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PREFACE

The study of ultrafast transient optical response of laser- 

induced electron-hole plasmas in semiconductors at the Optical 

Sciences Center, The University of Arizona, is a long-term program. 

Started early this decade as an idea of my dissertation director: 

Professor Marian 0. Scully, who thought that direct measurement of 

the ultrashort (in the picosecond regime) relaxation time of free 

electrons in a semiconductor should be possible using picosecond 

optical pulses as probes. Since then, through the effort (both 

theoretical and experimental) of a number of scientists who have 

worked on the porject, much progress has been made in the field. When 

I joined the project about three years ago, the effort had cumulated 

to the proposal of the first comprehensive model for the interaction 

of energetic picosecond optical pulses with germanium. Our effort at 

that time was to test the theory with more experiments. The proposed 

model was found to be able to account for the major features of the 

experimentally observed phenomena, however, there were also.evidences 

that the model was incomplete. The main goal of my project was thus 

to study the causes for the limitations of the model, and to revise it 

such that a clearer, more complete physical picture could be gained 

for the ultrafast optical response of high density laser-induced 

electron-hole plasma in semiconductors.

The success of this project is due to the efforts of many kind 

people who have assisted and advised me in many ways. I am very much



indebted to my advisor. Professor Marian 0. Scully for initiating the 

project and for his continued interest, support and guidance. I would 

also like to express my sincere gratitude to Dr. Jack Gaskill,

Dr. Frederic A. Hopf, Dr. R. L. Shoemaker, Dr. Murray Sargent III,

Dr. James Small, Dr. R. Young and Dr. Tsu-wei Nee not only for the 

things I learned from their courses, but also for their advice, 

encouragement, and friendship.

I am also grateful to Dr. Bruno Bosacchi and Dr. Ahmet Elci 

for their expert guidance and advice, patient assistance and friend

ship. Much of my knowledge of semiconductor physics was acquired 

through discussions with them.

I wish to thank Dr. D. H. Auston and Dr. McAfee of the Bell 

Telephone Laboratories for their stimulating suggestions concerning 

the results of the reflectivity and probe pulse transmission experi

ments, and Dr. F. C. Jain of the Electrical Department of the 

University of Connecticut for his collaboration on the thin germanium 

film project.

Also my sincere thanks to Judy Rhodes, Molly Henhessy,

Kathleen Seeley and Martha Ofenloch for typing this manuscript, and 

to Don Cowen for drawing the figures.
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Scientific Research (AFSC), United States Air Force, and the Army 

Research Office, United States Army.



TABLE OF CONTENTS

% Page

LIST OF ILLUSTRATIONS . . . . ,.........  .viii

LIST OF TABLES  ............  ̂ . xii

ABSTRACT . .  .............   . .  ................  xiii

i. introduction: .........    i

II. THE ESSM THEORY FOR ULTRAFAST TRANSIENT RESPONSE OF SOLID-
STATE PLASMA IN GERMANIUM  .............   7

Fundamental Processes .........   8
Assumptions . . .  . . . . . . . . . .  . . .  ........  12
Light Absorption in Germanium . . . . . . . . . . . . . 13
Limitations of the ESSM Model . . . .... . . . . . . . 19

III. DIRECT- FREE -HOLE ABSORPTION . .  ...........     . . . 23

Direct-Free-Hole Transition . . .  . . . . •............ 23
Saturation of Enhanced Single Pulse Transmission 32
Pulsewidth Dependence of Single Pulse Transmission . . 42
The Ultra-Transient Behavior of Direct-Free-Hole

Absorption \     46

IV. REFLECTIVITY OF PICOSECOND PULSES IN GERMANIUM ..........  48

The Experiment  ......... .  .......... 48
Nanosecond Reflectivity Enhancement . . . . .  ........ 55
Picosecond Reflectivity Enhancement . . . . . . . . . .  55

The Intraband Contribution . . . .  .............. 59
Interband (Valence-Conduction ) Contribution . . .  60
Inter-Valence Band Contribution .................  62

V. THE INHOMOGENEOUS PLASMA . . . . . . . . . . . .  ........  76

A Simple Method to Obtain Spatial Variations . . . . .  77
The Inhomogeneously Excited Plasma .................  79
Transmission in Germanium: Thickness Study  ........ 87



vii

TABLE OF CONTENTS A ~~C oritiriued

Page

VI. EVOLUTION .OF THE PHOTOGENERATED PLASMA . . . . . . . . . . .  95

The ESSM.. Interpretation of Probe Transmission . . . . .  96
The Re1 axation-DiffusionrHecombinati on Model . . . . .  , 100

Relaxation . . . . . ' ...........   102
Diffusion . . . . .  .................  . . . . . .  107
Auger Recombination......... «    . . 120

Comparison with Experiment . . . . . .; .. . . . . . 122
Other Interpretations . . . . . . . . . . . . . . . . . .  125

McAfee and Auston's Suggestion -. . .     . 127
van Uriel's Suggestion . . ..... . . . . . . . . . 131

VII. CONCLUSIONS ............    133

REFERENCES 136



LIST OF ILLUSTRATIONS

Figure . Page

2.1 Single Pulse Transmission in Ge as a Function of Incident
Pulse Energy (from Elci et al., 1977) . . .  ........ . . 15

2.2 Normalized Ratio of Probe Pulse Transmission to Excitation
Pulse Transmission .Versus Time Delay of Probe Pulse 
with Respect to Excitation Pulse- (from Elci et al.,
1977) . . . . . . . . . . . . . . . . . . . . . . . . . .  16

3.1 Schematic Band Structure of Ge near the Center of the
Brillouin Zone for 298°K Lattice Temperature•.. . . . . . 24

3.2 Direct Transition Between Different Branches (V.) of the
Valence Band . . . . . . . . . . . . . .  .1. . . . . .  . 28

3.3 Direct-Free-Hole .Absorption Coefficient versus Carrier Density
for Various Carrier Temperatures . . . . . . . . . . . .  33

3.4 Theoretical and Experimental Single Pulse Transmission versus
Pulse Energy . . . . . .  ; . . . . . . . . . . . . . . .  38

3.5 Instantaneous Absorption Coefficient versus Energy in
Excitation Pulse Immediately After its Passage Through . 
the Ge Sample . . . . . . . . . . . . . . . . . . . . .  . 40

3.6 Single Pulse Transmission versus Pulse Energy for Different
Electron-Optical Phonon Coupling Constants, Q0. . . . .  . 41

3.7 The Puisewidth Dependence of Single Pulse Transmission in
Ge at 298°K . . . . . . . . . . . . . . . . . . . . . . .  43

3.8 Temporal Behavior of Carrier Temperature in Ge at 298 K
Lattice Temperature During Interaction with an Excitation 
Pulse of Energy 2 X IQ'14 Quanta . . . . . . . . . . . . .  45

3.9 Time Evolution of Absorption Coefficients in Ge During and 
After the Interaction with an Excitation Pulse of 1014 
Quanta . . . .  .........  . . . . . . . . . . . . . . . .  47

4.1 Reflectivity Experiments with Picosecond Pulse . . . . . .  . 50

4.2 Reflectivity of Ge at Room Temperature, as a Function of
Incident Quanta in a 11 psec-Long Optical Pulse . . . . .  51

viii



IX

LIST OF ILLUSTRATIONS--Continued

Figure Page

4.3 Reflectivity According to Drude’s Free Electron Gas Model
and the Intraband Contribution to the Dielectric
Constant of Ge at 1.06 urn, for Various Carrier Densities. 61

4.4 Change in the (Valence-Conduction) Interband Contribution
to the Real Part of the Dielectric Constant of Ge at
1.06 ym, for Various Carrier Densities and Distribution 
Temperatures...........     63

4.5 Change in the Inter-valence Band Contribution to the Real
Part of the Dielectric Constant of Ge at 1.06 ym, for 
Various Carrier Densities and Distribution Temperatures . 66

4.6 Real Part of the Dielectric Constant of Ge at 1.06 ym, for
Various Carrier Densities and Distribution Temperatures . 67

4.7 Imaginary Part of the Dielectric Constant of Ge at 1.06 ym,
for Various Carrier Densities and Distribution 
Temperatures  .........-..............   68

4.8 Refractive Index of Ge at 1.06 ym for Various Carrier
Densities and Distribution Temperatures . .  .........   69

4.9 Extinction Coefficient in Ge at 1.06 ym for Various Carrier
Densities and Distribution Temperatures . . .  .......... 70

4.10 Reflectivity of Ge at 1.06 ym for Various Carrier Densities
and Distribution Temperatures . . . . . . . .  .......... 71

4.11 Temporal Evolution of Tc, Nc, n, fc, and R at 298°K at Ge
Sample Surface During the Interaction with a Pulse of
Duration t (11 psec) and Energy 4 X 1014 Quanta . . . . .  73

5.1 A Simple Method to Obtain Spatial Variations in the Photo
excitation of a Sample of Thickness L . . .  .........   78

5.2 Excitation Transmission: Pitting with Inhomogeneous
Excitation Theory . . . . . . . . . . . . . . . . . . .  . 81

5.3 Spatial Variation of Fermi Energies for Different Times 
During the Interaction with an Excitation Pulse of 
Width t . .  .................................. 82



LIST OF ILLUSTRATIONS--Continued

x

Figure Page

5.4 Spatial Variation of Carrier Distribution Temperature
for Various Times During the Interaction with an 
Excitation Pulse of Width f and Energy Eex■ . . . . . . .  83

5.5 Spatial Variation of Carrier Density Nc(z) Immediately
After the Passage of an Excitation Pulse of Width 
i an Energy Ee x ......... ................. .. 84

5.6 Spatial Variation of the Total Absorption Coefficient
in a 5.2 gm-Thick Ge Sample Immediately After
Interaction with Excitation Pulses of Width t and
Energies Eex .................  . . . . . . . .  . . . .  86

5.7 Schematic Diagram for Single Pulse Transmission (a) and
Excite-and-Probe (b) Experiments  ........    88

5.8 Excitation Transmission: Thickness Study . . . .  ..........  91

5.9 Normalized Probe Pulse Transmission Versus Time Delay of
Probe Pulse for Two Ge Samples of Thicknesses 3 pm
and 7.8 pm (from Bessay, 1977).  .......... 93

6.1 The Instantaneous Probe Transmission Predicted by the
ESSM Model for Several Values of the Electron-Optical 
Phonon Coupling Constants, Q 0 . . ...........   97

6,. 2 Experimental and Theoretical Probe Transmission Versus
Time Delay of Probe Pulse with Respect to Excitation
Pulse...........   . .     99

6.3 Relaxation of Carrier Temperature via Phonon Emission . . . .  106

6.4 The Variation due to Diffusion of Carrier Density, N^(z,t)
as a. .Function of Longitudinal Position and Time in a
5.2 pm-Thick Ge Sample  .............  113

6.5 The Variation due to Diffusion of the Direct Absorption
Coefficient as a Function of Longitudinal Position
and Time in a 5.2 pm-Thick Germanium Sample . . . . . . .  114

6.6 The Variation due to Diffusion of the Free Carrier
Absorption Coefficient as a Function of Longitudinal 
Position and Time in a 5.2 pm Thick S a m p l e ............. 115



xi

LIST OF ILLUSTRATIONS--Continued

Figure Page

6.7 Probe Pulse Transmission due to Diffusion of a 5.2 ym-
Thick Ge Sample at Lattice Temperature of 298”K for 
Various Average Carrier Density Nc . . . . . . . . .  . 116

6.8 Probe Pulse Transmission due to Diffusion of a 5,2 ym~
Thick Ge Sample at Lattice Temperature of 77° K for
Various Average Carrier Density. Nc . . . . . . . . . . .  1-17 '

6.9 Schematic of the Diffusion Process . . . . . . .  ........ 119

6.10 Carrier Density Decay due to Auger Recombination for
Different Initial Densities .............   121

6.11 Carrier Concentration Dependence of (a) Transmission
of a 5.2 ym-Thick Ge Sample, and (b) Absorption 
Coefficient at 1.06 y m ...........................  123

6.12 Probe Pulse Transmission for Germanium at 77°K and
298°K Lattice Temperature . . .. . .  .............   124

6.13 Probe Pulse Transmission for Germanium: Excitation Study . . 126
6.14 Sketch of the Model Suggested by McAfee and Auston for

Probe Pulse Transmission  ...................  129



LIST OF TABLES

Table Page

2.1 Fundamental Processes ..........  . . . . . . . .    9

2.2 Several Experimental and Theoretical Values of the
Electron-Optical Phonon Coupling Constants, Q0,
in Ge . . . . . . . . . . . . . . . . . . . . . . . . .  21

6.1 Definitions of Symbols . 104

6.2 Definitions of Integrals and Constants . . . . . . . . . .  105

xii



ABSTRACT

The purpose of this study is to gain a clear, complete physical 

picture for the generation and temporal evolution of the dense, 

nonequilibrium electron-hole plasma produced in germanium by the 

absorption of intense, picosecond optical pulses. This is done by 

revising and extending the physical model proposed by Elci, Scully, 

Smirl and Matter, such that transient optical phenomena observed in 

experiments can be better accounted for. It is found that a major 

assumption (the spatially homogeneous assumption) should be relaxed, 

and some fundamental processes: inter-valence band absorption, 

diffusion. Auger recombination should be added. It is shown that new 

experimental (reflectivity of excitation pulse, transmission of 

samples of various thicknesses) results can be satisfactorily 

explained by these extensions.



CHAPTER I

INTRODUCTION

The advent of the mode-locked neodymium glass laser made 

possible the production of high power ultrashort (a few picoseconds 

in duration) optical pulses, leading to new techniques in the study of 

semiconductor physics. The advantages of these powerful techniques 

stem directly from the combined feature of ultrahigh power and ultra- 

short duration of these pulses. The absorption of such an energetic 

pulse in a semiconductor, for example, readily creates in the medium 

an extremely dense (> 1020cm''3) electron-hole plasma, permitting 

investigation of high density plasma phenomena in pure intrinsic 

semiconductors. Traditionally, these phenomena have always been 

studied in the presence of strong impurity effects caused by the high 

concentrations of donors and acceptors in heavily-doped materials. 

Moreover, the short durations of the pulses also enable the study on 

the picosecond time scale of the ultrafast electronic processes 

associated with these extremely dense, highly nonequilibrium, very 

transient optically-excited plasmas.

In the past half-decade, measurements of the nonlinear, 

transient optical properties of the germanium solid-state plasma using 

1°06um Nd:glass laser pulses have been carried out at the Optical 

Sciences Center of The University of Arizona, the Bell Laboratories 

and several other places. These measurements involve, for example.



the generation of highly nonequilibrium electron-hole plasmas in Ge 

by energetic picosecond pulses (Kennedy et al, 1974), the ultrafast 

relaxation of the optically-excited carrier distributions (Smirl et al, 

1976), the diffusion of photo-excited carriers from the surface into 

the bulk of a Ge sample (Auston and Shank, 1974) and the reduction in 

the concentration of the carrier plasma by nonradiative Auger 

recombination (Auston, Shank and LeFur, 1975). Some experiments 

involve the interaction with single pulses, giving information on 

events that happen on a time scale comparable to the pulsewidths. In 

others, the excite-and-probe technique is used. The time delay t^ of 

the weak probe pulse with respect to the strong excitation (usually,

10 psec < t^ < 1000 psec) allows the study of much slower processes.

In the last couple of years, considerable effort has been spent 

at The University of Arizona on the theoretical understanding, both 

qualitatively and quantitatively, of the results of these experiments. 

The effort leads to a comprehensive theory by Elci, Scully, Smirl and 

Matter (1977) for both the generation and the subsequent transient 

behavior of electron-hole plasmas generated in germanium by intense 

picosecond optical pulses. This theory (referred to as the ESSM model 

hereafter) includes most of the processes that were considered impor- . 

tant on the picosecond time scale, under the high density, hot-electron 

conditions. The rates of these processes were computed with first- 

principle type of calculations. Rate equations for the parameters 

characterizing the electron-hole plasmas were obtained, giving quanti

tative descriptions of the transient optical properties in Ge.
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Many of our experiments have been designed with an aim to test 

the proposed model. Some results are encouraging. For example, the 

main features (except the peaking at high energies) of the experimental 

single-pulse transmission as a function of incident energy can very 

well be accounted for. A similar experiment on Ge wafers subjected to 

hydrostatic pressure seems to verify the role of■plasmon-assisted 

recombination in the nonlinear transmission of single pulses (van 

Driel, Bessey and Hanson, 1977), in accordance with the theory. 

Measurements on the photoluminescence spectra at high excitation 

levels also get along well with the carrier distribution assumption 

of the model, though they probe the system only after the carrier 

temperature has cooled down (van Driel et al., 1976). On the other 

hand, there are also evidences from more recent experiments that the 

ESSM model needs modifications. For example, the theoretical 

prediction of strong pulsewidth dependence of single-pulse trans

mission in Ge has not been seen experimentally (Bessey et al., 1978). 

