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SUMMARY

In this work, we report on our progress in attempting to use the high
electric fields and the ultrashort pulses that can be derived from Nd:glass
and CO2 lasers to investigate hot electron effects in semiconductors. In-
tense ultrashort optical pulses having durations of a few picoseconds and
peak powers of 108 watts can be readily generated by mode-locking a Nd:glass

laser. The extremely high power and short duration of pulses from these

lasers make possible the study of saturable optical transmission properties

and hot electron dynamics of semiconductors on a picosecond time scale. In

addition to this study of carrier dynamics, we are also attempting to inves-

tigate stress and electric field biasing of the absorption properties of

semiconductors under intense, short-pulse Co2 laser radiation.

Hence, we report on the development (with coworkers at the University
of Arizona) of an initial model (see Appendix A) that describes the gener-
ation and the temporal evolution of hot electron~hole plasmas produced in
the semiconductor germanium by the absorption of intense, ultrashort optical
(A = 1.06 um) pulses. This model is shown to be in agreement with the
experimentally-observed enhanced transmission of single, energetic pulses
through thin germanium samples as a function of incident pulse energy for
two sample temperatures, 105 K and 300 K. It has also successfully des-
cribed the transmission of a weak probe pulse through the germanium as a
function of time delay after an energetic excitation pulse for different
excitation energies and for sample temperatures of 105 K and 300 K. Subse-

quent to the development of this model, van Driel and coworkers conducted

iii

gL

= PR 2 2 L




further transmission studies (sec Appendix B), in which the enerqgy band gap
af the germanium was tuned by hydrostatic pressure, that corroborated this
proposed model.

Recently, however, the optical pulsewidth dependence of thin germanium
samples was experimentally measured, as suggested in our earlier work (see
Appendix C). We found these measurements to be in substantial disagreement
with the predictions of our model. The question then arose as to whether
this disagreement with the proposed model was due to assumptions made in
deriving the model, experimental uncertainties in physical constants used
in the calculations, or to relevant physical processes omitted from the
model. A numerical investigation (Appendix D) of the effect of the electron-
phonon coupling constants on the model revealed that, given the uncertainties
in these and other constants, the pulsewidth experiment was not a definitive
test for the model. 1In fact, given the uncertainties in certain of the
physical constants contained in the calculations, many of the questions con-
cerning the physics of ultrafast phenomena in germanium can only be answered

by further experimental investigation.
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ULTRAFAST TRANSIENT OPTICAL RESPONSE OF ELECTRON-HOLE

PLASMAS IN SEMICONDUCTORS

Theory

During the past year, the theoretical activity in this project has
been a detailed study of the theory for the transmission of ultrashort
optical pulses through germanium. At the beginning of the year, an initial
model had been developed by A. Elci, A. L. Smirl, J. C. Matter and M. O.
Scully. Smirl and Matter had also completed single pulse and excitation-
probe pulse experiments with germanium. In addition, an attempt had been
made to generate numerical solutions to the complicated coupled set of
integro-differential equations in the theory.

However, there were several problems in the original computer codes.
The computer program was lengthy and expensive to execute, and the solution
to the differential equations was crude. Several modifications were
needed to improve the accuracy and execution time.

’ There were four areas in which the numerical techniques were improved.
First, the execution time was considerably lowered by using Gauss-Laguerre
quadrature formulas to evaluate the integrals. Next, the accuracy of the
solution to the differential equations was improved by using a fourth order
Runge-Kutta solution. The third major area of improvement was the intiali-
zation routine which starts the program. By including limiting valves calcu-
lated in the high temperature limit, the executiom time was improved by

nearly an order of magnitude. Finally, a correction routine was included
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in the program to check for and correct for roundoff error due to the large
number of iterations required to complete the calculation.

Having developed an efficient and accurate computer routine, W. P.
Latham and A. L. Smirl generated the final theoretical curves comparing the
experiments of Smirl and Matter to the theory of A. Elci, et al. The results
were presented in the paper by A. Elci, A. L. Smirl, J. C. Matter and M. O.
Scully.1 A copy of this paper is included as Appendix A of this report.

By the time the paper by Elci, et al.l was completed, additinnal optical
experiments, in which the band gap was tuned by pressure, had been performed
by H. M. van Driel, J. S. Bessey and R. C, Hanson.2 The computer code was
modified to include these pressure effects and the corresponding theoretical
curves were generated by Latham and Smirl. The agreement between these new
experiments and the proposed model was excellent. The pressure experiment

is reviewed in the preprint contained in Appendix B of this report.

Subsequently, J. S. Bessey, B. Bossachi, H. M. van Driel and A. L. Smirl3

completed single pulse transmission studies in which the incident optical
pulsewidth was varied. (A preprint of this paper is included in Appendix C
of this report.) The pulsewidth experiment indicated the first disagreement
between theory and experiment. Whether this disagreement was due to the
simplifying approximations made in the model, the uncertainties in physical
constants, or the details of the physical processes included in the model
was investigated. By numerically solving the equations for several valves
of the parameters in the theory, Latham and Smirl generated a large library
of figures in which theory and experiment were compared. The culmination of
this theoretical study was the paper by W. P, Latham, A. L. Smirl, A. Elci,
and J. S. Bessey4, which is presented as Appendix D of the report. Finally,

a review paper, in which diffusion is included in the model for the first
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time, was presented by A. Elci, A. L. Smirl, M. O. Scully, and C. Y. Leunq.5
A copy of this paper is also included as Appendix B of this report.

In summary, throughout the year, this project provided the theoretical
and numerical support needed to compare theory with experiment. Members of
this project submitted several publications. The initial paper by Elci, et
a1.1 has been published in Physical Review B. The paper by Bessey, et al.3
has been submitted for publication. Both the paper by Latham, et al.4 and Elci,
et al.s were presented at the International Conference on Hot Electrons in Semi-
conductors, which was held at North Texas State University, and have been ac-
cepted for publication by Solid State Electronics. All of the members of this
project actively participated in the conference. A. L. Smirl, principal inves-

tigator, served as conference vice-chairman.

Exper iment

In the first year of this grant, the experimental effort has been devoted
to designing, constructing, and assembling a system that enables us to directly
monitor ultrafast processes. This system utilizes an excitation-probe technique
first used by Shelton and Arnstrong6 to monitor the evolution of nonequilibrium
processes on a picosecond time scale.

This excitation-probe technique requires the use of the following equip-
ment (see Figure 1):

(1) A mode-locked laser producing trains of ultrashort pulses.

(2) An electro-optic shutter to separate one of the ultrashort pulses from
the train of pulses produced by the mode-locked laser.

(3) A detection system to monitor the pulse train and the shutter.

(4) An apparatus to split the "switched-out" pulse and temporally delay one
part with respect to the other.

(5) An optical dewar to mount the sample and to control its temperature.
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(6) A detection system to monitor the "switched-out" pulse both before and
after the sample.

This last year has been spent in designing, constructing, assembling,
and testing every component of the system described above as well as
other pieces of peripheral equipment.

The mode-locked laser system consists of an end mirror, a laser head
containing a xenon flashlamp, a Nd:glass rod, a cooling system, an output
coupler, a dye cell in contact with the output coupler, a power supply for
the flashlamp, and an alignment laser to ensure the alignment of the laser
cavity.

This was the first part of the system to be assembled and tested. Mode-
locking the laser requires that the dye concentration be balanced correctly
with the power applied to the xenon flashlamp to ensure that the rod lases
only once during the symmetrically shaped flashlamp pulse. As a consequence
the dye concentration (i.e. the volume to volume ratios of 1-2 dichloroethane
and an Eastman Kodak dye, A9860) was varied from 10:1 to 3:1 while the laser
output was monitored at each concentration as a function of voltage applied
to the flashlamp. Two monitoring processes were used. The output of the
laser was monitored directly using a fast risetime biplanar photodiode-
oscilloscope combination. Also the output was monitored indirectly using
a silicon PIN-photodiode in the photoconductive mode with an oscilloscope,
and the Jaser radiation was observed as a spike riding on top of the sym-
metric flashlamp pulse. As a result of these measurements a 5:1 dye solution
was chosen as the best match to our needs. It is necessary to point out, how-
ever, that mode-locking is such a complicated statistical process that we
have from time to time run into difficulties in obtaining clearly mode-locked

output from the laser system. At such a time, one must check all of the
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possible causes of problems (e.g. bad dye, dirty dye cell) until the problem

18 cor-ected.

The next piece of equipment that was installed was the electro-optic

shutter (see Fig. 2) consisting of two Glan-Foucault polarizers, a Pockel's

cell, a spark gap, a d.c. power suppli. and coaxial cable to connect the

power supply, spark gap, and Pockel's cell. Among the important problems

associated with the set-up of the shutter were:

(1)

(2)

(3)

One would like the ratio of light passed by the shutter with voltage
applied to the Pockel's cell compared with the light passed by the
shutter with no volitage on the cell to b¢ as large as possible. 1In
order to maximize this ratio (the switch-out ratio) the polarizers must
be crossed precisely before the Pockel's cell is placed between them.
The switch-out ratio was tested by monitoring the light passed with no
voltage applied to the Pockel's cell and comparing it to the light
passed when a single pulse was switched from the pulse train by the
shutter. This ratio was measured to be approximately 100:1 and should
not be confused with the usual extinction ratio.

The KD*P crystal in the Pockel's cell must be aligned very precisely
with its optical axis parallel to the direction of propagation of the
pulse train. Alignment of the Pockel's cell was ensured by viewing the
crystal between the crossed polarizers while it was illuminated by an
extended, diffuse source and by orienting the crystal in such a manner
that a dark or opaque area shaped like a Maltese cross appeared centered
in the aperture of the polarizers.

Breakdown of the spark gap must be controlled in one of two ways: either
by adjusting the gap spacing or by adjusting the gas pressure. The pro-

duct of gas pressure and gap spacing must be chosen so that breakdown
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(4)

(5)

(6)

occurs carly in the pulse train. One of the first few pulses must be
switched from the pulse train since the pulsewidth increases at the back
of the train due to the various nonlinear processes associated with the
pulse production.

The length of the coaxial cable-connector system between the d.c. power
supply and the spark gap must be chosen carefully since it controls how
long the shutter will be "open". A problem, which still has not been
solved, is that the shutter occasionally switches out parts of two pulses
instead of one. This problem is associated with the "jitter" in the
overlap of the voltage applied to the KD*P crystal and the pulse train.
When the voltage overlaps a single pulse, it is switched out; whereas,
when the voltage overlaps two pulses, parts of both are switched out.
This problem has been approached in two ways. First, the frequency of
double switchout was reduced by varying the spark gap spacing and the

gas pressure. We are now in the process of trying a shorter length of
coaxial cable between the d.c. power supply and the spark gap (see Fig. 2).
We believe that this will solve the problem.

The length of the coaxial cable-connector system between the spark gap and
the Pockel's cell must be chosen carefully as it controls the time delay
between breakdown in the spark gap and turn on of the Pockel's cell.

The coaxial cable on the other side of the Pockel's cell must be termi-
nated properly or ringing will occur allowing more than one pulse to be
switched out.

Once we had the laser and shutter assembled and operating, we calibrated

the silicon PIN-photodiode detection systems for monitoring the energy of the

4
switched-out pulse. These energy meters were constructed "in house" at a
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cost of approximately $50.00 apiece. The detectors were checked for linearity
and found to linear over a 1-9 volt range. The absolute calibration of the
detectors was obtained by comparison of their readings with those obtained
from a Scientech Laser Energy Meter and sensitivities were obtained for

each of the detectors.

In addition, two detector systems that monitor the pulse trains and the
electro-optic shutter have been installed and tested. The first consisted
of a Hamamatsu R617U biplanar photodio&e in combination with a Tektronix 7904
oscilloscope with a fast write option. This combination (mainly the oscillo-
scope) proved to be less than optimal for our purposes and the oscilloscope
is presently being used on the other project funded by this grant. The
second system consists of an ITT F4000 biplanar photodiode in combination
with a Tektronix 519 oscilloscope. This system works satisfactorily although
we are now redesigning the housing on the biplanar photodiode to reduce its
ringing.

The pulse splitting and delay optics (see Fig. 3) consist of a beam
splitter, a stationary 90° prism (mounted on a very accurate Klinger Scientific
translation stage providing a resolution of 0.01 mm and an accuracy of 3 mm
over the 40 mm displacement allowed) and two mirrors on orthoganally adjust-
able mounts. Two of the problems associated with this piece of equipment are:
(1) The paths traveled by the different pulses separated by the beamsplitter

must be measured precisely so that the path containing the translation
stage can be adjusted from a few picoseconds shorter than the fixed path
to many picoseconds longer than the fixed path. This can be done only
coarsely by mechanical measurement techniques, and zero delay must be

determined by more accurate optical techniques.
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(2) The two pulses must overlap at the sample surface requiring tests to be
made before and after each experiment utilizing burn patterns on a piece
of photographic emulsion positional in the plane of the sample.

The optical dewar itself consists of a relatively inexpensive brass con-
tainer with cold finger and a brass jacket with four optical ports covered
by 3 inch quartz optical flats. The dewar is evacuated by a "roughing” pump
and is capable of lowering the sample temperature to approximately 100 K.

The dewar sits on a NRC lab jack and is capable of being moved vertically

through 3 inches.

Finally, the latest piece of equipment to be installed and tested is a
flowing dye cell for the mode-locked laser. The old arrangement consisted
of a dye reservoir, a dye cell, and a hypodermic syringe all connected by
teflon tubing. Every few laser firings new dye had to be pulled into the
dye _ell by adjusting the syringe. The new flowing system consists of the
dye reservoir, dye cell, and a peristaltic pump which pulls the dye solution
through the cell at a rate of 0.2 cc/minute.

Once the entire system was assembled and each of the individual components
had been shown to be functioning properly, it was necessary to test the system
as a unit. This was done by repeating the single-pulse and excitation-probe
experiments performed on germanium by Kennedy, et a1.7'8 and Shank and Austong.
These experiments have been completed and the results are shown in Fig. 4 and
Fig. 5, and the results are in good agreement with previous experiments.

In conclusion, experimentally, the first year of this grant has been
devoted to developing and ensuring the operational integrity of the basic
system. Each component of the system has been installed and tested rigor-
ously. The system as a whole has been tested by comparing data obtained using

the present system with data obtained at other laboratories.
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STRESS AND ELECTRIC FIELD BIASING OF OPTICAL

PROPERTIES OF SEMICONDUCTORS

For p-type GaAs and Ge, the optical absorption at 10.6 um is due pri-
marily to direct intervalence band transitions between the heavy hole and
light hole valence bands. These direct transitions depend on the effective
mass (energy band structure), the occupancy of the various energy levels
(Fermi-Dirac distribution function) and the value of the matrix element of
the crystal momentum between Block states from the two bands.

A low-intensity, cw CO, laser is being used to monitor the change in

2
the optical absorption of these semiconductors as a function of applied
stress. Since the effect of uniaxial stress on the band structure of these
materials is well studied, these low-intensity experiments should isolate
and calibrate the effects of stress on the optical absorption at 10.6 um
without altering the carrier temperature in either band. The equipment for
these measurements, as shown in Fig. 6, has been designed and constructed
in-house.

Much of the interest in p-type Ge, however, is for devices that operate
in the region of saturated absorptivity. At high illumination intensities
two significant perturbations to the Fermi statistics of the two bands should
result: (1) A large number of direct absorption events will occur, leading
to a redistribution of the electrons and holes between the heavy hole and
light hole bands and (2) the carriers in both bands will be heated. These

changes will be monitored by measuring the optical transmission and elec-

trical conductivity. In order to provide high intensity illumination of
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the semiconductors for saturated piezoabsorptivity studies, a pulsed C02
laser was designed and built. This double-discharge TEA laser has a 60 cm
active region using Rogowski profile electrodes. The flowing gas is mixed

in a gas manifold that allows for variations and innovations in the gas mix-
ture. The gas is pre-ionized by two flashboards about 1.5 ysec prior to the
main discharge of about 35j. The peak optical power output is in the range

of 1-5 Mw. The width of the optical pulse can be chosen from one of three
ranges. First, by adding a cw gain medium within the optical cavity, one
obtains the gain-switched output from the laser, as shown in Fig. 7. The

FWHM pulse width is about 80-90 nsec. Secondly, if the cw section is replaced
by a p-type Ge passive mode-locker, a mode locked train can be obtained with

a single pulse width of about 1 nsec. Also, pulses with continuously variable
pulse width in the range of 70-150 psec can be obtained from the free-induction
decay scheme shown in Fig. B. Here the smoothed, gain-switched pulse is

truncated suddenly by optically induced plasma in N, gas. The beam is then

2
spatially filtered and passed through a cell of hot CO2 gas. The pulse is
absorbed and a short coherent pulse is emitted. The width of the pulse is
determined by the phase relaxation time, which can be varied as a function
of the gas pressure in the hot 002 cell.

Other pieces of equipment which have been designed and built in-house

include optical tables, LN, Dewars, a 10 w cw CO_ laser, stress apparatus,

2 2

a variable gas-filled optical attenuator, and many pieces of optical mounting
and translating equipment. Also, a ratiometer for small signal transmission
measurements and a dual-channel, gated peak-sample-and-hold for the acquisi-
tion of pulse data were designed and built in-house by Mr. D. Maxson.

The saturated pulse transmission experiment is shown schematically in

Fig. 9. Preliminary data shows that amplified short pulses will be needed
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to obtain high enough power density to saturate the sample without optical
sur face damage.

In summary, the equipment for both the small signal transmission and
the saturated pulse transmission has been designed and constructed and the
system is essentially complete. The techniques are currently being refined

to produce more accurate data and results are expected in the near future.
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Ultrafast transient response of solid-state plasmas.
I. Germanium, theory, and experiment*
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A first-principles theory is developed for the generation and the subsequent transient behavior of dense
electron-hole plasmas produced in germanium by intense picosecond optical pulses Experimental data are
discussed and compared with the theory It is shown that the valley structure of the Ge conduction bard.
phonons, and plasmons play significant roles in the generation and the temporal evolution of the plasma. The
agreement between the theory and experiments is good. Some predictions of the theory are discussed

L INTRODUCTION

The development of mode-locked lasers' that
produce optical pulses of a few picoseconds dura-
tion and peak powers of 210° W has made possible
recent experimental investigations of ultrafast
electronic processes in semiconductors.?*® In
these experiments, the general method is to sub-
ject an intrinsic semiconductor first to an intense
picosecond (excitation) pulse’ of frequency w, such
that Aw, is greater than the band-gap energy of the
material and to measure its transmission; then
after some delay, to subject the same sample to
a second (probe) pulse of the same frequency but
lower intensity and measure its transmission.

The transmission properties of the semiconductor
are significantly altered when the excitation pulse
creates a large free-carrier density, and the
transmission of the probe pulse yields information
concerning the temporal evolution of the free-car-
rier distribution. The ultrashort duration of the
laser pulses makes it possible to follow this tem-
poral evolution on a picosecond time scale.

