contrast observed on the oscilloscope is 5:1; spot separation 16 p.m. 
(b) With input incident on only two spots (right) and with input 

blocked (left). 
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Fig. 6-8 (c) 4x4 array generated by Wollaston prisms as shown below. In the array 
generator, I and 3 are Wollaston prisms of 0.125° deviation angle, 2 is a >';2 plat~, 4 and 6 
are >';4 plates, 5 and 7 are Wollaston prisms of 0.25° deviation angle. 
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Use of Laser Diodes for Optical NOR Gate 

From a practical point of view one of the attractive features of GaAs devices is 

their compatibility with GaAs/AIGaAs diode-laser light sources. The logic-gate experiment 

described previously in this chapter is performed using Ar-Iaser pumped dye lasers which 

are expensive and bulky. Use of a diode laser to observe optical bistability in a MQW 

GaAs etalon is reported by Tarng et al. (1984), but a long separation (>2 m) between the 

diode laser and the GaAs etalon is needed to avoid mode-hopping noise arising from 

optical feedback. Techniques for stable optical NOR gating is described here in a relatively 

small optical system «30 cm), using two diode laser sources. 

Two optical configurations are tested for the demonstration of an optical NOR gate. 

The main difference between the two is that a Faraday isolator is used in Fig. 6-9(a) (the . 
configuration A) while a quarterwave plate plus a polarization beamsplitter serves as an 

isolator in Fig. 6-9(b) (the configuration B). The Faraday isolator (Hoya Glass M-500) has 

an isolation ratio of 32 dB at 830 nm. The aperture of the isolator (2 mm) is smaller than 

the probe-beam diameter (5 mm), so only 20 % of the probe laser beam is transmitted 

through the isolator with the optics used. The diode lasers (Hitachi HL-8314E) have a 

typical maximum output of 30 m W at a wavelength of 830 ± 20 nm. One diode laser is 

operated in a cw mode as a probe beam. The other pump laser diode is current-modulated 

to generate 200-ns wide pulses at 100-kHz repetition rate. Laser power on the gate is 1 

mW on the average for the probe and 15 mW at the peak for the pump. The pump and 

probe beams on the gate are linearly polarized and orthogonal to each other in the confi-

guration A, while they are circularly polarized and have opposite senses in the configura-

tion B. The linear polarizer is placed in front of the detector to block the unwanted pump 

beam. Three lenses used in the experiment are Asahi-Pentax PLH-12 originally designed 
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Fig. 6-9 Configurations for optical NOR gate operations with two diode lasers. 
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Fig. 6-9 (b) Configuration B with a quarter-wave plate plus polarization beam splitter. 
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Fig. 6-10 Actual photograph of the configuration A. 
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for optical-disk-recording applications and have a numerical aperture of 0.28. 

The MQW GaAs sample consists of 180 periods of alternating layers of 58-A-thick 

GaAs wells and 96-A-thick Alo•4Gao•6As barriers. The free-exciton absorption peak is 

observed at 825 nm at room temperature. The front mirror is specially designed to have 

low reflectivity (30 %) at the pump wavelength (825 nm) and high reflectivity (97 %) at 

the probe wavelength (850 nm). It is the same interference filter mirror used for 3-pJ 

NOR gate operation as shown previously in Fig. 6-3. The rear mirror has high reflectivity 

(94 %) at both wavelengths. This combination of mirrors allows efficient pumping and_ 

high finesse at the probe wavelength as pointed out previously. 

Figure 6-11 is a typical output signal of the optical NOR gate observed in the con

figuration A, in which the probe diode laser oscillates in a single longitudinal mode; i.e., 

the spectrum does not change regardless of the presence of the pump laser beam. However, 

in the configuration B, the spectrum of the probe laser changed due to the pump laser 

(mode-hopping). In the extreme example, a false NOR gating is observed even without 

GaAs nonlinear material in the Fabry-Perot etalon. This false NOR-gate signal occurs 

because the transmission of the Fabry-Perot etalon is low for the mode-hopped probe-laser 

wavelength. This sensitivity of the probe-laser frequency to weak injection from the pump 

laser is not a property of one particular laser. Three diode lasers are tested as probe 

sources in the configuration B and all of them showed spectrum changes due to the pump

laser injection. In the configuration B, most (> 95 %) of the pump light reflected from the 

gate is injected into the probe diode laser. But in the configuration A, 99 % of the 

reflected pump light goes back to the pump diode laser; the remaining 1 % is further 

rejected by the Faraday isolator by more than 99 %. Therefore, the absolute amount of 

the pump beam injected into the probe laser is more than 104 times smaller in configura

tion A than in B. 
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Fig. 6-11 NOR-gate output signal. 
Bottom line: zero output. Time scale: 5 JLS/division. 
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Even with the pump laser off, mode-hopping noise can be induced by feedback of 

probe-laser light reflected from the nonlinear Fabry-Perot etalon. This situation is similar 

to the feedback-induced noise in an optical disk system (Ojima, Arimoto, Chinone, 

Gothoh, and Aiki, 1986). Such noise is often enhanced by the wavelength dependence of 

the etalon transmission. The configuration using a Faraday rotator is found to give much 

better isolation against the feedback than that using a quarterwave plate and a polarization 

beam splitter. 

