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ABSTRACT

Solid-state physics is being revolutionized by the application
of ultrashort optical pulse techniques to classical problems in such
fields as hot electron plasma studies. In the work presented here, op-
tical pulses of several picoseconds duration have been used to observe
the ultrafast transient response of hot electron-hole plasmas in opti-
cally excited germanium, extending the approach of previous researches
in the field to new experimental configurations. By considering the
effects of varying temperature, pressure, and incident intensity in con-
junction with studies of a series of germanium films of different thick-
nesses, we have attempted to lay a quantitative groundwork for future

research into fundamental electronic processes in solids.



CHAPTER 1
INTRODUCTION

The introduction of the mode-locked Nd:glass laser has provided
researchers with an optical tool capable of producing high-intensity,
ultrashort optical pulses. |Its pulselength (u5-10 psec) is on the same
or shorter time scale as many of the processes that are important to the
electron-hole plasma dynamics of semiconductors. This results in a
powerful capability for use of the glass laser in excitation and obser-
vation of phenomena that were outside the range of sources available in
the recent past.

With the setup and operation of a single-stage mode-locked
Nd:glass laser oscillator at the Optical Sciences Center, The University
of Arizona, a long-term program was begin to delve in detail into the
transient response of optically excited electron-hole plasmas in a wide
range of semiconductors covering a wide range of phenomena. The pio-
neering experiments by Smirll and Matter,? coupled with those of other
groups (most notably Auston and Shank at Bell Labs),3 opened up a whole
new field of endeavor. This eventually led to the mammoth theoretical
paper on ultrafast carrier relaxation in germanium by Elci, Scully,
Smirl, and Matter® (hereafter referred to as ESSM), closing out the
first generation of experiments.

In this manuscript we hope to provide the reader with insight on
the second generation experiments, utilizing as a basis the technology

1



and theoretical background built up in the prior effort. The range of
phenomena directly considered experimentally are more varied in both
the timescales involved and the techniqués applied, as we attempt to
further the experimental and theoretical base underlying the processes
in which we are interested.

A number of opportunities thus present themselves. The primary
experiments performed were as follows, with goals of the experiments
outlined briefly here.

Pressure Dependence of Single Pulse
Transmission in Germanium

The band gap of germanium at room temperature can be tuned by
application of hydrostatic pressure. This provides an opportunity to
study the role of the band gap in various models of band filling by
optically excited electrons. The results here are in excellent agree-
ment with the model of ESSM.

Pulsewidth Dependence of Single Pulse
Transmission in Germanium

ESSM predicts a variation in the transmission of ultrashort
pulses in germanium depending on the duration of the incident pulses.
Qur experiment provides a suggestion that the model they propose is not
complete, as our results are at odds with their predictions. We include

here a discussion of the experimental results.



Radiative Recombination in Germanium

We present here a development from first principles of the
theory of spontaneous photoluminescence in germanium. EXxperiments we
carried out along these lines provide the impetus for a discussion of
the feasibility of achieving significant stimulated emission and con-
ceivably laser action in intrinsic germanium samples.

Optical Characteristics of Ultrathin Ge
Films as a Function of Film Thickness

Our studies of the Ge laser concept suggested using ultrathin
Ge films as an active medium. In preparation for this work we obtained
several vapor phase epitaxially grown films (thickness 0.5 um to 8 um).
These are initially studied by considering the same range of experiments
performed by Smirl and Matter on mechanically polished films. The
results presented here are compared to the predictions of the model of
ESSM.

Putting everything into perspective at this early stage, we
believe we have provided a significant input to the extension of the
technigques and theory of previous workers in the field and have also
provided justification for furthering the effort both theoretically
and experimentally, in particular with respect to relaxing some of the

assumptions originally made in the model proposed by ESSM.



CHAPTER 2
ULTRASHORT PRQOCESSES

We will first delve into experiments involving processes that
are essentially over in the length of the incident mode-locked pulse,
i.e., up to a maximum on the order of 15 psec. These are primarily con-
cerned with excitation and heating of the carrier distribution and are
studied by observing the transmission of optical pulses while the crys-
tal sample is subjected to a series of external perturbations. The
original experiments of Smirl and Matter involved study of the trans-
mission of single pulses as a function of incident energy at 1.06 um at
two sample temperatures. Their data (105 K data are shown in ng. 1)
show an increase in transmission above Beer's law.absorption as the
coupled states in the conduction (valence) band become filled with elec-
tronsi(holes) as a result of the intense excitation. This reduces the
number of available valence band electron-conduction band hole pairs
that can absorb photons. The model used to explain these data is given
in ESSM. From that paper it is apparent that two experiments would be
of immediate interest for comparison to the model. These are studies of
the saturation of transmission of ultrashort pulses as functions of
(1) the relative energies of the semiconductor band gap and the incident

photons and (2) the pulsewidth of the incident radiation.
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Fig. 1. Transmission of Ultrashort Pulses as a Function
of Pulse Energy for a 5.2-um-Thick Sample at a
Temperature of 105 K (from ESSM).
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There are a number of alternatives for the first. We may take
a whole series of semiconducters of different gaps with one laser or a
tunable high power ultrashort pulse laser with one semiconductor.
Unfortunately the semiconductor and laser situations are both rather
restricted as there are neither sufficient numbers of suijtable semi-
conductors nor any high power tunable picosecond lasers. However, a
compromise can be reached, as will be seen in the next section, by vary-
ing the band gap in germanium by application of hydrostatic pressure.
The results are in basic agreement with ESSM,

The second series of experiments is rather easier to perform
but has had wider repercussions with the model advanced by ESSM. The
pulsewidth experiments have been in general disagreement with ESSM at
the high intensity end of the transmission curves. Adjustments to the
theory of ESSM to account for these differences have been studied® and
are outlined briefly here.

In addition another series of experiments was carried out. All
of the work to date on Ge, especially with respect to the model of ESSM,
has been carried out on samples of thickness v5 um. |t was determined
that several points of the theory could be brought into better focus
by considering a wide range of sample thicknesses. We obtained several
thicknesses of vapor phase epitaxially grown Ge films on GaAs substrate
which we have studied to determine the effects of decreasing.thickness

on such important processes as diffusion of the excited carriers.



Pressure Tuning of Picosecond Pulse
Transmission in Germanium

The development of the gasketed diamond anvil pressure cell®
has given the world a source of hydrostatic presshre upwards of 100
kbar for small sample volumes. This easily exceeds the 30+ kbar needed
to increase the room temperature band gap of germanium above the laser
photon energy (see Fig. 2). Thus the direct band gap can be tuned con-
tinuously from the atmospheric pressure T=295 K value of .805 eV to
above the laser photon energy, at which point the sample becomes essen-
tially transparent to the incident pulses. This provides a method of
studying the electron band filljng associated with ultrashort pulse
excitation.

The diamond anvil cell, shown in Fig. 3, obtains high pressure
by applying opposite forces to a pair of £ carat diamonds whose culets
have been ground and polished to n0.75 mm across. Between the diamonds
is a beryllium-copper washer with a 0.5-mm-diameter hole drilled In the
center. The active cell volume uses a 4:1 mixture of methyl-ethyl
alcohol as an incompressible fluid, in which floats a small ruby chip
and the semiconductor sample. The measurement of the shift of the ruby
doublet fluorescence from 69#25 {AX = 0.365 lo\/kbar)7 provides absolute
pressure determination to *1 kbar.

The experimental apparatus is shown in Fig. 4. The incident
laser pulses are focused onto the germanium sample,which is a high

purity (pmin = 40.0 ohm+cm) single crystal of thickness 5.2 um and

covers approximately one-half of the open-cell aperture. The focused

spot size with a 20 cm focal length lens is about 200 um diameter. The



BANDGAPS (eV)

1.3
fiw = 1.17 eV
> o> ep OD o> w> em wd e» o o> o
1.1 o
0.9 -
—
0.7
L
0.5€ ) ] a8 ) 3
0 10 20 30

PRESSURE (kbar)

Fig. 2. Pressure Dependence of the Band Gaps in Germanium
at T = 295 K.



/ DIAMONDS

' . SPRING
REGION WASHERS “\_¢

DIAMONDS

BeCu
GASKET

PRESSURE
FLATE

Fig. 3. Schematic of the Diamond Anvil Pressure Cell
Developed by Piermarini.®

[nset shows an enlargement of the sample cell

region,
DETECTOR
APERTURE
DETECTOR e
10x MICROSCOPE
OBJECTIVE
DIANOND = = =g = = = 0= e cmeny
CELL Y i
G en ewmiive OO D R KD ADES Sew
Nd:GLASS ELECTRO-CPTIC \’//Z' ﬁgno
SHUTTER i
LASER 7 MIRROR
[
SPLITTER

LENS (f.1.=20cm)

Fig. 4. Diagram of Pressure Experiment Apparatus.



