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PREFACE 

In June, 1971, I became interested in a research 

program initiated by Professor M. 0. Scully to use the 

recently developed art of picosecond pulse generation from a 

Q-switched and mode-locked neodymium glass laser as a tool 

in the study of the dynamics of carriers in a semiconductor. 

My interest blossomed into a growing awareness that this 

kind of endeavor held the exciting possibility of gaining 

access to hitherto unexplored regions of the marriage be

tween Quantum Optics and Solid State Physics. In the 

following months I aided Major Hugo Weichel, the first 

student to obtain his degree on this project, in his final 

efforts to build a laser system capable of generating pico

second optical pulses at a wavelength of 1.06 Hm. Also, I 

participated in Major Weichel's efforts through December, 

1971, to probe germanium with this radiation. We obtained 

preliminary data demonstrating that (1) it was possible to 

bleach through a thin sample of germanium (i.e., picosecond 

pulses interact nonlinearly with germanium), and (2) the 

excitation and probe (or double pulse) experiment, had the 

potential of revealing information about the relaxation 

behavior of carriers in germanium. 

In January, 1972, I started to work on my disserta

tion research and soon after the laser ceased operation. 
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There ensued an exasperating period of more than four months 

during which time we replaced every conceivable part of the 

laser which was subject to deterioration. I depended 

heavily upon the aid of many skilled technicians at this 

time and without their aid the project could not have been 

completed in time. These people included Mr. R. E. Sumner 

who produced laser quality optical surfaces in quartz and 

glass, as well as the ultrathin germanium samples which were 

used in the experiment; Mr. J. Poulos, whose multilayer 

dielectric coatings are the finest available anywhere, and 

have withstood thousands of shots with peak powers of the 

2 
order of 50 GW/cm ; and Mr. Charles Burkhardt, whose 

machining skill produced mirror mounts and other equipment, 

some of which were his own excellent design. 

Once the laser began to operate, we were gratified 

by reams of data on germanium which indicated an anomaly in 

the behavior of germanium under irradiation at high inten

sities. I had the great fortune to share this adventure 

with Dr. Sastry Pappu, who guided me day by day during the 

long period of frustration, and who by his great faith in me 

gave me faith in myself. The data we obtained were not 

easily explained in terms of the basic mechanisms due to the 

difficult problem of pulse propagation in a nonlinear 

medium. I was greatly aided through conversations with 

Professors M. O. Scully and F. A. Hopf on this sticky 

subject. 
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ABSTRACT 

We have measured the optical properties of intrinsic 

germanium under intense photoexcitation with picosecond 

pulses at hv = 1.17 eV. Our apparatus consisted of a mode-

locked Neodymium: glass laser and electro-optic shutter that 

isolates a single pulse out of the train of mode-locked 

pulses. This pulse is put to use in two experiments. We 

first measured the transmission of the sample (a ground and 

polished wafer of single crystal high purity germanium whose 

thickness is on the order of 6 to 8 |im) as a function of 

pulse energy to determine the onset of nonlinear response in 

the medium and the nature of that response. Secondly, we 

measured the ratio of transmission of two pulses which 

arrive at the sample at slightly different times to deter

mine the transient response of the optical properties of the 

sample to the intense photoexcitation of the first pulse. 

The delay time between the first and second pulses is con

tinuously variable between 0 and 900 picoseconds, allowing 

us to probe the transient response of the sample at selected 

delay times with each shot. 

The data from the single pulse transmission experi

ment indicated the presence of a process which interfered 

with the saturation of the direct interband transitions at 

1.17 eV. This suspicion was confirmed by the anomalies in 

x 



the data of the transmission ratio experiments showing the 

fact that maximum saturation of the medium at.1.17 eV was 

delayed as much as 30 to 120 picoseconds after the excita

tion pulse. Ordinarily, one would expect maximum saturation 

to occur immediately after the excitation pulse. Experi

ments with other samples and measurements of reflectivity 

confirmed our suspicion that the phenomena is a bulk 

property of the^sample rather than a surface effect. 

The theoretical aspect of the problem has been dis

cussed to a small extent. We maintain a preliminary 

hypothesis supported by a few calculations which seems to 

explain in a qualitative way the data we have collected so 

far. This hypothesis involves the presence and effects of 

free carrier absorption by the dense plasma of photoexcited 

carriers and the assumption that carrier-carrier scattering 

equilibrates the plasma of carriers to a quasi-static dis

tribution function in energy on a time scale much shorter 

than the pulse duration. The delayed saturation is due to 

the distribution being warmed by free carrier absorption 

which results in desaturation. The peak saturation occurs 

only after the additional energy absorbed by the process of 

free carrier absorption is dissipated through the emission 

of phonons by the carriers, the process apparently requiring 

between 30 and 120 picoseconds. Our experiment thereby 

measures the rate of energy loss of the free carrier dis

tribution to phonon emission. This rate is in turn related 



to the relaxation time of the carriers, a quantity which has 

not been observed before on such a small time scale. 



CHAPTER I 

INTRODUCTION 

Since the pioneering work of DeMaria, Stetser, and 

Heynau (1966) on the generation of ultrashort optical pulses 

—12 
(about 10 sec.) from a mode-locked neodymium:glass laser, 

a number of researchers have produced ultrashort pulses and 

have used them for studying various physical processes 

occuring on the time scale of a nanosecond or less (for a 

comprehensive review article, see DeMaria et al., 1969). In 

this type of study an experimental technique which we call 

the excitation/probe method is often employed. The sample 

under investigation is allowed to interact with an intense 

ultrashort pulse (the excitation pulse) significantly per

turbing the populations of the electronic energy levels of 

the sample. As a result of this excitation the optical 

properties of the sample are altered. At a controlled time 

after excitation a second pulse (the probe pulse) of reduced 

intensity interacts with the sample without perturbing the 

populations of the energy levels significantly. A chosen 

optical property (e.g., transmission) of the medium is 

monitored as a function of the time delay (t^) introduced 

between the excitation and probe pulses. By this series of 

1 
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measurements one can obtain information about the perturbed 

system as it relaxes back to the unperturbed state. 

In the past this technique has been employed to 

study the lifetimes of organic dyes (Scarlet, Figueira, and 

Mahr, 1968), the orientational relaxation of molecules in 

solution (Eisenthal and Drexhage, 1969), molecular dephasing 

in carbon tetrachloride (Von der Linde, Laubereau, and 

Kaiser, 1971), vibrational population lifetimes of poly

atomic molecules in liquids (Laubereau, Von der Linde, and 

Kaiser, 1972), and lattice vibrational lifetimes in calcite 

(Alfano and Shapiro, 1971), to mention a few. 

Professor M. O. Scully felt that the excitation/ 

probe recipe with picosecond pulses would be useful to 

obtain direct information about the relaxation behavior of 

nonequilibrium carriers in a semiconductor. Preliminary 

experiments conducted by H. Weichel on germanium have indi

cated that germanium is a good candidate for this type of 

study. Therefore, the subject of this dissertation is the 

transient optical properties of germanium at 1.06 i-im, which 

we have measured by the excitation/probe technique. We have 

also investigated the nonlinear pulse propagation through 

germanium as a necessary adjunct to interpretation of the 

results of the excitation/probe experiments. 

We begin this dissertation by laying the theoretical 

groundwork for the experiment in Chapters II and III. 

First, we discuss the principles of nonlinear optical 



propagation through a saturable absorber, and discuss the 

semiconductor in terms of the quantum optical properties of 

the medium. In Chapter III we approach the problem from the 

viewpoint of the physics of the semiconductor, discussing 

the salient features of the electron-phonon interaction. 

This framework of theory is not to be taken as the basis for 

making predictions of the experimental outcome. It is 

obvious that far too little is known from the standpoint of 

quantum optics and solid state physics to do this. There is 

yet a large gap between these areas of physics, but that gap 

will be partly filled by this experiment. The description 

of the apparatus used in the experiments is found in Chapter 

IV. In Chapter V we give the results of the experiments and 

with these results some discussion and theory to substan

tiate our conclusions that we have observed the thermaliza-

tion of hot electrons and holes in germanium. These con

clusions are to be found in Chapter VI. 



CHAPTER II 

OPTICAL INTERACTIONS IN A SEMICONDUCTOR 

Optical transitions between two Bloch states in a 

crystal require the conservation of energy and momentum. 

Since the infrared photon has very little momentum compared 

to the crystal electron, the simplest transitions (direct) 

are nearly vertical in the band structure diagram (Fig. 1). 

Indirect transitions involve the mediation of a phonon or 

electron to conserve momentum, but are of negligible 

importance when the number of phonons or carriers is low. 

Since we wish to observe only the direct transitions, the 

crystal is held at 77°K to reduce the number of phonons. 

Figure 1 indicates that direct transitions are possible at 

1.17 eV photon energy only near the center of the Brillouin 

zone in germanium, and arise from two different valence 

bands which we shall call "light" and "heavy" according to 

their effective masses. 

Density of States 

The absorption coefficient for direct interband 

transitions is proportional to the joint density of states 

between the two bands. Assuming constant effective mass 

within a band, the density of states is 
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1.17 eV 0.89 eV 

0.66 eV 
indirect 

transition 

k=(l,0,0) k=0 

Fig. 1. Band structure of Germanium showing direct transi
tions at 1.17 eV — Indirect transition shown as 
dashed line. 



