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In this dissertation, we explore both absorptive and refractive optical nonlinearities at

1.06 pn in bulk, semi-insulating, undoped GaAs with a particular emphasis on the influence

of the native deep-level defect known as EL2. Although the results of this study provide

values for numerous linear and nonlinear optical constants for this material, and hence are

of fundamental interest, they are also crucial to the understanding of the operation of

various nonlinear optical devices, such as optical limiters and infrared photorefractive

devices based on this material. Specifically in this research, we use picosecond pump-probe

experimental techniques to study the speed, magnitude, and origin of the absorptive and

refractive optical nonlinearities and to characterize the dynamics of the optical excitation of

EL2 in three distinctly different undoped, semi-insulating GaAs samples. We find that

intense optical excitation of these materials leads to the redistribution of charge among the

EL2 states resulting in an absorptive nonlinearity due to different cross sections for electron

and hole generation through this level. We use this absorptive nonlinearity in conjunction

with the linear optical properties of the material and independent information regarding the

EL2 concentration to extract the cross section ratio ,l, e =0.8, where cp(e) is the

absorption cross section for hole (electron) generation from EL2+ (EL20). With this ratio

known, we further demonstrate that the picosecond pump-probe technique can be used to

determine the EL2/EL2 + density ratio in an arbitrary undoped, semi-insulating GaAs

sample. In addition, we describe the use of complementary picosecond pump-probe

techniques that are designed to isolate and quantify cumulative and instantaneous absorptive

and refractive nonlinear processes. Numerical simulations of our measurements are achieved



by solving the Maxwell equations together with the material equations in a self-consistent

manner. The numerical analysis together with the experimental data allows us to extract a

set of macroscopic nonlinear optical parameters in undoped GaAs. Specifically, we obtain

values of the two-photon absorption coefficient (-20 cmlG), the total free carrier

absorption cross section (--9 x10-18 cm2), the bound electronic index coefficient

(~1.7 x10-4 cM 2/ G), and the index change per photogenerated carrier pair (--5.1 x10-2 1

cm3). In addition to quantifying these nonlinear constants, the nonlinearities in this material

have been used to construct three proof-of-principle nonlinear optical devices for use at

1.06 pm: 1) a weak beam amplifier, 2) a polarization rotation optical switch, and 3) optical

limiters. In each case, the mechanisms for the device operation are described in terms of the

nonlinear parameters discussed and quantified in the first part of the dissertation.
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CHAPTER I

INTRODUCTION

1.1 Motivation

Gallium Arsenide (GaAs) is one of the most extensively studied of all semiconductors

because of its technological impact on the areas of electronics, electrooptics, and more

recently, nonlinear optics. The high electronic mobility in GaAs relative to silicon has made

GaAs the standard for high speed electronic devices and circuits. Since GaAs lacks inversion

symmetry, it has a nonzero electrooptic coefficient, and it is used extensively in infrared

electrooptic devices. Furthermore, the direct band gap of GaAs and the fact that its lattice

constant is matched to the cladding material AlxGai.xAs has made it one of the most

important materials for semiconductor lasers. As such, the electronic, thermal, mechanical,

and linear optical properties have all been thoroughly studied and tabulated (see, for

example, Blakemore, 1982, Madelung et al., 1982, etc.). Moreover, well characterized

optical quality GaAs is readily available, thus making it an ideal material in which to study

nonlinear optical processes as well as to demonstrate proof-of-principle nonlinear optical

devices. Here, we are interested in studying the fundamental nonlinear optical processes in

GaAs because of our continuing interest in using this material in optical limiting and

photorefractive applications, as we will discuss below.

Optical Limiting

An optical limiter (OL) is a device intended to protect a sensitive detector from

damage by intense laser radiation. Ideally such a device should be transparent at low light

levels, but when exposed to intense radiation it should become completely opaque, thereby

1
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protecting the subsequent detector. It should protect against nanosecond or sub-nanosecond

laser pulses, which would imply a passive device, as well as protect against continuous-wave

(CW) laser sources. In addition, it should have a wide spectral response, so as not to impair

the operation of the sensor it protects and to protect against widely tunable laser sources. It

must have a high damage threshold in order to provide a wide dynamic range, and finally, it

should recover to normal operation as soon as the external light threat is removed. To date

there is no single material or device that satisfies all of these requirements. Nevertheless,

promising proof-of-principle OL action has been demonstrated in a number of materials

using an intermediate focal plane configuration in order to reduce the limiting threshold

(see, for example, Soileau et al., 1983). Using this geometry, Boggess et al. have

demonstrated effective optical limiting in the semiconductors silicon and GaAs (Boggess et

al., 1984, 1985). In addition, optical limiting has been demonstrated in many other

semiconductors (see, for example, Van Stryland et al., 1988).

The nonlinear phenomena responsible for limiting action in silicon and GaAs are

dramatically different in origin. The optical limiting in silicon is the result of free-carrier

absorption (FCA) and free-carrier refraction that is associated with carriers generated by

indirect, single-photon, optical transitions. Since the operation is determined by the

accumulation of optically-generated free carriers, this is a fluence dependent device and is

relatively insensitive to pulse width provided the timescales of interest are long compared to

recombination and diffusion times. On the other hand, this device has a narrow spectral

response because of the resonant nature of the carrier generation.

By contrast, optical limiting in intrinsic GaAs is caused by two-photon absorption

(TPA) and the absorption and refraction associated with TPA generated free-carriers. Due

to the inherent non-resonant nature of the two-photon absorption process, this approach has

the advantage of providing a wide spectral bandwidth. However, relative to silicon, the
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principle shortcoming of this device is that TPA is an irradiance-dependent, rather than

fluence-dependent process. That is, it is significant only for extremely short pulses. In

practice, the usefulness of this device would be limited to threat pulses with durations less

than a nanosecond.

A primary objective of the work presented here is to investigate the influence of the

native defects of GaAs in the performance of the intermediate focal plane OL introduced

above. These defects generally result in optically-active deep mid-gap levels that provide a

channel for single-photon transitions below the band edge, and thus an additional source for

free-carrier generation. The single-photon ionization and repopulation of these levels are

fluence dependent processes and are thus independent of the optical pulse width (provided

the pulse duration is long compared to trapping or recombination through these levels). In

addition, the instantaneous intrinsic TPA, which is the fundamental process for GaAs based

OL, might be influenced by these same mid-gap levels, since they provide nearly resonant

intermediate states. It is clear that the native mid-gap defects have the potential to influence

the operation of the OL, and an in depth understanding of the physics of the light-matter

interaction in the presence of defects is a necessary first step in the optimization of the

optical limiter using GaAs.

Photorefraction

In addition to optical limiting, we are interested in the photorefractive effect in GaAs.

Generically, photorefraction is a change in the refractive index that is caused by a space-

charge field which is produced by the transport of photoinduced charges in a material with a

non-zero electrooptic coefficient. The charge separation that produces the field may be

caused by drift associated with applied or built-in fields or it may result from carrier

diffusion or hopping. In either case, the photorefractive effect provides a link between

optical and electronic signals because of its dependence on the charge distribution and
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transport in the material. Therefore, photorefraction has potential for use in interconnects

between photonic and electronic devices, circuits and systems, as well as in optical

switching, optical amplification, and signal processing. Our specific interest in

photorefraction has centered on: 1) investigating the origin, magnitude, formation, and decay

of photorefractive and associated nonlinearities; 2) seeking novel techniques for creating and

enhancing the photorefractive space-charge field; 3) utilizing photorefraction as a

spectroscopic technique to monitor charge transport, space-charge field formation, and

screening on psec timescales over pm and nm spatial dimensions.

The photorefractive effect has been demonstrated in several classes of materials, most

notably ferroelectrics, sellenites, and compound semiconductors. The refractive index change

for a given space-charge field, E,,, is that which is associated with the usual electrooptic

effect (see, for example, Yariv, 1985), i.e.,

1
An = 7 nfb 3 r Ec, (1.1)

where nb, and r are the refractive index and electrooptic coefficient. Clearly the refractive

index change for a given space-charge field increases with increasing electrooptic

coefficient. This is one reason why ferroelectrics with their large electrooptic coefficients

are popular electrooptic materials. For many photorefractive applications, however, we are

interested in using the photorefractive effect to couple energy from one optical beam into

another. The maximum gain Tma associated with this process is (for steady-state condition,

see Chapter VI)

na3

Tm ax« 0C rNT, (1.2)

where nJb3 r /e (e=low frequency dielectric constant of the material) is the recording

sensitivity and NT is the effective trap density. As was pointed out by Glass (1975), the
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recording sensitivity varies little for the broad classes of photorefractive materials studied to

date. Thus the maximum attainable gain is primarily determined by the effective trap

density, which in the steady-state limit determines the maximum achievable space-charge

field. In ferroelectrics the gain can be quite large because the trap density is typically quite

high. However ferroelectrics have a low mobility-lifetime product which causes the

optically-generated carriers to recombine before they can move very far. The contribution to

the space-charge field per carrier (i.e., the efficiency), therefore, is limited. By contrast, in

GaAs the trap density is typically much lower than in ferroelectrics, thus limiting the space-

charge field. However, the mobility-lifetime product is orders of magnitude higher than in

ferroelectrics so the carriers can move much farther before recombining. Therefore, the

carriers contribute more efficiently to the space-charge field in GaAs than in ferroelectrics.

It is this efficiency, i.e., the space-charge field per carrier, that motivates our interest in

studying GaAs as a photorefractive material.

In conventional steady-state photorefraction in GaAs, electrons are generated by the

single-photon ionization of mid-gap donors. These electrons can either diffuse or drift away

from the photoionized donors and eventually recombine at trap sites, thus setting up a space-

charge field between two immobile species. These processes of generation, diffusion or

drift, and recombination come to equilibrium on a timescale of microseconds. Because this

time is long compared to the electron recombination time, there is no significant electron

population in the conduction band. Therefore, there is essentially no free-carrier

contribution to the space-charge field. This type of photorefraction was first demonstrated

in GaAs by Glass et al. (1984) and Klein (1984).

In our research, we are specifically interested in transient photorefraction in GaAs,

that is, photorefraction on a timescale short compared to the carrier recombination time.

Transient photorefraction uses short pulse excitation and has several unique features and
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complications (see, Smirl et al., 1988; Valley et al., 1988) relative to the steady state case.

Here, in contrast to steady state photorefraction, electrons photogenerated from mid-gaps

diffuse or drift away (as before) but do not have time to recombine during the excitation

process, thus setting up a space-charge field between mobile electrons and photoionized

donors. The presence of these free-carriers, however, also leads to other effects such as

free-carrier absorption and refraction.

Furthermore, in order to generate enough free-carriers for significant photorefractive

gain, a high excitation fluence is necessary. Often the fluence is sufficiently high to ionize a

large fraction of the mid-gap donors, which leads to saturation of the absorption associated

with the mid-gap levels. Once the donors are ionized, the mid-gap levels can be repopulated

by single-photon transitions from the valence band to these ionized mid-gap donors. This

process produces holes in the valence band. Therefore, the net effect of the high fluence is

the saturation of the absorption and the generation of electron-hole pairs. The combination

of short pulses and large fluences produces high irradiances. At these high irradiances, one

sees the onset of two-photon-absorption, which leads to the generation of additional

electron-hole pairs. The presence of electron-hole pairs has two effects. First, they

contribute to free-carrier absorption and refraction. In addition, since electrons have a

higher mobility and attempt to move faster than the holes, these electron-hole pairs separate,

thus providing an additional source for the space-charge field (Dember field).

We see from the above discussion that transient photorefractive experiments are

complicated by two new sources for the space-charge field and by mid-gap saturation, two-

photon-absorption, and free-carrier absorption and refraction. We emphasize that all of the

processes discussed above occur simultaneously, thus complicating an analysis of transient

photorefraction. Therefore, one objective of our work is to separate and determine the

contributions of each of these processes to the nonlinear response in photorefractive
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experiments.

Notice the similarities and contrasts in the fundamental processes that occur in GaAs

for the two areas that we have discussed above. For optical limiting, the intrinsic TPA and

TPA-generated free-carrier absorption and refraction are responsible for the basic

operation. The extrinsic mid-gap defects provide additional sources for free-carrier

generation, absorption and refraction and, thereby, a potential to improve the device

performance. By contrast, in photorefraction carrier production by ionization of extrinsic

mid-gap defects is the 'fundamental" mechanism for charge production and, on short

timescales, the nonlinear response is complicated by the intrinsic TPA and TPA-generated

FCA, which in some cases degrade the device performance. However, the presence of

defects is central to both areas. Therefore, a fundamental study of the light-matter

interactions in GaAs in the presence of defects is essential to the understanding of the

operation of photorefractive-based devices and optical limiters.

Specifically, in this dissertation we focus on picosecond optical studies of GaAs below

the band edge at the 1.06 pm wavelength provided by Nd:YAG laser sources. Such

picosecond laser-pulse excitation provides the high irradiances required to access many of

the nonlinearities of interest and allows for high time resolution. Furthermore, picosecond

pulses provide a means for measuring the nonlinearities on a timescale short compared to

diffusion and recombination times, yet long compared to carrier thermalization and cooling

times. Therefore, this time regime greatly simplifies the extraction of quantitative values for

the nonlinear constants from our measurements. The measurements utilize pump-probe and

single-beam techniques (namely, transmission, defocusing, and deflection measurements)

that are designed to effectively separate the different processes associated with nonlinear

absorption and nonlinear refraction. From these data we will extract values for the two-
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photon absorption coefficient, f, the total free-carrier absorption cross section, of, + , the

ratio of the cross sections for electron and hole generation through the native defect level

EL2, o,/op,, the index change per photogenerated electron-hole pair, nth, and the bound-

electronic nonlinear refractive index, n 2. Although many of these parameters have been

measured previously, these measurements have often focused on a single parameter in

nominally characterized samples. By contrast, here we describe a comprehensive set of

measurement that provide all of these parameters in a set of well characterized samples.

Furthermore, this study represents the first attempt to quantify the effects of deep levels on

the nonlinear optical processes.

In addition to enhancing the fundamental understanding of optical limiting and

transient photorefraction, we are interested in practical devices. Along these lines we will

demonstrate a prototype all-optical amplifier and a high contrast all-optical switch based on

transient nonlinear effects in GaAs. We will also demonstrate a proof-of-principle optical

limiter based on transient photorefraction and transient energy transfer in GaAs, a so-called

"coherent-beam-excisor". We will further demonstrate multi-beam optical limiting

configurations that make full use of cumulative FCA and free-carrier refraction. The first

of these is based on induced-defocusing while the second utilizes an induced-deflection

geometry.

1.2 Organization

We begin with a discussion of the fundamental optical processes in GaAs at 1.06 um

in Chapter II. This will provide insight into the specific type of nonlinear optical interactions

with which we will be dealing. In this chapter, we also present fundamental equations to

describe these nonlinear optical interactions on a psec timescale. In the following three

chapters, we measure the optical constants of GaAs at 1.06 pm by comparing the data from
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single-beam and pump-probe measurements to our numerical simulations, which are

developed by solving Maxwell's equations together with the material equations in a self-

consistent manner. Chapter III describes the measurement of the EL2 optical cross section

ratio of GaAs using a picosecond time-resolved pump-probe transmission technique. The

nonlinear absorption constants 1 and aft,+%, are also extracted as a byproduct of this

analysis. We find these values to be consistent with those recently reported in the literature.

In Chapter IV, we use a fixed-delay pump-probe transmission technique, which is an

alternative of the time-resolved pump-probe measurement, to isolate the instantaneous and

cumulative nonlinear absorption processes and to emphasize the features of various optical

processes in different fluence regimes. We illustrate this technique by applying it to one of

the well characterized samples studied in Chapter III. A detailed discussion of the

approximate solutions and numerical analysis provide a better understanding of the nonlinear

absorption interactions in GaAs. We subsequently extend our study by applying this

technique to an undoped sample with unknown EL2 concentration and demonstrate that the

technique can be used to extract the EL2 and EL2 + densities. Having fully characterized the

nonlinear absorption properties of GaAs, in Chapter V we discuss measurements of the free-

carrier refraction by using a pump-induced probe-deflection technique, and further, we

determine the bound electronic refraction by using the recently developed 'k-scan" technique

(Sheik-Bahae et al., 1989). We discuss grating related nonlinear interactions separately in

Chapter VI, concentrating on the photorefractive and free-carrier index gratings that are of

our specific interest in device applications. The unique aspect of photorefraction is that it is

a nonlinear refraction process that requires charge transport and is, therefore, nonlocal. By

contrast, charge transport destroys free carrier gratings. Each of these gratings can be used

to achieve efficient energy transfer between two interfering beams. In Chapter VII, we

describe and discuss the proof-of-principle optical devices mentioned above, and finally, in
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Chapter VIII we summarize the results of this research and propose further investigations

which have been identified as a result of this work.



CHAPTER II

OPTICAL INTERACTIONS IN GaAs AT 1.06 MICRON

In this chapter we provide the background physics of the fundamental optical

interaction mechanisms in GaAs at 1.06 pm (hco=1.17 eV) and the general form of the

equations describing these interactions. We will first describe the details of the band

structure and fundamental optical transitions that are relevant to our

experimental/theoretical situation. Following this, each of the nonlinear optical interactions

that play a significant role in our study will be discussed. Finally, we discuss the materials

equations and field equations relevant to optical interactions in GaAs at this wavelength.

2.1 Review of the Band Structure

Optical processes in a semiconductor are directly related to the interactions between

the optical field and the electron population at certain energy and momentum states. To

describe the light-matter interaction in a semiconductor, it is necessary to understand the

transitions that electrons undergo in the presence of an optical field as well the the actual

population distribution of the electrons within the energy bands of the semiconductor.

Therefore, we will briefly review that part of the GaAs band structure that is relevant to our

study.

The band structure of intrinsic GaAs is very well characterized. From Blakemore

(1982), Figure 2.1 shows the typical features of energy dispersion (i.e., energy versus

crystal momentum) curves, including the first conduction band and the first three valence

bands, along high symmetry directions. The figure clearly shows that the minimum energy

gap is at the P point between the two zone center extremes P6 and P8 , indicating that GaAs is

11
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a direct band gap semiconductor. The energy separation of this direct band gap at P is 1.42

eV at 300 K. The minima of the L 6 and X6 conduction valleys are separated from the

valence maximum at P by 1.71 and 1.9 eV at 300 K, respectively. Furthermore, it should be

noted that the band structure is complicated by the fact that the valence band actually

consists of a heavy-hole and light-hole band as well as a split-off band.

In this work we will treat electrons in the conduction band and holes in the valence

bands using corresponding effective masses near the zone center. An exact treatment for the

valence band would require taking both the heavy-hole and light-hole bands into account as

well as the split-off band. However, the large effective mass of the heavy-hole band results

in this band dominating the valence band density of states near the P-point. We therefore

simplify the valence band structure to a single band with the heavy-hole mass,

m, =mhh = 0.5 in0 , where m 0 is the electron rest mass. Furthermore, as far as optical

transitions are concerned, we can ignore the higher-lying indirect conduction band minima at

the X and L valleys, since such transitions necessarily involve phonon participation and are,

therefore, much weaker than the direct transitions. Hence, we concern ourselves with only
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the conduction band minimum at the I'-point with an effective mass, me = 0.063 m. These

approximations will greatly simplify the analysis as well as provide a model which adequately

treats the dynamics of the electronic charge distribution considered here.

In reality, the perfect lattice is never achieved. Defects in GaAs cause deviations from

the perfect lattice, resulting in additional energy levels to those considered above. The

presence of these defects can affect both the electrical and optical properties of the

semiconductor. The lattice imperfection that we are primarily concerned with here is the

native defect EL2. In Figure 2.2 we schematically show the energy level that occurs within

the forbidden gap as a result of this defect. As the EL2 plays an important role in the optical

. ....----- EL2

k

FIG. 2.2. The energy level within the band-gap in GaAs as a result of native defect

EL2. A simplified band structure is introduced here, as discussed in the text.

studies being considered here, it is worth briefly discussing it in more detail.

The native defect EL2 is optically active and is usually orders of magnitude larger in

concentration than that of other impurities under normal growth conditions with no

intentional doping (Martin et al., 1986). It is generally believed that EL2 is a native As
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antisite defect systematically generated during growth under As rich conditions (Huber et al.,

1979, Martin et al., 1981, 1986). It is a deep donor (Mircea et al., 1976; Makram-Ebeid et

al., 1984; Martin et al., 1986), located ~0.82 eV below the conduction band edge

(Mitonneau et al., 1979; Day et al., 1981; Martin et al., 1986). Since it is a donor, it

compensates shallow acceptor levels which also occur as a result of impurities

unintentionally introduced during the growth process. At high EL2 densities these acceptors

are compensated as necessary resulting in a highly resistive or semi-insulating material. In

addition, EL2 acts as a carrier trap, with a thermal electron capture cross section which is

much greater than the equivalent hole capture cross section (Mitonneau et al., 1979; Martin

et al., 1986; Bhattacharya and Dhar, 1988). The most important role that EL2 will play in

our studies, however, is that of a mid-gap level that provides a means for single-photon

absorption which is not present in a perfect lattice and which may influence the nonlinear

optical properties of the GaAs.

2.2 Optical Transitions at 1.06 m

As we are interested in light-matter interactions at a specific wavelength, 1.06 pm, in

this section we outline the optical transitions relevant to the interaction of 1.06 pm light

with the band structure discussed above. The details of these transitions and the induced

optical nonlinearities will be discussed in the next section. We begin by describing allowed

transitions in the perfect crystal and then address the possible transitions in the presence of

defects.

Perfect Crystal

Optical transitions may occur when the photon energy of the incident light couples

two energy states of the bands. For 1.06 pm irradiation, the photon energy of hw =1.17 eV
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of the incident light is less than the GaAs band-gap energy of Eg= 1.42 eV. Thus, direct

band-to-band transitions induced by single-photon absorption are forbidden for a perfect

crystal.

Direct band-to-band two-photon absorption (TPA) is allowed for 1.06 pm irradiation,

however, since the photon energy is greater than half of the band gap energy. This process,

which is illustrated in Fig. 2.3, involves the simultaneous interaction of an electron with two

photons. The first photon induces a virtual transition to an intermediate state, while the

second photon induces a transition from the intermediate state to a state 2hw above the

initial state. The intermediate state can be any valence or conduction band state such that

momentum is conserved for each individual transition. By a virtual transition, we mean that

the electron exists in the intermediate state for only an extremely short time limited by

AEAt=h. This TPA process results in the generation of a free electron-hole pair. As we

notice from Fig. 2.3, a photon with an energy anywhere in the range h <Eg1 2hw can

interact with the crystal to cause a two-photon induced transition. Thus, TPA is clearly a

broad-band process.

Once there are electrons in the conduction band and holes in the valence band,

whether they are optically generated or associated with the presence of shallow impurity

levels, these free carriers provide an additional source for light absorption. The absorption

of a single photon results in the promotion of either an electron or a hole to a more

energetic state within the same band. Since such transitions necessarily couple two energy

states with different k values, a phonon must be simultaneously absorbed or emitted to

conserve the momentum. The process, which is also illustrated in Fig. 2.3, is therefore often

referred to as "'phonon-assisted" free-carrier-absorption (FCA). It is clear from Fig. 2.3 that

the FCA is a broad-band process, since there are large number of energy states within a

band for such a transition to occur. We also note that for appropriate photon energies it is
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possible for an electron (hole) in the conduction (valence) band to be directly promoted to a

state in a higher (lower) lying conduction (valence) band without phonon participation.

E

I I
I I

k

FIG. 2.3. Optical transitions associated with TPA and FCA in GaAs.

Crystal with Defects

In addition to optical transitions for a perfect crystal, the presence of a mid-gap level

provides yet another mechanism for photocarrier generation. The dominant optical

transitions through a mid-gap level are direct single-photon transitions. This is a broad-band

process, since the deep level has a definite energy location within the gap but a broad

momentum range due to the fact that the wavefunction of the mid-gap level is spatially

localized (Bhattcharya and Bhar, 1988). Again, we concern ourselves here with the mid-gap

level associated with EL2 in GaAs.

As illustrated in Figure 2.4., when EL2 is present optical excitation with photons of

energy 1.17 eV can promote an electron to the conduction band by photoionization of a
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neutral EL2 (EL20) with optical cross section o,. In this process, a free electron in the

conduction band and an ionized EL2 (EL2 +) state are simultaneously generated. That is,

EL20 + hw -+*EL2+ +e-. (2.1)

Subsequently, the ionized EL2 can be neutralized by the absorption of another photon to

promote an electron from the valence band to EL2+, leaving behind a hole in the valence

band. That is,

EL2+ + ho-.EL20 +e+, (2.2)

and the strength of the interaction is described by an optical cross section u,. These two

processes together may be thought of as a stepwise two-photon absorption process. Note

that this is quite distinct from TPA, which involves the simultaneous absorption of two

photons.

E

--- k- -- ----- EL2

17k

FIG. 2.4. Optical transitions through EL2 mid-gap level in GaAs.
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2.3 Influence of Transitions on Optical Properties

Having introduced the fundamental optical transitions relevant to this dissertation, we

now focus on the optical nonlinearities that arise as a consequence of these transitions. That

is, in this section we describe the physics of each of the relevant fundamental nonlinear

optical mechanisms at 1.06 pm that are induced in GaAs by psec pulse irradiation. These

consist of both absorptive and refractive nonlinearities associated with both intrinsic and

extrinsic optical transitions. Each of these nonlinearities is quantified by experiments

described in subsequent chapters of this dissertation using psec techniques with a pulse

duration of ~30 psec.

CONDUCTION
BAND EDGE

-- ---0-- --0- -0--0--- - -0 L2, EL+

VALANCE
BAND EDGE

FIG. 2.5. Diagram schematically showing optical absorption processes for 1.17 eV photon

excitation in undoped GaAs.

The 1.06 pm picosecond pulses used in this work provide the high irradiances required

to access nonlinear optical processes of interest in GaAs. For example, for irradiances in

excess of 0.25 GW/cm2 for a -30 psec pulse, two-photon absorption (TPA) is the dominant
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absorption mechanism. Associated with TPA, which arises from the imaginary part of the

third order nonlinear susceptibility, X), there is also an instantaneous nonlinear refraction,

which arises from the real part of x3) and is usually referred to as bound electronic

refraction. Furthermore, as the TPA generates large numbers of free carriers, free carrier

absorption and refraction play important roles in the light-matter interaction. These

mechanisms produce a time-integrated cumulative nonlinear reaction to light as opposed to

the instantaneous ones associated with X(). In addition, the mid-gap level in GaAs can

provide nonlinear optical interactions in three ways: 1) optical transitions through mid-gaps

can saturate at some certain excitation level depending upon the relative densities of ionized

and neutral states and the corresponding optical cross sections, 2) the mid-gap levels provide

a channel for generating electron-hole pairs whose presence results in absorptive and

refractive nonlinearities, 3) the existence of the EL2 defect might influence the magnitude

of the TPA coefficient, as will be described later in this section. For illustration purposes,

all of the allowed optical transitions for 1.06 pm radiation in semi-insulating undoped GaAs

are schematically shown in Fig. 2.5, along with the corresponding absorption constants.

2.3.1 Nonlinear Absorption

Saturation of Linear Absorption

We begin our discussion of nonlinear absorption by considering the simple linear

excitation of EL20 and EL2+. Although the single-photon transitions associated with

ionization and neutralization of the mid-gap energy level are linear processes, in general they

have unequal optical cross sections. Intense optical excitation will, therefore, lead to a

change in the relative population densities of charged and neutral deep levels. This charge

redistribution then results in a change in linear absorption, i.e., an absorptive nonlinearity.
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The linear absorption coefficient in undoped semi-insulating GaAs is

a = a,(N-N+) + apN+, (2.3)

where, N = [EL2 +] + [EL20] is the total EL2 density and N+ = [EL2+] is the density of

ionized EL2. The light attenuation by single-photon absorption follows 'Beer's Law",

aI
z -a, (2.4)

where, I=I(r,z,t) is the irradiance of the optical pulse, and z is the light propagation

direction. We emphasize here that the absorption coefficient in Eqs. (2.3) and (2.4) varies as

a function of light excitation, as will be clear in our theoretical treatment. For a qualitative

picture in undoped semi-insulating GaAs, consider the usual situation where most EL2

occurs in the neutral state at thermal equilibrium. The initial absorption then arises primarily

from the ionization of neutral EL2. As the excitation increases, the ratio of ionized to

neutral EL2 increases, which causes more transitions from the valence band to EL2+. Since

ae o,, this population redistribution results in a new absorption coefficient. Finally at

some excitation level, EL2+ reaches its steady-state concentration and the linear absorption

reaches its steady-state value, thereby establishing a new quasi-equilibrium. At steady-state,

the respective concentrations of EL2 satisfy the relation: a, [EL20] = ac, [EL2+]. The

condition implies that for each electron produced by EL2 photoionization, a hole is

subsequently produced by EL2 photoneutralization. Absorption through the mid-gap level at

this steady-state condition is, hence, equivalent to a stepwise two-photon absorption process.

The implicit fluence dependence in Eq. (2.3) can be used for optical characterization

of the EL2 concentration, if the cross sections are known. Alternatively, if [EL20] and

[EL2 +] are known, knowledge of the cross sections can be obtained by linear and nonlinear

optical absorption measurements. Although reported values of ae for undoped, semi-
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insulating GaAs are consistently 10- 6 cm2 (see, for example, Martin, 1981; Bios et al.,

1980; Kaminska et al., 1983; etc.), the reported values of o,/a,/ differ by almost an order of

magnitude, from 1.67 (Chantre et al., 1981; Vincent et al., 1980, 1982) to 10.7 (Mitonneau

and Mircea, 1979). Clearly, further investigation is necessary for a better understanding of

the hole cross section, u,. Note, however, that in all the above cases O, > a,, which

indicates that the absorption coefficient will decrease with optical excitation, provided

[EL20] >[EL2 +], which is usually the case.

Two-Photon-Absorption

At high light irradiances, TPA becomes a significant nonlinear absorption mechanism.

The expression for the electron transition rate due to TPA, derived from second-order

perturbation theory (Pidgeon et al., 1979, in CGS unit), is

2wx 49e4I2 (f1 -pt)(t| 1 pli )2dk
W=--W nb 2c2m4w 4 K > E,-Et -hc o(ES-E-21w) ,3 (2.5)

f t

where p is the electron momentum operator, a is the polarization of the radiation, nz is the

background refractive index, and the symbols f, t, i represent the final, intermediate, and

initial states in the transition, respectively. In Eq. (2.5), note that transitions are summed

over all possible intermediate and final states. We notice that as the energy separation

between the initial and intermediate states approaches the single-photon energy, hc, the

transition rate becomes arbitrarily large. Thus, the presence of mid-gap levels could serve as

near resonant intermediate states for TPA, which could significantly enhance this process.

From Eq. (2.5), it is also clear that the TPA process is a higher order material response,

since it depends on 12.

The carrier generation rate by TPA is determined by the transition rate given by

Eq. (2.5). The TPA coefficient fi is then expressed in terms of the transition rate W by
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(Pidgeon et al., 1979)

2hw

=-- (2.6)

The TPA coefficient is a direct measure of the imaginary part of the third order

susceptibility of the material (see, Yariv and Yeh, 1983; Shen, 1984; Schubert and Wilhelmi,

1986). For a degenerate TPA process (i.e., one that involves two photons at the same

frequency), this expression can be obtained by separating the imaginary part of the third

order polarization term in Maxwell's equations to give

2w

aj2 c2 Im(x(3)), (2.7)

in the dimensions of [ml W, where ¬ is the permittivity in free space. Eq. (2.7) provides a

connection between the third order nonlinear susceptibility and the two-photon transition

rate. We recognize that the light attenuation is determined by the power absorption per unit

volume. Hence, in the presence of TPA, Beer's law [Eq. (2.4)] must be modified to

aI
= - 'r - #2. (2.8)

Eq. (2.8) clearly shows the irradiance-dependent nature of the TPA process, since the

effective absorption coefficient associated with TPA is #I.

Besides the theoretical expressions described above (see also, Lee and Fan, 1974;

Miller et al., 1981; etc.), a useful theoretical expression of band-gap scaling of TPA was

first proposed by Pidgeon et al. (1979) and was verified and studied in detail by Wherrett et

al. (1984) and Van Stryland et al. (1985) and more recently by Sheik-Bahae et al. (1991).

The expression is

= K n2E 3F24 (2.9)
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where, K is a material independent constant in units such that 3 is in cml GWand Eg and E,

are in eV. E, is the energy equivalent of the Kane momentum parameter (Kane, 1957) and is

nearly material independent (= 21 eV for most direct band gap semiconductors). The

function F2 has the form of F2 (x)=(2x- 1)3/2 /(2x) 5 for 2x >1. From Eq. (2.9), a TPA

coefficient of 19.7 cmlGW in GaAs at 1.06 pm was predicted using a K value of 3100,

which was obtained from fitting of the band-gap dependence of # obtained from

experimental data for a wide range of semiconductors (Van Stryland et al., 1985).

Historically, the measured TPA coefficient in GaAs (as well as most other

semiconductors), has varied by orders of magnitude with an obvious decreasing tendency, as

stated by Bechtel and Smith (1976). These authors were the first to use psec pulse

techniques to measure this parameter in GaAs, and they obtained a value of -28 cml/GWat

1.06 pm. The recent measurements by Boggess, et al., (1985) and Van Stryland, et al.,

(1985) provided a value of -23-26 cm/ GW for GaAs at 1.06 pm, which is in good

agreement with the result by Bechtel and Smith (1976). A more recent measurement by

Bugaev et al. (1989) reported a value of -18-22 cml GWfor GaAs at 1.06 pm. Specifically,

the measurements by Boggess et al. (1985), conducted with a set of different temporal pulse

widths, indicated that the free-carrier absorption in GaAs is insignificant compared to TPA

for psec single-pulse transmission measurements. Many of the larger values for # reported in

earlier research using nsec or longer pulses are believed to be corrupted by free-carrier

absorption and refraction.

Free-Carrier-Absorption

Generally, a FCA process involves the simultaneous interaction of a photon, an

electron (hole), and a phonon to promote the electron (hole) to a state higher (lower) in the

conduction (valence) band. Clearly, FCA requires carriers to be present in the bands. The
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interaction with a phonon mode in the FCA process requires scattering of carriers in motion,

such as by optical or acoustic phonon scattering, to provide the necessary momentum for the

transition. If the carriers are optically generated, the FCA constitutes an optical nonlinearity

that is dependent on the accumulated carrier density.

The strength of the FCA is quantitatively described by the product of the carrier

density and the FCA cross section, and the effective absorption coefficient is

aFCA = fen, + Ofpfnp , where 9,(a,) is the cross section for free electron (hole)

absorption and n, (n,) is the electron (hole) density. The net effect of the FCA is to

increase the total absorption. Identification of the origin of the carriers involved in FCA can

be determined by the irradiance dependence of the carrier generation. If the carriers are

generated by linear absorption, the densities depend linearly on the time integrated

irradiance, and the FCA is then effectively a third order nonlinearity. By contrast, when the

carriers are generated by TPA, the densities depend on the time integral of the square of the

irradiance and the FCA is effectively a fifth-order process, i.e., a sequential x 3 :x()

process. We must keep in mind, however, that in each case the FCA depends quantitatively

on the total density of carriers, so that FCA is a cumulative nonlinearity, in contrast with

instantaneous processes like TPA. The light attenuation in the presence of free carriers can

then be written as,

aI
j= al - 2  -fenflI - fpnpI, (2.10)

where we have allowed for absorption through the mid-gaps, TPA, and FCA.

A theoretical description for the FCA cross section can be obtained simply from the

classical treatment of the complex optical-conductivity in the high frequency limit (see, for

example, Wolfe et al., 1989). The FCA cross section for each carrier is expressed by
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e 2  1
af = n<- cmw T (2.11)

where rm is the carrier momentum relaxation time determined by carrier scattering

mechanisms involved in the process. In GaAs, the polar optical phonons dominate the carrier

scattering (see, for example, Wolfe et al., 1989; Wang, 1989) at room temperature. Other

scattering sources, however, such as ionized impurity centers also play an important role in

carrier scattering.

Large discrepancies exist for reported FCA cross sections. Blakemore (1982) reported

an electron absorption cross section of 6 x10-18 cm2 in GaAs at 2 pm. The reported electron

absorption cross sections at 1.06 pm varies from 2 x10-18 to 3 x10'17 cm2 (see, Lee and

Fan, 1972; and Meyer et al., 1980). Moreover, the relation between the free electron cross

section and free hole cross section is not clear. Clearly, a further study of the FCA cross

section is useful, especially in the presence of defects, where the electron and hole

population densities may be unequal as a consequence of absorption through the mid-gap

level.