Summarizing this chapter, first of all, five logic functions are demonstrated in a 

room-temperature GaAs-AIGaAs MQW etalon. The 3-pJ energy required to produce >5:1 

contrast in the NOR gate is probably the lowest achieved for an all-optical power-modu

lating (Dagenais and Winful, 1979) device and approaches the lowest optical energy to 

drive a hybrid device known to us (Smith, Kaminow, Johnson, and Augustyniak, 1981; 

Miller, Gossard, Wiegmann, 1984). The 82-MHz stream of alternating '1' and '2' inputs had 

an average power of only 0.4 mW. This combination of low power, hig~ speed, good 

contrast, and room-temperature operation with good thermal stability is very encouraging 

for the field of digital optical processing. The ultimate form of GaAs etalon devices may 

be an all-MBE structure, in which both mirrors and active layers are grown on the same 

wafer using GaAs and AIGaAs. The speed-up of the device could be achieved by doping, 

proton bombardment, or surface recombination (Lee et al., 1986), which is the subject of 

next two chapters. 

Second, the successful operations of as many as eight optical logic devices in parallel 

demonstrate the ease and straightforwardness of such operation. The two-spot crosstalk 

measurements give approximate minimum optically-defined pixel separations for arrays. 

Diffusive crosstalk is negligible for the picosecond. pulsed-optical-logic operation. But the 

minimum separations should be somewhat larger for arrays since the effects will occur 
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from several sides instead of only one. 

Third, optical NOR gating using laser diode sources is also demonstrated success

fully in a small setup of about 30 em, and the optical isolation with Faraday rotator is 

found to be an effective way to minimize the mode-hopping problem. 



CHAPTER 7 

FAST RECOVERY OF AN ARRAY OF WINDOWLESS GaAs ETALONS 

It was shown recently that an optical NOR gate made of GaAs can change its 

transmission state from HIGH to· LOW in about 1 ps (Migus, Antonetti, Hulin, Mysy

rowicz, Gibbs, Peyghambarian, and Jewell, 1985). However, to perform another NOR 

operation on the same optical gate one must wait several nanoseconds for carriers generated 

by optical pulses to recombine. In other words, the maximum operating frequency for 

these devices is limited by carrier relaxation time rather than turn-on time. 

Several ways to reduce the carrier recombination time have been proposed (Foyt, 

Leonberger, and Williamson, 1985; Auston and Smith, 1982; Auston, Johnson, Smith, and 

Bean, 1980). One is to introduce artificial recombination centers inside the crystal by 

proton bombardment. This method resulted in a nonlinear optical response time of 150 ps 

in a AIGaAs/GaAs/ AIGaAs multiple-quantum-well structure (Silberberg, Smith, Miller, 

Tell, Gossard, and Wiegmann, 1985). However greater damage degrades the exciton feature 

and changes the band-edge structure as well. Another proposal is to use fast surface rec

ombination of free carriers at an interface of GaAs-air (or dielectric mirror). In 

AIGaAs/GaAs/ AIGaAs heterostructures the AIGaAs-GaAs interface is so well lattice

matched that free carriers feel only a quantum mechanical potential barrier at this 

interface. At a GaAs-air interface, free carriers encounter a very sharp lattice discontinuity 

and recombine very fast at the high-density surface states. It is reported that the exciton 

and the band-edge structure are still preserved for very thin (0.5 I'm) windowless GaAs at 

low temperature (Fehrenbach, Schafer, Treush, and Ulbrich" 1982). For 1.5-J.'m-thick 

windowless samples used in the experiment, exciton features are observed in the linear 
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absorption spectrum of the band ~dge even at room temperature. In this chapter, we show 

that elimination of the top AIGaAs window from the conventional AlGaAs/GaAs/ AIGaAs 

heterostructure reduces the carrier lifetime by about two orders of magnitude (Lee, 

Warren, Olbright, Gibbs, Peyghambarian, Venkatesan, Smith, and Yariv, 1986). Typical 

carrier lifetimes for bulk GaAs are about 30 ns (Chemla, Miller, Smith, Gossard, 

Wiegmann, 1984), but typical recovery times for GaAs nonlinear etalons are several nano

seconds (Jewell, Lee, Warren, Gibbs, Peyghambarian, Gossard, and Wiegmann, 1985); this 

is attributed to the diffusion of carriers (Olsson, Erskine, Xu, Schremer, and Tarng, 1982) 

from a small focused spot of about 10 J,lm in diameter. 