(tfuu-E )ly/2m*3>/2 

p(-fiuu) = 2__—^ (1) 
V2 n2 tf3 

m* 
where m* = ^ ^ (2) 

r m* + m* 

and -6iu is the photon energy, E is the energy gap of the 
y 

semiconductor, m* and m£ are the effective masses of the 
' e h 

electrons (conduction band) and the holes (valence band), 

respectively. The value of m* is 0.22me (mg = electron 

mass) for transitions between the heavy hole valence band 

and the conduction band. But m* is only 0.02m for the 
r u e 

transitions involving the light hole band. The density of 

states for the latter transitions is so much smaller than 

that of the former, they may be neglected in the rest of 

this analysis. Using the value E^ = 0.89 eV, and taking the 

bandwidth of the laser radiation as .02 eV, we obtain a 

density of states that interact with the picosecond pulse 

19 -3 
whose value is 10 cm , for the heavy hole band. 

The absorption coefficient for a direct transition 

is given by (Smith, 1961) 

e2(2m»)3^2f.. Mil)-E )1/2 

a. E 4 2 . (3) 
nm "ft ce 
e 

where n is the index of refraction, f.x is the oscillator ' if 

strength, and s is the dielectric constant. For n = 4 and 

fif = 1 and (fiuu - E ) = 0.28 eV, this formula predicts an 

a = 104 approximately. Dash and Newman (1955) have measured 
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the absorption coefficient for germanium at 1.06 |Jm to be 

4 
1.2 x 10 . This coefficient does not reflect the transmis

sion of germanium at all intensities, but is valid only when 

the interband transitions remain unsaturated. We proceed to 

analyze the transmission behavior in the presence of satura

tion. 

Pulse Transmission in a Saturable 
Two-Level Medium 

Let us first present the reasons why we expect a 

thin semiconductor sample to behave in many ways as a two-

level medium. In a direct optical transition both momentum 

and energy are conserved. For each electronic state in the 

valence band only one state exists in the conduction band 

for which momentum is strictly conserved. Therefore, a 

monochromatic field couples only pairs of states; analogous 

to a collection of two-level atoms. Since the optical pulse 

has a finite bandwidth, the bandwidth of the photon momentum 

places an upper limit on the thickness of the sample which 

behaves as a two-level system, i.e., d « 1/AK, where d is 

the thickness and AK is the bandwidth of the pulse in cm~*. 

For our pulses AK = 200 cm~*, hence d « 50 [am. Our samples 

are much thinner than this, hence we may expect them to 

behave as sets of two-level quantum oscillators at least to 

first approximation. 

We assume that our pulse is much shorter than any 

decay times of the system, but much longer than the phase 
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memory of the system in order to use the rate equation 

approximation (Hopf and Scully, 1969). In this limit we may 

express the rates of change of the populations of the upper 

and lower eigenstates as 

fcu -•T2I(nl"nu) 

= -T2I(n1-nu), (5) 

where T2 is the phase memory time and I the intensity of the 

pulse. Letting D = ni ~ nu» we have 

D(z,t) = -T2I(z,t)D(z,t), (6) 

which is easily solved, yielding 

t 
-T2 Jdt • I ( z, t) 

D(z,t) = e ~*C8 . (7) 

The equation for the field in this approximation is 

|| - i = -al(z,t)D(z#t), (8) 

which we integrate over all time and obtain 

t' 
-T2 J df'Kz.t") 

H = -a Jdt'I(z,t')e , (9) 

where E is the total energy of the pulse. The right hand 

side is just 

E -T J 
-ajJdJe , (10) 



where 

t 
J = Jdt'Kz.t' ) , (11) 

— 00 

which integrates to 

if S-(l-e-T*E>. 

And finally, we may integrate over z to obtain 

-T2E(Z) 

T2[E(Z)-E(0) ] + in (1~e_T E(0)} = -ocz. (13) 

(1-e 2 ) 

When we isolate E(z), we have 

T E (0 ) 
E(z) = j0n{l+e~az(e 2 -1)}, (14) 

2 

which corresponds to a transmittivity of 

. „ T_E (0) 
t(z,E(0)) = srV- J0n{l+e~az(e ^ -1)}. (15) 

2 0 

Equation (15) is plotted in Fig. 2 for e~az = 10~^ with E(0) 

being an arbitrary scale for which T2 = 1. 

Absorption and Reflectance Due to 
Free Carriers 

Free carrier absorption is present in any material 

with a finite conductivity. Intrinsic germanium would 

ordinarily have a very low conductivity at 80°K, but photo-

excitation can be intense enough to increase this 
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10 
0.01 0.1 1 10 100 1000 

Pulse Energy, Arbitrary Units 

Fig. 2. Single pulse transmission in a saturable absorber 
for a T. of unity and a linear transmission of 
.0001. 
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conductivity markedly through the creation of a high density 

free carrier plasma (Blinov, Vavilov, and Galkin, 1967) 

which may also perturb the reflectivity of the sample 

(Galkin et al., 1968). Since carriers in low-lying states 

in the band structure can be treated as being essentially 

free, but with altered effective masses, we may use the 

approach of Drude to free carrier absorption. 

The conductivity of a plasma whose density is nc, 

composed of particles of mass m* in a medium with dielectric 

constant e, at an optical frequency of UJ is 

2 

° = m* (g-iuu) ' (17) 

where g is the collision frequency between the particles of 

the plasma (or alternately, with phonons). This quantity is 

to be understood as the inverse of the time necessary for a 

high speed carrier to lose (1-1/e) of its initial energy. 

When we substitute the plane wave solutions for the field 

into the wave equation with conductivity cr, we obtain a 

dispersion relation between the field wave number k and the 

frequency as follows: 

k^ = e(u)/c)^(l+i4TTCT/uJc). (18) 

k is complex in general and hence the field has a decaying 

exponential factor with the absorption coefficient 

Im(k) = a = Je yq/2c, (19) 



12 

where 

4ffn e2 

Y = 5—j -  .  (20) 
em* (g +u> ) 

This is much less than unity for the approximations used to 

obtain Eq. (19). The index of refraction may also be 

altered by free carriers, since 

n2 = Re2(k)c2/t»2. (21) 

Solving for Re(k), we have 

n 2  -  e ( l -Y) [ l  +  I 'mdly ) '  ( 2 2 >  

The reflectivity of the sample is 

R  -  ( 2 3 )  

where n* is the complex index of refraction defined as 

n* = n - i2rra*X. (24) 

For increasing carrier density Y approaches unity and the 

index must decrease until n = 1. At this time the reflec

tivity displays a minimum which must be 

r  _  ( n X a  } 2  

m ~ TrXa+1 * 

A measurement of R allows us to solve Eqs. (19) and (22) 
m 

uniquely for y and g given the effective mass and the 

static dielectric constant. This has been done for 
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germanium excited at .6943 (im and probed at 10.6 lim (Galkin 

et al., 1968), with the result that the carrier density was 

19 -3 14 -1 
2 x 10 cm and g = 10 sec . Using these values, we 

2 -1 
find an absorption coefficient of the order of 10 cm , 

which is much less than the interband absorption coefficient 

found by Dash and Newman (1955) of 10^ cm~^. We therefore 

expect that free carrier absorption has a negligible effect 

on the field unless extremely high intensities are used in 

photoexcitation. However, we are concerned about very small 

changes in carrier energy in the photoexcitation problem 

because only about 0.01 eV on the average can remove a 

carrier from the interband transition states near 1.17 eV. 

What may amount to negligible absorption insofar as the 

field is concerned may be very important to the distribution 

of injected carriers in allowed conduction and valence band 

states. As we shall see in Chapter Vf the data suggest that 

free carrier absorption plays a very important role, indeed. 



CHAPTER III 

ELECTRON-HOLE DYNAMICS IN A SEMICONDUCTOR 

In this chapter we discuss the dynamics of carriers 

in a simple, direct gap, intrinsic semiconductor. The 

pertinence of this model to the experiment on germanium, 

which has both a direct gap and an indirect gap is assured 

because (1) the excitation energy of the incident field is 

sufficient to excite only the direct transition at 77°K, and 

(2) intervalley scattering of conduction electrons is 

probably unimportant compared to intravalley scattering. 

Carrier lifetime is defined as the mean time from 

the creation of a carrier to its annihilation by recombina

tion. The lifetime of carriers near the direct gap in 

—9 
germanium has been estimated to be 10 seconds (Smith and 

Sorokin, 1966). The relaxation time of carriers is the 

characteristic time involved for a perturbed distribution of 

carriers to return to the equilibrium distribution,. Several 

kinds of non-thermal equilibria may exist in a semiconductor 

due to different fundamental processes with greatly differ

ent relaxation times. Injected carriers eventually come to 

thermal equilibrium by recombination, characterized by the 

Fermi-Dirac statistical distribution for a semiconductor 

with a band gap of E^. If, however, the intraband 

14 
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relaxation time is much shorter than the recombination time, 

a quasi-Fermi distribution is established at the bottom of 

the conduction band for electrons, and at the top of the 

valence band for holes. Furthermore, if the carrier-carrier 

scattering time is much shorter than the intraband relaxa

tion time a quasi-Fermi distribution is established that, 

depending upon the method of injection, may correspond to a 

temperature much greater than the temperature of the lattice. 