2.3.2 Nonlinear Refraction

Bound Electronic Refraction

While TPA is associated with the imaginary part of X3), there is also a refractive

nonlinearity associated with the real part of X(). For a classical picture, this nonlinearity can

be thought of as arising from the anharmonic oscillation of bound electrons driven by the

incident optical field. As such, it is recognized as an instantaneous refractive index change

that is proportional to the irradiance of the light field. This is referred to as the bound

electronic index change or the electronic Kerr index change. The magnitude of this index

change is usually measured by the electronic index coefficient n2 in [esu] or y in [m 2/ Ml.
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1E12An = -yI = n2 E 2,(2.12)

where I is in MKS units and E is the amplitude of the light field in CGS units. The

coefficient y can be related to the third order susceptibility by,

1
S= e ,(x 0 ), (2.13)

which can be converted into [esu] units by the relation, n2 [esu] = 'y [m2/ w]. The

irradiance-dependent bound electronic index change causes a phase front distortion of the

light after propagating a distance Az,
27r

A4= 7 yIAz, (2.14)

where 4=(r,z,t) is the phase and X is the wavelength of the light irradiation. Since in

general I = I(r,z,t), it is clear that a process such as this can lead to self-lensing, self-phase

modulation, etc.

The real and imaginary parts of x 3> have been shown to be related through the

Kramers-Kronig (K-K) relation (Sheik-Bahae et al., 1991), giving a universal expression for

y scaled in band gap energy,

'y = K 2E 4 2 E , (2.15)

2 F2 (x x2 )where, G2 (x2) =-J 2i2)dx1 and the function F2(x 1 ;x2) includes contributions

from various processes such as TPA, Raman transitions, Stark effect, etc. (see, Sheik-Bahae

et al. 1991). Using Eq. (2.15) for GaAs at 1.06 pm, we estimated n2 =-1.8x10-1 0 esu

corresponding to 'y =-2.2 x10-4 cm2 / GW. Recent measurements (Said et al., 1990) reported

a value of n2 in GaAs at 1.06 pm of -2.7 x10-10 esu ('y=-3.3x104 c 2/IGM).
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Free Carrier Refraction

A second source of nonlinear refraction is associated with the generation of free

electron-hole pairs. This process can be thought of as the simultaneous generation of a zero

frequency oscillator (free carrier) and the annihilation of a bound oscillator with resonance

frequency wg, which is the frequency associated with the direct band gap energy, Eg = h/Og.

The corresponding refractive index change per electron-hole pair can be obtained by

calculating the change of the real part of the dielectric function (plasma-modified dielectric

function model, see Auston et al., 1978, and Jain and Klein, 1983), giving the expression

e2 w2

neh = - 2nbCM W 2 WgW2 (2.16)

when assuming only a single parabolic conduction and valence band. In Eq. (2.16),

1/meh = 1/me +1/m, is the reduced electron-hole mass. Jain and Klein (1983) have

compared the above model to the blocking approach (see, for example, Miller et al., 1981;

Wherrett and Higgins, 1982) and the two-level approach (see, for example, Miller et al.,

1980; Wherrett and Higgins, 1982). Even though the other theoretical models provide

different insight into the physics of such a problem, excellent agreement in functional form

and orders of magnitude have been obtained from Eq. (2.16). Finally, we should point out

that the free carrier index change is usually referred to as the 'Drude-Lorentz" index change

and Eq. (2.16) can be simply obtained from Drude-Lorentz theory in which charged particles

in a material are treated as classical harmonic oscillators (see, for example, Wooten, 1972;

Reitz et al., 1979). In this case, we recognize the first term in Eq. (2.16) as the contribution

arising from a free carrier plasma and the second term as a resonance enhancement factor

due to removal of bound oscillators.

Since here the magnitude of the free carrier index change, An, depends on the density

of carriers that are accumulated, this index change is a cumulative nonlinearity as opposed
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to the instantaneous one associated with n2. The phase front distortion of the light caused by

this index change for a propagation distance of Az is

2n
AO4!= Aneh N, Az, (2.17)

where N, Nh (r,z,t) is the density of photogenerated carrier pairs. Once again, the radial

and temporal dependence of Neh leads to interesting effects such as self-lensing and self-

phase modulation.

For 1.06 pm irradiation in GaAs, the calculated neh using Eq.(2.16) for GaAs is about

-8 x10-2 1 cm3. A recent measurement by Said et al. (1990) using the z-scan technique

indicates a value of neh of -6.5 x10- 2 1 cm3 in GaAs at 1.06 pm, which agrees well with the

calculation.

Photorefraction

Photorefraction is a unique nonlinear refraction that is strongly dependent on the

crystal orientation as well as the nature of charge transport properties of GaAs. Since this

process is significantly different from those addressed in the next few chapters, we defer a

discussion of the process to Chapter VI.

2.4 Description of Light-Matter Interaction in GaAs on a Picosecond Timescale at

1.06 pm

Having described the various absorption and refraction mechanisms in GaAs at

1.06 pm that are important to this work, we now describe the material response to pulse

excitation and the light propagation behavior. It is well known that such light-matter

interactions are all governed by the continuity equations and Maxwell's equations. To

conduct a satisfying theoretical treatment based on these equations, however, the carrier

dynamics for the pulsed excitation applied here becomes our concern, since the 1.06 pm

excitation in GaAs may result in occupation of high energy states and carrier transport and
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relaxation mechanisms may play an important role. The following provides a discussion of

carrier dynamics and leads to important assumptions in our work, The major conclusion is

that the photoinduced carriers can be treated as a spatially and temporally localized carrier

population about the Brillouin zone center for our pulse widths of about -30-40 psec. With

this in mind, we introduce our theoretical descriptions of this work in Sections 2.4.2 and

2.4.3.

2.4.1 Carrier Relaxation and Transport

Following excitation by a short optical pulse of sufficiently large photon energy, a

free electron (hole) occupies a certain state of the conduction (valance) band. At 1.06 pm,

carriers are generated in GaAs by either TPA or absorption through the mid-gap level. In

either case, the carriers are generated with excess energy. These carriers contribute to a

non-equilibrium population since the characteristic temperatures of the electron and hole

distributions exceed the lattice temperature, and the distributions are said to be 'hot". These

non-equilibrium hot electron and hole populations evolve to separate quasi-Fermi

distributions with a common temperature through carrier-carrier scattering on a timescale

depending upon the excess energy and the carrier density. A typical timescale of about

-10-30 femotoseconds for this event in GaAs was reported by Lin et al. (1988) at a carrier

density of about ~1017-1018 cm-3 and a maximum excess energy of about -500 meV. In

the mean time, the electrons and holes evolve toward an equilibrium with the lattice on a

slower timescale of 1-2 psec through phonon-assisted energy relaxations (Lin et al., 1988),

which are dominated by the polar optical phonon scattering in GaAs at room temperature.

Furthermore, electrons with sufficient excess energy can scatter to the side valleys, relax

within those valleys, and return to the P valley on a 1-2 psec timescale (Kroemer, 1978;

Shah, 1978; Lin et al., 1988). In any case, the carrier relaxation cools the hot carriers, heats
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the lattice, and results in the accumulation of carriers near the zone center on a timescale

short compared to our -30 psec pulsewidths.

Subsequently, the photoinduced carriers can recombine through radiative or

nonradiative processes, such as band to band direct recombination or by electron and hole

capture processes through a mid-gap energy level. The cross sections for electrons and holes

recombining through the EL2 in GaAs have been reported by Martin et al. (1986) to be

4.3 x10-16 cm2 and 2 x10-18 cm2, respectively. According to these cross sections, Valley et

al. (1988) estimated a recombination time of 38 nsec for the electrons and 3.2 gsec for the

holes in GaAs. The electron-hole recombination coefficient of 2 x10-1 0 cm3/Is given by Von

Lehmen and Ballantyne (1985) yields a direct recombination time of -10 nsec for a carrier

density as high as 5 x 1017 cnr3. The timescales are all considerably longer than our -30

psec pulses.

Optically induced carriers can also diffuse away from the excitation region. The

carrier diffusion occurs due to carrier concentration gradients induced by inhomogeneous

pumping. At sufficiently high densities, the diffusion is dominated by ambipolar diffusion

with a coefficient of about 20 cm2/s, which indicates a characteristic time of 1 gsec for a

diffusion length of 1 mm, a dimension typical of the excitation spot sizes in our

measurements.

In summary, the carrier thermalization and relaxation of hot carriers in GaAs occurs

on a very fast timescale, while the recombination and the carrier diffusion take place on a

much longer timescale than a picosecond. Therefore, in our theoretical treatment we limit

the timescales of interest to those greater than the carrier cooling time but much less than

the carrier lifetime. In this time regime, the photoinduced carriers can be treated as a

spatially and temporally localized carrier population about the Brillouin zone center,

providing that the electron and hole concentrations are not too high compared with the
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effective densities of states at the zone center and that the carrier transport processes are

ignored. An important exception to the latter assumption is when optically generated

gratings, which have periods on the order of 1 jian, are generated in the GaAs, as is the case

for photorefraction and for many of the devices discussed in Chapter VII. In such cases,

diffusion must be included in the model.

2.4.2 Material Response to Picosecond Pulse Excitation

Under the above assumptions, the equations that describe the response of undoped

semi-insulating GaAs to light excitation and the charge transport are greatly simplified.

These material equations consist of a set of rate equations for the electron concentration

ne (r,z,t), hole concentration ni,,(r,z, t), and EL2 + concentration N+(r,z, t). Denoting N as

the total EL2 concentration, then (N-N+) = [EL2] is the neutral EL2 concentration. The

generation of free electrons is accounted for by ionization of EL20 with cross section a,, the

generation of holes occurs through neutralization of EL2+ with cross section ary,, and

electron-hole pairs are generated by two photon absorption. In the absence of recombination

and diffusion, as is appropriate for pulsed irradiance I(r,z, t) with duration of -30 psec and

spatial dimensions on the order of a mm, the rate equations are summarized as,

aN - a, (N-N +) I - arpN + I , (2.18)onI I
ne =a(N-N+)- + - (2.19)

t C hwr2hw

toN+ Ug # g, (2.20)

with the initial conditions, ne| L ___ = 0, n,| [._, = 0, N+ . , = NA , where NA is the

density of negatively ionized shallow acceptors, which are assumed to be compensated by

EL2 in the dark. Expressions for N+,n,, and n, can be obtained by integrating the material
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Eqs. (2.18-20) in the time domain [- oo,t], yielding the formal solutions

N+(r,z,t)= NZ- (NZ-NA )e- Q/Fs, (2.21)

n,(r,z,t)= Ole[(N-N)Q+F,(NZ,-N )(1-e-QIFs)]+ Q2, (2.22)

np (r,z, t) = [N ,Q - F, (N,,-N )(1-e- QlFs)] 2, (223

where, we have defined t
Q = I dt, (2.24)

J- o0

which has dimensions of fluence and becomes the fluence of the pulse in the time limit t =

+oo; and

t

Q2= 12 dt, (2.25)

which is associated with the generation of carrier pairs by TPA. Also, we have defined the

steady-state EL2 + density as

eNN,5= ,(2.26)

which can be obtained simply from the steady state condition, DN+/at = 0 in equation

(2.18), and the saturation fluence constant,

F = a, + , ,(2.27)

as a characteristic fluence for which the EL20 IEL2+ populations reach steady-state values

in the spatial center of the Gaussian beam and at the front surface of the sample. This

constant is found to be in the range of 1 to 2 mJ/cm2 for typical parameters in GaAs at 1.06

m. From Eq. (2.21), the necessary conditions for the ionized donor concentration to
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achieve the steady-state concentration, N, is either NZ=NA or e-QIFs = 0, which requires

Q >>F. The first condition implies that there is essentially no light induced mid-gap

repopulation if the GaAs has a relatively high density of shallow acceptors such that

NA =NZ. In order to have a quantitative feeling for the alternative condition, we consider an

on-axis light excitation of Q = F, at the surface of a GaAs sample in which N>>NA . We

find in this case that Eq. (2.21) indicates an EL2+ density of more than 60 % of the steady-

state concentration. At even higher excitations in the limit where the incident fluence is

much greater than F5 , Eq. (2.21) then predicts a rapid progression toward steady-state, such

that the saturation probably occurs within the leading part of the pulse. Excess electrons are

generated as a result of the light induced mid-gap repopulation, as indicated by Eqs.

(2.22-23). For fluences well above F,, however, the generation rates for electrons and holes

become equal resulting in nearly equal densities at high fluences.

2.4.3 Light Propagation Behavior

Here, we describe the general problem of propagation of an applied optical pulse in a

nonlinear medium. In subsequent chapters, we specialize these results to the cases of

interest.

As a light pulse propagates through a semiconductor such as GaAs, absorption and

refraction that are induced by the light-matter interactions occur, as discussed above. The

Maxwell's equations describe the spatial and temporal variation of the propagating electric

field due to these interactions. We consider the electromagnetic field to be of the form

1
E(r,t) = 2 E P e(k'r w) + c.c., (2.28)

where P is the unit vector in the field direction and k is the wavevector with magnitude
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I|i|= -C nb . In this expression, E is a complex amplitude that varies slowly in space

relative to a wavelength and slowly in time relative to an optical cycle. Propagation of this

field through a medium with a nonlinear response is described by the wave equation,

02 52
V2- fie a 2 E = po r a E + pa PNL , (2.29)

where po is the permeability of free space, and PNL is the light induced nonlinear

polarization. In Eq.(2.29), the complex optical conductivity, u, includes contributions from

linear dispersion and absorption. In this development, c also contains the contributions from

optically generated free carriers. Such contributions are implicitly nonlinear through the

irradiance dependence of the population densities. Since the amplitudes of the electric field

and induced polarization vary slowly, we can apply the slowly varying envelope

approximation (SVEA) and write the wave equation (2.29) in a retarded time frame for a

light pulse that propagates along the z direction as,

-2ik - ipka E + pzow2 egox(3)|E2E, (2.30)

where E = Ee', 1E12 = 1E012, and PNL = %x3)IEI2E, i.e., we have assumed a third order

nonlinearity, which is appropriate for TPA and nonlinear refraction associated with bound

electronic motion. By separating the real and the imaginary parts of the complex Maxwell's

equation (2.30), we obtain from the real part

aEO _ Ec E E

Oz_-- 2 - n$OEcflIEOI2 4- (uepe, + ufn) E, (2.31)

which describes the attenuation of the field. The imaginary part of Eq. (2.30) gives

8s5  2w 2wr 1
Oz ~X flehNeh + 72 yflnoCeIEoI2, (2.32)

to describe the phase distortion of the field as it passes through the medium. When deriving
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Eqs. (2.31-32), we have used the definitions of 5, y and the relations

1
a + aFCA = -b gc Re(), (2.33)

where a is defined by Eq. (2.3) and aFCA = +ffn,+a n,,,and

1
fehNeh = Im(a). (2.34)

Finally, we recognize that Eqs. (2.31-32) actually summarize the results described in terms

of irradiance in the previous section. The transition from field equations to irradiance

equations is accomplished through the relation

1
I - 2 nb' cI|Eo|I2, (2.35)

which is obtained by defining the irradiance as the magnitude of the time-averaged Poynting

vector.



CHAPTER III

PICOSECOND TIME-RESOLVED MEASUREMENT

OF EL2 CROSS SECTION RATIO

The primary experimental technique employed in this dissertation is the picosecond

pump-probe technique and its variations. These include the transmission measurement

techniques for nonlinear absorption and deflection or diffraction measurement techniques

for nonlinear refraction. In this chapter, we present the details of the nonlinear absorption

measurements in two high-quality, well-characterized undoped semi-insulating GaAs samples

using a psec time-resolved pump-probe transmission technique. Specifically, we use this

technique to extract the cross section ratio % /a, for EL2. Since 0e is relatively well-known,

this is essentially equivalent to a measurement of a,. As a byproduct of this, we also obtain

the two-photon absorption coefficient and the free-carrier cross section in these well

characterized samples. We introduce the experimental technique in the first section. Next

we describe the characteristics of our samples. The details of our analysis for the

measurement results in these samples are then presented in the third section.

3.1 Picosecond Time-Resolved Pump-Probe Transmission Technique

In our pump-probe measurements, the sample is optically excited at time t by a well

characterized, linearly polarized Gaussian shape pulse at 1.06 pm with a typical temporal

width of -30 psec (FWHM) centered at time 0. This single pulse is switched out from a

pulse train produced by a mode-locked Nd:YAG laser, and is amplified by a separate

amplifier. A much weaker probe pulse, which is separated from the pump and is temporally

centered at time td relative to the pump, impinges on the optically excited region of the

36



37

sample to detect the pump induced nonlinear response. The relative timing of the pump and

probe, td, is controlled by a variable optical delay line in the probe beam path. Such an

Mode-Lce B.S.

Nd:YAG I Ik'

OSCILLATOR PULSE SLICER AMPLIFIER

r---------------------------------- AUTOCORRELATOR

P.D. DELAY

~~ STAGE

SAMPLE

~PROBE B.S

P.D. ATTENUATOR

COMPUTER DATA ACQUISITION

- --- --- -P."D. " " - -
~ ~~ .. ATTENUATOR

P.D.- Photodiode B.S.- Beamsplitter

FIG. 3.1. Experimental setup for picosecond pump-probe measurement technique.

experimental configuration is schematically shown in Figure 3.1. The irradiance and the

polarization for each pulse are controlled by a beam attenuator composed of a half-wave

plate and a polarizer. An automated data acquisition system is used in our measurements.

The generation and characterization of the laser pulse and the procedures of data acquisition

are described in detail in Appendix A, where we also describe a procedure to estimate the

experimental errors for measurements conducted in this dissertation.

Specifically, for the measurements described in this chapter, the probe pulse

transmission is measured as a function of delay relative to the pump pulse, and is normalized

by the transmission of the probe pulse alone in order to obtain the net effect induced by the
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pump. In other words, the variations of the normalized probe transmission with delay provide

the time-evolution of the pump induced nonlinear material response. Near zero delay, i.e.,

perfect coincidence of the pump and probe, we expect that both the instantaneous and

cumulative nonlinearities induced by the pump are present. At longer probe delays, where

the pump and probe are no longer overlapped, the pump-induced cumulative nonlinear

material responses, such as free-carrier absorption and saturation of linear absorption, are

expected to dominate. Therefore, the time region of interest for the probe delay should

cover at least several pulse widths. In these measurements, we also set the two pulses to be

orthogonally polarized to avoid coherent interactions associated with interference of the

pump and probe. It is apparent that the temporal resolution of the psec pump-probe

technique allows us to isolate cumulative absorptive nonlinearities from instantaneous ones.

Specifically, our primary goal in this experiment is to isolate the cumulative process of mid-

gap absorption saturation to measure u/a, in GaAs. As mentioned, as a byproduct of this

process, we can also obtain the two-photon absorption coefficient and the free-carrier cross

section.

Our time-resolved pump-probe transmission measurements in GaAs were performed

with a fixed pump/probe fluence ratio of 25:1, and the incident pump beam fluence ranged

from 3.1 to 31 mJ/cm2. The two pulses were incident on the crystal with an external angle

of 360 between them. Considering linear refraction with the background refractive index of

3.48 at 1.06 pm and Snell's Law, this is equivalent to a 100 angular separation inside the

crystal. The applied Gaussian pulses had an average pulse width of 35 psec (FWI/eM) and

incident spot size of 3 mm (FW/eM). The pump and probe beams were adjusted to be

spatially overlapped in the middle of the sample. For each fixed fluence, the probe delay

covered a range of -150 psec Std 5325 psec. The maximum positive delay (probe arrives

after the pump) is much less than the carrier recombination time of GaAs.
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3.2 Characteristics of Samples M043 and M076

The two crystals chosen for this study are both undoped semi-insulating GaAs, but the

densities of EL20 and EL2+ are very different. The absorption spectra for these crystals,

which are shown in Figure 3.2, were performed by C. Haeussler at Hughes Research Labs.

One sample was cut from boule M043 and has the dimensions of 3.3 x 5.5 x 5.0 mm3

corresponding to directions of (110) x (001) x (110), respectively. This is the same sample

used in photorefractive studies by Klein et al. (1984) and Valley et al. (1986, 1988). We

refer to this sample as "sample M043" in the following discussions. The sample has typical

semi-insulating properties with the dark EL2 0 concentration of about 1.1x1016 cm-3 and the

dark EL2+ concentration of about 1.4x10' 5 cm-3 (Klein, 1984). The absorption spectrum

for this sample is very similar to that reported by Martin (1981) for a sample in which the

deep-level defect is EL2. Furthermore, Hall measurements as a function of temperature for

this sample show that EL2 is the dominant defect in this sample (Hunter et al., 1984).

The second sample is from the seed end of boule M076, which was lightly indium-

alloyed during growth in order to minimize dislocations. The seed end of this boule is carbon

rich. This sample has the dimensions of 4.1 x 3.0 x 3.0 mm3 corresponding to directions

(110) x (001) x (110), respectively, and is termed "sample M076" in the following

discussions. The reason we chose sample M076 for study is the expected higher EL2+

density in the dark because the seed end contains a much higher carbon concentration

relative to M043. The boule M076 is also semi-insulating but with much lower Hall

mobility than that observed in M043. As seen from Fig. 3.2, the absorption spectra of

samples from the M076 boule vary significantly with position in the boule. While the

spectrum of the middle of boule M076 is similar to the sample M043, all three samples

from M076 show higher absorption in the spectral range from 1200 nm to 1600 nm. This is
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FIG. 3.2. Absorption spectra for a sample from boule M043 and for the samples from the
seed, middle and tang end of boule M076.

consistent with a higher EL2+ concentration, since the EL2+ cross section is thought to be

large in this spectral band (Chantre et a!., 1981). From the above discussions, we infer that

the density ratio of EL2+IEL20 is much greater in the sample cut from boule M076 than in

sample M043. Furthermore, the similarity of the spectral shapes for sample M043 and for

the samples from the middle and tang end of the M076 boule strongly suggests that EL2 is

the dominant defect in the boule M076, in agreement with the work of Hunter (1985) and

Hobgood et al. (1984). Nevertheless, the disimilarity between these spectra and the

absorption spectrum for our sample from the seed end of boule M076 implies that the

presence of a secondary donor or acceptor level cannot be ruled out in this sample.

For comparison, parameters for the two samples are listed in Table 3.1. The formulas

used to estimate the [EL20] and [EL2 +j concentrations in each sample are based on the

knowledge of photorefractive gain. According to Valley (1986) and Strohkendl et al. (1986),
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Table 3.1. Parameters of crystals from M076 and M043.

Parameter Sample M076 Sample M043

a(1.06pm) [cmr] 0.76 1.21 [cm] 0.41 0.33
PH [cm 2 /V.s] ~-1000 (a) -5800
p10-cm] 1.6 x108  6.3 x107

[EL20] [cm- 3] 3.8x10' 5 (b) 1.1 x101 6 (c)
[EL2+] [cm-3] >3.8x101 5 (d) 1.4 x1015 (e)
[CI[cm- 3] ~101 6 (f) 4 2x1015
x (Ga1 ..xInn As) 0.0076 0.0004 <10-7

a. Hall mobility measured on samples from the seed end of M076, ranging from
a few hundred to over 1000 (all negative).

b. [EL20] for M076 from o[EL20]=cd2 and o,=1.0 x10'16 cm2 .
c. [EL20] for M043 from e[EL20]=a.
d. Lower limit on [EL2+] from o[EL2+]=2/2 and o, <1.0 x10-16 cm2 .
e. [EL2+] from photorefractive gain as a function of grating peroid and

temperature-dependent Hall measurements.

f. [C] from strength and width of absorption peak at 582 cm- 1 using calibration
factor of Homma et al. (1985).

the steady-state photorefractive gain coefficient in GaAs:EL2 is proportional to a factor

defined as,

Ore[EL20]-a[EL2+1

ae[EL20]+o, [EL2+]
(3.1)

This factor is 1 in electron dominated photorefractive materials and is -1 for hole dominated

materials. The beam coupling photorefractive measurements in sample M043 conducted by
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Klein (1984) indicates that the factor 4 is nearly 1 in this sample, which implies that

Oe [EL20] >%[EL2+], leading to a,[EL20] = a. By contrast, the CW beam coupling gain in

sample M076 is extremely weak (Boggess, 1988; Partovi et al., 1989), suggesting I <<1.
This leads to the relation 1e,[EL2 ]= o[EL2+]= ct/2 for the sample M076.

3.3 Measurement Results and Analysis

The numerical simulations described in this section were performed by G.C. Valley by

solving the material equations and the Maxwell's equations in a self-consistent manner for

pulses incident on the crystal with Gaussian spatial and temporal profiles. A precision

criterion of 0.5 % in energy transmission change was set in obtaining numerical solutions.

The reader who is interested in more detail of the numerical methods that are used in this

thesis is referred to Appendix B.

The original motivation in the choice of the two crystals was to show that our method

for determination of the cross section ratio was independent of the defect densities, since

the [EL20]/[EL2+] ratios are very different for the two samples. However, as discussed

below, time-resolved psec pump-probe transmission measurements contain almost no

information about the cross section ratio for sample M076 but are very sensitive to the

cross section ratio for sample M043. This is a consequence of the fact that

a, [EL20] =ao,[EL2+] =a/2 in sample M076, resulting in little or no saturation of the mid-

gap absorption. Hence, the observed lack of dependence on the cross section ratio in sample

M076 actually shows the limitation of this technique to applicable crystals. On the other

hand, this gives an opportunity to reduce the number of dependent variables for our

measurements. That is, from the data of sample M076 we can deduce the TPA coefficient

and the free carrier cross section without corruption by significant variations in EL2

absorption. Since these coefficients are not expected to significantly vary among similar
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samples, these values can then be used in the modeling of sample M043. For this reason,

data analysis for the sample M076 will be discussed first.

1.10 T T
M076

1.00 -

0.90 -0

T 0 0.80-

0.70 - -\ 1  . 00  0 3.1 m/cm2

A 9.3 mJ/cm2
0.60-o Q 31 mJ/cm2

0.50

0.40
-150 -100 -50 0 50 100 150 200 250 300

DELAY (ps)

FIG. 3.3. Normalized probe transmission in sample M076 as a function of probe delay for
three fluences. The solid lines represent the numerical simulations using ft =27 cm/GW,

a f=C f =5 x10 18 cm2, anda,[EL20] =o [EL2+] =a/2.

Figure 3.3 gives the results of the measurements in sample M076 for three fluences.

At negative delays where the probe arrives before the pump, the normalized probe

transmission is unity, as it should be. Near zero delay, the data clearly show strong induced

absorption of the probe for all three fluences. This absorption largely recover after passage

of the pump, indicating a large component related to an instantaneous process. Hence, we

attribute the dip at zero delay to TPA. At positive delays when the two beams no longer

overlap, the normalized probe transmission does not fully recover to unity, which is

consistent with the fact that the cumulative nonlinearities, i.e., FCA, play an important role

in this region. The origin of the shoulders that appear between 50 psec and 150 psec are not

currently known.
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The general features of the data can be further understood by approximated

expressions of the Maxwell's equation. The field E0 in Eq. (2.31) is now a superposition

(vector sum) of the pump pulse at time t and the probe pulse at time t+td. Since the two

pulses are orthogonally polarized, the scalar product of the pump and probe fields vanishes.

In addition since the probe pulse is weak compared to the pump pulse in this measurement,

TPA induced by the probe pulse alone can be neglected. The Maxwell's equation for the

probe may, therefore, be approximated as,

. .cos. =-e(N-N+]I - NIN+Ij-II?-[oen,+O;ni]Ip, (3.2)

where, I and I, are irradiances of the pump and probe pulses, which satisfy

I, (r,z,t+td) c I(r,z,t), and 0 is a small angle between the wavevector of the probe and z

axis measured inside the sample. Note the population densities ne;, ,, and N+ in Eq. (3.2)

are also functions of r, z, and t. Inspecting Eq. (3.2), the physical implications of each term

on the right hand side can be explained as follows. The first two terms, which express the

linear absorption due to EL2, contain information about the pump induced deep level

saturation. Obviously, the effects cannot be observed if there is no variation between the

two. The third term describes the effect due to TPA in the presence of the pump. When one

integrates the solution of Eq. (3.2) with respect to time as a step in obtaining the transmitted

probe energy, this term becomes the temporal convolution of tite pump and the delayed

probe. It is then clear that the convolution maximizes at zero delay but vanishes when the

two beams are not temporally overlapped. The Gaussian temporal shapes of the incident

pulses with a F WI/eM width of to imply this term results in a Gaussian-like absorption as a

function of time delay with a FWl/eM width of 2 to and is centered at td = 0. Note that

the dips in the two low-fluence data sets in Fig. 3.3 are essentially symmetrical about zero

delay and have widths of ~t2 to (=50 psec for to =35 psec). The departure from the
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symmetry for the high fluence data is a consequence of FCA, since significant free carrier

densities are generated by the pump at this fluence. Nevertheless, the data near zero delay

reflect the important fact that TPA plays a major role in the probe absorption in this time

regime. Thus, the TPA coefficient can be determined by numerically fitting these dips. The

fourth term of Eq. (3.2), which is also a function of probe delay, describes pump induced

FCA. In this case, however, the delay dependence enters through the carrier densities, which

depend on the accumulated fluence. The FCA contribution to the probe attenuation,

therefore, is maximized after the passage of the pump.

In sample M076, the relation xo,[EL2] =o.,[EL2+] = a/2 suggests that 8N+/Ot O=0

in the material Eqs. As a result, the probe absorption is not affected by deep level saturation

and, therefore, no information of the cross section ratio is obtained by the measurement.

Another feature resulting from this condition is that the absorption in this sample always

creates equal numbers of free electrons and free holes. With this in mind, Eq. (3.2) can be

simplified to

at
cos z p=-al-131 Ip-(Ofe+afp)nlIp. (3.3)

Note that the FCA cross section appears as the sum of the free-electron and free-hole cross

sections. Hence, no information about fe/ a is obtained from this measurement. In the

numerical simulations, we have taken this ratio as unity. Numerical fits to experimental data

for each fluence were obtained by solving the material equations and the Maxwell's

equations in a self-consistent manner to obtain a best fit to data both near zero delay and at

positive delays. The same set of parameters of 13 = 27 cm/ GW, fe,=f, = 5 x10-18 cm2, and

o,[EL20] =oa[EL2+] =a/2 were used for these fits at all three fluences. These numerical

fits are also shown in Figure 3.3 by solid lines.
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FIG. 3.4. Normalized probe transmission in sample M076 as a function of TPA coefficient

/ at zero probe delay for three fluences.

The strong TPA dependence about zero delay seen in Fig. 3.3 allows for a separate

measurement of # to show the sensitivity of the numerical simulations on this parameter. In

Figure 3.4, we show theoretical curves for TI To versus 8 for the three fluences used in Fig.

3.3 (reduced by Fresenel reflection). The three data points were obtained from the zero-

delay data in Fig. 3.3, each with an error bar of 2 % in TI To. We obtain from this

procedure a value # = 27 cmlGW with a maximum error of about 22%, which is in a good

agreement with the value obtained by Boggess et al. (1985). By performing a similar analysis

for the data obtained at a delay of 200-300 psec, we obtain a measure of the free carrier

cross section. The results are shown in Figure 3.5. The error bars correspond to +1 %

change in TI To, which is smaller than the error bar for the evaluation of # because here a

large number of data points were averaged over for each fluence. Notice that in Fig. 3.5 the

small fluence measurement is subject to large errors in evaluation of the free carrier cross

section because of the relatively smaller signal-to-noise ratio. The evaluation is, therefore,
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obtained from the higher fluence measurements. This gives us a range of about 4 x10-18 cm2

<0, <7 x10-18 cm2, which is still subject to an error of about 30% and is consistent with

the value of 6 x10-18 cm2 at 2 pm reported by Blakemore (1982).

1.0

2.mJcm2

F = 6.28
0.9 --

F-

0.8

M076 F = 20.9

0.7 1 -
0 2 4 6 8 10

fe (= 0p), 1018 cm2

FIG. 3.5 Normalized probe transmission averaged over delays from 200 psec to 300 psec in
sample M076 as a function of FCA cross section for three fluences.

Having determined the TPA coefficient and FCA cross sections from the data of

sample M076, next we discuss the results from sample M043. Figure 3.6 gives the

normalized probe transmission for three fluences as a function of delay for the sample

M043. The same TPA coefficient and FCA cross sections are used in the numerical

simulations as for M076. Separate analyses for the S dependence and for the free carrier

cross section dependence were also performed for this sample. Good agreement with the

results obtained in sample M076 was achieved by using the same methods; these results are

encouraging and are shown in Figures 3.7 and 3.8. Unlike the sample M076, the pump

irradiation of M043 changes the [EL20]/ [EL2+1 ratio and hence the probe transmission. Fits
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to the data, therefore, allow us to extract ,/a. A ratio of a,/o, =l1. 32 (a,/o,=0.76) with

a cross section value o, =1.0x10-16 cm2 (as reviewed in Chap. II) were used in the

numerical fits of the data for all three fluences. These theoretical curves are shown by the

solid lines in Fig. 3.6.
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FIG. 3.6. Normalized probe transmission in sample M043 as a function of probe delay for
three fluences. The solid lines represent the numerical simulations using j =27 cm/GW
f, =C4p =5 x101 8 cm2 , and o,/Op =1.32 with o,=. O x10-1 6 cm2

The sensitivity of the measurement to the EL2 cross section ratio is illustrated by the

theoretical curves shown in Figure 3.9, where we show the variation in probe transmission

versus time-delay for ratios of o,/a, = 10, 2, 1 at a fixed fluence of 2 mJ/cm 2 . For these

curves, we have assumed 1EL20J >>[EL2 +] in the dark. Notice that for C, = 2a, and

a, = 10%o, the theory predicts bleaching of the absorption at positive delays, which is in

contrast to our observations. At this low fluence, where we do not expect significant free-

carrier absorption, we would observe such bleaching if it were present. Hence, our data are

more consistent with o, ~ , than with a, Cp.
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FIG. 3.8. Normalized probe transmission averaged over delay from 200 psec to 300 psec in
sample M043 as a function FCA cross section for three fluences.
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Figure 3.10 plots the normalized transmission versus apI;Q using a fixed a, value of

1.0 x10 16 cm2. When inserting data points which represents the average measured TI To

for the three fluences in the 200-300 psec range, we obtain an average ap,,/a, value of

0.76 0.1, which is consistent with the value used for the fits in Fig. 3.6 and provides a

measure of the error of about +12% in the analysis. This is reasonably consistent with the

result given by Vincent et al. (1982) and Chantre et al. (1981), but is inconsistent with the

other reported values (see, for example, Mitonneau and Mircea, 1979).

The probe transmission data in sample M043 also show the shoulder at the region of

50-100 psec. The duration of the shoulder is significantly shorter and the excess absorption

is smaller in M043 compared to M076. This suggests that the process causing the shoulder

is not intrinsic, but may be related to some other defect or impurity in the two crystals. In

view of the very different densities of carbon and of EL2 states in the two crystals, and the

indium alloying in M076, such a difference between the two crystals is not surprising.

However, we re-emphasize that the origin of these shoulders is not clear.

In summary, with the help of known parameters (see Table 3.1) obtained from other

measurements, the EL2 cross section ratio in semi-insulating GaAs is determined to be

a,, a = 0.76+0.1. An accurate determination of this cross section ratio is crucial to

understanding optical interactions in semi-insulating undoped GaAs, including nonlinear

absorption and the photorefractive effect. Again, there are large discrepancies in reported

values for this ratio. The TPA coefficient and the total free carrier cross section are also

evaluated from this technique, giving f = 27 cm/GW and (aft +o,) = 10 x10' 8 cm2 within

experimental errors of about +22% for ji and of about +30% for (o,e +f,).
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CHAPTER IV

FIXED-DELAY PUMP-PROBE TRANSMISSION MEASUREMENTS

In the previous chapter, we introduced the time-resolved, picosecond, pump-probe

technique and applied it to the measurement of the EL20/EL2+ absorption cross section

ratio and to the determination of the TPA coefficient and the FCA cross section in undoped,

semi-insulating GaAs. In this chapter, we discuss an alternative and complementary

measurement technique, which we refer to as the fixed-delay, pump-probe technique, and

we illustrate the technique by applying it to the same sample (M043) discussed in

Chapter III. This technique, which basically consists of measuring the fluence dependence

of the probe transmission while keeping the delay between the pump and the probe set at a

fixed value, allows us to determine the fluence regimes in which the various nonlinearities

dominate. By performing the measurement with zero delay between the pump and probe and

with a delay long compared to the pulse width but short compared to the recombination time,

we can isolate cumulative and instantaneous nonlinearities. Specifically, we use this

technique to extract the TPA coefficient and the free-carrier cross section in M043. By

using the EL20 /EL2 + cross section ratio measured and discussed in Chapter III along with

the linear absorption coefficient, we extract the densities of EL2 and EL2+ and demonstrate

consistency with the known values. We further extend our studies to a sample of undoped

semi-insulating GaAs with unknown EL2 concentration. This sample was purchased from

Morgan Semiconductors and is hereafter referred to as the undoped Morgan" sample. The

primary objectives of this study are two-fold: 1) to demonstrate that the methods developed

in this chapter can be used to analyze the EL2 and EL2+ densities in an arbitrary undoped

semi-insulating sample and 2) to obtain a detailed knowledge of the absorption properties of

52
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this sample required for the analysis of subsequent nonlinear refraction measurements using

this sample.