In this paper we present a first-principles,
theoretical treatment accounting for the observed
behavior in the ex 'ation and probe pulse meas-
urements in terms o. the energy-band structure
and other well-known parameters of germanium
(Ge). We note at the outset, however, that only
certain of the myriad of possible electronic inter-
actions are included in the present work. Future
papers in this series will deal with other possible
electron processes such as diffusion and Kane-like
excitations.

In the remainder of this introductory section,
we briefly review the experimental method and
results (Sec. IA), summarize the pertinent ger-

—_—
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manium energy-band structure (Sec. IB), and
qualitatively discuss the physical processes which
occur during and after the nonlinear light absorp-
tion by germanium (Sec. IC). We expound on the
theory in Sec. II. This elaboration proceeds
through a discussion of electron-hole distributions
(Sec. ITA), direct absorption (Sec. IIB), {ree-car-
rier absorption (Sec. I1 C), phonon-assisted relax-
ation (Sec. I D), plasmon-assisted recomhination
(Sec. I1E), rate equations for absorption and trans-
mission (Sec. I F), and integration of the dynami-
cal equations (Sec. I G). The final section (Sec.
OI) of the main text contains the comparison of
theory with experiment and our conclusions. Sev-
eral appendixes include detailed calculations which
allow us to make critical simplifying assumptions
in our theoretical model. Appendix A considers
intervalley transitions via phonon emission; Appen-
dix B discusses Coulomb thermalization; Appendix
C derives radiation absorption rates; Appendix D
expands on phonon-assisted relaxation. Finally,

in Appendix E, we present some details concern-
ing the experimental method and apparatus.

A. Experimental method and data

A mode-locked Nd:glass (Tw,=1.17 eV) laser pro-
duces a train of pulses; each pulse is typically
5-10 psec in duration and has ~10'® quanta. Using
a laser-triggered spark gap and electro-optical
shutter, a single pulse can be isolated from this
train of pulses.®

In the first experiment, this single pulse is
passed through a variable attenuator and focused
on an intrinsic 5.2- um-thick Ge sample [Fig. 1(a)).
The focused spot is approximately 250 um in diam-
eter. The transmission of this pulse is then mon-
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FIG. 1. Schematic dia-
gram of picosecond ex-
periments for (a) satura-

,‘/ tion and (b) excitation
e i pulse/probe studies.
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itored. The transmission data as a function of in-
cident number of quanta, for two initial sample
temperatures (77 and 297 °K), are shown in Fig. 2.
At low pulse energies, transmission follows Beer's
law.” As the incident number of quanta increases,
transmission increases and eventually saturates.
Near 5 x i0'* quanta samples are damaged.

In the second experiment [Fig. 1(b)], the sample
is first irradiated by an excitation pulse of suffic-
ient energy to cause enhanced transmission. It is
then followed, at a later time f,, by a probe pulse
which is about 5% as intense as the excitation pulse.
The excitation and probe pulses are derived from
a single pulse as described in Appendix E. Probe
pulse transmission data versus delay time ¢, are
shown in Fig. 3 for initial sample temperatures
of 77 and 297°K and for a fixed excitation pulse of
about 104 quanta. There is a sharp increase in
transmission, a spike, in the region of temporal
coincidence of the probe and excitation pulses (at
1,#0). The spike is due to the scattering of the
excitation pulse into the probe pulse by an index
grating formed by the interference of these two
coherent pulses in the crystal.*** In this paper,
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FIG. 2. Excitation pulse transmission (saturation)
data.
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FIG. 3. Probe pulse transmission data. Relative
transmission units are given by the ratios of the ex-
citation transmission to probe transmission for each
delay, normalized such that the peak of the 77 °K curve
is unity.

we will be concerned with the probe transmissions
at delay times longer than the pulse width. In this
region, probe transmission increases relatively
rapidly, reaching a maximum near ¢,~ 100 psec,
thereafter decreasing slowly. Figure 4 shows the
probe pulse data for different excitation pulse in-
tensities and for an initial sample temperature

of 77 °K. Ratios labeling these curves are the nor-
malized relative transmissions of excitation pulse
to probe pulse. The details of the experiments are
further discussed in Appendix E.

B. Review of Ge energy structure

The energy-band structure of Ge is well known,®
and is shown in Fig. 5. The significant features of
the conduction band are the locations of the con-
duction-band valleys. The minima of these valleys
are quite close in energy. The minimum located
at T is separated from the top of the valence band
by 0.805 eV at 300 °K. This separation is 0.889 eV
at 77°K. The indirect gap located at L has a sep-
aration of 0.664 eV at 300 °’Kand a separation of
0.734 eV at 77 °K. The band minimum located near
X is 0.18 eV higher than the minimum at L. There
are three cther valleys such as the one in the [111)

PROBE TRANSMISSION (RELAT V& TS

B R N

TIME DELAY (pyac)

FIG. 4. Probe pulse transmission data for different
excitation pulse Intensities.
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i{tg};t -0 'S lf;uo.o
FIG. 5. Ge energy-band (eV) structure at 300 °K.

direction whose minima are located exactly at the
Brillouin-zone boundary. There are tive other
valleys like the one in the [100] direction.!® The
constant energy surfaces in these valleys are
elongated ellipsoids. The density-of-states ef-
fective mass'' for the L valleys is m, ~0.22m.°
The density-of-states effective mass of the cen-
tral conduction-band valley is taken to be® m,
«0.1m at 300 °K and 0.04m at 77 °K.

The valence band maximum is at I'. Two of the
valence bands, which are degenerate throughout the
Brillouin zone when spin-orbit coupling is ne-
glected, we call heavy-hole bands, while the third
is termed the light-hole band. At I', the light-
hole band is lowered by spin-orbit coupling with
respect to the heavy-hole bands by about 0.28 eV.
Except for a small region near the center of the
Brillouin zone, the structure introduced by the
spin-orbit coupling in the heavy-hole bands is
relatively minor. We will treat the two heavy-hole
bands as degenerate. The effective mass of the
two heavy-hole bands in the central region of the
Brillouin zone is m,=0.34m.* We will ignore the
light-hole band owing to its small contribution to
the hole density of states and its large separation
from the I' conduction-band edge, which makes its
contribution to light absorption negligible in the
current erperiments.

Let us remark that an enormous simplification
results in the algebra of the subsequent sections if
we treat L and X valleys in an equivalent manner
and assume parabolic energy bands with the effec-

P,

L ¥ X
FIG. 6. Reduced Ge energy-band structure.

TEN COUIVALENT VALLEYS

tive masses mentioned above. The quantitative
results are not affected much by such an approxi-
mation because these valleys enter into the absorp-
tion properties mainly through their density of
states. This approximation results in the simpli-
fied band structure shown in Fig. 6, in which the
four “effective” L valleys and six X valleys are
replaced by ten equivalent parabolic valleys. In
each of these new valleys the effective mass for
electrons is m_=0.22m. These ten equivalent
valleys are at some indirect energy gap E;, which
is some average of the actual indirect gaps E, (at
L) and E, (near X). The average we use is E,
=&(8E, +8E;). The new valleys are assumed to be
centered in the Brillouin-zone boundaries. In this
approximate band model, the I' valley and the two
degenerate valence bands are also taken as para-
bolic, with the effective masses m,=0.1m and
m,=0.34m, respectively.

C. Physics of nonlinear light absorption in Ge

When an excitation pulse is incident on a Ge
sample, a portion is reflected. The unreflected
portion of the excitation pulse enters the bulk of
the crystal where most of it is absorbed. The
light entering the bulk i the crystal is absorbed
primarily by two processes. In the first process,
“direct optical absorption,” a quanta of light from
the excitation pulse is absorbed by an electron
which makes a transition from near the top of the
valence band to the conduction-band valley near I',
leaving behind a hole in the valence band. Such a
process is allowed since the energy of the light
quanta flw, is greater than the direct band gap E,.
Once there are electrons in the conduction band
and holes in the valence band, “free-carrier ab-
sorption” is possible. Free-carrier absorption is
the process whereby an electron in any of the con-
duction-band valleys makes a transition to a state
higher in that same valley by means of the simul-
taneous absorption of a quanta of light and the ab-
sorption or emission of a phonon (optical or acous-
tical). An identical process occurs for holes in the
valence band. The rate for direct absorption is
usually larger than that for free-carrier absorp-
tion; however, the rate at which direct absorp-
tion events can occur decreases as the number of
occupied electron states in the I' valley increases.
On the other hand, the rate for free-carrier ab-
sorption events increases as the number of elec-
trons (holes) in the conduction (valence) band in-
creases.

Indirect phonon-assisted interband absorption
processes, which involve the transition of an elec-
tron from the valence band near I' to either the L
or X conduction-band valleys by the simultaneous
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absorption of a photon and the absorption or emis-
sion of a phonon, are not important in our problem.
The probability that an electron will reach the L

or X valley by means of a real optical transition

to the T valley followed by a phonon-assisted scat-
tering to one of these side valleys is much greater
than the probability that the electron will reach the
same valley by means of a second-order phonon-
assisted transition. For this reason, indirect op-
tical-absorption events may be ignored.'?

Because of the small number of electron states
available in the T valley, one might conclude that
the direct transitions are saturated at relatively
low pulse energies. In fact, this is not the case
since an electron in the I" valley will rapidly emit
or absorb a phonon and make a transition to one
of the valleys at X or L. A rate calculation in Ap-
pendix A shows that the rate for electron transi-
tions from the I' valley to the L valley is greater
than 10'* sec™ since fw,>E, ,+max(/, ) and
since the electron-phonon coupling constants in
Ge are relatively large. Here E, , refers to the
indirect gaps and €, to the phonon frequency of
mode u and momentum §. Thus electrons are
emptied from the central valley to the side valleys
at a rate that is larger than the direct absorption
rate, and any decrease in the number of states
available for direct absorption is ultimately de-
termined by the buildup of the electron populations
in the X and L valleys.

Owing to the narrow bandwidth of the excitation
pulse, only narrow regions of states in the central
valley of the conduction and valence bands are opti-
cally coupled by direct transitions. Thus nonequil-
ibrium carriers might be thought to occupy very
localized regions within the conduction bands and
valence band, respectively. However, because
each carrier moves in the screened Coulomb field
of the other carriers, carrier-carrier scattering
events will occur. These events include electron-
electron, electron-hole, and hole-hole collisions.
The rate for such events is large. These collisions
ensure that the electron and hole distributions will
be Fermi-like. They also ensure that the Fermi
distribution {or holes and the Fermi distribution
for the electrons will reach a common tempera-
ture which is in general differen: from the lattice
temperature. Rate calculations in Appendix B
using two non-Fermi-like distributions indicate
that if they are not Fermi-like, their lifetimes
are quite short compared to the inverse of the
direct optical-absorption rate. For this reason
we take the electron and hole carrier distributions
to be Fermi-like at all times.

Electrons located high in a conduction-band valley
may relax within that valley by phonon emission.
Holes, of course, may also relax by emitting pho-

nons. The effect of this relaxation is to reduce the
electron temperature and increase the lattice tem-
perature. The increase in lattice temperature due
to these phonon-assisted intraband relaxation pro-
cesses is significant only at very large pulse en-
ergies.

It is important to notice that the total number of
carriers is unchanged by free-carrier absorption
or phonon-assisted relaxation within the valleys.
These processes serve only to elevate or reduce,
respectively, the distribution temperature. Only
direct absorption will increase the number of
carriers. Recombination processes serve to re-
duce the carrier number.

The recombination processes can be divided into
two general categories: radiative and nonradiative.
In the present work, nonradiative recombination
is much more important in reducing the carrier
number than radiative recombination. As the car-
rier density builds up (as a result of direct absorp-
tions) the plasma frequency of these carriers in-
creases. At sufficiently large plasma frequencies,
an electron in the I"' valley can recombine with a
hole near the top of the valence bands via emission
of a plasmon. Normally, electrons ncar the con-
duction-band edge (at I') can recombine with holes
via emission of plasmons only if the plasma {re-
quency w, is larger than the direct gap frequency
E, /% [see Eq. (53)]. However, in our case, the
plasma resonance is considerably broadened due
to the nature of the direct absorption and subse-
quent scatterings between and within the I' valley
and the L-X valleys. Therefore, plasmon-assisted
recombinations can occur at plasma frequencies
lower than E,/li. As the electron and hole popula-
tions build up, the plasmon-assisted recombina-
tion rate becomes comparable to the direct absorp-
tion rate, causing the carrier number to saturate
at plasma frequencies much less than E,/¥. These
plasmon-assisted recombinations can be as im-
portant in determining the final number of conduc-
tion electrons as the saturation in the total number
of available electron states in the conduction band
due to the buildup of the electron population.

The collective plasma oscillations have a life-
time that is short compared to a picosecond. The
energy lost in the decay of the plasma oscillations
is rapidly transferred to single electron and hole
states and, thus, ultimately increases the temp-
erature of the carrier distribution. Thus the plas-
mon-assisted recombinations both limit the num-
ber of carriers and raise the electron-hole temp-
erature.

Radiative recombination may be of two types:
direct or indirect. The recombination of an elec-
tron in the I' valley of the conduction band with a
hole in the valence band by means of emission of

—
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a photon is termed direct; the recombination of an
electron in the L or X valley with a hole in the val-
ence band by means of simultaneous emission of a
photon and emission (or abscrption) of a phonon is
termed indirect. Both processes occur on time
scales larger than nanosecond, and are not im-
portant in our problem.

The diffusion* of carriers from the interaction
region (focused spot size times sample thickness)
also reduces the carrier number. Preliminary dif-
fusion (Boltzmann equation) calculations (to be pub-
lished) indicate that the number of carriers leaving
the interaction region on a picosecond time scale
i{s small. In any case we are able to account for
our experimental results without invoking diffusion.

In summary, the following rapid processes are
invoked in explaining the passage of our 1.06-
um psec pulses through Ge: particle-particle scat-
tering, electron-phonon scattering, direct and free-
carrier absorption, ard plasmon-assisted inter-
band electron-hole recombinations. In the cal-
culation, radiative recombination and diffusion
are ignored as discussed above.

Physically, the single pulse transmission of Ge
as a function of incident pulse energy {(see Fig. 2)
can be accounted for by direct interband transitions
followed by heating of the electron distribution as
follows: When the excitation pulse enters the crys-
tal, it is absorbed by direct optical transitions,
creating a large number of electrons in the central
valley of the conduction band. These electrons are
quickly scattered to the side valleys by phonons.
Particle-particle scattering events ensure that the
carrier distributions are Fermi-like and that both
electron and hole distributions have the same temp-
erature. The transmission initially rises due to
the saturation of the available optically coupled
states as a result of direct absorption. Further
increase in the transmission for intensities larger
than 10** quanta is hindered as the electrons are
heated and removed from these states by free-
carrier absorption and plasmon-assisted recom-
bination. For these excitation pulse intensities,
electrons in the I" valley fall to the hole pockets
in the valence bands via plasmon emissions at a
rate comparable to light absorption thus limiting
the carrier density. g

Alter the passage of the excitation pulse, the
interaction region of the sample contains a large
number of carriers with a high electron-hole temp-
erature. Plasmon-assisted recombinations are
essentially turned off when the excitation pulse
has passed. This is discussed in detail in Sec.
IIE. Astime progresses, the distribution temp-
erature is reduced by phonon-assisted intraband
and Intravalley relaxation; the probe pulse inter-
rogates this evolution of the distribution, since it

is a sensitive measure of whether the optically
coupled states are available for absorption or are
occupied.

The probe pulse transmission (see Fig. 3) can be
understood in the following way After the pass-
age of the excitation pulse, the electrons (holes)
are located high (low) in the valleys because of
the high distribution temperature, leaving the
states that are optically coupled available for
absorption. Hence probe transmission is small.
Later, as the distribution cools by means of intra-
band phonon-assisted transitions and carriers fill
the states neceded for absorption, the probe trans-
mission increases. Finally, as the distribution
temperature cools to near the lattice temperature,
the electrons (holes) occupy states near the bot-
tom (top) of the valleys, and states needed for ab-
sorption are once again available; the probe trans-
mission then decreases. This is summarized in
pictorial terms in Fig. 7.

Il. THEORY
A. Electron and hole distributions

In the Introduction, we argued that the electron
and hole populations in our problem can be de-
scribed by two Fermi distributions which can be
assigned the same temperature because of the
rapid Coulomb collisions. Electrons and holes
have distinct Fermi energies. Thus

e 18R]

8,8 (K)<+w, (12)
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FIG. 7. Schematic disgram for the temporal evolu-
tion of the froe carriers created by the excitation pulse.
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Ser K =[l *exn(g‘"é&—‘-)]d :

8‘;58=,_.AE)< +®, (lb)
and likewise for the holes

/N(E>=[1»exp(‘5ﬂ15—’*—")]“‘, 08,0 <se.

(1c)

Here, all energies are normalized with respect to
hw,, where w, is the circular frequency of the
optical pulse. The subscript ¢TI’ denotes the I'
valley of the conductionband, cL, X the L-X valleys
of the conduction band, and H the holes inthe valence
bands. ¢ and h are the normalized Fermi energies
of the electrons and holes, respectively; and &8,
and 8. are the normalized energies of the direct
and indirect energy gaps, respectively. In the re-
duced Ge energy-band structure, the indirect en-
ergy gap is taken to be &, =4(88, +68,), where
8, is the normalized energy band gap at L and 8,
is the normalized energy band gap at X. As dis-
cussed earlier we will treat the L and the X val-
leys as equivalent and assume that they have sphe-
roid parabolic band structure. This simplifies
the algebra considerably, but does not make much
difference in the end results. Also note that, due
to the rapid phonon-induced scattering of electrons
between the central and the side conduction-band
valleys (see Appendix A), we have taken the I'
valley and the L- and X-valley Fermi energies to
be identical. In the reduced band structure, elec-
tron and hole energies are given by

8oy 1K) = (1/hw)Eg + Wk~ Ky, g P/2m,]

=8+ WK - Ky P /2Magm, , (2a)

8. (K) = (1/Mw, ) (Eqy+ 2P /2m,)
=8 4+ N2/ 2Rwym,, , (2b)
8 (K =Nk /2nwym, , (2¢c)

and
h=E, /Moy, €=E /Mw,, T=kyT/Kw, . (2d)

Here K is a wave vector, k, Boltzmann’s constant,
n, the effective mass for the I' valley, m, the ef-
fective mass for both the L and the X valleys, and
m, the effective mass for the heavy-hole bands.
K.,y refer to the wave vectors for the minima of
the conduction bands. The distributions defined
above will depend on time through ¢, k, and 7.
The Ferm| energies s and € are related since the
total number of electrons is equal to the total num-
ber of holes at all times.

In the present work, it is convenient to measure
the electron density in terms of N,, which is de-

fined by

No 3(.’"0’:/"(’ ’ (3)

where € _ is the high-frequency dielectric con-
stant, e the electron charge, and m the bare elec-
tron mass. Let us note that due to its smaller ef-
iective mass and higher band gap, the I' valley
has a negligible density of electrons compared to
the L-X valleys. Thus, neglecting the I" valley
and considering the effective mass of each of the
four L valleys to be equal tc that of each of the six
X valleys, the total electron density is calculated
as ten times the density in any one valley. The
electron density is given by

n=7%p (z,) , (4a)
where the p’s and the z’s are defined in Table I.
Likewise, the hole density is given by

n=7%p,(z,) (4b)

and p,(z,) =p,(2,) gives the integral relation between
€ and h.