Photoexcitation at energy hv > E and high intensities pro-
y 

duce dense free carrier plasmas whose relaxation time due to 

-14 carrier-carrier scattering is on the order of 10 seconds. 

On the picosecond time scale photoexcitation leaves the 

carriers in a distribution characterized by a quasi-Fermi 

level corresponding to a temperature that is much greater 

than the lattice temperature. For instance, germanium 

photoexcitation at 1.17 eV results in a carrier distribution 

at a temperature of at least 1800°K. This distribution may 

certainly be called "hot," but not in the sense that "hot" 

is used in connection with mobility studies. The latter 

term describes the distribution of carriers under the con

ditions of a low-frequency applied field when the relaxation 

time is much longer than the recombination time. Under 

these circumstances the carriers are accelerated by the 

field before a collision can take place or the carriers can 

recombine. The distribution is vastly different in the case 

of high frequency photoexcitation. 
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The concept of relaxation time has generally a dif

ferent meaning in the context of this experiment than in the 

studies on mobility of semiconductors. The distinction lies 

in the fact that any collision of the carrier with the 

lattice, regardless of whether the carrier emits or absorbs 

a phonon, interferes with the mobility of the carrier. In 

our studies we observe only the rate at which energy is lost 

by the ensemble of carriers to the phonon reservoir. This 

rate depends only on the rate of spontaneous emission of 

phonons, and should, consequently, be independent of the 

number of phonons already in the reservoir, provided of 

course the temperature of the carriers greatly exceeds the 

temperature of the lattice. We now demonstrate this result 

using the approach of Seitz (1947, 1949). In addition, we 

discuss the effects of optical phonons and carrier-carrier 

scattering. 

Energy Loss Rate to Emission of Phonons 

The probability per unit time that an electron makes 

a transition from state k^ to state 1^2 emitting a phonon of 

momentum 4iq is, by Fermi's Golden Rule, 

P(k2'V = f1l<nq+;L,Hep,nq>'26CE(k2"E(kl)3' (25) 

where H is the electron-phonon interaction Hamiltonian 
ep c 

which is given by 



Hep " \ \ C(2®iii)1/2i<!(aq/a!qi,<.+qi =*. • <26> 

C is the deformation potential, N the number of unit cells, 

and M is the mass per unit cell of the crystal ions. The 

operators a+ and a are the creation and annihilation opera

tors, respectively, for the phonons. Likewise, for the 

electrons we have c and c. The rate of energy dissipation 

by the phonon reservoir is proportional to the rate of 

spontaneous emission (n^O) since stimulated emission and 

absorption are equally probable (Seitz, 1949) (see 

Appendix). Therefore, 

H = #£ |q|26(e -e ^q). (27) 
q z  i  

The finite sum is approximated by the integral weighted by 

the density of states in q-space with the result 

.2 TT « 

f 
TT/2 

The integral over the energy conserving delta function is 

interpreted as approximating a surface integral over the 

sphere of radius k such that q = -2kcos0. Since 

*2 

d(E2-E1) = - ̂ f(q+kcos8)dq. (29) 

The integral over the delta function is easily accomplished 

giving 

H • 3Hp A I hPsinMMkl- <28) 
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a E _ _ £ f s i . k 3  ( 3 0 )  
dt ~ TTp fi K ' *30' 

which reduces to 

,3/2 2 .5/2 
dE _ 2 c_ m* F3/2 ( , 
dt ~ TT p ^4 *J1' 

on the assumption of constant effective mass. 

Proceeding in an analogous manner, one may obtain 

the loss rate to intravalley optical phonons (Seitz, 1949) 

whose ratio to the rate for acoustic phonons is 

R = (9/16)(D/C)2(K/k)2, (32) 

'! where K is the smallest reciprocal lattice vector and D is 

the deformation potential for optical phonons, analogous to 

the quantity C for acoustic phonons. D is unknown, but it 

is felt (Seitz, 1947) that it should be of the same order as 

C in a nonpolar crystal. Germanium and silicon present dif

ficulties to this picture since the deviation of the mobility 

-3/2 
from the T ' law is not observed near the Debye tempera

ture in these materials, where thermally excited optical 

phonons should reduce the mobility markedly. In this case 

it is felt that D may be much smaller than C, but there 

exist no measurements of this quantity at the present time. 

Using the value of 5 eV for C (Seitz, 1947) one 

0 
obtains the value of 2.5 x 10 eV/sec for the energy loss 

rate for acoustic phonons and 2.5 x 10^ eV/sec for optical 
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phonons provided D = C. One would expect optical phonons to 

dominate the energy loss since the excitation energy of 

electrons is much larger than .037 eV. 

The energy loss rate for holes is much larger since 

5/2 
the rate depends on m* (Eq. 31). Since the holes have 

about twice the effective mass as the electrons, one would 

expect a rate at least 5 times larger. 

Intervalley Scattering 

Figure 1 indicates the possibility of scattering 

electrons from the k = 0 valley into other valleys in the 

Brillouin zone. This type of scattering is of interest only 

because it tends to depopulate conduction electrons from the 

central valley which we are probing. It may be possible 

that this scattering rate is great enough to remove all the 

conduction electrons before their energy relaxation within 

the k = 0 valley can be observed. This scattering rate is 

also unknown, but more is said on this subject in the con

clusions in Chapter VI. 

The Phonon Spectrum 

The germanium lattice has diamond cubic symmetry 

with two atoms per unit cell. As a result, there exist 

optical as well as acoustic modes of vibration having a 

maximum energy of .037 eV (optical phonons). At liquid 

nitrogen temperature kQT is only .008 eV and the optical 

branch is essentially unpopulated. The population of the 



various energies is determined by the relation 

koT 1 
nq = -fiujq -huuq/koT » 

where q refers to the propagation vector of the phonon mode. 

The peak of this distribution lies near E = hv = hqv = kQT, 

or for kQT = .008 eV. When the sound velocity, V is taken 

5 7 
as 5 x 10 cm/sec, q = 5 x 10 . Thus, the number of 

I 
phonons with large q (momentum = ¥ i q )  is restricted by the 

low temperature. Intervalley indirect transitions in 

germanium require the assistance of large-q phonons to 

conserve momentum. Therefore, these transitions are not 

important at 77°K unless large numbers of large-q phonons 

are generated by the optical excitation process during the 

time of excitation. Their effect might be to render 

saturation of the medium impossible, but preliminary data 

indicated that thin samples of germanium are indeed 

saturated by picosecond pulses (Weichel, 1972)•phonon 

generation cannot be significant on the time scale of a 

picosecond. Generation of small-q acoustic and optical 

phonons may enhance the indirect intravalley transitions, 

but their numbers must be large compared to the population 

of phonons already in the sample prior to photoexcitation. 

This number is 

k T 3 

N = S nq = ~~~2 
q 2TT s 
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which is about 10^ cm~^ at 80°K. If the total excess 

energy of the carriers were emitted in much less than a 

19 -3 
picosecond, only about 10 phonons cm would be emitted. 

This is an insignificant perturbation to the population 

prior to photoexcitation for the present experiment, but not 

for temperatures less than 20°K. However, if indirect 

transitions are insignificant at 80°K, with so many phonons 

present, they are always insignificant at lower temperature. 

Phonons emitted by the photoexcited carriers are of 

two categories, small-q, from intravalley transitions and 

large-q, from intervalley scattering. The small-q acoustic 

phonons are emitted into the thermal distribution and should 

have a range of energies comparable to the thermal spectrum 

at 77°K. Small-q optical phonons are nearly monoenergetic, 

but is is not probable that they result in a significant 

perturbation of the optical properties. Large-q phonons 

might assist indirect transitions if they are liberated on 

the time scale of a picosecond. The data do not suggest 

that any of these perturbations are significant. 

As far as the probe pulse is concerned, no perturba

tion is noticed because the thermalization rate for the 

carriers is independent of the number of phonons present. 

To conclude our preliminary discussion, we have no 

ci priori basis to judge whether acoustic or optical phonons 

dominate the carrier thermalization process, or whether 

intervalley scattering plays any role in the photoexcitation 



process. Likewise, the phonons liberated by the thermaliz 

ing carriers might perturb the results. The basic 

quantities we need to decide these questions (i.e., the 

thermalization rate due to optical phonons and the inter-

valley scattering time) are not available either by first 

principles calculations or by experimental measurements. 

Indeed, much of the value of this experiment is the fact 

that for the first time we will be able to answer some of 

these questions from inspection of the data. More will be 

said on these subjects in the discussions of Chapter V. 



CHAPTER IV 

THE APPARATUS 

This chapter describes the various parts of the 

picosecond laser apparatus and associated equipment. There 

are five major parts to the experimental equipment: (1) the 

laser oscillator, (2) the two photon fluorescence camera, 

(3) the electro-optic shutter, (4) the pulse splitting and 

delay optics, and (5) the detectors. The overall arrange

ment of the equipment is shown in Fig. 3. 