Surface Recombination 

A surface is a strong perturbation of a periodic lattice, indicating a high concentra

tion of deep and shallow levels which may act as a recombination center. The distribution 

of surface states is usually assumed to be a uniform continuum distribution into the 

bandgap (Semiconductor Surfaces by Many, Goldstein, and Grover, 1965). In this case, if 

electrons and holes are within a diffusion length of a surface, they will recombine and a 

transition through a continuum of states is readily nonradiative. The detailed physics of the 

continuum surface states is independently a major branch of surface physics and is beyond 

the scope of this dissertation. Instead we focus on the effects of the surface recombination 

on carrier-relaxation processes in a crystal. 

The effect of surface recombination on the carrier distribution within a sample may 

be investigated by considering the flux interchange between the surface and interior region 

of the sample as in Fig. 7-1. The surface reflection coefficient Ro is the probability that a 

single carrier in a single collision with the surface will be sent back to the bulk rather than 

absorbed by recombination. Likewise, the bulk reflection coefficient B is the probability 
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that a carrier upon entering the interior of the crystal from the surface will reappear at the 

surface in the course of its random wandering th,rough the material before recombining in 

the interior. The net flux of carriers of magnitude A is also assumed to originate from the 

interior, and the surface generation flux ga is directed from the surface to the interior of 

the crystal. Then, we obtain, 

These equations can be solved for Fl and Fl', giving 

In the thermal equilibrium, the carrier concentration is the same ev~rywhere and 

where c is the average thermal velocity of carriers. 

But if there is a departure from thermal equilibrium resulting from a diffusion 

current set up by a concentration gradient (e.g., by an optical excitation) then Fl and Fl' 

will no longer be equal. The difference between Fl and Fl' is the net flux of carriers and 

is simply equal to the net diffusion current I = -D(8n/8x) evaluated at the surface. After 



some algebra (Solid State and Semiconductor Physics by McKelvey, 1966), 

an =-D -ax 
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This equation is a statement of the surface boundary condition which must be applied to 

the continuity equation.- The surface recombination current Is can be written as 

where S is usually referred to as the surface recombination velocity and nB is the carrier 

density at the surface. 

If one considers a very thin sample whose bulk recombination rate is much smaller 

than its surface recombination rate, it is possible to simply neglect the small effect of bulk 

recombination. This condition is justified for -1-J.'m-thick GaAs used in the experiment. 

Also, under the approximation of uniform carrier distribution throughout the sample 

thickness, the total number of carriers per unit area is a multiplication of average carrier 

density net) and sample thickness L. The total number of carriers can then be obtained 

from a simple rate equation: 

dn£~)L = _ 2lR = - S net) . (7-1) 
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Its solution is, 

n(t) = no exp( - tjTr) , (7-2) 

where Tr= L/2S is the effective carrier-relaxation time dominated by surface recombina

tion. The factor of two comes from the two boundary surfaces. If there is just one surface 

effective for surface recombination as in this chapter, Tr will be twice as long (= LIS). 

Fabrication of a 2-D Array of GaAs Etalons 

In the past all of the MBE grown GaAs samples consisted of an active layer 

sandwiched between two AIGaAs layers. The reason is two-fold. First, the bottom AIGaAs 

layer is needed as a stop-etch layer for the removal of the substrate GaAs. Second, the 

presence of the, lattice-matched AIGaAs windows on either side of the active layer is 

believed to reduce the surface recombination rate of the carriers, which is good for laser 

diodes or light emitting diodes. It was suggested by McCall several years ago that the 

removal of the window layer would speed-up the carrier recombination time. To verify 

this suggestion, an MBE layer of l.5-l'm-thick bulk GaAs is grown over a Alo.4Gao.6As 

layer of -O.2-l'm thickness. Note here that there is no AIGaAs window layer on top of the 

bulk GaAs. There is stilI one AIGaAs window at the bottom, but we now call it window

less GaAs from now on. The substrate consisted of a Si-doped GaAs substrate. 