10

sample was imaged onto the apertured face of the detectors following
the technique described by Welber,® thus allowing us to significantly
reduce the amount of stray light getting into the detector system. The
absolute determination of the transmissivities was carried out by per-
forming measurements both on and off the sample inside the cell so that
the transmission reference level accounted for absorptions and reflec-
tions that were unrelated to the phenomena that we wished to study.
This was accomplished by positioning the cell with an X-Y translation
stage.

The experimental result of transmission as a function of inci-
dent pulse intensity is shown in Fig. 5 for pressures up to 24 kbar.
A1l data are corrected for sample reflectivity and cell transmission.
The data at 1 bar are from Smirl et al.,2 obtained with an equivalent
sample at a temperature of 295 K outside the pressure cell, and
are included here for comparison. The lower limit of pulse intensity
is determined by detector sensitivity while the upper limit is deter-
mined by the damage threshhold of the sample. At the highest pressure
shown (24 kbar), the direct band gap has been increased to 1.09 eV
(dEo/dP ~ 12x10"3eV/kbar) 10 compared to the laser photon energy of
1.17 eV. Overall, the data show an enhanced transparency at high pulse
intensities which increases from a factor of three at 1 bar to a factor
of ten at 9 kbar. The transparency enhancement then decreases steadily
to a step of 50% at 24 kbar.

These data can be clearly interpreted within the model of

ESSM where several processes, whose rates (y) are comparable to or
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faster than the inverse pulse width, determine the transmission. Direct
absorption (YDA ~ 101%/s) creates the electron-hole plasma with elec~
trons being scattered (ys n 101%/s) between the Brillouin zone center
valley (T') and boundary valleys (L,X). Coulomb thermalization through
carrier-carrier interactions (Yc-c ~ 1010/s) which elevates optically
excited carriers to even higher energy states serves to heat the carrier
distribution. Once the density of carriers is sufficiently high
(>10}%/cm?) that the plasmon energy is comparable to the direct gap,
electrons and holes are able to recombine with the creation of plasmons.

The density of carriers (n) is therefore being reduced at a rate

dn  _ _ =
Frii k(nr nF) (2.1)

where k is a constant and BF and np are equilibrium and nonequilibrium
densities of electrons in the I' conduction band valley. Because the
plasmon resonance is considerably broadened by fluctuations in the

Fermi levels while the pulse is on, the plasmons return their energy to
the individual carriers in a time short compared to the pulse width
(YPAR n 10+1%/5). This plasmon-assisted recbmbination process dramati-

cally heats the carrier distribution (T > 103 K), thereby dras-

plasma
tically reducing the occupancy of the optically coupled states.

The effect of pressure on each of the above processes is as
follows. The direct absorption coefficient in the Beer's law region
will decrease with increasing pressure,reflecting a dgcrease in the
joint density of states for fw = 1.17 eV as the valence and conduction

bands move apart. The carrier-carrier interaction is independent of

pressure as is the free carrier absorption process if one makes the
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reasonable assumption that the electron-phonon interaction does not
change significantly with pressure, The last process that has to be
considered, plasmon-aésisted recombination, should display a significant
pressure dependence. Because the PAR process occurs when the density
of carriers is such that the plasmon energy becomes comparable to the
direct gap energy, an increase in the direct band gap with pressure
should lead to a decrease in the efficiency of the PAR process. This
would result in a decreased plasma temperature for a given pulse energy.
A more subtle secondary effect in the reduction of the PAR rate occurs
because the indirect energy gaps do not increase as fast (dE,/dP ~ 0,
dE /dP = 5x 1073 eV/kbar)ll as the direct gap with increasing pressure.
Therefore, all other effects being equal, the ratio of T valley to L,X
valley electrons--and therefore the PAR rate--decreases with increasing
pressure.

Incorporating the above processes using the known physical pa-
rameters of germanium, transmission curves for the appropriate pressures
were generated and are shown by the solid lines in Fig. 5. The agree-
ment of the model with the data is quite remarkable and provides con-
vincing evidence that the model is intrinsicaily correct. Indeed, any
 discrepancy between theory and experiment is most likely due to the
omission of spatial effects, e.g., pulse propagation in the model.

Within the context of the model, the increase and then decrease
in enhanced transparency with increasing pressure occur because of a
decrease in the PAR rate, plasma temperature, and T valley electron
density. On increasing the pressure from 1 bar, the dominant effect is

a reduced PAR rate that allows for a denser but slightly cooler plasma.
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This results in the optically coupled electron-hole states becoming more
occupied than at the ldwer pressure and therefore allowing a higher
transmission. This trend continues up to a pressure of ~10 kbar as pre-
dicted by the model and verified experimentally. Beyond this pressure
the increasing separation of the I' and L,X conduction band valleys be-
comes felt as the T valley receives less than its previous share of
electrons. This, together with the decreasing plasma temperature,
allows the tail of the Fermi distribution to move down in the T valley,
opening up the coupled electron states, thereby reducing the nonlinear
transmission.

It becomes interesting to compare the results presented here
with the earlier work of Smirl et al.,® who measured the nonlinear trans-
mission of germanium at 295 K and 105 K. At 105 K the band gaps of
germanium are approximately the same as they are at 10 kbar and 295 K.
The order of magnitude increase in the transparency of germanium at
105 K is also about the same as we observe at 9 kbar. Indeed, the theo-
retical prediction for the transmissivity as a function of pulse energy
at 105 K is shown by the dashed line in Fig. 5 and is close to the be-
havior exhibited by the 9 kbar data. This result allows us to draw two
conclusions. First, the temperature-dependent (through phonons) free
carrier absorption process is not important in heating the optically
generated plasma and influencing the nonlinear transmission. Second,
the earlier work of Smirl et al., which displayed a temperature depend-
ence of the nonlinear absorption, did so only because of the accompanying
changes in the direct band gap, with similar results being obtainable by

pure volume effects alone.



15

Pulsewidth Dependence of Nonlinear Transmission
of Picosecond Pulses in Germanium

As was seen in the last section, thg initial experiments on a
picosecond time scale produced excellent agreement with the theory of
ESSM. An interesting feature of the model presented by ESSM is the
predicted strong dependence of the nonlinear transmission of intense
ultrashort optical pulses through germanium on the width of the optical
pulses. This pulsewidth dependence is depicted in Fig. 6, which is
taken from ESSM. This figure represents the theoretical transmission
of a 5.2-um-thick sample of germanium as a function of the number of
incident quanta at A = 1.06 um for a sample temperature of 77 K and
for theoretical optical pulses of widths of 2.5, 5, and 10 psec.

The pulsewidth dependence of the transmission can be understood
in terms of this model in the following way.l2 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 conduc-
tion (valence) band. These electrons are rapidly (compared to a pico-
second) scattered to the conduction band side valleys by phonons.
Carrier-carrier scattering events ensure that the carrier distribution
is Fermi-like. Since the laser photon energy fw, is greater than the
direct band gap E5 and the indirect band gap Eg, a direct absorption
event such as the one just described gives an excess energy of approx-
imagely fwg = Eg to electronic thermal agitation. Thus, these processes
result in a large number of electrons (holes) in the conduction
(valence) band at a relatively high carrier temperature (Te is

approximately 1500 K; refer to ESSM). |If only these processes are
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considered, the Ge transmission will rise as the optical pulse energy is
increased, oQing to the saturation of the available optically coupled
states, but no dependence on pulsewidth will result., However, intra-
valley electron-phonon relaxation and plasmon-assisted electron-hole
recombination, when included, will cool or heat, respectively, the car-
rier distribution. |f 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 ab-
sorption; 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 élowly as a function of optical pulse energy. To
understand the pulsewidth dependence of these two processes, consider
two pulses of equal energy but different width incident on a Ge samplie.
While the longer pulse interacts with the sample there is more time for
both phonon-assisted relaxation and plasmon-assisted recombination. |f
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 arqgu-
ments show the transmission will have the opposite pulse width dependence.
Although we have simplified the situation somewhat, these are the domi-
nant effects. The coupling constants in the ESSM paper 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.