The Laser Oscillator 

The laser consists of a brewster-cut Nd:glass rod 

about 7-1/2 inches by 1/4 inch diameter in an optical 

cavity formed by two reflecting mirrors placed approximately 

120 cm apart; the 99.8% reflector is spherical with a 5-10 

meter radius, the other reflector is located in the dye cell 

in direct contact with the dye solution and is flat with a 

reflectivity of 30%-60%. The cell itself is formed by an 

annular teflon spacer about 1 mm thick between the mirror 

substrate and the cell window. Fresh dye solution (Eastman 

A9860 in dichloroethane) is injected into the cell after 

each firing of the laser. 

23 
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Fig. 3. Apparatus to generate and monitor single picosecond 
pulses. 
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The Two Photon Fluorescence Camera 

The optical system of the camera splits the incoming 

train of pulses into two components and converges them anti-

linearly in a dye cell containing rhodamine in ethanol. The 

transition rate for.the two-photon process is proportional 

to the square of the field intensity. At the convergence 

point in the dye cell the intensity is always twice that of 

the single component because each pulse overlaps with itself 

at the convergence point. Since the cell is much shorter 

than the distance between pulses (240 cm) a pulse never 

overlaps with its neighbor in the cell; therefore, the 

fluorescence pattern in the cell shows a distinct maximum 

intensity at the convergence point superimposed on a fainter 

background. The width of the bright patch about the con

vergence point is indicative of the pulse width (Giordmaine 

et al. , 1967). 

The Electro-Optic Shutter 

Since the round trip time of the cavity is about 10 

nanoseconds, the electro-optic shutter must open and close 

in this time. We take advantage of the electro-optical 

properties of a KDP crystal, which rotates the plane of 

polarization of light passing along its optic axis when 

voltage is applied (Pockels effect). Placed between two 

crossed Glan polarizers, the system becomes a shutter which 

when closed attenuates the signals by a factor of 10^. The 
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voltage pulse is formed by a charged coaxial cable of 

appropriate length and a spark gap. The spark gap is 

triggered by the laser inducing breakdown in high pressure 

nitrogen, and the network produces a 10000 V square pulse 

which then operates the KDP crystal, opening the shutter 

for 10 nanoseconds, synchronized by means of a delay cable 

to coincide with the arrival of a picosecond pulse at the 

Pockels cell. 

Pulse Splitting and Delay Optics 

The switched out single pulse is split and a delay 

introduced between the resultant pulses by this apparatus 

(see Fig. 4). The pulse impinges on a beam splitter at 45° 

incidence and the two beams proceed to identical roof 

prisms one of which may be continuously translated backward 

(P2 in Fig. 4) to achieve an increase in path length without 

a change in direction or a displacement of the beam. Two 

mirrors (M^ and M.^) then steer the beams to convergence on 

the target. The displacement, 2ct^, is measured with a 

micrometer and translated into picoseconds such that 1 inch 

displacement is equivalent to t^ = 150 picoseconds. 

The Detectors 

The pulse trains are monitored with an ITT FP2000 

biplanar vacuum photodiode feeding a Tektronix 519 oscillo

scope. The combination has a rise time of about 0.5 nano

seconds. The detector is located (Fig. 3) to show the pulse 
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Fig. 4. Optics of the single and double pulse transmission 
experiments — Prism P2 is mounted on a translation 
stage. The dashed line represents its position at 
zero delay. 



which has been switched out as a missing pulse in the train 

where switchout has occurred on the 519 photographs. 

The other photodetectors are p-i-n photodiodes 

(United Detector Technology PIN6-D) which are used in an 

integrating mode. The response of these detectors over a 

wide range of intensities is linear, the conductance of the 

diode being proportional to the power received. Calibration 

is accomplished by shining a Helium-Neon laser of known 

output onto the detector and measuring the current through 

the diode when a known bias voltage is applied. The 

response of the integrating circuit to the picosecond pulse 

is then just the time integral of the power, or 

00 00 . 00 

E = J dtP(t) = p J1 dta(t) = -— J* dti(t), (38) 
-on -co bias -® 

where i(t) is the charging current on the integrating 

capacitor. Its time integral is just the total charge on 

the capacitor when the width of the current pulse is much 

shorter than the time constant of the integrating circuit. 

The voltage across the capacitor after the pulse has passed 

is just q/C and hence we have 

E = (3C — . (39)  
bias 

We have assumed here that the charge does not build up on 

the integrating capacitor to approach . In this case 

i(t) = a(t)(Vb.as-V), 
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from which we derive the correction factor for V approaching 

V. . which is 
bias 

V V 
bias £n bias 
V 11 V, . -V * 

bias 

The detectors are housed in copper enclosures to 

eliminate electronic noise pickup, and use an optical 

collector system to eliminate stray' light. When used to 

monitor high light levels such as input intensity and 

reflected intensity the detectors are protected from satura

tion by opal glass diffusing screens. 

The signals from the detectors are monitored on a 

Tektronix 544 oscilloscope. 

Sample Preparation 

Samples are prepared from a disk cut from a single 

crystal of high purity germanium of minimum resistivity of 

40 Ohm-cm, normal to the (1,1,1) direction. One side is 

mechanically ground and polished flat and bonded to a 

substrate of glass which has the same coefficient of expan

sion. The reverse of the sample is then ground .and polished 

to the desired thickness. Sample thickness is measured by a 

spectrophotometrie technique utilizing multiple internal 

reflections (Fabry-Perot cavity). The multiple beams add 

constructively (destructively) producing a maximum (minimum) 

every time the wavelngth of the light is such that an 

integral number of half wavelengths span the thickness of 
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the sample. Therefore, 

,  X(X — A X )  / i n  > 
d = 2nAX ' (40) 

where n is the index of refraction, X the wavelength, and 

AX the distance between two successive maxima (minima). n 

is determined by measurements near X = 2 |am to be about 4.1. 



CHAPTER V 

RESULTS 

Single Pulse Transmission 

Saturation of the medium by the excitation pulse is 

essential to the success of the experiment. We present here 

experimental evidence that the medium is indeed saturated, 

but that a competing process exists which operates simul

taneously with interband absorption. Figure 4 contains the 

schematic arrangement of the single pulse transmission 

experiment. The detectors were calibrated against each 

other by a calibration shot taken without the sample in 

place. Input energy is determined absolutely by calibration 

against a Helium-Neon laser of known output power. Energy 

flux on the surface of the sample is computed assuming a 

1.6 mm diameter spot on the surface of the sample (deter

mined from burn patterns taken at the position of the 

sample). The beam was attenuated by neutral density multi

layer dielectric coatings calibrated at 5% transmission and 

absorbing glass filters calibrated in the linear regime at 

20% transmission. Since absorbing glass filters may bleach 

at the power level we subject them to, their calibration was 

never allowed to enter the calibration factor for the 

detectors. Tables 1 and 2 give the data obtained on samples 

31 
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Table 1. Single Pulse Transmission on Sample I 

Shot 

V. 
input 

Volts 

V 4- 4-output 
Volts 

Transmission 

x 105 

1 0.95 3. 3* 1 x 105 

2 1.3 0.1 2.22 

3 2.4 0.87 10.4 

4 0. 39 0.017 1.18 

5 0.10 0.005 1.15 

6 1.2 0.1 2.4 

7 1.55 0.11 2.04 

8 1.2 0.14 3.6 

9 2. 35 0.73 8.94 

10 0.55 0.10 5.23 

11 0. 5 0.13 7.48 

12 0.8 0.15 8.8 

13 1.0 0.07 3. 3 

•Indicates a calibration shot. 



Sho 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

33 

Table 2. Single Pulse Transmission on Sample II 

V. . V . . Transmi 
input output 

Volts Volts x 10 

0.36 0.92* 1 x 10 
0.6 7.0 6.7 
0.3 2.8 4.55 
0. 3 2.5 4.07 
0.04 0.1 1.22 
0.1 0. 32 1.56 
0.1 0. 34 1.66 
0.022 0.05 1.11 
0.012 0.035 1.41 
0.037 0.105 1. 38 
0.0012 0.006 1.63 
0.0000 0.002** — 

0.0044 0.015 1. 66 
0.0080 0.018 1.1 
0.0090 0.020 1.09 
0. 54 4. 5 4. 57 
0.44 4.8 5.9 
0.58 3.6 3.5 
0.56 4.6 4.37 
0.18 1.2 3.25 
0.24 6.0 12.2 
0. 32 1.0* 1 x 10 
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I and II, respectively. These samples are 8.3 |im and 6.5 (-im 

thick, respectively. The data are also plotted in Fig. 5. 

** indicates a shot taken with the input beam blocked to 

determine the noise due to stray light that is being 

received on the detectors. Absolute calibration of the 

detector used for monitoring the input energy to the sample 

15 
yielded the result 4 x 10 quanta/volt at 1.06 |am. Figure 

5 indicates that bleaching occurs initially at about 2 x 

16 —2 
10 quanta cm , comparing favorably with the total number 

16 
of states (~ 1.6 x 10 ) in the illuminated volume. The 

thickness of the samples were 8.3 (im (sample I) and 6.5 (am 

(sample II), measured spectrophotometrically. The samples 

should have a linear transmission of (0.36) exp(-1.2 x 104 • 

—4 —5 
8.3 x 10 ) = 1.65 x 10 (sample I) and (0.36) exp(-1.2 x 

104 • 6.5 x 10~4) = 1.12 x 10~4 (sample II). These values 

agree favorably with the transmissions measured with the 

lower intensities for both samples and this agreement 

increases our confidence in the rest of the data. 