In the next section, we describe the measurement technique in detail. In Section 4.2,

we discuss measurements at zero delay, where both instantaneous and cumulative

nonlinearities must be considered. Next, in Section 4.3, we describe measurements with the

probe delay set at 100 psec, a time long compared to the duration of the optical pulses but

short compared to the recombination time in the sample. In each of the latter two sections,

we develop approximate analytical expressions for the inverse of the probe transmission to

explicitly illustrate the dependence on the various nonlinearities and the fluence regimes in

which each nonlinearity dominates. In Section 4.4, we use a detailed numerical model to fit

both sets of data and to illustrate the dependence of the material response on the differing

nonlinearities. Having developed the technique and demonstrated the analysis of the

measurement in previous sections using the well-characterized M043 sample, in Section 4.5

we describe the measurement results obtained in the undoped Morgan sample, including an

analysis of the EL2 and EL2+ concentrations. Finally, Section 4.6 contains our concluding

remarks regarding our measurements and analysis.

4.1 Picosecond Fixed-Delay Pump-Probe Transmission Technique

The concept behind the fixed-delay pump-probe measurements is suggested by the

form of the time-resolved pump-probe data shown in Figs. 3.3 and 3.6 and discussed in the

preceding chapter. For a sufficiently weak probe pulse, TPA of the probe is negligible

except near zero delay where the weak probe is spatially and temporally overlapped with the

much stronger pump, resulting in the simultaneous absorption of a photon from the pump

field and a photon from the probe field (see Eq. 3.2). For the lowest pump fluence, where

no significant free-carrier population is generated and no significant charge redistribution
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among the mid-gap levels occurs (when averaged over the spatial profile of the pulse and

over the sample thickness), this instantaneous absorption process, which again is important

only near zero delay, is the only induced absorption observed. As the pump fluence

increases, however, the cumulative effects of mid-gap saturation and free-carrier absorption

can no longer be neglected near zero delay. More importantly, these effects persist for

delays long compared to the pulse duration, i.e., where the instantaneous absorption process

(TPA) is no longer present. It is also clear from Figs. 3.3 and 3.6 that the cumulative and

instantaneous absorption processes have differing fluence dependencies, as discussed in

Chapter II. Hence, a measurement of the probe transmission as a function of fluence at a

delay long compared to the pulse duration and short compared to the recombination time

characterizes primarily the cumulative nonlinearities, while a similar measurement at zero

delay is primarily sensitive to TPA. Note that the cumulative nonlinear absorption processes

are not completely decoupled from the instantaneous absorption processes, however, since a

portion of the free-carrier absorption arises from TPA-generated free carriers.

The advantage of this technique is that it allows us to illustrate the fluence regimes

for which the various nonlinear absorption processes dominate. At zero delay and for

orthogonally-polarized pump and probe pulses (no interference), this technique essentially

provides the same information as a single-pulse nonlinear transmission measurement. Thus,

in what follows, zero-delay measurements have been replaced with single-pulse nonlinear

transmission measurements. For sufficiently low fluences, TPA dominates the nonlinear

absorption, but as the fluence increases above a critical value where significant free carriers

are generated, FCA begins to play an important role. We derive this critical fluence in the

next section. By contrast, at delays long compared to the pulse duration and at low fluences

where TPA-generated FCA is negligible, the measurement is sensitive primarily to the

cumulative effects of mid-gap saturation. In this case, the probe transmission is clearly
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sensitive to the relative densities of the EL2 0 and EL2 + states combined with the

corresponding optical cross sections. Above another critical fluence (derived in Section 4.3)

where significant carrier densities are accumulated, pump-induced FCA is expected to

dominate the nonlinear optical response for this measurement. By conducting these two

measurements, i.e., single-pulse and fixed-delay probe pulse transmission, in a

complimentary manner, we can obtain all the same information as was arrived at in the

previous chapter.

The experimental geometry and conditions for our single- and two-pulse

measurements are as follows. We used best form lenses of a focal length of 50 cm to focus

the pump and probe pulses to a diameter of 100 pm (FWIIeI). This yields a confocal

parameter of 1.5 cm, which is about a factor of 5 greater than the sample thickness. The

sample was positioned at the waist of the focused beam. For the single-pulse measurement,

the probe was blocked and the pump pulse impinged onto the sample at normal incidence.

For the pump-probe measurement, the pump and probe pulses were arranged to impinge onto

the sample with an angle of 2.250, which corresponds to about 0.7 separation between the

beams inside crystal. The probe pulse was arranged to arrive at the sample 100 psec later

than the pump, which is approximately a factor of three times the measured average pulse

width of about 35 psec (FWHM). We also fixed the probe fluence at a value of -0.1

mJ/ cm2 to satisfy the weak probe condition. Again, the two pulses were cross polarized and

a polarizer was placed in front of the probe detector to isolate the transmitted probe signal

from the pump, thus improving the signal-to-noise ratio. The transmitted single- or probe-

pulse signal was transferred to an integrating PIN Si photodiode using a 1:1 imaging system

consisting of a 2-inch-diameter 10 cm focal length lens placed midway between the sample

and the detector, which were separated by a total distance of four focal lengths. This

arrangement was shown to be insensitive to self lensing effects and ensured full signal
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collection.

4.2 Single-Pulse Transmission Measurement in M043

We start our discussions of the single-pulse results with a semi-quantitative analysis

by seeking approximate solutions for the pulse transmission for this measurement. At normal

incidence, the Maxwell's equation (2.31) for the single-pulse case can be written as,

o'
= -a(N-N+)I - o N+I- P2 -(fn, +a,n)I. (4.1)

We note that, due to the tensor nature of x0 and the anisotropy of GaAs, the 0 used in

Eq. (4.1) is not precisely equivalent to that used in Eqs. (3.2) and (3.3). The difference in

the two is small, however, and cannot be resolved within our experimental error. We,

therefore, neglect this distinction in what follows. This will be discussed further in

Chapter VIII and Appendix C.

Substituting N+, ne, and n, as expressed by Eqs. (2.21-23) into Eq. (4.1), we obtain a

new expression of the Maxwell's Eq.

a' = -a-I + Aa,(1-e- QIFS)I - 1 2

-TSSFCQ I -AYXFCF,(1-e- Q/Fs)I - (a,+a ,)Q 2 I . (4.2)

Here, the initial linear absorption coefficient is

= a,(N-NA) + a, NA, (4.3)

and the change in the linear absorption coefficient at steady-state due to the saturation is

Ac, = (ae-ap)(N,-NA ), (4.4)

with the steady-state linear absorption coefficient satisfying

a=%-Ac 3 . (4.s)
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The steady-state linearly-generated FCA coefficient is

1
YSSFC =~ e e (N-N)+Qjp u Nt,], (4.6)

and the change in the linearly-generated FCA coefficient due to the saturation is

1
AYXFC ~ 7(GefSefpp)(N-NA), (4.7)

with the initial linearly-generated FCA coefficient satisfying

YiFC YSSFC + AYXFC -(4.8)

In the above expressions, we notice that the coefficient for the absorptive nonlinearity, Aa,

vanishes for equal optical cross sections. However, since these cross sections are not equal

at 1.06 pm, the second term on the right hand side of Eq. (4.2) describes the effects on the

pulse propagation of the saturation of the linear absorption due to the repopulation of mid-

gap energy states. Notice that this term has an opposite sign compared to all others on the

right hand side of Eq. (4.2), i.e., it corresponds to saturation or bleaching of the absorption

as opposed to induced absorption. Because this term depends exponentially on the fluence,

this effect is more significant as the excitation increases. According to Eq. (4.5), at high

excitations (i.e., Q >>F,), the sum of the first two terms in Eq. (4.2) evolves to the steady-

state linear absorption, a,,I. The third term in Eq. (4.2) clearly accounts for two-photon

absorption. For the free-carrier absorption, Eq. (4.2) clearly distinguishes the contributions

between the carriers generated by single-photon transitions and those generated by two-

photon transitions. The FCA associated with single-photon-generated free carriers is

described by the fourth and fifth terms in Eq. (4.2). The first of these represents the steady

state contribution and the second represents the effects of deep-level saturation. We have

similar discussions for the linearly-generated FCA as for the saturation of linear absorption.

Note that for Q <<F,, these terms combine to give the initial FCA coefficient as described

by Eq. (4.8). We should point out, however, that the the change in the linearly-generated
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FCA is negligible since the magnitude of AyxFcF, is more than an order of magnitude

smaller than at, for typical parameters of GaAs. The last term in Eq. (4.2) is the TPA-

generated FCA and is dependent upon both the carrier accumulation by TPA and the FCA

cross section.

To obtain the pulse energy transmission from Eq. (4.2), we integrate this equation

with respect to the longitudinal coordinate z, the radial coordinate r, and time t. For our

pulses with Gaussian temporal and spatial profiles, we realize that there is no closed form

solution for Eq. (4.2). Therefore, either numerical codes or approximations are required in

obtaining a solution for this measurement. We first consider the latter approach.

For fluences well below the saturation fluence F, (--2 mJ/ cm2) and below the fluence

where TPA generates significant FCA (~6 mJI/cm2 for GaAs, as will be defined later), we

may neglect the TPA-generated FCA and apply a "constant shape approximation", which

assumes that the temporal and transverse spatial profiles of the pulse maintain Gaussian

shapes when propagating inside the medium. Eq. (4.2) can then be solved to yield a simple

straight line approximate solution for the inverse transmission as a function of the on-axis

incident fluence, Fa,

1 1 rF]
T T + , (4.9)

where To is the linear transmission defined by

To = (1-R1 )(1-R 2) exp(-aol), (4.10)

with the front and back surface reflection coefficients R1 and .R2, respectively, and the

sample length 1. In this low fluence regime, Eq. (4.9) clearly indicates that a plot of the

inverse transmission versus fluence will yield a straight line with intercept %0 and with a

slope that depends on the quantity F>. This critical fluence is defined by,
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1 1 1 1
F e FFCA 2'ITPA ESAT' (4.11)

where, t, is the pulse width (HWI/eM). In this expression, we have defined the following

critical parameters by comparing various optical processes to the initial linear absorption.

That is, the critical fluence for linearly-generated FCA

22%
FFCA (YSSFC +AyXFC)(1-R1)(1-exp(- l)) ,'(4.12)

is the fluence at which absorption associated with linearly-generated FCA is equal to the

initial linear absorption at the spatial center of the pulse and at the peak of the pulse in time.

The critical fluence that determines the importance of saturation of the mid-gap populations

is

FsAT (Aa 8 /F)(1-R1)(1-exp(-ctl)) . (4.13)

The critical irradiance for TPA is,

ITPA - #(1-R 1)(1-exp(-al))' (414)

which is the irradiance at which TPA is equal to the linear absorption at the spatial and

temporal center of the pulse. Using typical parameters for GaAs, we find that

FFcA =327 mI/cm 2, FsA T = 114 mJ/ cm2 , and the critical fluence for TPA is

V ITPA tp =12 mI/cm2 for 30 psec (FWHM) pulse. Notice that the critical irradiance

ITPA = 0.25 GW/cm2 is independent of the pulse width. Since the magnitude of each critical

quantity determines its relative contribution to the slope in Eq. (4.9), it is clear that TPA

dominates the slope of the inverse transmission at low fluences in the single pulse

transmission measurements. This conclusion is supported by the behavior of the data near

zero delay in Figs. 3.3 and 3.6 for the time-resolved measurement, which clearly shows the

dominance of the instantaneous induced absorption for small time delays. Hence, by knowing
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the linear absorption, a linear fit to the slope of the single pulse data at low fluences can be

utilized to extract the TPA coefficient. We emphasize that this approach will be justified by

comparing the numerical simulations for different processes in this measurement, as we will

discuss in Section 4.4.

4,

3.5

mU

3

TPA Coefficient: 17 cm/GW

0 0.1 0.2 0.3
IRRADIANCE, GW/cm2

FIG. 4.1 Initial Linear least squares fit to single-pulse inverse transmission data at low

irradiances for the M043 sample. This procedure yields a TPA coefficient of

-= 17 cm/ GWin this sample.

The results of the single-pulse transmission measurement conducted in sample M043

are shown in Figure 4.1. As expected from our analysis, the data at low irradiances lie on a

straight line with a slope of 1/ To2F , which provides a TPA coefficient of # = 17 cmlGW.

The linear nature of the data indicates that TPA dominates the saturation in the deep level

absorption even at the lowest irradiances. At the highest irradiances in Fig.-4.1, the data

clearly depart from the linear slope of the fit. This deviation is a consequence of spatial

integration over the Gaussian profile, i.e., the attenuation due to TPA is much stronger in

the central portion of the spatial profile than in the wings.
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Notice that the value of 3 extracted from this measurement is somewhat smaller than

the one obtained from the time-resolved pump-probe measurement on this same sample. It

is, however, in reasonable agreement with the reported experimental value of 23 cml GWand

the theoretical prediction of 19.7 cml GW by Van Stryland et al. (1985). The difference in

our two measurements is within the experimental error of - 22%. We will further see that

the value of f obtained here yields a self-consistent numerical fitting for both single- and

two-pulse data.

4.3 100 psec Fixed-Delay Pump-Probe Transmission Measurement in M043

Distinct from the single-pulse measurement, the 100 psec fixed-delay pump-probe

transmission data display features that are quite different and more complicated. Because the

probe pulse is sufficiently weak, the TPA due to the probe alone does not play a significant

role in this measurement and is neglected in our model. Furthermore, since the weak probe

does not generate a significant number of carriers and the recombination time is long

compared to the 100 psec delay, we neglect recombination and consider the material

equations at a time limit t = + oo. The Maxwell's Eq. (2.31) can then be written as,

=-a.I, + Aa,(1-e-FFs)

'YssFCFIP -A yxFCF,(1-e- F/Fs )IP - i (g+ufp)F2Ip, (4.15)

where F=F(r,z) is the pump fluence and F2 = j 2 dt is associated with the carrier
-oo

generation by pump-induced TPA.

Notice that Eq. (4.15) is complicated by the dependence of the probe propagation on

the pump pulse. We can still, however, obtain approximated solutions in certain limits.

Again, we assume Gaussain temporal and spatial pulse shapes for both the pump and probe.
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Eq. (4.15) can then be solved in different fluence regions. For fluences well below F,

(~2mJ/ cm2), we neglect the TPA-generated carriers and Eq. (4.15) is then solved to yield a

straight line approximate solution for the inverse probe transmission,

1+ 2 ,F(4.16)

where, F is the on-axis incident pump fluence for the two-pulse case, and the slope is

determined by
1 1 1

FcP FFCA FSAT
1 1 1

and 2--+-i-, (4.18)
reff r0 rp

where, r0 and r, are the incident irradiance spot sizes (HWI/el) for the pump and probe

beam, respectively. For r = r0, 2(re/ff Irp,)2 = 1. Recalling the estimates for FFCA and

FSA T (327 mJ/ cm2 and 114 mJIcm2, respectively), it is clear that the second term in

Eq. (4.17) dominates the slope in Eq. (4.16) at very low fluences and an initial negative

slope is, therefore, predicted. This shows that the saturation dominates the material response

in this region and low-fluence data can in principle be used to extract the EL2 cross section

ratio, O,/O,.

As the pump fluence increases, the absorption through the mid-gap EL2 deep level

reaches its steady-state value and FCA starts to dominate the probe absorption. More

importantly, a significant number of free-carriers is generated at these fluences. The TPA-

generated FCA, therefore, must be taken into account in our calculation. For applied pump

fluences in the range of F, <F0 <<FFCA , a steady-state approximate solution can also be

achieved to yield,

1 [1+2 F JL F +3 rtJZL.], (4.19)
T Tss p FCFC r2 P FJPA

where, we have defined the critical fluence for steady-state linearly-generated FCA,
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2F -,+A3YxFcF,)
CFC 'YSSFC(-Rl)(l-exp(-(oa,,+AYxFcF,)l)) 

'

with the steady-state linear absorption coefficient

s, = e,(N-Ni ) + a,, IZ. (4.21)

A critical fluence that is associated with TPA-generated FCA is defined as

12V (a,+AYXFCF,)hw t4FTPA - [(o,+oGf,) (1-R 1 )2 (1-exp(-2(; +aYXFCF,)l)) . (4.22)

Also in Eq. (4.19)

1 2 1
r2= + ,(4.23)
e 0 p

and the steady-state linear transmission is

T,, =(1-R 1)(1-R 2) exp(-asl). (4.24)

Again, for GaAs, one obtains FCFC =524 mJI/cm2 and FTPA =57 mJ/ cm2 for 30 psec

(FWHM) pulses. It is clear that Eq. (4.19) indicates a different probe response from the one

in the low fluence regime. Furthermore for psec pulse excitation, it is also clear that the

quadratic term in Eq. (4.19) (i.e., the (FCA)TPA) will tend to dominate the probe response

in this fluence regime. The critical fluence at which (FCA)TPA begin to dominate the probe

response is obtained by setting the quadratic term to be equivalent to the linear term in

Eq. (4.19). When, = r0 , i.e., the probe has the same spot size as the pump, the value of

this critical fluence is found to be -6 mJ/ cm2 by using the above estimations for FCFC and

FFCA at 30 psec (FWHM) pulse excitation.

The two-pulse data of probe inverse transmission versus pump fluence performed in

M043 are shown in Figure 4.2. Although the signal to noise ratio is poor at the lowest

fluences, we clearly observe a flat region in the data. Since the absorption associated with

EL2 saturates somewhat as the fluence increases, we attribute the flat response to a
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competition between this absorption saturation and the induced absorption associated with

free carriers. Clearly, the functional form of the data in this fluence range contains

important information about the mid-gap levels, but again we must numerically analyze these

data to obtain quantitative information.

Although we can gain significant insight into the physics associated with this

measurement in different fluence regimes by studying the above approximate solutions, a

detailed analysis of the material response over the entire fluence range of interest requires

numerical simulation. Hence, in the next section we describe numerical simulations which,

when compared to our measurements, allow us to extract quantitative information regarding

the EL2 densities and the FCA cross section. Features described in the approximated

solutions will be illustrated more clearly in the numerical analysis.

4.4 Numerical Analysis for the M043 Data

In this section, we discuss the numerical analysis of the 100 psec fixed-delay data

shown in Fig. 4.2. In particular, by taking the EL2 and EL2+ cross sections as known (i.e.,

we use the values determined in Chapter III) and by using the TPA coefficient obtained from

the single pulse data, we extract values for the EL2 and EL2+ densities that are consistent

with the known concentrations, and we determine a value of the free carrier cross section

that is in reasonable agreement with that obtained from the time-resolved pump-probe data.

Utilizing our knowledge of the EL2 cross sections (o, -1.0 x10-16 cm 2 ,

o, ~0.8 x10-16 cm2) and the j (17 cml GN) from the single-pulse measurement, we have

performed numerical fitting to the two-pulse data by adjusting the EL2 concentration. The

best fit to the data in Fig 4.2 yields a total EL2 density in this sample of ~1.23 x 1016 cm-3 ,

which is in excellent agreement with the value of 1.24 x 1016 cm 3 used in Chapter III. Using

this value, the known cross sections, and the known linear absorption coefficient in

Eq. (4.3), we obtain a dark EL2+ density of w1.5 x1015 cm-3 that is also consistent with
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FIG. 4.2.a The probe inverse transmission as a function of the pump fluence in sample
M043 at a probe delay of ~100 psec. The solid curves show the sensitivity of the numerical
fitting to the EL2 concentrations of 1.2 x10 16 cm-3 , 1.23 x101 6 cnr3 , and 1.35 x10 16 cm-3 .

These simulations were obtained at a fixed EL2 cross section ratio of o1,/ e = 0.8 and a
total FCA cross section of o,+oGfp = 8.5 x10-18 cm2 .
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Fig. 4.2.b The same data as shown in Fig. 4.2.a. The solid curves show the sensitivity of the
numerical fitting to the EL2 cross section ratios of c, /i, = 0.7, 0.8, 0.9. These simulations
were obtained at a fixed EL2 concentration of 1.23 x1016 cm 3 and a total FCA cross
section of oft,+aG = 8.5x10- 18 cm 2 .
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the value of ~1.4x1015 cm-3 measured by Klein (1984) in this same crystal. Also in this

procedure, we have extracted a total FCA cross section of 8.5 x10"18 cm2 by fitting the data

at high fluences. Again, this is in good agreement with the result obtained in the last chapter

within the experimental error of about +30% for the measurement of this quantity.

The three curves in Fig. 4.2.a show the sensitivity of the numerical fitting to the EL2

concentrations for values of 1.2 x101 6 cm-3 , 1.23 x1016 cm-3 , and 1.35 x1016 cm-3 . Note

that the lowest value corresponds to the minimum EL2 concentration that can be inferred,

given the linear absorption coefficient and the known value of or,. The middle value gives

good agreement with the data, while the upper value, which differs by only 10%, clearly does

not agree with the data. Hence, such measurements and analysis allow us to determine the

EL2 concentration to well within 10%, provided we take o, and o as known. The sensitivity

of our fits to the EL2 cross section ratio is illustrated in Fig. 4.2.b for the three ratios of

0.7, 0.8 and 0.9 at a fixed EL2 concentration of 1.23 x 1016 cr-3 . These curves, clearly

show that the fixed-delay pump-probe measurement is very sensitive to the EL2 cross

section ratio and confirm the values extracted from the time-resolved measurements

discussed in Chapter III.

The features shown in the data are further understood by performing numerical

simulations in which we systematically activate the different nonlinear processes. Such a

study for the single-pulse transmission data discussed in Section 4.2 is shown in Fig. 4.3.

Here, we show theoretical curves for which we allow 1) single-photon absorption (IPA) and

saturation only, 2) single-photon absorption and free-carrier absorption only, 3) two-photon

absorption only, and 4) TPA and TPA-generated FCA only. As seen, it is clear that the

instantaneous TPA process dominates the single-pulse transmission measurement at our

pulse duration of ~30 psec, while the contribution from TPA-generated FCA is fairly small

compared to the TPA. The other feature is that the contribution from deep-level saturation



67

5
M043 sample

4.5
45-TPA 

+ (FCA) WA

4 TPA ony

4I-

3.5

3 1PA + (FCAPA

Dee -level saturation only

2.5-
0 5 10 15 20 25 30

FLUENCE, mJ/cm2

FIG. 4.3. Numerical simulation for contribution from separate processes for the single-pulse

measurement in the sample M043. The single-pulse inverse transmission data over a wide

fluence range is also shown for comparison.

makes a small negative contribution to the slope in the low fluency regime, as expected, and

the effect itself saturates to a steady state value at high fluences. It is also clear that deep-

level saturation provides some degree of compensation for FCA; the net effect is that the

calculated curve including all processes is very close to the one for TPA only.

Similar simulations for the two-pulse measurement are illustrated in Fig. 4.4 for the

cases where we allow for 1) single photon absorption (1PA) and deep-level saturation only,

2) IPA and IPA-generated FCA only, and 3) TPA-generated FCA only. We emphasize that

each theoretical curve is obtained using parameters that provide a best fit to the data over

the entire fluence range and that the best fit is the sum of the three curves in Fig. 4.4. It is

clear from the numerically-generated curves that the initial flat response is a consequence of

competition between FCA and deep-level saturation. Above about 6 mJ/ cm2, TPA-generated

FCA becomes significant, as we predicted from Eq. (4.23), and it eventually dominates the
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FIG. 4.4. Numerical simulation for contribution from separate process of 1). single-photon

absorption (IPA) and deep-level saturation, 2). 1PA and iPA-generated FCA, and 3). TPA-

generated FCA for pump-probe transmission measurement in the sample M043. The probe

data are also plotted in the graph for comparison.

response. Nevertheless, if we were to neglect the competing effect of deep-level saturation,

we would significantly underestimate the free-carrier cross section.

We emphasize that a single set of parameters was used for the above analysis and for

best fits for both the single- and two-pulse data. These parameters are, a = 1.2 c- 1,

a, = 10-16 cm2 , a, = 0.8 ce, N = 1.23 x1016 cm-3 , NA = 1.5x10 15 cm-3, 3 = 17 cm/GW,

and (e +,) = 8.5 x 10-18 cm2 . From these parameters, the saturation induced change in

the linear absorption Aa, is found to be -0.1 cu-' and the steady-state EL2+

concentration, N,, is -0.68 x101 6 cm-3 .
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4.5 Measurements in the Morgan Sample

The Morgan sample is a high purity, semi-insulating undoped GaAs crystal and has a

resistivity on the order of 107 0-cm. This sample is a 3-mm-thick, 1-inch-diameter wafer

cut in (111) direction and on one surface has a broad-band anti-reflection coating centered

at 1 pm. The absorption spectrum of this sample is very similar to the one obtained for the

sample from the middle of boule M076. Given this characteristic absorption spectrum and

the fact that the sample is nominally undoped and semi-insulating, we infer that EL2 is the

dominant defect in this sample. The sample has a linear absorption coefficient at 1.06 pm of

0.92 cm-' but unknown EL2O/EL2+ concentrations. This sample is of considerably better

optical quality, i.e., surface figure, flatness, and parallelism, than either sample M043 or

sample M076. Such properties are necessary for measurements of nonlinear refraction,

which will be discussed in Chapter V, and therefore the measurements of nonlinear

refraction reported in the next chapter were all conducted on this undoped Morgan sample.

The motivations for conducting a nonlinear absorption study in this sample are 1) we

will determine the EL2/EL2+ concentrations for this sample by using the methods

introduced in the preceeding sections of this chapter, thereby demonstrating the practical

utility of the technique, 2) we will characterize the nonlinear absorption constants and show

consistency with our measurements on the other undoped, semi-insulating samples, and 3)

we will obtain a complete characterization of the absorptive properties and photogenerated

carrier distributions in this sample, a knowledge required for the interpretation of the

nonlinear refraction measurements discussed in the next chapter. The measurements

reported here, in conjunction with the nonlinear refraction measurements in the next chapter

will, therefore, provide a complete characterization of the optical nonlinearities in this

sample at 1.06 pm.
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FIG. 4.5. Initial linear fit to single-pulse data at low irradiances for undoped Morgan sample.
This procedure provides a TPA coefficient of 20 cmlGWin this sample.

The results of both the single- and two-pulse measurements in the undoped Morgan

GaAs wafer behave similarly as the results obtained in sample M043. As shown in Figure

4.5, the single-pulse data at the lowest irradiances lie on a straight line with a slope of

1/ T0 2F>, which provides a TPA coefficient of jY = 20 cmlGW. Within our experimental

error (~20%), this # value is indistinguishable from that obtained in sample M043 and also

is in good agreement with the theoretical prediction of 19.7 cml GW (Van Stryland et al.,

1985). As the irradiance increases, the single-pulse data again depart from the straight line

as a consequence of the Gaussian spatial profile of the beam.

As was the case for sample M043, the 100 psec fixed-delay pump-probe data

(Fig. 4.6) clearly show the influence of deep-level saturation. Recall that competition

between this saturation and FCA gives rise to the initial constant transmission with

increasing fluence. By using our measured values of the EL20/EL2 + optical cross section

ratio obtained in Chapter III and the fi from the single-pulse measurement, we fit these data
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FIG. 4.6. The probe inverse transmission as a function of the pump fluence in undoped
Morgan sample at a probe delay of -100 psec. The solid curves show the sensitivity of the

numerical fitting to the EL2 concentrations of 0.92 x101 6 cn- 3 , 0.96 x10 6 cM-3 , and

1.06 x10 16 cM-3 . These simulations were obtained at a fixed EL2 cross section ratio of

a /a, = 0.8 and a total FCA cross section of , +q, = 9 x10 18 cm2 .

by adjusting the EL2 concentration. A total EL2 density of -0.96x101 6 cm-3 is obtained

from these fits, and by using the unsaturated linear absorption coefficient of 0.92 cn-1, we

extract a dark EL2+ density of -2.0 x1015 cm-1 for this sample. Also in this procedure, the

fit to the high fluence data yields a total FCA cross section value of 9 x10-18 cm2 , which is

indistinguishable from the value obtained in sample M043. The result of this numerical fit is

shown by the middle solid curve in Figure 4.6. The other two solid curves in Fig. 4.6 show

the sensitivity of the numerical fitting to the EL2 concentrations for the values of

0.92 x10 16 cm-3 and 1.06 x1016 cM-3 . Again, the lowest value corresponds to the minimum

EL2 concentration that can be inferred given the known cross sections and the unsaturated

linear absorption coefficient. The upper value, which differs from the value used for the

best fit by only 10 %, clearly does not agree with the data.
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FIG. 4.7. Final fits for both single- and probe-pulse inverse transmission data by using the

same set of parameters in the undoped Morgan sample. These parameters are

a = 0.92 cm-1,a, = 10-16 cm2, a, = 0.8 ae, N = 0.96 x1016 cm-3,
NA = 2.0 x10 15 cm-3 ,l = 20 cm/GW,and (of,+,cfp) = 9x10- 18 cm2 .

In Fig. 4.7 we present the final fits for both the single- and two-pulse inverse

transmission as a function of fluence. The same set of parameters was used for both fits:

c = 0.92 cm-1, e = 10-16 cm2, a, = 0.8uo,, N = 0.96x1016 ncm 3 , NA = 2.0x10 15 cm-3 ,

0 = 20 cm/ GW, and (fe, +of,) = 9 x10-18 cm2. From these parameters, the saturation

induced change in the linear absorption A;, is found to be 0.07 cm-1 , the steady-state EL2+

concentration, N,, is 0.53 x1016 cn- 3 .

It is clear from the data and analysis that this undoped sample is very similar to the

M043 sample. An important distinction to be made, however, is that the undoped Morgan

sample is (111) oriented as compared to (110) orientation for M043. The implication of this

is that, to within our experimental error, the nonlinear optical properties are independent of

crystal orientation. An even more important point is that the (111)-orientation of the
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Morgan sample makes it unsuitable for conventional photorfractive measurements. Such

measurements were crucial to the characterization of the EL2 + concentration in M043.

4.6 Conclusions

By applying fixed-delay pump-probe transmission techniques to sample M043, we

have extracted the EL2 concentration and macroscopic nonlinear absorption parameters that

are consistent with the results obtained from the study in Chaper Ill, where we used a time-

resolved pump-probe technique. In this sense, we have experimentally verified the

equivalency of the fixed-delay and time-resolved pump-probe techniques. In addition, by

analyzing the approximated solutions for the measurements for specific fluence regimes and

by performing a detailed numerical analysis of the data, we have achieved a better

understanding of the roles of each nonlinear absorption process in optical interactions in this

material. Based on this, we extracted the EL2 concentration as well as the nonlinear

absorption constants in an arbitrary undoped sample (undoped Morgan sample) using the

same technique.



CHATTER V

MEASUREMENT OF NONLINEAR REFRACTION OF GaAs

In this chapter, we describe our measurements of the instantaneous and cumulative

nonlinear refraction constants, n2 (or y) and neh, respectively, in the undoped Morgan

sample. Again, this sample was chosen for these measurements because of its superior

optical quality, and the characterization of the nonlinear absorption in the previous chapter

was a necessary prerequisite for the present studies. The measurement and analysis of

nonlinear refraction in GaAs at 1.06 pm are generally complicated by the fact that both

instantaneous and cumulative nonlinear refraction are simultaneously present. Here, we use

two distinct picosecond pump-probe techniques, similar to those used previously for the

nonlinear absorption measurements, to isolate these two types of refractive nonlinearities.

Specifically, in Section 5.1 we separately measure the free-carrier index change per

photogenerated carrier pair, nh, by using a fixed-delay, pump-induced probe-deflection

technique. After determining neh from this measurement, we extract the bound-electronic

nonlinear refractive coefficient, -y, by using a single-pulse, z-scan technique, as is described

in Section 5.2.

5.1 Measurement of Free-Carrier Refraction

Recalling Eq. (2.32), we recognize that the phase distortion of a picosecond pulse in

GaAs is governed by both free-carrier and electronic Kerr refraction. The pump-induced

probe-deflection technique described below was developed to effectively eliminate the

electronic Kerr refraction from our measurement, leaving only the free-carrier induced

refraction for investigation. The idea of this technique is to optically generate a spatial free-

74
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carrier distribution by the pump and to detect the induced refractive index change by a weak

probe before significant recombination occurs. The goal of this technique is then to obtain a

reliable measure of the index change per photogenerated carrier pair, neh . In what follows,

we describe the experimental technique, data analysis technique, and finally, the

measurement results.

5.1.1 Picosecond Pump-Induced Probe-Deflection Technique

Although this technique is similar in design to the pump-probe absorption

measurements, there are important distinctions. Here, we take advantage of the fact that the

pump pulse induces not only a change in absorption but a change in refraction as well. Since

the pump has a nonuniform irradiance distribution, i.e., a Gaussian spatial profile, gradients

will exist in the index of refraction during and after excitation. When a weak probe pulse

impinges on such a gradient, it will be deflected, much as if it had passed through a prism.

Furthermore, by delaying the probe pulse by a time long compared to the pulse duration but

short compared to the recombination time, the amount of deflection will be determined by

only the free carrier index change; the instantaneous bound electronic nonlinear refraction

will play no role. Thus the technique allows us to uniquely determine neh .

Figure 5.1 schematically shows the specific measurement configuration for this

technique. The average temporal width for the pump and probe pulses was 34 psec (FWHM)

for this measurement. The incident fluence of the probe pulse was fixed at -0.3 mJ/ cm2

and the probe was arranged to arrive at the sample about 70 psec later than the pump, a time

that is greater than the pulse width but much less than the carrier recombination and

diffusion times. The spatial width of the probe was arranged to be a factor of 10 narrower

than the pump so that the probe could be arranged to interrogate a region of the sample with

a nearly linear gradient in the refractive index. The pump pulse was collimated to a diameter
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FIG. 5.1. Configuration of pump-induced probe-deflection measurement technique. A

defocusing nonlinear refraction is assumed in the graph. An analyzer is placed in the probe

path to eliminate scatter from the orthogonal polarized pump. A probe delay greater than the

pulse width is used in our measurements.

of 1 mm (FW1/el) by using an inverted telescope with a magnification factor of 2, while the

probe was focused to a spot size of 100 pm (FW/el) by a best-form lens of a focal length

of 50 cm. The incident probe pulse propagated parallel to the pump and impinged on the

sample at near normal incidence at the inflection point of the pump irradiance profile. For a

Gaussian spatial distribution of radius ro, this point is r0/V from the pump beam axis. The

pump induced probe-deflection was then measured as a function of the pump fluence.

Since the probe-deflection is usually quite small in magnitude, this technique requires

a detector with high spatial resolution as well as high sensitivity. For our measurements we

used a two-dimensional vidicon detector coupled with an optical multichannel analyzer

(OMA). The deflected probe beam was detected by the vidicon detector located 30 cm

behind the sample, and each probe beam profile was recorded by the OMA for each pumping

fluence. To reduce scattered pump light, the pump and probe were orthogonally polarized,
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and an analyzer, which was set to reject the pump polarization, was placed in front of the

vidicon. The lateral deflection of the probe was measured by determining the shift of the

probe relative to its position measured in the absence of the pump. In this procedure, the

shift was measured in channel numbers on the OMA and then converted to distance using the

fact that one channel corresponds to a 25 pm spatial dimension. These spatial shifts were

then converted to deflection angles using the known distance between the sample and the

vidicon detector. For the OMA used in our experiment, we have estimated a sensitivity for

this technique of about X/100 in phase front distortion. This sensitivity could be improved by

use of a position sensing detector. Noting that, in general, the probe need not necessarily be

at the same wavelength as the pump (e.g., Raman shifting or parametric amplification might

be used to generate a different probe wavelength), this technique can be extended to provide

spectral resolution for studies of nonlinear refraction, as well as the temporal resolution.

The disadvantages of this technique are that the experimental setup is relatively complicated,

and the extraction of neh requires a quantitative knowledge of the pump-induced carrier

distributions. The latter, of course, is readily obtainable if the absorptive properties of the

sample are completely characterized.

The mechanism for probe-deflection is further understood by considering the

interaction processes at different excitation levels. For sufficiently low excitation levels,

such that there is no significant density of optically generated carriers, the probe pulse is

linearly transmitted through the sample and propagates along its original path. As the

excitation increases, the intense pump pulse generates a significant number of "spatially

localized free-carriers" in the sample by single- and two-photon transitions. These free-

carriers in turn modulate the refractive index to form a refractive index distribution

determined by local carrier densities throughout the sample. The deflection of the time-

delayed probe pulse from this index distribution then occurs as a result of the continuous
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interaction with the gradient of these index profiles. Clearly, the deflection is optimized at

the position where the transverse index profile has the steepest variations, i.e., at the

inflection points. After passing through the sample, the probe pulse propagates in a direction

determined by the "deflection angle". The direction and magnitude of this deflection angle

thus provide the sign and magnitude of the induced free-carrier index change.