A schematic of the experimental apparatus used to make these
measurements is shown in Fig. 7. A single pulse of width t of 5-10 psec
is switched from the train of pulses from the laser. To produce
variable-width pulses, this single optical pulse is split into two sep-
arate parts, which are then recombined 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 diame-
ter of approximately 250 um. The sample is undoped, high purity (pmin =
40.0 ohm-cm), single-crystal germanium with the (111) plane as the face,
mounted on a KZF-2 substrate and polished to a thickness of 7.5 um, as

determined by an interferometric technique.
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Fig. 7. Schematic Diagram of Variable Pulsewidth Apparatus.

The pulsewidth is varied by moving the mirror M to change
the path length of one arm of the interferometer.
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Figure 8 is a plot of the transmission versus incident pulse
energy for two pulsewidths, 1t (v8 psec) and 2v, for a sample temperature
of 105 K. Each point shown is the average of 8 to 12 data points, and
the error bars represent one standard deviation. It is readily seen
that the difference between the two curves is less than the uncertain-
ties in the data and substantially less than predicted by theory.

Thus we are left with the first substantial discrepancy between
experimental results and the model proposed by ESSM. Recent work by
Smirl et al.> has shown that some of these discrepancies may be toned
down by varying the electron-phonon and electron-piasmon coupling con-

stants for germanium.

Thickness Study of Germanium Films

Two of the fundamental assumptions of the model proposed by ESSM
are homogeneous excitation of the sample and a subsequent diffusionless
dynamics of the excited carriers. The ellipsometry experiments of Shank
and Auston!3 at Bell Laboratories have shown that in at least some cases
diffusion is significant, and the validity of this assumption is cur-
rently being studied theoretically at The University of Arizona. The
assumption of homogeneous excitation is at low energies a simplifying
one at best, as the 1/e length for Beer's law absorption of 1.17 eV pho-
tons in germanium is on._the order of 1 pm.

To date little has been done with the specific intent of di-
rectly studying these assumptions on an experimental basis for thin
(10 ym) samples. This is specifically due to the extremely important

problems that arise in the usual method of preparing thin germanium
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samples. A piece of bulk single-crystal intrinsic germanium that has
been mechanically polished and chemically etched on one face is epoxied
to a substrate of KZF-2 glass, providing a firm base that has nearly the
same thermal expansion coefficient as the germanium. The mounted sample
is then polished and etched to produce a Ge film that is several micro-
meters thick with parallel faces. This is limited to producing samples
on the order of 5 um. Thus the experiments to date have been performed
on samples of thickness 5 to 8 um.

In addition to these mechanical problems, two other related prob-
lems arise. These are the directly coupled problems of cost of manufac-
ture (nearly $1000 per sample) and a deérth of optical technicians with
the equipment and experience to produce high-quality samples. Thus an
experimental program to seriously study the previously mentioned aspects
of excitation and diffusion would require an excessive amount of funding
just for samples that would not span the sample thickness range required
to pin down these effects. With this in mind we have undertaken such an
experimental program, with one fundamental difference: the samples we
are using are produced by vapor phase epitaxial deposition on gallium
arsenide substrates. The major difficulties inherent in the mechanical
polishing process--thickness and cost--are not problems for the VPE-grown
samples, as the apparatus that produces the samples, after the initial
setup costs, can be run for liftle more than the cost of materials. Any
thickness desired can be achieved by varying the growth rates and times.
Of course there are problems that are uniquely associated with such sam-
ples. The atom-~by-atom growth that occurs, in order to form a single

crystal structure, must be forced into the desired crystalline
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configuration. GaAs has been chosen as a substrate to provide a close
match to the lattice constant and structure of the Ge that will be laid
down. The relatively good match between Ge and GaAs does not guarantee
that the Ge will be single-crystalline, but electron diffraction tests
on our samples have shown that the Ge films are in general good-quality
single-crystal samples of homogeneous thickness. The major drawback to
the samples we have used is that the surfaces are not all of an extremely
high visual quality. The exact effect this has on our results is yet
to be determined. The heterojunction character of the transition region
between the Ge and the GaAs is another major unknown. Since this region
is on the order of 100 R thick, it is most likely negligible in the ex-
periments we have undertaken. This transition region warranﬁs further
study. In addition, two-photon absorption (TPA) of the glass laser
photons occurs in the GaAs. We have ignored this effect for our samples,
as peak transmissions of the thinnest Ge films are around a few percent,
so the energy incident on the substrate will be below the point where
significant TPA will occur. For thinner samples this effect must be
taken into account.

The Ge samples we used ranged in thickness from 2.6 to 6.8 um,
on GaAs substrates of ~100-200 um. Characteristics of the samples are
given in Table |. The Ge thicknesses were calculated from the Beer's
law absorption region of the 1.0~um single-pulse transmission curves
assuming the low-intensity absorption coefficients given by ESSM.*

Qur experiments follow along the lines of those originally per-
formed by Smiril and Matter.2 These include single-pulse transmission

as a function of incident pulse energy and transmission of a weak probe
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Tabie iI. Characteristics of VPE-Grown Germanium Films.

Sample Thickness (um) Quality

M25T 6.8 Good
M28B 3.5 Good
M31B 3.1 Fair
808B 2.6 Poor

pulse as a function of time delay after an intense excitation pulse.
Both have been carried out on all samples at temperatures of 295 K and
105 K, the latter achieved by mounting the sample on the cold finger of
a small liquid nitrogen dewar. A schematic diagram of the experimental
setup is shown in Fig. 9, and the probe delay apparatus is detailed in
Fig. 10. The pulse energy is monitored by detector Dj, providing a
shot-to-~shot calibration of the energy incident on the sample. The pulse
is then split into two parts by the beamsplitter B, and each part is re-
flected off a right-angle Porro prism P and gold~coated front-~surface
mirror M. One of the Porro prisms is mounted on a micrometer stage, al-
lowing one to dial in any desired delay over a range of approximately
150 psec (3-mm motion of the micrometer stage corresponds to 20-psec
delay). For the excitation-probe experiment, the probe beam is attenu-
ated by a 4% transmission dielectric filter and the two beams are then
focused onto the sample. This achieves a 25:1 excitation-to-probe pulse
energy ratio, ensuring that the excitation pulse is well into the satu-
rated region of the single pulse transmission spectrum while the probe
pulse is in the Beer's law transmission region. Thus the probe pulse

will be a minor perturbation on the excited carrier plasma and will thus
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prbvide information on the state of the evolving plasma. The beams are
focused to a spot diameter of about 250 ym and carefully overlapped on
the sample. The transmitted beams are focused into the detectors D, and
D3, which measure the transmitted energy. A 1.06-pm laser line filter
is placed after the sample to biock any photoluminescence froh the

two-photon absorption excited GaAs substrate.

Single-Pulse Transmission Experiment

The single~-pulse transmission data are taken by blocking the
probe pulse channel in the delay optics and varying the excitation chan-
nel energy with a series of interference filters. Figures 11 through 14
show the absolute sample transmission as a function of incident pulse
energy for each sample at temperatures of 295 K and 105 K. These curves
show the typical behavior reported in ESSM. The transmission begins low
at small incident intensities as Beer's law absorption dominates. At
higher intensities, the transmission begins to rise, owing to the de-
creasing number of available valence band electron-conduction band hole
pairs that can be coupled by the incident radiation. At yet higher in-
tensities, an extremely fast nonradiative recombination of the excited
carriers begins to dominate, so the electrons are recycled down to the
valence band as fast as they are excited into the conduction band. Thus
the supply of valence band electrons is continuously replenished. The
transmission peaks and in some cases begins to decrease. The latter
effect occurs just below the damage threshold of the sample surface,
which provides a limit to the incident intensity that one can couple

into the sample and still maintain a meaningful experiment.



10”

107

TRANSMISSION

FA

[
<o
t
S

10

Fig.

11.

) ¢
00
Thickness 6,8um .
v
e d L
® T=105 K
v
(-4
Lo A
L }
-]
-3 -
®
.T'
oo
T=295 K' 1
L]
[}
1 q
1 10 100 1000

INCIDENT QUANTA (ARBITRARY UNITS)

Transmission of Sample M25T vs.

Incident Pulse Energy.

26



—
o
|

TRANSMISSION

—
ol

10

p—

N

Fig.

[ [
Thickness 3,5um
—1 L
°  °® =105 K
e ot
T .
D §
L ® T=295 K
o (-4
: ®
-]
| %
1 10 100 1000

12.

INCIDENT QUANTA (ARBITRARY UNITS)

Transmission of Sample M28B vs. Incident Pulse Energy.

27



1 y 7
Thickness 3.lum
10-1 o =3
=z
S
)
2 o ° T=105 K
& ®
Z ¢« °
e
= 'l °
o &
.9 [ ]
102 ke 4 ®T=295 K
6 & L4
° @
[
e ° °
10'3 1 4
1 10 100 1000
INCIDENT QUANTA (ARBITRARY UNITS)
Fig. 13. Transmission of Sample M31B vs. iIncident Pulse Energy.