It is immediately apparent from the graphs in Fig. 5 

that the simple bleaching model proposed in Chapter II 

previous to Eq. (16) does not predict the behavior of the 

sample for intensities very much higher than the bleaching 

threshold. Instead of the monotonic increase depicted in 

Fig. 2, the actual transmission of the medium displays a 

maximum and (in sample I only) a minimum as far as the 

values of intensity were accessible. The discussion in 
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Fig. 5. Single pulse transmission data plotted as transmis
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Chapter III has, however, alerted us to the possibility that 

free carrier absorption may play a significant, although 

indirect, role in the transmission properties of germanium 

under these circumstances. 

The indirect effect of free carrier absorption is 

the removal of electrons and holes from the saturation 

states in the band structure. The rate of this removal may 

be expressed as the product of the total number of free 

carriers, the number of electrons in the saturation region, 

the intensity of the radiation field, and a proportionality 

constant, S. Equations (5) take on additional terms due to 

this removal rate and become 

ftu = T2I(nl-V - SInu £ dt,T2I<nl-nu' 

t 
n^ =-T2I (n^-nu) + Sl(l-n^) J* dt'T2l(n -nu). 

It is easily seen that the integral on the right hand side 

is just the total number of carriers that have been created 

in the past, neglecting of course the removal of carriers 

via recombination. For D we have the equation 

t 
D = -T2ID + SI(l-D) £ dt'T2ID. 

Out system has a behavior very different from that described 

by Eq. (7). Initially, the term -T2ID dominates because 
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D = 1 and the second term vanishes. Eventually, if the 

pulse energy is great enough, the second term dominates 

because of the integral. At this time D begins to increase, 

approaching 1 asymptotically because of the factor (1-D) in 

this term. Equation (19) can be put into a form that shows 

its independence of intensity. If we let dE = dt I(t) we 

have the result 

E 
m = -T2D + S(1-D) £ dED(T). (41) 

Since we have for the field 

dl . = -alD, (42) 
dz ' 

we may integrate this equation over all time, obtaining 

E 
co IllclX 

= -a £ dtl(t)D(t) = -a | dED(E). (43) 

But we observe that 

E 
max 

E = P dEI(t) = f dE = E 
4 0 max 

(44) 

and hence 

= -a | dED(E). (45) 

Therefore, the field-medium equations depend only upon the 

total energy of the pulse, and not on its functional form. 
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Equation (20) may be solved numerically for a given value of 

S and such a solution is shown in Fig. 3 for S = ^2 = 1. 

Numerical integration then determines the transmission of a 

pulse through a thick slab, whose function versus input 

energy is given in Fig. 6. 

The model used in the previous discussion ignores 

the fact that carrier-carrier scattering establishes a dis

tribution of carriers at all energies in the conduction and 

valence bands in a time very short compared with the pulse 

duration. We outline here a possible approach to the 

problem that potentially might yield quantitative results 

which may be compared with the experiment (Hopf, 1972). 

Let f(e) be the distribution function of carriers 

in the conduction or valence bands, where e is the injection 

energy into that band for direct optical transitions at 

1.17 eV. We have the relation 

5f 5f drt , df dnc f~£o , ,,, 
St dT| dt dn dt ~ T ' 

c 

where T] is the average energy per carrier, nc is the total 

3 
number of carriers per cm , and T is the collision lifetime 

of the carriers. Since T is at most 10""^ sec. for carrier-

carrier scattering in our problem, a quasi-static equilibrium 

exists at all times. The first term takes into account the 

change in temperature of the distribution due to free 

carrier absorption, the second, the change in f due to 

injection of carriers at the energy e. To simplify 
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computation we assume a normalized Maxwell-Boltzmann dis

tribution in energy, or 

,47) 
n 

from which we obtain 

and 

(50) 

<48' 

_ li 
2TI 

3nc " 4 ̂ 2 e ' 

where 

, dE 
dri _ 1 c 
dt ~ n dt 

c 

3 
and Ec is the energy of the carriers per cm . There are 

three contributions to dE /dt: 
c 

1. Free carrier absorption, where 

dEc 2 
at2 - e-c1: (51) 

2. Injection cooling, where 

dE _ dn 
(n-€); and (52) 

3. Phonon emission, which we approximate by 

«c 3/2 
= _ OT3' . (53) 

dt 
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We assume at present that phonon emission is negligible 

during excitation. We therefore have the relation 

. dn 

$ =  -r- a t 2  ( 5 4 )  

c 

dnc/dt is just the rate of interband absorption, which, by 

the rate equation approximation, is 

us) 
dt hi« dz hu) N ' 

where a is the absorption coefficient, D is the population 

difference, n^-ny, as defined in Chapter II, and N is the 

total number of states in the sample per unit volume for the 

1.17 eV transitions. In terms of f, we have 

CO 
D = £ de[p(e)-fe(e)-fh(e')]W(e), (56) 

where W(s) is the distribution of the photon energies, 

p(e) is the density of states, and the subscripts e and h 

refer to the distribution functions for the electrons and 

holes, respectively. Since W(e) is narrow compared to the 

distributions, f, we have 

D = N - f (e) Ae - f. (e')Ae'. (57) 
e h 

e' is proportional to e, the proportionality constant being 

the ratio of the effective masses of the conduct on to the 

valence bands. The temperatures of the two distributions 

will be different when m* / mf. We choose for the sake of 
e h 
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simplicity fgAe = fhAe", therefore 

D = N - 2fAe. (58) 

Since our previous analysis is in terms of D( we convert 

from f to D by multiplying Eq. (46) by Ac and substitute, 

giving 

1 dD (N-D) 3 e, dn . 9 eAe -3e/2n dnc 
" 2 dt " ~ 2ri " 2 Tp dt + 4 "^2" e dt~ * *59' 

Upon substitution of dnc/dt and dri/dt into the previous 

equation we have 

dD _ jj eAe -3e/2il a_ , . D 
dt ~ ~ 2 ̂ 2 e hiu N 

+ (2 . |£){pi(t)nc . i_S_ I(t) | (n-e) J. (60) 

Substituting the formal integral of nc and letting D* = D/N 

we have 

3e 
dD 2. e~ 2ti a_ I (t) D, 
dt " 2 ̂ 2 huu N 

(1-D* ) 3eupl(t)a ̂  Kt)D'(Ti-e) , 
~— (2 - In IhS I 1 (t)d' - } 

| dt'I(t')D' 

(61) 

We note that setting dE = I(t) dt allows us to eliminate the 

power dependence in the equations, yielding 
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3e 
dD' _ 
dE ~~ 2 2" huu 

TJ P 

2 e 2 I15_D-

+ (2 - if' nHT (1-D'» | dE'D' (E • ) 

E 

/o 3 e, (n-e) (l-D')D' , x 
~ (2 ~ 2 W> 7J E ' (62) 

£ dE'D'(E«) 

The form of this equation is very similar to Eq. (41) except 

for the variable T) and the additional term due to injection 

cooling. The behavior of the solution is much the same. 

The behavior of D(E) is clearly seen by the form of the 

equations. Initially, the integral over D is small and the 

first term in Eq. (62) dominates, resulting in decreasing D 

with E. This clearly is the bleaching or saturation of the 

optical transitions at the injection levels. As the inte

grated D increases, however, we see that at some value of E 

the second term dominates and D begins to increase as E 

approaches unity asymptotically due to the factor (1-D). 

This behavior is illustrated schematically in Fig. 7 where 

part (a) depicts the initial buildup and saturation of the 

injection levels (vertical dashed line). In (b), the 

process of free carrier absorption begins and heats up the 

carriers, decreasing the saturation of the injection level. 

We have seen in Chapter III that the rate of energy 

loss of an electron with energy E to spontaneous phonon 
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Fig. 7. Excitation of a distribution of carriers in the 
presence of free carrier absorption and phonon 
emission — See text for explanation. 
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3/2 
emission is proportional to E ' . In the distributions of 

Fig. 7(b) there is a large variation in the rate of energy 

loss, particularly in the "hotter" distributions. The high 

energy "tail" of the distribution may become truncated 

through this rapid energy loss. This would form an effec

tive "lid" on the distribution, causing the saturation 

levels to increase in population once more (see Fig. 7[c]), 

explaining the final rise in the data of Fig. 5 (sample I). 

The Excitation/Probe Experiments 

From single pulse transmission measurements it is 

clear that we are strongly perturbing the population of 

energy levels of germanium with pulses of the intensity used 

to obtain the data, while producing quite noticeable effects 

on the optical properties of the sample. The purpose of 

this set of experiments is to determine the legnth of time 

the sample remains perturbed after excitation, the nature of 

the perturbation, and the reasons for its decay. 