5.1.2 Beam-Deflection Model

In this section, we develop a model for the probe beam deflection, beginning with an

Eikonal model for the deflection angle followed by a development for the spatial distribution

of optically-generated free carriers.

Probe-Deflection Angle

According to Born and Wolf (1975) and Yariv and Yeh (1984), in the paraxial

geometric optics limit, the propagation of a 'probe ray" in an index distribution field can be

described by a second order differential equation that may be obtained from the Eikonal

equation,

Or an 02r an

Oz z n g = .7, (5.1)

where, n = n(r,z) is the refractive index distribution in the medium, which in the present

case is the background refractive index plus the free-carrier index distribution produced by

the pump pulse, i.e., n(r,z) = nb + nek Neh (r,z). Generally speaking, for given boundary

conditions, a measure of the probe-deflection can be achieved by the numerical solution of

Eq. (5.1), provided that the index distribution is known in advance.

However, if we consider that the transverse Gaussian shape pump pulse induces a

Gaussian shape free-carrier profile at a thin layer of Az in the medium, we may assume that

the induced index profile has the following dependence on the distance, r, from the polar
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axis:

n(r) = n, - IAnoI e(r/rn) 2 , (5.2)

where, lAnd| is the on-axis free-carrier index change and r is the width (HW1/eM) of the

pump-induced index profile. Note that r is generally different from the spatial width of the

pump pulse since the carrier generation considered here depends on both the linear and

nonlinear optical transitions. Based on the assumption of Eq. (5.2), we will consider the

induced phase front change of the probe ray in this index field in order to obtain an explicit

solution for our problem. We assume that the probe beam is much narrower than the pump

and that it impinges on the sample at normal incidence at r=xo, as shown in Figure 5.2. The

optical path difference of the deflected probe with respect to an undeflected light ray is,

according to Eq. (5.2),

r

PROBE X
FIG. 5.2. Diagram schematically shows

l the phase front variation of a probe

beam in a defocusing index field

described by Eq. (5.2).

SAMPLE

A = - lAnod (e(rlrn) 2 
- e(xo/rn)2 )l, (5.3)

where, 1 is the sample length. For a small phase distortion, we expand the exponential terms

of Eq. (5.3) in a Taylor series about x0 and keep the terms up to first order as an
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approximation. We then find

A =IAnoI $4@o e rn)r (r-xo).(5.4)
n

Applying Snell's law of refraction and recognizing that the slant angle of the new phase front

is tanc' = A In, (r-x0), we obtain an approximate expression for the deflection angle a' for

small probe-deflections,

sin a' =IAn .e2l(r . (5.5)

Notice that this simple expression estimates the final effect on the probe ray caused by the

pump-induced index profile, which in reality varies with distance through the sample. Thus,

we have treated the |AnJ and r7 in Eq. (5.2) as the quantities averaged over the sample

length when deriving Eq. (5.5). At this point, however, we emphasize that the application of

Eq. (5.5) must be justified, since GaAs is highly optically nonlinear at 1.06 pm, and the

assumptions leading to Eq. (5.5) may be valid only in certain limits.

Electron Spatial Distribution

As described in Chapter II, the free-carrier index change is directly proportional to the

carrier-pair concentration with a proportionality constant, neh . Thus, extracting nch requires

a detailed knowledge of spatial carrier distributions, i.e., density profiles, widths, etc. Taking

advantage of the known absorption properties of undoped GaAs as determined in the first

four chapters of this dissertation, we can perform a detailed analysis of the photoinduced

spatial carrier distribution with the help of numerical simulations.

In GaAs, because the reduced effective mass for a free electron-hole pair is controlled

primarily by the electron, the behavior of the electron distribution determines the main

features of free-carrier refraction (see Eq. (2.16)). We therefore anticipate the major

contribution of electrons in the beam deflection measurement and approximate the electron-
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hole pair density profile by the electron density profile. We will then discuss the behavior of

the electron density as a function of spatial coordinates at different fluences in the undoped

Morgan sample.

Spatial electron profile, @ 01 mJ/cm2

0.3

E 02 HW1/eM, mm

.0.5

D 0.1

0.05 :.:.0 :.

00 0.27 0.54 0.81 1.08 1.35

r, mm

FIG. 5.3 Electron concentration as a function of distance from polar axis at the front,

middle, and back of the undoped Morgan sample for an excitation fluence of 1 mJ/ cm2 with

a spatial width (HWI /el) of 0.5 mm.

We consider the incident pump pulse to have a spatial width of 1 mm (FWII eM) and a

temporal width of 30 psec (FWHM). Of concern here is the spatial distribution of electrons,

generated by single- and two-photon optical transitions, after the passage of the pump pulse.

These two generation processes have different signatures in the electron spatial distribution.

We first consider the spatial profiles of the electron density at low fluences. Figure 5.3

illustrates the electron densities as a function of radial distance from the polar axis and the

corresponding widths (HWI /eM) at the front, middle, and back of the sample for a pump

fluence of 1 mJ/ cm2. The photoinduced carrier profiles are found to be nearly Gaussian

with widths approximately equal to the beam width throughout the sample. The latter
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indicates that the generation of electrons at this low fluence depends primarily on linear

absorption through the mid gap level. At this fluence, TPA has only a small influence on the

electron distributions. This is clearly illustrated in Figure 5.4, where we reproduce the

Spatial electron profile, @ 01 mJ/cm2
0.3-

0.25-

0.2HW1/eM "'0.51 mm
(0

0.15-

0.1 
0

00 0.27 0.54 0.81 1.08 1.35 ,oL

r, mm

FIG. 5.4. Electron concentration generated by linear absorption (j3=0) as a function of

distance from the polar axis at the front, middle, and back of the undoped Morgan sample at

1 rnJ/cm2 .

results shown in Fig. 5.3 but with 8 =0. For these low fluences, we can obtain a good

approximation to the deflection angle by averaging the on-axis carrier density through the

sample and using the radius of the pump beam irradiance for r,, in Eq. (5.5).

The situation at 10 mJ/ cm2, however, is quite different, as is clearly shown in Figure

5.5. The transverse electron profiles at this fluence essentially maintain a Gaussian shape but

are dramatically influenced by TPA. We know from the results discussed in previous

chapters that TPA dominates the overall absorption at this excitation level and, hence,

controls the carrier generation dynamics. Since the TPA depends on the square of the

irradiance, i.e., n, and for a Gaussian spatial profile the width of 12 is a factor of t2
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narrower than the width of irradiance, we anticipate that the electron spatial distribution

should be narrower when this process dominates the absorption. For an irradiance with a

HWI/eM spatial width of 0.5 mm, the width of 12 is 0.35 mm, which is in excellent

$ Spatial electron profile, @ 10 rnJ/cm2

7

E 5
HW1 /eM, mm

4

0

0 0.27 0.54 0.81 1.08 1.35
r, mm

FIG. 5.5 Electron concentration as a function of distance from polar axis at the front,

middle, and back of the undoped Morgan sample for an excitation fluence of 10 mJ/ cm2

with a spatial width (HWI/eI) of 0.5 mm.

agreement with the width of the electron distribution at the front surface of the sample.

Another consequence of TPA at this fluence is that the central portion of the beam is

depleted as it propagates through the sample, resulting in beam broadening. This is illustrated

in Figure 5.6, where we plot the spatial distribution of the fluence at different locations in

the sample. Near the back surface, such a broadened, less intense beam reduces the

influence of TPA and broadens the electron density profiles, as is evident from Fig. 5.5. The

features described here are more pronounced at still higher fluences. This dramatic

longitudinal (z) dependence of the electron spatial distributions clearly indicates that a

detailed knowledge of the carrier distribution is required to analyze data in the high fluence
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FIG. 5.6 Fluence as a function of distance from polar axis at the front, middle, and back of
the undoped Morgan sample under 30 psec (FWHM) pulse excitation at 10 mJ/ cm2 with a

spatial width (HWI/eI) of 0.5 mm.

regime.

To summarize, we can make the following conclusions from the above analysis for

photogenerated electron profiles generated in GaAs by picosecond pulses at 1.06 pm:

1). A Gaussian shape pulse induces near-Gaussian shape transverse carrier

distributions;

2). the magnitude and width of the induced carrier profiles are controlled by linear

absorption through mid-gap levels at low fluences (~A mJ/ cm 2), but are dramatically

influenced by TPA at higher fluences (~10 mJ/ cm2);

3). the widths of the carrier profiles varies little throughout the sample length at low

fluences but at high fluences varies significantly.

From these conclusions, we recognize that, in general, a detailed knowledge of the linear and

nonlinear absorption properties of the material must be obtained and numerical simulations
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based on the differential equation (5.1) must be performed to extract neh from the beam

deflection data. On the other hand, Eq.(5.5) may be used for a simple estimate of IAno| at

low fluences by replacing the width of the index profile with the width of the pump pulse.

This provides an extremely simple means of obtaining an estimate of the free-carrier index

change from the data without a detailed knowledge of the carrier distribution. Moreover, as

we show below, by using Eq. (5.5) in conjunction with numerical estimates of the average

width and magnitude of the electronic spatial distribution, we obtain excellent agreement

with the full numerical analysis.

5.1.3 Results for Free-Carrier Refraction

Having provided the necessary background for the experimental technique and data

analysis, we now present our results for the beam deflection measurements. The sample used

in this study is the undoped Morgan sample introduced before, and the results of the beam

0.4

0.35-

0.3-

0.25-
0,a)
-00.2

z 0.15

0.1

0.05-neh =-5.1 e-21 cm3

0 10 20 30 40 50 60
FLUENCE, mJ/cm2

FIG. 5.7. The probe deflection angle as a function of the pump fluence in the undoped
Morgan sample. The solid line represents the results of a numerical fit to the data and yields

a value of -5.1 x10-21 cm3 for neh.
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deflection measurement are plotted in Figure 5.7. We use two approaches to extract the

free-carrier index change. First, we numerically solved Eq. (5.1) using the Runge-Kutta (R-

K) and Euler methods (see Appendix B) together with boundary conditions and parameters

appropriate to our experimental conditions. The results of the simulation are shown by the

solid curve in Fig. 5.7. For this computation, the sample is divided into a number of slices

perpendicular to the z direction, and the index profile for each slice is represented by

Eq. (5.2) with the width, r., of the local electron profile numerically evaluated for each z-

slice. At the exit surface of the sample, the solution of the first order derivative (dr/dz L.1)
represents an internal deflection angle, which is converted to an external angle by applying

Snell's law. As shown in Fig. 5.7, this numerical model provides good agreement with the

data over the entire fluence range of -4-56 mJ/ cm2, and it yields a value of

-5.1 x10-21 cm3 for neh.

The second method for analyzing the data is to apply Eq. (5.5) while treating the

sample as a thin medium with an index profile represented by that obtained by averaging

over the sample thickness. For each individual data point, a numerical calculation for the

average on-axis electron density and the spatial profile width was performed, and neh was

then calculated by Eq. (5.5) for this data point. The results of this procedure yield a value of

-(5.1 0.4) x10-21 cm3 for nth , which is in very good agreement with the one obtained from

the full numerical simulation using Eq. (5.1). This, therefore, justifies the approximation of

Eq. (5.5) for these experimental conditions. The standard error here is evaluated from the

procedure of statistically averaging all the obtained neh values and is consistent with our

estimate of the experimental errors discussed in Appendix A.
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5.2 Bound Electronic Refraction Measurement

The next problem at hand is to determine the bound electronic contribution to the

nonlinear refraction. Since this effect is dependent on the instantaneous irradiance in the

sample, it is expected to be significant for the intense picosecond pulses used in our studies.

Again, the beam deflection measurements discussed above were insensitive to this effect,

since the very weak probe arrived well after the intense excitation pulse. At zero delay,

however, or for a single intense pulse, bound electronic nonlinear refraction cannot in

general be neglected.

The single-beam z-scan technique that was recently developed by Sheik-Bahae et al.

(1989) is sensitive to the total time-averaged phase-front distortion arising from both the

free-carrier and the bound electronic nonlinear refraction. Since we have already quantified

the free-carrier refraction using the beam deflection technique, the bound electronic

contribution can be uniquely extracted from the single-beam z-scan data. In this section, we

first describe the experimental technique and then give our measurement results for the

undoped Morgan sample.

5.2.1 Single-Beam Z-Scan Technique

Since optically induced nonlinear refraction in a semiconductor modulates the

transmitted transverse beam profile both in the near field and far field, proper observation

of this beam profile can be utilized to extract the nonlinear refractive constants. The single-

beam z-scan technique, which is illustrated in Fig. 5.8, was developed to take advantage of

this phenomenon. For these measurements, an input beam is focused onto the sample of

interest, and the transmitted output, which in general is reduced in amplitude by linear and

nonlinear absorption and distorted in phase by nonlinear refraction, is passed through an

aperture before being detected. The phase distortion in the transmitted beam results in self-
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lensing of the beam changing the spot size at the aperture. The transmission of the system,

i.e., sample plus aperture, is then measured as a function of position, z, of the sample with

respect to the focal plane of the input lens. Both the irradiance and phase front curvature

associated with the input beam change as a function of z, resulting in a z-dependent

nonlinear absorption and self-lensing. The absorptive component of the nonlinearity can be

separately calibrated by removing the aperture and collecting all of the light transmitted by

the sample. Since the sample is moved during this measurement, high optical quality of the

sample is required, including good surface figure, high parallelism, etc.

The analysis of self-lensing in this measurement is greatly simplified if it can be

described as "external self-action" (Kaplan, 1969), i.e., if we can assume that the transverse

profile of the incident beam does not change within the sample. In order to treat the induced

refraction as external self-action, the sample length must be thin relative to the confocal

parameter and the nonlinearity cannot be so large that self-lensing changes the beam profile

Lens Sample Aperture
New beam

waist 
position 

L

Photodiode

F Z L

FIG. 5.8. Configuration of single beam z-scan transmission measurement. The diagram

shows the case when the sample is in front of the beam waist position. The assumed

defocusing then moves the beam waist forward, causing an increase in energy transmission

through the aperture.

inside the sample. The normalized transmission obtained from the z-scan measurement
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generally appears as a peak-valley structure similar to a dispersion curve for an isolated

resonance, and it can be qualitatively explained as follows. Assuming a defocusing nonlinear

medium, when the sample is in front of the initial (low-excitation) beam waist, the induced

nonlinear refraction moves the beam waist forward from the z =0 position resulting in an

increase in the energy transmitted through the aperture. By contrast, the defocusing moves

the apparent waist to negative z values and reduces the transmitted energy through the

aperture when the sample is positioned beyond the initial beam waist. The normalized

transmission curve then consists of a positive peak at negative z, a null near zero, and a

negative peak or valley at positive z. For large positive and negative z (Izi >>Rayleigh

range), the transmission is unchanged since the irradiance is too low to induce a

nonlinearity. For a focusing nonlinearity, the order of the peak and valley is reversed. Thus

the peak-valley structure depends not only on the magnitude of the refractive nonlinearity

but the sign as well. As mentioned above, this measurement is also influenced by nonlinear

absorption, which reduces the system transmission symmetrically about z =0. The

normalized transmission of a z-scan measurement is obtained by correcting for these

absorption effects.

The single-beam z-scan measurement accesses the total nonlinear refraction

(instantaneous + cumulative ) averaged over the spatial and temporal profile of the pulse,

i.e., it provides no spatial and temporal resolution. Despite this shortcoming, the technique

has the advantage of being relatively simple to implement, and it has good sensitivity. A

sensitivity of about X/200 in phase front distortion is estimated under our applied

experimental condition. In addition, for appropriate experimental conditions, the data can be

straightforwardly analyzed to yield the nonlinear phase distortion. From Sheik-Bahae et al.

(1989), the peak-valley structure of the normalized transmission for the z-scan measurement

can be related to the nonlinear on-axis phase change, IAd I|, by a simple empirical relation
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for IAI 4 <r with an accuracy of 3 %. That is,

A T,., = 0.405(1-S)o0" |Ido|, (5.6)

where AdT,., is the difference of the normalized transmission between the peak and the

valley points of z-scan data and S is the linear energy transmission of the aperture. In

Eq. (5.6), the on-axis nonlinear phase change A% is a quantity time-averaged over the

pulse. According to Sheik-Bahae et al. (1989), for temporally Gaussian pulses the peak on-

axis nonlinear phase change A 4, is W2 A4 for an instantaneous nonlinearity and 2 Ad0 for

an accumulative nonlinearity. When both instantaneous and cumulative nonlinearities are

present, the total time-averaged on-axis phase change, which is governed by Eq. (2.32), may

be written as,

1 1
A' 3 = X7 A4p(elec) + ' p(accum)' , (5.7)

where, A4,(eec) and A 'p(accum.) represents the electronic and cumulative peak-on-axis

nonlinear phase change, respectively. Hence, if the free-carrier induced nonlinear phase

change is known, the electronic nonlinear phase change can be obtained from the z-scan

measurement by applying Eqs. (5.6-5.7).

5.2.2 Results for Electronic Index Change

In our single-beam z-scan measurements, the applied Gaussian pulse was focused to a

spot size of 100 pm (FWI/eI) at z =0 position by a best-form lens of a focal length of 50

cm. The average temporal pulse width was 36 psec (FW/eM). The aperture was placed at a

distance of z =100 cm behind the sample and was set to a size such that the linear energy

transmission was 30%. The z-scan measurements were performed in the undoped Morgan

sample for peak on-axis fluences (i.e., at focus) of 2, 5, 10, and 15 mJ/cm2. The result at
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FIG. 5.9. Normalized transmission as a function of z-position at a fluence of 10 mJI/cm2 in

the undoped Morgan sample. The linear transmission through the aperture was set to be

S = 0.3.

10 mJ/ cm2 is shown in Figure 5.9 as an example. We have used the neh value obtained

from the pump-induced probe-deflection measurements previously described together with

Eqs. (5.6-5.7) to evaluate the bound electronic refractive index change from these z-scan

data. This evaluation for the 2, 5, and 10 mJI/cm2 z-scan data yielded a y value of

-(1.7 +0.5) x10- 4 cm 2/ GW This simple evaluation method fails for fluences at 15 mJI/cm2

since the condition for peak on-axis phase change, i.e., IA%4Ib <ir, is no longer valid.

5.3 Conclusions

In this chapter, we have described measurements of nch and y in a well-characterized

sample of undoped semi-insulating GaAs. By using two distinctly different picosecond

optical techniques, namely time-delayed beam deflection and z-scans, we have isolated the

cumulative refractive effects (neh) associated with free carrier production from the

instantaneous refractive effects ('y) associated with the anharmonic motion of bound
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electrons. We have found that the measured values of na = -5.1 x10-2 1 cm3 and

y = -1.7 x10-4 cm 2/ GW are consistent with the theoretical predicts of neh = -8 x10-21 cm3

and n2 = -1.8 x10-"' esu (y -2.2 x10-4 cm2/IGM) discussed in Chapter II. On the other

hand, our measurement results of neh and y are also reasonably consistent with values

previously reported in the literature (e.g., Said et al. (1990) reported neh of -6.5 x10-21 cm3

and y of about -3.3 x10-4 cm2/GW for GaAs at 1.06 pm). We emphasize that the

determination of these parameters depended crucially on our knowledge of the linear and

nonlinear absorptive properties of the GaAs sample, which was obtained from the

measurements and analyses discussed in previous chapters of this dissertation. We further

emphasize that the relative strength of these two refractive processes is irradiance dependent

since the carrier density is ultimately dominated by TPA. This implies that the free-carrier

refraction is effectively fifth order, whereas the Kerr refraction is third order. To compare

these processes we define a critical irradiance, I,, at which the contributions of the two to

the total nonlinear refraction are equal. Again, the comparison is made at the peak of the

pulse in time and space and at the front surface of the sample. We find

IOC = 2V' n- , (5.8)

which clearly depends on both the pulse width t0 (FW/ eM) and the absorptive and refractive

constants. Using the values of the optical constants extracted from our measurements, we

find that Kerr refraction dominates free-carrier refraction only when the pulse duration to is

shorter than -15 psec. For a pulse with a duration longer than this value, therefore, the

main cause of nonlinear refraction is due to optically generated free-carriers. On the other

hand, the bound electronic index change for our applied pulse duration does make a non-

negligible contribution to the phase front distortion.



CHAPTER VI

COHERENT INTERACTIONS

In the preceding chapters, all of the nonlinear-optical interactions that have been

discussed involved either the effects of a single-beam upon itself or the effects of a strong

pump beam upon a weak probe. In all circumstances, we neglected any coherent coupling of

the optical beams, i.e., interference effects. It is obvious that such effects play no role in

our single-beam measurements, and the two-beam measurements were all conducted in a

manner that prevented interference (crossed polarizations and time delays greater than the

pulse duration). In this chapter, we discuss nonlinear optical effects that occur as a result of

the interference of two coherent picosecond pulses. These effects are collectively referred

to as grating phenomena, and they can result in either amplitude or phase coupling (or both)

of the two beams as a consequence of the nonlinear response of the medium. These

important interactions play a key role in the optical limiters, switches, and amplifiers that

will be discussed in the next chapter. Here, we provide the background necessary to

understand the contribution of these optically induced gratings to the device performance.

The gratings of relevance fall into two categories: photorefractive and free-carrier

plasma gratings. Although the specific mechanisms for formation of these two gratings are

dramatically different, both are associated with a periodic modulation of the refractive

index, which has an origin that can ultimately be traced to the modulated irradiance pattern

due to the two interfering optical pulses. The modulated index associated with free-carrier

plasma generation may be understood in terms of the concepts developed in Chapter II,

specifically through Eqs. (2.16) and (2.17). The photorefractive index modulation is,

however, substantially different from any of the previously discussed nonlinearities. This

93
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effect is a nonlocal nonlinearity that involves charge transport and coupling of the optical

fields through the modulated refractive index that arises from the interaction of an optically-

generated space-charge field with the electrooptic tensor of the medium. The tensor

properties of the electrooptic interaction place stringent requirements on the crystal

orientations for which the photorefractive effect may be observed. This is in dramatic

contrast with the free-carrier nonlinearities, which are essentially isotropic on the time

scales relevant to this work.

In the following sections, we first describe the photorefractive effect in some detail,

focusing first on the CW limit of the phenomenon and then on transient photorefraction, the

latter being more relevant to this work. We then discuss free-carrier transient index gratings

and describe how such gratings couple energy from the strong pump beam into the weak

probe, a process referred to as transient energy transfer (TET).

We emphasize that we consider only refractive index gratings, i.e., we neglect the

effects of absorption gratings, which are unimportant for our experimental conditions

(Smirl, et al., 1988). We also do not discuss beam coupling through the real part of 3, i.e.,

through the nonlinear Kerr effect. To lowest order, this nonlinearity can only couple the

phases of the two beams, and it is unimportant for nearly all of our measurements. The one

exception occurs in the nonlinear all-optical switch discussed in Chapter VII, and we defer

discussion until then. Finally, we note that the presentation in this chapter is brief and

qualitative; we present only the concepts necessary to appreciate the operation of the optical

devices discussed in Chapter VII. The interested reader will find detailed discussions in the

references listed herein.
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6.1 Photorefraction

In the previous chapter, we have discussed, measured, and analyzed two important

forms of nonlinear refraction that occur in GaAs for picosecond 1 pm illumination, i.e.,

free-carrier and bound-electronic nonlinear refraction. Another form of nonlinear refraction

of interest in this material is photorefraction. This effect, which was briefly described in the

introductory chapter of this dissertation, is unique relative to the previously addressed

processes in that it is a nonlocal effect. Again, in its simplest form, the effect arises when

photogenerated carriers diffuse or drift to generate a space charge field, which in turn

modifies the refractive index through the electrooptic effect. Whether or not this index

change influences the applied optical fields depends on the details of the crystal orientation

and the polarization states of the optical fields. In this section, we review and discuss the

photorefractive effect in GaAs, focusing specifically on those aspects that are relevant to the

work in this dissertation. As we discussed in Chapter I, we are particularly interested in the

interaction mechanisms associated with transient photorefraction and their potential device

applications. The primary objective here is to first briefly outline steady-state

photorefraction in GaAs and then to clearly illustrate the characteristics of transient

photorefraction necessary to understand the role of this effect in the applications to be

discussed in the next chapter. The reader who has an interest in more details of the theory

and experiments is referred to Klein (1984) and Glass et al. (1984) for steady-state

photorefraction in GaAs and Smirl et al. (1988) and Valley et al. (1988, 1990) for transient

photorefraction in GaAs.

In Section 6.1.1, we describe the general aspects of photorefraction in undoped semi-

insulating GaAs, specifically addressing the relevant material properties, the coherent light-

matter interactions, and the mechanism for modulating the refractive index through the

electrooptic effect. Since such index changes are strongly dependent upon the crystal
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orientation due to the tensor nature of the electrooptic coefficient, we illustrate

photorefraction in two specific crystal orientations that are relevant to subsequent device

discussions. Based on the fundamental physics described in Section 6.1.1, in Section 6.1.2 we

describe the conventional steady-state photorefractive effect and discuss specific measurable

quantities that characterize the photorefractive response of GaAs. In Section 6.1.3, we focus

on transient photorefraction, i.e., photorefraction on a timescale short compared to carrier

lifetime, specifically describing the complications associated with free-carrier and two-

photon nonlinearities. One particularly interesting complication arising in the study of

transient photorefraction is free-carrier transient energy transfer, a process that plays a key

role in the operation of two of the devices discussed in the next chapter. This process will be

discussed in Section 6.2.

6.1.1 Photorefraction in Undoped Semi-Insulating GaAs

The band structure of GaAs and the location of the EL2 level in the band gap makes

GaAs suitable for photorefraction in the near infrared, specifically at wavelengths

compatible with semiconductor diode lasers. This is important since the more common

photorefractive materials (ferroelectrics and sellinites) are primarily suitable for operation at

visible wavelengths where compact laser sources are less readily available. Furthermore, the

electron mobility in GaAs at room temperature is as high as 5800 cm2/V-s and the carrier

lifetime is longer than a nsec, resulting in a mobility-lifetime product (pr) that is orders of

magnitude higher than that in ferroelectrics. This large gr product allows the photogenerated

carriers to move quite far before being trapped, resulting in a high photorefractive response

for each carrier, i.e., a large photorefractive sensitivity. This makes GaAs particularly

interesting for potential application to fast and efficient nonlinear optical devices operating

in the near infrared. We now outline the general aspects of photorefraction in semi-
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insulating undoped GaAs.

In its simplest form, i.e., for CW illumination, the photorefractive effect develops in

undoped semi-insulating GaAs in the following manner. Illumination of this semiconductor

with -1 pm radiation results in ionization of the EL2 mid-gap level and the generation of

mobile electrons in the conduction band. For nonuniform illumination (as with two

interfering beams), these free electrons will diffuse away from regions of high concentration

(high irradiance) to regions of low concentration (low irradiance). Since the EL2 donors

provide the charge compensation necessary for the growth of semi-insulating GaAs material,

in the dark the density of ionized EL2 + must exactly equal the density of negatively charged

acceptors in order to ensure charge neutrality. These ionized EL2 sites act as electron traps,

and the trapping of photogenerated electrons in the regions of low irradiance results in

uncompensated acceptors in these regions. This creates a space charge between

uncompensated acceptors in the regions of low irradiance and the photoionized EL2 in the

regions of high irradiance. A space-charge field is then established due to this charge

separation. With continued illumination, this space-charge field will grow until the diffusion

current associated with the gradient in the carrier density is balanced by the opposing drift

current associated with the space-charge field.

For short-pulse illumination, free electron-hole pairs can be generated by TPA. Since

the electron mobility in GaAs is much larger than the hole mobility, the electrons initially

diffuse faster than the holes until a sufficient space-charge field is generated to cause both

charge species to diffuse together. This is just the condition for ambipolar diffusion, and the

space-charge field is referred to as the Dember field. The Dember field can also contribute

to the photorefractive effect, and it is further discussed below.

Since GaAs is a III- V compound semiconductor, it lacks inversion symmetry and,

therefore, possesses a nonzero electrooptic coefficient. For the 43m crystal group of GaAs,
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the only nonzero coefficients are r41 =r5 2 =r63  0. The optically-induced space-charge field

in the GaAs couples with the electrooptic coefficients to produce a change in the refractive

index. When the optical illumination is by two interfering beams, this effect produces a

refractive index grating that, for a proper choice of crystal orientation and beam

polarizations, can either couple energy from one beam to the other or rotate the beam

polarizations. These interactions are referred to as two-beam coupling, and we now describe

the specific configurations that allow these effects.

We are particularly interested in two-beam coupling geometries with two different

crystal orientations in GaAs. The first one, shown in Figure 6.1.a, is the standard

photorefractive two-beam coupling configuration that results in energy transfer between the

two interfering beams. For simplicity, here we define the coordinates such that the

interference of the two beams is along the x axis [which we take as parallel to the (001)

crystallographic axis], and we assume that carrier transport is by diffusion only. Two

coherent s-polarized beams, a pump beam and a much weaker probe beam, simultaneously

impinge on the sample with an angle of 20' about the normal of the sample surface to yield a

total electric field of

E(r,t) = -j e ( E,, ekpu' + E~gbetb fr ...eu + c.c., (6.1)

where E = (E,, e'kP 'r +Ebekpb 'r) is the complex field amplitude in which the subscripts

pu and pb represents the pump and probe, respectively. This incident field radiation induces

a sinusoidally modulated irradiance described by

I(x) = I0 [ 1 + m cos(Kgx)], (6.2)

where, I = Iu + Ib is the background irradiance, m = 2 VTI~ /I is the modulation

index of the two beams, and K. = kb -k,, is the grating wave vector that has a magnitude
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of Kg = 27r/A with a grating period of A=X/2sinO'. The modulated irradiance creates a

(110)

-- (100) (010)

. K ((b0)20' z Kg ~~kpu(1(10

Ipb (0~10) (TOO)

(110)(110) (110)

(a). (b).

FIG. 6.1. a). Configuration for two-beam coupling in GaAs for a crystal orientation such

that the grating wavevector is parallel to the (001) direction. b). Modulation of the refractive

index in GaAs through the electrooptic effect by a space-charge field along the (001)

direction. The dotted circle is the index profile before the modulation.

periodically modulated space-charge field Es, along the x axis. An important point to note

is that Poisson's equation ensures that the modulated space-charge field, E, (x), is 900

spatially phase shifted with respect to the irradiance, I(x), as is indicated in Fig. 6.1 .a. This

space-charge field induces two new principal axes along the (110) and (110) directions

through the electrooptic effect with new indices of refraction modified by

1
An = 2n3 r4 1 E,,, (6.3)

as shown in Figure 6.1.b. Eq.(6.2) clearly indicates that the induced index changes along the

two new principal axes have the same modulation depth but opposite signs. Such an index

change is associated with a change in the dielectric tensor of the material,

AJ j=|= En4 r41EC (Cheng and Yeh, 1988; Yeh, 1987). Since the incident waves are



100

polarized along the (110) direction, only the index change along (110) will be sensed, and it

is the change of the dielectric properties (Ae) along this direction that contributes to the

photorefraction. The index modulation in the (110) direction plays no role in the

photorefraction for this geometry. By noting that the space-charge field generated by the two

interfering beams is periodically modulated along the x axis, we see that an index grating is

written in the medium. This index grating, n(x) = nh + An(x), referred to as a

photorefractive grating, is also 900 phase shifted with respect to the modulated irradiance as

a result of the phase shift of the space-charge field. The phase shift associated with this

index grating provides the condition for optimal energy transfer between the two beams.

The optically-induced and spatially modulated index or dielectric tensor can be

associated with a nonlinear polarization density amplitude,

1 K
R - (Ae e's + c.c.)( E, kpu 'r + Eh tkpb "r ) (6.4)

Just as with any of the previously discussed optical nonlinearities, this nonlinear polarization

can be used in the wave equation (2.29) to determine the influence of this polarization on

the pump or probe field. We emphasize, however, that an important distinction between the

photorefractive polarization and the polarizations associated with nonlinearities discussed in

the preceding chapters is that the photorefractive nonlinear polarization depends on the

formation of an optically-induced space-charge field, which is dependent upon charge

transport, the dielectric and electrooptic properties of the material, and the relationships

between the crystal axes, field propagation directions, and field polarizations.

For the probe signal, two-wave mixing is associated with the term in Eq. (6.4) that is

phase matched with the probe, i.e., the terms with the factor ekpb -r, which arises from the

product e e-Kg .kpu'r. This explicitly reads
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Pj=t72ateEu etpiYr -,.(6.5)

Therefore, the pump wave is coupled into the probe wave through the nonlinear polarization

expressed by Eq. (6.5). Likewise, we have a similar conclusion for the pump beam. The

sense of energy transfer between the beams, i.e., whether net pump energy is transferred

into the probe or probe energy is transfered into the pump, is determined by the direction of

Kg with respect to the (001) direction.

The coupling between the two interacting waves can be further understood

qualitatively by the following. Diffraction of the incident beams takes place as soon as the

photorefractive grating is written in the medium. Since such diffraction obeys Bragg's

condition for a thick grating, a certain part of each beam is diffracted into its counterpart's

path from this index grating. When the index grating is spatially in phase with the

interference, the first order diffracted wave from one beam is i/2 phase shifted with respect

to the phase of the other beam into which it diffracts. For weak coupling and to first order,

the superposition of these two waves results in no energy transfer between the beams

(Vinetskii et al., 1977, 1979; Eichler et al., 1986). By contrast, since the photorefractive

index grating is spatially phase-shifted by 900 with respect to the irradiance, there is an

additional -/2 phase change for diffraction from this grating. The diffracted wave then

coherently adds (or subtracts) to (from) the transmitted wave, thereby resulting in

photorefractive gain (loss) of the transmitted wave, i.e., energy transfer between two beams.

The gain or loss that a probe beam will experience in this two-wave-mixing depends on the

crystal orientation. This means that if the probe beam experiences gain for one crystal

orientation, it will experience a loss if we rotate the crystal by 1800 about the bisector of the

two beams.

The second configuration we are interested in is shown in Figure 6.2.a., where the

crystal is oriented such that the modulation in the irradiance, and therefore the grating
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wavevector and induced space-charge field, is along (110) direction. In GaAs (or any

zincblende semiconductor) under this particular orientation, the index changes induced by

the electrooptic effect can still be expressed by Eq. (6.2) but in directions of (111) and

(111), as shown in Fig. 6.2.b. In this case, for s-polarized incident waves, the induced index

ellipsoid forms 'fast" and "slow" optical axes in the material with the same modulation depth.

Therefore, two photorefractive index gratings that are 900 out of phase with respect to the

modulated irradiance pattern are formed and both can be sensed by the pump and probe

Ipu

20'

Ipb

(001) (110)

(a).

(001)

(111 (111)

(110 (110)

\4

(111) (111)

(001)

(b).

Incident

Probe Field
Ein

(111)

111)

wain

NET
GAIN

-OSS

(c).

FIG. 6.2. a). Configuration of two-wave-mixing in GaAs for the crystal orientation such that
the grating wavevector is parallel to (110) direction. b). Modulation of refractive index in
GaAs through electrooptic effect by a space charge field along (110) direction. c). Diagram
schematically shows gain for signal orthogonally polarized with respect to the probe.

beams. As shown in Figure 6.2.c, the incident probe beam, which is polarized along the

(001) axis, is equally decomposed onto the two induced index axes. One component of the

probe experiences photorefractive gain due to one of these gratings while the other

experiences an equivalent photorefractive loss due to the second grating (which is 1800 out

of phase with the first). Although there is no net energy transfer in this configuration, there

is a net rotation of the transmitted probe polarization. In other words, there is a gain in the
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field component orthogonal to the incident probe polarization which can be resolved by

placing an analyzer in the transmitted probe path. This mechanism of polarization rotation is

of particular interest in constructing an optical switch, as will be described in the next

chapter.

6.1.2 Steady-State Photorefractive Response

In this section, we introduce the fundamental mechanism, equations, and general

parameters in describing the conventional steady-state photorefraction in GaAs. Again, for

CW or long pulse illumination, single-photon ionization of EL2 donors (with cross section

a,) generates excess electrons in the high irradiance regions to form a periodic distribution

of mobile electrons, thus resulting in a concentration gradient. These electrons then diffuse

from high concentration regions to low concentration regions and, finally, recombine with

EL2+ traps in the low irradiance regions. The net effect of this process is a space-charge

field between excess uncompensated acceptors and photoionized EL2+ sites. At wavelengths

of -1 pm, this picture is overly simplified. At this wavelength, single-photon neutralization

of EL2+ with an optical cross section, o,, generates holes that can diffuse and eventually

recombine with neutral EL2 sites. This process tends to offset the space charge field

associated with the electron dynamics, a process referred to as electron-hole competition.