28



29

1 d ¥
Thickness 2,6um
10" s -
=t
2
w)
2
= - ® o T=105 K
% o
= e,
&= o ° T=295K
_2 ’ [ -]
10 nad . e P o=
® - o . L
1073 8 §
1 10 100 1000
INCIDENT QUANTA (ARBITRARY UNITS)
Fig. 1h. Transmission of Sample 80B vs. Incident Pulse Energy.



30

The absorption coefficients in the Beer's law region are calcu-
lated by ESSM to be 1.48 ym™! at 295 K and 1.10 um™! at 105 K. If we
assume that the samples are uniformly excited and calculate an average
absorption coefficient for each sample as a function of pulse energy, we
obtain the curves in Figs. 15 and 16 for 295 K and 105 K, respectively.
Except for the thick sample data at 295 K, all follow essentially the
same general trends: the abéorption coefficients start to fall (trans-
missions start to increase) at the same incident pulse energy, and they
fall at approximately the same rate. As it is clear at the lowest inci-
dent energies that the excitation is not homogeneous, this trend suggests
that it is not homogeneous at higher energies either. The saturation
begins to occur in the front portions of the sample first, while the
back portions remain in the Beer's law region. The reason for the peak-
ing of the saturation is as follows: the higher incident energies cause
a dramatic inerease in the temperature and density of the excited car-
rier distribution in the front portion of the sample until the absorp-
tion process is so strong that only a fixed amount of energy is allowed
through the front portion to saturate the back portion. Thus with the
highest incident energies so much energy is pumped into the front por-
tion of the sample that it is destroyed, producing the spot seen when

the surface has been damaged by too high an incident energy.

Excitation-Probe Experiment
The probe pulise transmission for each sample is plotted as a
function of time delay after the initial excitation pulse in Figs. 17

and 18 for T = 295 K and 105 K, respectively. Al}l the curves have been
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normalized to the same peak value. As the two exhibit the same types of
features, we shall concentrate on the T = 105 K curve for a qualitative
description of the results. A number of features are of interest:

(1) The initial (negative delay) transmissions show marked variations,
(2) the transmission curves rise at slightly different rates and peak at
different probe pulse delays; and (3) the curves appear to decay at
almost the same rates. We shall discuss each of these points in turn.

The initial relative transmissions of the probe pulses are ex-
pected to be different. The ratio of the peak probe transmission to its
undelayed transmission should be a measure of the ratio of the saturated
excitation pulse transmission to the Beer's law transmission. As has
been shown, the transmission enhancement decreases markedly with de-
creasing thickness. Thus the initial relative transmission for the
thinner samples should be higher than for the thicker samples. This is
borne out in general by Fig. 18.

One of the interesting points apparent from Fig. 18 is that the
probe pulse transmission peaks at a shorter delay for the thinner sam-
ples than for the thicker ones. This can be explained by considering
the diffusion of the excited hot carriers. In a thin sample, the car-
riers are excited nearly homogenecusly across the sample, and diffusion
is not significant. The probe pulse sees a highly excited sample at all
times, so the rise time to the peak of the probe pulse transmission is
dependent primarily on the relaxation of the excited carriers within the
conduction band, filling up the absorption-coupled states. For thick
samples, the front portions of the sample are initially highly excited,

leading to a high probe transmission; but the later portions are not
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highly excited, so the probe pulse is initially strongly absorbed. In
the first hundred picoseconds after the excitation, the dominant process
affecting the probe pulse transmission is the diffusion of hot carriers
into the less excited regions of the sample. The overall probé trans-
mission increases because the increase in transmission through the por-
tions of the sample that the carriers are diffusing into is greater than
the decrease of the transmission through the early portions of the sam-
ple where the diffusion is causing a decrease in carrier density.

After the probe transmission peaks, it begins to decay at a rate
that is essentially independent of sample thickness. This is expected,
as further carrier relaxation should depend on intensive features of the
sample such as band structure and interparticlie coupling constants rather
than on extensive features such as film thickness. This also supports
the previously stated belief that the films are of generally even crys-
talline quality. !

The end result of these experiments is to call into question the
two assumptions of ESSM mentioned previously, i.e., homogeneous excita-
tion and diffusionless carrier dynamics. But these experiments do not
provide definitive proof, as there are numerous details to be considered.
For example, the lattice mismatch between the Ge and the GaAs produces

a large unilateral strain in the Ge layer.l"



CHAPTER 3
PHOTOLUMINESCENCE IN GERMANIUM

We now turn to a second time scale in optically excited
germanium. In Chapter 2 we were interested in processes occurring
as we pass a large pulse of light through the sample. As the pulses
are on the order of 8 psec long, any process taking longer than
| nsec is of no consequence to the observations. In this chapter we
turn our viewpoint completely around. Instead of monitoring the excita-
tion pulse after it has passed through the sample, we blast away at the
sample and then do everything we can to avoid seeing the incident pulse
at all. Instead we are interested in the slower processes that occur
in the sample, monitored by observation of the luminescence given off
by the sample during the time when the excited carriers are relaxing
back to their equilibrium conditions. We first historically review the
initial attempts to observe radiative recombination in germanium. After
a discussion of the relevant properties of this semiconductor, we pro-
vide a "first-principles' approach to the theory of photoluminescence
in germanium including diffusion effects. This is then compared with
a series of experimental observations. In summary we then discuss the
probability for achieving direct gap lasing in this indirect gap

material.
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Historical Background

Over the past several years there have been considerable inter-
est and much success in inducing laser action in semiconductors, pri-
marily centered on the development of sources in the infrared. However,
one group of materials in which experiments along these lines have been
entirely unsuccessful is the indirect gap semiconductors. It is
generally accepted that attempts to bridge the indirect gap with phonon
assisted transitions will not result in useful stimulated emission, as
the loss due to absorption by free carriers is considerably higher than
the gain across the indirect gap.l® However, calculations by Adams and
Landsberg!® have shown direct gap laser action may be possible. In
particular, they estimate that in an ideal case a conduction band elec-
tron population of v3x10!9 ecm™3 could be sufficient for laser action
across the direct gap in germanium. In the course of the study of the
ultrashort transient response of excited carrier plasmas in germa-
nium!™% it was determined that such densities, although very near the
damage threshhold of the sample, could be readily obtained.

As a first step we consider spontaneous recombination radiation
in optically excited germanium. Photoluminescence from germanium has
been known for a quarter century, beginning with observations by Haynes
and Briggs!7 and by Newman.l® Calculations by Haynes and Nilssonl®
using a detailed balance argument predict an efficiency for direct radia-
tive recombination a factor of 10® higher than for the indirect process.
This would lead one to expect a direct photoluminescence that is sig-

nificantly larger than the indirect photoluminescence. However, in
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nearly all reported observations to date, the overwhelming bulk of the
radiation was due to recombination across the indirect gap. In only
one case has more direct than indirect luminescence been seen,l!? in a
thin (v 7 um) sample excited to low carrier densities by a mercury arc
lamp and observed at the front surface, i.e., the surface toward the
source of excitation.

To ﬁnderstand the failure of early observations to see direct
radiation, we consider the typical experimental techniques. The contin-
uous output from a thermal light source such as a tungsten lamp is
passed through a water cell to block out the infrared component of the
lamp spectrum and focused on the front surface of the sample. The radi-
ation emitted from the opposite back surface of the sample is spectrally
analyzed by a monochromator and a photodetector. Owing to the highly
efficient absorption of the visible portion of the lamp spectral output
by the sample, this signal radiation consists entirely of the germanium
photoluminescence. Herein also lies the difficulty in thé observation
of the direct gap radiation. The incident radiation is absorbed in a
layer on the sample surface a few micrometers thick. Any direct photo-
luminescence emitted by carrier recombination in this region has to
traverse the entire thickness of the sample before reaching the mono-
chromator. The processes that lead to the high direct recombination
rate make the corresponding reabsorption rate equivalently high. This
would not be a problem in a direct gap semiconductor, but in an indirect
gap material like germanium it presents great difficulties, as in order

to build up a substantial direct valley population, one must first
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nearly fill the indirect valleys. Except in the region near the front
surface of the sample where the incident radiation is absorbed, the
indirect valleys are nearly empty, and any electrons promoted to the
conduction band by absorption of the direct gap photoluminescence would
scatter into the side valleys before they could recombine again across
the direct gap.