We refer once again to Fig. 4. A problem that 

occurs in these experiments that did not occur in single 

pulse transmission is the convergence of the excitation and 

probe pulses on the sample. Although we may steer mirrors 

and **2 using the Helium-Neon alighment beam to 

obtain convergence of the alignment beams on the sample, 

there is no absolute guarantee at the distance of the sample 

that the 1.06 |im beam and the Helium-Neon beam are coaxial. 
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Therefore, we obtained burn patterns from the picosecond 

pulse at the position of the sample when we had aligned the 

mirrors using the alignment beam. The resultant burn 

patterns confirmed the fact that the helium neon beam was 

indeed coaxial with.the picosecond pulse path. 

We were also concerned about the state of polariza

tion of the excitation and probe pulses. Even though the 

pulses are vertically polarized upon leaving the second 

Glan polarizer, a number of reflections occur between the 

polarizer which may jumble the state of polarization into a 

generally elliptical one. Since the matrix elements govern

ing absorption in a solid- generally depend on the state of 

polarization of the field, we must know the state of 

polarization of the exciting radiation and make sure the 

probing pulse has the same polarization. If all the rays 

drawn in Fig. 4 lie in the same plane and the incoming 

polarization is normal to that plane, then the state of 

polarization is unaltered by reflections, because the 

polarization of the field is always normal to the plane of 

incidence. It is only when we have polarization components 

both normal and parallel to the plane of incidence and when 

the phase shift upon reflection is different for the differ

ent components that the reflected field is elliptically 

polarized. In order to confirm this experimentally we 

examined the two beams with the sample removed as in Fig. 4 

through a polaroid. The alignment beam was chopped and the 
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signals from the detectors registered on an oscilloscope. 

The polarizer was rotated until maximum extinction was 

obtained and the angle noted. No change in the angle of 

maximum extinction was noted between the two beams, con

firming the fact that our polarization was indeed identical. 

The physically meaningful quantity in these experi

ments is the ratio of transmission between the probe and 

excitation pulses. In order to obtain this ratio from the 

ratio of transmitted voltages on the detectors it is neces

sary to calibrate the detectors with the sample removed, or 

with a linear attenuator in its place. Since the voltage on 

the detector is linearly dependent on the energy received by 

that detector we have 

V = S • E. 

Therefore the transmission ratio is 

E2/E20 V2/(S2E20> V2 SAO 

= VE10 = V(S1E10' = V1 ' S2E20 • 

But the factor multiplying the voltage ratio is easily 

obtained by firing the laser through a linear attenuator: it 

is the inverse of the voltage ratio obtained by the calibra

tion shot. 

We proceeded with the experiment by changing the 

delay with each shot of the laser by moving the prism P2 on 

a micrometer adjusted translation stage. 
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Our first experiment lacked an attenuator in the 

path at A (Fig. 4), and consequently, the probe pulse had 

approximately the same intensity as the excitation pulse. 

The data are given in Table 3. Since the probe pulse also 

appreciably disturbed the medium, we wished to remove this 

added confusion by attenuating this pulse with a calibrated 

attenuator inserted in the probe pulse path at A. These 

data are given in Table 4. 

We also obtained data from sample II, and these 

results are given in Table 5. We have also plotted the 

averaged results from the two experiments in Fig. 8. The 

curve marked (a) is the two pulse data average transmission 

ratios versus delay time for equal intensity probe and 

excitation pulses. The curve (b) is the data for the 

attenuated probe pulse. 

Three additional experiments were carried out. 

First, we attempted to obtain data at room temperature, but 

the transmission of the sample was too small to measure. 

Secondly, we carried out measurements when both probe and 

excitation pulses were attenuated. The ratio never deviated 

significantly from unity, as one can see from examination 

of Table 6. Finally, we can see from Fig. 8 that there is 

obvious structure in the transmission ratio as a function of 

time, indicating changing values of the optical constants. 

We wished to inquire as to whether the structure observed in 

the ratios was due to changes in reflectivity. Therefore, 
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Table 3.—Continued 

4- T Pulse 
*d 

1 
O width, 

Shot psec -J* 5.38 
*1 *2 psec rt 

44 300 825 0.20 0.65 2 3.25 
45 225 710 0.03 0.07 — 2.33 
46 225 610 0.008 0.012 3 1.5 
47 225 650 0.036 0.194 2 5.39 
48 225 675 0.056 0.29 2 5.18 
49 450 710 0.104 0.148 2 1.42 
50 450 660 0.018 0.10 2 5.56 
51 450 860 0.096 0.108 2 1.13 
52 450 860 0.06 1.112 2 1.87 
53 450 575 0.008 0.032 2 4.0 
54 600 675 0.024 0.08 — 3.33 
55 600 610 0.008 0.024 — 3.0 
56 600 550 0.004 0.024 — 6.0 
57 750 610 0.012 0.016 — 1. 33 
58 750 790 0.176 0.444 — 2. 52 
59 750 840 0.352 0.504 — 1.43 
60 750 760 0.088 0.320 — 3.64 



Table 4. Excitation/Probe Data on Sample I with Attenuated 
Probe Pulse 

Shot V 
o V1 V2 

psec rt 

1 0.40 0.06 0.0048 0 0.88 
2 0.47 0.064 0.044 5 0.686 
3 0.42 0.04 0.0044 15 1.21 
4 0.58 0.66 0.06 30 0.99 
5 0.66 0.92 0.0604 45 0. 72 
6 0.70 6.6 0.412 60 0.685 
7 0.55 0. 328 0.039 75 1. 31 
8 0.70 6.44 0. 592 90 1.01 
9 0.72 8.89 0.554 105 0.426 
10 0.58 0. 5 0.0644 120 1.41 
11 0.66 0.78 0.0832 135 1.17 
12 0.60 0.48 0.029 150 0.66 
13 0.24 0.016 0.0016 150 1.1 
14 0. 36 0.092 0.0126 135 1.5 
15 0.58 1.1 0.14 120 1.41 
16 0.47 0.676 0.112 105 1.83 
17 0.34 0.14 0.0136 90 1.07 
18 0.62 0.248 0.0128 75 0. 57 
19 0.57 1.024 0.081 75 0.874 
20 0. 52 0.224 0.0244 60 1.2 
21 0. 52 0.248 0.031 45 1.372 
22 0.51 0.252 0.036 30 1. 59 
23 0.44 0.132 0.128 15 1.06 
24 0.42 0.128 0.01 5 0.858 
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Table 5. Excitation/Probe Data on Sample II 

Shot vo V1 V2 td rt 

Cal. . 0.45 1.8 0.2 0 
Cal. 0.025 0.195 0.086 0 
1 0.05 0.025 0.014 0 1.27 
2 0.022 0.001 0.002 8 4.54 
3 0.016 0.003 0.004 8 3. 33 
4 0.008 0.0048 0.0034 8 1.61 
5 0.044 0.076 0.032 15 0.956 
6 0.028 0.0128 0.008 23 1.42 
7 0.02 0.0056 0.0036 30 1.46 
8 0.028 0.02 0.015 38 1.7 
9 0.0376 0.0224 0.0204 45 2.08 
10 0.008 0.0016 0.0012 53 1.7 
11 0.0328 0.024 0.033 60 3.12 
12 0.0212 0.008 0.0062 68 1.76 
13 0.0188 0.0044 0.0022 75 1.14 
14 0.0252 0.034 0.046 83 3.07 
15 0.0152 0.0076 0.0036 90 1.08 
16 0.0152 0.004 0.0016 98 0.91 
17 0.032 0.051 0.034 105 1. 51 
18 0.04 0.018 0.013 113 1. 64 
19 0.0352 0.0348 0.03 120 1.96 
20 0.036 0.018 0.019 128 2.40 
21 0.044 0.022 0.017 135 1.75 
22 0.024 0.0184 0.0214 143 2.64 
23 0.026 0.0164 0.0158 150 2.19 

Cal. 0.016 0.016 0.0114 150 1. 62 
24 0.024 0.028 0.035 150 2.84 
25 0.0132 0.004 0.0024 135 1. 36 
26 0.042 0.038 0.042 120 2.51 
27 0.0164 0.0052 0.0036 105 1. 57 
28 0.0372 0.052 0.043 90 1.88 
29 0.0208 0.0092 0.0064 75 1. 58 
30 0.042 0.05 0.047 60 2.14 
31 0.03 0.0152 0.0122 45 1.81 
32 0.038 0.046 0.039 30 1.93 
33 0.026 0.0084 0.0058 15 1.57 
34 0.052 0.05 0.029 150 1. 32 
35 0.028 0.02 0.015 165 1.7 
36 0.061 0.06 0.03 180 1.14 
37 0.052 0.058 0.03 195 1.17 
38 0.034 0.028 0.016 210 1.3 
39 0.016 0.01 0.005 225 1.14 
40 0.05 0.032 0.014 240 1.0 
41 0.009 0.006 0.0025 255 0.95 
42 0.05 0.04 0.018 270 1.02 
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Table 5.—Continued 