Also, the experiment on samples of different thicknesses produces 

results that cannot be explained in terms of the homogeneous excitation 

theory of ESSM (see Chapter V),

During the current stage of the research, much of our effort 

has been concentrated at the extending of the ESSM model to a more 

complete theory, such that present and future experiments can 

satisfactorily and consistently be explained. These include, for 

example, the addition of more processes (such as inter-valence band



transition, ambipolar diffusion and Auger recombination) and the 

removal of drastic assumptions (such as the assumptiom of homogeneous 

excitation).

ESSM is the first comprehensive "first-principles" theoretical 

model ever presented for the ultrafast carrier plasma response in 

optically-excited semiconductors. In view of the large number of 

processes (of which those included in the model is only a subset) that 

actually take place, the approximations (in the description of band 

structure, band shape, carrier distributions, spatial excitation) 

taken to simplify the mathematics, and the uncertainties in the values 

of the physical constants involved, the theory is, unavoidably, still 

rather incomplete. In spite of its limitations, the theory does 

represent a first step toward an understanding of the complicated 

problem. It provides a solid base for further developments, of which 

the work presented here is only an early example.

To provide the reader with the necessary background material, 

the ESSM theory is reviewed and discussed along with its limitations 

in considerable detail in the next chapter. In Chapter I'll, the rates 

of inter-valence bank direct-free-hole (DFH) transitions at high free 

hole concentrations and high carrier distribution temperatures are 

computed using the standard perturbation theory with the appropriate 

interaction Hamiltonian. It is demonstrated that this process, 

becoming important when both carrier density and carrier temperature 

are sufficiently high, is responsible for the experimental saturation 

of the enhanced single-pulse transmission in Ge. The addition of the



DFH process, as we shall see, also points to the underestimate in the 

ESSM theory of the phonon emission rate (Leung, Bosacchi and Scully, in 

press), due to the choice of electron-optical phonon coupling constant 

(Qo) values too low compared with any of the previously determined 

values reported in the literature. The use of a higher, more 

reasonable value of Qo reduces the strong pulsewidth dependence of 

single-pulse transmission, in agreement with the experimental results 

(Bessey et al., 1978).. In Chapter IV we discuss the results of our 

recent investigation of the reflectivity of Ge as a function of the 

laser power (Bosacchi, Leung and Scully, 1978a>b) the reflectivity is 

seen to rise beginning at surface irradiance - 2.5 GW/cm2 reaching 

an increase of about 20% just before surface damage occurs at 

'v 8 GW/cm2, A plausible explanation is given for this phenomenon: 

the change, during the interaction with an intense picosecond pulse, 

in the dielectric constant of the crystal due to contribution arising 

from DFH transitions.

The most severe limitations of the ESSM model probably come 

from its neglect of the spatial variation of parameters describing 

the electron-hole plasma. In Chapter V, this homogeneous excitation 

assumption is relaxed and the way the energy of the picosecond pulse 

is deposited throughout the interaction region is estimated. The 

inhomogeneous picture is shown to provide better agreement with the 

experimental results of the single-pulse transmission in Ge samples 

of various thicknesses. Only cooling due to phonon emission was 

considered in the homogeneous model for the evolution, after the



passage of the excitation pulse, of the photogenerated carrier plasma. 

In the inhomogeneous picture, spatial redistribution of carriers by 

diffusion must also be included (Leung, Bosacchi and Scully, 1978). 

Three processes: phonon-assisted relaxation, ambipolar diffusion

and Auger recombination are each shown in Chapter VI to have a 

significant role in the characteristics of the experimental trans

mission of weak pulses that probe the evolving plasma at delayed 

times. Finally, in Chapter VII, we summarize the important results 

of our research and conclude with a few suggestions for further work.



CHAPTER II

THE ESSM THEORY FOR ULTRAFAST TRANSIENT 
. RESPONSE OF SOLID-STATE PLASMA IN GERMANIUM

The ESSM (Elci, Scully, Smirl and Matter, 1977) model is the 

first comprehensive theory given for the generation and the temporal 

evolution of the dense, nonequilibrium eleotron-hole plasma produced in 

germanium by the absorption of intense, ultrashort optical pulses. It 

has been shown to be capable of explaining the major features of many 

experiments (Elci et al., 1978). However, as described later in the 

present chapter, there are also experimental evidences that the theory 

is not complete. Working towards the goal of gaining a clear, complete 

physical picture for the interaction of picosecond pulses with semi

conductors, much of our effort has been spent in the revising and ex

tending of the proposed model, such that more of the experimentally 

observed phenomena can be satisfactorily and consistently accounted for. 

A review and discussion of the ESSM model thus seems to be an appropri

ate preliminary to the presentation of the results of our studies. We 

begin by listing in the first two sections the fundamental processes 

and major assumptions employed in the model. In the third section, by 

accounting for the observed behavior of the excitation and probe pulse 

transmission measurements, the physical picture for the interaction of 

Ge with picosecond pulses is described. Finally, in the last section, 

we list and briefly discuss some of the major limitations of the model.



Fundamental ' Proces g-es

The transient properties of the dense electron-hole plasma, 

created in a semiconductor via interband absorption of an intense 

optical pulse, are determined by the simultaneous action of a number of 

electronic processes. Thus, a knowledge in depth of what processes 

actually take place, their rates, their effects on the evolving plasma, 

and their interrelation to each other are essential for a comprehensive 

understanding of the physics of semiconductors interacting with ultra- 

short pulses.

We have listed in Table 2.1 the processes (along with their 

rates, their effects on the plasma) that are likely to play important 

roles in the ultrafast response of the photogenerated plasma in Ge.

The numbered processes have been included in the ESSM model. Those 

capitalized are the ones to be incorporated into the ESSM model in this 

work. Since we are primarily interested in the transient behaviors of 

the plasma within several hundred picoseconds of its creation, 

processes slow on this time Scale (such as direct and indirect 

radiative recombinations) do not concern us here. Stimulated emission 

in Ge is negligible, and thus not listed in Table 2.1, because of the 

extremely fast carrier-carrier scattering rates' that remove the 

carriers from the optically-coupled states as soon as they are 

created.

We can use the duration t (- 11 psec) of the incident pulses 

as a measure to, arbitrarily, categorize the fundamental interaction in 

Ge as "fast" processes, those processes which occur faster than



Table 2.1. Fundamental Processes

 ____________Process__________

(1) Direct (valence-conduction) absorption

(2) Carrier~carrier scattering

(3) Intervalley carrier scattering

(4) Intraband free-carrier absorption

(5) Plasmon-assisted recombination

(6) Phonon emission 

INTER-VALENCE BAND ABSORPTION 

Indirect (interband) absorption 

AUGER RECOMBINATION

.Kane process 

DIFFUSION

Direct gap recombination 

Indirect gap recombination

Function

Generates hot carriers

Thermalization: ensure 
equilibrium among carriers

Populates side valleys

Heats carrier

Reduces Nc 
Heats distribution

Cools carriers

Heats carriers

Generates hot carriers

Reduces Nc 
Heats distribution

Creates carrier pairs

Redistribute carriers, 
spatially

Reduces Nc

Reduces Nc

 ________Rate*____ ,

'vlO^-fys reduced at high Nc 

>1014/s
*1014/s (see Elci et al., 1977)

I O ^ - I O ^ / s proportional to Nc

^1013/s (See Elci et al., 1977) 
strongly Nc dependent

%1012/s

<lol3/s strongly NC,TC dependent 

^1013/s

^lO^^/s strongly Nc dependent 

<10^/s depends on TG 

Diffusion length %1 pm/100 psec

<109/s

<107/s

*Rates estimated for the carrier concentrations, carrier temperatures encountered in our experiments 
(NC 'V 1019-1020 cm'3, Tc % 1-5 X 1 0 3  °K)
Nc = carrier density, Tc - carrier temperature
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t, and "slow" processes, those which occur in a time slower that t.

The "fast" processes dominate the physics of single pulse interaction 

with semiconductor. They include carrier-carrier scattering, direct 

interband transition, intervalley carrier scattering, intraband free 

carrier absorption, plasmon-assisted recombination and phonon-assisted 

relaxation. Tow other processes: indirect (interband) transition 

(both phonon-assisted and Coulomb-assisted) and Auger recombination are 

fast enough, at sufficiently high carrier concentrations, to be 

included in this category. However, they are neglected in the 

description of interaction with single pulses because there are 

corresponding processes (direct interband absorption and plasmon- 

assisted recombination) whose effects on the plasma are exactly like 

them, but the rates are much higher.

The "slow" processes determine the evolution of the electron- 

hole plasma after its generation. They include phonon-assisted relaxa

tion, Auger recombination and carrier diffusion. Of these, electronic 

cooling via phonon emission is the fastest process, leading to carrier 

distribution temperatures in equilibrium with the lattice shortly after 

the excitation. However, there is much controversy concerning the act

ual phonon-assisted energy relaxation time; it ranges from a few pico

seconds (Auston et al., 1978) to as long as 100 psec (Elci et al., 1977). 

This will be discussed further later in this chapter and again in Chap

ter V. The Kane process, in which a free electron is created with the 

energy needed supplied by a hot electron or hole, can be neglected
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because its rate is much slower than the corresponding Auger 

recombination rate, especially when the carrier distribution has 

cooled down.

In describing the interaction of picosecond pulses with thin 

Ge wafers (several microns in thickness), diffusion of carriers is 

ignored in the ESSM model because of its approximation of a spatially 

independent distribution through the thickness of the sample. Trans

verse (perpendicular to pulse propagation direction) diffusion, which 

actually takes the carriers out of the interaction volume, is totally 

negligible on the picosecond time scale due to the large width of the 

focused spot. However, due to the small absorption depth (ex-- ~ 1pm), 

longitudinal diffusion quickly rearrange the spatial distribution of 

carriers inside the interaction region. The effect of this will be 

discussed in Chapter VI. In the Auger recombination process, an 

electron recombines with a hole and the excess energy is transferred 

to another electron or hole. It has been neglected in the ESSM theory 

because the percentage of carriers recombined is small. However, as 

we shall show in Chapter VI, after the carriers have cooled to the 

bottom (top) of the conduction (valence) band, if the Fermi energies 

are close enough to the optically-coupled states, a little drop in the 

carrier concentration may have a considerable effect on the absorption 

of the medium. We thus shall include both diffusion and Auger 

recombination in the theory and show that they have important roles 

in the transient optical properties of excited Ge.
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Assumptions

The three major assumptions made in the ESSM theory are the 

following.

(a) The electron and hole distributions are taken to be Fermi- 

Dirac with a common distribution temperature which is, in general, 

different from the lattice temperature. That is, the electrons and 

holes are assumed to be in equilibrium with each other but not with 

the lattice. The rapid rate for carrier-carrier collisions at high 

carrier concentrations (see, for example, Stratton 1958) has been used 

as a basis for this assumption. Since at the carrier densities 

commonly encountered in our experiments (typically 1019 to 102° cm"2), 

the plasma frequency w ('v 1 - 4 x lO-^/sec) is such that w ~ t "1 and
P . u

<< F, where IQi^/sec) is the rate constant for direct

interband absorption that creates electron-hole pairs, and t" is the 

pulse duration. We have thus reason to believe that this assumption 

may be well justified.

(b) Carrier Fermi energies and distribution temperatures are 

taken to depend only on time rather than both space and time, thus 

ignoring the pulse propagation and carrier diffusion problems within the 

optical interaction region of the sample. Since the absorption depth 

('V’Oi-1) in Ge at 1.06 pm is of the order of 1 pm, this assumption cannot 

be easily justified. We believe that this drastic assumption is prob

ably the cause of some of the model's most severe limitations (see 

Chapters V and VI). We shall relax this assumption in Chapter V and



■ 13

incorporate into the model the diffusion process in Chapter VI to 

explain some phenomena observed in the evolving plasma.

(c) To simplify the calculation, the actual germanium energy 

band structure has been replaced with a parabolic band structure 

having two degenerate valence bands and a conduction band with a direct 

valley having energy gap and 10 equivalent side valleys with 

average energy gap E^. Actually, the heavy and light hole bands are 

slightly split except at the center of the Brillouin zone, and there 

is a third, split-off band lowered by spin-orbit coupling by 0.29 eV

(atthe center) with respect to the other two (see Fig, 3.1, p. 24).

One result of ignoring the split-off band is the neglect of the inter- 

valence band transition process which we shall discuss in the next 

chapter. Also, the six side conduction valleys in the (1,0,0) 

direction are located considerably higher (by ~ 0.2 eV) than the four 

side valleys in the (1,1,1) direction. Thus, when the distribution 

temperature is sufficiently low, most of the free carriers are located 

in the four (1,1,1) valleys. The effect of this will be discussed in 

Chapter III.

Light Absorption in Germanium 

The physical picture, according to the ESSM theory, for the 

interaction of energetic ultrashort optical pulses with semiconductor . 

is reviewed in this section. This will probably best be done by 

describing how it accounts for the features observed in two typical ex

periments. In the first experiment, the transmission of picosecond 

pulses at 1.06 urn through a thin germanium sample (5.2 urn in thickness)



is directly measured as a function of incident pulse energy. The re

sults for two sample temperatures are shown in Fig. 2.1 (from Elci et 

al., 1977) . The data show an increase in transmission with pulse 

energy. At high excitation levels, the enhanced transmission appears 

to saturate before sample damage, which occurs at about 5 x 1014 quanta 

pulse energy. (To check the existence of this saturation, we have 

recently repeated the same experiment with much care. Sample damage is 

checked after each shot. Our results clearly show this "plateau" 

region in the enhanced transmission.) In the second experiment, the 

same sample is first irradiated by an energetic excitation pulse, which 

is followed by a much weaker probe pulse whose transmission is measured. 

Typical data are shown in Fig. 2.2,

The nonlinear transmission data presented in Fig. 2.1 can be 

accounted for in terms of the ESSM model in the following way. When 

the excitation pulse enters the Ge sample, it is absorbed by direct 

(valence-conduction) transitions, creating a large number of electrons 

(holes) in the central valley of the conduction (valence) band. The 

electrons located in the central valley of the conduction band are rap

idly ( 'c 10"14 sec) scattered to the conduction band side valleys by 

long wave vector phonons. Since the electrons are emptied from the cen

tral valley to side valleys at a rate that is comparable to the direct 

absorption rate, any decrease in the number of states available in the 

central valley for direct absorption is ultimately determined by a" 

buildup of the populations in the side valleys^ Carrier-carrier 

scattering events, which also occur at a rate comparable to the direct
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Pulse Energy (from Elci et al., 1977).

Solid lines indicate fit of the model of ESSM to the data, 
assuming pulsewidth of 5 psec.



PR
O

BE
 

TR
A

N
S

M
IS

S
IO

N
 

(R
E

LA
TI

V
E

 
U

N
IT

S
)

E XC IT A T IO N  PULSE QUANTA 10 
INTERACTION VOLUME 1 0 " 6 cm3 
SAMPLE THICKNESS 5 - 2  pm

0.2

0 10 50 I00 150 200 250 300
DELAY TIME (psec)

Fig. 2.2. Normalized Ratio of Probe Pulse Transmission to Excitation Pulse 
Transmission Versus Time Delay of Probe Pulse with Respect to 
Excitation Pulse (from Elci et al., 1977).



17

absorption rate, ensure that the electron and hole distributions will 

be Fermi-like. They also ensure that the Fermi distribution for holes 

and the Fermi distribution for electrons will reach a common 

temperature., Since the photon energy is greater than the band gap 

Eg, a direct absorption event followed by phonon-assisted scattering 

of the electron from the central to side conduction band valleys 

results in an excess energy ilô - Eg being given to thermal agitation.

The result of the above processes is the generation of a large number 

of electrons (holes) in the conduction (valence) band with a high 

distribution temperature.

The above mentioned processes are not the only ones that need 

to be considered. Electrons (holes) located high (low) in a conduction 

(valence) band valley can relax by emitting phonons. The effect of this 

relaxation is to lower the carrier distribution temperature, putting 

more carriers in the states near, the bottom (top) of the conduction 

(valence) band that are needed for direct absorption. Thus, phonon- 

assisted relaxation, which occurs on a time scale comparable to the 

optical pulse width, tends to increase the transmission. However, as 

the carrier density increases due to direct absorption, the plasma 

frequency of the carriers increases. When the plasma frequency is high 

enough, an electron in the central conduction band valley can recombine 

with a hole near the top of the valence bands while emitting a plasmon. 

Normally, plasmon-assisted recombination can occur only if the plasma 

frequency, is larger than the direct gap frequency E^/h, where Eq 

is the direct band gap. However, the plasma resonance is broadened
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considerably due to the strong perturbation of the solid by the 

optical pulse. Thus plasmon-assisted recombination can occur at 

plasma frequencies below E^/h. These collective plasma oscillations 

have lifetimes that are short compared to a picosecond. The energy 

lost in their decay is transferred to electrons and holes, thus 

heating the carrier distribution. Therefore, as the carrier density 

increases, the plasmon-assisted recombination rate increases, which 

retards the growth of the carrier number and raises the distribution 

temperature. Rapid increase in the sample transmission is thus 

prevented as the electrons (holes) are heated and removed from the 

optically coupled states. Free carrier absorption also serves to 

increase the distribution temperature. Although not so effective as 

the other processes mentioned above, it is included in the model.