Recently, we reported observation?? of significant direct gap
photoluminescence in bulk intrinsic germanium. In these experiments
the thick (v 100-um) sample was excited with optical pulses from a
Nd:glass laser (A = 1,06 um) and the photoluminescence observed from
the front surface using a novel mirror and sample arrangement. The
direct photoluminescence must then travel less than a diffusion length
(~ 20 um) through the sample. Use of the Nd:glass laser has the addi-
tional advantage that high incident powers can be achieved, raising the
effective electron Fermi level well into the conduction band. The tail
of the electron distribution then reaches above the direct energy gap,
ensuring that a significant number of electrons can recombine via the
direct process. OQur techniques therefore are favored over the tradi-
tional approach on the grounds of a more probable population of the
central conduction valley and a superior method of observation of the

emitted radiation.

Radiative Recombination: Band Model

Germanium Band Structure
Germanium is an indirect gap semiconductor?1,22 (Fig. 19) that

crystallizes in a diamond-type lattice with two atoms per unit cell and
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tattice constant a v 5.657 A. The valence band consists of two nearly
degenerate heavy hole bands vy and two light hole bands Vo with another
band v3.spiit off .285 eV by spin-orbit coupling. The conduction band
edge is at the L-point [(111) direction] of the Brillouin zone at a
relative energy .66L4 eV above the valence band edge at room temperature.
There are four equivalent L-point valleys in the conduction band. The
direct gap at the I'-point (zone center) is .805 eV at room temperature.
There are also six X-point [(100) direction] valleys at a relative energy
of .86 eV. The constant energy surfaces of all of the bands are ellip-
soids with effective masses given in Table II. The relative positions

of the split off hole band and the X-point conduction valleys and the
small effective mass of the light hole bands will allow us to ignore
these bands in the processes we will consider. We restrict our attention
to the two heavy hole valence bands and the four L-point and one I'-point
conduction valleys.

The phonon-assisted processes of interest are between zone center
and the vicinity of the L-point. Transverse-phonon-assisted electron
transitions between the T valley and the L valleys are forbidden by sym-
metry considerations so we need only consider longitudinal acoustical
and longitudinal optical phonons. The L-point phonon energies are
27 meV and 30 meV for LA and LO mode phonons, respectively.?2

There are two radiative recombination processes of importance.
The direct transition of an electron from the I' conduction valley to the
valence band is a first order process resulting in emission of a photon

(see Fig. 20). Indirect transitions are second order, characterized
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Table |l. Band Parameters of Germanium.22
Energy (ev) dE Effective

Band at 295 K dT (meV/K) mass Symbol
Vi 0.0 0.364 my,
vy o 0.0 0.1
V3 '0-285
T 0.805 ~0.44 0.042 my
L 0.664 ~0.37 0.22 m.
X 0.805

Masses are given in terms of the free electron mass,
and the energies are of the band extreme relative to
the valence band edge.

CENTRAL
CONDUCTION
VALLEY

Fig. 20. Schematic Band Representation of Direct Recombination.



Ll

not only by the emission of a photon but also by interaction with a
phonon. In one sequence (Fig. 2la) the electron of wavevector k goes

to a virtual state of wavevector k in the valence band emitting a photon
and then scatters to valence band wavevector k - g by absorption or
emission of a phonon of momentum g. The other sequence (Fig. 21b) is

a phonon-assisted transition from wavevector k in the L valley to a vir-
tual state of wavevector k ~ g in the I valley, followed by a direct
transition to the valence band accompanied by emission of a photon.

As has been shown by a number of experiments3:% the relaxation
of the electrons within the conduction band after the excitation of the
sample occurs in a time on the order of 100 psec. The fastest radia-
tive processes, direct recombinations, occur at a rate less than 10°
sec”! with the second order indirect processes a few orders of magnitude
slower. Thus on a time scale much shorter than that of the processes
in which we are interested, the electrons in the conduction band and the
crystal phonon distribution can communicate with respect to temperature
and wavevector distribution. Before the radiative processes become
important, the electrons and holes will have achieved thermal equilib-
rium with the lattice at a temperature T, close to the initial lattice
temperature. As a result, we shall make the excellent approximation
that for all times of interest we can describe the conduction band elec-
tron and valence band hole distributions as Fermi-Dirac functions at
the initial temperature T with Fermi quasi-levels EF and EH respectively.
Denoting the energy of a particle in band i with wavevector k as Ei(k),
we then have the distributions (8'1 = kBT where kB is Boltzmann's

constant)
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frlk) = [1 +exp B(EL(K) - EQ)]7E
fL(k) = [V +exp (E (k) - E)]!
(k) = [1+ exp B(E, (k) - EH)]'l ‘(3.1)

where we measure energies relative to the valence band edge. We have
chosen to define the particle energies such that they are all positive
énd generally restrict ourselves to discussion of electrons only in the
conduction band and holes only in the valence band.

We assume that, over the important portion of the bands, the
particle energies may be described as quadratic functions of the wave-
vector k with the appropriate effective masses. Thus the particle

energies in the various bands are

,62

Eplk) = Eg+gp- K2
O
E. (k) = E +___{12 (k - k,)2
L\> %G 2m, - 7 2L
_ A%,
By (k) = gk (3.2)

where we measure k from the center of the Brillouin zone.

Direct Recombination

We consider the simpler direct recombination first. The proc-
esses that are important in determining the overall emitted radiation
intensity concern electron transitions between the central conduction
valley and the valence bands with emission of a photon. This is shown
diagrammatically in Fig. 22. For completeness we include the absorption

diagram to account for reabsorption of the emitted radiation. However,



Fig. 22.

Direct Transitions Involving Emission or Absorption.

Emission (a) or absorption (b) of a photon (wavy
lines) by electrons and holes (solid lines).
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we shall in the final analysis consider absorption in a phenomenclogical
manner only, as will be shown below. The absorption and emission pro-
cesées are equivalent in their formalism. We describe the emission
process below and then write out the equations involving both.

The probability per unit time of a transition is given by

Fermi's Golden Rule

2m 2 -
W, TH—IMH[ §(E; - E.) (3.3)

where Mf is the matrix element of the interaction producing the tran-

i
sition between the initial (i) and final (f) states of the system. The
§-function ensures energy conservation. For the direct recombinations
we are interested in the case where the initial state consists of N

%

photons of frequency w and wavevector « = g_ w/c, an electron in the

I-valley of the conduction band with wavevector k and a hole in a valence

band with wavevector k - k . The interaction Hamiltonian is
amc2h ) 2
_ e . _ £ mc A, + ~iKex
Hop —A-p=-— (————Emw ) (&, - p) ace (3.4)

where éA gives the polarization of the photon and for emission we con-
sider the photon creation portion (a:) of the vector potential operator
A. After the interaction we have N + 1 photons of frequency w and no
free carriers. The direct recombination rate leading to photons of

frequency w due to conduction band electrons of wavevector k goes as

%? x (probability of an electron in state Ik)

x (probability of a hole in state h k = x)
« o,0) + 1) % vk -k [H ek >]?

x §(EL(K) + E, (k - ©) - fw) . (3.5)
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The matrix element is evaluated in Appendix B. We assume that the
photon momentum hk is small with respect to the electron momentum

hk and may therefore-be ignored. The total contribution to aN(w,t) /3t
is the diagrams in Fig. 22 summed over the available electron states
k and the two heavy hole bands and averaged over the possible photon
polarizations. Taking into account both emission and absorption, the

direct recombination rate is

N(w,t); _ 2 2 2mc2h
e 2y(1)] G
D =

x §(En(k) + E, (k) - fw)

RUCIERMNOIN AR
N(w,t) [1 - fr(h)][] - fh(_k_)]} (3.6)

where the matrix element BCV(E) is given in Eq. (B.4). The subscript
D denotes the direct process. Averaging over the polarizations of

the photon and summing over valence bands we have

N{w, 2 ]

? écz t), . 31T:25 . JdSk [P, (k) |2 {N(w,t)[fr(g_) + () -1]
D o0

+ fI,(_lg)fh(_k_)} §(EL(k) + 51(5_) - fw) (3.7)

where we have replaced the sum over k by an integral.
To justify inclusion of only recombination and absorption
terms in Eq. (3.7), we consider in detail the mechanisms leading

to the electron distribution just prior to recombination. The
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incident light pulse excites electrons across the direct gap into the
conduction band. The electron distribution is at a high effective
temperature as electrons can be heated by free carrier absorption and
plasmon-assisted recombination. The Fermi level is also raised above
the conduction band edge from its equilibrium value near EG/Z (see
Fig. 23). These hot electrons relax within the band by interaction with
the phonon distribution, achieving thermal equilibrium with the lattice
within a few hundred picoseconds after the excitation is turned off.3
The equilibrium temperature is the initial lattice temperature, as the
number of electrons excited is a small fraction of the total number of
electrons in the crystal. We then have an electron distribution at the
lattice temperature but with a Fermi level above the conduction band
edge (Fig. 24). The degree of extension of the tail of the distribution
above the direct gap depends on the initial temperature. At T = 300 K
there are many electrons above Eo’ with a much smaller number at lower
temperatures, which shows up in the experimental results as a larger
direct gap contribution to the recombination spectrum at the higher
temperature. Electron-electron scatterings (rate* = 10!* sec™!) cannot
alter the overall equilibrium,so the T valley population is unaffected
by scatterings into and out of the L valleys. We therefore ignore the
effects of I'+L and L»T scattering contributions to the instantaneous
value of fF(E) for the moment.