The fabrication sequence for the nonlinear etalon array (Venkatesan, Wilkens, Lee, 

Warren, Olbright, Gibbs, Peyghambarian, Smith, and Yariv, 1986) is shown in Fig. 7-2. 

The top MBE layer is lithographically patterned using a standard photoresist. Then, the 

wafer is etched in a reactive-ion-etch station (Cook model C-71-3MJ-SB-D). The gas 

mixture (Yamada, Ito, and Inaba, 1984) consisted of freon 12 (CClzFz), helium, and 
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Fig. 7-2 Schematic of the processing steps involved in the fabrication of the optical logic 
gate array. 
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oxygen in the ratio of 2:1:1. The etch pressure is -10 mi1ll-Torr and the rf power is about 

0.25 W /cm2. Typical etch rates of 0.2 I'm/min are observed with good anisotropy. The etch 

stopped at the AlGaAs layer with a total etching time of about 10 minutes. An array of 

sharply defined pixels is obtained by this way-as shown in Fig. 7-3. 

The wafer with 9X9 I'm2 pixels (20-l'm center-to-center spacing) is then glued, 

pattern side down, to a quartz plate with a thermosetting cement for mechanical grinding 

and chemical wet etching process (Jewell, Gibbs, Gossard, Passner, and Wiegmann, 1983). 

During the chemical etching procedure, it is found that the Si-doped substrate did not etch 

as well as the Cr-doped substrate: the uniformity of the etched sample is very p·oor. The 

reason for this difficulty is not understood. To obtain good etching of the Si-doped 

substrate, the substrate is ground thinner to about 10 I'm (it is usually about 40-50 I'm) 

before chemical wet etching. Initially thin substrates usually etch better even if they are 

doped with Cr. The rest of the procedure of etalon making is the same as described previ

ously in Chapter 6. The dielectric mirrors used for the etalon have reflectivities of 94 %. 

For the purpose of comparison, an etalon is also made from the same bulk-GaAs crystal 

without etching an array, using identical etalon mirrors (94 %). 

Instrument widths (full width at half-maximum) for the GaAs Fabry-Perot etalons 

are 60-80 A and finesses are 4 to 5, showing some spatial variation on the sample. The 

linear transmission characteristics for both etalons with and without an array showed 

similar behaviors. 

Later, some etalons are formed by direct deposition of the high-reflection (90 %) 

dielectric coatings on both sides of the array. The spectral transmission of these etalons are 

measured at various points to obtain some measure of uniformity of the GaAs sample. 

Regions containing a few tens of etched pixels have most of the pixels with transmission 

peaks within one instrument width of each other. A larger area exceeding this spread 
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showed a wider variation because the sample thickness is wedged, probably resulting from 

the etching process. 

Streak-Camera Observation of 200-ps Recovery 

The experimental configuration is shown in Fig. 7-4. The input light source is an 

82-MHz mode-locked Ar-laser op~rating at 514.5 nm with a pulse width of 180 ps. 

Initially the plan was to use 5-ps pulses from a synchronously-pumped inode-locked IR 

dye laser with cavity-dumper as the input source, but the malfunction of a Bragg cell 

inside the cavity dumper prevented its use. The use of high-energy green light as the input 

source introduces thermal problems. Usually the temporal resolution of an acousto-optic 

modulator is determined by the ratio of the sound velocity in the acousto-optic crystal and 

the size of the beam to be modulated, since it takes time for sound waves to travel across 

the beam diameter. Wh~n modulating a collimated Ar-laser beam of 2-mm diameter, it 

takes about 400 ns for full modulation. But during this 400 ns, significant thermal effects 

already take place such that it is difficult to observe good optical gating. To make a 

sharply rising edge, the Ar-laser beam is focused on the acousto-optic crystal using a 

20-cm ·focal length lens. This reduces the rise time of modulation to 200 ns, which is 

barely usable as shown in Fig. 7-5. 

Immediately after the peak of modulation (200 ns), unwanted thermal effects begin 

to take place. Therefore, the observation of NOR gate is limited to the first eight to tenth 

pulses of each pulse train. The position of the pulses is checked as we adjust the time 

delay between the main trigger and the oscilloscope trigger signal. Also, to minimize the 

average input power and to reduce the slow thermal effects on the sample, each packet is 

acousto-optically modulated 250 ns in duration at a repetition rate of 400 Hz (AOM-l). 

The other acousto-optic modulator (AOM-2) is driven by the same function generator used 
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Fig. 7-5 Relative time delay between input and probe beams. 
In the bottom figure, one can see the thermal effect degrading the modulation 
depth. 
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for AOM-I to synchronize the input with the probe. To observe optical logic gating at the 

time when the whole probe beam is modulated, the pump beam is delayed about 200-ns 

with respect to the probe beam using a precise electronic delay unit. The relative timing 

between two pulse trains is shown in Fig. 7-5. The probe wavelength is tuned to the long

wavelength end of the LDS-821 dye gain curve (885 nm to 889 nm) to reduce band-edge 

background absorption. 