The plasmon-assisted recombination is essentially turned off 

when the excitation pulse has passed through the sample. As time 

progresses, the carrier distribution will continue to cool by phonon 

assisted relaxation. Thus a weak pulse that probes the electron-hole 

plasma at delayed times will experience a lower absorption as time in

creases, since the electron (holes) are now located lower (higher) in 

the bands. Without considering recombination and diffusion, this en

hanced probe transmission will eventually saturate when the distribu

tion temperature equals to the lattice temperature.

The solid lines in Figs. 2.1 and 2.2 indicate fit of the model 

of ESSM to the data, assuming pulsewidth of 5 psec. The agreement be

tween experiment and theory will be discussed in the next section.



Limitations of the ESSM Model 

We have seen in the last section that the ESSM model is 

successful in reproducing the basic features of the results of both 

the single (excitation) pulse and the two (excite-and-probe) pulses 

transmission experiments, thus providing a basis for further develop

ment. Yet, several recent studies (both experimental and theoretical) 

have indicated that the model is incomplete. We list in the following 

some of its major limitations.

(a) The theory fails to account for the details of the experi

mental saturation of the excitation pulse transmission at high excita

tion energies (Fig. 2.1).

(b) There are more discrepancies, for the probe transmission as 

can be seen from Fig. 2.2, the data show an early rise of transmission 

which peaks and gradually decays, whereas the theory predicts a delayed 

steep rise in probe transmission with no decay after the saturation. • 

More severe, however, is the substantial discrepancy between the ab

solute values of the experimental and theoretical probe transmissions

. (see Fig. 6.2, p. 99).

(c) Bessey et al. (1978) have recently experimentally measured 

the optical pulsewidth dependence of the single pulse transmission of 

germamium and have found these measurements to be in substantial dis

agreement with the ESSM model, which predicts a strong pulsewidth de-
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(d) Data obtained from our recent transmission measurements on 

Ge samples of different thicknesses cannot be consistently accounted 

for by .the ESSM theory (see Fig, 5.8, p. 91 and. Fig. 5.9, p. 93).

(e) The only free parameter used in the ESSM model is Qq, the. 

electron-optical phonon coupling constant. The fitted values are found 

to be 6 x 10™4 erg/cm for lattice temperature 298 K and 2 x io~4 erg/cm 

at 77°K. Table 2.2 contains a list of several experimentally and theo

retically determined values. As can be seen from the table, although 

there is a wide spread in the Qq values reported in the literature 

(ranging from 6 to 18 x 10~4 erg/cm, with the most recent values point

ing to the interval of 9 to 13 x 10-4 erg/cm), these values used by 

Elci et al. (1977) are generally considered as too low because they are 

outside of the range and much lower than the mean (^10"3 erg/cm) of 

those reported values obtained by other methods. Since the electron 

cooling (via phonon emission) rate is proportional to Qo2, these small 

Qq values lead to relaxation times much longer than those reported by 

others (for example, Austen et al., 1978, also see Chapter VI on the • 

effect of Qq on probe transmission rise time).

(f) Finally, the neglect of spatial variations and carrier dif

fusion itself presents a severe limitation for the theory, as we shall 

discuss in detail in Chapters V and VI.

It is through the removal of these limitations that we have 

succeeded in revising and extending the ESSM model to a more complete 

theory, as we shall show in this dissertation.
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Table 2.2

Several Experimental and Theoretical Values of the 
Electron-Optical Phonon Coupling Constant, Q , in Ge

Qo ( x l 0 ~ ^ ) Reference

6.40 deVeer and Meyer (1962)

7.68 Seeger (1973)

8.00 Reik and Risken (1962)

8.16 Herbert et a!, (1972)

9.60 Costato, Fontanesi., and 
Reggiana (1973)

10.72 Fawcett and Paige (1971)

11.20 Jorgenson, Meyer, and 
- Schmidt-Tiedemann (1964)

11.80 Jorgenson (1967)

12.80 Ito, Kawamura, and Fukai 
(1964)

14.40 Conwell (1967)

18.50 Meyer (1958)
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Before closing this chapter, we note that the pulse duration 

used for the theoretical fit in Figs. 2.1 and 2.2 was 5 psec. The 

pulsewidth was known to be between 5 and 15 psec, but unmeasured until 

recently, when we measured it using a second harmonic generation meth

od. The pulsewidth was found to be 11 + 2 psec, and this will be used 

through this work instead of the previously assumed value.



CHAPTER III

DIRECT-FREE-HOLE ABSORPTION

It was seen in Chapter II that one significant limitation of the 

ESSM model is its failure to account for the saturation of the exci

tation pulse transmission at high excitation energies (see Fig. 2.1). 

This fact points to the existence of some ultrafast processes, being 

neglected in the ESSM model, that act effectively to enhance absorption 

when both the carrier distribution temperature Tc and the free carrier 

density Nc are sufficiently high. One such process, the direct-free- 

hole (DFH) transition between the spin-orbit split branches of the 

valence band, is discussed and shown to be important in this chapter.

Direct-Free-Hple Transition

The valence band of germanium consists of three subbands, 

which are separated by spin-orbit interaction. The schematic band 

structure near the center of the Brillouin zone is shown in Fig. 3.1.

At the center of the Brillouin zone, the heavy hole band (E^) and the 

light hole band (E^) are degenerate and the third band is separated 

from them with split-off energy A.

While quantum selection rules forbid direct transitions between 

the valence subbands at k = 0, they are allowed at k ^ 0. Direct 

transitions at 1.06 ym are indicated by arrows in Fig. 3.1. It is seen 

that the DFH transitions occur relatively far from the center of the

23
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Fig. 3.1. Schematic Band Structure of Ge Near the Center of the 
Brillouin Zone for 298°K Lattice Temperature.

The dashed line indicates the Fermi-level position of 
the holes at Nc = 2 * 1020cm-3, Tc = 298°K.
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Brillouin zone^ Thus, unless the free hole concentration is 

sufficiently dense, DFH transition rates are usually negligible, 

compared to that of direct interband transitions, since both the 

intial and the final states |i> and |f> are heavily populated. As 

shown in Fig. 3.1, even at the highest concentration of carriers that 

can be reached in the experiment ( /v  2 x  io20 cur3, see Chapter IV), 

the position of the Fermi quasi-level for holes is not sufficiently 

deep in the valence band to ensure by itself a significant depopulation 

of |f>. However, when Te is high enough, the situation may be 

significantly altered. The temperature of the carrier distribution is 

therefore a critical factor controlling the rate of DFH transitions.

We assume that, over the portions Of the energy bands that

are important to our calculations, the carrier energies may be

described as quadratic functions of the wavevector 1c with the

appropriate effective masses. Thus the hole energies are given by

..............h i ^  - 2m̂  (3.1)

(3.2)

EhsCk) = A ^ I s r  (3.3)

where A,; is the separation between and (for k % 0.05 A"1); 

m^, m^, m3 are the effective masses of the heavy, light and split-off 

hole bands, respectively; and k is measured from the center of the 

Brillouin zone. Following Elci et al. (1977), we also assume that, as
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a result of fast carrier scatteimg, the carrier populations are 

described by Fermi distribution functions with a common distribution 

temperature T . That is, for the holes,

E, (it) + Ey
fhi = t1 + exP< )] 0 1  Ehl A  1  “ (3.4)

- ■ = [1 + exp(-M _̂ . H)]-1 A' £  E ^  (it) < «, (3.5)

E (It) + E '
fh3 (k) = I1 + exP(-- k T )3 A < Ehg (k) < - (3.6)

B e

where kg is Boltzmann's constant and is the Fermi quasi-level of 

the holes

The probability per unit time of a transition is given by the 

Fermi's Golden Rule

Wfi = r 1 lMfiI^A(Ef - E.) (3.7)

where is the matrix element of the interaction producing the 

transition between the initial (i) and final (f) states of the system. 

The 6-function ensures energy conservation. The electron-photon 

interaction is described by the well-known Hamiltonian

Hep = I ' <s'^' |e^°^ (q) . p|s%> (3.8)
Xq;si?;s'^ “ ^

f
x c ->̂ Xq + hermitian conjugate

s'k'sk
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where |sk> refers to Bloch states (s is the band index), g^(q) is the 

unit photon polarization vector, p is the electron momentum operator, 

c and are the electron and photon annihilation operators re

spectively, e is the electron charge, m the bare electron mass, and 

the high-frequency dielectric constant.

The diagrams in Fig. 3.2 describe direct optical transitions 

between different branches of the valence band. For absorption, the

initial state consists of N + 1 photons of frequency to and waveveetor
4  V  ->q = (o/c, a hole in the upper valence band v̂  with waveveetor k + q,

and an electron in band v^ with waveveetor ic. After the interaction,

we have N photons of frequency to, an electron in band V. with
Xcl ^ ^ Jwaveveetor k + q, and a free hole in band v^ with waveveetor k. Thus

the absorption rate goes as

x (probability of an electron in state v^,k) 

x (probability of a hole in state v̂  ,1c + q)

x N x |<v.,i( + qlH Iv. ,k>x? J ep 1
x 6[Eh. (k) - Eh . (k + q) - hto] (3.9)

For emission, we begin with N photons in the field, an electron in
Xq ^

the upper band v̂  with waveveetor k + q, and a hole in v^ with wave- 

vector 1c. After the interaction, a photon of frequency 10 is created 
and the hole makes a transition to state v.,k + q. The emission rate 

thus goes as
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t

ABSORPTION EMISS ION

Fig. 3.2. Direct Transitions Between Different Branches 
(V̂ ) of the Valence Band.

Solid lines refer to electrons, wavy lines to 
photons.
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2 ir
■ft x (probability of an electron in state v.,k + q)

x (probability of a hole in state v.,k)

x (N ^ + 1) x |<v t|H |v it + q> |2 
Aq ' ep 3

x 5[Eh .(t) - ^ . (ic + q) - -hw] (3.10)

We thus readily find the net absorption rate

” k
3t

I

DFH

2 it r e ^ 2  2 T T C % ,  r  r i ^  ->•

t  ci d  (n r " -  - ■ ■ j- s t
(fe) I <v. Cq) ■ p|v,,t>|2

Aq
.•4- ->

+ T  ^ 2:(r S } 1{ I <vi >i< I e'iq*rix (q) -PI v . ,lt + q> I 
00 p ic- : J

CN + D [ l - f hj(k + q)J fh . (k) 6 [Eh . (it) - ̂  (^ + q) -*„] }

(3.11)

Here, L also includes spin summation. The photon momenta hq are 

generally much smaller than the electron and hole momenta hk. Therefore,

<s'i?'|eiq ' r i 1d)-p|si?> = sx(q)-<5'6'|p|si?> (3.12)

and the q's in the matrix elements of p, in f's and in the 6 functions 

can be omitted. Also, the radiation is primarily at the circular fre

quency a) and the corresponding N >>1. Therefore, the spontaneous 
0

emission term can be neglected. We obtain
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9N
9N
9t -  I

DFH Xq

Aq
9t

DFH

3m2e a)

x [£hi(i<) - fh.(i)]l<vr fl5|vi5r>|2 (3.13)

where we have replaced the sum over k by an integral. The integral 

over the 6-function is trivial, and yields

3N
3t = -N(t) (--— 2

DFH \ 3_ 2e a)_h2m ” o

m.m.i 3
m. - m. ] i

t3'14)

where | P. . (k. .) | = | <v . ,k. . |p| v. ,k. .> | , and k. . is obtained by the1J 1J J J r j 1J
energy conservation relation

Ehi(Kij) - Ehj ti?ij1 “ * “0 (3.15)

In our case, where ha)o = 1.17 eV, the band structure allows only two 

DFH transitions: i = 3, and j = 1.2. Thus the DFH absorption co

efficient is given by

a = a (31) + a (32) DFH DFH DFH (3.16)
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where

(3.17)

The matrix elements between different valence subbands in each

symmetry direction of the Ge crystal has been calculated by Kane (1956) 

with the k-p approximation including spin-orbit interaction. The 

reader is referred to Kane's paper for these lengthy expressions for the 

matrix elements. To evaluate the absorption coefficient, we compute the 

matrix elements for each of the four symmetry directions: (100), (111),

directions appropriately. (The (y) direction makes equal angles with 

the (100), (111), and (110) directions.) Following a procedure by 

Kane (1956), the weighting is made by considering the surface of a

of the four directions it is closest. The weightings are then made 

proportional to the areas and are normalized. It results in the 

following weights: (100): 0.09, (111): 0.16, (110): 0.22, (y): 0.53.

The energy band parameters used in the calculation of the absorption 

coefficient are taken from Fawcett (1965). At ic near ic^ and » 

we estimate m = 0.34m, m - 0.34m, m. = 0.665m for the effective. 1 2 3..
masses and A' ~ 0.14 eV for the separation between and •

A, the split-off energy at ? = 0, is taken to be 0.295 eV.

and (y), and combine them

sphere in k-space and assigning a small element of area to whichever
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Figure 3.3 depicts the direct-free-hole absorption coefficient 

(at 1.06 pm) as a function of carrier density for various carrier 

distribution temperatures T . It is seen that rises steeply with

both Nc and T^. At low temperatures, a^py is negligible unless is 

well above 1020 cm-3. However, with distribution temperatures above 

1000 °K, and carrier densities higher than 4 x 1019 cm"3 (a carrier 

density easily reached in. our experiments), ctppy is of the order of 

103 cm-1. This is significant compared to the direct inter (valence- 

conduction) -band absorption coefficient cy, which is reduced due to 

band filling at such high carrier densities.

The absorption coefficient of heavily doped p-type germanium 

at thermal equilibrium (T = T_) has been studied by Newman and TylerC L
(1957). Although their measurements do not extend to 1.06 pm, by

extrapolating their results we can estimate, for example, that at

T = 77°K, N = 1020 cnT3 the inter-valence band absorption co- c c
efficient is about 103 cm"’1, with which our computation result, pre

sented in Fig. 3.3, agrees well.

Saturation of Enhanced Single Pulse Transmission 

The ESSM model is here revised by making the following changes.

1. The direct-free-hole mechanism described above is included in 

the model.

2. Electron-optical phonon coupling constants within the range 

of previously determined values found in literature are used.

• As shown in Chapter II, the values of Qq used by Elci et al.
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L A T T I C E  TEMPERATURE = 298°K

CARRIER TEMPERATURE 
_______  298°K
........  500° K
-------- 1000°K
--------- 2000°K

•y
//

/ /

CARRIER DENSITY ( c m - 3 )

Fig. 3.3. Direct-Free-Hole Absorption Coefficient versus
Carrier Density for Various Carrier Temperatures.



(1977) are too low compared to the experimentally and theoreti

cally determined values (see Table 2.2). This is especially, 

true for the lattice temperature T^ = 77°K case, where 

Qq = 2 x 10-lf erg cm-1 was used. The necessity of using higher 

Qo values is seen immediately when we simply add the DFH pro

cess in the BSSM model. Numerical computations show that the 

theoretical transmissions thus produced are too low. This is 

because we now have two processes: plasmon-assisted recom

bination and direct-free-hole transition, that enhance absorp

tion as carrier density increases. Both of these processes 

raise the carrier distribution temperature. We thus expect 

that the phonon-assisted relaxation mechanism, which enhances 

transmission by filling the optically-coupled states via 

carrier distribution cooling, should be stronger than was 

predicted by the ESSM model.

A more realistic conduction band structure, which consists of 

one direct valley F, four side valleys (referred to as L- 

valleys) with an indirect energy gap lower than the direct 

gap Eq, and six side valleys (X-valleys) with an indirect gap 

Env higher than E is used.bX O
In the ESSM model, the conduction band of Ge was assumed to

have ten equivilent side valleys with an averaged indirect 

band gap Eg. Such an approximation simplifies the calcu

lations. However, it may also lead to erroneous results (see 4. 

below), particularly when the carrier distribution temperature



is relatively low. is about 0.2 eV higher than E^.

Detailed calculation reveals that, for distribution tempera

tures below 2000 °K and carrier densities that are generally 

reached in our experiments, most of the free electrons are in 

the L-valleys. For example, at Tt == 298 °K, T = 1000 °K,Ju C
19 3Nc = 10 cm" , we estimate v 98.5% of the free electrons are 

located in the L-valleys. We therefore, in the calculation of 

carrier densities and Fermi level Ep, may consider only the 

L-valleys whenever £  1000 °K. As we shall see, the use of 

more acceptable (higher) Qo values leads to lower distribution 

temperatures (generally less than 2000 °K, except near the

irradiated surface). Much higher temperatures were predicted - 

by the ESSM model.

The rates of the piasmon-assisted recombination (PAR) are 

reduced.

In the calculation of the PAR rate by Elci et al. (1977), the 

piasmon resonance broadening was estimated to be proportional 

to ten times (because there were ten side valleys) the rate for 

the scattering of an electron from the T-valley to the (111)- 

valley accompanied by the emission of a phorion. However, the 

transition of an electron to an X-valley is impossible unless 

its energy is higher than E^. Thus, at relatively low distri

bution temperatures (<_ 2000 °K), when most of the free elec-
f\,trons in the central valley have energies < E^, the pi asmon 

resonance broadening should be considered as proportional to



. 36

four times the F -> L scattering rate. The expression for the . 