Shot vo V1 V2 td rt 

43 0.052 0.045 0.024 285 1.21 
44 0.026 0.01 0.0052 300 1.18 
45 0.018 0.014 0.0122 143 1.98 
46 0.042 0.036 0.041 128 2.58 
47 0.036 0.02 0.019 113 2.16 
48 0.024 0.018 0.013 98 1.64 
49 0.0104 0.0048 0.0024 83 1.14 
50 0.0488 0.042 0.026 68 1.41 
51 0.0216 0.016 0.0112 53 1.59 
52 0.0276 0.0304 0.025 38 1.87 
53 0.0356 0.0232 0.0158 23 1. 551 
54 0.04 0.046 0.0276 8 1. 36 

Cal. 0.0172 0.0108 0.0052 8 1.09 
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Fig. 8. Data from excitation/probe experiments with 
attenuated probe (circles) and unattenuated probe 
(crosses) pulses. 
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Table 6. Excitation/Probe 
Excitation Pulse 

Data on Sample II with Attenuated 

Shot V1 V2 fcd rt 

1 0.044 0.007 0 0. 795 

2 0.070 0.010 30 0.715 

3 0.170 0.017 60 0.500 

4 0.070 0.008 90 0.570 

5 0.105 0.013 120 0.620 

6 0.100 0.011 150 0.550 

7 0.120 0.014 135 0.585 

8 0.105 0.012 105 0. 570 

9 0.085 0.011 75 0.650 

10 0.235 0.027 45 0.575 

11 0.140 0.016 15 0.570 

Cal. 0.125 0.025 15 1.000 
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we performed the excitation/probe experiment one more time, 

but placed the detectors to catch the reflected pulses from 

the sample. Calibration was done by reflecting off the 

glass substrate of the sample. The data are given in Table 

7. No change in reflectivity is noted to within the experi

mental uncertainty of about 5%. 

It is instantly apparent from Fig. 8 that the 

situation of excitation in germanium is more complicated 

than the excitation of systems such as saturable dyes, which 

obey the two level model quite well. Instead of the 

monotonically in reasing absorption with delay after t^ = 0, 

we observe structure in the form of relative maxima and 

minima. Furthermore, the transmission ratio is always near 

unity for t^ near zero, where the two-level model would 

predict maximum saturation and, hence, maximum transmission 

ratio. Finally, the observed maxima are approximately of 

the same transmission ratio when the probe pulse is 

attenuated, but when the probe is of the same intensity as 

the excitation pulse only one clear maximum occurs at the 

same delay time as the second peak in Fig. 8(b), but at 

much higher ratio. The qualitative behavior of these data 

can be explained in terms of the hypothesis used to explain 

the single pulse transmission data. We have seen that the 

action of free carrier absorption is to increase the tempera

ture of the distribution of free carriers. At the end of 

the excitation pulse, the temperature of the distribution is 
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Table 7. Excitation/Probe Data Monitoring Reflectivity 

*• 

Shot (arbitrary) ratio ^2^1 psec 

0 3.2 2.5 .782 + .065 0 

1 2.9 2.5 .862 + .069 0 

2 3.1 2.5 .806 + .065 8 

3 4.5 3.2 .711 + .045 15 

4 6.8 5.2 .765 + .030 15 

5 8.3 6.8 .819 + .025 23 

6 5.8 4.5 .776 + .035 30 

8 4.9 4.1 .836 + .041 30 

9 1.9 1.5 . 789 + .105 38 

10 6.4 5.2 .813 + .031 45 

11 5.1 4.2 .823 + .039 53 

12 7.6 6.0 .790 + .026 60 

13 5.5 4.8 .873 + .036 75 

14 6.0 4.8 .800 + .033 90 

15 3.9 3.1 .795 + .051 105 

16 7.0 5.6 .800 + .029 120 

17 11.7 9.2 . 787 + .017 135 

18 5.2 4.1 .789 + .039 150 

19* 0.4 0. 3 .750 + .500 150 

•Calibration shot off glass substrate of germanium 
sample, reflectivity = 4%. 
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much warmer than would be expected in the absence of free 

carrier absorption, and hence the population of the probe 

levels is relatively unsaturated, as illustrated in Fig. 

9(a) by the dotted line crossing the dashed vertical line. 

This explains why the ratios just after excitation are near 

unity. The carriers will next emit phonons and lose energy, 

lowering the distribution temperature and resulting in an 

increase in the population of the probe level until the peak 

in the distribution occurs at the probe energy, E . At this 
P 

time the saturation of the medium reaches a maximum, and the 

transmission ratio reaches a peak for weak probe pulses. 

Figure 9(b) shows that after the peak is reached, the dis

tribution function approaches the condition where kQT is 

less than Ef (the Fermi energy). Since the probe energy is 

greater than the Fermi energy for low temperatures, the 

population of these levels drops rapidly to zero (Fig. 

9[c]) and the saturation once again is low, causing the 

transmission ratio to fall. 

The existence of a second peak in the ratio may be 

ascribed to a second distribution of carriers which lose 

energy at a slower rate than the first group due to their 

smaller effective masses. Since the rate of energy loss to 

5/2 
phonons is proportional to m* , a small difference in the 

effective masses of the carriers results in a very large 

difference in energy loss rates. Since the holes in 

germanium (heavy holes) have a much larger effective mass 
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Fig. 9. Thermalization of a hot carrier distribution. 
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than the electrons at the direct gap, the holes would be 

expected to therraalize first, causing the first peak in the 

data at about 30 picoseconds. The second peak would then be 

due to the electrons. When the probe pulse is very intense 

we must observe the.additional complication that the dis

tribution of carriers is "warmed" by the intense probe, 

where it would be insignificantly influenced by the weak 

probe. When a large part of the distribution of holes and 

electrons lie above the probe levels, this probe acts as an 

additional excitation pulse and the discussion under the 

single pulse transmission data applies. This is to say, 

free carrier absorption acts as a desaturation mechanism and 

holds down the transmission ratio. But if the intense probe 

were delayed until the first group of carriers had relaxed 

below the probe levels, the warming of this distribution 

would tend to increase the population of the probe levels. 

Under these circumstances, free carrier absorption would aid 

the saturation of the probe levels, producing a much higher 

transmission ratio than would be possible otherwise. This 

peak in the ratio would correspond to the second peak in the 

low intensity probe data, because at the time of the first 

peak in these data, both distributions (electrons and holes) 

lie at or above the probe energy. Therefore, the first peak 

in the intense probe data should be of low transmission 

ratio or it should be washed out by the influence of the 
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very large second peak and be visible only as a shoulder. 

This is just what we have observed. 

A certain ambiguity arises in the hypothesis due to 

the fact that we allow the possibility that electrons and 

holes may reach quasi-equilibrium states separately, having 

different temperatures. However, collisions between 

electrons and holes would tend to make the distributions 

reach a uniform temperature, provided they occurred on the 

order of the time for carrier-carrier scattering between 

like species. If the electron-hole scattering time is 

short, then both distributions have the same temperature and 

the first hump in the excitation/probe data is due to the 

carriers which are being probed at the higher energy (i.e. , 

the electrons). But if the scattering time is long, then 

the first hump is due to the species which relaxes faster 

(i.e., holes). There is some reason to believe that the 

latter case is true since the binding energy of the exciton 

in germanium is so low (Smith, 1961) compared to the carrier 

energies (.005 eV to .1 eV). 

Since the peak transmission ratios in the two-pulse 

experiment using the attenuated probe pulse are of nearly 

equal height, it would seem that the saturation induced by 

electrons and holes is equal. This would imply the weakness 

of intervalley scattering for hot carriers at liquid nitrogen 

temperature over the time scale of at least 200 picoseconds 

(i.e., t^v > 2 x 10"*^ sec.). 
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It is difficult at the present time to estimate 

relaxation rates from the excitation/probe experiments 

because so much depends on the additional energy absorbed 

by the free carrier process. At present this energy is 

unknown, but we expect it to be on the order of 0.1 eV. 

With this assumption, we arrive at thermalization rates of 

9 8 
3 x 10 eV/sec and 8 x 10 eV/sec for the two species of 

carriers. The agreement with the calculation of Chapter III 

is fair and implies the relative importance of acoustic 

phonons over optical phonons for thermalization in our 

experiment, since 2.5 x lO"1"® eV/sec is too high for agree

ment with our data. Whatever the process (acoustic or 

optical phonon emission), the dependence on the effective 

mass should be also apparent from the data. The ratio of 

effective masses of the two species of carriers is 

.04/.35 = 0.11 near the direct gap by cyclotron resonance 

measurements. If the carriers reach equilibrium between 

themselves rapidly, the ratio of their relaxation times 

should be the ratio of their effective masses; if they 

thermalize independently of each other then the ratio of the 

delay times of the peaks in the two-pulse data would reflect 

a ratio of effective masses raised to the 5/2 power. The 

expected ratio would be about 0.25 in the former case and 

0.5 in the latter. This suggests that the carriers estab

lish an equilibrium between the two species very rapidly and 

that the effective masses are altered to a large degree for 



the hot electrons as opposed to a thermal distribution 

liquid introgen temperature. 



CHAPTER VI 

CONCLUSIONS 

We have observed transient structure in the absorp

tion of germanium at 1.06 p.m under intense illumi'nation with 

a picosecond pulse. This structure is in part due to the 

relaxation of nonequilibrium carriers and the resultant 

recovery from saturation of the interband transitions, and 

in part due to a second transient absorption process which 

may be due to the free carrier plasma generated by the 

excitation pulse. From a theoretical standpoint the problem 

is yet too unspecified for treatment from a first principles 

calculation and more facts must be gathered before such a 

treatment is possible. 