The matrix element IPCV(E)‘zobeys the f-sum rule (see Appen-
dix B) with
P (012~ 32 e () + £ (0T -+ L) (3.8)
o h
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Using Eq. (3.2), the argument of the 8-function in Eq. (3.7) becomes

£2Kk2 | A2K2
Tt o Al =
o} h

§(Ep(k) + B (k) - hu) = 8(E + §(E + E_ - Au)

(3.9)

where we change variables from k to

Hh2Kk2

ZmBE

and define

BE

In this case
2m

mk2dk = 2 (— —BE)3/2g1/ 24

d3k

i

and the Fermi functions are

"BE

fr(E) = f(E +— E,EF)

(o]
f(k) = ( N o

where we define

FIX,Y) = [1 +expB(X~Y)]1. (3.10)

With these substitutions, Eq. (3.7) becomes

2 2 Zm
N(w,t), _ _e 3m2 , (ZUBE,3/2 JdE(E + E )E1/z (E+ E - )
ot 3m2wewm hmBE h2 ©

m m
BE BE
x {N(w,t)[f(so o B+ RREEE) - 1]

* FE_ + -95 E,E )f( E,EH)} . (3.11)
o h
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The number of quanta per mode N(w,t) will in general be much smaller
than 1, so we drop all terms involving N. .This in effect ignores atll
but the terms involving spontaneous emission. We take absorption into
account in a phenomenological manner in a later section of this chapter.

Carrying out the integral yields

Nw,t), _ _e? _ 1/2 "BE
3t = /ﬁze [ZmBE(/ﬁm EO)] f(EO + -EO_ (:ﬁm - EO)’EF)
D o

i}
f(ﬁ]—E o - E), E) . (3.12)

Indirect Recombination

We now turn our attention to recombinations from the states
around the L point to the valence bands. A photon of wavelength
A = 1.8 um, corresponding to the indirect band gap energy, has a wave-
vector k = 2n/Xx =few x 10% cm™! while the wavevector difference kL
between the L-valley minimum and the valence band maximum is approxi-
ately n/a = 108 cm~! {(a is the lattice constant). Therefore the one-
photon direct process is forbidden by momentum conservation. The next
higher order process involves a phonon to conserve momentum and a photon
to conserve energy. The photon emission processes are shown schemati-
cally in Fig. 21 with photon absorption being the two reverse processes.
The two alternatives are dependent on whether the electron-photon inter-
action occurs ''before! or "after' the electron-phonon interaction. In
the first case, the electron in state (L,E) makes a virtual transition
to the valence band state (v,k) with emission of a photon and then scat-

ters to valence band state (V,E-‘ _) by either emission of a phonon
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of wavevector g or absorption of a phonon -g. The second case corre-
sponds to a virtual scattering of an electron from state (L,_) to

state (F,E_- g), again with emission or absorption of a phonon, followed
by a direct transition to valence band state (V,E_‘ g) with emission of
a photon. The intermediate states, being virtual, do not conserve
energy, while both momentum and energy conservation hold for the initial
and final electron states, the emitted photon and the phonon. Taking
into account the reabsorption terms, we must consider four photon emis-
sion diagrams and four photon absorption diagrams. Representative
examples are shown in Fig. 25.

The resulting expression for aN({w,t)/dt, though of the same
general form as the direct recombination term, is as expected more com-
plex. In addition to the sums cver conduction band states, valence
bands and polarizations, we must include sums over the four possible L
valleys and, more importantly, over the possible wavevectors q of the
absorbed and emitted phonons. The phonon interaction occurs through the

Hamiltonian

_ A 1/2 igex T _-igex
He¢ = g E (Zpgqu) Qqu{aque *age } (3.13)

where Qqu is the electron-phonon coupling andrﬁﬂqu is the energy of a
phonon of wavevector g and type u (longitudinal or transverse optical or
acoustical). We consider initially the effects due to optical phonons
which are assumed to have energy/ﬁﬂo independent of q. We write the
indirect recombination rate in a manner analogous to that suggested by

Eq. (3.5), remembering that we must multiply our expressions involving
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Fig. 25. Typical Indirect {Phonon-Assisted) Transitions.

Emission (a) or absorption (b) of a photon.
Broken lines refer to phonons. :



56
emission and absorption of phonons by factors involving the band edge

phonon distribution function

ng = [exp(sfin, ) - 1771 . (3.14)

This gives

BNgi,t)l - z é E
] =

4,

|n:\1
ns

<vk - alH [Tk - @><rk - glH_, |Lk>
EF(E_- q) - EL(E) - AQ

<vk = gl [vie<vk[H_ |Lk>) 2
E (k) + E (k) - Huw

fL(E)fh(E_' 3)5(EL(E) + Eh(k_- q) +Aﬁﬂovﬁw)

<vk- g[H Tk - g><rk - g[H_,[Lk>
(n,+ 1) E (k- q)t Ao = E (K
r— 4. o) L=

+

cvk = gl Ivio<vk]H Lk 2
E, (k) + E (k) - fuw|

fL(.Iﬁ)fh(k' q)G(EL(I_<_) + Eh(k_ -q -/HQO - Huw)
(3.15)
The matrix elements for the phonon interactién are discussed in
Appendix B. We have again assumed that the photon momentum is negli-
gible with respect to the electron momenta and from the beginning will
also ignore N{(w,t). The sum over k is restricted to values correspond-
ing to L point energies less than Eo - ﬁﬂo, i.e., to electron states

not within a phonon energy of a T valley state. Any electrons that



57

could be scattered into the central valley must be considered as part
of the direct recombination process, as the electron intervalley scat-
tering time is extremely short compared to the direct radiative life-
time. Thus, any L valley electrons of energy greater than Eo - KQO
will be scattered with high probability into the central valley and
recombine via the direct process.

The sums over L valleys and valence bands yield a factor of 8.

Evaluating the matrix elements, we obtain

Mt - F o EED GoRG DI I A we, ke
I « ° Akag
el'gcv(E:S) eA'Ecv(E) 2

E.(k-g) * A0, - E (0 @ Aw - E (K - E (K

g

x n 8(E (k) + E (kcg) +A2 ) - Fuw)

oLy (ko) ey Py (k) 2
+ EP(ETH) + Eh(k;g) - fw + -EHTE) +'ﬁQo + Eh(EfEQ‘
x (no+])6(EL(El_+ Eh(gjg) -—ﬁQO - Aw) } . (3.16)

Using the 8-functions,we find that the matrix element contributions to
the two terms on the right-hand side of Eq. (3.16) are equal. Averaging
over the photon polarizations and approximating the matrix elements
(Appendix B), we find

(k-q) |2

1 2 [Pey (kg (3.17)
- M = . .
7L M 3[Ep(k-a) + E, (k-g) - fw]?




58.

Rewriting the Fermi functions in the notation of Eq. (3.10) we have

- 2
aN(w, t) _ l61r2_c_:_2_ 'F'ch, ZZ |Pcv(l<_ﬂ.)|
ka

at T3 mZepu [E (k) + E (k=g) - Hw]?

x {G(EL(E) + Eh(g;g) +AQ ) - ﬁm)nof(EL(E),EF)

f(/ﬁw-’ﬁQO = EL(_k_)yEH)

+ S(EL(E) + Eh(E;g) +AQ -'ﬁm)(no+l)f(EL(E),EF)
f (hu+ha | - EL(_&),EH)} .
(3.18)

The only g-dependences are thus in the energy denominator, the matrix
elements, and the §-functions.