The jittering of the main triggering source is very important for a time-resolved 

. measurement. The main triggering source for the experiment is obtained by frequenc~ 

down-converting the SYNC-OUT signal from the mode-locker driver; Actually the 

frequency down-converting is accomplished by the cavity-dumper electronics. When the 

synchronously-pumped dye laser is lasing, a fast photodetector inside the cavity dumper 

senses the picosecond in-cavity laser pulses and sends it to the cavity-dumper electronic 

module as a reference frequency (82 MHz) source (this is twice the mode-locker driving 

frequency). Since the cavity dumper was not operating due to the malfunction of a Bragg 

cell at the time, a trick was used. The SYNC-OUT signal from the mode-locker driver was 

fed into the cavity-dumper electronic module via ac-coupling such that the cavity-dumper 

electronics assumed normal operation of the cavity dumper. The only difference is the 

frequency of the SYNC-OUT signal which is half that of the real signal from the light 

pulses. Inside the cavity-dumper electronic module is a very precise frequency down-con

verting circuit which is in exact synchronization with the supplied signal from the outside, 

which is the SYNC-OUT signal in this case instead of the photodetector signal. The mode

locked output pulses from the Ar-Iaser are in exact synchronization with the mode-locker 

driver signal (SYNC-OUT) which, in turn, is synchronized with the down-converted signal 

of the cavity-dumper electronic module so prepared. The resultant jitter is about lOps; the 

effects of trigger jittering are more important when using a high-resolution streak camera. 
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The main trigger signal is input to the pulse generator to supply trigger signals for 

AOM-I, AOM-2, the sampling oscilloscope, and the streak camera with proper delays for 

the different instruments. A fast photodetector (full width at half maximum (FWHM) 500 

ps) is used for the initial alignments and optical gating action. Fig. 7-6 shows the detector

limited responses of the windowless optical NOR gates taken by a sample oscilloscope. The 

streak camera is then used to resolve the detector-limited response of fast optical gates and 

is interfaced to the computer (mM-pC) for data acquisition. The streak camera cannot be 

operated at a repetition rate faster than 10 kHz. Therefore, the frequency down-converted 

main trigger signal is adjusted to less than 10kHz to meet this requirement. The resolution 

of the streak camera is nominally 5 ps, but the actual resolution in connection with the 

jittering is about 10-20 ps. 

Figure 7-7 displays the streak camera traces of the optical gates for one pixel of the 

2-D array. Generally, the optical gate response does not change appreciably with respect 

to probe wavelength within 1/10 of an instrument width. In both NOR and AND gates~ 

the recovery of the optical gates is completely finished in less than 200 ps. By comparing 

the FWHM for the input pulse (I80 ps) and the gate response (250 ps), one can deduce an 

80-ps carrier relaxation time by deconvolving the input pulse from the Fabry-Perot char

acteristic curve. The NOR-gate contrast in Fig. 7-7 appears to be less than that of the 

AND gate. This may be attributed to greater background scattering onto the streak 

camera's diode array for the high-to-Iow intensity transition of the NOR gate. In 

addition, the pump and probe work together in the AND gate, while in the NOR gate they 

work against each other. 



(a) 

(b) 

Fig. 7-6 Detector-limited response of optical NOR gates. 
(a) Detector response. 
(b) A large-area device with both AIGaAs windows. 
(c) A large-area device without top AlGaAs windows. 
(d) A 9x9 JLm2 pixel without top AIGaAs window. 
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Fig. 7-7 Streak camera trace of the pump, AND, and NOR gate. 
The left side is for one 9x9 JJm2 pixel of the GaAs etalon with no GaAIAs 
window and for a single spot on a similar GaAs etalon in which no pixels are 
defined. The base lines are taken with the probe beam blocked. 
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Results and Discussion 

The recovery of the gates for the etalon prepared from the same windowless 

GaAs/ AIGaAs structure but without an array is also fast with a FWHM of 350 ps. The 

carrier relaxation time for this sample is 180 ps. This fast relaxation cannot be explained 

by the carrier diffusion, considering the spot size of 10 JJm in the experiment. The 

surface recombination velocity at a GaAs-air interface is 5xl05 cm/s (Olsson et al., 1982) 

and from this one calculates a surface recombination time of 300 ps, in reasonable 

agreement with the data. The gating action for the array sample is faster than that of the 

sample without an array. The faster recovery of the 9x9x1.5 JJm3 pixel array results from 

an average decrease in the distance a carrier must diffuse before encountering a surface 

recombination site. A crude estimate of this effect suggests that it may not account for all 

of the reduction in recovery time, so we do not rule out the possibility that reactive ion 

etching may introduce a very thin damage layer along the etched side (Venkatesan et al, 