By taking the electron and hole distributions to
be time dependent only, rather than dependent on

TABLE 1. Definitions of integrals.

Fx)=(1+e9"

w = [ dyyFiy+
X jf dyyF(y +x)
o‘(x)m.j; dyy'/*F(y +x)
o.M=A.f.'m‘”lr(yml'

vilx) =A.f' dyy*'F(y + x)
0

‘l(‘) ‘j.‘.a‘y{l‘.y o ‘)I/R‘(y)llllld a l(" ‘)1/1_(’)112‘“[}

x[r(x+@))-#(= )]

A= (6/7Ng) @mwy/MP?
Az =1/ N} Cmy wy/ M2
Ay = (1/20N ) 2m g o/ P2

2= (8- /T

2y=h/T

2y~ (8y- /T

2y=(8g+ my/mye mp)(t = 8) = €}/T
2g=(Umy/mo+ my)(1 = 8) + K)/T
24=(8,- (85/2)+ (1./2) In(A,/AN/ T,
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tvdh time and space, we are jgnoring the pulse
propagation problem within the interaction region
(spot area times the sample thickness) as far as
the electronic structure is concerned, This physi-
cally reasonable assumption will be justified and
its consequences will be detailed in a subsequent
paper dealing with the pulse propagation problem.
The distributions defined in Eqs. (1a)-(1c) should
be viewed as spatial averages of the actual distri-
butions over the interaction region.

We also take the photon density within the inter-
action region to be time (but not space) dependent:
N‘:""xNg"’(t). In addition, we assume that all
quanta have the same wave vector. The radiation
energy density at time / is then given by

w(t) -}; Rw, NET*(¢) ~ Nw, NET*() = hw, N N(2) ,
q

where N(f) is a normalized “photon” number den-
sity. Just as with the electron density, N(f) should
be viewed as a svatial average of the actual radia-
tion density over the interaction region.

The following equations (for the electron-hole
distributions) summarize the discussion of Sec. I:

Z1e®-(%5) +(%9),. T, o

’(!g';[)uL"‘(’—{f[). :
dd‘ f"(n‘-<'—{f:)r-1 *<!£fl) !CA*<’—{?)IBL ’ -
gi/u® = (L) *(9{‘,‘) (’fz) *(9{‘)‘),
(5¢)

where DA represents the direct absorptions; FCA,
the free-carrier absorptions; I' = j, the phonon-
assisted scattering from the I' valley to the j val-
ley; REL, the intravalley relaxation of electrons
and holes by means of emission or absorption of
phonons; and R, the direct plasmon-assisted re-
combination. We note that the direct absorption
terms mainly contribute to an increase in the car-
rier number. The {ree-carrier absorption contri-
butions serve Lo increase the distribution tempera-
ture. The intravalley phonon-assisted relaxation
terms decrease the distribution temperature. The
direct recombination terms decrease the electron
number and increase the distribution temperature.
The I' - j scattering terms do not change the elec-
tron number or significantly change the electron
temperature; rather, they serve to populate the
side valleys in the conduction band.

The behavior of the Fermi distributions for both
electrons and holes is determined if €, h, and 7
are known at all times. Rather than dealing di-
rectly with the distribution functions, we will de-
rive another set of equations from (5a)-(5c),
which will describe the behavior of €, h, and T
with time. For this purpose, we consider the
time evolution of the electron density, which is
given by

o =Z;:‘%f,,(E)+Zig;fc,(E) , (6a)
R 4

where j denotes a summation over all conduction-
band side valleys. 2.. includes the spin summa-
tion and the normalization factor, i.e.,'?

= dk

We substitute Egs. (5a) and (5b) into Eq. (6a), and

recognizing that the free-carrier, I' - j scattering,
and the relaxation terms do not affect the electron

density, we obtain the result

d;‘ ;("—fsgﬁ)m +z:: ("_’QL,@). . (6b)

Inspection of Eq. (4a) shows that n is a function of
time via € and 7. Thus we can also write

dn _/8n\ de 4}(2) T (6¢)
at (ac),&? or/,dl * %
We define
8 )
o, ), o

In terms of the integrals defined in Table I, we
obtain

Y (8) = f‘,:pl(ll) - g'/%0(2) e TR
and
7, (1) =31'7%,(2,) + 2, T n[pl(zl) -0,(2)] . @)

Therefore, combining Egs. (6b) and (6c) we write

f (R)
"

d : daT _
7 (0 d_:. +7,(0) it

(10)

The fact that the number of electrons equals the
number of holes requires that

d_nt 93) dh‘(22> dar _ 8n) d(+ an\ dr
dt (oh, dr " \a7/ di (5'{ ~ (:Tf),ﬁ?'

(11)
We define
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R ik B o Bu of r (K)
7|h ‘_(D( l/(.h)' ’ ﬁ Zscr(ﬁ)< )DA
o[(28) (%= an of,, (K)
we (), (67), ) /G, - i +2ZG ®(%4) .- st
Then, from (11) and (12) we have i
Bu ]
o de ar o - z Z g”(n(_/:l@)
/R 7..(1) ar B 7n(f) 7'- o (13) rCA YCA
af,(K)
Expressions for ¥,, and ¥,, are evaluated by dif- + 22 5:”‘)( ’,: ) ) (18¢)
ferentiating Eqs. (42) and (4b). In terms of the in- i
tegrals defined in Table I, these expressions are
. o] = Z 60(%0)
Yalt) =[p,(2,) = 0,(2))] /[P (2,) - 0,(2,)] (14) REL REL
and +zZs,,(E)( (&) (E))“ . (184)

Yaull) =2, - 2,7 (1) . (15)

To this point, we have obtained two differenttal
equations, (10) and (13), relating three unknowns:
€, h, . We wish to find still a third independent
differential equation relating these variables. We
accomplish this by considering the energy density
of the electrons and holes. The energy density of
the electrons and holes, normalized by the photon
energy fiw, and the number density N,, is given by

‘e {;Z (BB 1m0

zz<£ )0 L (521

(16)
and du/dt by
df‘;(ﬁ) df, (k)
Zscrm ;2;3 o) 6=
' zz 8,4 “_/1.@ (17

The energy lost to the lattice due to I'~ j phonon-
assisted scattering events is negligible, As dis-
cussed earlier, plasmon-assisted recombinations
do not change u. Radiative recombinations would
decrease the total energy, but they are negligible.
The free-carrier absorption and phonon-assisted
intravalley relaxation contributions of the I' valley
to the energy are negligible compared to those of
the L and X valleys. The following equations sum-~
marize these statements:

@ (@)0 () (7). 00

where

Since u =u(€,h, T) we can write

d_’:_(fﬂ) e (i’i) ) X u
at “\oe),,at *\on), at *\o7),, @ *

Making use of the definitions of v, and v,,, we

obtain
a-[Ge), .-G, ol
*[(?i)-.h*(%%)r.]n]%' (19b)
We define
and

Thus combining Eqs. (18a) and (19b), we find that

*Ou
rea O

daT _ Du Du

7““):11 Yl =51 (20

REL

Let us note that in the evaluation of v and ¥,
the I" valley can be neglected just as in the case
of electron density, and for the same reasons.
Thus in terms of the integrals of Table I,

YD) =37%p (2 )1 +7,,)
+7'28,(p,(2,) - 0,(2,)] (21)
and
Yerl) =T 28 5[(3 + 2,)p,(2,) - 2,0,(2,)]
372w, (2,) + vy(2,) + $2,p,(2,)(1 + 7 )]
(22)
Let us also note that when the I' valley is neglected,




16 ULTRAFAST TRANSIENT RESPONSE OF SOLID STATE. .. 199
w(t) =72 (2,) + v,(2,) |+ T*/28 p,(2,). (23)
cr.‘Ol vk 3
Summarizing, Eqgs. (10), (13), and (20) are a
coupled set of differential equations describing the ¢ 3 Fied
v, el ke

time evolution of the Fermi energies, € and h and
carrier temperature 7. For convenience, we
summarize our working equations below:

de dr S~ af (k) 4 9fg[(ﬂ
de =L sl S
Vg el G = 2 uf? e
(10)
dh de a¥
a_; =_7‘.(t)[_i~i.¢yn(f)7il' ’ (13)
de dT  8u Bu Su
7..('){7’*7-1(’)3 Yl m’ﬁ yer O lags
(20)

As the light is absorbed the carrier density and
temperature pass through a region in which neither
the low-temperature approximation nor the high-
temperature approximation holds; as a result we
must evaluate these expressions numerically.
First, we must turn our attention to calculating
the absorption and relaxation rates appearing on
the right-hand sides of Egs. (10) and (20).

B. Direct absorption

In this and Secs. [1C and 11D we will confine
ourselves to presenting only the results in order
not to burden the discussion with too much algebra.
Direct and free-carrier absorptions in Ge are
dealt with extensively in the literature.'*° As
mentioned earlier, a number of simplifying ap-
proximations can be made in our problem. For
this reason we discuss the appropriate electron-
photon and electron-phonon coupling Hamiltonians
in the text, and present a detailed summary of the
calculation in Appendix C. The appropriate dia-
grams describing the perturbation terms used in
the calculation are shown in Figs. 8 and 9. We
confine ourselves to the lowest-order perturba-
tion terms described by these diagrams, higher-
order terms being negligible.

The diagrams in Fig. 8 describe direct absorp-
tion and emission (of a quantum Nw,). The elec-
tron-phonon coupling is described by the well-
known Hamiltonian

/1
me L (2)3S) el
sk b \MC/\ € W,

x C'“E.ﬂi) 'bl‘bc:'!'cnlbn +H.c.,

(24)

where |£E> refers to Bloch states (s is the band
Index); €,(§) is the unit photon polarization vector;

34

FIG. B. Direct optical transitions. Solld lines refer
to electrons or holes, wavy lines to photons.

P is the electron momentum operator; ¢ and b,.
are the electron and photon annihilation operators,
respectively. Electron momenta are generally
much larger than the photon momentum; thus

('K’ | " FE, (@)« B| ) = £, (&) - ('K’ || sK).

For direct absorption, generally the absolute
square of the interband matrix element of the
momentum operator |{ck|{|vK)|? is needed. This
quantity can be evaluated with the help of the so-
called f-sum rule.” Near the I'-valley band edge
(BE)

|(ck|B|vk)|? = dmE (1 /my+ 1/m,) = m2Ey/2myy .
(25b)

The laser frequency fw, is such that the direct
absorptions will involve the I' valley and the heavy-
hole bands only. The direct .bsorptions due to the
transitions between the light-hole band and the
heavy-hole bands are neglibible since such transi-
tions are restricted to regions away from the cen-
ter of the Brillouin zone and thus restricted by the
Fermi statistical factors, and since the density
of the states of the light-hole band is small.

Using (24) and (25) with the help of the diagrams
shown in Fig. 8 and the approximations indicated
in Appendix C, one finds

(25a)

Z%L@| =N(t)a (1), (26)
T PR '

u

o b =N(Day(1), (27)

ke q- @ x’%‘

i

FIG. 9. Free-carrier transitions. Broken lines refer
to phonons.
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and a, Un<nm,
2 eNay0, (28) fa, tn=m,
DA lim a, = 0 ifn<n<m, (33)
where (G
‘{ao “""‘1»
ayt) = a,[1 - F(z,) - F(z,}}, (29)
-0y fn,<n,
and

4e28, (2m m Jiwy(1 - 8,)\'/?

a, = H%(_A'Gn%ﬂ;'m_“') . (30)
z,, z,, and F are defined in Table 1. N(f) is the
normalized photon density in the interaction region
mentioned earlier. ap(f) is the direct absorption
rate. (Ve_/c)a, is the usual absorption coefficient
(per unit length) observed in Beer’s-law region’
(for the light frequency w,).

In Fig. 10, a,/a, is plotted as a function of elec-
tron-hole temperature for fixed electron-hole den-
sities. The effective masses and the energy-gap
parameters are the same for all the curves in
the figure.

We observe that as the density decreases, a,/a,
approaches 1 for all T:

lim ap = a,. (31)

n+0
Also a, has the same behavior for all densities
as T -« , which is to be expected since as 7
increases the probability for the occupancy of
a given conduction state decreases to essential-
ly zero, thus

l,ifn a,=a,. (32)
As T -0, a, shows interesting structure. We see
that there are two critical densities such that

4 T
nel0"® cmd
B gl g R

T
10 e e ~ 3y 0"
e - e — [l
//: P S~ jote
— e P L
TR

o1 3 2 -1
9p
@ L
e 1 %8 pReC
e § 010 poac
T,* 300°K
o2 '
o A A A
[+] 8,000 10000 18,000
T(°K)

¥IG. 10 Direct absorption cocfficient vs electron-
hole temperature. The curves are gencrated for the
pap parameters corresponding to T, =300°K. The
dotted and dashed curves refer to possible trajectories
in this n, T space as the pulse passes through the
sample.

where n, and n, are given by

2 2m m /2
= Bl uids 18 =
n, Nll W(]ﬂo"‘ m, (ﬁwo Eo)) (3‘&)
and
10 /2m Y
MaNo = raps e (- Eg)+2m (E, - o))

(34b)

The existence of n, and n, can easily be inferred
from Fig. 5. As T =0, electrons collect at the
bottom of the conduction-band valleys and holes at
the top of the valence bands. When n<n, and
7-0, E,<E" and E, >E’; thus direct absorptions
can take place unimpeded and a, - a,. When
n>n, and 7 -0, E, <E’ and the valence-band
states which can absorb /iw, quanta are empty.
When n>n, and ¥ -0, E,>E" and E;<E’, and
thus the inverse of absorption, i.e., stimulated
emission of fiw, quanta occurs, and a, becomes
—-a,. The two densities n, and n, are large. For
typical values of the effective masses and energy
gaps, such as m,>0.1, m,~0.34, m_ =022,
E;~0.7eV and E;~0.9 eV, and fiw,=1.17 eV,
we find n N,~4 x 10'® em™ and n,N,~2 x 10* em™,
In the experiment, the maximum electron densities
achieved remain below n,. Finally, we observe
that for n<n,, the minimum of a, occurs at finite
temperatures.

As we shall see later, the direct absorptions re-
main dominant compared to the free-carrier ab-
sorptions for all light intensities used in the ex-
periment, and therefore, the qualitative features
of the experimental results can easily be inferred
from a diagram such as the one in* Fig. 10. €.
>16 for Ge.** Thus, for the effective-mass and
energy-gap values quoted above, a,~9x 10" sec*.
The usual (Beer’s law) linear absorption coeffici-
ent is obtained from a, by dividing by the speed
of light in the absorbing medium, i.e., iy

Qpger = (VE_/C)ay=1.2 X 10%cm™,
in agreement with the well-known value.

C. Free-carrier absorption

The electron-phonon interaction is described by
the Hamiltonian

e I s s S I % - ——

M
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x Q, (sk' | ™ |sk)clpe,pa, » + Hoeo,
(35)

where u varies over the phonon modes, p is the
Ge mass density, Q, g is the phonon frequency, Q,
is the electron-phonon coupling coefficient, and

a, 3 i8 the phonon annihilation operator. We note -
that for the Bloch states

(sk’|e*®? | sy~ 02k’ - k-7, {36a)
(sk'|p|sk) >nke*(k’ - k) , (36b)

where s refers to the conduction or the valence
bands. Figure 9 illustrates typical free-carrier
absorption diagrams. There are altogether 16
such diagrams. With the help of such diagrams
and (35)~(36b), the rates (3N/8t) and (3u/8¢t) due
to free-carrier absorption can be calculated as
summarized in Appendix C. In those calculations,
two plausable assumptions are made: (a) the same
electron-phonon coupling coefficients are taken for
the L and the X valleys; (b) the same coupling co-
efficients are used for the electrons and the holes.
This procedure is followed for the purpose of
simplifying the calculations, and can be justified
only a posteriori, after comparison with the experi-
imental results. Let ¢, be the angle between q’
and the jth valley direction. The electron-phonon
coupling coefficients are then as follows. For the
longitudinal optical phonons?*

Quo =Q,C089, ; (37a)
for transverse optical phonons

Qro =Q,81nd, ; (37)
for longitudinal acoustical phonons

Qua@) =q’(A + A, cos’d,) ; (37¢)
for transverse acoustical phonons

Qralg’) =-q'A cos0, 8ing, . (37d)

@, is the electron-optical-phonon coupling con-
stant. Tlus coupling constant is taken to be de-
pendent on lattice temperature: Q,=6x10™ at
300°K and Q,=2 %X 10™ at 77 ’K. A, and A, are the
same deformation potential constants as in Herring
and Vogt.*® Also, we assume a single reststrahl
frequency for the optical phonons, and make a
linear approximation for the acoustical phonons?®;

(38a)
Qua,ta™caq’ . (38b)

Free-carrier absorption depends upon the elec-
tron population. The I'-valley elcctron population

nw.ro ’no'

is negligible compared to that of the L and X val-
leys; therefore, the I' valley is ignored in the FCA
calculation. We alsc assume in Appendix C that
each electron after a phonon-assisted photon ab-
sorption remains in the same valley, since the in-
tervalley scattering rates among the L and X val-
leys are small.”’

With these approximations and others indicated
in Appendix C, we obtain the following expressions
for the absorption rates:

aN |
3 o "N DArer0) (39)
| =Moaye0 (40)
FCA
where

aycalt) ={a,[1+2(wy/Q)T, )+ @, 7.}
X [to(z:) + 5('":/"“),‘0(‘1)]
¥ a;[tl (zz) + s(mc/"'.)SI’cl (Zl)] ) (413)

a, =Egmi/3re ph'Q, , (41b)
a,=2*miA’w,/3n%€ pc iRt (41¢c)
a, =43 miN*(2mJiw,) /2 /15n %€ pc, A%, (41d)
A=A+ 3A A + 302 . (41e)

For the definition of { functions see Table I. Here,
T, =kyT/Nw, is the normalized lattice tempera-
ture. For Ge, €_>16, p>~53 g/em®, A ,~-3.4

eV, A,>1TeV, Q,~6x10™ erg/cm, /M, ~1.88
%109 eV, and ¢, ~5.4 X 10" cm/sec at 300 K.
Using these values we find a, ~10'' sec™, a,~2

x 10" gec™, and a,~10" sec™. Although a, seems
to be quite large compared to a, and a,, actually
a, occurs in a,., as a,7;,and since generally 7,
~10%, a,7; isof the same order asa,. Note that

EETTTYY : S ) LR 2e o B0 G5 i R

- T *300K 4

& Sap R ot
; n o+ 0%em i
: y

=
ASLAS §
E]
3
£
g&
. |

FI1G. 11. Free-carrier absorption coefficient vs
electron-hole temperature.
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a,, a,, a, are quite small compared to a,~ 9 x 10*?
sec™,

Plots of ayc, as a function of (w,/ky)7(=T) for
fixed nN, are given in Fig. 11. The behavior of
@ycq can easily be deduced from (41) for low- and
high-temperature limits. In the low-temperature
limit (for fixed n)

z.,(zzns('—’:f_)'c.,(z.)