These processes were explained by Valley et al. (1988, 1986) using a two-carrier model with

a single recombination center. Since, as we have shown in Chapter III, the electron cross

section is larger than the hole cross section and it is often the case that [EL2]>>[EL2 +], for

low irradiances hole competition can often be neglected in GaAs. In any case, at steady-state

the space-charge field is established between two immobile charged species: the excess

EL2 + traps near peak irradiance regions and the negatively charged uncompensated

acceptors away from these peaks. An onset time for steady-state of 20 psec in GaAs has
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been measured by Klein (1984) for a grating period of 1 pm at an irradiance of 4 W/ cm2. It

is worth noting that in this case recombination ensures that there is no significant carrier

population to contribute to the space-charge field. It is also worth noting that the light

irradiance needed for steady-state photorefraction is generally quite low such that two-

photon-absorption and the associated carrier generation can be neglected.

The above discussion for the establishment of the space-charge field can be described

by a set of rate equations, the current equations, and Poisson's equation,

ane I 1

= a,(N-N+) r + V]-j, - yene N+ - Yeh n, n, (6.6)

an 1 1

a= aN+ T . - V.j, - t yn,(N- N+) - T ehn n , ,(6.7)-VJ-yn(N-N+)-nn (63
Ot Ph+p M P eh P

Nt+ ~ N + - + -Yet neN+ + Ytn,(NN+), (6.8)

j0e = e n, Esc +ILekB TVne, (6.9)

jp = e pn, Ec - pyk$8 T Vnp, (6.10)

e
VP-EC=--(n + N+ -n, - NA ), (6.11)

where, j and y are the current density and recombination coefficient and n,, ni,, N+,

represent the electron, hole, and recombination (trap) center densities, respectively. Also, e

is the low-frequency dielectric constant. A steady-state solution for the space-charge field

can be obtained when assuming electrons as the dominant charge carriers (see, for example,

Valley and Lam, 1989) to yield a simple formula for the lowest-order Fourier component of

the space-charge field

-imE(
E, = 1+ED /Eq, (6.12)

where ED = Kk, Tie is the diffusion field caused by the diffusion of charge carriers, and

Eq = eNr /eKg is the limiting field with NT =NA (1-NA IN) defined as the effective trap
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density. Usually the total trap density, N, is much greater than the acceptor density, NA , and

the effective trap density is NT =NA . Therefore, Eq in Eq. (6.11) actually implies that the

maximum space-charge field for a given grating period is limited by the density of acceptors.

As we see, both ED and Eq are related to the grating wavevector, K . For large grating

periods, we obtain E,8 = -imED, while for small grating periods E,, =-imEq. Notice also

that the factor i in Eq. (6.12) clearly indicates a in/2 phase shift of the space-charge field

with respect to the interference pattern, which is required by Maxwell's equations for

optimum energy transfer in a two-beam-coupling experiment (see, for example, Vinetskii et

al., 1979; Eichler et al., 1986).

Using the SVEA, the wave equation Eq. (2.29) for the probe propagation is then

readily written as

Oz = O Jp2h2k) Pb , (6.13)

where we have included only the photorefractive polarization density as a driving term and

we have defined E', = Epb elkpb -f Since is proportional to the purely imaginary space

charge field amplitude in Eq. (6.12), the factor of i on the right hand side of Eq. (6.13)

clearly indicates that the photorefractive interaction results in either gain or loss for the

probe depending on the sign of the space-charge field. After a little algebra, we can obtain

the Maxwell's equation for the probe in terms of irradiance,

dlp = F "" p 
(6.14)dz I,+Ipb '

where, the steady-state photorefractive gain coefficient r is defined by ,

2w ED

r= x b 3 r41 EqE +E ,(6.15)

and Ip (l)=Ipb(0)exp(Pl) when the condition I >> Ib holds (i.e., undepleted pump
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approximation and low modulation limit). It is clear that the photorefractive gain depends on

the form of the photoinduced space-charge field. The gain coefficient in Eq. (6.15) then

measures the efficiency of the steady-state energy transfer in the two-beam-coupling and is

typically of about 0.4 cm-1 for GaAs at a grating period on the order of ~1 pm. For the

second configuration we introduced in the last section, a ( ) sign should be inserted in this

expression of r for the two components of the probe, respectively. Recalling the expression

for Eq and ED and the fact that the recording sensitivity, nj 23r41 /Ie, is nearly material

independent, Eq. (6.15) clearly indicates that the photorefractive gain depends on both the

trap density and the carrier diffusion. The maximum gain, which depends primarily on trap

density, is achieved when ED = Eq. Under this condition,

1 ek n, 3 Nr46
r _= 2 K e NT , (6.16)Kg

which is the origin of Eq. (1.2) discussed in Chapter I. In GaAs, the trap density is typically

on the order of 1015 cm-3 , a value that is much lower than that typically found in

ferroelectric photorefractive materials. This is the reason that the steady-state

photorefractive gain in GaAs is typically much lower than the one in ferroelectrics such as

BaTiO3 . It should be noted, however, that the application of moving gratings and a DC

electric field (see, for example, Imbert et al., 1988) or the application of an appropriate AC

electric field (Klein et al., 1988) have been shown to provide greatly enhanced

photorefractive gain. These techniques are designed to enhance the space-charge field while

maintaining the optimal 90 phase shift between the space-charge field and the irradiance

pattern. In contrast with the ferroelectrics, the high gr product in GaAs (more generally, in

compound semiconductors) indicates that in GaAs each photogenerated electron contributes

efficiently to the photorefractive gain. That is, an electron in GaAs will travel much further

before recombining compared to an electron in, e.g., BaTiO3 and will, therefore, more
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efficiently contribute to the establishment of a space-charge field. This large 14r product is

especially important when the excitation pulse length is shorter than the carrier lifetime.

This situation is described in the next section.

6.1.3 Transient Photorefraction

Compared to CW or long pulse photorefraction, transient photorefraction has unique

features and complications that arise from short pulse excitation. Since the timescale here is

shorter than the carrier lifetime, there is no time for carrier recombination to occur. Hence,

the terms describing the carrier recombination in the rate equations (6.6) to (6.8) can be

omitted, and a large density of free photoionized carriers can be produced. For sufficiently

weak excitation, well below the level required to saturate the mid-gap absorption, the

majority charge carriers are typically electrons generated from single-photon ionization of

the neutral EL20 levels. Again, when the excitation is by two interfering beams, the

photoionization rate, and hence the free-electron generation rate, is larger in the peaks of

the modulated irradiance relative to that in the troughs. The gradient in the free-electron

density drives these electrons toward the low concentration regions, i.e., the electrons

diffuse. In this case, the initial space-charge field, E,,, that is responsible for the

photorefractive effect is between immobile EL2+ traps and mobile electrons, as shown

schematically in Figure 6.3. The maximum space-charge field that can be achieved at a

fixed excitation and for a fixed grating period occurs when these electrons diffuse across

one half of the grating period, a condition that provides a maximum charge separation. The

time required for this is controlled by the electron diffusion time, r, = A2/ 41r 2De, where

D,= ekB Tie is the electron diffusion coefficient. The diffusion time is typically -2 psec

for a grating period of -1 pn in GaAs. For steady-state excitation, a one-half period charge

separation is achieved only for grating wavelengths equivalent to or shorter than the Debye
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FIG. 6.3. The onset of space-charge field between immobile EL2 + and mobile

electron.

screening length (see, for example, Glnter and Huignard, 1988). For longer period gratings,

the opposing drift current associated with the optically-induced space-charge field limits the

diffusion length to less than half a period. We emphasize, however, that in the transient case

for a grating period of -1 pm the A2 electron diffusion length can be achieved only at

carrier densities below -6x61014 cm-3, which typically corresponds to a fluence of about

0.2 mJl/cm2. This density is obtained by setting the electron diffusion time equal to the

dielectric relaxation time, ri = el/(ejcn,), which is defined as the time taken by the carriers

to return to equilibrium after a perturbation to the carrier distribution. It is then clear that

for rdi >>r,, the electron transport is controlled by the diffusion, since a balance between

the drift and diffusion cannot be established before the spatial modulation of the electron

density is completely destroyed by the diffusion. On the other hand, larger deep-level-related

space-charge densities are typically generated in the transient case compared to the CW

case, since the former is limited by the total deep donor density while the latter is limited by

the shallow acceptor density.
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In order to generate significant photorefractive gain during a 30 psec optical pulse, a

significant carrier density (comparable to NA) must be generated. At the required fluences,

the hole generation from the neutralization of the EL2 + becomes significant. Moreover, the

EL2 mid-gap absorption can be saturated resulting in the condition that

o, [EL20I=c,[EL2+], and electron-hole pairs are then produced by stepwise TPA.

Furthermore, at these fluences the irradiances associated with these ultrashort pulses are

sufficiently high to induce TPA. An obvious consequence of the onset of TPA is that the

weak probe will experience loss by TPA due to the presence of the strong pump. Another

consequence is that the large transient populations of TPA-generated carriers in the bands,

together with the carriers photogenerated from EL2, leads to significant free-carrier

absorption and refraction. Clearly, TPA and FCA must be included in the wave equation for

sufficiently high excitation levels. Since TPA provides a major source for electron-hole pair

generation, this process must be included in the rate equations. Finally, associated with the

electron-hole pair generation is an important new source for photorefraction which we

discuss below.

When large populations of both electrons and holes are generated in a transient

photorefractive measurement, the diffusion and the drift of both charge species determine

the dynamics of the formation and decay of the space-charge field. As mentioned above, the

large discrepancy between the electron and hole mobilities results in the generation of the

Dember space-charge field between the two carrier species, which provides another source

for photorefraction. The formation of this space-charge field depends on the complete

balance of the diffusion and drift currents for both the electrons and the holes. The disparity

of the initial diffusion rates between the electrons and holes induces a charge separation

which generates a space-charge field. As it is generated, this space-charge field establishes

an electron drift current which opposes the electron diffusion current to prevent the further
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FIG. 6.4. The onset of space-charge field (Dember field) induced by the diffusion of

electron-hole pairs generated by two-photon-absorption.

decay of the electron grating. At the same time, this space-charge field also acts to

accelerate the decay of the hole grating. The magnitude of the space-charge field continues

to grow until an equilibrium (or, a quasi-steady state) is built up between the four currents

of diffusion and drift, i.e., until the summation of all the currents vanishes. The time

required to establish this equilibrium is determined by the dielectric relaxation time, Td:. If
, >>,, as for GaAs, Td, = t/(egen) is on the order of ~100 fsec for a carrier density of

1016 cm- 3 . Further, under such conditions, the diffusive decay of the hole distribution may

be negligible since D, >>D,. In this case, the magnitude of the Dember field may be

estimated by considering the balance between the diffusion and drift currents of electrons,

i.e., when eve fleEsc 'iekT Vne,. This gives a value of the Dember space-charge field of

k8 T mK sin (K(x)
se e I + mcos (K~x) (.7

Numerical analysis of experimental data for 40 psec (FWIIeM) pulse excitation

indicates that for fluences below -0.3 mJIcm2 the principle space-charge field is between

single-photon generated free electrons and immobile ionized EL2+ donors, while above this

110
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fluence, there is a significant contribution from the Dember field associated with the TPA

generated electron-hole pairs (Valley et al., 1988). Since the Dember field constrains the

electrons and holes to diffuse together, this field is responsible for establishing ambipolar

diffusion for which both charge species diffuse with a single diffusion coefficient,

Da=2DDp/(D, +D,). As opposed to the photorefractive grating associated with the mid-

gap level, which decays through the dark conductivity of the GaAs, the photorefractive

grating associated with this Dember field decays by ambipolar diffusion, the same

mechanism that destroys the free-carrier grating. The time constant associated with this

ambipolar decay is given by A2/4iD, , which has a typical value of tens of picoseconds for

a grating period of -1 pm (Smirl et al., 1988).

6.2 Transient Energy Transfer

The large density of free carriers that can be generated in the transient regime can

result in the formation of a strong free-carrier grating through the associated Drude-Lorentz

index change. The free carrier index grating is 1800 phase shifted with respect to the

interference pattern and thus is nominally "unshifted". As discussed above, preferential

energy transfer from one beam to the other requires a spatial phase shift for the index

grating with respect to the interference pattern (i.e., a component of the grating in

quadrature with the irradiance modulation). Hence, in steady state, this free-carrier index

grating does not transfer energy between the two beams, but it does transfer phase. This fact

can be understood by defining a nonlinear polarization such that

PN*C= ~ 2 IEFC iKgx + c.c.)( E, m ekp'r + Eb eikph'. ), (6.18)

where AEFC = 2nb oneh Nek is the magnitude of the change in the dielectric constant

associated with free-carrier generation as expressed in Eq. (2.16). Clearly, for a modulated
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but unshifted Ae, such a polarization used as a driving term in the wave equation can only

change the phase of each propagating beam. Since the pump is strong compared to the probe,

the phase shift impressed on the probe by the pump is larger than that impressed on the

pump by the probe. The net effect in this case is that the phase modulation results in a

spatial slant of the interference fringes with respect to the bisector between the two beams

(z axis), as is illustrated in Fig. 6.5 c.

In the transient regime, however, the situation is different. If the two interacting

beams have unequal irradiances and the free-carrier nonlinearity has a response time, r, that

is comparable to or longer than the pulse width, a phase shift occurs because the free-carrier

index grating lags the interference pattern as the pulses propagate through the sample.

Diffraction from such a spatially phase shifted grating for transient conditions then results in

energy transfer from the pump beam to the probe beam, a process referred to as 'transient

energy transfer" (TET). The mechanism of TET, which was qualitatively explained by

Vinetskii et al. (1979) (see also, Eichler et al., 1986), is schematically illustrated in Figure

a). b). c).

FIG. 6.5. Development of the slant of the interference pattern and of the grating during non-

stationary self-diffraction. a). Beginning of the pulse, t=O; b). interaction time comparable

to the grating build-up time, i.e., t -r, c). stationary state, t >>r. After Vinetskii et al.,

1979.

6.5. At the beginning of the pulses, the interference fringes and the induced free-carrier
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index grating are parallel to the bisector of the two beams and are perpendicular to the

surface. The next temporal portion of the pulses not only interfere, but diffract off the

grating formed by the previous portion of the pulses. The diffraction at the grating initially

leads to no energy transfer but it does produce a phase shift between the strong and weak

beams, resulting in a slant of the interference fringes with respect to the z axis. Because of

the finite decay time of the free-carrier index grating (or, the memory of the material), a

spatial mismatch is formed between the interference fringes of subsequent portions of the

pulse and the free-carrier index grating, which is schematically shown in Fig. 6.5.b. This

phase mismatch allows energy to be coupled between the beams. An equal fraction of energy

is coupled out of each beam into the other. This implies that the weak probe experiences net

energy gain and that the process is self terminating at the point where the pump and probe

energies are equivalent.

It is then clear that the nonlinear polarization induced by the free-carrier index change

must be included in the wave equation for the two-beam-coupling. Considering the combined

effects associated with transient photorefraction, as described in the previous section, and

TET, the wave equation for transient two-beam-coupling can be written as,

aE

-2ik - ==itowRe(a) E + ip 0w2Im(x(3)) IEI2E + po2(P4k + Pf5), (6.19)

where, Re(u)I(n,oc) = a + cFCA and a = a,(N-N+) + apN+, aFCA = afe ne +Ofp n,, and

PR and P{G are defined in Eq. (6.4) and Eq. (6.17), respectively. By including only the

imaginary part of the third order susceptibility we take into account two-photon absorption

but not the electronic index change, for reasons discussed above. For the original theoretical

model of non-stationary energy transfer the reader is referred to Vinetskii et al. (1977) and

a detailed theoretical discussion and numerical analysis specific to GaAs may be found in the

work of Valley, et al. (1988, 1990).
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Previous work (Smirl et al., 1988) has shown that, for a -40 psec excitation pulse,

photorefractive energy transfer dominates the probe gain for fluences below -1 mJ/ cm2 .

On the other hand, above -1 mJ/cm2 pump-induced TPA begins to result in probe loss.

This loss is eventually overcome by TET for fluences above ~5 mJI/cm2 (Smirl et al.,

1988), and large probe gain can be realized. This large gain has many potential device

applications, some of which will be discussed in the next chapter.

6.3 Conclusions

In summary, in this chapter we have briefly described the relevant aspects of both CW

and transient photorefraction as well as free-carrier transient energy transfer in GaAs.

Transient photorefraction is complicated by nonlinear processes such as the saturation, free

carrier refraction, TPA, and FCA that are all simultaneously involved and that do not occur

for the CW case. On the other hand, new sources for the space-charge field and new

mechanisms for energy transfer (TET) that occur in the transient regime are very attractive

for device applications. It should be clear from the above discussions that in order to fully

describe transient beam coupling in semi-insulating undoped GaAs it is necessary to know

the material parameters, such as the mid-gap absorption cross sections, the TPA coefficient,

the FCA cross section, and the index change per electron-hole pair; that is, the very

quantities that were measured and discussed in detail in the preceding chapters.



CHAPTER VII

GaAs OPTICAL DEVICES FOR 1.06 MICRON RADIATION

The large optical nonlinearities and fast response time present in GaAs make this

material particularly attractive for use in nonlinear optical devices. The study conducted in

the preceding chapters indicates that a large number of nonlinear optical processes

simultaneously exist in the spectral range hw <Eg <2hw, which may either be selectively

employed or specifically emphasized in constructing optical devices for various needs.

Moreover, our study of the fundamental nonlinear absorption and refraction, as well as the

description for photorefraction and transient energy transfer in this material, provides both a

physical insight into the optical interactions and a data base at 1.06 pm. This gives us not

only a better understanding of the light-matter interactions in the spectral range

h/ <E8 <2/w, but also assists in engineering the desired function of optical devices.

In this chapter, we describe the application of these nonlinearities in GaAs to

demonstrate three types of proof-of-principle optical devices at 1.06 pm. Specifically, in the

first section of this chapter we discuss the application of TET to an all-optical device

designed to amplify a weak optical pulse in the presence of a much stronger pulse. In

Section 7.2, we describe a high contrast, all-optical switch that is realized by taking

advantage of the photorefractive polarization rotation mechanism introduced in the last

chapter, as well as free-carrier gratings. In Section 7.3, we focus our attention on improving

the operation of the passive nonlinear optical limiters which was one of our specific

interests introduced in Chapter I. In this section we investigate the potential of multi-beam

optical limiter configurations designed to take advantage of TET, induced nonlinear

absorption and defocusing, and induced beam deflection. When appropriate in these

115
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discussions, we compare the performance of the GaAs devices with that obtained when a

well-characterized silicon sample is used. The optical interactions in Si are much simpler

than those in GaAs at this wavelength. Silicon displays no photorefractive properties due to

its crystal symmetry, and at this wavelength the nonlinearities are associated with free

carriers that are linearly generated.

7.1 Weak Beam Amplification by Transient Energy Transfer

Optical amplifiers with high gain for CW radiation have been demonstrated in the past

using the photorefractive effect in BaTiO3 (Tschudi et al., 1986; Fainman et al., 1986),

KNbO3 (Krumins and Gtnter, 1979), Bi12 SiO20 (Marrakchi et a., 1981), and GaAs (Imbert

et al., 1988). The amplification in these materials, which occurs even when the probe (or

signal) and pump are of equal irradiance, is produced by the shifted grating found in

photorefractive materials when diffusion is the dominant transport process or obtained by a

frequency offset between the beams when drift is the dominant transport process (Eichler et

al., 1987; and the references quoted above).

A second class of nonlinear optical amplifier can be obtained using nominally

unshifted gratings if three conditions are satisfied: 1) the pump and probe irradiances are

unequal, 2) the pump and probe are pulsed, and 3) the response time of the nonlinearity is

on the order of or longer than the pulse length. As we described in the last chapter, this

process has been called transient energy transfer (TET) and has been realized using free

carrier nonlinearities ( Eichler et at., 1987; Vinetskii et a., 1977), thermal gratings

(Vinetskii et al., 1977), and the photorefractive effect in LiNbO3 (Vinetskii et a., 1981).

Here we present results on transient energy transfer for picosecond pulses using the

free-carrier nonlinearity in GaAs and Si and the application of this process to optical

amplification. The results described herein are published in Phys. Stat. Sol. (Dubard et al.,
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1988). Typical grating response times in GaAs and Si are controlled by ambipolar diffusion.

Since the ambipolar diffusion coefficients Da are 10 to 20 cm2 / Vs and typical grating

periods A are 1 to 10 pm, diffusion times (D = A2 /4i2Da) are 13 psec to 2.5 nsec. This

means that in order to observe and efficiently utilize transient energy transfer in these

materials, subnanosecond pulses must be used.

In silicon, 1.06 pm radiation produces free-carriers by indirect one-photon band-to-

band absorption while in our sample of GaAs (M043), free-carriers are produced by one-

photon ionization of the native defect EL2 and by two-photon band-to-band absorption. In

the simplest picture in both cases there are two contributions to the change in index of

refraction. The first is the Drude change in index associated with the generation of free,

unbound charge carriers. The second is the refractive change caused by the saturation of

band-to-band transitions as a result of band filling. This contribution to the index change

may be thought of as arising from the annihilation of a bound oscillator upon optical

generation of a free carrier pair. The resonance frequency of this oscillator is determined by

the direct band gap energy (i.e., the strongest resonance), and the farther the photon

frequency from this resonance the weaker this contribution (see Eq. 2.16). Hence, the band-

to-band correction is negligible in Si (direct band gap energy -3.5 eV), but it contributes a

factor of -3 in GaAs at 1.06 pm. This leads to a substantial advantage for transient energy

transfer in GaAs relative to Si.

The experimental setup is as described in Appendix A with the crystal orientation

shown in Fig. 6.1.a. The pump and probe pulse have an average temporal width of 29 psec

(FWHM) and the incident spot size of both beams is 3 mm. The angle between the two

incident beams is 360, which yields a grating period of 1.7 pm. In our measurements, the

probe beam amplification is signified by the probe gain G, which is defined as the ratio of

the transmitted probe energy with the pump present to the transmitted probe energy with the
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pump blocked. Note that G can be converted to an optical system gain for the probe by

multiplying by a factor to account for losses due to Fresenel reflection and linear and

nonlinear absorption.

The probe gain in GaAs was measured as a function of the fluence, pump/probe ratio,

and probe delay. The photorefractive cut M043 sample is used for this measurement to

allow us to also explore the influence of the photorefractive effect in this material. The

orientation of the sample in a two-beam-coupling geometry is the same as we introduced in

Fig. 6.1. In this orientation, the photorefractive effect provides a modest probe gain of less
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FIG. 7.1. The probe gain as a function of fluence at a pump/probe ratio of 25, a grating
period of 1.7 pm, and zero probe delay in the undoped M043 GaAs sample.

than 1.1. Figure 7.1 shows the results of the probe gain as a function of fluence at a

pump/probe ratio of 25 and zero probe delay. At fluences less than roughly 1 mJ/ cm 2 the

photorefractive effect dominates. Above 1 mJ/ cm2, the photorefractive mechanisms saturate

(Smirl et al., 1988), and the probe transmission is reduced by TPA, yielding gain less than

one. As the fluence increases to about above 5 mJ/ cm2, the TET, which is a higher order
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process and always results in energy transfer from the pump to the probe, begins to

dominate and provides a gain greater than one for fluences above 10 mJ/cm2 . The maximum

gain of 2 is achieved at -20 mJ/tcm2 for a pump-probe ratio of 25. Above this fluence, the

turn over of the gain is a consequence of TPA, as discussed by Valley et al. (1990).
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FIG. 7.2. The probe gain as a function of pump/probe ratio at a fluence of 35 mJ/cm2 at

zero delay in the undoped M043 GaAs sample.

Higher gains were obtained by varing the pump-probe ratio at a fixed fluence of 35

mJ/cm2 , as shown in Figure 7.2. As seen, a gain up to about 14 is achieved for the pump-

probe ratios of 1500 to 3000. On the other hand, this high gain is actually obtained by

trading-off the transmitted probe energy, which is larger for the low pump-probe ratios. A

further achievement of even higher gain was obtained by advancing the probe pulse by about

10 psec. In this case, an additional factor of 2 increase in gain is obtained. Figure 7.3 shows

the measured gain as a function of probe delay at a fixed fluence of 35 mJ/tcm2 and a fixed

pump-probe ratio of 1000. This effect was observed earlier for different experimental

conditions (Smirl et al., 1988) and is caused by the fact that for a small negative delay



120

(probe precedes pump) the trailing portion of the probe and the leading edge of the pump

pulse write a grating from which the bulk of the pump diffracts. For an equivalent positive

delay (pump precedes probe) the interference of the trailing edge of the pump and leading

edge of the probe write a grating of equivalent strength to that written for the same negative

delay, but no pump energy is available for diffraction after temporal overlap ceases. Note

that this asymmetric delay dependence is characteristic of grating lifetimes longer than the

pulse duration, which again is a requirement for efficient TET.
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FIG. 7.3. The probe gain as a function of probe delay at a pump/probe ratio of 1000 and a
fluence of 35 mJ/ cm2 in the undoped M043 GaAs sample.

The gain by TET in silicon was also measured for similar conditions. A high purity,

1-mm-thick, (111) cut Si wafer was used in this measurement. In Figure 7.4, the gain as a

function of fluence for GaAs and Si are plotted together for a pump-probe ratio of 1000 and

zero probe delay. Although caution must be used in directly comparing these two results

since the two samples have considerably different thicknesses, we notice that a factor of

four smaller fluence is required to obtain the same gain in GaAs as in Si. Unfortunately, the
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onset of saturation of the gain in GaAs also occurs at about a factor of four lower fluence in

GaAs.
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FIG. 7.4. The probe gain as a function of fluence at a pump/ probe ratio of 1000 and and

zero delay in the undoped M043 GaAs sample and the 1-mm-thick Si wafer.

In conclusion, all-optical weak-beam amplification by TET has been demonstrated in

the 3.3-mm-thick photorefractive GaAs sample (M043) using free carrier gratings. A net

gain of up to 25 has been achieved by optimizing the fluence, the pump-probe ratio, and the

probe delay for our specific experimental configuration. Ma and Li (1989) recently obtained

a gain as high as 100 in a thin GaAs sample (0.58 mm thick) but noticed a dramatic decrease

in gain for thick samples, a behavior that is consistent with the influence of TPA (Valley et

al., 1990). Their results are consistent with the results obtained in our 3.3-mm-thick sample.

The results presented in this section are also consistent with the nonlinear processes that we

have identified and characterized in the preceding chapters. A detailed quantitative analysis

of the optical amplification process has been performed by G. C. 'Malley et al. and may be
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found in the literature (Valley, et al., 1990).

7.2 Picosecond Polarization Rotation Switch

In conventional two-wave mixing in cubic photorefractive crystals, two copolarized

beams separated by an angle 20' are incident upon the crystal, and energy is preferentially

transferred from one beam to the other in a direction controlled by the signs of the

electrooptic coefficient and the dominant charge carriers in the crystal, such as the situation

in GaAs discussed in the last chapter. Recently it was noted that if some photorefractive

crystals, particularly zincblende semiconductors, are rotated such that the grating

wavevector, and therefore the space charge field, is along the (110) axis, energy can be

transferred from the pump beam to a beam propagating in the probe direction but cross

polarized to the probe (Partovi et al., 1987; Yeh, 1987; Walsh et al. 1987; Cheng and Yeh,

1988; Chang et al., 1988), again as we described in the last chapter. Earlier research had

noted that similar polarization properties of photorefractive gratings in Bi12 SiO20 could be

used to enhance the signal-to-noise ratio of wave mixing processes, but the pure

polarization-rotation switching possible in materials such as GaAs is not possible in the

sillenites because of optical activity (Apostolidis et al., 1985; Herriau et al., 1985; Pauliat, et

al., 1987).

Polarization rotation switching can also be performed using scalar gratings (Hill, 1971)

such as those produced by the free-carrier nonlinearity or by thermal effects. In this case,

however, the pump must be rotated in polarization relative to the probe. If the probe is s-

polarized, then the s-polarized component of the pump will write a grating with the probe

and the p-polarized component of the pump will be scattered into a p-polarized signal in the

probe direction. In GaAs with the crystal orientation shown in Fig. 6.2.a, both the

photorefractive and free-carrier effects are present. This section describes our
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measurements of the On-Off ratio (defined as the energy in the p-polarized beam in the

probe direction with the pump present divided by that with the pump blocked) as a function

of pump-probe delay, fluence, energy ratio, and pump polarization in the MO43 GaAs

sample. We also present theoretical results for these measurements, which were conducted

by modifying the beam-coupling computer code to include both s- and p-polarized pump and

probe components. The photorefractive nonlinearity was modeled essentially along the lines

discussed by Yeh (1987), while the free-carrier nonlinearity was modeled as discussed in

this thesis. The results described herein have been published in Optics Letters (Smirl et al.,

1989).

Photodiode
Sample

Analyzer

SIGNA L

FIG. 7.5. The experimental configuration for the optical switch using both the
photorefractive polarization rotation mechanism and free-carrier index grating diffraction.

The experimental configuration for these measurements is shown in Figure 7.5, where

we note that the crystal orientation is identical to that shown in Fig. 6.2.a. Here a polarizer-

analyzer pair is set in the probe path such that in principle no probe signal is detected in the



124

absence of the pump. In reality, a finite probe signal is always measurable due to the finite

extinction ratio of the crossed polarizer pair and weak birefringence in the sample. The

probe is s-polarized but the polarization of the pump beam is at an arbitrary angle y' with

respect to the (001) axis of the crystal. Both the pump and the probe beams are of Gaussian

shape with a spatial width of 2 mm (FW1/eM) and an average temporal width of 35 psec

(FWI/ eM) for the measurements described in this section.

By positioning the analyzer for extinction of the s-polarized probe, efficient, high-

contrast, On-Off modulation of the probe is achieved with single picosecond pulses as shown

in Figure 7.6 for 0=0, i.e., both the pump and probe s-polarized. Note that in this

configuration, the switching is due entirely to the photorefractive effect. With a pump-probe

fluence ratio of 25:1, On-Off ratios of 2 are measured for switching fluences as small as

0.03 mJI/cm2 (0.3 pJ1/pm2 ). The saturation at 1-3 mJ/cm2 is consistent with the saturation

of photorefractive beam-coupling at approximately 1 mJ/cm2 . The origin of the difference

between the curves for 900 and -900 is not known. Theory suggests that the results should be

identical for a perfectly cut crystal, according to Yeh (1987).

For the known characteristics of the input beams, the computer code readily predicts

the four amplitudes (s and p polarized in the probe direction and s and p polarized in the

pump direction). Comparison with the measured on-off ratio requires one additional

parameter, the effective extinction ratio of the polarizer. The polarizer pair alone has an

extinction ratio of less than 10-5, but when this ratio is measured in the presence of the

crystal it is substantially larger, 5 x10-5 to 10-4, and has a modest fluence dependence. This

is presumably due to the reflections, scattering, and birefringence within the crystal. We

have used the extinction ratio X as a fitting parameter, with most results well fit by X =

6 x10-5 . The theoretical calculations are then plotted with the experimental data using the

On-Off ratio given by,
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FIG. 7.6. On- Off ratio as a function of pump fluence inside the crystal for a pump-probe
fluence ratio of 25:1, zero delay between the pump and the probe, and both pump and probe
s polarized at the entrance face of the crystal. The triangles correspond to an orientation in
which the crystal is rotated about the bisector between the pump and the probe by -9OO,
while the circles correspond to 9QO. The theoretical calculation is for an extinction ratio of
X = 6 x10- 5 .

On-OfUf = (XF, +F )/(XF,(O)], (7.1)

where F, and F, (0) are the fluences of the s-polarized radiation in the probe direction on

the far side of the crystal with the pump on and with the pump blocked and F, is the fluence

of the p-polarized radiation in the probe direction with the pump on. Theoretical results for

the On-Off ratio as a function of fluence are given in Fig. 7.6 by the solid curve. Excellent

agreement with the data are obtained up to a fluence of ~4 mJ/ cm2.

Figure 7.7 illustrates the operation of the polarization switch for s-polarized pump and

probe beams as a function of the ratio of the fluence in the pump to that in the probe. Note

that saturation occurs for pump-probe ratios greater than approximately 25. Theoretical

results for X = 6 x10-5 and 7 xl0 5 , which bracket the experimental points, are also given

in Fig. 7.7.
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FIG. 7.7. On-Off ratio as a function of the pump-to-probe fluency ratio for a total fluence
incident upon the crystal of 1.5 mJ/cm2 at zero probe delay, and incident beams with s
polarization. The theoretical curves are for extinction ratios of 6 x10-5 and 7 x10-5.

An enhancement of the On-Off ratio was observed at negative probe delay, similar to

the enhanced probe gain observed for negative delays for the amplifier discussed above.

Figure 7.8 shows the On-Off ratio as a function of the probe delay for a pump-probe ratio

of 25:1 and a fluence of 1.5 mJ/ cm 2 . The On-Off ratio increases from approximately 8 at

zero delay to approximately 13 at -7 psec. It should be emphasized that this is not caused by

an error in knowledge of zero delay, which was determined at the sample position using the

autocorrelation technique described in Appendix A. Zero delay is specified by the peak of

the pump-probe cross correlation and is known to within 2 psec.

Theoretical calculations are also shown in Fig. 7.8 for X = 6 x10-5 and 10-4, which

show qualitatively correct behavior for the On-Off ratio but exhibit a wider width in delay

than that of the data. This is thought to be an effect of intrapulse phase fluctuations, which

are not included in the theoretical calculations, that lower the coherence between the pump

and probe and, hence, the strength of the grating at delays of the order of a pulse length or
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FIG. 7.8. On-Off ratio as a function of the probe delay for an incident fluence of 1.5
mJ/ cm2, a pump-probe ratio of 25:1, and incident beams with s polarization. The two
theoretical curves are for extinction ratios of 6x10-5 and 10-4.

more. The theoretical results do show the enhanced On-Off ratio observed at small negative

delays.

Finally, in Figure 7.9, we present the On-Off ratio as a function of the angle between

the polarization of the pump and that of the probe, which remains s-polarized, for fluences

of 0.15 mJI/cm2 and 15 mJ/ cm2. At 0.15 mJ/ cm2 (the lower curve and the data points)

there is little free carrier generation because the TPA is negligible and the photorefractive

effect dominates. The lower theoretical curve, which uses an extinction ratio of X =

6x10-5 , could clearly be brought into better agreement with the data by using X =

3-4 x10-5 , but 6x10-5 is used for consistency with the upper curves. Incidentally, the lower

curve is well fit by 1 + a cos4&, where a is a constant. This is consistent with the angular

dependence given by Chang et al. (1988) for undepleted pump conditions. The upper data

points are for a fluence of 15 mJ/ cm2, where a large On-Off ratio of about 6000 is

observed when offsetting the pump polarization angle from 00. As we discussed before, at
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FIG. 7.9. On-Off ratio as a function of the pump polarization angle relative to the 's-

polarized probe. The two set of data are for incident pump fluence of 0.15 mJ/ cm2 and 15

WJ/cm2. All data are for zero probe delay and a pump-probe ratio of 25:1, all theoretical

curves are for extinction ratios of 6 x10-5 .

this high fluence a large density of free-carriers is generated via both single- and two-photon

transitions, and the induced free-carrier grating dominates the switch performance except

near 0 , where only the photorefractive effect transfers energy.

Although perfect agreement is not achieved, the upper solid theoretical curve in

Fig. 7.9 reproduces both the general features of the data and the magnitude of the switching

ratio for an extinction coefficient of 6X10-5. In this calculation we have included both the

photorefractive and free-carrier effects. To compare the contributions between these two

effects in the switching at this fluence, we also present a theoretical curve in which only the

free-carrier nonlinearity is active (obtained by setting the photorefractive effect to zero), as

shown in the same graph by the dashed line. By comparison, this result demonstrates that the

free-carrier nonlinearity is indeed the dominant cause of the polarization rotation
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experienced by the signal beam in GaAs at high fluences except for pump angles very near

'k=0 0. Furthermore as expected, the On-Off ratio due to the free-carrier nonlinearity is

unity at 0 =0 , since at this angle the control beam diffracted from the grating into the signal

beam direction does not possess a p-polarized component. This indicates that the On-Off

ratio of about 30 that is observed at '=00 is due solely to the photorefractive effect. We

further notice that both theoretical curves presented here are not maximized at 0= 450, but

their peaks are slightly shifted toward the #=00 position. We recognize that such tendency

may be a signature of TPA generated free-carrier nonlinear refraction in this measurement,

since in GaAs at this excitation level the carrier generation is mainly due to TPA. This is

because, for a free-carrier grating induced solely by TPA in the limit of negligible beam

depletion, the On-Off ratio should behave as, 1 + b (R + cos214)2 sin 2 2#, where b is a

constant and R is the fluence ratio of the probe to the pump. This function maximizes

between 4= +22.50 and 0= 450. This is clearly different from the functional form of

1 + c sin 2 20, where c is a constant, which predicts a maximum at 4= 450 and describes

the anticipated response for a free-carrier nonlinearity induced by single-photon transitions

only. The difference described here and the fact that the free-carrier nonlinearity is the

dominant cause for the high contrast ratio observed at this fluence are further verified by

repeating the experiment, under the same conditions, in the same Si sample introduced in the

previous subsection. Again, the photorefractive effect is absent in this semiconductor, and

carrier generation at this wavelength is through single-photon transitions. The results are

shown in Figure 7.10, where the maximum clearly appears at 4=j450 and a numerical fit by

using the functional form of 1+ c sin 2 20 shows good agreement with the data.