1986) that would speed up the recombination of carriers at the sides even further. Meas

urement on enough samples to be statistically meaningful will be necessary to determine if 

etching enhances recombination. In any case, isolating the individual pixels by defining an 

array not only increases the speed but also eliminates diffusion crosstalk. 

The gate input energy of I nJ is much larger than that of recent gates. This is due 

to the thicker sample, smaller finesse, and the higher incident photon energy than the 

previous 82-MHz low-energy sample (Jewell et aI., 1985). The higher photon energy of the 

pump introduces a severe thermal problem during the experiments. Consequently, obser

vations are limited to the first eight to ten pulses in each pulse packet. This thermal 

problem could be solved by introducing a mirror with higher reflectivity at the probe 

wavelength and higher transmission at the input wavelength and by matching the input to 
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the exciton wavelength (minimizing the temperature of carriers generated by the input 

pulse). It is shown in Chapter 8, using picosecond pump-and-probe techniques, that the 

gate input energy can be reduced to 7 pJ in similar windowless GaAs samples. Simultane

ous operation of 100xlOO pixels at I GHz ra~e would yield 1013 bit operations per second. 

Assuming 7 pJ energy per operation, heat load of <70 W /cm2 is generated, which is less 

than the maximum reasonable to contemplate based on electronics experience. 

To summarize this chapter, fast recovery of optical logic gates is achieved by elimi

nating the top AIGaAs window and hence increasing the surface recombination at the 

GaAs-dielectric mirror interface. Definition of an array on this windowless sample results 

in the fastest full-recovery time of <200 ps which is more than an order of magnitude 

faster than previous GaAs optical logic gates. Characterization and optimization of the 

windowless logic gates are discussed in the next chapter. 



CHAPTER 8 

COMPARISON BETWEEN WINDOWLESS AND PROTON-BOMBARDED GaAs 

NONLINEAR ETALONS 

In this chapter, windowless GaAs samples and proton-bombarded samples are tested 

and compared. In the previous chapter, it was demonstrated that bulk GaAs with no top 

AIGaAs layer (windowless) showed a fast recovery in a nonlinear optical gating experiment 

(Lee et al., 1986; Venkatesan et al., 1986). The increase in speed is attributed to much 

faster surface recombination at the GaAs/dielectric mirror interface than at an 

GaAs/ AIGaAs interface. If surface recombination is a dominant recombination 

mechanism, faster carrier relaxation should be expected for thinner windowless GaAs 

crystals. In order to better understand the physical mechanisms and the practical limitations 

on the speed of windowless GaAs nonlinear optical gates, samples of various thicknesses 

are needed. 

Picosecond Pump-and-Probe Experiment 

Bulk-GaAs samples of different thicknesses (1.5, 0.5, 0.30, 0.135 JIm) having one 

AIGaAs window (the etch-stop layer) are grown by molecular-beam epitaxy (MBE); the 

remaining Alo•7Gao•3As window is removed by inserting the sample in a concentrated HCI 

solution for several minutes to make it really windowless (neither top nor bottom AIGaAs 

window). It is important to have a high-aluminum-concentration stop-etch layer to be 

easily peeled off by HCI solution. The nonlinear Fabry-Perot etalons are fabricated using 

these windowless GaAs crystals as nonlinear media sandwiched between identical dielectric 

mirrors. The dielectric mirrors are designed to have a high reflectivity (~98 %) around 890 

104 
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nm for high finesse and a low reflectivity (~30 %) around 800 nm for efficient use of the 

pump beam. 

Picosecond pump-and-probe techDlques are employed to resolve the fast recovery of 

these windowless GaAs optical logic gates at room temperature. Two mode-locked dye 

(LDS 821) lasers pumped synchronously by the second harmonics of a mode-locked 

Nd:YAG laser are used for the measurement. Two KDP frequency doublers (second 

harmonic generators) are used. The second harmonic from the first (-10 % efficiency) 

frequency doubler pumped the input dye laser while the leftover fundamental is fed into 

the second frequency doubler; this doublers output then pumped the probe laser. Since two 

picosecond dye lasers are pumped by a single pump source, the two pulse trains are in 

exact synchronism with each other. The full widths at half-maximum of the pulses are 

about 5-10 ps, and this limited the temporal resolution of the pump-and-probe measure

ment to 25 ps. The spot diameter at the etalon is about 10 J.'m. The pump and probe beam 

wavelengths are set at about 800 nm and 890 nm respectively. Variable optical .delay and 

split-and-delay (Fig. 8-1) are introduced in the pump beam to map out the relaxation 

characteristics and to demonstrate fast repetitive gating. The optical delay length is con

trolled by a stepper motor whose maximum travel distance is 10 cm. This picosecond 

experiment was performed at the AT&T Bell Laboratories in collabration with Dr. Jewell. 