3n 2/33/2
ﬁamvo]A [l# 2A ) ]

R

For the values of the density that occur in the ex-
periment 3n/2A, <1 and 3n/2A4, <1, and therefore

Eule) o525 )co(uasn( 5'")~96n (43)

and @ ., xn. At large temperatures, i.e., as T

et
’

1 5m?
tolen) 5 (s )o(z) 7 (1 + o e
~ 500nT"/? {44a)

and
m s/2 1 m_\%/2
;,(z,)+5(;:) g,(z,)-lzo[A—’»,s(;f) ]n‘f

~1000nT. (44b)

Therefore, as temperature increases, for a given
1, apc, begins to vary linearly with ¥. We also
observe that in both temperature limits ay., xn.

D. Phonon-assisted relaxation

We are particularly interested in electron-hole
energy relaxation via phonon emission and absorp-
tion, as it relates to the electron-hole tempera-
ture relaxation. The diagrams in Fig. 12 show
phonon emission and absorption. As discussed
earlier, electron and hole transitions are assumed
to be intraband and intravalley in phonon-assisted
relaxation. The calculation of (8u/8f)y,, from the
diagrams of Fig. 12 is quite similar to the FCA
calculation. As shown in Appendix D, we find

9 FIG. 12. Phonon-as-
e sisted relaxation.

10~ 4 i i 1

TeK)

FIG. 13. Optical-phonon-assisted relaxation vs
electron-hole temperature.

(:—"‘)ms-[ro(mr,(r)], (45)
where
Fo()=T7(7 - 1,)
x [In(1+ e%)+50n./m,FIn(1+e*)],  (46a)
L) =TT - 1,)[k(z,) + 501, /m,)**(2,)] , (46b)
O =2@2miw,/prNJ* (46c)
I = 16A*miu?/pmN J* (46d)

and «(x) is defined in Table I. T,(¢) is the relaxa-
tion rate due to the optical phonons, I,(f), due to
the acoustical phonons. For Ge, I'®’~2 x 10'°
sec™ and I'®’~5x 10'° sec™ at 300 °K. Owing to
the (linear) dispersion of acoustical phonons, the
temperature dependence of I';(f) and I (¢) is dif-
ferent. Plots of T'y(f) and I',(f) vs (Twy/ke)T (= T)
are given in Figs. 13 and 14. For large tempera-
tures (fixed n)

*x

FIG. 14. Acoustical-phonon-assisted relaxation vs
electron-hole temperature.
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21+ (m /m )2} 2 to the lact that direct absorption populates only
lim Folt) = — AT the I' valley. Therefore, the Fermi energy of the
I'-valley electrons is perturbed relative to the Fermi
= 9ripgt/a (47a) energy of the L-X valley electrons when the exci-

2r (1 + (m /m,)*/? )9/
Ay

g raln-

~ 8 “ny?/2 (4™)

thus, relaxation via acoustic-phonon emission
and absorption becomes more important at high
temperatures. In this limit, I',+T, «n. Since
limu = n as 7 == the rate of relaxation of 7 is in-
dependent of the density n as T —«, On the other
hand, when 7 is near T, (but n is much greater
than the thermal equilibrium density),

T, (1)~ (3/24,)* (14 §(4,/4,)*"?)

X TOR/NT 7))~ MO - 1,), (48a)

(0~ }(S/ZA,)‘/’[I + (l/sﬂla)mlyAz)clml
XT®pd/3(q _ q,) ~ 80 @/ (7 - T7.) - (48b)

Thus the density dependence of T (¢) and T, (?) is
different. Note also that the relaxation of T is
density dependent since {81/37), = n*!? in this
limit.

The specific heat of the lattice is approximately
constant for Ge.*® Therefore

du du T
‘J E — = —J
at (at),,u T (49)

where ¢, =C,/Nk, and C, is the specific heat of
the Ge lattice in erg/cm® °K.*® Thus

ar, 1
7’5‘& == LoD+ T4(0)] - (50)

The energy-gap parameters 8, and §, are func-
tions of 7,. Therefore relaxation, in addition to
retarding the growth of 7, will also influence n,
€, etc., through the variation of §; and §, as T,
increases.

E. Plasmon-assisted recombination

The combined electron-hole plasma frequency is
given by

arei ~o(loL) ,“,-",,(1’,."':_'.). (51)

m P m,

‘f'-

As the electron and hole densities build up w, in-
creases in magnitude, becoming comparable to
the Ge gap frequencies. The plasmon resonance
is substantially broadencd when the excitation
pulse is passing through the sample. This is due

" tation pulse is on. This relative perturbation is

rapidly damped, as the two Fermi energies try to
rapidly equalize by means of the phonon-assisted
intervalley scatterings between the I" valley and
the side valleys. It is just such rapid damping that
causes the substantial broadening of the plasmon
resonance. Note that Coulomb collisions (con-
sidered in Appendix B) are ineffective in transfer-
ring electrons between the I' valley and the side
valleys, and thus would not damp the relative per-
turbation of the Fermi energies referred to above.
Electrons and holes can of course relax via intra-
valley and intraband phonon emissions, and thus
perturb the Fermi energies. But these are slow
processes compared to the I'-L X scattering.
Their contribution to the plasmon resonance
broadening is negligible.

As a result of the broadening of the plasmon re-
sonance, plasmons have short lifetimes and plas-
mon emission will essentially be spontaneous
rather than stimulated. An electron in the I" valley
will recombine with a hole near the top of the val-
ence bands via spontaneous emission of a plasmon.
Largely long-wavelength plasmons will be emit-
ted ?®
* For plasmons which have long wavelengths and
infinite lifetime, the electron-plasmon coupling
(in “random-phase approximation”) is given by the
Hamiltonian™

X Zue’w;:)”'

[~ .

Suftert .!.2;.:( 7.

x(sk|e®?|s'k"Asclic, ¢ +H.c.,
(52a)

where A; is the annihilation operator for a plasmon
of momentum §. We are particularly interested in
the interband transition terms (i.e., recombina-
tion terms) in (52a). Near the I'-valley band edge,
and again for long-wavelength plasmons (§-0),

(k| C“"Il-'B o~ —‘[(ﬂ' ’,,)/monb’(E' -k+9), (52b)

where PB_ = (ck|§|vK), the intraband matrix element
of the momentum operator as in (25b). From H,,
we find that the recombination rate for a I'-valley
electron with momentum K via spontaneous emis-
sion of a plasmon (of infinite lifetime) is given by

2B, [

re’w
€ mE,

(B = f;}; (‘—?—T*)

x QE (K) - E(K-F) -nw,). (53)
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However, in our problem, plasmons have a
short lifetime, and therefore, the 8 function in
(53) is replaced by a Lorentzian. More precisely,
(53) is replaced by*

r®-(3)% [ o () kel

m(q(u, (BB - E.(E -QV/m )
(34)

where €(q, w)= €,(§, w) +i€,(q, w) is the dielectric
function. Eguution (54) is obtained from the self-
energy diagram shown in Fig. 15. We will approx-
imate Iy by the rate for those electrons and holes
which are near the band edge at I'; i.e., we set
k=0and E,, - E,=E,+ ¥*¢"/2m,. We will also as-
sume a high-frequency Drude form for the dielec-
tric function:

Wl

! ok e Ww+i/19)

(85)

Ze'w

n/2r,
e :k.E,m":f “’(xw,-z g 2m Y+ W2T e

Integration over q gives

r 262w
27 Sy g€ EoToll(Eg - Aw)P + +Ey - Nw

Finally, we can write

il = %] - -, (58)
where

ne=1%,(2,), (59a)

A =TY %0y(2,) (59b)
(see Table I).

F. Rate equstions for absorption and transmission

We are now ready to derive the rate equations for
describing the absorption and transmission of the
excitation pulse. Let us consider the rate equation
] for N(f) first. It can be written
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0,,® X/27, represents the plasmon resonance
broadening mentioned earlier [see Eqs. (56c) and
(56d)). we set (2/M0,, equal to the I' =L, X
scattering rate calculated in Appendix A:

1 5(2m P/ %Q8 + @) w, ~ En)‘"
7" 27pQ % 3

To

(A3)

When the plasmon-assisted recombinations are
apprecizble, electron and hole densities are
sufficiently large that w,7,>1, and near the plasmon
pole (w~w,)

G(w)~1-

W/ (2w )w- w,), (56a)

G(w)>1/w,7,, (56b)

(g A7)

n/2r,

fw
5 7‘((5«», TE,Ngamy e Zu7zr;F) + (86e)

From these approximations and (25b), we obtain

(56d)
(57
%’--a(t)N(t)'n(l)- w0, (60a)
a(f) = ay(t) + age ,\(1), (80b)

s(?) is the normalized photon density per unit vol-
ume and per unit time that enters the interaction
region (source)*? and I(#) is the normalized photon
density per unit volume and time that leaves the
interaction region.’® We must calculate I(f) in
order to complete the equation above; however, we
wouid first like to make a few remarks about (60a).

Let the excitation pulse enter the interaction
region at =0, and let N(=0)=0. Then, the formal
solution of (60a) is

o= | "ar )10 exp( - /. ‘atmar). (o)
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Let us define

'
(N f. v s(t'), (62a)

L(t)= f "ar e, (62b)
(]

S(t) represents the integrated photon density enter-
ing the interaction region up to the time ¢; L(¢) re-
presents the integrated photon density that has left
the region up to the time ¢(S(0)=0,L(0)=0]. Thus

N(8) =S8(t) - L(t)

_[ f° "ar a(e) [s() - L)

x exp(—- j; : a(l")dt')]. (62¢)

From this form it is clear that the last term on the
right-hand side represents the radiation which is
absorbed up to time ¢:

A(t) = fo 'dt' a(t’)[s(t’) - L(t")] oxp(- j"' i a(:')dt').

(62d)
Thus
S(t)=A(t) +N(t)+ L(¢), (62e)

which is an obvious result based on the conserva-
tion of energy. In the experiments L« S, and
L«<A+N~A. Note that dA/dt = a(t)N(¢t).

The absorption coefficient a is generally within
the range of 10'*~10'? gec™. Initially we have
a(t~0)~10'* sec™. Clearly, the exponential factor
in (61) dominates rapidly [i.e., a(f)N(f)>» N(t)),
and as N(f) increases from its initial zero value,
it will quickly reach the asymptotic value implied
by (60a):

N(t) = [s() - 1(1) )/ a(t) (63)

in a time of order (1/a)~10*¢ gsec. Since the pulse
width is much larger than this value, the initial

LR I 1]

FIG. 16. Partitioning of optical pulse to calculate
transmission.

rapid transient behavior of N(f) can be neglected,
and N(f) can be taken as given by (63).

In order to calculate I/(f), let us consider a thin
slice of the pulse between ¢ and ¢+ 8¢ (see Fig. 16)
that has entered the crystal. The number of pho-
tons in that slice is given by s8f. The passage time
of the slice is ¢,=(€_)'/?L/c, where £ is the width
of the interaction region (i.e., the crystal). ¢
>7x10%* sec for £=5.5 um; thus ¢, is much
smaller than the pulse width 7. During the pass-
age of the “slice of light” through the crystal, a(¢)
will not change much since f,< T , and a(f) can be
considered to a good approximation as a function
of A(t), and

A(t+t,) - A() t, dA
Since dA/dt=aN, and from (63) (where we have
noted that /<« s) and from (62e) A~S~st

A(t+1) - A() _t,s(t) ¢,

—Am Aot e

for t,«<t~F. The quantity {,a>1 and multiple re-
flections can be neglected. For this thin slice, the
usual absorption equation

—(os) = (‘FC— a)es (84c)

can be integrated from x =0 to x =£ and then mul-
tiplied by (1 - ) to account for the reflection from
the back surface to obtain the density of transmit-
ted quanta,

O8L =(1 - r)8S(x =£) = (1 - r)sBte-*", (64d)
where 7 is the reflection coefficient. Thus

I(8) = (1 = r)s(t)e~*® (65)
and

L(t)= f .dl' (1~ 7)s(t)etro ™, (66)
o

The transmission coefficient for the excitation
pulse is given by

-e .m -—‘— ' - e
Ty e g l dt’ (1= Y)s(t')e0at™  (67)

where S; represents the normalized density of
photons in the laser pulse (¥w,N,S; is the ratio of
the laser pulse energy to the interaction volume.)
Note that for a rectangular pulse of width I

o(0)e {(l -7)S,/Ttor 0stsT,
0 for7<t,

where (1- 7) in front of S; accounts for the reflec-
tion from the front surface of the sample, and thus

(e8)
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i G. Integration of dynamicsl equations
Tt g [dr (- ppeteen, (69)
o We now make a few qualitative remarks about

The reflection coefficient was experimentally mea-
sured for all intensities of the laser beam used in
the experiment, and was found to be nearly con-
stant.* It is given by

r=(Ve_~-172/(Ve_+1) =0.36. (70)

In order to collect together our working equa-
tions, we substitute the results given by equations
(26), (58), and (63) in (1C) and obtain :

70 5+ rg 0 5 = 22 (s - D - (rp -MITy. (112)

Likewise we substitute (27), (40), (45), and (63) in
(20) in order to obtain

de dar
Yall) 7 +vurlt) 27

. i’:(s 1) + SERA (s 1)~ [To()+T (). (T1b)
Solving (71a) and (71b) for de/dt and dT/dt, taking

dh/dt from (13), d7,/dt {rom (50) and I(¢) from
(65) we have our complete set of working equations:

te(22)(2)-0-(RJoe-n,

(l;t)(’ =1-T,-T), (72a)
dr Yy
T (2)(%)s - 0+ (%) ne - mor

(ZAI)(s o2 M Sy (72b)
dh de dr
-dT--'r.. PR LY T J (72¢)
dr
_d-f‘-—(r *r‘)' (1“)
1(t)=(1 - r)s(t)e e, (72¢)

where

A1) wy Athy, (1) = Yo 1)y A2)
={7%/4(p,(2,) - 0,(z£,)]}
x{10[v,(2,) + v,(2,) ][0, (2,) = 0,(2,) ][, (2,) ~ 0y(2,)]
- 9[p,(2,) P[20,(2,) - 0,(2,) - 04(2,)]}.
(721)

Given s(f) and €(0), h(0), 7(0), 7,(0), these equa-
tions can be solved numerically for «(t), h(1), 7(t),
7,(1), and I() (or L).

(72a)-(72e) and present their numerical solutions.
At the initial phase of the excitation pulse absorp-
tion, 7 increases quite rapidly compared to n
since after a direct optical transition an electron
in the T valley scatters to one of the L-X valleys.
After such a scattering event an energy of approx-
imately 1~ 8. goes into electronic thermal agita-
tion. Therefore, Tapproaches® (1 - &;)(~1500 °K)
rapidly and € decreases {0 a negative value. In
this initial phase, plasmon recombination,
phonon relaxation and {ree-carrier absorption
terms are completely neglibible; thus, we may
apply a nondegenerate (high temperature) approx-
imation to the integrals in the ¥ coefficients (see
Table II). After this initial state, 7 may decrease
or increase depending upon the comparative rates
of the phonon relaxation, plasmon recombination,
and the free-carrier absorption.

As n increases, initially the transmission also
increases. Eventually if n is sufficiently large,
plasma recombinations begin to compete with di-
rect absorptions and n begins to saturate. The
saturation region is reached when

(ap/a)s~(np =)y (73a)

This corresponds to dn/dt~0. In this region,

those electrons which have just made direct op-
tical transitions can recombine with holes via
emission of plasmons and become available again
for direct absorption. Plasmons rapidly decay and
transfer their energy to electrons and holes. Thus,
in the saturation region, the main result of direct
absorption is the heating of electrons and holes.

TABLE II. High-temperature approximation (low
densities).

Flx)—e™

P;(‘)"* TAe™
oyl8)—~ Vr/4vZ)A e
vile)= T A

n— VT AT e = (7 /2)A, 7 e
Yo n/T
7'-'. h/ﬂ“ 5 ".l). —hl./f)

Ya—1

Yn—%5H~8

Y= /T 8+ 3D

Yor = O/TNU.5+2)85+3TQR.5+2,)1™ (uz\/THE; + 37
A= /T
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FIG. 17. Temporal behavior of Fermt energies during
passage of excitation pulse.

In this region, 7 then varies according to

dr _ v
GF " A(s=T-T,) (73b)

and increases rather rapidly. In the saturation
region, the trajectories of the system remain
close to the constant n curves in Fig. 10.

The following several figures present the re-
sults of numerically integrating (72a)-(72e) during
the period the excitation pulse is present in the
sample. All numerical solutions have been gen-
erated assuming a rectangular optical pulse of
width 7. Figures 17 and 18 illustrate the temporal
evolution of the Fermi energies of the electrons
and holes and of the carrier temperature as an
excitation pulse of constant energy traverses the
sample. We have presented these curves for sev-
eral different pulse widths to emphasize that the
pulse width has a significant influence on the temp-
oral evolution of these quantities. Note that for
the large excitation pulse energy used in these fig-
ures the temperat:re begins near 1500 °K and

| B e e e e D o sab dae i
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FIG. 18, Temporal behavior of electron-hole tempera-
ture.
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FIG. 19. Electron density vs excitation pulse density
for different pulse widths and initial lattice tempera-
ture of 77 K.

rises due to plasmon recombinations as discussed
above.

Figures 19-24 show the final carrier number,
carrier temperature, and lattice temperature im-
mediately after the passage of the excitation pulse
as a function of excitation pulse energy for lattice
temperatures of 77 and 297 °K. Again the depen-

dence of these curves on pulse width is emphasized.

Notice that, due to plasmon emission, the elec-
tron number begins to saturate somewhat and the
carrier temperature is elevated for large excita-
tion pulse energies as discussed earlier. Also
note that this model does not provide for sufficient
lattice heating to account for the surface damage

i
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"

Initial Sample
Temperature 297°K

aaal
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0" i0® 0®°
Incident Radiation Density (cm3)
FIG. 20. Electron density vs excitation pulse density

for different pulse widths and (nitial lattice temperature
of 297 K.




43

208 ELCI, SCULLY, SMIRL, AND MATTER 16
103~y vy 0* — ey v —
1 L
+ initial Sample 1 r Initiol Somple |
L Temperature 77°K 4 - Temperature 77K 4
) =
107 t=25psec~ .- ] - i'DM)‘
? N - ! |Oz" 1= Spsec 7
S — e 8 4
107 - G'OM .i ‘ | 1+ 25psec ]
e
b p r 4
il rake e s g 1
10 i 10 AT T S L
0'® 10'® 102° 10?' 10" 1020 02!

Incident Rodiation Density (cm-3)

FIG. 21. Electron-hole temperature vs excitation
pulse density for different pulse widths and initial lat-
tice temperature of 77 °K.

we observe at the largest pulse energies. In Figs.
25 and 26, we show the corresponding single pulse,
or excitation pulse, transmission. These curves
are presented as a function of pulse width for lat-
tice temperatures of 77 and 300 °K.