We emphasize, however, the origin of the residual discrepancy between the theory and

data for the GaAs sample is unknown and is under investigation. We further emphasize that

the above analysis does not contain a complete description of the nonlinear interactions since
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FIG. 7.10. On-Off ratio as a function of the pump polarization angle relative to the s-
polarized probe in the 1 mm thick Si sample under identical experimental conditions as for

the high fluence data shown in Fig. 7.9. The solid curve is a fit using the functional form of

1+ c sin 2 20.

it only includes the photorefractive and free-carrier nonlinearities. For instance, we have

neglected the grating effect resulting from the real part of the instantaneous third order

bound-electronic nonlinearity. Such a grating only transfers phase between the interacting

beams when the beams are copolarized along a principal crystal axis. On the other hand, we

note that in the present measurement the x(3) nonlinearity can produce a polarization

rotation of the probe beam in the presence of the strong pump by generating a p-polarized

component when 4r 00. However, for zincblende crystals in the present orientation, it can be

shown that the irradiance of the generated p-polarized component of the signal beam has the

same functional dependence on 4 as the one caused by the single-photon generation of free-

carriers. In this sense, the good qualitative agreement between the theory applied and the

experiment suggests that the Kerr effect is not playing a major role in these measurements
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and thus is not responsible for the discrepancy.

In conclusion, we have observed On-Off switching ratios of 2 with fluences as low as

0.03 mJ/ cm2 and On-Off ratios as high as 6000 for fluences greater than 10 mJ/ cm2 .

Measured On-Off ratios are in good agreement with theoretical calculations. Significantly

larger On-Off ratios and observable switching with smaller fluences appear possible with

improvements in the extinction ratio of the nonlinear medium and analyzer system.

Furthermore, our preliminary results obtained here imply a promise to enhance the switching

performance when the experimental conditions are optimized, such as the pump-probe ratio,

probe delay, pump polarization angle, fluence, etc. A detailed experimental study of the

optimum switching conditions will be published in the near future (Schroeder et al., 1992).

7.3 Single-Beam and Multi-Beam Optical Limiting

7.3.1 Introduction

As was mentioned in Chapter I, a passive optical limiter (OL) is a nonlinear optical

device designed to protect sensitive optical components, such as detectors, from intense

optical radiation. The desired response of an ideal OL, is such that the low excitation

transmission approaches unity and is linear, but at high excitation levels either nonlinear

absorption, nonlinear refraction, or both effectively limit the throughput of the OL to a

fixed level. The device should be designed such that this "clamped" output level is well below

the damage threshold of the sensor. As an example, if the sensor were the human eye, a goal

of 0.1 pJ/cm2 would be appropriate for pulsed radiation. An ideal device will also provide a

broadband response, function equally well for CW to subnanosecond inputs, possess a large

dynamic range and a low insertion loss, and maintain a wide field of view. At present no

single device demonstrating all of these properties has been realized. Nevertheless, devices

have been demonstrated that satisfy some of these requirements. The most common design
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of these passive optical limiters is based on the single-beam geometry (Soileau et al., 1983;

Lens Sample Lens Aperture

F 1 F 2 F 2

FIG. 7.11. Single-beam optical power limiter geometry.

Boggess et al., 1984, 1985) shown schematically in Figure 7.11. Here, a nonlinear optical

material is placed at an intermediate focal plane in an optical system, and the nonlinearities

are used to limit the maximum output energy transmitted through an aperture below some

given level. The threshold fluence or irradiance (measured at the nonlinear medium) required

to achieve a clamped output is primarily determined by the magnitude of nonlinearity in the

material. Limitation on the strength of the nonlinearities in existing materials requires the

use of an intermediate focal plane to achieve a clamped fluence on the order of 0.1 pJ/cm2

at the sensor. In other words, the enhancement of the optical energy density achieved at the

focal plane allows one to most effectively utilize a given nonlinearity.

Multiple-beam geometries offer several potential advantages over single beam

configurations. For example, multiple beam configurations allow access to a number of

grating related phenomena, such as photorefractive energy transfer, polarization rotation,

and free-carrier transient energy transfer (TET), that are inherently absent in single beam

configurations (with the exception of OL's that utilize photorefractive beam fanning. See for

example, Cronin-Golomb and Yariv, 1985). Alternatively, by arranging the device such that
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the signal pulse arrives at the sample coincident in space but delayed in time relative to a

strong control pulse, two-beam geometries can be used to take full advantage of optical

nonlinearities, such as free-carrier absorption and free-carrier defocusing, that depend on

the accumulated carrier density. Furthermore, by offsetting the signal beam relative to the

control beam axis, induced beam deflection can also be realized with two-beam techniques.

Recently, a multiple-beam OL that utilizes photorefractive energy transfer from a

signal beam into a control beam was demonstrated by McCahon and Klein (1989). In this

device, which is called a "coherent beam excisor", a small portion (a few percent) of the

input signal is split off and is recombined with the signal at a small angle within a high-gain

photorefractive material such as BaTiO3 . When a coherent optical signal impinges on the

device, the two beams interfere within the photorefractive material and write a grating. The

grating results in energy transfer between the two beams. By properly choosing the

orientation of the photorefractive crystal, energy can be transferred out of the strong beam

and into the weak beam with high efficiency, thereby protecting any subsequent optical

components. The advantages of this technique are that it has a high throughput, it

discriminates against coherent signals, and it does not require spatial filtering. On the other

hand, existing high-gain photorefractive materials such as BaTiO3 , which are required for

the device operation, are too insensitive for this device to be effective against short-pulsed

signals.

Here, we examine various multiple-beam OL geometries using the optical

nonlinearities in GaAs at 1.06 pm that were discussed and quantified in the previous

chapters of this dissertation. For purpose of comparison, we also describe results obtained

using Si. Such OL's are potentially suitable for limiting nanosecond or even picosecond

optical signals. For each multiple-beam measurement we compare our results to a single

beam measurement conducted with identical experimental conditions (focused spot size,
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collection geometry, etc.). Three different two-beam configurations will be described: (A)

one in which a strong signal beam and a weak copolarized control beam are spatially and

temporally coincident in the nonlinear material (coherent beam excisor configuration), (B)

one in which a weak signal beam is spatially coincident but temporally delayed with respect

to an intense control pulse, and (C) one in which a weak signal is temporally delayed and

spatially offset with respect to an intense control pulse. In each case, the transmission of

the signal through an aperture is measured as the total fluence is increased. These

configurations, which are described in detail below, are designed to study the relative merits

of (A) transient energy transfer and photorefractive beam coupling, (B) control-induced

lensing and absorption, and (C) control-induced beam deflection and absorption for dynamic

attenuation of the signal beam. In each case, we compare the reduction in linear device

transmission to the improvement in limiting threshold. This work has recently been published

in Optical Engineering (Boggess et al., 1991).

To ensure an accurate comparison of the various configurations, we use our well-

characterized semiconductor samples, i.e., the 1-mm-thick Si wafer and the undoped semi-

insulating GaAs (the M043 and the Morgan) samples, are used to provide the limiting

action. All the measurements reported here were performed with the experimental setup

described in the Appendix A for an average temporal pulse width of -30 psec (FWHM) at

1.06 pm. These two materials respond quite differently to such excitation (for details of the

mechanisms in Si, see Boggess et al., 1986). At this wavelength and at low fluences, the

optical excitation induces indirect optical transitions from the valence band to the X-valleys

in the conduction band of Si. As the fluence increases and the accumulated carrier density

rises, free-carrier absorption, which is the dominant nonlinear absorption mechanism in Si,

becomes significant. The negative index change associated with the photogenerated carriers,

together with a nonuniform beam profile, results in self-defocusing for the single-beam case
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and either induced defocusing or beam deflection in the multiple-beam configurations.

Furthermore, for configurations in which two beams interfere to write a grating in the Si,

the free-carrier refractive nonlinearity results in transient energy transfer from the strong

beam into the weak beam.

The absorption mechanisms are dramatically different in the undoped semi-insulating

GaAs sample, as has been discussed in detail in the main body of this dissertation. Recalling

that as the carriers are excited from EL2 to the conduction band, more EL2+ are available

for transitions from the valence band. Since the cross section for the latter process is

smaller, this results in a weak bleaching of the overall defect absorption and an increase in

signal transmission. For short pulse excitation, however, this bleaching effect is

insignificant compared to the TPA, even at very low fluences. Free-carrier absorption

associated with both linearly and two-photon generated carriers also increases the overall

absorption. As with Si, these free carriers can be exploited in limiter configurations that are

designed to utilize refractive index changes, including those based on transient energy

transfer. In contrast with Si, in GaAs there is also a significant instantaneous contribution to

the change in index arising from the electronic Kerr effect. An additional mechanism, that is

not present in Si but that can be accessed in GaAs, is the photorefractive effect. In a two-

beam coupling configuration, the direction of energy transfer is determined by the crystal

orientation and the sign of the dominant charge carrier in a given sample.

In the following, we first describe coherent excisor measurements in photorefractive

GaAs. We then describe OLs based on control-induced lensing and absorption and OLs that

use control-induced beam deflection and absorption in GaAs and Si. The relative merits of

each configuration and each material are discussed, and our concluding remarks are then

presented.
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7.3.2 Coherent Beam Excisor

The first configuration that we investigated is illustrated in Figure 7.12. For this

geometry, the copolarized control and signal were both spatially and temporally coincident in

the GaAs sample and the control beam fluence was less than the signal fluence. The

transmitted signal was measured through an aperture that was set to clip the linearly

transmitted signal at the e-1 point of the irradiance. In this configuration, the two pulses

interfere to write a grating in the sample and transient energy transfer, which is always from

the strong beam into the weak beam, will deplete the signal. We chose the M043 GaAs

sample for this study, since we knew from our previous work that TET is much stronger in

the 3.3-mm-thick GaAs than in the 1-mm-thick Si for a given fluence. Furthermore, GaAs

is photorefractive, whereas Si is not. Therefore, by properly orienting the GaAs crystal, we

can in principle use photorefractive beam coupling from the signal into the control beam to

deplete the signal. Thus, when we use GaAs in this configuration, nonlinear absorption,

defocusing, photorefraction and transient energy transfer can all contribute to the depletion

of the transmitted signal beam.

The results of this measurement are represented by the triangles in Fig. 7.13, where

we plot the energy transmitted through the aperture as a function of incident fluence. For

this measurement the signal was 25 times more intense than the control beam, and both

beams were collimated with a beam diameter of 2 mm (FW/eI). This specific geometry,

which does not take advantage of an intermediate focal plane, was used to make contact with

previous measurements (Valley et al., 1986) on this sample. Clearly, the limiting threshold

would be reduced in an intermediate-focal-plane configuration. The results of the

equivalent single-beam measurement are represented by the circles. Comparison with the

two-beam results shows that we obtain only a modest improvement in the limiting action in
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FIG. 7.12. Two-beam coupling OL geometry. Control-to-signal fluence ratio 1/25, 0 delay.
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We found that we could continue to trade linear transmission for a reduction in

threshold with increasing control-to-signal ratio, but with decreasing efficiency. For a ratio

of 1/1, the maximum transmitted fluence was reduced to -50% of its single beam value

with a corresponding 50% reduction in linear transmission. For equal control and signal

pulses, there is no transient energy transfer, and photorefractive energy transfer is the most

obvious mechanism which distinguishes the two-beam and single-beam techniques. In the

case of equal signal and control pulses, the same result could have been obtained by placing a

linear 50% transmitting filter in front of the detector. This, together with the fact that the

limiter performance was independent of crystal orientation, indicates that photorefractive

beam coupling is insignificant for this configuration at the fluences of interest. This is

consistent with previous studies of TET and photorefractive beam coupling in GaAs (Valley

et al., 1986). If the control-to-signal ratio is further increased to a value above unity (i.e.,

signal weaker than control), transient energy transfer begins to work against limiting action

for the signal. In this case, it is advantageous to "turn off" the grating effects by arranging

the signal polarization orthogonal to the control polarization. When the control and signal

are temporally coincident, the latter geometry produces a limiting action on the probe exactly

equivalent to placing a filter in the signal beam with a transmission equal to the signal-to-

control ratio. The dominance of TET in the excisor operation indicates that the maximum

improvement in attenuation that can be achieved with this two-beam geometry is 50%, since

again the energy transfer is always from the strong to the weak beam.

7.3.3 Control-Induced Defocusing and Nonlinear Absorption

Next, we investigated the effects of arranging a weak signal to arrive approximately

one pulse width behind an intense control pulse. The advantage of this technique is that the

signal "sees" all of the carriers generated by the control pulse; the disadvantage is that the
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signal does not experience the TPA or the instantaneous index changes induced by the

stronger control pulse. Another disadvantage is that, since the control beam should be more

intense than the signal, the throughput for this system is necessarily low. For this

configuration the two pulses were recombined at an angle of 20 at the sample surface. The

Morgan sample was chosen for the GaAs measurements hereafter since a better optical

quality is required for limiting action that employs whole-beam nonlinear refraction as a

mechanism (see discussions in Chap. IV and V.). Both pulses were focused with a 50 cm

lens to the same spot (~100 pm FW1I/el), and an optical delay line was used to allow the

signal to arrive at the sample 100 psec after the control. The signal was recollimated with a

30-cm lens and then transmitted through an aperture, which was again set to clip the linearly

transmitted signal beam at the e-1 point. The control-to-signal fluence ratio was 25/1. The

Control

Aperture

Sample

Signal

Delay ~ 100ps J'1- F1 F2 4 F2

FIG. 7.14. Control-induced absorption and defocusing OL geometry. Control-to-signal

fluence ratio 25/1. Delay -100 psec.

optical configuration is shown schematically in Fig. 7.14.

In Figure 7.15, the squares represent the results of measuring the energy transmitted

through the aperture as a function of total fluence incident on the 1-mm-thick Si wafer.
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FIG. 7.15 Single-beam (open triangle) and control-induced absorption and defocusing

(square) limiting curves in Si. (triangle) Single-beam data reduced by the linear transmission

of the two-beam device (4%).

The open triangles represent the single beam measurement, and the closed triangles are those

same results divided by the control-to-signal beam ratio of 25. The latter is equivalent to

placing a 4% linearly transmitting filter in front of the detector. A comparison of this curve

with the multiple-beam results, therefore, directly illustrates the enhancement of the optical

nonlinearities obtained in the multiple-beam case. There are clearly several differences

between the single-beam and multiple beam results. Notice that the maximum output energy

is achieved at a lower fluence (15 instead of 30 mJ/cm2 ) in the two-beam case. At 20

mJ/cm2 the measured signal for the multiple-beam configuration is a factor of two smaller

than the normalized value for the equivalent single-beam configuration. Although further

reduction in the output for the two-beam geometry is realized at higher fluences (a

maximum reduction of a factor of 12 is obtained near 50 mI/cm2 ), this is irrelevant since

the device performance is characterized by its maximum output energy.
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FIG. 7.16. Spatial profile of the transmitted signal beam at the aperture position for a

control beam fluence of 20 mJIcm2 (A), 50 mJ/ cm2 (B), 80 mJI/cm2 (C), 125 mJ/ cm2 (D)

in Si.

The other feature that is clearly evident in Fig. 7.15 is the oscillatory behavior of the

transmitted energy with increasing input fluences. The nature of these oscillations has been

investigated by measuring the spatial profile of the signal beam at the aperture plane using a

vidicon and an optical multichannel analyzer. We find that these oscillations are a

manifestation of control-beam-induced defocusing of the signal beam. The spatially

Gaussian carrier density profile produced by the control beam acts as a negative Gaussian

lens with an effective focal length that is fluence dependent. This lens impresses a Gaussian

phase front on the signal beam resulting in a strong radial dependence of the local wave

vectors. In the far field these different wave vectors cause various portions of the signal

beam to interfere, thereby producing the observed ring pattern. The oscillations with
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fluence correspond to successive rings moving away from the beam axis. The peaks and the

valleys correspond, respectively, to the states where the ring is transmitted through and

blocked by the aperture. This is illustrated in Figure 7.16, where we show the spatial

profiles measured in the plane of the aperture for several different fluences. This behavior

was not evident in either the single beam data or the zero-delay data. The reason for this is

that in these latter geometries the probe "sees" an evolving lens produced by the
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FIG. 7.17. Single-beam (open triangle) and control-induced absorption and defocusing
(square) limiting curves in GaAs. (triangle) Single-beam data reduced by the linear
transmission of the two-beam device (4%).

accumulation of carriers. Our measurements are only sensitive to the time-integrated signal

pulse. The temporal averaging, therefore, obscures the oscillations. In contrast, for the

present measurement, the optically-induced lens is completely formed and static (on a psec

timescale) when the signal arrives.

Although similar behavior is observed for GaAs, in contrast with Si, the performance

is not improved at all. The results of the measurement made with GaAs are shown in Figure

7.17. It is clear that the device response is, in fact, degraded for this geometry. The
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difference in OL performance for the two semiconductors lies in the nature of the nonlinear

absorption processes in these two materials. For 30 psec pulses and the fluences of interest

here, the nonlinear absorption in GaAs is dominated by two-photon absorption, whereas

free-carrier absorption is dominant in Si. Since TPA depends on the instantaneous irradiance

in the sample, in the present time-delayed configuration the signal does not experience the

strong control-induced TPA in GaAs. Although the refractive nonlinearity associated with

TPA-generated free carriers is fully accessed by the signal, the signal does not see the

instantaneous refractive index change (n2) generated by the control. On the other hand,

since the Si device operates through strictly fluence dependent or cumulative effects, this

configuration takes full advantage of all optical nonlinearties in Si.

7.3.4 Control-Induced Deflection and Nonlinear Absorption

The final configuration investigated uses the control-beam-induced deflection and

absorption of a weak signal beam as a limiting process. The experimental configuration,

which is shown schematically in Figure 7.18, is similar to that used for the free-carrier

refraction measurement discussed earlier and for photothermal deflection spectroscopy

(Boccara et al., 1980). Here, the signal spot size is considerably smaller than the control

spot, and the signal propagates to one side of the control beam axis. Again, the signal is

arranged to arrive 100 psec after the control pulse. For this configuration, the signal

experiences a quasi-linear, control-induced variation of the refractive index along one of its

spatial axes. The nonlinear medium then behaves much like a prism, deflecting the signal

beam in a direction that depends on the sign of the nonlinear refractive index and with an

angle that depends on the amplitude of the change in the refractive index of the medium.

The angle of deflection is also a function of the slope of the index variation, with maximum

deflection expected at the inflection point in the profile. This has been verified
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FIG. 7.18. Control-induced absorption and deflection OL geometry. Control-to-signal

fluence ratio 20/1, control-to-signal beam size ratio 3/1, delay -100 psec.
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FIG. 7.19. Single-beam (open triangle) and control-induced absorption and deflection
(square) limiting curves in Si. (triangle) Single-beam data reduced by the linear transmission

of the two-beam device (0.055%).

experimentally, and the measurements reported here have been performed in this

configuration. This optical limiter configuration is similar to the spectroscopic technique
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for determining the index change per optically generated carrier pair as discussed in

Chapter VI.

Figure 7.19 illustrates the results obtained in Si for a control-to-signal beam radius

ratio of 3/1 and a control-to-signal fluence ratio of 20/1. With these parameters the linear

transmission of the device is 180 times lower than the transmission of the single-beam

optical limiter. Taking this into account, the results show an improvement of about 40% at a

fluence of 20 mJI/cm2. At still higher fluences, a reduction in output energy of up to one

order of magnitude is measured relative to the single beam case. Again, no significant

improvement in device performance was observed using GaAs for reasons discussed in the

previous section.

7.3.5 Conclusions

In summary, it is clear that an efficient coherent excisor OL cannot be realized using

transient energy transfer alone, since this effect always transfers energy from the strong to

the weak beam, therefore providing at most a factor of 2 attenuation. Nevertheless, when

used in conjunction with the other nonlinearities already active for a single beam OL,

transient energy transfer gives a modest improvement in the limiting performance. The

improvement, however, comes at the expense of additional complexity in the device design.

We believe the most promising coherent excisors will continue to rely on photorefractive

beam coupling because of the asymmetric gain that is possible using the photorefractive

effect (i.e., nearly all of one beam can be transferred into the other). For example, a two-

beam-coupling gain length product, I', of 15 is completely feasible in, e.g., 1 cm of BaTiO3

Since the transmission of the coherent excisor is T = 1/ [1 + R exp(I)] (McCahon and

Klein, 1989), where R is the ratio of the control to signal beam irradiance, it is possible to

achieve 45 dB attenuation with R = 0.01. Thus, for a 1 mJ/ cm2 input, the output of such a
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device will be less than 0.1 pJ/cm2 . On the other hand, there is a fundamental problem with

existing high-gain photorefractive materials like BaTIO3, i.e., their low sensitivities. For

example, to achieve a P1 of 15 in BaTiO3, we must achieve saturation, which occurs at

approximately 100 mJ/cm2 . By contrast, photorefractive semiconductors like GaAs are

much more sensitive than BaTIO3 (saturation fluence ~1 mJ/cm2 ), but the gain is too low

to provide significant attenuation (PT at saturation is -0.4 in our 3.3 mm crystal). The

potential for the coherent excisor configuration for optical limiting clearly rests with the

development and/or identification of more sensitive high-gain photorefractive materials.

We find that the two-beam time-delayed configurations can offer improvements in

both the threshold and output fluences when compared to single-beam configurations. The

price paid for this improvement, however, is increased complexity in the optical system and

a substantial reduction in the system throughput.

The limited success of the multiple beam configurations led us to reconsider the

properties of single-beam intermediate-focal-plane limiters based on GaAs and Si. In an

f250 optical system, we achieved a clamped output for a (threshold) fluence at the

intermediate focal plane of 20 mJ/cm2 for GaAs using 30 psec pulses at 1.06 pm. Since the

nonlinearities in GaAs are dominated by two-photon absorption for these optical pulses, it is

more appropriate to discuss threshold in terms of irradiance, which has a corresponding

value of 630 MWcm 2. For a system consisting of the GaAs placed at the focal plane of a

1:1 inverting telescope, the clamped output fluence is 3.2 pJ/cm2. Keeping in mind our goal

of a clamped output fluence of 0.1 J/cm2, we recognize that this performance can be

achieved if we design our optical system such that we achieve threshold (630 MW/cm 2) for

an input fluence of 0.1 pJ/cm2 . Note that this is a worst case scenario, since the system

transmission will always be less than unity at threshold. If we assume that we completely fill

a 1 inch input optic, this leads to a requirement that (f#)2 r <10-8 sec, where r is the input
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pulse duration. Furthermore, we recognize that an f# of less than 30 would result in a

Rayleigh range less than our sample lengths. Requiring an f# greater than 30 leads to a

maximum pulse duration of 38 psec for limiting at the 0.1 pJ/cm2 level for GaAs. This is a

significant restriction for limiters based on GaAs.

On the other hand, the nonlinearities in Si are fluency dependent rather than

irradiance dependent. The threshold in the silicon limiter is less than 40 mJ/cm2, and the

clamped output fluence (again using 1:1 imaging) is 6.4 pJ/cm2 . Using the same approach

as described above for GaAs, we find that we can achieve the threshold fluence for an input

of 0.1 pJ/cm2 with an f30 system. In contrast with the GaAs limiter, the performance of

the Si limiter should be nearly independent of pulse width up to input pulse durations of

-100 ns, at which point diffusion of carriers out of the beam could become significant.

The limiting threshold and single-shot melting threshold (of ~2 J/ cm2 measured by Boyd et

al., 1984) indicate a dynamic range of this device of nearly 20 dB. With good antireflection

coatings on each Si surface, a low fluence (linear) transmission of >40% can be expected

(for 1-mm-thick samples). The major disadvantage of Si limiters, unlike two-photon

absorbers such as GaAs, is that they are narrow band, since they function well only for

photon energies near the indirect band-gap energy (Eg = 1.1 eV) where the linear

absorbance is low. A similar performance is anticipated for other indirect-band-gap

semiconductors. Thus, AIGaAs with high Al concentrations or GaP might be appropriate

materials for optical limiting of visible radiation over a narrow bandwidth. Ideally, one

would like to identify a nonlinear material that has a response that is broadband, like that of

the two-photon absorbers, but that is also pulsewidth independent, like that of Si.



CHAPTER VIII

SUMMARY

Motivated by the potential application of GaAs as a nonlinear material in optical

devices, including passive nonlinear optical limiters and transient photorefractive switches

and modulators, in this dissertation we have conducted a study of the various fundamental

nonlinear optical interactions that occur in this material at 1.06 pm. Generally, a number of

optical processes occur simultaneously, complicating the analysis of our study, although

where possible we have designed and sequenced our experiments to allow us to isolate and

characterize individual processes. A central point to our investigations centers on the

existence of the optically active native defect EL2 in undoped semi-insulating GaAs.

Although this deep level has been extensively studied in regard to its impact on

microelectronics applications, little is known about the role this level plays in nonlinear

optics. The deep level associated with this defect creates both opportunities for new

applications and complications in the analysis of nonlinearities associated with other

processes. The EL2 is crucial as a source of photogenerated carriers in photorefractive

applications and, moreover, may influence processes such as those induced by the third order

nonlinear polarization and those associated with optically generated free-carriers. An

accurate characterization of these optical processes was clearly a first step to provide an in

depth understanding of the optical interactions in GaAs and a data base for optimizing and

engineering the optical devices of interest. Therefore, our primary objective was to clarify

the roles of various nonlinear optical processes in light-matter interactions in the presence

of EL2 and to quantify the corresponding optical constants. Based on such a fundamental

study, another objective was to demonstrate proof-of-principle optical devices based on

148
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these nonlinearities.

The optical interactions of concern fall into two broad categories: coherent and

incoherent optical interactions. The fundamental absorptive and refractive optical processes,

however, are common to both with the exception of photorefraction, which for our purposes

can be considered important only under conditions of coherent interference of two or more

optical pulses. We began our discussion of these processes by considering the relevant

properties of the GaAs band structure. We argued that for our experimental conditions this

band structure could be simplified to a single conduction band and a single valence band, i.e.,

we neglected the higher-lying indirect conduction band minima at the X and L points and the

light-hole and split-off valence bands. Next, we considered the various fundamental optical

processes that occur in GaAs as a result of 1.06 m irradiation. Again, an emphasis was

placed on the study of the native defects EL2 in nonlinear optical interactions.

Intense psec pulses at 1.06 pm, generated by a mode-locked Nd:YAG laser, were used

to generate and measure the nonlinearities of interest. The psec measurement techniques,

which allow us to measure these nonlinearities in the absence of recombination and

diffusion, were designed to isolate and quantify the different optical processes. Specifically,

we have used various picosecond techniques to accurately determine the optical cross section

ratio, cr/o ,/, of the native defect EL2, the two-photon absorption (TPA) coefficient, p', the

total free-carrier absorption (FCA) cross section, aye +Ufp, the bound electronic refraction

coefficient, n2, and the index change, nh, associated with each optically generated electron-

hole pair.

Quantitative information was obtained by comparing our data to numerical simulations

that were obtained by solving the Maxwell's equations together with the material equations in

a self-consistent manner. In order to model the optical interactions in our measurements, we

have taken advantage of the specific time regime of interest. This time, typically tens of a
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picosecond, is greater than the carrier thermalization and cooling times but much shorter

than the carrier recombination and diffusion times. On this timescale, the theoretical

treatment is greatly simplified by treating the optically generated carriers as a spatially and

temporally localized quasi-equilibrium population near the zone center. Under these

assumptions, a theoretical model was developed to describe the light-matter interaction for

our measurements at 1.06 pm, which includes the material equations and the general

Maxwell's equations for the field amplitude and phase. An exception to this treatment is the

optically generated gratings associated with photorefractive and free carrier nonlinearities,

which require us to explicitly consider diffusion and which are described in Chapter VI.

In the first section of this chapter, we summarize the specific results of this study and

draw conclusions based on our findings. Although we have developed an extensive

characterization of the nonlinear optical properties of undoped semi-insulating GaAs in this

dissertation, we have also generated new questions that are left unanswered. Hence, in the

second section of this chapter we propose future research to address these issues.

8.1 Specific Achievements

Picosecond pump-probe measurement techniques were employed to isolate the

instantaneous and cumulative nonlinear absorption processes, allowing us to separately

measure each. In the initial measurements, we arranged the pump and probe to be cross-

polarized to avoid grating effects and to allow us to separate the signal of interest by using

an analyzer. Specifically in Chapter III, the psec time-resolved pump-probe transmission

measurement technique was first applied to measure the optical cross section ratio of EL2,

i.e., el /#. We used two well-characterized, semi-insulating, undoped GaAs samples, namely

M043 and M076 for this measurement. A byproduct from this measurement was that we

obtained the TPA coefficient and the FCA cross section as well. The densities of EL2 and
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EL2+ in sample M076 were such that the generation rates for electrons and holes were

equivalent, and consequently, no absorption saturation associated with charge redistribution

among the EL2 was observed in this sample. This provided us with an opportunity to

independently determine the TPA coefficient and the free-carrier absorption cross section

from the MO76 data without the complication of mid-gap absorption saturation. This

procedure gave a TPA coefficient of -27 cm/ GW and a total FCA cross section of

-10 x10-18 cm2. Since these quantities are expected to be nominally intrinsic properties of

the GaAs, we used these numbers in the analysis of data from M043, which allowed us to

extract the cross section ratio e,/op, =1.25. The significance of this achievement is three-

fold. 1) The parameter cr,/o , is crucial in modeling the photorefractive response of GaAs,

and it has now been accurately determined. 2) For a sample with a given EL2/EL2+ dark

density, the absorption saturation properties of the material are now known. 3) The

knowledge of the EL2 cross sections provides a means to determine the EL2 concentration

in an arbitrary GaAs sample with unknown EL2 density (provided o,[EL2] %p[EL2j+] in

the dark).

Nonlinear absorption in GaAs has been further measured by a complementary, fixed-

delay, pump-probe transmission technique that allows us to illustrate the fluence regimes for

which the various nonlinear absorption processes dominate. In Chapter IV, we have applied

this technique at two specific probe delays to isolate the instantaneous and cumulative

absorption processes, namely, at zero delay where the measurement reduces to a single-pulse

transmission measurement that is sensitive to both instantaneous and cumulative effects, and

at a delay of 100 psec where the measurement is sensitive only to the cumulative effects.

Data obtained from these measurements are particularly amenable to analysis using

approximate solutions of our model in appropriate limits. From such an analysis we find

that, as expected, the solution for the single-pulse (zero delay) measurement predicts TPA to
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play a dominant role, while the solutions for the two-pulse (100-psec delay) measurement

predict two different fluence regimes with the low fluence response dominated by mid-gap

saturation and the high fluence response dominated by FCA. These unique features have

been clearly observed in the data obtained in the well characterized sample M043. The

nonlinear absorption constants were then extracted by comparing the numerical simulations

to the data. We have obtained the TPA coefficient of ~17 cmGlOWand the total FCA cross

section of -8.5x10- 1 8 cm2 from this procedure. The difference between these results and

those obtained by the time-resolved measurements are within the experimental errors of

+20% to 30%, and furthermore, the values for the TPA coefficient obtained from both

measurements are consistent with the theoretical prediction of -20 cml/GWby Van Stryland

et al. (1985) and previously measured values (-28 cm/ GW by Bechtel and Smith, 1976;

-23-26 cmlGWby Van Stryland et al., 1985, and Boggess et al, 1985; -18-22 cm/GWby

Bugaev et al., 1989). An important conclusion from our data analysis is, however, that the

saturation of the linear absorption associated with the EL2 mid-gaps plays little role in the

psec single-pulse TPA measurement. This indicates that the previous psec single-pulse TPA

measurements that were analyzed using a constant linear absorption coefficient were not

strongly influenced by the saturation and, therefore, were basically accurate. We emphasize,

however, that this conclusion is restricted to samples and experimental parameters similar to

those used here. That is, higher densities of EL2 or different operating wavelength ( note

oa/ is a function of wavelength) could result in the EL2-related saturation playing a

stronger role. Another result from our fixed-delay pump-probe technique is that, for

fluences above a critical value (-6 mJlcm2 for 30 psec pulse), the dominant role of the

FCA in this measurement ensures an accurate characterization of the FCA cross section.

Furthermore, using the EL2 cross section ratio obtained before, we can use the results of

this fixed-delay measurement to determine the EL2 and EL2 + densities in an arbitrary
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undoped semi-insulating GaAs sample. We have in fact used this approach to determine the

EL2 and EL2 + densities in the undoped Morgan sample for which we had no a priori

information on these quantities. The EL2 and EL2+ densities in the Morgan sample were

determined to be -0.96 x 1016 and ~2.0x10 15 cmn 3 , respectively. These measurements also

provided a TPA coefficient of -20 cm/GWand a total FCA cross section of 9 x10-18 cm2

for this sample.

Having obtained a detailed knowledge of the nonlinear absorption properties of

undoped semi-insulating GaAs, we then proceeded with a detailed characterization of the

nonlinear refractive properties of this material. The three types of nonlinear refraction of

concern are the instantaneous bound electronic refraction associated with x , the

cumulative free-carrier refraction associated with both single-photon and TPA-generated

free carriers, and photorefraction. In our initial measurements, we addressed the former two

processes. Since in general both the instantaneous and cumulative processes are

simultaneously present for psec pulse irradiation, we once again developed two picosecond

spectroscopic techniques that allowed us to isolate the two. The fixed-delay pump-induced

probe-deflection technique was used to separately measure the index change per carrier pair,

neh . In this case, a delayed probe beam is deflected from the spatial free-carrier index

distribution that is induced by the temporally advanced intense pump pulse. In order to

quantify neh, a model for light propagation in an index distribution field and a detailed

analysis for the pump generated carrier spatial profiles were developed. We emphasize that

the previous measurements of the nonlinear absorptive parameters of the GaAs were

essential for an accurate model of the carrier distribution. The value of neh= -5.1 x10-2 1

cm3 was then extracted from the numerical simulation of our data. By knowing neh, we have

used the z-scan technique, which is a single-beam measurement that is sensitive to the total

nonlinear refraction (instantaneous and cumulative), to determine the value of y, the
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coefficient for the irradiance-dependent bound-electronic index change. This procedure gave

a y value of -- 1.7 x10- 4 cm2/ GW Our measured neh and y are also consistent with the

theoretical values of -8 x10- 21 cm3 and -2.2 x10-4 cm2/ GW discussed in Chapter II. Our

approach thus provides a means to separate and to accurately measure these two constants,

which are required for modeling the response of devices based on these processes. For

example, the nte value is crucial in modeling the two-beam-coupling transient energy

transfer devices that rely on the free-carrier nonlinear refraction. The analysis conducted by

Valley et al. (1990) for such a measurement indicated a factor of 0.6-0.8 of the theoretical

value, which is fully consistent with our measured neh .

In order to have a clear, brief overview of the specific achievements described above,

we list the measured optical constants and the EL2 densities for our three samples in Table

8.1.

In connection with the device applications described in this work, we are interested in

the application of the nonlinearities described above to the generation of transient gratings

generated by two interfering coherent beams. Hence, in Chapter VI we described how such

gratings are generated and how they manifest themselves in optical measurements. In

addition, in this chapter we discussed the development of photorefractive gratings, which

differ from free carrier gratings in that they are nonlocal, requiring charge transport for

their development. We have considered in our studies both phase and amplitude transfer

mechanisms between the two interfering beams as a result of the self-diffraction off the

photorefractive and/or free-carrier index gratings. As such, the formation, decay, and

diffraction for these two different types of gratings have been described in some detail. In

particular, we have described these mechanisms in two-beam-coupling geometries that are of

our specific interest for use in device applications. The first of these is the standard



Table 8.1. Optical constants of undoped GaAs at 1.06 pm and associated dark
EL2 densities.