The summation over g can be converted to an integral over

s =k - g, vielding

m -2 th 3/2
S = -ngg (‘F\wi’ﬁﬂo - EL(E_)) + EO - 'f’u.u] :E-z—'

huthQ - EL(!_S) E h 4 E (k)]
o o o— + AR -
(2,")2 BE ? © -

(3-]9)

where the upper (lower) sign applies to phonon absorption (emission) in
Eq. (3.18). Substituting from Eq. (3.19) into Eq. (3.18), converting to
an integration and changing variables from k to E = EL(E) = E_  + —E—-kz,

the integrand becomes

2m_\3/2
F(EL(E))kzdk-a %-<;¢;> F(E) (E - EG)]/ZdE
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and we have

M, t)) _ 2 e? 32 %
w, _ e 0
Wo.t)) = 22 ()

ot 12 45 EwmeEQow

x Angl(w,m2,) + (g + D 1w, )

(3.20)
where
Ho,20) = | dE F(E,E.)Flhw = Ao - E,E)(E - £.) /2
W=y >TF - (e} ’"H G
1/2 "h )
(’FI(D i"ﬁﬂo - E) [EO + E-B—E (’FI(.U + 'ﬁQO E)]
X m
[——h— (fw £ A9 - E) + E_ - HAu)?
Mpr o) o

(3.21)

The lower limit to the integration is EL(5_= EL) = Eg, and the upper
limit is set by EL(E) < fw i<ﬁﬂo or EL(B) < E - ﬁQO, whichever is
smaller.

In this calculation we considered only the contribution due to
optical phonons. To account for acoustical phonons we must include the
q dependence of Qqu and thu. The phonon wavevectors of interest are

v k, , so we take advantage of the approximations for acoustical phonons
IVvy,

QKL v Qg
/FIQEL 4" ‘F\Qo (3.22)

and represent the acoustical-phonon-assisted indirect recombination by

the same expression obtained for optical phonons.
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Combined Photoluminescence

The number of photons emitted per unit frequency goes as

S(hw)dw = g(w)N(w)dw ‘ (3.23)

where g(w) is the photon density per unit frequency

n3y3

glw) = ;—;—g (3.24)
TeC )
and
N(w) = j dtﬁﬂg—‘;’ﬂ : (3.25)
0

The excitation for the three lower intensities used in our experiments20
was produced by a pulse from a free-running Nd:glass 1aseé with pulse-
width £ = 200 usec. This is longer than the longest lifetime of impor-
tance,so a steady-state carrier density situation is reached during most
of the period that the excitation pulse is on. We therefore ignore
effects conEerning the front and back edges of the pulse as having neg-
ligible contribution to the observed luminescence and assume that we
may take oN(w,t)/dt as constant over the time period of interest. The

time integration is then trivial, resulting in

) v g(u) et (3.26)
where we assume one average Fermi level throughout the sample for all
times.

For the highest intensity, produced with an excitation pulse of
width £ = 10-!1 sec, much shorter than times of interest, we assume the

carriers are excited at t = 0 and diffuse into the sample until recom-

bining, with the effective Fermi level for the direct (indirect) process
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chosen by the approximate densities that would exist after the direct
(indirect) 1ifetime over the portion of the sample within one direct
(indirect) diffusion length of the front surface. This process is con-
sidered among the diffusion effects accounted for in the next section.
Thus, for both cases, the flux produced at the position of
carrier recombination has contributions from both the direct and indi-

rect processes

AN (w)

2:—-——-—_

at at

S(hw) ~ g(w) [M }
| (3.27)

given by Egs. (3.12) and (3.20) respectively. The factor of 2 accounts

D

for optical and acoustical phonon contributions to the indirect

luminescence.

Radiative Recombination: Diffusion Effects

The initial excitation of the sample by the incident laser
pulse occurs within the first few micrometers of the front surface,

yielding the density as a function of distance into the sample
n(z,t =0) = N, exp(-aoz) (3.28)

where o is the absorption coefficient of the incident light

(ao = 10% cm™! for A = 1.06 um). This is an extremely inhomogeneous
distribution that immediately begins to diffuse into the sample in an
attempt to create a uniform density throughout the sample. The diffu-~
sion constant at T = 300 K is 60 cm? sec'l, so, for times on the order

of the direct radiative lifetime TD = few x 10~8 sec, the carriers have

diffused well into the sample. At the position of carrier recombination,
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the photon flux is given by Eq. (3.27). However, the absorption coeffi-
cient for the direct photoluminescence is oy = 103 cm_l, so the reabsorp-
tion of the emitted radiation is gignificant. Thus, before final results
are taken from Eq. (3.27), it is necessary to account for diffusion and
reabsorption processes.

For the carriers involved in indirect recombination this is a
relatively easy matter to resolve. The indirect lifetimes can be cal-
culated following the approaches of van Roosbroeck and Shockley?3 and of
Ryvken.2% The carrier radiative lifetime for high excitation levels

(carrier density n >> g the intrinsic carrier density) is given by

n2
= & (3.29)
T Rn
where R is the recombination rate per unit volume
R o= [ Plade() . (3.30)

P(w) is the probability of absorption of a photon of frequency w per
unit time and p(w)dw is the photon density over the frequency range

dw. This was shown by van Roosbroeck and Shockley to be

T 4

R = 1.57 x 10%3 (300

sec™! em™3 | (3.31)

The intrinsic carrier density is given by the extent of the tail of
the unexcited Fermi distribution. The Fermi level for the unexcited
distribution is near the middle of the band gap,so the carrier density

is given by?23
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kBT 3/2

n. = 4 — (mcm

)3/h
e 27h h

exp(-EG/ZkBT)

3/2

1.45 x 1015 T exp(-3850/T) cm™3 .

1l

(3.32)

Here we have ignored the insignificant contribution from the I valley.

The excited carrier density can be determined from the Fermi

lTevel b9
1 -
E, >E, - (3.33)
= 113 % 1015 /% (8(E, - Ep)

where the integral is over the available states in one of the L valleys

and Fk(n) is the Fermi-Dirac function2® of order k

0

F(n) = J dx x“[1 + exp(x = n)]"1 . (3.34%)
0

The T valley contribution to n is down by three orders of magnitude from
Eq. (3.33).
Substituting Egs. (3.31)(3.32)(3.33) into Eq. (3.29),we find that

the indirect recombination lifetime is

300 5/2
T, = 4.80 x 10° (‘F‘) exp(-7700/T)[F](B(EF - EG))]'l sec.

(3.35)

We consider the action of the diffusion as if it were due to the
motion of one type of carrier, despite the existence of two carrier types

with different diffusion constants. As we have nearly equal densities of
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electrons and holes, any tendency for the two carrier distributions to
separate will be counteracted by their Coulomb attraction. Thus, the

electron and hole densities are related by
ne(Z,t) = nh(zyt)

for all times over the entire sample. This process is known as ambipolar

diffusion and occurs with an effective diffusion constant 27

b - ueDh + uhDe . ZDeDh (3. 36)
Me * My De *+ Dy

where De and Dh are the electron and hole diffusion constants and22,27

5/3
3800 (%99> cm V™1 osec™?

=
I

e T
7/3
= 300 m V™1 sec”!
B, = 1820 < T ) c ec
k. T
- B
De,h = e Me,h

. ZkBT e h )
e Me + uh

L/3 2/31] -1
= 358 (%%Q) [3.8 + 1.82 (1%9> ] cmésec” L.

(3.37)

The diffusion length of the carriers is given by

o= (ml)‘/2, (3.38)
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Values of the indirect lifetimes and diffusion constants are given in
Table 111 for an excitation leading to a density of n = § x 1018 ¢m™3

over the entire sample. The diffusion lengths are longer than the
sample thickness,so the carrier distribution will be essentially uni-

form over the sample

n(z) = n, = constant. (3.39)

The photon flux emitted from the sample will then go as

L
Fthy,z < 0) = %-J dz Séﬁm)nl exp (~a(w)z)
0
= nsthe) Lo exelalw)l) (3.40)

a(w)bl

where a(w) is the absorption coefficient for light of frequency w,28

and by implication we consider only the contribution to S(#w) resulting
from the indirect recombinations.

The case of thé direct recombination terms is again more compli-
cated. The diffusion lengths corresponding to direct lifetimes
(TD = 40 nsec) are on the order of 20 um. Thus, the distribution when
direct processes are important will be far from uniform. For example, if
]D = 20 um, the theory that we develop here predicts the carrier distri-
bution shown in Fig. 26. This must be numerically integrated over the
sample thickness to find the effect of the reabsorption.

The evolution of the carrier density is described by the

continuity equation

2,

! -
T ;V'i-—O (3.41)
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Table !11. Diffusion Lengths and Lifetimes.