PAR rate (Eq. (57) of Elci et al. , 1977) is

2e2™p-t/2 ( r  *
rD =  -------- ----- — -— - ' ■ ■ ■  ̂  -------— —  (3.18)

^ V o ^ ^ o - ^ V 2 " +Eo - % }'5

where m is the effective mass of an electron in the central o
valley, m^ = m1 = m2 is the effective mass of holes in the 

heavy or light hole bands, and is the combined electron-hole 

plasma frequency. The plasmon broadening is now given"by

i 2t2mcF/2 tQo ^ - egl^  C3 ig)
To 2irpC2 H 3o

where QA is the electron-acoustical phonon coupling constant, 

p is the Ge mass density, m is the effective mass of a free 

electron in the L-valley, and Qq is the angular frequency of 

the optical phonon. Also, since only at k = 0 does m^ = 0.04m 

we take, for the purpose of evaluating FR, that m^ = 0.1m for 

both 77 ° K  and 298 ° K  lattice temperatures (m = 0.04m was 

used for 77 ° K  by Elci et al. , 1977). The resulting FR thus 

evaluated is approximately 1/5 (2/5) of that given by Elci 

et al. (1977) for 77 ° K  (298 ° K )  lattice temperature.

One effect of including the split between the heavy and light 

hole bands is on the expression for the direct interband absorption 

coefficient, ot̂ . Instead of Eq. (29) of Elci et al. (1977), it is 

now given by, at E = Aw,
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“h m.

aDCE) = al { 1 " S[Eo ' EF + 1T (E- Eo)] " g[EH + 5T CE- Eo)]

+ 1 -.g[E0 + A ,- EP + r- CE-Ec -A*)]

m
^ eh - 4,+5T Ce - V 4'5' (3.20)

where + m^) , = m2,

2e2E
an =1 ScEeV

2mcTh
mo +A (E - Eo)

2e2(E + A') 

3 c E e % 2

2mc A
m© +mh

(E- Eo - A')

g(y) =
1 + eXP(kBTc

-1

(3.21)

(3.22)

The effect of the split-off valence band on direct interband absorption 

is completely negligible. The effect of. the changed band structure 

on other processes such as free-carrier absorption, phonon-assisted 

relaxation are insignificant, and thus the expressions given by Elci 

et al. (1977) still hold.

The theoretical single pulse transmission predicted by the re

vised model is shown in Fig. 3.4 along with experimental data. It is 

clear that the inclusion of the DFH mechanism successfully reproduces 

the saturation of the enhanced transmission, thus removing a major 

limitation of the ESSM model. This result is physically intuitive, 

since we now have a mechanism which competes more efficiently than both
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I N I T I A L  SAMPLE TEMPERATURE

O 2 9 8 ° K

INTERACTION VOLUME I 0 " 6 cm 

SAMPLE THICKNESS 5 . 2  pm
-2
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-3 —
10

-4
10

IN CID ENT  QUANTA (A T  1 . 0 6  pm)

Fig. 3.4. Theoretical and Experimental Single Pulse Transmission 
versus Pulse Energy.

Experimental data from Elci et al. (1977). The theo
retical curves are obtained with the revised ESSM 
model for pulsewidth of 11 psec.



free carrier absorption and plasmon-assisted recombination in opposing 

the trend towards transparency caused by the filling of the optically 

coupled states. Figure 3.5 shows the instantaneous absorption co

efficients as functions of incident energy, immediately after the exci

tation pulse traverses the Ge sample. The total absorption coefficient 

a, which is the sum of three terms: cy, aDFH,. and aFCA (intraband free

carrier absorption), remains relatively constant at high incident ener

gies, where the DFH mechanism becomes important. Although isUrn
always lower than the direct interband (valence-conduction) absorption 

coefficient oy, when its rate of increase with incident energy balances 

that of the decrease of oy with energy, saturation of the enhanced 

transmission occurs.

As was pointed out in Chapter II (see Table 2.2), there is a 

wide spread in the values of Qq reported in the literature. In our 

numerical computations, the electron-optical phonon coupling constant is 

treated as a free parameter. The best fitting with experiment is found 

with Qq = 7.2 x 10~4 erg cm-1 for T^ = 77 °K and Q = 9.8 x 10~4erg cm--1- 

for T^ = 298 0K. Figure 3.6, which shows single pulse transmission for 

different Qo values, illustrates that the transmission sensitively de

pends on the electron-optical phonon coupling constant. In fact, if 

all other physical parameters associated with the model were precisely 

known, our experiment would represent a sensitive method for determining



A
B

S
O

R
P

TI
O

N
 

C
O

E
F

F
IC

IE
N

T
 

(c
m

40

DA

L A T T I C E  TEMPERATURE 7 7 ° K

INTERACTION VOLUME 1 0 " 6 c m 3

PULSEWI DTK 11 p s e c

DFH

FCA

IN CID ENT  QUANTA (A T  1 . 0 6  ym)

Fig. 3.5. Instantaneous Absorption Coefficients versus
Energy in Excitation Pulse Immediately After its 
Passage Through the Ge Sample.

DA = direct interband absorption 
DFH = direct-free-hole absorption 
FCA = free-carrier absorption



T
R

A
N

S
M

IS
S

IO
N

41

10
PULSE DURATION p s e c

SAMPLE THICKNESS
-6

NTERACTI ON VOLUME

0 ”  e r g / c m

0  e r g / c r r )

-3
10

-4
10

INC IDEN T QUANTA (AT 1 . 0 6  m)

Fig. 3.6. Single Pulse Transmission versus Pulse Energy for Differ
ent Electron-Optical Phonon Coupling Constants, Qq.
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Pulsewidth Dependence of Single Pulse Transmission

One feature of the theory of Elci et al. (1977) is its predic

tion of a strong dependence of the nonlinear transmission of single 

pulse through Ge on the width of the pulses. This dependence on pulse

width is depicted in Fig. 3.7(a), which shows single pulse transmission 

in a 5.2 pm-thick Ge sample as a function of incident energy at initial 

lattice temperature 298 °K, and for pulsewidths of t and 1.5 t.

However, as was pointed out in Chapter II, these predictions are in 

substantial disagreement with the experimental measurements (Bessey 

et al. 1976, 1978).

We have pointed out in Chapter II that, according to the ESSM 

model, intravalley phonon-assisted relaxation and plasmon-assisted 

recombination will cool and heat, respectively, the carrier distribu

tion. Thus the pulsewidth dependence is determined by which of these 

two processes is stronger in the following way. If phonon-assisted cool

ing dominates, more electrons (holes) will be located lower (higher) in 

the conduction (valence) band. Thus the states needed for direct tran

sition across the valence-conduction band gap will be more completely 

filled and the transmission will be enhanced. However, if plasmon- 

assisted recombination is the stronger process, more electrons (holes) 

will be found high (low) in the conduction (valence) band. Therefore, 

this process will tend to free the states coupled by direct interband 

transition, thus decreasing the transmission. When a longer pulse 

interacts with the crystal, there is more time for both processes. If 

plasmon-assis ted recombination dominates, the longer pulse will create
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( a )  ESSM MODEL

z
o
tZ)CO
z:COz<czI-
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( B )  REVISED MODEL
z
o
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Fig. 5.7. The Pulsewidth Dependence of Single Pulse Trans
mission in Ge at 298°K.

Sample thickness =5.2 ym, interaction volume = 
10 cm3. The theoretical curves of (b)_are ob
tained with the present model for which t is 
taken to be 11 psec.
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an electron-hole plasma with a higher distribution temperature and 

lower carrier density and, consequently, have a lower transmission.

If phonon-assisted relaxation is stronger, similar arguments show that 

the transmission will have the opposite pulsewidth dependence. The 

theoretical curves of Fig. 3.7(a) show that, in the ESSM model, the 

plasmon-assisted recombination is the dominant factor that determines 

the pulsewidth dependence of single pulse transmission. Figure 3.8 

shows the theoretical curves, according to the ESSM model, of the 

temporal behavior of the distribution temperature during the passage 

of an energetic optical pulse of 2 x 1014 quanta. The strong 

dependence on pulsewidth is obvious.

After adding the direct-free-hole transition process, as was 

shown in the last section, we discovered that in the ESSM model, the 

plasmon-assisted recombination (PAR) rate had been overestimated 

while the phonon-assisted relaxation rate had been underestimated.

Thus the PAR process is actually not as dominant as it had been 

estimated to be, and we will expect that the pulsewidth dependence 

is much weaker than that predicted by the ESSM model. This is in 

fact the case, as can be seen from the theoretical curves for the 

temporal behavior of carrier temperature according to the revised 

model in Fig. 3.8, and from Fig. 3.7(b) which depicts the pulsewidth 

dependence of transmission in the present theory. The difference 

between the transmissivities for the two pulsewidths is smaller than 

the error associated with typical experimental data, thus making the
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NTERACTI ON VOLUME5 / -

PULSEWIDTH

4
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3

2
PRESENT MODEL

0

T IM E / P U L S E W I D T H

8. Temporal Behavior of Carrier Temperature in Ge at 298°K 
Lattice Temperature During Interaction with an Excita
tion Pulse of Energy 2 % 1014 Quanta.

t is taken to be 11 psec for the present model.
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the pulsewidth dependence of transmission hard to be observed in an 

experiment.

The Ultra-Transient Behavior of 
Direct-Free-Hole Absorption

An interesting feature of the direct-free-hole (DFH) absorption 

mechanism is its speed. Since the density of carriers is not 

sufficient to deplete the final states even at its maximum value, the 

process is actually controlled by the temperature of the carrier 

distribution. The DFH process is activated at excitation values for 

which sufficiently high temperatures are reached, and is automatically 

switched off as the distribution cools down. It follows that the time 

during which the channel of the DFH process stays open is controlled by 

the relaxation rate of the distribution temperature, rather than by 

the recombination rate of the free carriers. It is therefore an 

extremely fast process (of the order of 10 psec), as can be seen from 

Fig. 3.9, which depicts the three absorption coefficients cu, “ppy &ud 

ctpcA during, and after the interaction with a 11 psec-long pulse 

containing 1014 quanta at 1.06 pm. It shows that vanishes in less 

than 10 psec after the excitation. As we shall show in Chapter IV, 

the DFH mechanism can also affect the reflectivity of Ge under pico

second excitation. The availability of a process that entails a 

substantial variation of the optical constants of the material over 

such short time may have interesting potential applications.
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CHAPTER IV

REFLECTIVITY OF PICOSECOND 
PULSES IN GERMANIUM

We have seen, in many recent experiments (for example, Smirl 

et al., 1976), the drastic changes in the interband absorption of 

germanium illuminated by intense, ultrashort pulses. It thus becomes 

interesting to investigate the effect of such high excitations on the 

crystal's dielectric constant, which.is directly related to such 

parameters as the free carrier population of the energy bands, the 

oscillator strengths of the interband transitions: all expected to be

significantly perturbed by the interaction. In this chapter we 

present the results of one such investigation. In the first section 

we describe an experiment on the reflectivity of Ge under picosecond 

excitation, in which an enhancement at high excitation levels is seen. 

The second section reviews the theory given for a similar reflectivity 

enhancement seen in nanosecond experiments. In the last section, we 

propose a plausible explanation for the picosecond phenomenon. It 

appears to us that the direct-free-hole transition process discussed 

in the last chpater may have an important role in the reflectivity 

enhancement of Ge excited by picosecond pulses.

The Experiment

We have recently measured the reflectivity of germanium at 

1.06pm as a function of irradiance, up to values where surface damage

48



occurs, using picosecond pulses from a mode-locked Nd:glass laser. The 

apparatus used is essentially the same as that for the corresponding 

transmission measurements (Matter 1975, Smirl 1975). As depicted in 

Fig. 4.1, a single pulse switched out from a pulse train by a laser- 

triggered electro-optical shutter is focused on the surface of the 

sample at an angle about 10°, using a 20cm focal length lens. The 

focused spot has an area 'v l0-3cm2. The pulse energy is monitored by 

detector Dl, providing a shot-to-shot calibration of the energy 

incident on the sample. For details concerning the laser, the pulse- 

selector and the detectors, the reader is referred to the dissertations 

of Matter (1975) and Smirl (1975), or the review paper by Elci et al. 

(1977). The reflected pulse, passing through a 1;06pm laser line 

filter, is measured by detector D2. The incident energy on the sample 

is varied with a series of interference filters placed in the beam.

The samples are polished and syton etched Ge slabs, about 100pm in 

thickness. The duration of the pulse is 11 ± 2 psec, measured 

recently by a second harmonic generation method. Reproducibility of 

pulsewidth from one laser firing to the next appears to be good, 

judging from the pulsewidth measurement data.

Typical experimental result at room temperature is shown in 

Fig. 4.2. Each dot represents an actual data point. The solid curve 

shows, approximately, the mean value through the data. The error bar 

indicates the average spread of data about the mean. Within the error 

of our experiments, data obtained at liquid nitrogen temperature do 

not differ significantly. The reflectivity is seen to remain
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practically constant up to irradiance of about 2.5GW/cm2 (or 1.5 x 

lO14 quanta in the 11 psec long pulse), where it begins to rise rather 

steeply, reaching an increase of ~ 20-25% just before surface damage 

occurs at about 7GW/cm2. Actually, there may be a slight decrease in 

reflectivity before the onset of the enhancement. Although this 

effect has been seen father consistently in our experiments, with a 

magnitude lower than the spread of data, it cannot be taken too 

seriously without further study.

All data of Fig. 4.2 have been obtained before surface damage 

occurs. Special care is necessary to ensure this due to the narrow

ness of the irradiance range between the onset of reflectivity 

enhancement and the damage threshold, and to the irreproducible nature 

of pulse energy from one firing to the next. The following procedure 

was adopted in the experiment. First, by varying the location of the 

incident spot, it was ascertained that, at low irradiances, the 

reflectivity did not depend on where the pulses hit the sample. In 

the course of the measurement at high irradiances, we periodically 

went back to check the values of the reflectivity at low irradiances 

to see if any damage had been produced. The basic criterion for 

surface damage we have adopted is the marked decrease in reflectivity 

when it occurs, It was often found that the onset of a consistent 

decrease in reflectivity at high irradiances was related to damage. 

Whenever a marked decrease in reflectivity at low irradiance was 

detected, the entire group of data since the last checking was 

discarded, and the incidence spot was changed. Through this
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procedure, we have been assured of a reflectivity enhancement below 

the damage threshold. We note also that measurements on a sample of 

about 5pm in thickness, with a markedly inferior surface quality, 

failed to show any significant enhancement, though the damage 

threshold was certainly reached. Whether this was related to the 

thickness, or due to the quality of the surface (surface defects 

lower the damage threshold), or to other causes requires further 

studies.

Nanosecond Reflectivity Enhancement
Reflectivity enhancements in germanium under intense 

excitation by laser pulses with durations in the nanosecond regime 

have already been reported by Sooy, Geller and Bortfeld (1964),

Birnbaum (.1965), Bimbaum and Stocker (1966) , Blinov, Vavilov and 

Galkin (1967), Bonch-Bruevich et al. (1968) and other people. For 

example, the results of Blinov et al. (1967) indicate that, illuminated 

by 1.06pm laser pulses of 40 nsec duration, the reflectivity of Ge 

rises steeply beginning at about 5MW/cm2 irradiance, reaching an 

increase of 'v 70-80% at about 50MW/cm2 just before sample damage is 

visible. The time development of the enhanced reflectivity is also 

interesting. It was found that it persists beyond the duration of 

the pulse for a time (typically several hundred nanoseconds) propor

tional to the excitation, longer for stronger pulses. The observations 

of others are similar.

The enhancement was first interpreted as related to the high 

density of the photo-excited carriers, and its decay was attributed



to carrier recombination. According to the free electron gas model 

(Stem, 1963), there is a sharp rise in reflectivity at frequency w 

when the plasma frequency go is greater than co (see Fig. 4.3) . For 

an electron-hole plasma with equal density N of each kind, this

free electrons and free holes, respectively, and is the dielectric 

constant of the unexcited crystal. At l.Odym, using the effective

ever, if hot electron distribution effect is neglected (a good 

approximation when carrier heating due to photon absorption is slower 

than carrier cooling due to phonon emissions), the maximum carrier 

density can be reached in the semiconductor is limited because once 

the optically-coupled states are occupied, no more interband transition 

is allowed. This is known as the Burstein-Moss Effect (Burstein 1954, 

Moss 1954), and has been considered by Blinov et al. (1967) in an 

argument that the free electron gas model alone cannot explain the 

reflectivity enhancement. At 1.06ym, the optically ̂-.coupled states are 

shown in Fig. 3.1. Using the band parameters given in Chapter III, 

one finds that, at room temperature, the carrier density is limited 

by the density of free hole states to approximately 4 x lO^cm'-3*

This value is in agreement with the experimental result of Galkin

condition is specified by

(4.1)

where e is the electron charge, m^ and m^ are the effective masses of

masses mmasses m = 0.22m, m^ = 0.34m, where m is the bare electron mass, a 

carrier density >_ 2 x 1021cm-3 is needed for (4.1) to occur. How-
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et al. (1968), where the carrier concentration produced by nano

second pulses has been estimated by measuring the reflectivity at the 

C02 laser wavelength. Moreover, even if the required carrier 

densities were reached, the electron-hole recombination rate (mainly 

due to Auger recombination, whose rate is proportional to N^) will be 

so high that the plasma decay time will be less than 0.1 nsec. Thus 

the long persistence of the enhanced reflectivity still cannot be 

explained by this picture.