Sample M076 M043 Morgan

a [cm-1]a 0.76 1.2 0.92

# [cml GW]b 27.0 6.0 22.0+5.0 20.0+4.0

o,/g ae---- 1.25+0.15 ----

(9,e +O,)[10-1cm2 ]c 10.0+3.3 9.2 3.0 9.0+3.0

nch [10-21cm 3 ]d ---- ---- -5.1 +0.4

y [10-4 cm2 /GW]e ---- ---- -1.7 0.5

[EL20] [1016cm-3f 0.38 1.1 0.76

[EL2+] [10 15cm- 3]f >3.8 1.4 2.0

a. all the linear absorption coefficients are obtained from spectral absorbance

and reflectance scans in a linear excitation regime;

b. for M076 sample, obtained from time-resolved transmission measurement;

for Morgan sample, obtained from single-pulse transmission measurements;
for M043 sample, obtained from both measurement;

c. obtained from pump-probe transmission measurement, including time-

resolved pump-probe (MO76, M043 samples) and fixed-delay pump-probe

(M043, Morgan samples) techniques;
d. obtained from pump-induced probe beam-deflection measurements, provided

that the spatial photo-carrier distribution is known from numerical

simulation using the measured absorption constants;

e. obtained from single-pulse z-scan measurements, provided that neh and

photo-carrier density are known from the measurements listed above;

f. see Table 3.1 for samples M076 and M043; for Morgan sample, the

densities are obtained from the fixed-delay pump-probe transmission

technique using the known optical cross section ratio and linear absorption
coefficient with less than +10% errors.

155



156

photorefractive two-beam coupling configuration, in which the grating wavevector is along

(001) crystallographic direction, that results in a net energy gain for the probe. The second

configuration is one for which the crystal is rotated 900 with respect to the first

configuration so that the grating wavevector is along the (110) direction. For this geometry

there is no net energy transfer but a net rotation of the probe polarization, which is

specifically relevant to the optical switch described in this work. An effort has been made to

clearly illustrate the principle of the steady-state photorefractive response and the features

and complications of transient photorefraction, as well as the mechanism of transient energy

transfer induced by the free-carrier index grating.

In the final segment of this dissertation, we have described our utilization of the

optical nonlinearities in GaAs to construct three types of proof-of-principle nonlinear

optical devices for 1.06 pm radiation, specifically 1) a weak beam amplifier, 2) an all-

optical polarization rotation switch, and 3) multi-beam optical limiters. In each case we

compared the device performance obtained using GaAs to that obtained with Si. The latter

material represents a much simpler system than GaAs at this wavelength, since deep levels,

photorefraction, and TPA are not important in Si for our experimental conditions. For the

weak beam amplifier, which mainly takes advantage of transient energy transfer associated

with free carrier generation, we have achieved a gain [defined as, probe(with

pump)/probe(without pump)] of 25 in our M043 GaAs sample. In this measurement, we

found that at about 15 mJI/cm2 for 30 psec pulses the probe gain begins to be suppressed by

TPA, since the absorption depth associated with TPA in the presence of the pump becomes

substantially shorter than our sample length (3.3 mm) for this irradiance. This shortcoming,

however, can be overcome by reducing the sample length to some optimum value, as has

been theoretically predicted by Valley et al. (1990) and observed by Li and Ma (1989) in a

thin sample (0.58 mm thick). For the all-optical polarization rotation switch that uses both
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the photorefractive and free-carrier nonlinearity, a contrast ratio [ratio of p-polarized signal

with pump on to that with pump off] of 6000 has been obtained from the preliminary

measurements without optimizing the experimental conditions. In the study of optical

limiters, we were interested in using multi-beam techniques, which in principle have a

number of potential advantages over the single-beam technique. In this work we examined

the limiting performance offered by three multi-beam configurations, including the coherent

beam excisor, pump-induced probe defocusing and absorption, and pump-induced deflection

and absorption. Each of these has been carefully compared to the single-beam geometry. We

found from these studies that a modest improvement in limiting level could be achieved with

GaAs in the coherent beam excisor configuration at the cost of significantly increased device

complexity. The geometries designed for cumulative pump-induced absorption, defocusing,

and deflection showed essentially no improvement over single beam geometries when GaAs

was used as the active nonlinear medium, since the two-beam geometries do not take full

advantage of TPA. These configurations did show improvement in the limiting level when

Si was used for the nonlinear material, since in this case TPA plays no role and the

nonlinearity is strictly cumulative. For all three devices studied, we find that the optical

response characteristics are completely consistent with our understanding of the absorptive

and refractive nonlinear properties of GaAs as developed in the earlier chapters of this

dissertation.

8.2 Future Work

In this dissertation we have studied the nonlinear optical interactions of GaAs at a

specific wavelength of 1.06 pm in some detail, as we have summarized above. On the other

hand, there are still questions regarding the optical interactions that are left unanswered by

this work and projects generated as a result of this work. In connection with our original
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motivation of optical limiting and photorefraction, our present interest has centered on three

specific areas described below.

The first objective of our future work is to further study the role of mid-gap levels on

the intrinsic TPA process. An enhancement of the TPA is very attractive for device

applications that employ TPA as either a nonlinear loss mechanism or a carrier generation

mechanism (or both). Recall Eq. (2.5) and the relevant discussions which indicated the

potential to enhance the two-photon transition rate by introducing near-resonant, mid-gap

levels as the intermediate states. For this reason, we expected to see such an influence in our

undoped samples that have EL2 levels that provide such near-resonant intermediate states.

However, our measurement results show that all the samples investigated here have about the

same TPA coefficient and that this value is consistent with those previously measured in

arbitrary GaAs samples and theoretically predicted. We note, however, that the EL2

concentrations are both quite low in our samples (on the order of ~,O,1015-1016 cm-3 ) and

vary little from sample to sample. Hence, the density of near-resonant intermediate states

may be too low to significantly influence the TPA and any small effect cannot be isolated

because of the small range of densities investigated. Furthermore, a single-pulse

measurement conducted in a Cr doped GaAs sample, in which the Cr dopants create a mid-

gap energy level similar to EL2 with a concentration of about 2 x1 1) 6 cm 3 , indicates a TPA

coefficient about the same as in undoped samples. In fact, we emphasize that all the samples

studied have low mid-gap densities (on the order of ~1016 cm-3 ), compared to the density

of states of as high as ~1019 cm3 associated with the conduction and valence bands. The

question left unanswered, therefore, is whether or not a substantially higher density of mid-

gap levels would provide significant enhancement of the TPA coefficient. Thus it is

necessary to conduct a further in-depth study to address this problem. Clearly, such a study

should be performed in a set of samples with different known mid-gap impurity densities
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using the experimental methods developed in this work. As indicated by Martinez et al.

(1981), one can incorporate Cr into GaAs up to a maximum density of about 1018 cm-3

without serious crystal imperfection densities. Deep levels in GaAs can also be obtained by

incorporation of other element impurities into GaAs, such as Be and Sn, etc. (see, for

example, Bhattacharya and Dhar, 1988). A demonstration of enhanced TPA based on large

densities of deep defect or impurity levels would have significant implications extending

beyond the GaAs system.

A second objective is to investigate the inherently anisotropic nature of the third

order nonlinear susceptibility, X(3), in GaAs. For the measurements reported here, we have

made no distinction between the TPA coefficient, 3 [i.e., Im(x(3) )], determined by single-

beam techniques and that determined using two beams with crossed polarization. In reality,

these two measurements cannot yield precisely the same value of J9 because of the inherent

tensor nature of x(3) and the anisotropic properties of GaAs. We have not concerned

ourselves with this distinction in this dissertation because of the relatively large error in our

measurement and the anticipated weak anisotropy of 9 in GaAs (Bepko, 1975; Van Stryland,

1992). In principle, however, this issue must be considered. It becomes increasingly

important as refinements are made in laser systems and measurement techniques allowing

improved accuracy in measuring 3 and other nonlinear coefficients. In Appendix C, we

discuss in detail the anisotropic properties of the nonlinear polarization associated with

degenerate TPA and bound electronic refraction processes. The calculation shows both the

general features of this polarization and specific details related to our measurements. It is

clear that the anisotropy modifies the induced third order nonlinear polarization, resulting in

an interaction that in general depends on the crystal orientation with respect to the field

polarization. Even in the isotropic limit, however, we must distinguish between TPA

measured using the single beam technique and that obtained from two-beam measurements.
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In analogy with previous discussions regarding the real part of x 3) (Hopf and Stegeman,

1986), we anticipate the relative measured TPA effect to be approximately 1, 2, and 2/3 for

the single-beam, two-beam parallel-polarized, and two-beam orthogonally-polarized

measurements, respectively. These numerical factors must be properly included in the

appropriate wave equation when relating a value of # obtained from single- and two-beam

measurements. The general situation, however, is complicated still further by the anisotropy

in GaAs. Additional measurements designed to quantify the anisotropy are currently

underway in our laboratories.

A third objective of our future work continues to focus on the improvement of the

performance of intermediate-focal-plane optical limiters (OL). In particular, we are

currently interested in developing practical OLs that can provide an effective means for eye

protection against intense pulsed laser radiation. It is clear that such a device must operate at

visible wavelengths. Hence, if semiconductors are to be used as the nonlinear medium, they

must be wider band gap materials than the GaAs studied in this dissertation. The large

optical gain (i.e., ratio of the fluence at the cornea to the fluence at the retina) of the

human eye requires extremely low clamped limiting levels (<p./cm2 is proper for the eye

safe level). As we discussed in Chapter VII, for a properly designed optical system, Si can

provide a clamped fluence of this level at 1.06 pin. The device operation in this case relies

on indirect single-photon-generated free-carrier absorption and refraction. The primary

shortcoming of Si based OL is, however, the narrow band-width response due to the

resonant nature of carrier generation by indirect transitions. In addition, a Si based OL

operates at infrared wavelengths and is not suitable for visible applications. As we also

discussed, TPA in a semiconductor is a broad-band process, and it can be used to design a

broadband OL. However, due to the irradiance (rather than fluence) dependence of this

process and to the inherent limitations on the magnitude of TPA coefficients in available
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materials, in practice this process cannot protect against 10 nsec (or longer) optical pulses,

which represent the greatest potential threat. With this in mind, we are now focusing our

attention on using indirect linear absorption followed by free-carrier absorption and

refraction (as with Si) in wide band-gap semiconductors (Eg in visible portion of spectrum)

to develop OL for eye protection, and we are seeking ways to increase the operating

bandwidth of such devices.

The material under current consideration is GaP. This is an indirect-bandgap

semiconductor with the band-gap energy of 2.27 eV (X-546 nm) at room temperature.

Absorption near the band edge results in indirect single-photon transitions from the valence

band to conduction band minima near the X-points. Like in silicon, these photogenerated

carriers accumulate in the valence band and X-valleys and provide both absorptive and

refractive nonlinearities. These optical mechanisms are strictly fluence-dependent provided

the time scale of interest (i.e., threat pulse duration) is shorter than the carrier

recombination and diffusion times and, thus, insensitive to the pulse width. Furthermore, the

existence of the native P antisite defect provides a deep energy level within the energy gap.

It is also possible to intentionally introduce impurities, such as Fe, that lead to deep levels in

the GaP. If properly distributed, these deep centers may provide a source for the step-wise

generation of electron-hole pairs, which can subsequently provide absorptive and refractive

nonlinearities. Since the impurities or defects are spatially localized, they are broadly

distributed in k-space and they, thereby, provide a broad absorption feature below the

fundamental energy gap. This broad absorption band may provide an effective means to

improve the band width response for limiting operation in such materials. Clearly, the first

step is to study the fundamental optical properties of the GaP as a function of deep level

density. Again, we will use the theoretical and experimental methods developed in this

dissertation to clarify the roles of various mechanisms of concern in optical interactions.
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In this appendix we briefly describe the laser source used for our measurements, the

techniques used to characterize the output of this source, and the methods and facilities used

for our data acquistion. We also address the issue of experimental error and discuss the

procedure used to estimate the absolute error in our measurements.

A-1 Mode-locked Nd:YAG Laser System

Oscillator

The 1.064 pm picosecond pulses used in the experiments were generated from an

actively and passively mode locked Nd:YAG oscillator, shown schematically in Fig. A-1. The

lasing medium is a 7 mm x 90 mm Nd:YAG (Nd3 + ions in an yttrium aluminum garnet

host) rod that contains neodymium ions at a percentage concentration of 1 % and has a

fluorescent bandwidth of four wave numbers at room temperature. The rod is cut at

Brewster's angle at both ends in order to minimize losses in the p-polarized component of

the optical signal and, hence, to generate p-polarized oscillation in the cavity. Two spatial

filters with diameters of 1.7 mm and 1.6 mm are set on the optical axis at proper positions

inside the cavity to suppress the higher order transverse modes, ensuring the TEM00 mode

oscillation. A negative lens is inserted at a proper position in the cavity to compensate the

A Aperture V

Auopc oloArDivergence lens
Output Coupler ~".1':i

Acousto-Optic Modulator V Aperture Dye Cell

FIG. A-1. Geometry of the Nd:YAG oscillator.
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thermal lens effect of the rod induced by the pumping. The pumping source is two

flashlamps driven by an electrical power supply that provides a maximum pumping energy of

50 J during the discharge pulse duration of 250 psec (FWHM). The laser can be operated at

repetition rates of 10, 5, and 1 Hz, as well as in a single shot mode. The mode locking is

achieved mainly by a 1-mm-thick saturable absorber dye (Eastman Kodak 9740 dissolved in

the solvent dichloroethane 1,2). In addition, an intracavity acousto-optic modulator driven at

one half the cavity frequency, is used to eliminate multiple pulsing and to stabilize the output

energy. This oscillator produces a pulse train with a quasi-Gaussian envelope and with

typically -6 single pulses within the full width at half the peak value of the envelope when

the system is properly mode-locked. The pulses are separated from one another by the

round-trip time of the cavity, which is approximately 7 ns. Under optimized mode-locking

conditions the total energy in the output pulse train is stable to within +5%. Typically, the

total energy in the pulse train is 8 mJ and the energy in the most intense single pulse is 1 nJ.

The output coupler has the option for four different etalons of different thicknesses to act

as bandwidth limiting elements in the cavity and to thereby produce output pulse widths of

25, 50, 100, 200 psec.

Single Pulse Selection and Amplification

Only one pulse in the train is selected by the pulse slicer for amplification and

subsequent use in the experiments. The function of the pulse slicer is in principle to let the

selected pulse pass through by rotating its polarization 900, while altering the path of the rest

of the pulses. The operation is achieved by passing the pulse train through a Pockel's cell

placed between two crossed Glan-Taylor polarizers. The pulse train passing through the

Pockel's cell and rejected by the analyzer is monitored by a diode-descriminator

combination, which acts as an adjustable triggering circuit. At a preset level, this circuit

triggers an avalanche transistor, which in turn triggers a krytron tube. The firing of the
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krytron tube discharges a charged high-voltage transmission line, which thus supplies the

half-wave voltage to the Pockel's cell. The high-voltage cable length is chosen such that the

Pockel's cell rotates the polarization of only a single pulse within the mode-locked train.

The single pulse transmitted through the pulse slicer has a total maximum energy of

about 1 ml. This selected pulse is then amplified by either one stage or two stage single pass

amplifiers, depending upon the needs in the experiment. If care is taken to maintain a

Gaussian spatial profile, the total energy carried by the amplified pulse can reach about 5 mJ

after the first amplifier and can reach about 20 mJ when passed through the second

amplifier. Still higher energy, up to a maximum of about 100 mJ by two stage single pass

amplification, can be obtained as the pumping increases, but at such pumping levels the

amplifiers introduce considerable distortion on the spatial (and most likely temporal) profiles

as a consequence of significant thermal lensing and local spatial gain saturation. Higher

energies can also be obtained at reasonably low pumping levels by expanding the beam to

make better use of the available gain volume. This results, however, in degradation of the

spatial quality of the beam due to aperturing and diffraction.

A-2 Characterization of Picosecond Pulse

Great care was taken to ensure good beam quality by measuring the temporal width

and the spatial profile of the applied pulse before each experiment. The average temporal

pulse width was determined by an autocorrelation technique and subsequently monitored on a

shot-by-shot basis using second-harmonic techniques and the apparatus schematically shown

in Figure A-2. The transverse spatial profile of the pulse was determined by pin-hole scans

and pulse energies were measured using a calibrated joulemeter. These measurements

allowed us to accurately determine the absolute fluence and irradiance for our

measurements. An accurate knowledge of these parameters is critical in determining
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accurate absolute numbers for the values of the nonlinear constants reported in this

dissertation.

Characterization of Fluence

In order to determine the energy density or fluence delivered to our samples, we need

to know the total energy in our pulses and the size and shape of the spatial distribution of

the pulses. The Si p-i-n diodes used to measure the energy in our pulses were calibrated

using a pyroelectric joulemeter with a calibration traceable to the National Bureau of

Standards. The transverse spatial profiles of the pulses were measured at the sample location

by translating a small pinhole across the beam in both horizontal and vertical directions. The

spatial profiles were found to be Gaussian with a standard deviation (a measure of the

departure from the Gaussian shape) typically less than five percent for each experiment.

With the spot size, r0 (HW/el), at the sample measured and the incident energy, E, known,

the fluence for a Gaussian pulse shape is given by F = El (7ro2).

Temporal Pulse Width

Since processes such as TPA and bound electronic nonlinear refraction are irradiance

dependent, it is also important for our measurements that the irradiance at the sample be

accurately known. The irradiance is the energy density per unit time, and thus an accurate

knowledge of the pulse duration is required to determine this quantity. For a Gaussian

temporal profile of width, (HWI/eI), the irradiance is I0 = F0/ (V t).

The autocorrelation technique provides an effective means for short pulse duration

measurement by utilizing second harmonic generation (SHG) in a nonlinear crystal. For such

measurements, the fundamental pulse to be measured is split into two parts that are then

recombined in the nonlinear crystal after passing through different optical paths. A variable

time delay, r, is introduced into one of the pulse paths by using an optical element (prism or
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mirror) mounted on a translation stage. In our measurement, the time delay of the pulse is

obtained by a stepper-motor-driven stage with one motor step movement equivalent to about

0.067 psec in time delay. By varying the delay, the pulses sweep through one another in the

nonlinear crystal. Since the energy in the generated second harmonic signal is dependent on

the square of the instantaneous irradiance in the crystal, a larger second harmonic output is

generated when the pulses are temporally overlapped in the crystal than when they are

temporally separated. The measured second harmonic signal plotted as a function of relative

time delay between the two fundamental pulses thereby gives a measure of the fundamental

pulse duration. In this sense, the autocorrelation technique actually converts a time-domain

measurement of a short pulse into a measurement of its spatial extent, thereby allowing the

conventional slow optical detectors to measure a mode-locked short pulse on the order of

10-12 s or shorter. For our measurement, the autocorrelation SHG signal is generated by an

angle phase matched potassium dihydrogen phosphate (KDP) crystal (for SHG technique and

properties of KDP crystal, see Amnon Yariv "Introduction to Optical Electronics", third

edition). Assuming a Gaussian temporal pulse profile, the pulse and its time-delayed

counterpart can be described in terms of irradiance by I(t) and I(t-r),

I(t) = I e~ tMtp) ,(A-1)

I(t-r) = Io ed'(tT)Itp ]2(A-2)

where, tp,(HWI /eM) is the temporal pulse width. Then, the SHG signal S(r) for a colinear

configuration is

S(r) cc <2Q) >+ <P(t-r) >+ 4 <I(t)I(t-r) >; (A-3)

where the angle brackets indicate a time average and we have assumed that the measurement

has averaged to zero terms that oscillate with delay on a time scale comparable to an optical
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cycle. Recognizing that (P(t)) = (1I(t-r) ), the first two terms give a background signal,

while the third term gives the autocorrelation signal. Eq. (A-3) indicates that the peak to
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FIG. A-2. Diagram showing the setup for the background free autocorrelation measurement

and the temporal pulse width fluctuation monitoring system.

background signal ratio is 311. However, as shown in Figure A-2, by making the two

incident paths intersect at a small angle in the crystal, a background free autocorrelation

curve is obtained, provided that SHG for each fundamental pulse is adequately phase

mismatched or that the SHG generated by the individual pulses is discriminated against by

proper spatial filtering. The measured second harmonic signal in this case is

<I(t)I(t-r) >= 102J e-( ed-1)!:p] dt cce 2
-co

(A-4)

and it is found that the autocorrelation curve has a width (HWI/eM) of V2 t, for Gaussian

B.S.

-ao
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temporal profiles. To ensure that there is no pulse width broadening as the pulse propagates

through optics, and to determine zero delay (perfect temporal coincidence between the pump

and probe pulses), this same method was used to measure the pulse width at the sample

position. The typical pulse width for the experiments described in this dissertation is ~30

psec (FWHM), which is measured before each experiment.

The configuration shown in Fig. A-2 also allows us to measure the pulse duration on a

single shot basis. The system, which utilizes the existing autocorrelator by using the same

KDP crystal to generate SHG signal, is based on measuring the ratio between the single pulse

SHG signal and the square of the fundamental signal. A simple derivation shows that this

ratio is inversely proportional to the product r02t; , where r0 is the spatial beam width

(HW1/eM). Therefore, provided that the beam size is constant, the ratio is determined by the

pulse duration. The constant of proportionality is determined by monitoring the ratio while

performing an irradiance autocorrelation measurement. During the experiments described in

this dissertation, a window of +10 % about the measured average ratio was set to select only

the pulses that had durations within a narrow and known range. A similar window was placed

on the energy in the pulses so that the irradiance of each shot was kept within a narrow

range.

A-3 Data Acquisition

Data Acquisition Procedure

Data acquisition was controlled by a programmed automated data acquisition system

that utilized a series of procedures including the test of laser operation, test of the pulse

width, test of the pulse energy, computer processing of the obtained data, etc. Figure A-3

flowcharts the basic procedures of data acquisition. Signals were collected by Si p-i-n

photodiodes and then sent to a data acquisition box, which digitized the voltages supplied by
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the detectors and then transmitted the digitized signals to an IBM AT personal computer.

The signals were read into the operational program, which then tested for an acceptable shot

and processed the data. Generally, each data point was taken by statistically averaging over

10 acceptable pulse shots. The term acceptable pulse means that only those shots that

satisfied the predetermined conditions on energy and pulse duration were included in the

average. Less than +10 % windows on the pulse width and the fluence for pump and probe

pulses were used in data acquisition.

PROGRAMMED
WINDOW

SETTING

GET SHOT

---f -
TEST SHOT

Store Satisfactory Shot

----------- Temporal pulse width

- u- - "----- Pulse energy fluctuation

......... Incident fluences

Calibration 
Po

DATA PROCESSING

calibration, normalization, etc.

Get a Raw Data Point
by Statistically

Averaging over 10 Shots Write the Data to a Prenamed Data-File

FIG. A-3. Flowchart of the data acquisition and the data processing.

During data acquisition, raw acceptable data from each of the detectors were

automatically written into a pre-named file in the computer hard disk or a diskette. Having

the calibration factors for each detector, the data processing was then simply performed by

employing a software package called 'RS1 ", in which mathematical operations are allowed
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for data tables, and the data can be plotted in various formats. Another software package

called 'Quattro", which has similar functions as RS1, is also used for data processing and

plotting.

Estimate for Experimental Error

In each experiment, the data obtained are subject an experimental error due to the

fluctuations of the experimental conditions and/or absolute errors in the measurement of the

parameters. The influence of such error on the value of an experimentally determined

material constant depends upon fluctuation of the parameters that are important to that

specific measurement. In the following, we first describe the procedure to evaluate

experimental error by carrying out a calculation for a single-pulse transmission

measurement. We then extend this discussion to more complicated measurements conducted

in this dissertation.

We estimate the experimental error by the root mean squared standard error using the

formula described below. Denote the parameters that are subject to fluctuations in a

measurement as x1 (i=1,2.--..) and the quantity to measure as y. The functional relation

that connects x; and y is

y =f(x 1,x2 ,-----.). (A-5)

The fluctuations of x,(I=11,2,....), which are measured by root mean squared standard

errors of o,(i=1, 2,- -.-...), are translated to the measurement of y by a root mean squared

standard error of

G, IF i a + [ x222 +..--. (A-6)

This is the fundamental Eq. to be used in our error estimate.
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Next, we use Eq. (A-6) to examine the error of a single-pulse transmission

measurement, which is the simplest case of the experiments described in this dissertation

and was used to determine the TPA coefficient in our GaAs samples. Recall the approximate

solution for the inverse transmission for this measurement,

1 1 1 I0 1
T To+ o A0 ST,(A-7)TT 0 Z 2  TPA 0 +S 27

where we have assumed that TPA dominates the material response for this measurement, as

was discussed in Chapter IV. The deviation of the inverse transmission from its true value is

then associated with any factor that fluctuates during data acquisition to cause a fluctuation

of the irradiance. These factors, according to the relations F0 = El (wr 0
2) and

Io = Fo/(Vt), are then the energy, and the temporal and spatial widths of the applied

pulse. Thus l/T =f(E,to,r0 ) for this case. Applying Eq. (A-6), we find

1/T =T r[ 2+ 2 + [2(A-8)

Noting that a factor of 2 in the spatial width deviation comes from the partial differential of

the squared ro dependence, thus the error estimate is quite sensitive to the fluctuation of

spatial width. It is clear from Eq. (A-8) that the absolute error of 1/ T depends on both the

value of ST and percentage errors of each dependent parameter. Note also that this

expression can be interpreted by a percentage error of this measurement, i.e., o/ TS'.

Since the inverse transmission is directly proportional to fi (see definition of ITPA ), this

implies that the value of # extracted from such a measurement is also subject to the same

percentage error. That is,
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r 2Or.
+ 2+ 2(A-9)

For our experimental conditions, we consider a maximum deviation of 10% for the energy

and temporal width and a maximum deviation of +5% for the spatial width. In this

development, however, it is also necessary to take the day-to-day energy calibration error of

about +5% into account as well. Eq. (A-9) then predicts a percentage error of approximately

+18% for the simplest measurement considered here. In addition, for this single pulse

measurement, the electronic noise in data acquisition must be considered. Taking this into

account, the error then increases to about +20%.

A similar procedure can be easily applied to our other measurements that can be

theoretically described with closed form approximate expressions. For instance, for the 100

psec fixed-delay pump-probe transmission measurement, we find an error for the total FCA

cross section of about +30%, if we assume a dominant role of (FCA)TPA at high fluences.

We have also applied this method to Eq. (5.5) to estimate an experimental error of 25%

for nch obtained from the pump-induced beam-deflection measurement. This error is

reduced by using u/Viz for n measurements. Using this rule, the resulting estimated error is

consistent with the numerically estimated error of about +8% for nh for our pump-induced

probe deflection measurements.

On the other hand, as is indicated in this development, the percentage error associated

with each parameter enters the evaluation in a manner determined by the irradiance or

fluence dependence of the measured quantity. Therefore, it is also possible to roughly

evaluate the measurement error for the cases for which we don't have an explicit functional

relation between the measured quantity and the parameter of interest, but we do know the

dependence of the measured quantity on the relevant experimental parameters. For example,
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when we apply this procedure to the time-resolved pump-probe transmission measurements

we find that near zero delay, where TPA is the dominant nonlinear absorption mechanism,

we obtain an error of about j21% in the value of g. At long delays, assuming that the probe

transmission depends mainly on the FCA associated with two-photon generated free carriers

produced by the strong pump pulse at an earlier time, we obtain about the same percentage

error for the FCA cross section as the one we had for the fixed-delay pump-probe

transmission measurement, i.e., approximately 30%. This result is consistent with the fact

that at long probe delays the latter is an equivalent technique to the former. The larger error

in the free carrier cross section relative to the TPA coefficient is a reflection of the fact

that FCA associated with TPA-generated free carriers is effectively a fifth order process,

whereas TPA is third order.
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Numerical simulations described in this dissertation are achieved by solving Maxwell's

equations together with the material equations in a self-consistent manner for psec Gaussian

shape pulses incident on the undoped GaAs crystals. Appropriate boundary conditions, initial

conditions, and experimental conditions are applied for numerical solutions. In the first

section of this Appendix we describe basic procedures and numerical methods employed for

our simulations. In the second section, we present the computer codes for these simulations.

B-1 Numerical Simulation Method

We first consider how to numerically simulate the propagation behavior of an incident

optical pulse within a sample. Assuming Gaussian temporal and spatial profiles, the incident

pulse is divided into small intervals in temporal and spatial dimensions. As shown in

Figure B-1, a Gaussian temporal pulse is sliced into a number of intervals of duration dt. For

a temporal slice with irradiance I(t) incident on the surface of the crystal, its transverse

spatial distribution is divided into a series of rings, each with a width dr. Further, to

numerically simulate the irradiance and phase modulation of the pulse as it propagates along

the z direction, the sample itself is divided into a large number of thin wafers along the

sample length 1, each with a thickness of dz. After accounting for Fresenel reflection losses

at the input face, the irradiation I(r, t) associated with each ring and each temporal slice then

propagates independently inside the crystal along the z direction, a process that is governed

by Maxwell's equation including both linear and nonlinear processes. A local instantaneous

irradiance, I(r,z,t), is then established at a specific time and position. This local pulse,

I(r,z, t), in turn simultaneously modifies the local carrier generation and the charge

redistribution among the EL2 states through the material equations. Thus, the number

density of carriers is accumulated from each arriving temporal slice and spatial ring of the

optical pulse and is spatially localized when neglecting diffusion and recombination. The
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accumulated carriers, as well as the redistributed EL2 states, in turn contribute to the

modulation of the next incoming temporal slice of the pulse. In the mean time, the local

irradiance and optically generated carriers also simultaneously modify the phase of the pulse

through the Maxwell's equation for the phase. As such, the development of the light

irradiance, fluence, nonlinear phase change, and of optically generated free-carrier

concentrations as a result of the light-matter interaction can be numerically solved.

Furthermore, this information enables us to simulate specific measurements conducted in

this dissertation.

I(t)r

dzz

t dt

Incident Laser Pulse -

with Gaussian shape SAMPLE

FIG. B-1. Diagram schematically shows the procedure of numerical calculation in this

dissertation.

For the simplest case, the single-pulse transmission measurement, the energy

transmission is calculated at the exit surface of the sample by integrating the local output

irradiances over the transverse space and time domains. For pump-probe transmission

measurements, the probe pulse propagates in much the same way as the pump in the sample.
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However, the amplitude and phase modulation of the probe depend mainly on the level of

pump excitation, which means that for a sufficiently weak probe pulse the TPA and carrier

generation associated with the probe pulse alone are generally neglected. The transmitted

energy for the probe pulse is again determined at the exit surface of sample. The spatial

distribution of carriers generated by the pump is determined from this numerical simulation.

This distribution can also be used to model the pump-induced beam-deflection measurement,

for which the trajectory of a weak probe beam in a pump-induced free-carrier index-field is

simulated to give the displacement and angle of the probe ray at the exit sample surface.

In order to properly simulate our experiments associated with the pulse propagation

described above, numerical methods must be employed to solve the coupled differential

equations and to perform the temporal and spatial integrations. The methods used in this

work include the finite-difference approximation method (i.e, Euler method), the fourth-

order Runge-Kutta (R-K) method, and the fourth-order Simpson method. The number of

increments in time and space is increased until convergence is achieved, i.e., when the

energy transmission of an optical pulse converges to better than 1% accuracy. In the finite-

difference approximation, the derivatives of functions are replaced by their corresponding

differences of quotients. In the fourth order R-K method, the differential equations are

integrated over each wafer by statistically averaging over four slopes with corresponding

weights, as opposed to a direct single-step integration. The advantage of the fourth-order R-

K method compared to the Euler method is that it provides a much higher degree of

precision for a given number of wafers. The method for solving the coupled differential Eqs.

in a simulation is selected among these two by specific requirements and conditions.

Combined with the Euler or R-K method or both to obtain the light and carrier spatial

distributions in the sample, the Simpson method is used for the integration over time and

transverse space to calculate the energy transmission. This method performs the integration
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within a single interval by statistically averaging over three points of function values with

corresponding weights and has the same precision as the fourth-order R-K method. The

reader who is interested in more details of these numerical methods may read 'Numerical

Recipes, The Art of Scientific Computing" edited by William H. Press et al. (1985) or text

books on numerical analysis. Finally, most of the simulations have been performed on a

'SUN" workstation, specifically a SPARC (Scalable Processor ARChitecture) Station 1 that

belongs to Sun-4 series.

B-2 Programs for Numerical Simulation

The computer codes listed below are written in Fortran language. These codes

simulate the fixed-delay pump-probe transmission, spatial electron and fluence distribution,

and pump-induced beam deflection in undoped GaAs samples and arebased on the Maxwell's

Eqs. and material Eqs. that are described in the main body of this dissertation.

Code for Fixed-Delay Pump-probe Transmission

c Program to calculate the delay-fixed probe transmission as a
c function of pump pulse fluence in GaAs:EL2.
c Input: linear absorption and TPA coefficients, total FCA
c cross section, EL2 optical cross sections, the EL2 concentrations,
c parameters of the sample, experimental conditions.
c This code returns a numerical fit of the probe transmission data,
c to justify a knowledge of EL2 cross section ratio/concentration
c and total FCA cross section.
c Incident pump & probe pulses are assumed of Gaussian shapes
c (temporal & spatial) and of same spot sizes.
c Note that this code can be modified to simulate the single-pulse
c transmission by integrating the pump field over t&r at exit surface.
c

real P1(101),P2(101),B(22),It(31),Pt(3)
real I0,N1,N2,invT,L,Na,N,Nss
integer OrderNo
character*8 filename
character*1 reply

c ------------------------------.---------... ..--- ..
c Begin the Main Program
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write(*,*) Input the filename to put data: '
read(*,*)filename
open(1,file=filename,status ='unknown')
rewind(1)

c The following constants are set to match the conditions for experiment
c conducted in undoped M043 sample. A flexibility of parameter change
c is available for use of this code in similar situation in other samples.

B(1)=1.e-2
B(2) =3.46e-11
B(3)=1.2
B(6) =1.23e16
B(7) =1.7e-8
B(8) =8.5e- 18
B(9) =1.06
B(10)=10
B(11)=0.32
B(12) =0.306
B(13) =0.21
B(14)=1.
B(15) =3.
B(16)=1.e-16
B(17) =0.8
B(18) =0.0825
B(19) =36.
B(20) =3.lel
B(21) =2.01e2
B(22) =1.01e2
write(*,*)'Preliminary parameters are set for sample M043'

5 write(*,*)'B(1)......incident beam size ,FW1/ eM =',B(1),' cm'
write(*,*)'B(2)......temporal pulse width,FW1/2M=',B(2),' s'
write(*,*)'B(3)......linear absorption coefficient =',B(3),' 1/cm'
write(*,*)'B(6)......total EL2 density =',B(6),' 1/cm3'
write(*,*)'B(7)......TPA coefficient =',B(7),' cm/W'
write(*,*)'B(8)......total FCA cross section =',B(8),' cm2'
write(*,*)'B(9)......light wavelength =',B(9),' micron'
write(*,*)'B(11).....sample thickness = ',B(1 1),' cm'
write(*,*)'B(12).....front surface reflection= ',B(12)
write(*,*)'B(13).....back surface reflection = ',B(13)
write(*,*)'B(14).....step length of fluence =',B(14),' mJ/ cm2'
write(*,*)'B(16).....EL2 ionization cross section =',B(16),' cm2'
write(*,*) 'B(17).....[EL2 +]/ [EL2] CrossSectionRatio =',B(17)
write(*,*)'B(18).....probe fluence =',B(18),'mJ/cm2'
write(*,*)'B(19).....# of total data points =',B(19)
write(*,*)'Do You Want to Change Parameters ? [y or n]'
read(*,*)reply
if (reply.EQ.'y') then

write(*,*)'Which parameter you want to change?'
write(*,*)'Input parameter OrderNo:'
read(*,*)OrderNo
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write(*,*)'the previous value is:',B(OrderNo)
write(*,*)'Input new value of B(',OrderNo,')'
read(*,*)B(OrderNo)
write(*,*)'the new value is:',B(OrderNo)
go to 5
else

end if
c ************** Set constant value *****************

cc=ALOG(2.)
rO=0.5*B(1)
tO=0.5*B(2)/ SQRT(cc)
bt=B(7)
L=B(11)
Sfep =B(8)
hw=6.625e-34*3e8/ (B(9) *1.e-6)
Se=B(16)
Sp =B(17) *Se
aa=B(3)
Fs=hw/ (Se+Sp)
R1=B(12)
R2 =B(13)
N=B(6)
if (Sp.NE.Se) then

Na=(Se*N-aa)/ (Se-Sp)
else
Na=O.

end if
Nss=Se*N/ (Se+Sp)
a=(Se-Sp)*(Nss-Na)
write(*,*)' Nss =',Nss,' Na=',Na,' a=',a

c where, Nss is the saturation density of EL2 + states in 1/ cm3;
c Na is the initial dark density of EL2 + states in 1/ cm3; and a
c is the change in linear absorption in 1/cm due to saturation.
c The following ' f statement" provides an option to set
c the 1PA generated FCA disable, for testing purpose.

control =B(1O)
if (control.EQ.O.) then

c=O
else

c =Nss*Sp*Sfep/ hw
end if
d=0.5*bt*Sfep/hw
py=3.1415927
bb=B(15)
dI=B(14)
Fp=B(18)*1.e-3
mm=B(19)
ll=B(20)
dt =tO*6/ (11-1)



182

nn=B(21)
dr=rO*3/ (nn-1)
mn=B(22)
h=L/(mn-1)
write(*,*)'Continue and start to run? [y or n]'
read(*,*)reply
if (reply.EQ.'n') Go To 99

c Calculate incident probe energy
EO=Fp*rO**2*py
write(*,*)'Output rows to the named file in orders of'
write(*,*)'Irradiance[GW/cm2J Fluence[mJ/ cm2] I/T '

c ****************** LOOP I Pump ********************

F0=0.01
do 100 i=1,mm
E=0.0
I0=F0/ (SQRT(py)*tO*1.e3)

c Subloop: discrete I(t) for a given peak on-axis I0
t=0.0
do 10 ii=1,ll
Pt(1) =YT(t,I0,bb,t0)
Pt(2) =4*YT(t +dt/ 2,I0,bb,tO)
Pt(3) =YT(t+dt,I0,bb,tO)
It(ii) =(Pt(1) +Pt(2) +Pt(3))/6
t=t+dt

10 continue
c ******************** LOOP r **************************

r=0.0
Do 80j=1,nn
ratio =(Yr(r,rO) +4*Yr(r +dr/ 2,r0) +Yr(r+dr,r0))/6

do 15jj=1,mn
P1(jj) =0.0
P2(Jj)=0.0

15 continue
Fpr=Fp*ratio*(1-R1)

c ******************* LOOP t Pump *********************

t=0.0
E1=0.0
Do 60 k=1,11
Y=It(k) *ratio*(1-R1)

c ******************** LOOP z Pump *********************

z=0.0
Do 40 kk=1,mn

P1(kk) =P1(kk) +Y*dt
P2(kk) =P2(kk) +Y**2*dt
N1 =P1(kk)
N2 =P2(kk)
call RK(z,h,Y,Fs,N1,N2,aa,a,c,d,bt)

40 continue
60 continue
c ******************** LOOP z Probe *******************
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z=0.0
Do 45 kk=1,mn

N1=P1(kk)
N2=P2(kk)
call RK(z,h,Fpr,Fs,NI,N2,aa,a,c,d,0)

45 continue
c Add up the transmitted probe energy from each ring.