For t>T, we set s=0,/=0. The system begins
to evolve according to

de [y

g (F)rary, (T42)
dr

i '(%)m et s

dT,/dt and dh/dt are still given by (72c) and (72d).
In (74a) and (74b) we have omitted the plasmon-as-
sisted recombinations since, as discussed previ-
ously, when the excitation pulse is turned off the
plasmon process is likewise rapidly turned off.
Notice that in the experimert the largest probe
pulse delay was about 300 psec and that direct

and indirect optical recombinations are still neglig-

Y, YT
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FIG. 22, Electron-hole temperature vs excitation

pulse density for different pulse widths and initial lat-
tice temperature of 297 °K.

Incident Radiation Density (cm-3)

FIG. 23. Lattice temperature vs excitation pulse
density for different pulse widths and initial lattice
temperature of 77 *K. :

ible for such delay times. Since the experimental
probe pulse intensities were small compared to
the excitation pulse intensities, the system evolves
according to (74a) and (74b) and (72¢) and (72d) when
the probe pulse passes throughthe interaction region,
rather than (72a) and (72b) with s=s_,,,, 1 =1,.,.

For a rectangular pulse of width 7, the probe
transmission is given by

Lyesa = [ 4t/ (1= 7)spena(t' )" (15)
and the transmission coefficient by
b teot/
pew- 17F dt’ e, (16)
¢ tgl/a

where ¢, is the delay time of the probe with respect
to the excitation pulse. For #,>7 , TA™ increases
at first due to electron-hole relaxation. As elec-
trons and holes relax via phonon emissions, they
clog the optically coupled states E’ and E” in Fig.
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F
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FIG. 24. Lattice temperature vs excitation pulse

density for different pulse widths and initial lattice
temperature of 297 °K.
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FIG. 25. Excitation pulse transmission vs excitation
pulse density for initial lattice temperature of 77 °K.

5 and reduce absorption. Further relaxation can
eventually free these states for optical transitions,
and probe transmission can decrease. These ideas
are summarized in Fig. 7. Figures 27 and 28 show
probe transmission versus delay time for different
excitation pulse radiation densities and for the

two initial sample temperatures 77 and 297 “K.

For these solutions, the pulse width is assumed to
be 5 psec. As the excitation pulse intensity de-
creases, the probe transmission curve is generai-
ly lowered.*®

IIl. COMPARISON WITH EXPERIMENTAL DATA
AND CONCLUSIONS

The experimental data and the theoretical curves
for the excitation pulse transmission are shown in
Fig. 28. The theoretical curves are for a 5-psec
pulse width and 2 3 X 10”7-cm? interaction volume.
This volume corresponds to a focused spot diam-
eter that is in accord with the experimentally es-
timated value of about 250 um. The agreement

vy P
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1
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FIG. 26. Excitation pulse transmission vs excitation
pulse density for (nitial temperature of 297 °K.
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FIG. 27. Probe transmission vs delay time for differ-
ent excitation pulse densfties and {nitfal lattice tempera-
ture of 77 *K.

between data and theory is good at lower excita-
tion energies. At the extremely high excitation

energies (~4 x 10'* quanta) the theoretical enhanced

transmission does not saturate as does the experi-
mental transmission, However, since we are un-
certain whether the saturation in experimental
transmission is due to bulk effects or due to the
onset of surface damage, we shall not dwell on
this point.

Figure 30 shows the probe transmission data
(minus the zero delay time spike) and the corre-
sponding theoretical curves. The theoretical
curves were generated for 2 X 10*°~cmn ™ incident
excitation quanta density, 5-psec pulse width,
and 10*-cm? interaction volume. The agreement
between the theory and the experimental data is
reasonable for both 77 and 297 °K.

The overall good agreement between the theory
and the experiment permits us to draw a number
of conclusions. An important assumption in our
calculations was that the large number of free
carriers created by the excitation pulses be de-
scribed by Fermi-like distributions. Apparently,
this assumption works quite well despite the in-

T 0 T r T o T PR
Intiat Semple Temperatuwe 297 Puise Wid1h Speec,

!{""-12-0“’:-" o

l ot S0 (7 4 1020 S J
"

Delay Time (psec)

FIG. 28, Probe transmission vs delay time for dif-
ferent excitation pulse densities and initial lattice tem-
perature of 297 °K.
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FIG. 29. Theoretical and experimental excitation
pulse transmission vs excitation pulse intensity.

tensity and the short duration of the optical pulses.
Clearly, 'in order to observe a large deviation from
a Fermi-like distribution in a thin sample, one
must go to even shorter pulse widths than those
achieved in these experiments. It also appears
that if the sample is only a few micrometers thick,
then one can average over the spatial effects and
obtain good results.

Many-body (plasmon) effects are extremely im-
portant in intense nonlinear light absorption owing
to the large number of carriers created and the
short lifetime of the optically coupled states. Plas-
mon-assisted recombinations play a role in the
behavior of both excitation and probe transmission
by saturating the free carrier densities while in-
creasing their temperature. Plasmon-assisted
recombinations should have observable conse-
quences in similar experiments with other mater-
ials. How they would affect the excitation and
probe transmission would depend on the particul-
ars of the energy-band structure of each semi-
conductor.

Let us emphasize again that the highest plasma

T . g AN
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FIG. 30, Theoretical and ¢xperimental probe trans-
mission vs delay time.

frequencies achieved in the experiments are actual-
ly less than E /2/i. The maximum electron den-
sities occurring in the vicinity of 2 x 10?° cm™,
which corresponds to (maxw,)/w,~0.3. There is
a directly observable quantity, namely the refrac-
tive index for the optical frequency w,, which is
directly related to the ratio w,/w,. For the elec-
tron density quoted above, the maximum change

in the refractive index divided by the initial re-
fractive index is given by’

A 1/maxw,\?
—Lef index PR fevichen i | :
mu(ref index)a 2( ) ) =R 05,

0

This is in good agreement with the direct measure-
ments of the refractive index.*

In Sec. II, the role of the phonon-assisted re-
laxation was discussed in detail. We have seen
that the reason the relaxation extends over a time
span of a hundred picoseconds is due to the fact
that the phonon-assisted relaxation in Ge is strong-
ly dependent on the difference between the temper-
atures of the free carriers and the lattice and due
to the existence of conduction band valleys in Ge.
In different materials with different energy-band
structures and electron-phonon coupling constants,
the behavior of the probe pulse transmission would
be (and is) drastically different.

As mentioned earlier, the lattice temperature
increase is generally small. Here, “small” can
mean as much as 10-30 °K at large light intensi-
ties. This may be sufficiently large to be experi-
mentally measurable.

An important assumption in the calculation of the
phonon-assisted relaxation rates was the fact that
phonon distributions were given by the usual Bose
distributions. This assumption apparently works
well. However, at large intensities (near 10'*
laser quanta), iarge numbers of phonons are gen-
erated. It is quite possible that a phonon instability
may occur, i.e., the number of quanta in some
phonon modes may grow to larger values than
those given by equilibrium values. This should be
investigated in the future.

An interesting feature of the theoretical model
as developed is the behavior of the transmission
for different pulse widths. One can see from
Figs. 25 and 26 that transmission changes signi-
ficantly near the saturation region when pulse
width is increased. Sin .e it is possible to split an
optical pulse into separate parts and then rejoin
them, it is possible to perform the experiments
with variable duration pulses. These and other
experiments are currently under way.
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APPENDIX A: " = L X TRANSITIONS VIA
PHONON EMISSIONS

Let us consider a particular side valley,6 say
(111) valley. Usingthe electron-phonon coupling
Hamiltonian given by (35), the transition rate for
an electron going from the I' valley to the (111)
valley via spontaneous emission of optical and
acoustical phonons can be written

r=(7) Z )

x|Qu@" e, k-q' [T e, B

x8(E (&) - E (kK -q') ~n9,,.). (Ala)
where k is sufficiently small such that |c,k) re-
fers to an electron in the I' valley and -§’ is suf-
ficiently large and generally pointing in [111)
direction such that |c,K -q') refers to an electron
in the [111] valley. If we let k,,,, represent the
wave vector of the lowest point (in energy) of the
[111] valley, thenq’ ~k,,,), andq’ > k. Since ¢’ is
smaller than the reciprocal-lattice vector, |¢e, Kk
-q'|e?*T|c, k)l‘al Electron-phonon coupling
parameters @ ,(q’) were discussed in the text.
For optical phonons @, =@ ,cos¢ and @
-Qosiw where ¢ isthe angle between -q' and

K- Since —q is assumed to be generally in the
direction of k(m,, Qo =¥, and @0 0. Thus for
optical phonons the right-hand side of (Ala) be-
comes

"

LLH L e @ - £6-)-n0).

pily (A1b)

For acoustical phonons, @, =q’(A,+ A, cos?d)
2g'(A,+A) and Qg = -q'A,cosd 8ing =0, Since
@ %Ry Qua ™ by (A + M) #Q4. AlSO, ¢’
k0 ® 3,." Therefore, we obtain the contri-

- |

e (5)f oy S (@ -0

bution of both optical and acoustical phonons
R £ S0
‘ ' - - -
i%zﬂ‘) Y sE®K) -E &-3)-na,). (Alc)
(] «

In our approximate band model, the electron
energies are given by

E.(i)' E + %/ 2m,
and
E,(K-Q)=E.+ [Nk -q' -k, )"/ 2m,.

The phonon energy in the 5 function can be neglec -
ted, since it is qu.*e small compared to electron
energies. Letting -q' ~%,,,,+q", where ¢"

(A1d)

(Ale)

<%q', k), the integral oy or the 5 function is
trivial, and yields
~ (zm ))M(Q Q nigt 12
RO e S i A (B g - Eqg)

(A2)

For an electron just raised to the I' v, llev by
optical transition E + h*k* /2m >~Rw, Thus,K sum.
ming over all valleys, we obtain

1 5(Qa+ Q4)(2m ) .
e Yo ¥ & (W, - Eg)
s JER"": 20 pli . -

(A3)

For m,=0.22m, Aw,=1.1TeV, E,>u T eV, p
~5.3g/em?®, ki, >0.02 eV, Q,>6x 10" erg ‘cm
and @, >2x10" erg/cm, 1/7,>1x 10" sec™ = (the
absorption rate),

APPENDIX B: COULOMB THERMALIZATION

In this appendix we will calculate the lifetime
of an occupied state, which is finite due to Cou-
lomb scatterings among electrons and holes i
the distributions are not Fermi-like. For the
sake of simplicity, we will neglect the long-wave-
length screening of the Coulomb fields. For an
electron state k in the ith vaiiey, the scattering
rate out of the state Kk is given by

x (Elll(i'“‘ -f"(i' + a)lo(stl(i ‘a) i Ecl(i)‘ Eul(i' + a) - E'l(i,»

!

+ Z (1 =1, K] fu (K + QOUE (K = Q) = £, (K) - E, (K + q)+ E.,(i'»).

(B1)

J varies over the conduction-band valleys, v over the two valence bands. /., and f,, are electron and hole

distributions, respectively;

E,, and E,, are electron and hole energies (E, is positive).
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The scattering rate into the state Kk is given by

: 2% [ d'q (me’\, = =~
rf'@) (2n) (z-“)"(q‘t fulk ~Q)

x (Z ll -jg,l(i')prj(il <+ E)Mscl(k i q) a2 Eel(k)* Ecl(k' * q) 5 Eel(k'))
]

¢ T+ D EIE L =) = EB) - B+ D)+ ). (B2)

Of course, if the distributions are Fermi-like,
with a common temperature for electrons and
holes, then ['i*= F‘E“'. for any state k. We will
evaluate I''s for two kinds of rather simple dis-
tributions which are energy dependent only. To
simplify the algebra, we will take the effective
masses of electrons and holes to be the same m*
(since m_ > 0.22m ,m,~0,34m, this is not too dras-
tic). Also, the total electron density is always
taken to be equal to the total hole density.

(a) Let the distributions be Lorentzian with
narrow widths, such that

fo k)= A2/{[E, (&) - E; - E]*+ A%

~nab(E, (k) - Eg - E), (B3a)
falk) = (52 /{[E\ () - E]*+ (54)%
= 57 AB(E, (k) - E), (B3b)

ie., 82a/E«1. ¥
(1) Let us consider an occupied state k: E (k)
=FE+Eg. Then,

ri*=o0, (B4a)

It = (160e*m*/30€2)(1 - 6)*2 /6. (B4b)
(11) For the states k' such that E,(k')< £+ Eg
~aor E k)>E+Eg+ 4,

I} = (80e*m*/3Mel)(1 - 8)*/2/s,

r§=0.

Setting m*~0.22m €, =16, we find 80e*»m */3N*¢2
~ 10" gec™, Thus I'Y**, ') > (light absorption
rate).

(b) Let the distributions be of the following
form:

(B5a)

(BSb)

1 MK - 5a)/2m*<E (k) - E,
<MK+ LAY /2m*,

0 elsewhere;

fo(K)= (B6a)

1 if MK -38)/2m*<E,(K)

fi®)= { <MK+ Ea)/2m®, (B6b)

0 elsewhere;

and 2.54<K<(1.5+ V2)A (i.e., the width 4 is
large).

Let us consider an occupied electron state K in
the ith valley. The contribution of the conduction-
band electrons to the [}"! is given by

R o b skt (B7a)
where
P (BTb)
() o B
+ _}e_’if_’-?” 4K - BRK : i
R =K Rk -K?

Let k=K.+06. A8 d-0,

I(k,K)>41n(4K_/8)+ ¥ (K_/6)*+ O(1/6%) - =, (B8)

\

For k=K4+ 34,

I~16 if K=2.54, (B9a)

I>26 if K=2.94, (B9b)
Thus, 3472 80eYin*/mh’el>3 x 10'* sec™. The
contribution of the holes is about the same; thus
Ut 6 x 10™ sec™ which is greater than the ab-
sorption rate. Finally, we note that when we in-
clude further screening effects this rate drops to
around 10'* sec™'.

APPENDIX C: RADIATION ABSORPTION RATES

(a) Direct absorptions. From the diagrams
shown in Fig. 8, we readily find
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o) G e

*}‘:I<cr.ioiie“"zk(&)-Bln.i)l’ (1 = £y 1 = £, K+ DIBE, (K + Q)+ E () ~ )

an g™
"ot

21¢?h
ea()ee) (E )t 0 2 KRl @Bt Ro Dl Yore DA BIE R D
+£,,(k) hw).
(c1)

Here, (') denotes photon polarization., The meaning of the other symbols are as defined in the text. The
sum also includes spin summation. The extra factor of 2 in front of the terms is due to the fact that
we have two degenerate valence bands. The photon momenta are completely negligible compared to the
electron and hole momenta. Therefore, ¢'s in the interband matrix element of p, in f’s and in the 5 func-
tions can be omitted. Also, the radiation is primarily at the circular frequency w, and the corresponding
N 5 1. Therefore, the spontaneous emission term can be neglected. To obtain

) Pl

ot o

we perform 2_,; on (C1), and find

’ K -, - - o - - -~
oN ._(;‘L‘i_>~(:) | %’—)‘S,I(cr,klplu,k)l’ll-/,,-(k)-f,,(k)lb(E,r(k)+E~(k)-’fw°). (c2)
DA

at Imie w,

The interband matrix element of ;’) near the I'-valley band edge is given by

e, k|p| v, K)|2 > m2E (mg+ m,) /2mgm,. (C3)
In our approximate band structure, the electron and hole energies are given by

E (K)= E,+ X%?/2m,, E,(K)=N"k?/2m,. (C4)
The integral over the & function is trivial, and yields 3
E

o." -N(t)(s“’s“ )(Zmnmn(ﬂun.- ;))m

3N
at

€N w, i (mg+ m,)

(1 - -:l-oexp[p (-—l— (hw, - Eg)+ E,,)}%q -)‘l+exp[ﬁ <E°+—;"T'ZA’;;(ﬁwo- E,) - E,)] :-l) » (C5)

I

| = -NOad1-Fe) - Fe) bbb dod i Lo
DA
= _N(t)a,(1). (28) - < Zd’k @® arir(k)
To find o™ NG J Gy er ol
J' 24% ar (k) ' 8. (k) *ZJ’WE”“‘) 2 (k) )
" DA DA at DA ol
(16a)
can be calculated in completely analogous manner.
It is “v{: by the Mg‘“"ﬁ' the righthand side of Because of the two degenerate valence bands
(C1) if 23g is replaced by 2,q. Thus, 8n/8t|,, is - -
given by the negative of the right-hand side o? Mll = 1 8fgp k) . (c7)
(C2), and at ba & M DA
% Thus,
;- m-N(t)aJl ~F(z,) - F(z,))
Bu 3 o (K)
.N(l)a’(‘). (Co) °’ oA NJW f (h)I[E:r(k)4 Eﬂ(k)] o‘ DA.
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Because of the 8 function 6(Ecr(ﬁ) + E,,(ﬁ) - hw,) in the conduction band electrons first. Since the free-
of (k)/at|p,, E p(K) + E ,(K) = hw,, and carrier absorptions strongly depend on density,

and since the density of electrons in the I' valley

24°K af (k) _on is negligible compared to the L-X valleys, we will

ol lpa N 27 ) T & W Nt)ap() .- consider the L-X valleys only, and ignore the T
(27a) valley.
With the help of the diagrams, like the ones
(b) Free-carrier absorptions. Let us consider shown in Fig. 9, we find

—d

; (rad)
B)\I'l

at \ yEA L <-?—) ; 2.': ;(’211_2_?) L (2‘,‘:“") (;ez:) .(l +Myqe) ’

qu(ﬁ)[l -/.,,(THE- ﬁ')]b(E,,(i)Hlu' - Ec‘(ﬁ"a" 5') = "nut')

"l Q) K+ G- 1e " cj, R+ @) (), K+ 3 '@ Bl cj, k)
E (K +hw, - E (K+q)

Q, (@) (cj,k k-q'le"*icj, K)(cj,k+G-q'1e'E,@ Pl i, k- q’)
,,(k*i—ﬁ')- c,(k-d")-llm.

P Ay

X fo N1 =1 oK+ G+T)(E, ) + o~ E,(K+G+3") + A0, )

F1eU i, K+ §)(ci,k+d e E @) Plej k)
EK)+ fw, - E,(K+Q

q')cj, E«»q'le""lc; K)(cj,k+q+q’le® '(l(q) plci, k+q')
“(ﬁ-tq-vq)- ”(k+q) hw,

~<z;->z;>;>;<%¥£—> oo ()

pQ,,

X £ (R - £ (K - G- §VB(E, (6 - Mo, - 1, . ~ B, (K- F- )

QG R-F- e ticj,K-3)(c,K-F e 6@ Bloj,k-F)
E., 0 -E k- -,

2
@), k=31 et K (e k-G~ e @ Ploj,K-F)
EcJ(R' a_ 6')*'[' e EGJ(E' a’)

(?;’_1) E > Z /2110’? ) (Nliw‘”(y‘m )(7’%) ',1",

n

*fo N1 =1, &+ G - DICE,K)+ HOY, . - M - E,&+q@ -Q)

Q,@)cj, k+d - e "cj k- )i, K- §l e E @ Plej, k)
E, &) - E,K-q - hw,

8 @)cj,k+q e "1 cj, K)(cj,k+q’' - qle® PE@) Blci, k+ed) |
“(E+q q - E“(ﬁ+q')+lw

(C8)

As before, j refers to the valleys, u to the phonon modes. Q.. and 7, . are phonon frequencies and phonon
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distributions, respectively. @, (3’) are the phonon-electron coupling parameters discussed in the text. We

will assume that there are no phonon instabjlities, and that

[ ", . kT,
".': - [em(‘;1:-‘:—) - l] . 2

(C9)

As before, the light momenta ¢ << k, ¢’ and can be neglected in f's, 8functions, and the matrix elements.