Speed and Effectiveness of Windowless GaAs Etalons 

Figure 8-2 shows a typical optical NOR-gate response with complete recovery 

(within 5% of the original transmission level) in 200 ps for a O.S-J.'m-thick windowless 

GaAs etalon. When one probes the nonlinear etalon immediately after the pump pulses (t = 

o ps), transmission of probe pulses is LOW. The transmission returns to its original 

transmission level after all the carriers recombine (t = 200 ps). The measured complete-
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Fig. 8-1 Experimental setup for picosecond pump-and-probe experiment. 
PBS - polarization beamsplitter; OLE - optical logic etalon; APD - detector; CCD 
- TV monitor. The dashed-in portions are used with the appropriate experi
ments. 



Fig. 8-2 Response of windowless optical NOR gate: 
(a) pump pulse envelope. 
(b) probe pulse evnelope with no pump pulses. 
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(c) each probe pulse is incident just after the corresponding pump pulse; the 
probe-beam transmission is driven LOW by pump pulses (NOR gating). 
(d) each probe pulse is incident 200 ps after the corresponding pump pulse; the 
probe-beam transmission has completely recovered to its original level. 
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recovery times lie between 400 ps and 30 ps (400, ISO, 80, and 30 ps) depending on the 

sample thickness (1.S, O.S, 0.3, and 0.13S I'm) and, to some extent, the location on the 

sample. The response shows a roughly linear increase in speed as the sample thickness 

decreases, consistent with surface recombination being the dominant relaxation mechanism. 

Here the complete-recovery time is the time after which the optical gate can be reused; it 

is about twice as long as the l/e carrier relaxation time. A O.5-pm-thick sample shows 

complete-recovery times as fast as ISO ps with 16-pJ gating energy. A 0.3-pm-thick 

sample shows even faster complete recovery (down to about 60 ps) with 20-pJ gating 

energy. This increased speed promises another advantage of windowless etalons for parallel 

processing. For a carrier recombination time of less than 100 ps, transverse carrier 

diffusion (Olsson et al., 1982) is almost negligible for a spot size of 10 I'm, and crosstalk 

due to diffusion would be virtually eliminated for parallel operation of such devices. 

The minimum energy required for the NOR-gate operation in a O.S-micron etalon 

is 7 pJ which is comparable to the lowest energy required (3 pJ) in a much slower (about 

S-ns complete-recovery time) multiple quantum well (MQW) sample of the same GaAs 

thickness for similar contrast (S:I) (Jewell et al., 1985). As the sample thickness becomes 

very thin «0.3 I'm), the required gating energy increases due to the limited absorptivity

length product. In terms of gating energy, a thickness of 0.5 p.m seems to be optimum for 

current etalon designs. We also compared band-edge structures of the O.S-pm thick-win

dowless GaAs sample (Fehrenbach, 1982) and a 0.43S-p.m thick GaAs sample with 

windows at 77 OK and both of them showed very similar exciton and band-edge structures 

in spite of the more than an order of magnitude difference in carrier relaxation times. Pre

sumably this is because the exciton life time (Miller, Chemla, Eilenberger, Smith, Gossard, 

and Wiegmann, 1982; Knox, Fork, Downer, Miller, Chemla, Shank, Gossard, and 

Wiegmann, 1985) is much shorter « 1 ps) than the carrier lifetime in either sample. In 



109 

general, these devices require about 10-20 pJ of input energy to obtain optical gating with 

reasonable contrast (5:1). 

A 70-ps cycle time is also demonstrated using a 0.3-J.'m windowless sample in an 

optical AND gate by splitting the . pump beam into two and delaying one of them 70 ps 

relative to the other using a stepper motor. In other words, the optical gate answers two 

logic questions separated by less than 70 ps (Fig. 8-3). The responses of the two successive 

inputs are virtually identical with slight differences being attributed mainly to difficulty in 

maintaining uniform alignment (when introducing the optical delay) and incident energy 

(stability of dye lasers). A 0.135-J.'m thick sample has also shown optical recovery times as 

fast as 30 ps but with much higher energy requirements. The recovery times vary widely 

within each sample. We cautiously attribute this to the variation in surface quality over the 

samples since the surface recombination rate critically depends on surface qualities. 