It is mainly due to the above difficulties that the enhance

ment of reflectivity, under nanosecond excitation is now commonly 

attributed to the formation of a molten layer at the incidence spot 

on the surface of the sample (Galkin et al. 1968, Bimbaum and Stocker 

1968). In some semiconductors (including Ge), melting is accompanied 

by a step-wise transition to the metallic state (Gubanov 1963). In 

fact, it has been measured that the reflectivity of germanium 

increases by a factor of approximately two upon melting (Hodgson 1961). 

In this picture, the long persistence of the enhanced reflectivity may 

be ascribed to the long time required for solidification. The damage 

that would normally be associated with melting can be avoided if 

annealing conditions prevail during the recrystallization of the 

molten spot. Indeed, the use of nanosecond pulses for annealing 

treatment on semiconductors is by now a well established process.

Picosecond Reflectivity Enhancement

In the interaction with an energetic picosecond optical pulse, 

the photogenerated carrier distributions are hot, therefore, the



Burstein-Moss Effect cannot be applied here to limit the carrier 

concentration. However, as we shall see in Chapter V, the competing 

processes such as direct-free-hole absorption and plasmon-assisted 

recombination tend to limit the carrier density to a maximum value 

of about 2 x lO20cm-3. This value agrees well with the estimation of 

Auston and Shank (1974). Thus the free electron gas model still 

cannot be applied here to explain the observed phenomenon.

The molten layer interpretation for the reflectivity enhance

ment under nanosecond excitation comes down to invoking a reversible 

change of the band structure of the sample at the incident spot, so 

that constraints on the density of carriers due to the intrinsic band 

structure of the crystal can be circumvented. However, the applica

bility of this explanation to the case of picosecond excitation is 

doubtful. For one reason, although the irradiance on the sample 

surface due to the picosecond pulse 2.5GW/cm2 for the onset of the 

enhancement) is higher than that due to nanosecond pulse (v 5MW/cm2 

at the beginning of the rise), the total energy incident on the same 

area is much lower for the picosecond pulse. Within the energy range 

where reflectivity enhancement occurs, our 11 psec^pulse supplies the 

sample with 1-5 x 10"2J/cm2, while the 40 nsec-pulse supplies about 

20-40 times as much. An upper limit for the increase in lattice 

temperature T^ at the incidence spot can be easily estimated if we 

assume an exponential distribution I(z) = I(o)e az for the energy 

deposited in the medium in the pulse propagation direction, that all 

incident quanta were absorbed, and each absorbed photon supplies



(ftio - Eg) to heat the lattice. Taking a to be the low excitation Beer's 

law value (should be lower under high excitations), the incident spot 

area to be 10"3cm2 and the lattice specific heat = 1. 83J/cm3/°K, we 

estimate a temperature-rise of about 40 °K for a 1.5 x io14 quanta 

(corresponding to 2.5GW/cm2 irradiance) pulse. Since the melting 

point of Ge is 937°C, a pulse about 30. times Stronger is needed for 

melting. (We note here that these energy considerations seem to 

confirm the theory of melting for the nanosecond phenomenon.)

Although nonradiative recombination and photons absorbed via intraband 

transitions can cause a somewhat higher temperature rise, and our 

sample irradiances are uncertain due to, particularly, the indeter

minacy in the area of the focus spot, we still do not expect the 

occurrence of melting within our range of possible errors.

Even if the energies supplied by the picosecond pulses were 

sufficient to melt the sample surface, this must occur within the 

duration of the pulse for the reflectivity enhancement to be experi

enced by the same pulse. Since the melting process requires the 

transfer of carrier energy to the lattice, it appears to be too slow 

a process to have completed within the duration of the pulse. In 

fact, using the electron-phonon coupling constants we have used in 

Chpater III, we estimate that at most half of the lattice temperature 

increase happens during the interaction. It usually takes another 

5-15 psec after the excitation for the carrier energy relaxation 

process to complete. We therefore feel one has to search for faster 

mechanisms that are likely to be of a purely electronic nature.
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For our purpose, the dielectric function at frequency u may 

be written as

e ( i o )  =  e o (a)) +  6 e ^ ( t o )  +  S e ^ O )  +  S s ^ C c o )  ( 4 . 2 )

where 6e^, 6evc, 6e^ are the changes (from the unexcited values) in 

the contributions of intraband transitions, direct (valence-conduction) 

interband transitions, and direct-free-hole transitions, respectively, 

to the dielectric function. That is.

5 e ( ( o )  =  e (.w , T c , N c ) -  e ( o ) , T L , N  ) ( 4 . 3 )

where N is the carrier concentration at thermal equilibrium.

The dielectric function is a complex quantity, ;

e  (to) -  e 1 (to) +  i e 2  (to) . ( 4 . 4 )

and the real and imaginary parts are related by the Kramers-Kronig 

relation (Stem 1963) :

e ,  (to) =  1  +  —  P. 1 TT

e 2  (to) =  -  —  P  
^  tr

t o ' e .  ( t o 1 ) d to1

to'2 - to2 (4.5)

e ̂ (to') dto'
to'2 - 0)2 (4.6)

where P is the Cauchy principle value of the integral. The contribu

tion of the intraband transitions to the imaginary part of the 

dielectric is negligible, thus the real and imaginary parts of (4.2)
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can be written as

e1(a)) = e10 (to) + 6elf(a)) + 5elvcC(jlJ) + (SE^(w) (4.7)

e2 (o)) = £20 (m) + 6e2vc(td) + 6E2h(a3) (4.8)

Once the dielectric function is found, the refractive index and the 

extinction coefficient are given by

n(to) =!%[£! (w)+ (e|(o3) + e|(ca))^]| (4.9)

<(«) = ̂ [ - E j (to) + ê (̂(jj) + E|(aj)) 2]| (4.10)

and the reflectivity is given by 

R(io) = 'n(co) - 1" 2 + K 2 (to)
'n(tn) + 1| 2 + K 2 (to) (4.11)

The Intraband Contribution

This is the term in the usual expression of Drude's free 

electron gas model. For an electron-hole plasma with equal densities 

of each kind, it is given by

-47re2N / , , \
= (aT + m^j . (4-12)

Here we have neglected the small contributions from the electrons in 

the central (T) conduction valley and the holes in the split-off 

valence band. The difference in effective mass between the heavy and 

light hole bands is also ignored, thus m^= 0.22m is the effective mass
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of an electron in the L-valley, = 0.34m is the effective mass of a

hole in the heavy or light hole band. e1£ at 1.06pm is plotted in 

Fig, 4.3 as a function of carrier density. Also plotted is the 

reflectivity according to Drude's model, where the dielectric function 

is given by e (m) = e^w) + e^Cco) . The imaginary part e^g can be 

ignored because its contribution is negligible compared to that due to 

interband transitions. Also, the effect of carrier temperature has 

been completely ignored in Eq. (4.12). Actually, at high distribution 

temperatures the intraband term is expected to be smaller (Auston et 

al. 1978). As can be seen from Fig. 4.3, the effect of the intraband 

term on the reflectivity is small, even at the highest carrier densi

ties reached in our case (rv 2 x 1020cm-3) . The effect of the high 

distribution temperatures is thus to make the intraband contribution 

even more insignificant.

Interband (Valence-Conduction) Contribution

Since e9 - 2nic and k = , the real part of the dielectric

can be obtained when the absorption coefficient is known because Eq. 

' (4.5) can be written (in terms of E = hto) as
00

e1 ( E) = 1 + P h (E1) q (E1) aE (4,13)
E'2 - E2o

The direct (valence-conduction) interband absorption coefficient a^.is 

given by Eq. (3.20), however, we must no longer take the refractive 

index in the expression as a constant. Using Eq. (3.20) in Eq. (4.13)
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and integrate over E’, we obtain

4e2(2m J -5
£ CE) = 1 +   [G(E ) + G (E + A') ] (4.14)
Vc 3E2fi 0 0

/ HI
where G(E + x) = (E + x) (x + E ) 2[1 - g(E + x - E  — - (E + x) 

o o o \ 0 o

m
g(EH - X -5T CEo + 4 ] - !5CE0 + x)(x+ Eo + E)S'2 x

m
[ l - g [ E o + x - E F - iir  (Eo + E + x)j- g(EH -x -

“r \-  CE0 + E + x)j]

g(y) is given by Eq. (3. 22) , and m^= (m"1 + mĵ 1) “1. The imaginary part 

can be obtained from Eq. (3.20)

E
n (E)ftcan (E)

2 V C ( E )  E------  (4-15)

Using Eq. (4.3), we have obtained 5E^^ for E = 1.17eV (X = l.Obym),

which is shown in Fig. 4.4 as a function of N for different carrierc
temperatures. Since I i vcI % 1 in the carrier density range of our

interest, its effect on reflectivity is small. It can be shown that

6e is even smaller and thus has a neglibible effect.2VC

Inter-Valence Band Contribution

To obtain , we put the direct-free-hole absorption 

coefficient given by Eq. (3.16) in Eq. (4.13). The contour 

integration gives us
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Fig. 4.4. Change in the (Valence-Conduction) Interband
Contribution to the Real Part of the Dielectric 
Constant of Ge at 1.06 ym, for Various Carrier 
Densities and Distribution Temperatures.
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where

64^2™r3 „
=lh(E> ' —  [Resl3»i) + Res13(k2) * Res Ck,)

■K6 13"'"^" ""'"23’

+ R e s 2 3 ( k 2 ) 3  » (4.16)

-W Ckj )|kf ..l5^

EeS« tkl) ~ ’ 2(k/ - k% ,")2 ' s ,xj •* -

Res^j(k2) =

m

f2(h,23)
g & i * A, » E
\ 2m2 'H

f3 ̂k£,i3^ = g

i 2k l , 1 3
2m'A
I F " 2,13

2m* (E + A) 
H 2



Here kjj is obtained with the energy conservation relation given by 

Eq. (3.15); all other symbols have been defined in Chapter III. e^h 

can be obtained with an expression similar to Eq. (4.15); again it is 

a small quantity having little effect on the reflectivity.

Depicted in Fig. 4.5 is at E = 1.17 eV as a function of

carrier concentration, for various carrier temperatures. Obviously, 

its contribution at sufficiently high densities and temperature is 

significant.

Putting together all the expressions derived above, we have ob

tained for 1.06 pm , e2, n, k, R, which are shown in Pigs. 4.6, 4.7, 

4.8, 4.9, and 4.10, respectively. It is clear from these results that 

the optical constants of Ge can be significantly altered under intense 

picosecond excitation, which is capable of producing these high carrier 

densities and temperatures. The curves of Fig. 4.10 do not individu

ally carry a direct experimental significance since, in a real experi

ment, we cannot vary Nc while keeping Tc constant. However, we can 

think that, as we raise the sample irradiance, we first increase the. 

carrier density to a limit, after which the energy we provide goes into 

raising the temperature through the intervention of processes (free 

Carrier absorption, DFH absorption, plasmon-assisted recombination, 

etc.) that tend to keep the density relatively constant. Thus, if the 

irradiance of our excitation is such that we reach first a carrier
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Fig. 4.5. Change in the Inter-valence Band Contribution to 
the Real Part of the Dielectric Constant of Ge at 
1.06 pm, for Various Carrier Densities and Distri
bution Temperatures.
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Fig. 4.6. Real Part of the Dielectric Constant of Ge at 
1.06 ym, for Various Carrier Densities and 
Distribution Temperatures.
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Fig. 4.7. Imaginary Part of the Dielectric Constant of Ge 
at 1.06 pm, for Various Carrier Densities and 
Distribution Temperatures.
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Fig. 4.8. Refractive Index of Ge at 1.06 ym for Various
Carrier Densities and Distribution Temperatures.
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Fig. 4.9. Extinction Coefficient in Ge at 1.06 ym for Various 
Carrier Densities and Distribution Temperatures.
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Fig. 4.10. Reflectivity of Ge at 1.06 ym for Various Car
rier Densities and Distribution Temperatures.
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density £ 1020 cm-3 and then increase the temperature to rv4000°K, the 
curves of Fig. 4.10 show that a reflectivity enhancement from R = 0.35

to R £ 0.40 can he obtained, in good agreement with the experimental 

results. It appears from Fig. 4.10 that there is an enhanced reflec

tivity at low carrier densities. However, a low Nc together with a 

high Tc does not correspond to any real experimental situations.

As a check of the consistency of the above picture, we have 

calculated the temporal evolution, during the interaction with a pulse, 

of the distribution temperature Tc and carrier density Nc at the sample 

surface, for an excitation energy of 4 xio-^ quanta. The calculation 

has been performed in the framework of the ESSM model, revised to in

clude the DFH process (see Chapter III) and the spatially inhomogeneous 

absorption of energy (see Chapter V). The electron-optical phonon 

coupling coefficient and band parameters used follow those given in 

Chapter ITT. During the interaction with a pulse, as depicted in Figs. 

4.11a and 4.11b, Nc first rises rapidly and then saturates while Tc 

continues to rise steeply. Temperatures of M000°K and densities of 

VL020 cm"3 are actually reached at the sample surface with pulse ener

gies used in our experiment. In Figs, 4.11c and 4.lid, one can see that 

the average values of the refractive index and reflectivity seen by the 

pulse are indeed noticeably higher than the low irradiance values 

(n - 4, R - 0.35).

We therefore conclude that the large contribution from DFH 

mechanism offers a plausible explanation of the reflectivity enhance

ment we have observed. However, before we can rule out completely the
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Fig. 4.11. Temporal Evolution of Tc, Nc, n, k , and R at 298°K at 
Ge Sample Surface During the Interaction with a Pulse 
of Duration t (11 psec) and Energy 4 % 1014 Quanta.



melting interpretation, there is a further possibility to be considered

A picosecond pulse is commonly obtained by means of an electro-optical

shutter that blocks all but one of the pulses of the train generated 
by the mode-locked laser. Owing to imperfect blocking, a background

signal, distributed over a considerable length of time (up to several 

hundred nanoseconds) might be present together with the pulse selected. 

In our apparatus, the ratio between the energy in the picosecond pulse 

and the energy in the background is typically r - 20 (r is measured as 

the ratio between the signals, after the shutter, obtained when a volt

age pulse triggered by the initial part of the train is applied, or not 

respectively). One can envisage the situation in which the selected 

pulse causes the melting in a time longer than its duration, yet short 

enough to be felt by the background signal. The background signal 

would therefore experience an increase in reflectivity (in accordance 

with the nanosecond results), so the total reflectivity one measures is 

the resultant of the unenhanced reflectivity of the picosecond pulse, 

plus the enhanced portion seen by the background. It thus appears that 

this constitutes a possibility against our argument that melting 

is too slow a process to occur within the duration of the picosecond 

pulse. However, considering that melting can approximately double the 

reflectivity, with our signal/background ratio of 20, the reflectivity 

enhancement would be at most 5%, whereas an increase of ~20% has been 

observed. Unless the background signal is much larger, this possibil

ity is thus unlikely. Moreover, as we have discussed before, the
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energies of our pulses are far from being sufficient to melt the 

sample in the first place.

It has also been suggested (Auston 1978) that instead of 

melting, some thermal effect, caused by temperature-induced changes in 

the optical constants (via changes in band gap, band shape) might be 

another possibility. The temperature dependence of the reflectivity 

of Ge at 1.06 ym and high temperatures, high carrier densities is not 

known well enough to allow an assessment of this possibility. However, 

large enhancement is unlikely because the maximum temperature increase 

at the surface of the incidence spot is, according to our estimation, 

less than 100 °K during the pulse duration.

As we have seen in Chapter III, an interesting feature of the 

DFH process is its ultratransient behavior. It is activated by the 

excitation pulse through the high carrier temperatures, and is 

automatically switched off as the distribution cools down. It it 

therefore an extremely short-lived process (~ 10 psec). A time- 

resolved study (with a resolution of ~ 1 psec) of the enhanced 

reflectivity will thus provide information on the phonon-assisted 

cooling rates.



CHAPTER V

THE INHOMOGENEOUS PLASMA

One most drastic assumption of the ESSM model is the neglect of 

the spatial variation of the parameters (such as Fermi energies and 

carrier distribution temperature) which characterize the photogenerated 

electron-hole plasma throughout the interaction volume of the semi

conductor sample. This is not a physically reasonable assumption 

except for extremely thin germanium films because of their high 

C^lO^cm-1) absorption coefficients. In fact, when interacting with 

optical pulses at 1.06pm all the Ge samples (several microns in 

thicknesses) used in our experiments are considered as too thick for 

the above approximation to be good, since most of the photons are 

absorbed within 1pm ('va"1) of the irradiated surface. This fact has 

been utilized in the last chapter to obtain the high carrier densities 

and temperatures at the surface of the Ge sample to explain the 

experimental enhancement in reflectivity under high excitations.

An implication of the homogeneous excitation assumption is a 

diffusionless dynamics of the excited carriers after their generation. 