Our measurements have resulted in a complete 

description of the transient optical properties of germanium 

at 1.06 |-im (both excitation and probe) for a temperature of 

80°K. Since it is suspected that free carrier absorption 

may play an important role in the transient behavior of the 

sample, we should perform the experiment using a probe pulse 

at some frequency below the fundamental absorption edge. 

Three |_im should approach the plasma frequency of the free 

carrier plasma causing large changes in reflectivity of the 

sample. This frequency probes only the free carrier 
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interaction and not the interband transitions, and conse

quently, the behavior of the former may be isolated from the 

latter in the present set of data. 

We have advanced a hypothesis which is capable of 

explaining qualitatively the experimental results in terms 

of the distribution of carriers in energy levels of the con

duction and valence bands and the effect on the temperature 

of these quasi-static distributions by free carrier absorp

tion. This experiment has given us enough information 

about the carrier distributions that we may predict the 

response of the sample under different experimental condi

tions to test our hypothesis. These predictions include: 

(1) the two pulse data should not be markedly influenced by 

changes in temperature except at such high temperatures 

where indirect transitions become important, and (2) a suf

ficiently strong static electric field applied to the sample 

during the experiment should prevent the carrier distribu

tions from cooling down due to phonon emission. This would 

markedly alter the results from the two-pulse experiment. 



APPENDIX 

LINEAR RESPONSE THEORY OF ELECTRONS AND PHONONS 

The expectation value of an operator, A, for a 

statistical distribution described by the density operator, 

p, is 

A = tr(Ap). . (l) 

If H is the total Hamiltonian of the system the result of 

the Schr'odinger equation is 

P = - 4 EH'P]- (2) 

We wish to treat to first order the evolution of two coupled 

systems described by the Hamiltonian 

H = H + H2 + V, (3) 

where H^ and H2 are the Hamiltonians for the isolated 

systems and their interaction potential is V. The density 

matrix for the combined systems is 

p = px oc p2, (4) 

where oc refers to the outer product. Equation (2) becomes 

P  =  -  ̂  [ v , p l  ( 5 )  

because H^ and H2 commute with p. We may formally integrate 
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Eq. (5) to give 

* - po - if dt'[V,po], (6) 
o 

accurate to first order. From Eq. (1) we then have 

(A (t) > = tr{A(po - ij dt'[V(f >.P ]}. (7) 
o 

or 

. t 
(A(t)> - <A(o)) = tr{- ̂  J* dt 'A(t) [V(t' ) , po ] }. (8) 

o 

For the coupled systems of free electrons and phonons, we 

have the interaction Hamiltonian 

V = T, S g, (c* c, b+ + c* c, b ) , (9) 
k q 

ykfq k-q k q k+q k q ' 

and we wish to know the behavior of the measurable quantity 

described by the operator 

- 3t (ck "Tt'- <10) 

The operators c£ and ck describe the electron field and obey 

the anticommutation relations 

^ck''ck^ ~ ck' ck + °k ck« " 6k': 

{ck'ck'3 = = °- (11) 
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Whereas, the phonon field operators obey the commutation 

relations 

[b, , ,b^] = b, . b^ + b.+ b, , = 6 , 
L k' ' k k' k k k' k'k 

[bk"bk] = [bk> 'bk] = °* (12) 

Since 

ft,. = ̂  [H,nk] = - ̂  CV»nk3 , (13) -l 
tfi 

we have 

\ = " k i, S Vq C<CJ'-qCk'bq+CJ'+qCk'bq,CJ°k 
K q 

" cick(cJ.-qck'bq+<'+qck'bq):l- (14) 

Consider the term 

S = £ E g, , ĉ c, c.+. c. .. 
k, q yk',q k k k'-q k' 

We may interchange cfc and c*, provided k £ k'-q, or 

S = k^ q 9k' 'q CkCk'-qCkCk' + g gk+q»q CkCkCkGk+q 

k+q 

= k^ q 9k''q Ck,-qCkCk'Ck " q% 9k+<J'^ Ck°kCk+qCk 
k+q 

+ gk.O nk 
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" qJo 9k' '<J 9k. /0 ck'ckck'Ck 

k+q 

+  E g .  c ^ c ,  ,  ( 1 - n .  )  +  g .  _  n ^  
q^O k+c*,q k k+q k k»° k 

= E E g. , c. , acv i nv ^ 9T, i Q c. , c, , n. 
k7 q^O K 'q K q K K k'A K K k k 

k+q 

+ q̂ O 9k̂ '<J 
CJCk^a"nk) + 9^.0 4 

Next, the term 

S1 = E Eg c,+, c. . ĉ c, , 
k, q yk',q k'-q k' k k' 

may be rewritten as 

S' = k* Jo 9k' .1 + kVk 9k' 
k+q 

+ 
q̂ Q gk+q,q CkCk+qnk + gk,0 "k * 

Since the equation for n^ contains the expression (S'-S), we 

have 

S'-S = E g, cjc. (l-2n, )b+. 
q^O k+q'q * k+q k q 

Treating the other terms in a similar manner we have 

n, 
h qJQ (gk+q<qCkCk+qbq + ̂ -q.qtt-qV'^^1' 

= r- E 
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Returning to Eq. (8), we see that 

t 
<nk(t)>-<nk(0)> = - ̂  J* dt' 2 Pm<m|[nk,V] |m), (16) 

o m 

where the state vector (m| represents the compound state of 

electrons and phonons prior to the interaction. This state 

will therefore be expanded to the state vector 

<{k} I <{q,ng} | , 

where <{k]| is the ensemble of electrons distributed in some 

way among all their accessible states. Associated with this 

state vector, we have the probability that it will occur in 

the statistical ensemble of possible electronic state 

vectors, namely, Pk. Likewise, for the phonon state vector 

we have {[q.n }| and P . The density matrices for the H' q q,nq 

electrons and phonons are diagonal in the linear interac

tion, and hence, no superpositions of eigenstates appear in 

the possible state vectors enumerated above. This fact will 

serve to simplify our analysis because the commutator, 

[ftk,V], will have a vanishing matrix element if the state of 

the system is altered by the commutator. Letting 

V+ = g, c* c, b (17) 
k,q k,q k+q k q 

and 

V" = g. c+ c,b+, (18) 
k,q yk,q "k-q k q' 
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we have 

[A*'V] • " « I I (Wq+V£-q.q)<2nK-1,<VV.q. 

+vt, . >-<vC. ,+vt, +vt )(2n.-l). (19) 
k' ,q- k';q' k1 ,q1 k+q,q k-q,q k 

Terms containing V~V~ or V+V+ vanish because they leave the 

phonon state altered. The remaining terms of [n,V] also 

vanish if k'A. Therefore, we have 

^-nk' V^r = ~ ^Vk+q#q(2nk~l)Vk,q + Vk-q ,q(2nk"1 ) Vk ,q 

- V~ vj (2n,-l) - V+ V" (2n, -1) ]. (20) 
k,q k-q,q k k,q k+q,q 1c 

These terms are easily evaluated in terms of nk operators 

giving, 

C V V]r - " k 9k,q = ^k+q.q <1"nk+q)nk(1"2nk)n, q^O rw~rvi'H "-'M "• <3 

+ n, , (1-n, ) (l-2n.) (1+n ) 
k+q k k q 

+ g,, (1-n, )n.(l-2n. ) (1+n ) 
^k-q,q K-q k K q 

5 + n^ (1-n^)(l-2n^)n ]. (21) 

The number of electrons in a given state is either 0 or 1. 

Consequently, there are only four possibilities for the 

matrix elements of the terms above: if both and n^ are 

zero, the matrix elements for that term vanish; if they are 

both unity the matrix elements vanish; if nfc = 0 and 



= 1 the matrix element is proportional to (1+n^); if 

n^ = 1 and = 0 the matrix element is proportional to 

-n . The initial states of the electrons and phonons were 
<3 

energy eigenstates, therefore the sum over states in Eq. 

(16) is a trivial one because all states are equally 

probable. If we take the sum over q outside the sum over 

states, we see that we have 

. t 
<ft.(t) )-<n, (0) > = - ir f dt1 E g. g, [(1+n )P, n 
k k J q^o yk,qyk+q,qL q k=0 

p -n P P 1 
k+q=l q k=l k+q=0 

+ [(l+n )P. ,P, n-n P, nP. ,]. (22) 
^k,qk-q,qL q k=l k-q=0 q k=0 k-q=l ' 

where is the probability that the state k has no 

electrons. The conservation of energy due to the implicit 

time dependence of the electron and phonon operators demands 

that the states k and k+q have the same energy and therefore 

Pk = Pfc+g* Remarkably, this causes the n^ to drop out of 

Eq. (22). The physical interpretation of this fact is that 

the electron has equal probability of gaining or losing 

energy due to stimulated emission and absorption of phonons. 

Only spontaneous emission remains as a mechanism by which 

the electron distribution may lose energy (Scully, 1972). 
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