Proton-bombarded MQW samples of GaAs are also tested for comparison purposes. 

The MQW GaAs MBE sample consists of 100 periods of 152-A GaAs layers alternated 

with 104-A AIGaAs layers. The dosages are 3xlOll, lxlO1%, 3xlO1%, lxl013, 3xl013, and 

lxl014 protons/cm2• The energy of the bombarding protons is 2 MeV; these relatively

high-energy protons can penetrate the GaAs crystal to a depth of 20-30 I'm so that reason

ably uniform damage would be introduced throughout the MQW samples used in the 

experiment. Since these high-energy protons simply penetrate the thin sample, 2-MeV 

protons effectively introduce more uniform but less damage to the crystal than low-energy 

(200-keV) protons of few-micron penetration depth used by Silberberg et al. (1985). The 

samples were not annealed after bombardment; they were stored for more than two years 

before use. (The proton bombardment was done in 1982 by Dr. Venkatesan, before he left 

Bell Laboratories for Bell Communications Research.) 
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Fig. 8-3 70-ps cycle time of the 0.3-pm windowless GaAs etalon (20 pJ/input) operated as 
an AND gate. 
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Fig. 8-4 Response of proton-bombarded optical NOR gates. 
#2: 3xl013 protons/cm2, #4: Ixl014 protons/cm2• 
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Up to the third highest dosage (lxlO13 protons/cm2), no significant increase in 

speed is observed. Thus diffusio.n from a small focused spot limits the optical-gate 

recovery time up to this level. At the same level at which the speed begins to increase, the 

modulation depth (contrast) for optical gates becomes shallower even with more gating 

energy than used for windowless samples. This implies unfavorable changes in exciton and 

band-edge structures from proton bombardment (Dyment, North, and D'Asaro, 1973), con-

sis tent with the previous observation by Silberberg et al. (1985). We are unable to compare 

directly the changes at the band edge for these different-dosage MQW samples due to the . -
wedge introduced during the original MBE growth process. The wedge introduced varia-

tions in GaAs-well thickness and AlGaAs-barrier thickness, resulting in a 40-A shift in 

the position of the exciton resonance. Still the band-edge degradation with increasing 

dosage is evident. The most heavily bombarded sample (2xl014 protons/cm2) shows 270-ps 

complete-recovery time, but the contrast is severely degraded (2:1) even with relatively 

high gating energy (40 pJ). 

The direct comparison between a windowless GaAs etalon and a proton bombarded 

MQW GaAs etalon can be summarized in Fig. 8-5 and Table 8-1. One can observe slower 

response (even with highest dosage) and poorer contrast even with more gating energy for 

the proton-bombarded GaAs etalon compared with the O.5-l'm-thick windowless GaAs 

etalon when used as optical NOR gates. We point out, for the proton-bombarded samples, 

that the contrast is not limited by reduced lifetime of carriers: the response of the logic 

gate is slower than that of windowless sample which is faster and deeper as shown in Fig. 

8-5. 

Summarizing Chapter 8, surface recombination is shown to be a very effective way 

of speeding up optical-gate recovery without significantly degrading its contrast 

(nonlinearity), and windowless GaAs samples are shown to be better than proton-damaged 
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Fig. 8-5 Comparison of NOR-gate responses: 
(a) O.5-J.Lm windowless GaAs etalon with 16-pJ input, 

300 pS 

(b) proton-damaged GaAs etalon (lxl014 protons/em) with 40-pJ input. 
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Bulk GaAs MQW GaAs 

Windowless l Windows2 NormaP 

Gating Energy 7 pJ 7 pJ 3 pJ 

Recovery Time 150 ps 5000 ps 5000 ps 

Contrast 5:1 5:1 5:1 

Table 8-1 Comparison of various GaAs etalons as optical NOR gates. 

1 0.5-J.&m-thick windowless GaAs. 
2 0.5-J.&m-thick GaAs with two AIGaAs windows. 
3 76-A MQW GaAs. 

Proton4 

30 pJ 

250 ps 

2:1 

4 Proton-bombarded (lxl0l4 protons/cm2) 152-A MQW GaAs. 
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samples in response time, energy, and contrast. Also 70-ps cycle time of an all-optical 

logic device is demonstrated, showing the possibility of 14 giga-bit operations/second. To 

our knowledge, this is the fastest all-optical cycle time ever reported. 
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