However, the ellipsOmetry experiments of Auston and Shank (1974) at 

Bell Laboratories have already shown that, in at least some cases, 

diffusion is significant. In Chapter VI, we shall show that diffusion 

is indeed an important process that must be included in the description 

of the evolution of the photogenerated electron-hole plasma. Here, in

76
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this chapter, the spatial variations of the Fermi energies, carrier 

distribution temperature, carrier density and absorption coefficients 

in Ge samples interacting with energetic optical pulses are first 

evaluated using a method described in the following section. It is 

seen that the inhomogeneous picture gives a new interpretation for the 

saturation of the enhanced single pulse transmission at high excitation 

levels. The inhomogeneous model is next shown to provide better 

agreements with the results of transmission experiments on samples of 

different thicknesses.

A Simple Method to Obtain Spatial Variations

The homogeneous excitation approximation is a good one when 

the semiconductor sample is sufficiently thin. Also, when surface 

effects (such as surface recombination) are neglected, the rates for 

the various processes calculated in Elci et al. (1977) and in here are 

applicable everywhere in the Ge medium throughout the thickness of the 

entire sample. Based on these reasonings, we have the following 

rather simple method to extend the original homogeneous theory to 

include spatial variations in the longitudinal (along pulse propaga

tion) direction, z. Though much simplified, the method nonetheless 

provides a convenient model based on which the many effects associated 

with the spatial inhomogeneity of the plasma can be studied.

As depicted in Fig. 5.1, we imagine that the sample is 

composed of n thin elements of thickness A? each such that nAz = L, the 

sample thickness. When excited by a given amount of energy, the Fermi 

energies, carrier distribution temperature, lattice temperature.
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i = 1

Fig. 5.1. A Simple Method to Obtain Spatial Variations in 
the Photo-excitation of a Sample of Thickness L.

R is the reflectivity of Ge; Ej = (1-R)E|n,
Eout= (l-R)E^'; tr(i) = E^’/E^ is the transmis
sion of the ith element.
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absorption coefficients and transmission tr(i) of the ith element can

be found numerically using Eqs. (69) and (72) of Elci et al. (1977).

There are two changes necessary. First, the total absorption

coefficient a now contains three components. Besides a , the direct

valence-conduction interband absorption, and ctp^, the intraband free

carrier absorption that were considered, ctI)pH, the direct (intervalence

bands) free hole absorption discussed in Chapter III must also be

included. Also, since there are no actual boundaries between these

imaginary elements, the (1 - R) factors in these equations, where R is

the reflectivity constant at 1.06pm must be dropped. If E(i) is the

energy that enters the ith element, the energy that enters the (i+ l)th

element: E(i+1) = E'(i) = tr(i)E(i). The overall transmission of the
. n

sample is T (L) = (1-R)2 E tr(i). Multiple reflection effects can
i=l

be ignored because of the high absorption of the medium.

The Inhomogeneously Excited Plasma 

The calculations outlined above have been performed for 

sample thickness L =5.2pm for initial lattice temperatures 77°K and 

298°K, As before, the transition time (e^L/c =6.93 x 10~14sec) is 

neglected and the optical pulses are assumed to be rectangular. The 

electron-optical phonon coupling coefficient is treated as the only 

free parameter, all other physical parameters assume their well-known 

values (partially listed in Table 6.1). The best agreement with 

experiment is obtained with Q0 - 9.2 x 10-It erg cm-1 at 77°K and 

Qq = 1.2 x 10"3 erg cm-1 at room temperature. These values are in 

close agreement with some of the most recently reported values (see
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Table 2.2). The theoretical Single pulse transmission versus incident 

energy curves are shown in Fig. 5.2 along with experimental data (from 

Smirl et al. 1976). Elemental thickness Az = 0.2pm has been used in 

the calculations. However, it is found that using smaller Az values 

does not noticeably alter the results,

Figures 5.3 and 5.4 depict the Fermi energies Ep(z,t) and 

Ej.j(z,t), and carrier distribution temperature T^(z,t), respectively, 

for different times during the interaction with an energetic optical 

pulse of width t = 11 psec and energy E ^  = 8 x 1013 quanta. They 

clearly illustrate the strong spatial dependence of these parameters 

that characterize the photo-excited electron-hole plasma. In Fig. 5.5, 

the corresponding spatial variation of carrier density immediately 

after the passage of the pulse is shown. The dashed line shows the 

same parameter assuming homogeneous excitation. The average carrier 

density N^(= 2.8 x 1019cnf3) obtained with the inhomogeneous model is 

seen to be lower than that (= 3.7 x 1019cm"3) obtained with the 

homogeneous theoryThe reason is as follows. As the energetic pulse 

enters the crystal, most of the optical quanta are absorbed in a thin 

layer of less than 1pm in thickness at the irradiated surface, rapidly 

raising the carrier concentration and carrier temperature in that 

region. As a result, the rates of p1asmon-assisted recombination and 

direct-free-hole absorption, which are strongly dependent on carrier 

density and distribution temperature, are both much enhanced. The 

former of these processes reduces the concentration of the optically- 

excited carriers while the latter absorbs photons without producing
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INITIAL SAMPLE TEMPERATURE
A  77°K 
O  298°K

SAMPLE THICKNESS 5.2 ym 
INTERACTION VOLUME 10"6 cm3

- 2

3

40 1413 1512

INCIDENT ENERGY (QUANTA AT 1.06 ym)

Fig. 5.2. Excitation Transmission: Fitting with Inhomogeneous Excita
tion Theory.

Electron-optical phonon coupling constants used in the 
theory are Q0(77°K) = 9.2 x 10"1* erg cm-1, Q0(298°K) =
1.2 x 10"3 erg cm-1.
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Fig. 5.3. Spatial Variation of Fermi Energies for Different 
Times During the Interaction with an Excitation 
Pulse of Width t.

Pulse energy = 8 % 1013 quanta; lattice tempera
ture = 298°K; sample thickness = 5.2 yni.
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E = d x  10 q u a n t a  
e x

L a t t i c e  t e m p e r a t u r e  = 2 9 8 ° K  

S a m p l e  t h i c k n e s s  = 5 • 2  pm
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4 52 30
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Fig. 5.4. Spatial Variation of Carrier Distribution Temperature
for Various Times During the Interaction with an Excita
tion Pulse of Width t and Energy Eex.
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Fig. 5.5. Spatial Variation of Carrier Density Nc(z) Imme
diately After the Passage of an Excitation Pulse 
of Width t and Energy Eex.

The dashed line shows Nc obtained with the homo
geneous model.



electron-hole pairs. Both of them heat the plasma. This trend can be 

seen from Fig. 5.4, where near the front surface rises rapidly 

during the last part of the excitation. It is also seen in the same 

figure that, during the interaction with the pulse, increases in the 

front and decreases in the back portion of the sample. Due to the high 

laser irradiance (/v 1.5GW/cm2 for a 8 x lO13 quanta pulse) and the fast 

absorption rates, heating effects prevail in the front region. On the 

other hand, cooling due to phonon emissions dominates in the back 

region, which sees a much weaker energy flux. Thus the homogeneous 

model, in which nearly all the photons absorbed are via direct inter- 

band transitions across the valence-conduction band gap, tends to 

generate more carriers in the interaction volume than the inhomogeneous 

theory. We shall see in the next chapter that this overestimation in 

carrier concentration by the homogeneous excitation assumption is 

responsible for the discrepancy between the ESSM theory and experiment 

on the magnitude of the probe transmission. As we have pointed out 

in Chapter II, the absolute values of the theoretical probe trans

mission are much higher than that of the experimental data.

Figure 5.6 depicts the spatial variations of the total 

absorption coefficient (a = + ap^A + aDFH-* at 77°K lattice

temperature, immediately after the passage of the optical pulse, for 

various excitation levels E These curves suggest that the spatial 

inhomogeneity of the excitation has a significant role in the 

saturation of the enhanced single pulse transmission in germanium 

samples, as described in the following. At relatively low incident
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INITIAL LATTICE TEMPERATURE 77°K 
EXCITATION QUANTA Eex
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Fig. 5.6. Spatial Variation of the Total Absorption Coeffi
cient in a 5.2 ym-Thick Ge Sample Immediately 
After Interaction with Excitation Pulses of Width 
t and Energies Eex.
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energies, the carriers generated in the interaction volume (mostly 

near the irradiated surface) tends to saturate the states optically- 

coupled by direct interband transitions, causing the observed rise in 

transmission. As incident energy further increases, the absorption 

coefficient near the front surface soon reaches a point where it stops 

to drop with excitation and gradually rises again. This is caused by 

the enhanced direct-free-hole transition and plasmon-assisted 

recombination rates at high carrier concentrations and distribution 

temperatures, as we have pointed out earlier. Since these processes 

and’intraband free carrier absorption all serve to heat the carriers 

and remove them from the optically-coupled states, the dominating 

direct interband absorption (a^ is generally at least three times 

higher than and an order of magnitude higher than ^p^) is also

enhanced as a result. In the meantime, the decrease in absorption 

with energies continues in the back portion of the medium. Eventually, 

when the rate of increase of absorption in the front portion balances 

that of the decrease in the back, peaking of the enhanced transmission 

occurs.

Transmission in Germanium: Thickness Study

Transmission experiments on germanium samples of various 

thicknesses have been performed recently at The University of 

Arizona. Our experiments follow along the lines of those originally 

performed by Matter (1975) and Smirl (1975). They include the one- 

pulse transmission in Ge as a function of incident pulse energy 

(Fig, 5.7a) and the transmission of a weak probe pulse as a function



p r o b e

Fig. 5.7. Schematic Diagram for Single Pulse
Transmission (a) and Excite-and-Probe 
(b) Experiments.



89

of time delay after an intense excitation (Fig. 5.7b). In the first 

experiment, a single pulse is isolated, using an electro-optical 

shutter* from a train of pulses produced by a mode-locked Nd:glass 

laser, passed through a variable attenuator and focused on a Ge 

sample. The focused spot is approximately 10~3cm2 in area. The 

transmission of this pulse is then monitored.

The Ge samples we have used range in thickness from 2.6 to 

7.8 pm. They were produced by vapor phase epitaxial deposition on 

gallium arsenide substrates of about 100pm thick. This method does not 

guarantee that the Ge samples produced will be single-crystalline, but 

electron diffraction tests on our samples have shown that the Ge films 

are in general good-quality single-crystal samples of homogeneous 

thickness. Two-photon absorption (TPA) of the glass laser photons 

occurs in the GaAs substrate. We have ignored this effect for our 

samples, as peak transmissions of the thinnest Ge films are around a 

few percent, so the energy incident on the substrate will be below the 

point where significant TPA will occur. To ensure that no photo- 

luminescence from the two-photon absorption excited GaAs enters the 

detector, an interference filter passing only.1.06pm is placed after 

the sample. Also neglected is the êffect of the heterojunction between 

the Ge and the GaAs. Since this transition region is on the order of 

100 A thick, it is most likely negligible in the experiments we have 

undertaken. The exact effect of this transition region warrants 

further study.
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Experimental data for single pulse transmission at 77°K 

lattice temperature, for two samples (3pm and 7.8pm in thickness) 

of particularly good surface quality, are depicted in Fig. 5.8.

Each dot in the figure represents one unaveraged data point. The 

lower limit in energy is determined by the signal to noise ratio of 

our detector system. The upper limit is determined by damage of the 

surface, which occurs at about the same excitation level (E^ v 

5 x 10llf quanta) for all samples. Saturation of the enhanced trans

mission occurs in thin samples but does not occur in the 7.8pm sample. 

The significance of this will be discussed later. The circles in 

Fig. 5.8 represent the data of Smirl et al. (1976) for the 5.2pm 

wafer, included here for referential purpose. The solid lines show 

theoretical predictions of the inhomogeneous model, using the same 

electron-optical phonon coupling constant used earlier in this chapter 

(Qo = 9 .2 x 10-1+ erg cm-1 at 77°K) . The agreement between theory and 

experiment is consistently good for the different thicknesses. The 

dashed curves show the predictions according to the homogeneous theory, 

using the same Qo value. In this case, agreement with experiment does 

not persist throughout the various thicknesses. The discrepancy is 

seen to increase in thicker samples, a reasonable result since we 

expect the homogeneous excitation assumption to hold better in thinner 

samples. In Pig. 5.8, all data and curves have been adjusted for the 
reflectivity enhancement (Chapter IV) at high excitation levels.

The lack of saturation in the enhanced transmission in a thick 

sample can be understood as follows. In the last section, we have
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Fig. 5.8. Excitation Transmission: Thickness Study.

The 5.2 ym data (from Smirl et al., 1976) are included 
for comparison. The solid lines are obtained with the 
inhomogeneous model, the broken lines with the homo
geneous model. Lattice temperature = 77°K, electron- 
optical phonon coupling constant = 9.2* 10_i+erg cm-1.
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attributed the peaking in single pulse transmission to a balance, at 

high excitations, between the rise in absorption in the front portion 
and the drop on absorption on the back. This Occurs at relatively 

low energies in a thin sample, because the back portion is a smaller 

volume and easily becomes saturated with carriers. For a thick sample, 

the back portion is much larger, the decrease in absorption coefficient

continues to dominate at high excitations and no peaking in trans

mission is seen before surface damage occurs.

Excite-and-p.robe experiments have also been performed on 

these samples recently (Bessey, 1977). In these experiments, the 

sample is first irradiated by an intense pulse of approximately 1014 

quanta. It is then followed, at a later time, by a weak pulse whose 

transmission is monitored (Fig. 5.7b). Since the probe pulse is 

only 4% as intense as the excitation pulse, it will not significantly 

perturb the already excited medium and will thus provide information 

on the evolution of the photogenerated plasma. As has been done in 

the single-pulse experiments, a 1.06pm laser line interference filter 

is placed after the sample in front of the detectors to block any 

photoluminescence from the two-photon absorption excited GaAs 

substrate.

The probe pulse transmissions for two samples of thicknesses

3pm and 7.8pm at lattice temperature 77°K are plotted as a function of

time delay after the excitation in Fig. 5.9 (from Bessey, 1977). All 

data have been normalized to the peak value in each set. Each symbol 

cshows the average of 6 to 10 data points, and the error bar represents
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Fig. 5.9. Normalized Probe Pulse Transmission Versus
Time Delay of Probe Pulse for Two Ge Samples 
of Thicknesses 3 ym and 7.8 ym (from Bessey, 
1977).
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one standard deviation. The probe transmission exhibit the same

features we have seen before in the studies of the5.2pm intrinsic 
germanium slab: they rise rapidly, peak, and then turn over. However,

it is interesting to notice that the probe transmission peaks at a

shorter delay for the thinner sample. This cannot be easily explained

in terms of the homogeneous excitation model, where the peaking in

probe transmission is interpretated as solely due to cooling of the

photo-excited electron-hole plasma (see Chapter II, where the ESSM

model was reviewed in detail). Since, at most, a few percent of the

incident energy'E is transmitted, the energy absorbed per unit

volume is approximately E /V, where V is the interaction volume.ex
Thus, for a given incident energy, the excitation is higher in a 

thinner sample, where the interaction volume is smaller. As a result, 

it will take a longer time for the excited carriers to relax in a thin 

sample, implying a slower peaking of the probe transmission, in 

contradiction with the experimental observations. The phenomenon can 

be understood in the inhomogeneous picture as follows. As we shall 

see in the next chapter, diffusion, a slower process, also contributes 

to the rise of probe transmission. In a thin sample, the carriers 

are excited more nearly homogeneously across the sample, so the rise 

in probe transmission is dependent primarily on the relaxation of the 

carriers within the conduction and valence bands. For a thick sample, 

due to diffusion, probe transmission continues to increase even after 

the cooling process is complete, leading to a longer rise time to the 

peak. The details of this picture will be presented in Chapter VI.



CHAPTER VI

EVOLUTION OF THE PHOTOGENERATED PLASMA

The electron-hole plasma created in a semiconductor sample by 

an intense picosecond optical pulse evolves rapidly after the passage 

of that pulse, owing to the fast relaxation processes that take place. 

Substantial information concerning the temporal behavior of this 

evolution can be obtained by measuring the transmission of a second, 

weaker picosecond pulse that is delayed in time with respect to the 

excitation pulse. Experiments of this type were performed by Kennedy 

et al. (1974), Shank and Auston (1975), and Smirl et al. (1976).

Probe transmission measurements of Smirl et al. (1976) are shown in 

Fig. 2.2. An interesting feature (not shown in Fig. 2.2) common to 

all data is the observed spike in probe transmission when the excita

tion and probe pulses overlap. The spike is due to the scattering of 

the excitation pulse in the direction of the weak probe by an index 

grating formed by the interference of these two coherent pulses in the 

crystal (see Shank and Auston 1975, Shih et al., 1973). Here we are 

concerned with the probe transmission at delay times longer than the 

pulsewidth. In this region, probe transmission rises, peaks and then 

turns over. The peaking of transmission occurs at different times 

(from 30 to 200 psec) in different experiments. It appears to be 

dependent on, particularly, the intensity of the excitation (see Fig. 

6.13) and the lattice temperature of the sample (see Fig. 2.2).

95
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This chapter is devoted to the theoretical description of the 

evolution of photogenerated electron-hole plasma in semiconductors. 