In the jth valley, for the Bloch states *

(€, K+ @] et (@) Bl k) = (01, kI 6@ - Bles, K) = Mom/me)E,@ - K.
Since ¢’ is small compared to the reciprocal- lattice vector®

(cj ktq’ |e*? | cj k) ~1.

(C10)

(c11)

Phonon energies hQ, . < E_,, hw, and can be neglected in the 8 functions. We will also neglect spontane-
ous photon emission terms, as done before in direct absorptions. With these approximations, and after

a redefinition of integration variables, we obtain

8Nz : (
8l | yea-eL mie.wip

“e'

o) M P LT GO 6@ 71 (12 A

x [fo &) - £, (K + @) ] 8(E (&) + hw - E,,(k+ ).

We again average over light polarization, then perform (1/N,) E,‘, and find

aN
at

FCA-EL

(C12)

B N( 2}32%~);22 m'—’(ﬂ(l 2J—L)U,,(k) fo,K+@))8(E, (K)+ Mo, - E_,(K+3").

3m wyp g Q

In our approximate band structure,

E R =E s (k=K. )/ 2m,.

(C13)

(2a)

Substituting this in (C13) and summing over the valleys, changing the integration variable i, we find

aN

=N (
8 |pca-sL - 3m:¢.w3? AT

20n’e*h ) f (z:g { ” (scf x/2m_- E, ) _p (sc, Wk /2m s hw, - Ep

T

"Zf‘%f g")l’(q ) ( ﬁ“‘) o(n‘k’ sl II’(R¢L) :

2m,

2m,

ue'

where F(x)= (1+¢*)"'. For optical phonons,

Zfrz;v ?;'zw( *T&r“) (12500 (&) g wr.

Owing to the 8 function, integration over q' is quite simple:

/tl‘”( ')‘o( ’,5’.1 ¢ hw ﬁ’(l;';f’)i )_?%%'_2_{[(;‘: ’Mo)n/:’(;::: )1/:] 1-[(%:%

For acoustical phonons, 9, .~ c,q’ and

)

)]

Kr?
2m

(C14)

=) T}

(C15)
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L e R

fan vt Am\)(“.( o BT - e Jew () (1o FaTs)

One of the integrations is the same as in (C13). The other gives

2 F14
&3’ (@')s ( ::: + hwy - l'(%;q Y)
¢ L

() () ) (B T eme) - (52) T 0

c

Substituting (C15) and (C16) in (C14), performing the remaining angular integrations (of k), then letting
y = Wl /2ho m ., we obtain )

-3 m..f'N{ [(%Ef;’gn?) (“'z‘:‘n?“)*(g%) oTo)] [yl 12 2e orre)e
B P R S PR
«Jay 5+ 124 01 P - Liys 17202} [r(’*s;")-r{”‘*fc")]}. (c17)
Thus,
| o) (o2 4 tule) o 7 x 5(—:',f)'c.,(zo+a,xs(7':‘,f) ") C18)

aN/81|ycr.nores €an be obtained from (C18) by simply omitting (m./m,) factors, replacing z,= (8, - €)/T
by z,=h/T, and dividing by 5. Adding electron and hole contributions we obtain 3N /at | rca Biven by (39).
du/at| yc, can be obtained by a simple energy-conservation argument:

au e _ =1 a(AwNyN) L
o |pcp MwoNg 81 |gcp HwoN, at FCA @rcaltIN). ki

APPENDIX D: PHONON-ASSISTED RELAXATION

Phonon-assisted relaxation may be represented by the diagrams shown in Fig. 12. Let us consider the
L-X valley electrons first. Using the electron-phonon coupling Hamiltonian given by (35), we find

of (%) 21 1Q,(@")1*n
ot L,l"n—zz; 200,,.

% [(1 g+ DA (ch, K| ¥ | K4 @) |, (R4 @)1 - 1, R BUE,, (K + §) - E,,(R) - 11, ,.)
- e, k=@ et cf, K) |27, 0 -/, (k- GV BLE,(K) - E, (K- ) - M0, . )}
o, Al K| e Hej, K- @) |71, & - @)1 - 1, R)LE,® - E,&-T) - n0, )
- |ed, K+ G [ * e, ) 2, (R - £, R+ @) BLE, R+ ) - E,(K) - A0, )}] . (D)

Using (C11), we find
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B | |ty "-’n‘i"—[n A e @) -1, (B)) OCE, (R + ) - E.,R) - M@, )
ol RBL p “e' ] o) (7] ] e

- Uu(i) -,“(:‘ q )b(E“(E) o Fu[(ﬁ 3 e) - hﬂ- .')}
QI‘IGO a’)[l -/,,(E)M(Ec)(i" q') -~ Ecl(i) ™~ ﬁnnu')
o1 - 1,,®) - @)CE, ) - E,,&-T) - N9, ]

We multiply (D2) by E_,(k) and sum over the electron states and the valleys:

| e ;Z"’ WO B, &) 1, @) OE, &+ ) - E,, ) - A9, .
RE uc'

- [, 00) - £, (&~ @) BAE,,(K) ~ E, (K - ) - HQ, )}
+E, @, &+t £, RPE,&+T) - E,,K) - A0, )
- E,®)f,, 001 -1, & - §)B(E, &) - E (k- §) - 80, )] -

Using the identities

jtl(i ’a’)[l _fcl(i)b(sdl(i i 6') . E,,(E) = "nu .')
= [(elu"(iol')-l,l & 1)-!][‘ -1 fe‘”w“""’)")ﬁ(E,,(E*i’) o E“(R) g ’fﬂ“.)
=(e?™, ¢ l)-l((euld(h-l,)* 1) - (eu,,m. NGByl 1)"]6(5.,(1?* ) -Ec!(i) -nQ,.)
= (@M 1) f,, ) - f,, K+ GO(E,,(k+ ) - E,,(K) - HQ,),

we find
P’i; REL (pN,lw,) 'Z: z&—(ﬂ—l-( ;“l"'_':—l)

X {E (k) f (R +q") = f ., (R)|OE ,(k+q") - E (k) - B}
= E o (R)Soy(k) =1 (k= q")] OE (k) - E (k=g = RQ )}
Since phonon energies are small,
N = (€2 %ue = 1) > Ry T /R, = kpT/ AR,
Letting k -~k +§’ in the second term, we obtain

%‘? ..L.<dv°"w°> Z z |Qp(_§:)|’ (k.T"—k.T>[E’I(E) Eu(k'tﬁ')][/.,(i*ﬁ') j;;(k)]

x 8 ,,(k+§)-E K) -nQ,,.).

Owing to the & function,

L
ot

|Q|!s§’)l. - R - -
..L'(m:nu,) ?—i" Z:. ) (kyT = kyT)) [f,,K+§)~7,,0) J0E,,k+§)~E &) - AQ ).

ue'

Redefining K in each valley, we obtain

Su, o JO(kaT ~ kpTy) '
8 lagy PN AW(21) Z fd"[d’ﬁ

wa.scun,)-ﬂsoscno(E'—*‘}}-— —'9-'1 e, )
[
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(D2)

(D3)

(D4)

(DS)

(D6)

(D7)

(D8)

(D9)
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where cosé = i-q' and

En*k*/2m,, f(F)«(e* 520 41)t, (D10)

Since phonon energies are small,
. af(E #Ec)

/(I.*F,cﬁhﬂ‘d)-f(E#Ec)”hQ“,(—-—aE——-) (D11)
and kil can be omitted from the 0 function. Thus,

B, _10(kaT - kyTy) aj(l: wc) O(h‘kg cosé _ h? ")

B ___L__l-_ 3 nl2 q

o lage PN, (2m)* Z .[ ax’ f a’q’ ‘Q @ )‘ Zm‘ ? (D12)
Substituting the properly ahgular averaged electron-phonon coupling coefficients we find

au _ 10(kaT - kpTy) - Bf(E +E ) (h’kq'coso »'g")

s ’ Iz 2 2,2 az.

of (g, —Jo(—szrhf d’k /d 4’ Qo+ A9 )05 2 m, Yom, ) e
The remaining integrals are trivial, and we find (in terms of the normalized quantities)

3 4 -
- 1 -rw's(l') T(T - 7,) (1 +e74) - r‘-'s(i"-i) THT - T K(z,). (D14)
at ' ogL m, ; m,

du,/8t | .., can be obtained from (D14) by replacing z, by z,, dividing by 5, and omitting (m_/m,) factors.

APPENDIX E: EXPERIMENTAL METHOD AND DETAILS

(a) Introduction. This appendix contains an elab-
oration of the experimental method. This presen-
tation of the experimental apparatus is given in de-
tail because picosecond pulse techniques are not
a standard tool of solid-state physicists, and some
aspects of sample preparation may be of interest
to the “nonsolid staters.” The first experimental
section contains a description of the mode-locked
Nd:glass laser system, electro-optical switch-~
out apparatus, and the pulse splitter and delay op-
tics. The second section presents properties of
the germanium sample, including purity, surface
preparation, and thickness measurement. The
third section discusses the detection system, and
the fourth discusses possible sources of experi-
mental error. Figure 31 shows the entire apparat-
us in block diagram form.

(L) Pulse preparalion. The production of very
short optical pulses by mode-locking requires a
laser system with an active medium that provides
a large gain bandwidth for Light amplification.

Nd ' glass, with a [luorescent bandwidth of 2.7

» 10" Hz, has the potential of producing pulses as
short as 0.3 psec. In practice, pulses between 5
and 15 psec duration are obtained. This deviation
from the theoretically calculated pulse width is
caused by the broadening of short pulses in a dis-
persive and nonlinear medium and by spectral
narrowing due to preferential amplification of {re-
quency components close to the gain maximum, In
fact, pulse widths would be wider than those ob-

—

served if it were not for the pulse shortening effects
of the nonlinear saturable absorber that is used to
passively mode lock the laser. For a discussion of
the basic principles of mode-locking and the pro-
duction of ultrashort laser pulses, the reader is
referred to von der Linde.!

The mode-locked output from the Nd:glass laser
system employed in these experiments consists of
a series of approximately 100 pulses separated one
from the next by approximately 8 nsec. Each pulse
is typically 5-10 psec in duration and has an ener-
gy of 0.1 mJ at a wavelength of 1.06 um. The laser
produces single well mode-locked pulse trains on
more than 80% of its firings. A brief description
of the laser hardware follows.

The active lasing medium, a Brewster-cut
Owens-1llinois ED-2S Nd:glass rod approximately
19 c¢m long and 6.4 mm in diameter, is housed in
a Korad K1 laser head. The glass rod is pumped
by a helical xenon flash lamp with an arc length of
28 in. A high-voltage, symmetrically shaped pulse

iy, _ JececTro-oemic &
AR - SMUTTER ~
DETECTOR PULSE SPLITTER
and
DETECTOR DELAY OPYICS
SEMICONDUCTOR
SAMPLE

FIG. 31, Block diagram of the experiment.
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from a 10-kV power supply is used to ionize the
xenon gas. The high-voltage pulse is 0.5 msec in
duration, and it typically delivers an energy of

600 J at 4.5 kV. Both flash lamp and glass rod are
cooled by circulating water maintained at room
temperature. The power supply consists of a 60-
wF capacitor bank plus pulse shaping electronics.
The flash lamp and power supply are fired approxi-
mately once per minute.

The laser oscillator cavity is 120 cm long with a
spherical mirror of radius 2.5 m with a reflectivity
of 99.7% at 1.06 um at one end and a flat mirror
with a reflectivity of 27% at the output end. The la-
ser is mode-locked by placing a 1-mm-thick cell
containing at 10:1 solution of dichloroethane and
Eastman Q-switch solution A9860 in contact with
the output mirror. The output mirror forms one
face of the dye cell. Thus it must be resistant to
the solvent dichloroethane as well as withstand the
high-power levels of the optical pulses. The mode-
locking dye is replenished after each laser firing
by siphoning fresh dye solution from a resesvior
with a hypodermic needle.

The single most critical component of the entire
laser system is the glass laser rod. Self-focusing
of the pulse propagating in the glass rod, due to
the nonlinear refractive index n,, is 2 major prob-
lem in achieving reliable mode-locking in this
laser. Using Owens-Illinois type ED-28S laser
glass, we obtained clean pulse trains on approxi-
mately 80% of the firings.

Inorder to perform the two experiments, a single
pulse must be selected from the train of picosec-
ond pulses. Figure 32 shows the electro-optical
shutter used to perform this function. The pulse
train passes through a Pockels cell placed between
two Glan prisms which act as nonabsorbing crossed
polarizers. If no voltage is applied to the Pockels
cell, the light passes through with no change in
polarization and is rejected by the second crossed
polarizer. When the half wave voltage is applied
to the Pockels cell, the light polarization is rotated
by 90° and thus the light is transmitted by the second
polarizer. Voltage is held off the Pockels cell until

L1

Al
——-unllnn. R— ) A !
COPE TRACE  DETECTOR ' l b

=

Le

FIQ. 32. Electro-optical shutter.

Tronsioteble
/Mlmn

.::‘IN ¥
CN
N

Micror \

Porro Prism

FIG. 33. Pulse splitter and delay optics.

the first part of the pulse train, which is reflected
by the second Glan prism, breaks down a spark gap.
Upon breakdown, a voiltage pulse from a charged
transmission line is applied to the Pockels cell; the
length of the charged line is chosen such that the
duration of the voltage pulse is equal tothe tempor-
al pulse separation in the train in order that one
and only one pulse is switched out of the train.

In order to perform the two pulse or probe ex-
periments, the single pulse selected from the
train mustbe split intwo and a variabledelay must
be introduced between these two pulses. Figure
33 is a detail of the pulse splitter and delay optics.
Although a weak probe pulse is generally desired
for the probe experiment, the pulse is split by a
§0-50 beam splitter for ease in alignment of the
two pulses coincident on the sample surface. The
variable optical delay is introduced by means of a
translatable Porro prism. The plano-convex lens,
focal length f =20 cm, serves to increase the optic-
al energy density of the pulse and to angularly sep-
arate the two pulses for detection. The lens is
placed after the pulse splitter and delay optics in
order that the probe pulse spot size in the plane of
the sample remains independent of the prism posi-
tion. Alignment of the optical components and
translation of the prism are critical in order that
the two pulses are spatially coincident on the plane
of the sample and remain that way during the ex-
periment. Alignment of the two pulses is confirmed
by inspection of burn patterns on exposed Polaroid
film placed in the plane of the sample, because the
red beams used for alignment of the laser are not
coincident with the infrared laser output after pas-
sing through all the switch-out and pulse splitter
and delay optics.

(c) Crystal sample. The semiconductor material
used in these ‘experiments is intrinsic germanium.
The minimum resistivity of the high-purity single
crystal sample is 40.0 & cm at room temperature.
The sample was prepared from a crystal wafer 1
in. in diameter. First one surface was polished
flat and smooth and then etched with Syton. The
purpose of etching is to remove the damaged (from

-
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mechanical polishing) surface layer and clean the
surface of impurities in order that the optical mea-
surements reflect the bulk properties of the solid.
As is well known, etching the sample surface has
an important effect on the observation of recombin~
ation radiation of germanium excited by a thermal
€ urce. After the first surface was prepared, the
sample was bonded to a KZF-2 glass substrate,
which has approximately the same coefficient of
thermal expansion as germaniunr and is transpar-
ent at the laser wavelength. Then the sample was
ground down to the desired thickness and the sec-
ond surface was also polished and etched. Sample
thickness is determined to be 5.2 um by the inter-
ference fringe spacing of the reflection spectra
measured in the infrared region of 3-15 um.
Crystallinity of the sample is verified by observing
the x-ray diffraction pattern of the sample. During
the measurements the sample on the substrate is
mounted in an evacuated Dewar with quartz win-
dows in order that the sample can be cooled. The
sample temperature is measured by a thermo-
couple in contact with the crystal surface.

(d) Detection system. Two different types of
detectors are used in these experiments. The en-
tire pulse train (minus the switched out pulse) is
monitored in order to verify that the pulse train
is well mode-locked. Todothis, the laser output
is displayed on an ITT model F4000 biplanar vac-
uum photodiode and a Tektronix model 519 oscillo~
scope; the combined response time is approxi-
mately 1 nsec.

The primary measurement in these experiments
is the measurement of energy in a single (incident,
reflected, or transmitted) picosecond pulse. This
is done by means of United Detector Technology
model 6D silicon p-i-n photodiode operated in the
photoconductive mode. When the laser pulse is
incident on the large area photodiode, electron-
hole pairs created in the intrinsic region junction

. are swept out by the reverse bias and charge an

integrating capacitor. The voitage onthis capacitor
is proportional to the energy in the pulse and is
read by means of a peak-detector-and-hold cir-
cuit and displayed on a digital voltmeter. The op-

tical collection system is designed such that the
detectors intercept radiation only from a small sol-
id angle completely filled by the sample. Electric-
al shielding reduces pickup of electrical noise

from the flash discharge. Detection of recombina-
tion radiation from germanium is eliminated by

the sharp cutoff in spectral sensitivity of the sili-
con photodiodes at 1.1 um.

The pulse energy detectors were calibrated both
absolutely and relatively. Absolute calibration was
performed against a calibrated Quantronix model
500 energy receiver and model 504 energy/power
meter. Relative sensitivities of the detector units
were measured with the units placed in their re-
spective experimental configurations.

(e) Experimental ervor. We believe the main
sources of error for both excitation and excitation-
probe measurements to be the variation in pulse
width and in energy from one laser firing to the
next. The laser pulse train envelope is somewhat
irreproducible, and the pulse width and shape vary
with the location of the pulse in the train of pulses,
as described by von der Linde.! This irreproduci-
ble and random nature of the pulse evolution within
the laser cavity precludes the continued selection
of identical pulses by the laser-triggered spark
gap. The pulse width (unmeasured) is believed to
range from 5 to 10 psec in duration. The depend-
ence of the excitation-probe data on the level of ex-
citation is clearly depicted in Fig. 4; the theoreti-
cal dependence of the single pulse (excitationtrans-
mission data on pulse width are illustrated in Fig.
25).