Fpr =Fpr*(1-R2)
if (r.EQ.0.0) then

E=Fpr*py*dr**2
else

E=E+Fpr*2*py*r*dr
end if
r=r+dr

80 continue
c For outer rings that r >3xr0, assume linear absorption only
c and add this part of transmitted energy to the total energy.

E=E+1.234e-4*E0*EXP(-aa*L) *(1-RI) *(1-R2)
invT =E0/ E
write(1,1)I0*1.e-9,F0,invT
call flush(1)

1 format (3x,f8.5,5x,f8.5,5x,f8.5)
if (i.eq.1) then
F0=F0+0.99
else
FO=FO+dl
end if

100 continue
99 endfile(1)

stop
end

c ------------------------------------
c Procedure of R.K. method for integration of Maxwell Eqs that
c modulate the propagation of the pump and probe pulses along z.
c For a given set of constants, each calling of this procedure
c returns a Y1 value at (i+1)xdz from the value at ixdz.

Subroutine RK(tt,hh,Y1,Fss,NI11,N22,al,a2,c l,dl,btl)
real u(5)
real F,P,YW,tW,tt,hh,Y1,N11,N22,al,a2,c 1,dl ,bt1
u(1) =0.5*hh
u(2) =0.5*hh
u(3) =hh
u(4) =hh
u(5) =0.5*hh
YW=Y1
P=Y1
do 20 m=1,4
F=-(al-a2*(1-EXP(-N11/ Fss)) +c1 *N11I +dl *N22)*P-bt1*P**2
tt=tW+u(m)
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P=YW+u(m)*F
Y1=u(m+1)*F/3+Y1

20 continue
return
end

c -------------------------------------------------------
c Amplitude of I(t). for a given on-axis peak irradiance, the
c Gaussian function returns to an irradiance amplitude at time t

Function YT(t1,FF,b1,t00)
real tl,FF,bl,t00
YT=FF*EXP(-((t1-b 1*tOO)/ t00) **2)
end

c For given I(t), the function returns to a ratio I(r,t)/I(0,t)
c Ratio I(r,t)/I(0,t)

Function Yr(rr,r00)
real rr,r00
Yr=EXP(-(rr/ r00) **2)
end

c ---------------------------------------------------------

Code for Carrier and Fluence Spatial Distribution

c Program to calculate photoinduced spatial carrier distribution
c and spatial fluence distribution in GaAs:EL2. The preliminary
c parameters are set for 3-mm Morgan sample under 1.06 micron,
c 30 psec pulse irradiation.
c
c Input an on-axis fluence and a choice of output, and proper optical
c parameters and applied conditions,
c This code returns a spatial profile of the chosen option among
c electron(hole) density or fluence, or the spatial width of which,
c as a function of spatial coordinates.

real ne(101,201),np(101,201),Fr(101,201),N1(101),N2(101)
real B(22),It(51),Pt(3),u(5),Fr(101,201),Avne(201),Avnp(201)
real N,Nss,Na,L
integer OrderNo
character*8 filename,choice
character*1 reply

c ---------------------------------------------------------------
write(*,*)'This code calculate the following in undoped GaAs'
write(*,*)'choice.....meaning'
write(*,*)'nr....electron density as a function of r at'
write(*,*)' front; middle; and back planes of the sample'
write(*,*)'pr....hole density as a function of r at'
write(*,*)' front; middle; and back planes of the sample'
write(*,*)'nz....on-axis electron(hole) density as function of z'
write(*,*)'na....average electron density(hole) as function of r'
write(*,*)'nw....width of electron(hole) profile as function of z'
write(*,*)'fr....fluence as function of r at front;'
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write(*,*)' middle; and back planes of the sample'
write(*,*)'fw....width of fluence profile as function of z'
write(*,*)''
write(*,*)'Input your choice:'
read(*,*)choice
write(*,*)'The output has following dimensions:'
write(*,*)'carrier density......... .e16/ cm3'
write(*,*)'fluence ......... mJ/cm2'
write(*,*)'r ......... mm'
write(*,*)'z ......... mm'
write(*,*)'Input a filename to put data:'
read(*,*)filename
open(1,file=filename,status ='unknown')
rewind(1)
B(1)=0.1
B(2) =3.e-I11
B(3) =0.92
B(6) =0.96e16
B(7) =2.e-8
B(8) =9.e- 18
B(9)=1.06
B(11)=0.3
B(12) =0.3
B(13) =0.23
B(14)=1.
B(15) =3.
B(16)=1.e-16
B(17) =0.8
B(18)=1.
B(20) =3.lel
B(21) =2.01e2
B(22) =1.01e2
write(*,*)'Preliminary parameters are set for Morgan sample'
write(*,*)'for a 0.1 cm FWI/ eM, 30 ps FWHM pulse excitation.'
write(*,*)' '

5 write(*,*)'B(1)......incident beam size,FW1/eM =',B(1),' cm'
write(*,*)'13(2)......temporal pulse width,FWI/ 2M=',B(2),' s'
write(*,*)'B(3)......linear absorption coefficient=',B(3),' 1/cm'
write(*,*)'B(6)......total EL2 concentration =',B(6),' 1/cm3'
write(*,*)'B(7)......TPA coefficient =',B(7),' cm/W'
write(*,*)'B(8)......total FCA cross section=',B(8),' cm2'
write(*,*)'B(9)......laser pulse wavelength =',B(9),' micron'
write(*,*)'B(11).....sample thickness = ',B(11),' cm'
write(*,*)'B(12).....front surface reflection= ',B(12)
write(*,*)'B(13).....back surface reflection = ',B(13)
write(*,*)'B(14).....incident on-axis fluence =',B(14),' mJ/ cm2'
write(*,*)'B(16).....EL2 ionization cross section=',B(16),' cm2'
write(*,*)'B(17).....[EL2 +1/ [EL2] CrossSectionRatio =',B(17)
write(*,*)'Do You Want to Change Parameters ? [y or n]'
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read(*,*)reply
if (reply.EQ.'y') then

write(*,*)'Which parameter you want to change?'
write(*,*)'Input parameter OrderNo:'
read(*,*)OrderNo
write(*,*)'the previous value is:',B(OrderNo)
write(*,*)'Input new value of B(',OrderNo,')'
read(*,*)B(OrderNo)
write(*,*)'the new value is:',B(OrderNo)
goto 5
else

end if
c ***************** Set constant value ********************

cc =ALOG(2.)
rO=0.5*B(1)
t0=0.5*B(2)/SQRT(cc)
aa=B(3)
N=B(6)
bt=B(7)
Sfep =B(8)
hw=6.625e-34*3e8/ (B(9) *1.e-6)
Se =B(16)
Sp =B(17)*Se
Fs =hw/ (Se +Sp)
L=B(11)
R1=B(12)
R2=B(13)
F1=B(14)
Na=(Se*N-aa)/ (Se-Sp)
Nss=Se*N/ (Se+Sp)
a =(Se-Sp) *(Nss-Na)
c =Nss*Sp*Sfep/ hw
d=0.5*bt*Sfep/ hw
py=3.1415927
bb=B(15)
lz=B(18)
11=B(20)
dt=t0*6/ (11-1)
nn=B(21)
dr=rO*3/(nn-1)
mn=B(22)
h=L/(mn-1)
u(1)=.5*h
u(2) =.5*h
u(3) =h
u(4) =h
u(5) =.5*h

C ----------------------------------
FO =FI/ (SQRT (py) *t * 1.e3 )
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t=0.0
do 10ii=1,11
Pt(1) =YT(t,FO,bb,t0)
Pt(2) =4*YT(t+dt/ 2,F0,bb,tO)
Pt(3) =YT(t +dt,FO,bb,t0)
It(ii) =(Pt(1) +Pt(2) +Pt(3))/ 6
t=t+dt

10 continue
r=0.0
Do 80 j=1,nn
ratio =(Yr(r,rO) +4*Yr(r+dr/2,rO) +Yr(r+dr,r0))/ 6

do 15jj=1,mn
N1(jj) =0.0
N2(jj) =0.0

15 continue
t=0.0
El =0.0
Do 60 k=1,ll
Y=It(k) *ratio*(1-R1)

do 40 kk=1,mn
N1(kk) =N1(kk) +Y*dt
N2(kk) =N2(kk) +Y**2*dt
P1=N1(kk)
P2 =N2(kk)
YW=Y
P=Y
do 20 m=1,4
F =-(aa-a*(1-EXP(-P1/Fs)) +c*P1 +d*P2) *P-bt*P**2
P=YW+u(m) *F
Y=u(m+1)*F/3.0+Y

20 continue
40 continue
60 continue

Avne(j) =0.
Avne(j) =0.

c Store electron, fluence distribution, and calculate the
c average electron(hole) density over the sample length.

do 45 kk=1,mn
exi =1-EXP(-N1(kk)/Fs)
ne(kkj) =Se*((N-Nss) *N1(kk) +(Nss-Na) *Fs*ex1)/ hw
np(kk,j)=Sp*(Nss*N1(kk)-(Nss-Na) *Fs*exl)/hw
ne(kk,j) =ne(kk,j) +bt*N2(kk)/ (2.*hw)
np(kk,j) =np(kk,j) +bt*N2(kk)/ (2.*hw)
Fr(kkj) =N1(kk)
Avne(j) =Avne(j) +ne(kk,j)
Avnp(j) =Avnp(j) +np(kk,j)

45 continue
Avne(j) =Avne(j)/mn
Avnp(j) =Avnp(j)/ mn
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r=r+dr
80 continue

if (choice.EQ.'nr') goto 11
if (choice.EQ.'pr') goto 21
if (choice.EQ.'nz') goto 22
if (choice.EQ.'na') goto 23
if (choice.EQ.'nw') goto 24
if (choice.EQ.'fr') goto 25
if (choice.EQ.'fw') goto 26

11 do 12 jk=1,nn
write(1,1)(jk-1) *dr*10,ne(1,jk) *1.e-16,ne(50,jk) *1.e-16,

+ ne(101,jk)*1.e-16
12 continue

call width(nn,mn,1,ne,dr,rwnl)
call width(nn,mn,50,ne,dr,rwn2)
call width(nnmn,101,ne,dr,rwn3)
write(1,1)rwnl,rwnl*1.e1,rwn2*1.el,rwn3*1.el
goto 100

21 do 31jk=1,nn
write( 1,1)(jk-1)*dr*1.el,np(1,jk)*1.e-16,np(50,jk)*1.e-16,

+ np(101,jk)*1.e-16
31 continue

call width(nn,mn,1,np,dr,rwnl)
call width(nn,mn,50,np,dr,rwn2)
call width(nn,mn,101,np,dr,rwn3)
write(1,1)rwnl,rwnl*1.el,rwn2*1.el,rwn3*1.el
goto 100

22 do 32 kj=1,mn
write ( 1,2) (kj -1) *h *1. el,ne(kj, 1) *1.e-16,np(kj,1) *1.e-16

32 continue
goto 100

23 do 33 jk=1,nn
write(1,2)(jk-1) *dr*ll.el,Avne(jk) *1.e-16,Avnp(jk) *1.e-16

33 continue
goto 100

24 do 34 kk=1,mn
call width(nn,mn,kk,ne,dr,rwnl)
call width(nn,mn,kk,np,dr,rwn2)
write(1,2)(kk-1) *h*l.el,rwnl *1 .e1,rwn2*1.e1

34 continue
goto 100

25 do 35 jk=1,nn
write(1,1)(jk-1)*dr*1.el,Fr(1,jk)*1.e3,Fr(50,jk)*1.e3

+ ,Fr(101,jk)*1.e3
35 continue

call width(nn,mn,1 ,Fr,dr,rwnl)
call width(nn,mn,50,Fr,dr,rwn2)
call width(nn,mn,101,Fr,dr,rwn3)
write(1,1)rwnl,rwnl *1 .el,rwn2*1.el,rwn3*1.el
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goto 100
26 do 36 kk=1,mn

call width(nn,mn,kk,Fr,dr,frw)
write(1,3)(kk-1) *h*1.e1 ,frw*1 .el

36 continue
1 format (2x,f10.6,2x,f10.6,2x,f10.6,f 10.6)
2 format (2x,f10.5,2x,f10.6,2x,f10.6)
3 format (2x,f 10.5,2x,f 10.6)

100 write(1,*)'Incident irradiance, Fluence '
write(1,*)F0*1.e-9,'GW/cm2',FI,'mJ/cm2'
endfile(1)
stop
end

c ---------------------------------------------------------
c Amplitude of 1(t). For a given on-axis peak irradiance, the
c Gaussian function returns to an irradiance amplitude at time t.

Function YT(tl,FF,bl,t00)
real tl,FF,bl,t00
YT=FF*EXP(-((tl-blO*t00)/t00) **2)
end

c For given I(t), the function returns to a ratio I(r,t)/ I(0,t)
Function Yr(rr,rOO)
real rr,rOO
Yr=EXP(-(rr/ r00) **2)
end

c --------------------------------------------------
c For a given array which monochromatically decreases with increasing
c polar axis, this procedure returns a HWI/ eM width respect to the
c peak on-axis value of the array, i.e.,the 1st element of the array.

Subroutine width(n,m,k,arr,dr,hrw)
real arr(m,n),dr,hrw,hw

hw=arr(k,1)/ 2.7182818
do 56j=2,n
if (hw.LE.arr(k,j).AND.hw.GT.arr(k,j + 1)) then
hrw=dr*(j- 1+(arr(k,j)-hw)/ (arr(k,j)-arr(k,j +1)))
goto 56

else
end if

56 continue
return
end

c -------------------------------------

Code for Pump-Induced Probe-Beam-Deflection

c This code was developed from the code for spatial carrier
c distribution in GaAs:EL2. As such, the nonlinear absorption and the
c carrier generation governed by the Maxwell's Eq. and material Eqs.
c are numerically simulated in the 1st part of this code.
c The 2nd part of the code simulates the pump-induced probe deflection
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c experiment in GaAs, this is realized by numerically solving the 2nd
c order d.e. for a thin probe ray propagating in a free-carrier index
c distribution field induced by a spatially large,temporally advanced,
c Gaussian shape, strong pump pulse.
C
c Input: incident position and angle of the probe ray, absorption
c constants of the sample, and experimental conditions.
c This code returns the displacement [micron] and the deflection
c angle [degree] of the probe ray at the exit surface of the sample
c as a function of the pump fluence [mJ/ cm2].

real ne(201,201),np(201,201),NI(201),N2(201)
real B(22),It(3 1),Pt(3),u(5)
real N,Nss,Na,L,neh,nw,nb
integer OrderNo
character*8 filename
character*1 reply

c -------------------------------------------------------
write(*,*)'Program to calculate probe deflection in GaAs'
write(*,*)'The FC refractive index distribution is induced'
write(*,*)'by the incidence of temporally advanced pump pulse.'
write(*,*)'Input the filename to put data:'
read(*,*)filename
open(I,file =filename,status ='unknown')
rewind(1)
B(1)=0.1
B(2) =3.4e-I11
B(3) =0.92
B(4)=0.5*B(1)/SQRT(2.)
B(5) =0.
B(6) =.96e16
B(7) =2.e-8
B(8) =9.e- 18
B(9)=1.06
B(10) =-5.le-21
B(11) =0.3
B(12) =0.3
B(13) =0.23
B(14)=2.5
B(15)=3.
B(16)=1.e-16
B(17) =0.8
B(18) =24.
B(19) =3.4
B(20) =3.lel
B(21) =2.01e2
B(22) =2.01e2
write(*,*)'Preliminary parameters are set for Morgan sample'
write(*,*)'for a 0.1 cm, 34 ps pump pulse excitation.'
write(*,*)' '

5 write(*,*)'B(1)......pump beam size,FW1/ eM =',B(1),' cm'
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write(*,*)'B(2)......temporal pulse width,FW1/2M=',B(2),' s'
write(*,*)'B(3)......linear absorption coefficient =',B(3),' 1/cm'
write(*,*)'B(4)......position of probe incidence =',B(4),'cm'
write(*,*)'B(5)......probe incident angle =',B(5),'degree'
write(*,*)'B(6)......total EL2 density =',B(6),' 1/ cm3'
write(*,*)'B(7)......TPA coefficient =',B(7),' cm/W'
write(*,*)'B(8)......total FCA cross section=',B(8),' cm2'
write(*,*)'B(9)......laser wavelength =',B(9),' micron'
write(*,*)'B(10).....index change per e-h pair =',B(10),'cm3'
write(*,*)'B(11).....sample thickness = ',B(11),' cm'
write(*,*)'B(12).....front surface reflection= ',B(12)
write(*,*)'B(13).....back surface reflection = ',B(13)
write(*,*)'B(14).....increment of fluence =',B(14),' mJ/ cm2'
write(*,*)'B(16).....EL2 ionization cross section=',B(16),' cm2'
write(*,*)'B(17).....CrossSectionRatio via EL2 +1/EL2 =',B(17)
write(*,*)'B(18).....total fluence points in caculation=',B(18)
write(*,*)'Do You Want to Change Parameters ? [y or n]'
read(*,*)reply
if (reply.EQ.'y') then

write(*,*)'Which parameter you want to change?'
write(*,*)'Input parameter OrderNo:'
read(*,*)OrderNo
write(*,*)'the previous value is:',B(OrderNo)
write(*,*) Input new value of B(',OrderNo,')'
read(*,*)B(OrderNo)
write(*,*)'the new value is:',B(OrderNo)
goto 5
else

end if
c ******************** Set constants ***********************

cc =ALOG(2.)
r0=0.5*B(1)
t0=0.5*B(2)/ SQRT(cc)
aa=B(3)
x=B(4)
xpr=B(5)
N=B(6)
bt=B(7)
Sfep =B(8)
hw=(6.625e-34*3.e8)/ (B(9)*1.e-6)
neh=B(10)
L=B(11)
R1=B(12)
R2 =B(13)
dF=B(14)
bb=B(15)
Se=B(16)
Sp=B(17)*Se
mm=B(18)
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nb=B(19)
11=B(20)
dt =tO*6/ (11-1)

nn=B(21)
dr=r0*3/ (nn-1)
mn=B(22)
h=L/ (mn-1)
py=3.1415927

c Convert incident angle to initial slope of the probe ray
xprai=SIN(xpr*py/ 180.)/nb
xprai =ASIN(xprai)
xprai=TAN(xprai)
Fs=hw/ (Se+Sp)
Na=(Se*N-aa)/ (Se-Sp)
Nss =Se*N/(Se+Sp)
a=(Se-Sp) *(Nss-Na)
c =Nss*Sp*Sfep/hw
d=0.5*bt*Sfep/ hw
u(1)=.5*h
u(2) =.5*h
u(3)=h
u(4)=h
u(5)=.5*h
write(*,*)'Continue and start to run? [y or n]'
read(*,*)reply
if (reply.EQ.'n') Go To 99
write(*,*)'Output rows to the named file in orders of'
write(*,*)'Irradiance Fluence r-shift angle-shift'
write(*,*)'in the units of'
write(*,*)' [GW/ cm2] [mJ/ cm2] [micron] [degree]'

c *********************** LOOP I *************************

F01=0.1
do 120 i=1,mm
F0=F01/ (SQRT(py)*t0*1.e3)

c Subloop: discrete I(t) for a given peak on-axis 10
t=0.0
do 10 ii=1,11
Pt(1) =YT(t,FO,bb,tO)
Pt(2) =4*YT(t +dt/2,FO,bb,t0)
Pt(3) =YT(t+dt,FO,bb,t0)
It(ii) =(Pt(1) +Pt(2) +Pt(3))/6
t=t+dt

10 continue
c ********************** LOOP r **************************

r=0.0
Do 80 j=1,nn
ratio =(Yr(r,r0) +4*Yr(r+dr/ 2,rO) +Yr(r+dr,r0))/ 6

do 15jj=1,mn
N1(jj) =0.0
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N2(jj) =0.0
15 continue

c ************************ LOOP t ***********************

t=0.0
Do 60 k=1,11
Y=lt(k) *ratio*(1-R1)

c ************************ LOOP z *************************

do 40 kk=1,mn
N1(kk) =N1(kk) +Y*dt
N2(kk) =N2(kk) +Y**2*dt
P1=N1(kk)
P2 =N2(kk)
YW=Y
P=Y

do 20 m=1,4
F =-(aa-a*(1-EXP(-P1/ Fs)) +c*P1+d*P2) *P-bt*P**2
P=YW+u(m)*F
Y=u(m+1)*F/3.0+Y

20 continue
40 continue
60 continue

c carrier distribution after the pulse for ring No. j
do 35 kk=t,mn

ex1=1-EXP(-N1(kk)/Fs)
ne(kkj) =Se*((N-Nss)*N1(kk) +(Nss-Na)*Fs*exl)/hw
np(kk,j) =Sp*(Nss*N1(kk)-(Nss-Na) *Fs*ex1)/ hw
ne(kkj) =ne(kkj) +bt*N2(kk)/ (2.*hw)
np(kk,j) =np(kk,j) +bt*N2(kk)/ (2.*hw)

35 continue
r=r+dr

80 continue
c -------------------------------------------------------
c Propagation for probe incident at (x,xprai), loop z, by
c solving the 2nd order differential Eq. for the probe ray.
c -------------------------------------------------------

rzl=x
rz2 =xprai
k=x/dr+1
rwl=rz1
do 100 kk=1,(mn-1)

nw=ne(kk,t)f/2.7182818
do 55 j=2,nn
if (nw.LE.ne(kk,j).AND.nw.GT.ne(kk,j +1)) then
rw=dr*(j-1 +(ne(kk,j)-nw)/ (ne(kk,j)-ne(kk,j + 1)))
goto 55

else
end if

55 continue
if ((rz-rwl).GT.0.0.AND.(rzl-rwl).GE.dr) then
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k=k+1
else

end if
if ((rzl-rwl).LT.0.0.AND.ABS(rzl-rwl).GE.dr) then

k=k-1
else

end if
dnr=neh*(ne(kk,k+1)-ne(kk,k))/ dr
dnz=neh*(ne(kk+ 1,k)-ne(kk,k))/ h
rwl=rzl
rw2 =rz2
pwl =rzl
pw2 =rz2

do 65 m=1,4
F1=pw2
pn=nb+neh*ne(kk,1)*EXP(-(pw1/ rw) **2)
F2 =(dnr-dnz*pw2)/ pn
pwl =rwl +u(m)*F1
pw2 =rw2 +u(m) *F2
rzl =u(m+1)*F1/3.0+rzl
rz2 =u(m+ 1)*F2/ 3.0+rz2

65 continue
100 continue

angle =ASIN(rz2*nb)
angle =angle*180./py
write(1,1)F0*1.e-9,F01,(rz1-x)*1.e4,ABS(xpr-angle)

1 format (2x,f10.6,2x,f10.6,2x,f10.6,2x,f10.6)
call flush(1)
F01=F01+dF

120 continue
99 endfile(1)

stop
end

c -----------------------------------------------------
c Amplitude of I(t). for a given on-axis peak irradiance, the
c Gaussian function returns to an irradiance amplitude at time t

Function YT(tl,FF,bl,tOO)
real tl,FF,bl,tOO
YT =FF*EXP(-((t1-bl *t()/ tO0) **2)
end

c For given I(t), the function returns to a ratio I(r,t)/I(0,t)
Function Yr(rr,r00)
real rr,rOO
Yr=EXP(- (rr/ r00) **2)
end

c -------------------------------------------------------
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In this appendix we derive the expressions for third order nonlinear polarization

appropriate to degenerate two-photon absorption and bound-electronic refraction in GaAs.

This calculation will be firstly generic for cubic crystals with 43m symmetry. In this crystal

symmetry, the third order nonlinearity is anisotropic with four independent elements of the

third order susceptibility tensor, Xkl . After we develop the general expression for the third

order nonlinear polarization, we further carry out a calculation for cases that are appropriate

to our specific experiments. Here we consider the third order polarization that is either

generated by a single linearly polarized optical field or by an optical field which is the

superposition of two linearly-polarized but distinct fields. For each case, we will clearly

show the dependence of the anisotropy in our expressions, and we will also discuss the

reduced forms of these formulae in the isotropic limit. Finally, we will apply these results to

the specific situations of our TPA measurements.

Third Order Nonlinear Polarization

The third order susceptibility, XIkL (X(3) ), is a fourth rank tensor which acts as an

origin of the anhamonic nonlinear response of a material to the cubic of the electromagnetic

field amplitude. In general, this response may be to three distinct waves with different k

vectors and frequencies. The induced nonlinearities are then commonly called the cubic

nonlinearities (see, for example, Hopf and Stegeman, 1986). In 43m cubic crystals, the four

independent elements of XiJk: are (see, for example, Boyd, 1992)

X1111X2222"x3333 ,

X1122=X1133-X2 2 3 3 -X22 1 1 =X3311-X3322,

X1212=X212 1 -X 13 1 3 =X3131=X2323=X3232,

X1221-X2112~X1331=X3 1 1 3 "X 2 3 32 x 3 22 3 , (C-1)

where the subscripts 1, 2, 3 stand for the principal axes of the crystal, which we will refer to
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as the x, y, z axes. The x(3) tensor relates the nonlinear polarization, PNL (r, t), to the applied

electromagnetic field, E(r, t):

PNL = x(3) EEE. (C-2)

In this equation, EEE is a third rank tensor and the dot product of tensors is performed by

summing the elements with closest three indices. Eq.(C-2) may be written in an alternative

form that relates to a second order tensor called the phased array susceptibility (Hopf and

Stegeman, 1986). That is

PNL =% Xw - E, (C-3)

where the phased array susceptibility is defined as

Xw = X(3) : EE. (C-4)

Here, the dyad EE is a second rank tensor and the tensor product contains the summation

over two indices. This may be understood more clearly by writing (C-4) in the component

form of Xw, i.e.,

Xwij = ZXjkl (EE)k: . (C-5)

kl

i,j,k,l = 1,2,3

Using (C-5), we write the Eq.(C-3) in terms of the component on each principal axis, i.e.,

PNLi= XWIj Ej . (C-6)

i,j = 1,2,3

For the present case, the above procedure then yields
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PNLi = g [A (E-E) E, +(X1111- A) E3 ] (C-7)

i = 1, 2,3

where we have denoted A = (X1 122 +X 1221 +X1 212) for simplicity. This expression is

consistent with the expression reported by Maker and Terhune (1965) and is the basic

equation for the calculations that follow. In these calculations, we will assume that each

field oscillates with a single radial frequency, w, since we consider only the degenerate

situation. The anisotropy of third order susceptibility is defined by

0t3) = X1111- (x1 122 +X1 2 2 1 +x121 2 )- (C-8)

In the isotropic limit, we have 03) = 0 and A = x1111 . Thus, Eq.(C-7) is reduced to

PNLi = E x1111 (E-E) E, . (C-9)

i = 1,2,3

Single-Beam Irradiation

For a single-optical wave incident onto the crystal, we write the electromagnetic field

as

I
E(r,t) = jEeei(k r-wot) + c.c., (C-10)

where a is the unit vector in the field direction and k is the wavevector with magnitude

|kJ = G ne. In seeking the expression of the induced nonlinear polarization that is

appropriate to TPA and the bound electronic refraction, we are looking for terms with the

frequency component of o=w+o-o and the wave vector of k in Eq. (C-7), i.e., terms that

are phase matched with the incident wave. This implies that in each triplet field product

there must be one field in the form of its complex conjugate to satisfy the requirement for

processes considered here. Before applying these rules, we define the direction cosines of

the applied field as
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xi -"e =cos a , (C-11)

i = 1,2,3

where xi is the unit vector on the principal axis x1. Using Eq. (C-11), the field component

E is obtained by projecting E onto Xi, i.e.,

E, = xi -E =-2 cosa, Eei(k-r-wt) + c.c. (C-12)

i = 1,2,3

When applying these rules and results in Eq.(C-7), we find the induced polarization

amplitude component on the principal axis x, as

1
FNLi = 8j 4 3[A coscg + (X111 1- A)cos3 ag ]IEI2E ei(k-r-t)+c.c. (C-13)

i = 1,2,3

Furthermore, since we are concerned with the absorption and refraction processes of the

incident wave due to the induced polarization, the proper polarization density is the

projection of the induced polarization onto the field vector, e. This operation, therefore,

gives a third order polarization density amplitude in the Maxwell's equation that governs the

propagation behavior of the irradiation wave, which reads,

1
PNL =X8We0 3[A + (X111 1 - A)(cos4 a1 +cos 4o 2 +cos 4a3)]IEI2E e(k-r-wt) + c.c., (C-14)

where we have used the relation cos2a1 +cos2 a2 +cos2 a3 = 1. Eq. (C- 14) clearly shows a

crystal orientation dependence through the direction cosines of the applied field vector. In

the isotropic limit, this expression reduces to

I
PNL = jg o 3 X1 1ii1IEI2 Eei(krt-r) + c.c., (C-15)

which clearly does not depend on the crystal orientation, as expected.
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Two-Beam Irradiation

Next we consider the case for which the total optical field is a superposition of two

incident waves with the same frequency but with different wavevectors and polarization

directions. That is, the total electric field is represented by

E(r,t) = y El E1 el-l-et) + e2 E2 e(k2-r-t) + c.c., (C-16)

where there is an arbitrary angle 0 between the two field vectors such that the dot product of

the two unit field vectors satisfies el-r 2 = cosO. In this case, we define the direction

cosines for the two field vectors as

AA

-e1 = cos a1 ,

xi -'e22= cos l, . (C-17)

i = 1,2,3

In calculating the third-order nonlinear polarization, we are looking for terms that are phase

matched with each of the two incident waves. Upon applying a similar procedure as we

performed in the calculation for single-beam case, we find the polarization density amplitude

for the wave El to be

1

PNL1 %= g-{A [ 3 E112 E1 + 21E212 E1 (1 + 2cos2)]

+ (x1111- A)[ 31E1 12E1(cos4ai + cos4a2 + cos4cv3) + 61E212E1

(cos2a1cos2 $1 +cos 2ca2cos2 fl2 +cos2 a3 cos2
3)]} ei(klr- w) + c.c., (C-18)

and for the wave E2 we find,

1
PNL2 = 7%--0 {A [ 31E212 E2 + 21E112 E2 (1 + 2cos20)]

+ (x1111- A)[ 31E212E2 (cos4$1 + cos 4$2 + cos4#3) + 61E112E2

(cos2a1 cos
2#1 +cos2a2 cos2 2 +cos2a3cos

2j3)]} e2(k-'r- t) + c.c. (C-19)
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Eqs. (C-18) and (C- 19) show that the polarization density for each wave depends on the

crystal orientation, and on the relative polarization directions between the two waves. In

these expressions, the terms with IE,|2E, represents a modulation of ith wave by a self-

induced polarization (self-modulation), while the terms with IE,|2EJ represents a modulation

of jth wave by the polarization induced by the ith wave (cross-modulation). Again, in the

isotropic limit these expressions are reduced to

1
PNL1 = eoX1111 [ 3|E1|2 E1 + 21E2 12 El (1 + 2cos2Q)e(kl-r-w) + c.c., (C-20)

and

PNL2 = 1 4 X1111[ 3|E212 E2 + 21E112 E2 (1 + 2cos2)] e(k2-r-t) + c.c. (C-21)

Note that in this limit, again there is no dependence on crystal orientation, but the

dependence on the relative polarization directions of the two waves is maintained in the

cross-modulation term. In Eqs. (C-15), (C-20) and (C-21), we may define an effective x3

coefficient by

3
Xeff = X1111. (C-22)

Using this definition, we further apply the above results to two specific cases for the

incident waves as follows. When the two waves are co-polarized, we have for ith wave

PNLI = ¬ Xeff[JE,|2 E + 2|Eg2 E Ie'(ki r- fr) + c.c., (C-23)

i~dj

where we use symbols i andj to distinguish between the two incident waves. Eq. (C-23) thus

indicates a factor of 2 difference between the cross- and self-modulations. The situation for

the two orthogonally polarized waves is quite different. We find
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-NLI = EOe[EiI2EI + +|1E|2E, Eei'rr~) + c.c., (C-24)

i~i

where a factor of 2/3 is shown between the cross- and self-modulations, which differs from

the factor of 2 for the first case of two co-polarized waves. Notice also that when the field

Ej vanishes, Eqs. (C-23) and (C-24) are reduced to Eq. (C- 15) for the single-beam case.

Results for Specific Situations

Here, we apply the above results to specific crystal orientations in our TPA

measurements. For simplicity, we will illustrate these applications in photorefractive cut

samples, such as the M043 sample.

First we consider the single-beam irradiation for two cases.

a). E 11(001), i.e., the applied optical field is parallel to one of the principal axes. In

this case, we have a1t=a2 =900 and a3 =00. Using Eq. (C-14), we find

1
PNL = 7 2 Xeff E2 e(k rw) + c.c., (C-25)

where Xeff is defined in Eq. (C-22). This result is exactly the same as for the isotropic limit,

as expected.

b). E 11(110), i.e., the applied optical field is parallel to the bisector of x and y axes.

In this case, we have a1 =a2 =450 and a3 =900. Using Eq. (C- 14), we find

1 1

PNL = + % [+ (Xeff +Xoff)] E2 E ei(k-r-wr) + c.c., (C-26)

where we define
3

Xoff Ti-(x1122+x1221+x1212), (C-27)



203

which equals to Xe in the isotropic limit. Notice that Eq. (C-26) will reduce to Eq. (C- 15)

in the isotropic limit. Also notice that the anisotropy of x(3) enters single-beam

measurements by cross-modulations between the components of applied field that are

decomposed onto each principal axis.

Next we consider the two-beam irradiation as the case c.

c). E 1 1(110), a1 =cxg450 and a3 =90 0, and

E2 1|(001), a=cx2 =900 and a3=00. Using Eqs. (C-18) and (C-19), we find

PNL1 =+E 0 |E(Xeff+ )IE12El + + Xo|E212E 1] e'(k~"tt) + c.c.(C-28)

NL2 = [XeffE2I2E2 + jx 0 E|E12E2 r t) + c.c. (C-29)

These results show that both the cross-modulation between the two waves and the self-

modulation of E, have a dependence on the anisotropic nature of x(3).

It is evident from our measurements of f that the effects of anisotropy, as discussed

above, are not large enough for us to detect given our experimental error +25%. On the

other hand, it is also clear from this discussion, that the single and multiple beam

measurement techniques described in this dissertation can be used to access and measure the

anisotropy of j', if the error in the measurements can be significantly reduced. This might be

realized, eg., by using a highly-stable, high-repetition-rate laser system, together with signal

averaging or lock-in amplifier techniques.
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