First the model given by Elci et al. (1977), in which only the 

intraband phonon-assisted relaxation process is taken into account 

is discussed along with its limitations. Then a model which includes 

carrier diffusion, phonon-'asssisted relaxation and Auger recombination 

is proposed and is shown to provide satisfactory agreement with 

experimental results.

The 'ESSM'Interpretation of Probe Transmission 

The physical picture given by Elci et al. (1977) for both the 

generation and the subsequent evolution of electron-hole plasma in Ge 

has been described in Chapter II, where the ESSM model was reviewed in 

detail. According to this model, the observed rise and fall of probe 

transmission can be completely described in terms of phonon-assisted ' 

cooling of the carriers. As electrons and holes relax by emitting 

phonons, they clog the optically-coupled states and probe transmission 

rises. Further relaxation may turn over the transmission by freeing 

the optically-coupled states again. However, it is noticed that this 

model has some limitations which are discussed in the following:

(a) The rise in the probe transmission, which is directly determined 

by the time it takes the electrons (holes) to relax to the bottom 

(top) of the conduction (valence) band and more completely clog 

the states needed for absorption, is completely dependent on the 

strength of the electron-phonon coupling. Figure 6.1 (from Latham 

et al. 1978) shows the effect on probe'transmission when different
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Qq (eleetron-optical phonon coupling constant) values are chosen.

In order to fit the experimental transmission curves, very low 

values of Qq must be used. For example, for a probe transmission 

rise time of about 100 psec (corresponding to the 77°K probe 

transmission data of Fig. 2.2), one has to use a Qq value of

.2 x 10"̂  erg cm”1, which is beyond the range of previously
\

determined values found in the literature (see Table 2.1). It has 

been suggested that the energy relaxation times calculated with 

these Qo values are much too long (Auston et al., 1978, Leung, 

Bosacchi, and Scully, 1978a).

(b) As has been pointed out before (Elci et al* 1977, p. 221), the 

values of the probe transmissions predicted by the ESSM model 

are much higher than those experimentally observed. The normalized 

transmissions of Fig. 2.2 have different normalization factors for 

the experimental and theoretical curves. For the experimental 

data, 1.0 of the relative unit means a probe transmission; 

excitation transmission ratio of 3.7:1, whereas for the theroetical 

curve the same unit means a ratio of about 20:1. The discrepancy 

between experiment and. theory is obvious in Fig. 6.2, where the 

same curves in Fig. 2.2 are plotted in absolute values. We have 

already seen in Chapter V that the ESSM theory leads to an over

estimation of the number of carriers created in the interaction 

volume. As we shall see later in this chapter, the discrepancy 

in transmission is most likely a consequence of this miscalcualtion 

in carrier densities.
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(c) One drastic assumption of the model is the neglect of the spatial 

variation of the parameters (such as temperatures and Fermi 

energies) which characterize the electron-hole plasma throughout 

the interaction volume of the semiconductor sample. As has been 

discussed in Chapter V, this is not a physically reasonable 

assumption for relatively thick Ge wafers because of their high 

absorption coefficients. In fact, when interacting with an 

optical pulse, most of the photons are absorbed within 1 pm (̂  a-1) 

Of the irradiated surface, thus the physical parameters do vary 

rapidly in the propagation direction of the pulse. This fact 

suggests that longitudinal (along the pulse propagation direction) 

diffusion will rearrange the spatial distribution of carriers 

rapidly, and thus may have significant effects On the temporal 

behavior of probe transmission.

The Relaxation^-Diffusion-Recombination Model 

In view of the limitations of the ESSM theory listed above, 

the following alternative picture, which includes the processes of 

diffusion, phonon^assisted relaxation and Auger recombination, is 

proposed for the evolution of the photogenerated plasma in semi*, 

conductors.

The interaction with an energetic optical pulse creates in the 

interaction volume of the semiconductor sample a dense electron-hole 

plasma. Besides being thermal inequilibrium, the plasma is also 

spatially highly inhomogeneous. For example. Figs. 5.5 and 5.4 

depict the spatial variations of the carrier density Nc(z) and the
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distribution temperature T (z) along the pulse propagation (z) 

direction, immediately following the traverse of an excitation pulse 

of 8 x 1013 quanta through a 5.2 pm thick Ge wafer.

The plasma is hot immediately after the passage of the 

excitation pulse. Thus the initial probe transmission is small 

because the electrons (holes) are located high (low) in the bands due 

to the high distribution temperature, leaving the states that are 

optically-coupled available for absorption. The probe transmission 

begins to rise as the carriers relax via phonon emissions, thus more 

completely clogging the optically^coupled states. This phonon- 

assisted relaxation process is extremely fast. With the carrier 

distribution temperatures (up to v4000°K) encountered in our 

experiments, it is estimated that the time it takes an electron (or 

hole) to emit an optical phonon is about 0.5 to 1 psec. The energy 

relaxation time of the carrier distribution thus estimated is 

therefore less than 10 psec. On this time scale, diffusion of 

carriers is a slow process. Therefore, the plasma, within 5«10 psec 

after its creation, while still spatially inhomogeneous, has already 

evolved from a hot distribution to one with its distribution tempera

ture Tc equals the lattice temperature T^, The rises in lattice 

temperatures from their initial values when the carriers relax are 

small and thus are neglected here.

For longer delay times (from 10 psec up to several hundred 

psee)_, longitudinal (along the pulse propagation direction) carrier 

diffusion plays a major role in the temporal behavior of probe
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transmission. Depending on the density and the concentration gradient 

of the electron-hole plasma, longitudinal diffusion may lead to an 

enhancement, a drop, or both in the probe transmission. This will be 

disucssed in detail later. At the same time, carrier recombination 

tends to reduce the carrier concentration, leading to a drop in probe 

transmission. The rate of radiative recombination (< 108 ~ 109 sec”1) 

is slow on the picosecond time scale. However, it has been suggested 

that nonradiative Auger recombination may be the dominant recombination 

process in Ge when carrier concentrations are high enough (see, for 

example, Auston, Shank, and LeFur 1975, Huldt 1974, 1976).

In the following, the roles of the three processes of this

model are individually discussed.

Relaxation

Expression for electron-hole energy relaxation via emissions

of optical and acoustical phonons has been obtained by Elci et al.

(1977), assuming Fermi distributions with a common distribution

temperature T^ for both electrons and holes. It is composed of two 

parts:

(6.1)

where U is the energy density of the electrons and holes, F (t) and 

rA (t) are the relaxation rates due to optical and acoustical phonons, 

respectively, given by



Definitions of the various symbols and functions used in these and the

subsequent formulae in this chapter are given in Tables 6.1 and 6.2.

Relaxation of carrier distribuiton temperature is related to energy

relaxation (from Elci et al. 1977):

3T .
'^TT^REL = M^P1 “ al ât̂ REL

where .

' k5/2T3/2
M  = --------------  —  h 0 [ v  (X ) + v (X )]

4 [ p 1 ( x 1 ) - a 2 (x2 )] t /

x (X^ - o2(x1)] [p1 (Xj) - a2(x2)] (6.5)

- 9[p1(x1)]2[2p1(x1) - a ^ x p  - o2(x2)]|

Provided the parameters (Fermi energies, distribution temperature) 

characterizing the photogenerated electron-hole plasma are known, the 

carrier temperature relaxation can be numerically found using the 

above equations. As an example, for plasmas created (homogeneously) by 

a pulse of 1014 quanta, the relaxation of carrier temperatures thus 

calculated is shown in Fig. 6,3. The rapid drop in temperature we 

pointed out before is obvious.
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Table 6.1. Definitions of Symbols

u>0 light frequency hto0 = 1.17 eV

e electronic charge

high frequency dielectric constant 16

c speed of light

CA sound velocity 5.4 x i qS cm-sec~l

m electronic mass

■”o
electronic effective mass in the central 

valley of the conduction band
0.1 m .(298q K) 
0.04 m (77°K)

mc density of states effective mass in L-valleys 0.22 m

% effective hole mass 0.34 m

t l
lattice temperature

Tc carrier distribution temperature

Eo direct gap energy 0.805 eV (at 298°K)

e g
indirect gap energy 0.664 eV (at 298°K)

Aû >A d electron-acoustic phonon coupling coefficients 17 eV, -3.4 eV

%o electron-optical phonon coupling coefficient 6 x 10~4 erg cm"-*-

P mass density 5.3 gm-cnT^

n0 optical phonon frequency M  = 0.02 eV 0
R reflection coefficient 0.3

L sample thickness 5 urn

D effective diffusion constant 65 cm2/sec (at 298°K)

U energy density of the carriers 264 cm^/sec (at 77°K)

Nc (n,p) carrier (electron, hole) density

De’Dh electron, hole diffusion constant

ue '^h electron, hole mobilities

JE ,Jh electron, hole current densities

t electric field



105
Table 6.2. Definition of Integrals and Constants

F(x) = (1 + eX)_1 

X! = (EG - B p )/kB T c
f t-pi(x) = Ai j dy yd F (y + x) 

fK(x) = |  dy y F(y + x)
"o CO ^

5iCx) ■ TSrpTI/z- Jdy

X1 = EH/kB Tc
00

Vi(x) = A±J dy y3/2 F(y + x)
CO

ai(x) = A. J dy yd [F(y + x) ];

(/y + hwo + îy )^+ - (/y + hw^ - Sy )4ti

kB Tc

9 2 2m co 3/2
a - 2oe r c o ,
1 " ire ma) h0° o

kB Tc J
2

4e •
'2 ire mco 2  ̂ h00 O

= ,2mh "o ,I T, j

3/2

Pe Cx) (25mc3 x)^ 
- iv2 h3

(23 mh3 x)'

ir2 h3

a 2 =

e2»i2 2kBTT. 2kBTL z. 2 .. . - .2,
s o t  4 a  ^  1 2 V d  1 5Ad)1

25 / 2 0 2, ^ V / 2 CAl21 <• 2Au Ad * 3A2 ) 
■ 4S,2=y2cpc//2
= 2Qo2 -m̂ 3 cô 2 kg2 / (p ir3 h3)

= 16 m 3 kD3 (A 2 + 2A A. + 3A 2)/(3piT3h5) h o  B u u d d'



C
A

R
R

IE
R

 
T

E
M

P
E

R
A

T
U

R
E

106

N I T I A L  L A T T I C E  TEMPERATURE-

ELECTRO N-OP TICA L PHONON 
COUPLING CONSTANT

TIME AFTER E X C IT A T IO N  ( p s e c )

Fig. 6.3. Relaxation of Carrier Temperature via 
Phonon Emission.

The initial carrier temperatures are ob
tained with the homogeneous excitation 
theory for: excitation pulse quanta = 1014, 
pulsewidth =11 psec, interaction volume = 
10-6 cm3.



For the same number of carriers in the interaction volume, the 

effect of energy relaxation on probe transmission for an inhomogeneous 

plasma is different from that for a spatially homogeneous plasma. As 

an example, the relaxation of the carrier distribution in Fig. 5.5 

raises the transmission from 2.6 x 10-lt to ~ 6 x ICT^, However, if 

the same plasma were homogeneous, the final transmission would be 

~ 9,5 x 10~4. Therefore, in a realistic situation, where the carrier 

concentration is inhomogeneous, energy relaxation accounts for only a 

portion of the rise in probe transmission (see Fig. 6.12). Since this 

occurs in less than 20 psec, it constitutes the initial rise in the 

experimental probe transmission.

Diffusion

In this section we study the effect of diffusion alone. The 

plasma is assumed to be in thermal equilibrium with the lattice, which 

is the case when energy relaxation is complete. The electron and hole 

Fermi energies characterizing the carrier distribution are space as 

well as time dependent; that is Ep = Ep(z,t), E^ = E^(z,t). Since only 

longitudinal diffusion is considered, we have a one^dimensional problem 

If we let n(z,t), p(z,.t) be the electron and hole densities, respects 

ively, the continuity equations describing the evolution of the 

carrier densities are:



where 3^, 3^ are the electron and hole current densities given by

3eCz,t) = eiJen(z,t)S(z,t) + eDeVn (z, t) (6,8)

3h (z,t) = eTahp(z,t)S(z,t) - eDhVp(z,t) (6.9)

ue, are the electron and hole mobilities, and are the electron 

and hole diffusion constants, and the divergence of the electric field 

is given by

the square root of its effective mass (Conwell and Weisskopf 1950) and 

the effective mass of an electron is smaller than that of a hole, the 

electrons begin to diffuse more rapidly than the holes. However, since 

any separation of charge would create a Coulomb field between the 

electrons and holes, the two carriers must diffuse at the same rate 

with an effective diffusion coefficient D (van Roosbroeck 1953, Moss 

1966). This process is known as ambipolar diffusion. Thus we assume 

electron and hole densities are the same everywhere.

V « E = Awe(p- n) (6 .10)

Since the mobility of a carrier is inversely proportional to

n(z,t) = p(.z,t) e Nc(z,t) (6,11)

Substituting the current density equations into the continuity 

equations, and applying Eq. (6.11) we have
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Rearranging, we obtain the diffusion equation 

dN
i f  - Dv2Nc “ 0 (6.13)

where

D = ■‘A  * V e  
% +  %

(6.14)

The electron and hole densities are given by

Nc(z,t) = 'e + eg “ ef" poo E + E„
dEpe(E)F dEph (E)F n

. _kBTc_0 C
(6.15)

Here the X->valleys of the conduction band are neglected. Since T^ is 

taken to be equal to T^, their contributions are negligible.

For low enough carrier densities, the diffusion coefficient is 

strongly lattice temperature dependent (van Roosbroeck 1953, Neuberger 

1971):

(6.16) 

(6.17)

where

3800 / f ^ 5/3 cm2 volt"1 sec"1 (6.18)

= 1820 0 ^ —^  ̂ cm2 volt"1 sec-1 (6.19)



from which one finds that D = 65 cm2 sec*"1 for = 298°K and 

D = 263 cm2 sec-1 for = 77°K. For high carrier densities, D is 

density dependent. When the plasma is extremely degenerate, it has 

been suggested by Auston and Shank (1974) that the diffusion 

coefficient should be higher than its low density value. However, for 

the kind of carrier densities encountered in our probe experiments 

(average ~ 1 - 3 % IQ19 cm-3), the plasma is neither extremely 

degenerate nor classical. (At = 3 % 1019 cm-3 at 300°K, for 

example, Ep - - 0.052 eV, E^ - - 0.054 eV, the conditions for the

degenerate limit Ep-E^ >> kpT^, -E^ »  k^T^ are not satisfied) . 

Furthermore, the situation is complicated by the high distribution 

temperatures at the beginning of the probe period and the enhancement 

in the lattice temperature after energy relaxation, both of which tend 

to reduce the diffusion coefficient at places where the carrier 

concentrations are high. In fact, contrary to the Auston and Shank 

(1974) suggestion, Jamison, Nurmikko and Gerritsen (1976) conclude from 

their diffusion experiments that the diffusion constant remains 

substantially unchanged for carrier densities ■v 1019 - 1029 cm-3.

For mathematical simplicity, we thus neglect the density dependence 

here and take D to be equal to its low density values.

Since the optical pulses used for probing are weak, we can 

neglect the perturbation on the plasma induced by the probe in the 

calculation of transmission. Also, since the probe pulse duration is 

short compared to the diffusion time scale, we can neglect the effect 

of the finite probe duration on the probe transmission as well.



Within these approximations, the probe transmission is given by
rL

Tp r (t) = ( l - R ) 2e^J dza(z,t) (6.20)

where a(z,t) is the absorption coefficient, a function of z and t 

via Ep and E^. It is composed of three parts.

bands to the central conduction bailey of Ge, otp^ is due to the 

intraband free carrier absorption, and a^p^ is the direct free hole 

absorption coefficient given by Eq. (3.16). is given by Eq. (3.20). 

As was shown in Chapter III, a^p^ is strongly dependent on TV, thus 

becoming negligible compared to the other terms after energy relaxation. 

Expression for otpCA is given by Elci et al b (1977):

mission, the following calculation is performed. Given the average 

density of carriers created by the excitation pulse, N^, and 

assuming a spatially dependent initial carrier density N (z,0), the 

diffusion equation, Eq. (6.13), can be solved for the subsequent

Cc ( £ , t ) CXĵ (Z,t) ( C , t ) + Ct j-jpp̂ ( Z , t ) (6.21)

where is due to the direct electronic transitions from the valence

(6.22)

To understand the effects of diffusion on the probe trans

carrier distribution N^(z,t). Results of a typical calculation are
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shown in Fig. 6.4, where an initial distribution of the form 

Nc(z,0) = NQe Z//w is assumed. Since the carrier temperature is 

equal to the lattice temperature, the Fermi energies Ep(z,t) and 

E^(z,t) can be calculated from Eq. (6.15). Next, knowing the Fermi 

energies, and cip^ can be calculated from Eq. (3.20) and Eq. (6.22), 

and the transmission can be calculated from Eq. (6.20). The spatially- 

dependent direct and free carrier absorption coefficients, calculated 

from the carrier densities of Fig. 6.4, are shown in Fig. 6.5 and 

Fig. 6.6, respectively. Note that the direct absorption coefficient is 

always (except near the front surface, at very short delay times) 

much larger than the free carrier absorption coefficient throughout 

the probe period. The average carrier density for all curves in 

Figs. 6.4 - 6.6 is 2.8 x 1019 cnT3. The resulting probe transmission 

due to diffusion is shown in Fig. 6.7, along with those for other 

carrier concentrations. In Fig. 6.8, theoretical probe transmission 

curves at 77°K are also shown. The most interesting feature in these 

curves is the initial rise in probe transmission due to diffusion.