In addition to the uncertainty in pulse energy and
width from data point to data point, the transverse
mode structure of the laser is also uncertain (un-
controlled). Deviations of the transverse mode
structure from the TEMy, mode will lead to “hot”
spots on the surface of the semiconductor sample
when the beam is focused. Variations in the posi-
tions of these “hot” spots as the mode structure
changes from one firing to the next will result in
variations in the degree of overlap between the ex-
citation and probe beams and consequently will re-
sult in scatter in the probe transmission.
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ABSTRACT

Over the past half-decade measurements of the nonlinear,
nonequilibrium optical properties of the germanium solid-state
plasma have been carried out in several laboratories. These
measurements involve, for example, the ultrafast relaxation
of optically-excited electron-hole distributions
in semiconductors and the photoluminescence spectrum of Ge at
high excitation intensities. Here, we review our present
theoretical understanding of these experiments and we discuss
the theoretical limitations. We also extend our previous model,
through a simple calculation, to include carrier diffusion.
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I. INTRODUCTION

The development of lasers that can deliver high intensity
optical pulses of extremely short duration has renewed and
stimulated the interest in the measurement of the optical prop-
erties of semiconductors. Such measurements give information
about the ultrafast dynamics of photogenerated electron-hole
plasmas, as well as the band structure of the semiconductors.
In this paper, we review some of our experiments in which
picosecond optical pulses were used, their results, and our

theoretical work concerning them. We also present the
results of a simple calculation that illustrates the effect
of including diffusion in our previous model. Other major
work in this area, performed at Bell Laboratories, will be
reviewed by D. H. Auston in an invited paper elsewhere in
this issue.

In this paper, we will separate our discussion
into two parts. The first part (Section II) describes the
photogeneration of the carrier plasma by an intense ultrashort
excitation pulse and the evolution of that plasma during the
time this excitation pulse is incident on the sample. The
second part (Section III) describes the temporal evolution of
that photogenerated plasma after the excitation pulse has
passed, as monitored by a weak probe pulse. In addition, we
also present, in Section III, a simple analysis of the possible

effects of carrier diffusion on these optical measurements.
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II. OPTICAL GENERATION OF HIGH DENSITY, HOT ELECTRON HOLE
PLASMAS

In this section we review experiments in which the electron-
hole plasma is generated by the absorption of a single, ultra-
short optical pulse in a thin semiconductor wafer. The trans-
mission of this single pulse through the sample provides infor-
mation concerning the generation and evolution of the plasma
during the period the pulse is present in the semiconductor.

The nonlinear transmissions of thin germanium wafers have
been measured by Kennedy et al.1 and Smirl et al.2 using ultra-
short (5-10 psec) pulses at 1.06um from a mode-locked Nd:glass
laser. Figure 1 shows the transmission of a 5.2um-thick Ge
sample as a function of incident pulse energy for two sample
temperatures, 77K and 3001(.2 These curves display two regions.
There is a region in which the transmission is nearly constant
and there is a nonlinear absorption region in which the trans-
mission rises slowly and appears to peak where the crystal is
damaged by the optical pulse. Similar measurements have been
performed on thin samples of Hgl_xCdee by Matter et a1.3, as
shown in Fig. 2. We shall concentrate on the Ge results, since
the theoretical model for Ge is more nearly complete.

Recently, Elci et al.‘ have presented a theoretical model
that accounts for the transmission of single optical pulses
through thin Ge samples in terms of the energy band structure
and other well-known parameters. The band structure of Ge is

shown in Fig. 3. The data presented in Fig. 1 can be accounted
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for in terms of this model in the following way. When the
optical pulse enters the Ge crystal, it is absorbed by direct
transitions. Thus, it creates a large number of electrons
(holes) in the central valley of the conduction (valence)

band. The electrons located in the central valley of the con-
duction band are rapidly (210-14sec) scattered to the conduc-
tion band side valleys by iong wave vector phonons. Since

these electrons are emptied from the central 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 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 that is in general
greater than the lattice temperature. Since the photon energy
hwo is greater than either the direct band gap Eo or the indirect
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 hwo-E being given

G
to thermal agitation. This excess energy results in a carrier
temperature due to direct absorption that is much higher than
the lattice temperature. Thus, direct absorption results in

the creation of a large number of electrons (holes) in the con-

duction (valence) band with a high distribution temperature.
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Tf the above mentioned processes were the only ones included
in the model, the transmission of the thin Ge wafer would
begin at its Beer's law value and rise as a function of in-
cident pulse energy because of the saturation of the optically
coupled states as a result of direct absorption. The observed
rise in transmission as a function of incident pulse energy
is, however, much slower than the band filling due to direct
absorption would predict. The observed slower rise is caused
by many body effects in the electron-hole plasma, as will be
discussed below.

As a result of direct absorption, the conduction (valence)
band of the sample contains a large number of electrons (holes)
with a high distribution temperature. Electrons (holes) loca-
ted higg:?g the conduction (valence) band can relax within that
band by phonon emission. The effect of this relaxation is to
reduce the carrier temperature and increase the lattice tem-
perature. As the distribution cools by means of these intra-
band phonon-assisted transitions, carriers fill the states
needed for absorption. Thus, phonon-assisted relaxation tends
to increase, or further enhance, the sample transmission.
Phonon-assisted relaxation occurs on a time scale comparable
to the optical pulse width.

Many body effects in the electron-hole plasma, which be-
come significant as the density of the carriers created by
the optical pulse increases, cause the experimentally-measured

transmission as a function of incident optical pulse energy
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to rise more slowly than predicted by band filling caused by
direct absorption alone. 1In particular, an electron or a
hole moves in the screened coulomb field of other electrons
and holes. The quantized long range part
of the screened coulomb field is a plasmon. As the carrier
density increases, because of direct absorption, the plasma
frequency of the carriers increases. If the carrier density
is sufficiently high, an electron in the central conduction
band valley can recombine with a hole near the top of thé
vélence bands while emitting a plasmon. Normally, plasmon-
assisted recombination (PAR) can occur only if the plasma
frequency wp is larger than the direct band gap frequency
E,/h. However, in our case, owing to the strong perturbation
of the solid by the optical pulse, the plasmon resonance is
broadened considerably. Therefore, PAR can occur at plasma
frequencies below EO/h. These collective oscillations have

extremely short lifetimes and rapidly decay, transferring

their energy to electrons and holes, thus increasing the carrier

temperature. Therefore, as the carrier number increases, the
PAR rate increases,which retards the growth of the carrier
number and raises the carrier temperature. Thus, further in-
crease in the sample transmission is slowed as the electrons
(holes) are heated and removed from the optically coupled
states. Free carrier absorption, although less effective,
also serves to increase the distribution temperature while

the pulse is incident on the sample.
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Thus, we see that, physically, the single pulse trans-
mission of Ge as a function of incident pulse energy (see Figqg.
1) can be accounted for by direct interband transitions fol-
lowed by heating of the carrier distribution. The solid lines
in Fig. 1 represent the calculated transmissionsusing the model
of Elci et al.4 The agreement between theory and experiment
is quite good.

Plasmons play an important role in determining the trans-
mission properties of thin Ge wafers on picosecond time scales.
Luckily, there is a property of PAR that makes it possible to
test experimentally. PAR is sensitive to hwp/Eo. If the direct
band gap Eo could be increased slightly while keeping the car-
rier density relatively constant, the PAR rate should decrease
appreciably. This would result in a decreased plasma temper-
ature for a given pulse energy, and one would expect the sat-
urated transmission to increase owing to the carriers being
located lower in the band. It is possible to increase Eo by
subjecting Ge to pressure. Van Driel et al.s have measured
the nonlinear transmission of picosecond optical pulses (1.06um)
through a thin Ge sample as a function of hydrostatic pressure
up to 24 kbars, as shown in Fig. 4. At high intensities, the
degree of enhanced transmission is observed to increase then
decrease as the band gap is tuned with pressure. In terms of
our model, the increase and then decrease in enhanced transmission
with increasing pressure is caused by a decrease in the PAR rate,
plasma temperature, and carrier density. The initial increase
in the degree of enhanced transmission as the pressure is in-

creased from 1 bar is primarily a result of a decrease in the
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PAR rate caused by an increase in the direct gap Eo' which
allows for a slightly more dense but cooler plasma. This
results in the optically coupled electron-hole states being
completely
morqﬂoccupied than at the lower pressure and, therefore,
causes a higher transmission. This trend continues up to
a pressure of approximately 10 kbar. Above this pressure,
other effects begin to dominate. For example, the direct
absorption coefficient in the Beer's law region will decrease
with increasing pressure, reflecting a decrease in the joint
density of states, for hwo = 1.17 eV,as the valence and con-
duction bands move apart. This decrease in absorption coef-
ficient results in a decrease in the carrier density and,
thus, the plasma frequency. A more subtle effect in the re-
duction of the efficiency of the PAR process occurs because
the indirect energy gaps do not increase as fast as the direct
gap with increasing pressure. Therefore, the ratio of the
central to side valley electron populations decreases with
increasing pressure. Since the efficiency of the PAR process
depends on the number of carriers in the central valley of the
conduction band, the number of PAR events decreases as well.
Because of the role of the conduction band side valleys
in the present interpretation of the single pulse transmission
data, van Drig%s;?veemeasured the photoluminesence spectra of
Ge as a function o; excitation level at 1.06um. Figure 5 shows

the results such experiments performed at sample temperatures

of 295 and 174K. Four different excitation irradiances (50,
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500, 10” and 10% w/cm?) were used at each temperature.
The data at both temperatures show a peak at 1.76um cor-
responding to the indirect gap recombination. 1In addition,
there is a second peak at 1l.5um, corresponding to direct gap
transitions. The direct gap photoluminescence intensity in-
creases with increasing excitation level. The main features
of the data can be understood by a simple argument. Recall
that electron scattering from the central to side conduction
band valleys by long wave vector phonons is extremely rapid.
Thus, any buildup of the central valley electron population
must be accompanied by a buildup of the populations in the
ten side valleys. At low excitation levels, the number of
electrons created is so small that an insignificant number
exists in the central I' valley; nearly all recombination is
indirect. At higher excitation levels, the number of electrons
in the central valley increases. Although this number is al-
ways much less than the number in the side valleys, the re-
combination rate across the direct gap far exceeds that across
the indirect gap because the latter requires phonon partici-
pation. It is therefore possible with increasing carrier
density to observe more direct than indirect gap luminescence.
The theory, shown by solid lines in Fig. 5 , is seen to be in
good agreement with experiment.

We now make a few additional comments concerning certain
assumptions made in this model. An important assumption made

in our calculations‘ is that of local thermodynamic equilibrium.
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Although we have ured the rapid rate for carrier-carrier col-
lisions as a justification for taking the carrier distribution
functionsto be Fermi-Dirac, it is none-the-less an assumption.
The implications of this assumption are currently being in-
vestigated. If the distributions are assumed to be Fermi-
Dirac, the calculations are greatly simplified. The plasma

can then be described by a local temperature and Fermi energies.
To this date, good results have been obtained with this assump-
tion, as the experiments described above illustrate.

A more drastic assumption is to neglect the spatial vari-
ation of the parameters (temperature and Fermi energies) that
characterize the electron-hole plasma throughout the inter-
action volume of the thin (approximately 5um-thick) Ge wafer.
Thus, in the interaction volume, electrons and holes are des-
cribed by Fermi-Dirac distributions with appropriate Fermi
energies for electrons and holes and a single temperature for
both, all of which are independent of position. Therefore, the
effects oézfongitudinal diffusion ogzgarriers and of the optical
pulse propagation are neglected. This is a severe limitation
of the model and can be relaxed by allowing the plasma parameters
to be dependent on both space and time. We include, in a sim-
plistic manner, these spatial effects in the model for the first
time in the next section of this paper. Other approximations
and simplifications to the model are discussed by Latham et al.7

in another paper in this issue.
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III. EVOLUTION OF THE PHOTOGENERATED PLASMA

The electron-hole plasma created by an intense picosecond
optical pulse evolves rapidly after the passage of that pulse,
owing to the rapid relaxation processes that take place in
semiconductors. Substantial information concerning this tempo-
ral evolution can be obtained by measuring the transmission
of a second, weak picosecond pulse that is delayed in time
with respect to the excitation pulse. In this section, we

briefly review the experiments that monitor the temporal

evolution of the hot plasma after the passage of the excitation

pulse and our present understanding of these experiments. In
addition, through a simple calculation, we consider the effect
of diffusion on the present model.

The relative transmission of a probe pulse
as a function of time delay after an excitation pulse for Ge
sample temperatures of 77K and 297K is shown in Fig. 6 (from
Ref. 2). 1In these experiments the probe pulse had 5% of the
energy of the excitation pulse. The excitation pulse was in
the region of nonlinear transmission and the probe was in the
region of linear transmission (see Fig. 1 ). Note that the

probe transmission rises rapidly, peaks, and then turns over

for delays of the order of 100 psec. The solid lines in Fig. 6

are the probe transmissions calculated from the model of Elci
-assisted carrier

et al.‘, in which only the intraband phonoqﬂrelaxation is taken

into account; diffusion and other possible interactions are
neglected. 1In view of these approximations, the agreement

achieved is good.
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The probe transmission can be understood in terms of the
model of Elci et al.4 in the following way. After the passage
of the excitation pulse, the interaction region of the sample
contains a large number of carriers with a high distribution
temperature. The electrons (holes) are located high (low)
in the bands because of the high distribution temperature,
leaving the states that are optically coupled available for
absorption. Thus::;;obe transmission is small. Later, as
the distribution cools by means of intraband phonon-assisted
transitions and carriers fill the states needed for absorption,
the probe transmission increases. Note that the PAR process
is essentially turned off when the excitation pulse has passed
through the sample.

One might plausibly attribute the decay of the probe
transmission for long delays (Fig. 6 ) to carrier diffusion.a’9
Because of the large focused spot size for the optical pulse
(250um in diameter), diffusion transverse to the direction
of light propagation is entirely neglible. However, diffusion
of carriers from a region near the sample surface into the bulk
crystal in the direction of light propagation can be signifi-
cant. We term the diffusion in the direction of light prop-
agation longitudinal. Reflectivity experiments that measure
the longitudinal diffusion of an optically-created surface
carrier density into the crystal bulk have been carried out
by Auston and Shank.8 However, note that longitudinal carrier
diffusion will not necessarily affect surface and bulk measure-

ments in the same manner. When a probe pulse




70

transmitted
is through a thin sample, it sees the same total number

of carriers (neglecting Auger and other recombination) for
all relevant delays; however, the carriers will be spatially
rearranged because of diffusion. To investigate how the
carrier diffusion affects the bulk transmission measurements,
we perform a simple calculation based on the calculations of
Elci et al.4
To study the effect of carrier diffusion alone, we assume
that the plasma is in thermal equilibrium with the lattice.
This is the case for delay times greater than 100 psec, since
on these time scales phonon-assisted relaxation is essentially
complete. This plasma , although inhomogeneous in spatial
distribution, has a uniform temperature T = '1'9~ (lattice tem-
perature). We will assume local charge neutrality and ambi-
polar diffusion. Thus, electron and hole densities are equal
everywhere. Electrons and holes have different Fermi energies
EF and EH' respectively, which are space and time dependent,
although EF and “H
are equal. Finally, we will assume that the electron (or hole)
density is space and time dependent only via EF (or EH). Since
diffusion is longitudinal, we have a one-dimensional diffusion
problem, where E_ = EF(x,t) and EH = EH(x,t). The electron

F
density and hole density are given bylo

o

E+ B
nix,t) =-f dEp (E)F
o e

Q

B B

are related since electron and hole densities

~ E + E
= EF f H
j't"f' ] = & dEDh(E)F ——R*T. (1)
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Definitions of the various symbols and functions used in this
and the subsequent formulae are given in Tables I and II. Also

the carrier density, n(x,t), must satisfy the diffusion equa-

tion
2
g%-pjan ; (2)
X

We will not attempt to calculate the ambipolar diffusion con-
stant D. Instead, we will use the value measured by Shank and
Auston.8 If an initial density n(x,0) is given, (1) and (2)
determine the subsequent EF(x,t) (or EH(x,t)).

Since the optical pulses used for probing are weak, we can
neglect the perturbation of the distributions induced by the
probe in the calculation of its 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

2 -4? dxa (x,t)
Tpr(t) =~ (1 - R)"e i (3)

where a(x,t) is the absorption coefficient, and a(x,t) depends

on x and t via EF and EH. The absorption coefficient a as a

function of EF and E, is calculated in Ref. 4. It is composed

H
of two parts:

a(x,t) = GD(x't) + am(x't) ’ (4)
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where ap is due to the direct electronic transitions from the

valence bands to the central conduction band valley of Ge

and Apca is due to the free carrier absorption. Expressions
4
for ap and Apcp are given by Elci et al. as
ap(x,t) = a (1 = F(u;) = Fu,y)] (5)
m,|2
GFCA(x't) = al[Co(u3) + 2 g CO(H4)]

In order to calculate the carrier distribution n(x,t) at

some later time, we need the initial distribution n(x,t 0),

delay
the spatial distribution of carriers as they are generated by

the excitation pulse. We are currently working on a model

that will give n(x,t 0). However, for the present, to

delay=
avoid considering the temperature dependence of the electron-
hole plasma, we take the time origin to be such that temperature

relaxation is complete. Thus, n(x,0) = n(x,t =100psec) is

delay
used as the initial condition for solving the diffusion equation.

Of ccurse, n(x,t =]100psec) is itself not known; we must

delay
assume an initial distribution and investigate the effect of
its temporal behavior on the sample transmission. Again, we
emphasize that we do not intend this to be an exact calculation,

but rather a simple investigation of the possible effects of

diffusion for long time delays.
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To understand the effects of diffusion on the probe trans-
mission, we perform the following calculation. Given the aver-
age density of carriers created by the excitation pulse in the
interaction region, n, (see Elci et al.‘) and assuming a spat-
ially dependent initial carrier density n(x,0), the diffusion
equation, Eq. (2), can be solved for the subsequent carrier
distribution n(x,t). Results of a typical calculation are
shown in Fig. 7., where an initial distribution of the form
n(x,0) = ng e-x/w is assumed. Since the electron temperature
is equal to the lattice temperature, the Fermi energies EF(x,t)
and En(x,t) can be calculated from Eq. (1). Next, knowing the

Fermi energies, a_ and a can be calculated from Eq. (5) and

D FCA
Eg. (6), and the transmission can be calculated from Eq. (3).
absorption
The spatially dependent direct and free carriesﬁcoefficients,

calculated from the carrier densities of Fig. 7 , are shown
in Fig. 8 and Fig. 9 , respectively. Note that the direct
absorption coefficient is always much larger than the free
carrier absorption coefficient. Finally, Fig. 10 shows the
resulting probe transmission for times greater than 100 psec
and for various initial density distributions. The average
electron density for all curves in Fig. 7-10 is 2.5x1019/cm3.
Figure 10 illustrates that for low average carrier den-
sities, diffusion will tend to decreasérs;obe transmission, as
might be expected. However, when n is large enough, diffusion

can actually cause an increase in probe transmission, as shown

in Fig. 11. While this may seem surprising at first, it be-

comes more reasonable if the following physical argument is
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considered. Consider a simple schematic of the diffusion
process such as the one shown in Fig. 12. Since n stays
constant, the probe pulse sees the same number of carriers
independent of time delay. However, the states that are
optically coupled are restricted to narrow regions in energy
in the band structure. So, if we consider only direct ab-
sorption of the probe, not all carriers are effective in

filling the optically coupled states and preventing absorp-

D
L
is proportional to 4) n(x,t)dx, the total number of carriers,

tion. Thus, it is not right to say that a for the probe

rather,

L
-1
D * fo neff(x,t) dx Neff ¥ (7)

a

where Neff denotes the total number of carriers effective in
clogging the optically coupled states needed for absorption.

Neff’ the total number of carriers effective in preventing

light absorption, is altered by diffusion as shown schematically
in Fig. 12. If the number of carriers is large, when they mi-
grate from the front surface, they can fill the states needed
for absorption away from the front surface without depleting

the optically coupled states near the surface; Neff increases
and absorption decreases. If n is small, diffusion will de-
Crease n_.. in the front region without increasing Nogs sig-
nificantly in the back, thus the transmission decreases. Thus,

depending on the total carrier number, longitudinal diffusion

PE— — W
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can cause the probe transmission to rise or fall. Experi-
mentally, we have not observed a rise for long probe delays
at present densities.

Diffusion should also affect the probe transmission for
shorter delay times as well. That is, carriers diffuse while
they lose energy to the lattice. However, when the carriers
are hot, D is smaller than its thermal equilibrium value for
the same density. In a precise calculation, one would have
to allow the diffusion coefficient D to depend on time through
the carrier temperature.

Excitation-probe measurements have been performed on
Hgl_xCdee3 as well as Ge. The results of these measurements
are presented in Fig. 13 for comparison with the Ge results

and for completeness.




—

IV. SUMMARY

In this paper, we have reviewed recent experiments that
measure the nonlinear, nonequilibrium properties of germanium
and mercury cadmium telluride. In addition, we have described
how tﬁ?rmz;iggiments can be accounted for by a recently pro-
posed model that describes the generation and temporal evolu-
tion of hot electron-hole plasmas produced in semiconductors
by the absorption of intense, ultrashort optical pulses. 1In
these calculations, however, several assumptions, omissions,
and simplifications are made. The major assumptions are the
following. The carrier distributions are assumed to be Fermi-
Dirac for all time scales of interest. All carrier densities
and Fermi energies are allowed to depend on time but not posi-
tion. The overall good agreement between the theory and pre-
sent experiments indicate that these assumptions work quite
well despite the intensities and short durations of the optical
pulses. However, more exact calculations and definitive experi-
ments are in progress in an attempt to investigate the impli-~
cations of these approximations. These calculations will also
include processes omitted from the original model, such as
Auger recombination and diffusion. We believe it is clear that
future investigations with picosecond optical pulses will yield
information concerning the individual characteristics of sewi-
conductors and the dynamics of the fundamental processes

that take place in semiconductors.
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TABLE ]

light frcqucency
clectronic charge
high frequency dielectric constant

spced of light

sound velocity 5.

electronic mass

electronic cffective mass in the central
valley of the conduction band

density of states effective mass in L-vaileys
effective hole mass

temperaturc

direct gap ;
indirect gap o
electron-acoustic phonon coupling_éoefficients
electron-optical phonon coupling coefficient 6
mass density ‘

optical phonon frequency ;J

reflection cocfficient

sample thickness

diffusion constant
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fw = 1.17 eV
16
4 x 105 cm-sec'1

0.1m

0.22 m

0.3 m

300°K

0.889 eV (at 300°K)
0.664 eV (at 300°K)
17 eV, -3.4 eV

x 1074 erg em}
5.3 gm—cm's

hﬂo = 0.02 eV

0.34

5.5 um

230 cmz-sec-l
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FIGURE CAPTIONS
Single pulse transmission of a 5.2um-thick single crystal
germanium sample versus incident energy in units of quanta
at 1.06um for temperatures of 297K and 77K.
Single pulse transmission of a Sum-thick “90,39040,51T°
sample versus incident energy in units of quanta at 1.06um
for temperatures of 297K and 105K.
Ge energy-band (eV) structure at 300K.
Transmission of a 5.2um-thick germanium sample as a function
of incident energy and pressure, for a sample temperature
of 295K.
Emission spectra of germanium for different excitation
irradiances Io at temperatures of (i) 295K and (ii) 174K.
Probe pulse transmission of a 5.2um-thick germanium sample
versus time delay for sample temperatures of 297K and 77K.
Relative transmission units are given by the ratio of the
probe transmission to excitation transmission for each
delay, normalized such that the peak of the 77K curve is
unity.
The variation due to diffusion of the carrier dcnsity, n(x,t)
as a function of longitudinal position and time in a 5.5um-
thick germanium sample. The average density is determined
by the total carrier number/interaction volume.
The variation due to diffusion of the direct absorption
coefficient as a function of longitudinal position and time

in a 5.5um-thick germanium sample.
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12,

13,

82

The variation due to diffusion of the free carrier absorp-

tion coefficient as a function of longitudinal position
and time in a 5.5um-thick germanium sample.

The variation of the probe transmission with time as a
result of diffusion, for an average carrier denisty of
2.5x10%% /em3.

The variation of the probe transmission with time as a
result of diffusion, for an average carrier density of
4.75%x10%% /cm3.

Schematic of the diffusion process

Probe pulse transmission of a Sum-thick Hgo 39Cd0 Te

61
sample versus time delay for sample temperatures of 297K

and 105k.
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Abstract

The ndnlinear transmission of ultrashort optical pulses
(A =1.06um) through a thin germanium sample has been measured
as a function of pulsewidth. These measurements provide in-
-.i.ght into a recently proposed theoretical model that describes

the enhanced transparency observed at high intensities.
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Recently Elci et Al.l have presented a theoretical model that
accounts for the ultrafast transient response of optically-created, hot
electron-hole plasmas in germanium. This model is shown to be in sub~
stantial agreement with the observed nonlinear transmission of single,
ultrashort optical pulses through germanium as a function of incident
pulse energy at temperatures of 105 K and 297 K and with the transmission
of a weak probe pulse as a function of picesecond time delays after an
intense excitation pulse.2 In addition, the theory agrees well with
experimental nonlinear transmission data obtained as a function of band
gap energy achieved by pressure tuning a germanium aanple.3 One feature
of this model is the predicted strong pulsewidth dependence of the non-
linear transmission of these intense, ultrashort optical pulses through

germanium.
This pulsewidth dependence is depicted in Fig. 1. This figure iz a

plot of the theoretical transmission of a 5.2um - thick sample of ger-
manium as a function of the number of incident quanta for a sample tem-
perature of 77 K and for theoretical optical pulse widths of 2.5, S,

and 10 psec. Elci et al.l have suggested that experiments with variable
duration pulses be performed to provide a further test for the theoretical
model. In this paper, we report the results of such measurements.

A schematic of the experimental apparatus is shown in Fig. 2. A
single pulse, having a wavelength of 1.06um and a pulse width T of 5-10
psec, is switched from a train of pulses from a mode-locked Nd:glass laser
by an electro-optic shutter. To produce variable-width pulses, this
single optical pulse is split into two separate parts that are then re-
combined collinearly after one part has been delayed with respect to the

other with a Michelson interferometer. The recombined pulse is then focused

on the sample to a spot with diameter of approximately 250um. The sample
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is an undoped, high purity (pmin = 40.0 cm), single crystal ggrmanium
wafer that is cut with the (111) plane as the face, mounted on a KZF-2
substrate, and polished to a thickness of 7.5um, as determined from an
interferometric technique.

Figure 3 is a plot of the transmission versus incident pulse energy
for two pulse widths, Tt and 21, and for a sample tempetacure'of 105 K.
Each point shown is the average of 8 to 12 data points, and the error
bars indicate one standard deviation. Although the exact pulse width Tt
is uncertain from one optical pulse to the next, it can be readily seen
that the difference between the two curves is less than the uncertainties
in the data and substantially less than that predicted by theory.

The pulsewidth dependence of the transmission can be understood in
terms of this model in the following way. Initially, when the optical
pulse enters the Ge sample most of it is absorbed creating a large number
of electrons (holes) in the central valley of the conduction (valence)
band. These electrons are rapidly (compared to a psec) scattered to the
conduction band side valleys by phonons. Carrier-carrier scattering
events ensure that the carrier distributions are Fermi-like. Since the
energy of the light quanta hwo is greater than the direct band gap Eo
and the indirect band gap !G' a direct absorption event, such as the one
described above, gives an excess energy of npproximntcly'ﬂwo-sc to elec-
tronic thermal agitation. Thus, direct absorption followed by intervalley
phonon and carrier-carrier scatterings causes the conduction (valencc)
band to contain a large number of electrons (holes) with a temperature of

approximately 1500 K.
If only these processes are considered, the Ge transmission will rise

as the optical pulse energy is increased because of the saturation of the
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available optically coupled states due to direct absorption; but no
dependence on pulsewidth will result. However, intravalley électron-
phonon relaxation and plasmon-assisted electron-hole recombination, when
included, will cool or heat, respectively, the carrier distribution. If
the phonon-assisted cooling dominates, more of the electrons (holes) will
be located lower (higher) in the conduction (valence) band, thus more
completely filling the states needed for absorption; the transmission
will further increase. However, if heating due to plasmon-assisted
recombination is the stronger, the electrons (holes) will be located
higher (lower) in the conduction (valence) band, thus freeing the states
needed for optical absorption; the transmission will increase more slowly
as a function optical pulse energy.

To understand the pulsewidth dependence of these two processes, con-
sider two pulses of equal energy but different width incident on a Ge
sample. While the longer pulse interacts with the sample, there is more
time for both phonon-assisted relaxation and plasmon-assisted recombination.
If heating due to plasmon emission is dominant, the longer pulse will have
the higher distribution temperature and, consequently, the lower trans-
mission. If the phonon-assisted relaxation is stronger, similar arguments
show the transmission will have the opposite pulsewidth dependence. Al-
though we have simplified the situation somewhat, these are the dominant
effects. The coupling constants in the paper by Elci et al.l were such
that phonon-assisted cooling of the carrier distribution was small during
the time the pulse was present in the sample, thus plasmon heating effects
determined the pulsewidth dependence.

Thus, the present data represents the first substantial disagreement

between experiment and a heretofore successful model. (From our discussion
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of the pulsewidth dependence of the model it appears that for some reason
either the plasmon-assisted recombination is not as strong as we originally
calculated or that the phonon-assisted relaxation is stronger). Whether
this disagreement is due to the simplifying approximations made in the model,
to the experimental uncertainties of physical constants used, or to the
details of the physical processes considered in the model is currently
being investigated. Because the calculations of Elci et al.1 have pro-
vided a theoretical description of a substantial body of experimental data,
we still believe this model to be substantially correct. However, the
present measurements indicate the need for further experimental and theo-
retical study in order to place our understanding of these ultrafast pro-

cesses on a firm basis.

We thank W. P. Latham and J. C. Matter for their comments concerning

the manuscript.
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Figure Captions

Predicted single pulse transmission of a thin Ge sample vs. incident
pulse energy density (number of quanta/interaction volume) for pulse-
widths of 2.5, 5, and 10 psec for an initial lattice temperature of
77 K (from Elci et ai.l).

Block diagram of experimental apparatus for producing pulses of
variable width.

Experimental single pulse transmission of a 7.5um - thick Ge sample
vs. incident pulse energy for pulsewidths of T and 21 for a lattice
temperature of 105 K. Corresponding theoretical curves are shown

for pulsewidths of 2.5, 5, and 10 psec.
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OF THE TRANSMISSION OF ULTRASHORT OPTICAL PULSES THROUGH GERMANIUM
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ABSTRACT

Recently, Elci, et al. developed a first principles
model that accounts for the generation and transient be-
havior of dense electron-hole plasmas produced in germanium
by picosecond optical pulses. The agreement between this
model and early experiments is substantial. However, recent
transmission measurements, involving optical pulses of vary-
ing width, are in disagreement with initial predictions of
this model. Here, we emphasize the dependence of the optical
properties of the Ge plasma on the electron-phonon coupling
constant, the broadening in the plasmon-assisted recombina-
tion, and the energy band structure, and we suggest adjust-
ments to the original model that should produce agreement
with these more recent experiments. The pulsewidth depend-
ence in the transmission is shown to be sensitive to the
relative strengths of the electron-phonon relaxation and
the plasmon recombination during the temporal evolution of

the hot electron-hole plasma.
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I. INTRODUCTION

Recently, Elci, et al.l have proposed a theoretical
model that describes the generation and the temporal evolu-
tion of hot electron-hole plasmas produced in the elemental
semiconductor germanium by the absorption of intense, ultra-
short optical (A = 1.06um) pulses. This model has been shown
to be in agreement with the experimentally-observed enhanced
transmission of single, energetic pulses through thin ger-
manium samples as a function of incident pulse energy for

2,3 It has also suc-

sample temperatures of 105 K and 300 K.
cessfully described the transmission of a weak probe pulse
through the germanium as a function of time delay after an
energetic excitation pulse for different excitation energies

3 Subse-

and for sample temperatures of 105 K and 300 K.
quently, van Driel, et al.‘ have conducted further trans-
mission studies, in which the energy band gap of the ge:r-
manium sample is tuned by hydrostatic pressure, that corrob-
orate the proposed model.

However, Bessey, et al.s have recently experimentally
measured the optical pulsewidth dependence of the transmission
of thin germanium samples, as suggested by Elci, et al.s,
and i;ave found these measurements to be in substantial disa-
greement with the predictions of the model. In addition,
Elci, et al. have roportod7 that, although normalized, rela-

tive transmissions are in agreement with experiment, absolute

calculated transmissions are somewhat higher than those
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measured. The question thus arises as to whether these
disagreements with the proposed model are due to the assump-
tions made in deriving the model, the experimental uncer-
tainties in physical constants used in the calculations,

or the physical processes included in the model.

We demonstrate in this paper that variations produced
in the model by attempts to simplify the germanium energy
band structure and by the experimental uncertainties in the
electron-phonon coupling constants and the strength of the
plasmon-assisted electron-hole recombination are sufficient
to allow this disagreement between model and experiment.

In Section II, we begin with a brief review of the
theoretical model of Elci, et al.l Then, in Section III,
we demonstrate that, in this model, the absolute optical
transmission is drastically affected by replacing the non-
parabolic energy band structure of germanium by a parabolic
band structure. 1In Section IV, we show that the optical
pulsewidth dependence of the phonon-assisted carrier relax-
ation processes and the plasmon-assisted recombination
processes is opposite and that the pulsewidth dependence
of the transmission can be varied at will by adjusting the

relative strengths of the two processes.




II. REVIEW OF THE MODEL

According to the model proposed in Ref. 1, the trans-
mission of a single optical pulse through a thin germanium
sample as a function of incident pulse energy can be ac-
counted for as follows. When an excitation pulse is inci-
dent on a Ge sample, the unreflected portion of the pulse
enters the sample where most of it is absorbed by direct
transitions, creating a large number of electrons (holes)
in the central valley of the conduction (valence) band.

~14,ec) scattered to the

The electrons are rapidly ( <10
conduction band side valleys by long wave vector phonons.
Particle-particle scattering events, which occur at a rate
faster than or comparable to the direct absorption rate,
ensure that the carrier distributions are Fermi-like and
that both electron and hole distributions have the same
temperature, which can be different from the lattice temp-
erature. Since the photon energy hwo is greater than either
the direct energy gap Eo or the indirect band gap EG’ such

a direct absorption event followed by phonon-assisted
scattering of an electron to the side valleys results in

the photon giving an excess energy of hwo-EG to thermal
agitation. This excess energy results in an initial dis-
tribution temperature (approximately 1500 K for a lattice
temperature of 300 K) due to direct absorption that is

greater than the lattice temperature. If the above processes

113




were the only ones considered, the single pulse optical
transmission would begin at its Beer's law value and in-
crease as a function of incident pulse energy because of
the saturation of the optically coupled states as a result
of direct absorption. Note that. owing to the rapid scat-
tering of electrons from the central to side valleys of
the conduction band by phonons, any decrease in the num-
ber of states available in the central valley for direct
absorption is ultimately determined by the buildup of the
electron population in the X and L-side valleys.

As the carrier density increases because of direct
absorption, the plasma frequency of these carriers increases.
At sufficiently large plasma frequencies, an electron in
the I'-valley can recombine with a hole near the top of the
valence band via emission of a plasmon. Normally, plasmon-
assisted recombination can occur only if the plasma fre-
quency wp is larger than the direct band gap frequency Eo/h.
However, in our case, the plasma resonance is considerably
broadened due to the nature of the direct absorption and sub-
sequent scattering between the central and the side conduction
band valleys. Therefore, plasmon-assisted recombination can
occur at plasma frequencies lower than Eo/h. These collec-
tive plasma oscillations have lifetimes that are short com-
pared to a picosecond. The energy lost in the decay of the

plasmcns is rapidly transferred to single electron and hole




states and, ultimately, increases the temperature of the
carrier distribution. Therefore, as the electron and hole
populations increase, the plasmon-assisted recombination
rate increases, which limits the carrier number and raises
the electron-hole temperature. Thus, furéher increase in
the sample transmission is prevented as the electrons (holes)
are heated and removed from the optically coupled states.
Free carrier absorption events, although less important,
also serve to increase the distribution temperature while
the pulse is incident on the sample.

Owing to direct absorption and plasmon-assisted recom-
bination, the interaction region of the sample contains a
large number of carriers with a high electron-hole tempera-
ture. These electrons (holes) located high in a conduction
(valence) band valley can relax by emitting phonons. The
effect of this relaxation is to reduce the electron-hole
temperature and increase the lattice temperature. As the
distribution cools by means of these intraband phonon-assisted
transitions and carriers fill the states needed for absorption,
the transmission increases. The phonon-assisted relaxation
occurs on a time scale comparable to the pulse width.

After the passage of the optical pulse, the interaction
region of the sample contains a large number of carriers with
a high distribution temperature. The final temperature is

determined by the number of quanta in the optical pulse and
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by the relative strengths of the plasmon-assisted recombina-
tion and the phonon-assisted relaxation. The plasmon-
assisted recombination is essentially turned off when the
excitation pulse has passed through the sample. As time
progresses, the distribution will continue to cool by phonon-
assisted intravalley relaxation. Experimentally, a weak
probe pulse interrogates the evolution of the distribution
after the passage of the first pulse and is a sensitive
measure of whether the optically coupled states are avail-
able for absorption or are occupied. Immediately after the
passage of the excitation pulse the probe transmission is
small since the electrons (holes) are located high (low) in
the bands because of the high distribution temperature,
leaving the states that are optically coupled available for
direct absorption. Later, as the distribution temperature
cools and carriers fill the states needed for absorption,
the transmission increases.

The position of the optically coupled states needed
for direct absorption depends on the model band structure.
A discussion of the effects of the simplified band structure

on the germanium transmission is given in the next section.
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ITI. SIMPLIFICATIONS TO THE BAND STRUCTURE
One of the basic simplifications in the theoretical
calculations of Ref. 1 is to replace the actual germanium
energy band structure with a parabolic band structure having
two degenerate valence bands and a conduction band with a
direct valley having energy gap Eo and ten equivalent side

valleys with averaged energy gap E Actually, the central

G*
valley in germanium is highly non-parabolic, and the six
side valleys in the (1,0,0) direction are located higher in
energy than the four side valleys in the (1,1,1l) direction.
In this section, we investigate numerically the effect of
assuming a parabolic central conduction band valley on the
absolute value of the optical transmission. We illustrate
that such assumptions are sufficient to account for the dis-
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