One might expect that the effect of diffusion is to decrease 

probe transmission (Shank and Austin, 1975). However, since N^ stays 

constant in longitudinal diffusion, the probe pulse sees the same 

number of carriers independent of time delay (if other processes such 

as recombination and transverse diffusion are neglected), the effect 

of diffusion is not so straight-forward. In fact, when N^ is large 

enough, diffusion can actually cause an increase in probe transmission, 

as shown in Figs, 6.7 and 6.8. While this may seem surprising at



113

cm"  3-

- z / w0 p s e c
10 -

D = 65 cm2 / s e c
cn
EUcn
o 75 p s e c

>-h~
3 5 0  p s e cCOz

LUo
LU

7 00  p s e c

4 5320
z (pm)

Fig. 6.4. The Variation due to Diffusion of Carrier 
Density, N^(z, t) as a Function of Longi
tudinal Position and Time in a 5.2 ym- 
Thick Ge Sample.

The average density N is determined by 
total carrier number/interaction volume.
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first, it becomes more reasonable if the following physical argument

is considered. Consider a simple schematic of the diffusion process

such as the one shown in Fig. 6.9. The states that are optically-

coupled are restricted to narrow regions in energy in the band

structure. So, if we consider only direct absorption, which is the

dominant absorption process in the probe period, not all carriers

are effective in filling the optically-coupled states and preventing

absorption. Thus, it is not right to say that the probe transmission,
rL

T^, is proportional to N (z,t)dz, the total number of carriers,

rather,

V ‘fNO
ef£(z,t)dz = Neff (6.23)

where N denotes the total number of carriers effective in clogging
rL

the optically-coupled states needed for absorption. While N^(z,t)dz
ostays constant, N ^  is altered by diffusion.

There are three general consequences of longitudinal diffusion 

towards probe transmission:

(1) If the number of carriers is large enough, when they migrate 

from the front surface, they can fill the states needed for 

absorption away from the front surface without depleting the 

optically-coup led states near the surface; thus the probe

transmission rises monotonously. This is the case of the top 

Curves in Figs. 6.7 and 6.8.

(2) When the number of carriers is small, diffusion will decrease
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Fig. 6.9. Schematic of the Diffusion Process
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Neff in the front region without increasing N significantly 

in the back, thus the transmission decreases.

(3) If N is intermediate and the spatial distribution is

reasonably steep, N ^  may increase initially and then decrease 

by further diffusion, leading to a rise and fall in transmission 

such as those shown by the lower curves of Figs. 6.7 and 6.8.

Due to the large focused spot size 300 gm in diameter),

diffusion transverse to the direction of light propagation is 

negligible on the picosecond time scale.

Auger Recombination

In Auger recombination, an electron recombines with a hole 

and the excess energy is transferred to another electom or hole in 

the form of kinetic energy. If the distribution temperature is low, 

and equal concentration of electrons and holes is assumed, the rate of

change of carrier concentration is given by 

3N
r = - Y AN! (6.24)3t 'Ac

where is the Auger recombination rate constant. Auger recombination 

of transient high density photogenerated electronr-hole plasmas in Ge 

has been studied by Auston, Shank and LeFur (1975). They measured

that, at N = 1.4 x lO^0 cm"3, y. - 2 x ICT31 cm6 sec-1. As shown in■ C A
Fig. 6.10, the percentage of carriers recombined on the probe time 

scale is small for the carrier densities we have (average < 4 x 1019

cm"3). However, if the drop in carrier denisty falls on the steep
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part of the transmission vs carrier density curves in Fig. 6,11, the 

effect can be significant.

Comparison with Experiment 

First, the initial distributions of N^(z,0) and T^(z,0) are 

found using the method described in Chapter V. Using them as initial 

conditions, the di ffus i on-re combination differential equation

SN 32N
i f  ' D '-^f " YANc3 (6-25)

and the temperature decay equation (Eq. (6.4)) are solved together 

numerically. Knowing the carrier density and the distribution 

temperature at every t and z, Eq.. (6.15) can be solved for the Fermi 

energies Ep(z,t) and E^(z,t), with which the absorption coefficients 

of Eqs. (6.22), (3.20) and (3.16) can be found.

The probe transmissions thus found are depicted in Fig. 6.12

for lattice temperatures 77°K and 298°K, assuming an excitation pulse

of 8 x 1013 quanta in each case. The agreement with experimental data

is good (compare with Fig. 6.2). The average densities are

N = 2.8 x 1019 cnT3 at 298°K and N = 3,4 x 1013 cm"3 at 77°K. c c
Therefore, by comparing with the theoretical probe transmission curves 

in Figs, 6.7 and 6.8, we see that the effect of Auger recombination is 

on the decay of the probe transmission. The effect of relaxation alone 

is shown for the 2980K case in Fig. 6.12. It is clear that it 

accounts for the initial rise in the probe transmission. Although the 

diffusion constant is smaller at room temperature, the peaking of
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probe transmission happens earlier. This can be attributed to the 

lower carrier density of the 298°K case, in view of the probe 

transmission curves in Figs. 6.7 and 6.8. The same reason can be 

given for the different probe transmissions associated with different 

excitation levels (Fig. 6.13), where the peaking is seen to occur 

earlier for lower excitation levels. Using the excitation energies 

indicated in the figure in our theory, the theoretical probe trans

mission curves agree well with data.

Other Interpretations 

If the rise in probe pulse transmission were to be attributed 

to carrier energy relaxation via phonon emission, as we have pointed 

out earlier in this chapter, long relaxation times ('v 40 psec for 

sample temperature of 298°K and ~ 100 psec at 77°K) are required. This 

has generated much interest since these times are considerably longer 

than the typical relaxation time of a few picoseconds observed in 

other semiconductors (Auston etal., 1978, Smirl, Lindle and Moss,

1978). In order to account for the discrepancy, other mechanisms 

have been and are being considered (McAfee and Auston, 1977, Elci et 

al.., 1978, van Driel, 1978) . Besides the relaxation^diffusion- 

recombination picture given above, other plausible explanations for 

the observed probe pulse transmission have been suggested, which we 

shall briefly describe in the following.



PR
OB
E 

TR
AN

SM
IS

SI
ON

/E
XC

IT
AT

IO
N 

TR
AN

SM
IS

SI
ON *4.0

ex

2.0 ex

0.0 3002001000
TIME DELAY (psec)

Fig. 6.13. Probe Pulse Transmission for Germanium: Excitation
Study.

The indicated excitation quanta are assumed for the 
theoretical curves. Data from Smirl et al. (1976). 126



127

McAfee and Auston* s Suggestion

McAfee and Auston (1977) have suggested a plausible alternative 

explanation for the delayed probe pulse transmission in germanium at 

77°K without requiring the introduction of hot electron relaxation 

effects. Their suggestion centers around the details of the way the 

absorption saturates at high carrier densities. From the Ge band 

structure, at 770K, they have estimated that the direct transitions 

(at 1.06 pm) from the heavy hole and light hole bands to the 

conduction band will saturate at carrier densities of approximately 

4 x 1018 cm"3 and 4 x io19 cm*'3, respectively, leading to a 

considerable decrease in absorption and a corresponding increase in 

transmission. As the density of carriers increases further, however, 

two mechanisms might become important and enhance absorption. These 

mechanisms rare (1) enhanced indirect transition due to strong carrier-, 

carrier scattering at high carrier concentrations, and (2) the direct- 

free-hole absorption to the split-off hole band.

The first of these mechanisms was observed in heavily doped 

n-type germanium by Haas (1962). If we extrapolate his results to 

wavelength of 1.06 pm and electron density of ^ 2 x 1020 cm"3 

(the maximum free electron concentration in his experiment was about 

4 x 1019 cm"3), then they suggest that the indirect absorption might 

be as large as IO4 cm"1v By comparing compensated and uncompensated 

samples, the author concluded that electron-electron scattering was 

more important than impurity scattering in contributing the momentum 

exchange necessary for indirect transitions. Strong free-hole
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absorption between the light and heavy hole and split^off valence

bands has been observed in heavily doped p-type germanium by Newman

and Tyler (1957). If their results are extrapolated to a photon

energy of 1.17 eV (X = 1.06 pm) and a concentration of 2 x 1020 cur3,

the free-hole absorption coefficient could be as large as 10^ cm''1

(see also Chapter III).

The suggestion by McAfee and Auston, based on the above

mechanisms, is shown qualitatively in Fig. 6.14. Fig. 6.14(a) shows

the details of the way the absorption might vary with carrier density.

As the carrier density increases due to direct interband absorption,

the heavy hole and light hole bands will saturate producing a decrease

in absorption. As the density of carriers increases further, the

two mechanisms discussed above, free-hole absorption and Coulomb-.

assisted indirect absorption, could cause an enhancement of the

absorption coefficient as shown. If we now combine the details of the

way the absorption saturates in Fig. 6.14(a) with a monotonic decrease

in carrier density due to Auger recombination (Fig. 6.14 (b)), the

transmission will reach a maximum value at some delayed time provided

the initial density is greater than N^.^ in Fig. 6.14(a). The

resulting probe pulse transmission versus time delay is shown in

Fig. 6.14(c). If the excitation level is such that the carrier

density falls below N . , we would not expect to observe a delay,m m
consistent with the data of Smirl et al. (1976) shown in Fig. 6.13.

At room temperature the delay should be much smaller or nonexistent
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due to the higher carrier densities required to saturate the direct 

interbarid transitions.

The main objection to this model comes from a recent experi

ment by Smirl, Lindle and Moss (1978), who have measured the combined 

intraband free-carrier, inter-valence band, and indirect absorption 

in the high density electron-hole plasma in a thin germanium wafer of 

about 6 pm thick. The excitations used were picosecond pulses at 

1.06 pm whereas the Raman-generated weak probe was at 1.55 pm. The 

photon energy of the probe (0.8 eV) is thus less than the direct gap 

energy but larger than the indirect gap, providing a convenient tool 

for separating the free-carrier, free-hole and indirect absorptions 

from the direct interband absorption. Their result shows that, at 

77°K, the probe transmission at 1.55 pm is considerably smaller 

than the probe transmission at 1,06 pm. This, they concluded, 

indicates that some mechanism other than the three mentioned above, 

is responsible for the rise in probe transmission versus time delay 

in excitation^probe experiments at 1.06 pm.„ However, they cautioned, 

care must be taken when extrapolating these absorbance measurements 

at 0.8 eV to 1.17 eV (A - 1.06 pm). Free-carrier and free-hole 

absorption coefficients will decrease with increasing photon energy 

for a given carrier density (Newman and Tyler, 1957) while the 

Coulomb-assisted indirect absorption coefficient will increase 

(Haas, 1962).

In addition, we want to comment that, the carrier densities 

Nc (averaged over the interaction volume) in our probe experiments
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seems to fall below the N . (> 4 x 10^9 cm"3) estimated by McAfeemin
and Auston. (see Chapter V and earlier in this chapter). However, this

cannot rule out their suggestion if we consider the spatially

inhomogeneous picture.. In this picture, the initial carrier density

is larger than in the front portion of the sample, but smaller

than N . in the back portion. Diffusion decreases the carrier density m m  r

in the front and increases it in the back, thus, according to 

Fig. 6.14(a) , absorption decreases in both regions-, leading to a rise, 

in probe transmission. At these low average carrier densities. Auger 

recombination should only account for the probe transmission decay at 

long delay times.

van Driel's Suggestion

van Driel simply extended the ESSM model to take into account 

optical phonon heating. His picture is briefly described as follows. 

The photogenerated free carriers relax primarily through optical 

phonon emission. Since these phonon-assisted electronic transitions 

are intraband, they occur between states which are separated by much 

less than a reciprocal lattice vector, i.e., the phonons created are 

near the center of the Brillouin zone. He estimated that only ~ 1CT2 

of the volume of the Brillouin zone is involved in the hot carrier 

relaxation. Therefore, an optical phonon population in large excess 

of the equilibrium value is established near the zone center. The 

optical phonons decay via the emission of acoustical phonons near the 

zone boundaried with a characteristic time constant t . This latter 

interaction brings the optical phonons into equilibrium with the



lattice. According to Safran and Lax (1975), - 10 psec at 77°K

and - 5 psec at 298°K. These relatively long lifetimes (lifetimes in 

comparable semiconductors like GaAs, Si, InSb are around 3 psec, see 

Mattos and Leite, 1973) have the effect of maintaining a high phonon 

temperature as the plasma cools. Since it is the optical phonon 

reservoir with which the carriers are attempting to reach equilibrium, 

this results in a relaxation bottleneck for the hot carriers.

According to his calculation, it thus takes 75 psec at 77°K (40 psec 

at 298°K) for the carriers to come to equilibrium with the lattice.

The electron-optical phonon coupling constant used was 10~3 erg enT1, 

approximately the mean value of those shown in Table 2.2, implying an 

equilibration (between carriers and optical phonons) time of about 

5 psec. Thus he is able to account for the slow rise in probe 

transmission without using exceptionally low values of electron- 

optical phonon coupling constants.

Without furhter studies, it is difficult for us to assess this 

explanation. However, we want to comment that, if the decay in 

carrier temperature is as slow as predicted by this theory, then, 

according to Chapter 111, where we have shown that the direct-free^ 

hole absorption is father important at high carrier temperatures (see 

Figs. 3.5 and 3.9), an experiment such as the One performed by 

Smirl et al. (1978) should have measured a high free-hole absorption 

at delayed times, which is not the case.



CHAPTER VII

CONCLUSIONS

The goal of this study was to gain a more complete physical 

picture for the interaction of picosecond pulses with semiconductors.

We felt that this could be best done by revising and extending the 

original model proposed by Elci, Scully, Smirl and Matter (1977), the 

first comprehensive theory given for the ultrafast response of the 

laser-induced dense, nonequilibrium electron-hole plasma in germanium, 

such that more of the experimentally observed phenomena could be 

satisfactorily and consistently accounted for. Limitations of the 

above model were found when it was applied to quantitatively account 

for the data of several experiments. These limitations were listed 

in Chapter II. They include, for example, the discrepancies between 

theory and experiment of the pulsewidth dependence of single pulse 

transmission and the absolute value of the probe pulse transmission, 

the slow energy relaxation rate predicted by the theory, and the 

failure of the theory to account for the observed saturation in single- 

pulse transmission at high excitation pulse energies. In addition, 

it was argued (Chapters II and V) that the neglect of the spatial 

variation of parameters characterizing the photogenerated plasma was 

not a physically reasonable assumption.

One process neglected in Elci et al's. description (1977) of 

the photo-generation of electron-hole plasma in germanium was the

133
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direct transition between the spin-orbit split subbands of the valence 

band. We have shown (Chapter III) that the rate of this transition 

rises rapidly at sufficiently high carrier distribution temperatures 

and carrier densities. By incorporating this process into the original 

model, we were able to account for the experimental saturation of 

single-pulse transmission in germanium at high excitation levels. The 

addition of the direct-free-hole mechanism also pointed to the under?-, 

estimate of the phonon-assisted cooling rate in the ESSM model, due to 

its choice of electron-optical phonon coupling constants (Q ) that 

were too low. By using the higher Qq values chosen by the revised 

model the strong pulsewidth dependence of single-pulse transmission 

predicted by the original model was reduced, thus explaining the 

experimental result of Bessey et a!. (1978).

We have measured (Chapter IV) the reflectivity of germanium 

at 1.06 ym as a function of laser power using energetic picosecond 

optical pulses.. An enhancement of reflectivity at very high excitation 

pulse energies was found. We have attributed this phenomenon to the 

contribution to the dielectric constant arising from the inter-valence 

band transitions when the medium was highly excited.

We have.also relaxed (Chapter V) the homogeneous excitation 

assumption and estimated the way the energy of the picosecond pulse 

was deposited throughout the interaction region. It was shown that 

our recent transmission experiments using germanium samples of various 

thicknesses could be better accounted for using the inhomogeneous 

excitation model. We also found that the neglect of spatial
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dependence of the plasma has led to an overestimate in the total 

number of carriers created inside the interaction volume. This was 

shown to be the main reason for the discrepancy between the absolute 

values of experimental and theoretical probe pulse transmissions.

In the spatially inhomogeneous picture, redistribution of 

carriers due to longitudinal (in the pulse propagation direction) 

diffusion must be included in the description of the evolution of 

the optically-created plasma. We have used three processes; phonon- 

assisted relaxation, ambipolar diffusion and Auger recombination in 

our theory for probe pulse transmission (Chapter VI). Phonon-assisted 

cooling, an extremely fast process, accounted for the initial rise in 

probe transmission. It was shown that diffusion could account for 

the peaking in probe transmission. The different peaking times for 

different excitation levels could also be attributed to this process. 

Auger recombination was responsible for the decay in probe transmission 

at long delay times.
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