T (K) D (em?/s) 1) (us) Tp (ns) 2p (um)

300 . 64 2.7 37 15.3
231 85 0.6 46 19.7
174 115 5.3 37 20.5

T = temperature; D = diffusion constant; T =
indirect recombination lifetime; Tp = direct recom-
bination lifetime; 2p = direct diffusion length =

(DTD)%.
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Fig. 26. Relative Electron Densities as a Function of Distance
from the Front Surface of the Sample.

Solid line represents time t = 0; broken line repre~
sents time t = Tp (after diffusion into the sample).
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where the current density contains a diffusion term
J = -eDVn (3.42)

proportional to the carrier density gradient. By phenomenologically
including a term describing recombination, we arrive at the diffusion

equation

Q

LI "'T"e + Dy2n (3.43)

t

where ng is the equilibrium carrier density, T tﬁe recombination life-
time, and D the ambipolar diffusion constant. The primary process
affecting the overall carrier density for the time scales we are inter-
ested in is indirect recombination. For purposes of diffusion calcula-
tions for the direct recombination, we need not consider the recombination
term in Eq. (3.43), which results only in an overall factor exp(-t/1)
multiplying the final result. For t = 1p, the correction may be ignored.
Solution éf Eq. (3.43) for an infinite one-dimensional medium
with the initial condition that the density at t = 0 is given by n(g,0)

yields

(<]

a(z,t) = 2/%?] d€ n(£,0) expl- (£ - z)2/40¢]. (3.41)

-0

We need consider only a one-dimensional model, as diffusion parallel to
the surface will not significantly affect the density for times of
interest, as the incident beam diameter is much greater than the diffu-

sion length.
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For a semi-infinite medium (0 < z < =) such as a thick sample
(L >> /Dt) we assume that carriers that diffuse toward the front surface
(z = 0) reflect back into the sample. This will occur for high-quality
sample surfaces for which surface recombination can be ignored. In this

case we have

o]

o0 = g [ et (M52 ¢ (5520
(3.45)

The flux emitted from the sample is then proportional to the integral
over the sample of the carrier density n{z,t) and the flux emitted at
the position of recombination S(fiw) with the reabsorption taken into

account

L

Flfw) = J dz n{z,t) S{hw) expl-a(w)z]. (3.46)
0

Experimental Fit

A schematic diagram of the experimental apparatus is shown in
Fig. 27. The laser operates in either a free-running (pulsewidth t =
200 usec) or mode-locked {t = 10 psec) configuration; by focusing and
filtering the beam, incident intensities to over 10° W/cm? can be
achieved. The focused beam is passed through a hole in an a]uminum
coated spherical mirror mounted in a small dewar and impinges on the
sample, which is cooled by connection to the dewar cold finger. The

various temperatures were obtained by room temperature (295 K), liquid
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nitrogen (174 K), and a mixture of dry ice and acetone (231 K). The
temperatures were measured with a copper-constantan thermocouple placed
at the sample site and, in the cases of the two lower temperatures, are
higher than the coolant equilibrium temperature owing to inefficiencies
inherent in the coupling of the sample to the cold finger. The lumines-~
cence emitted by the sample is collected by the mirror and focused onto
a 100-um entrance slit of a 0.25-m Jarreil-Ash monochromator. The out-
put of the monochromator is monitored by a PbS detector biased at 300 V.
The bias voltage sweeps carriers created by the incident recombination
radiation onto a storage capacitor, which is read by a peak detector
circuit. The incident intensity is proportional to the output voltage
from the detector circuit. To reduce the noise component introduced by
the intense Nd:glass beam, a special set of blocking filters with 0.1%
transmission at 1.06 um was placed between the sample and the monochro-
mator. The incident pulse energy is monitored by a p-i-n Si photodiode.
Absolute calibration of the photodiode is accomplished with a Hadron
thermopile and energy meter. Figure 28 shows the experimental points
obtained, corrected for the response of the monochromator detector
system.

We have determined the direct lifetimes by considering the high
intensity experimental results, obtained using mode-locked pulses of
pulsewidth t = 107! sec. The initial carrier distribution given by Eq.

(3.28) diffuses into the sample with an effective diffusion length

o(t) = (pt)2. (3.47)
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The electron distribution at any given time can be represented by an
average Fermi level E-(t), which is calculated by approximating the
total number of carriers produced by the incident puilse per unit area.
Dividing this by 2(t) gives the average density over the diffusion
length as a function of time. By inverting Eq. (3.33), we find Ep(t).
For an incident intensity of 10° W/cm?, approximately N = 5.3x 1016
carriers/cm? are excited and diffuse throughout the sample within a time
Ty. The sample thickness is 100 um, so the density is about 5.3 % 1018
cm™3 by the time indirect recombination becomes important. At T = 295 K
this corresponds to a Fermi level Eé = 0.68 eV for the indirect process.
From calculations of F#w) including diffusion we obtain a value Py for
the flux at the peak.of the indirect distribution. By considering vari-
ous possible Fermi ievels EE, we calculate the ratio R of the number of
electrons that can recombine via the direct process (E > Eg -HiQ,) to the
number that recombine via the indirect process (E < Eo-ﬁﬂo) and the
flux PD at the peak of the direct distribution. Then we require that
R » PD/P| equal the ratio of the heights of the direct and indirect com-
ponents of the experimentally observed spectra. This determines the
average Fermi level for the direct recombination. For T = 295 K, this

yields el = 0.77 eV, which corresponds to a density n = 3.5x 1019 cm™3,

F
Dividing n into NL gives the direct diffusion length and thus the direct
[ifetime. These values are included in Table tit. The lifetime calcu-
lated here for 295 K is most likely reasonable. However, for the other
two temperatures the peaks of the direct contributions are nearly lost

in the short-wavelength tail of the indirect spectra, and the Fermi

levels are probably not as high as calculated by this model.
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The equations were integrated numerically to yield the curves of
Fig. 28. The lifetimes and diffusion lengths for the different tempera-
tures were given in Table 111; Table IV indicates the Fermi leveis used
in the calculations. As can be seen in Fig. 28, the fit is quite good.
The two-humped shape of the indirect spectra reflects the onset of pho-
non emission and absorption terms at fiw = Eg --hQy and fuw = Eg +hQg,
respectively. These are washed out in the observed spectra owing to the
limits of validity of the assumptions of definite energies for the elec-
trons and monoenergetic phonons and the resolution of the experimental

observations.

Table 1V. Fermi Levels in eV for the Direct Photoluminescence
for Different Temperatures and lIncident Intensities.

lo (W/cm2)
T (K) 50 500 10° 109

300 0.66 0.69 0.76 0.77
231 0.66 0.69 0.77 0.78
174 0.66 0.72 0.79 0.80

A Germanium Laser?

The applicability of the preceding sections to inducing a laser
transition across the direct gap in germanium comes down in the end to a
rather simple question: Can we produce a high enough excitation level
to create the population inversion necessary to achieve lasing? To

guarantee that the required population inversion exists, we must ensure
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that the electron and hole Fermi levels extend into the direct conduc-
tion valley and valance band, respectively (Fig. 29). This creates
degenerate electron and hole distributions at the appropriate optically
coupled ""laser' states. This criterion has not been satisfied for the
electron Fermi level in our experiments, as the highest Fermi levei
achieved falls a few meV short. However, some encouragement comes from
the realization that our sample is thick (~100 um). Working with thin-
ner samples will allow us to push the Fermi level up to the required
position in the conduction band.

In addition to the Fermi level, we must consider such factors as
the oscillator strength and the radiative quantum effiéiency of the
transition. These will in the final analysis determine whether the ger-
manium laser is possible. Current indications are that this venture
will be unsuccessful. However, the number of different semiconductors
that have been made to lase under a wide variety of conditions provides
encouragement. Several experiments are now being started by van Driel??
at the University of Toronto to consider such important questions as the
ratio of radiative to nonradiative recombination. A definitive state-

ment on the feasibility of the Ge laser awaits the results of these

experiments.



Fig. 29.

Representation of the Carrier Degeneracies
for E, in the Valence Band and Eg in the
Central Conduction Valley.

The coupled laser states are now completely
filled with electrons (cross-hatched re-
gions) in the conduction band and holes
(blank regions) in the valence band.
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CHAPTER 4
CONCLUSIONS

So what have we been able to learn that justifies the time
and effort expended on this series of forays into the far reaches of
high intensity infrared semiconductor physics? The radiative recom-
bination exercise is, in the short run, academic, attempting to produce
a laser in a material that to date has not worked out as an active .
medium.. The transmission experiments are merely a compendium of infor-
mation on what happens to a given pulse under given conditions in a
given sample. But in the long run these experiments are much more
than a way to tie up money, equipment, and manpower. The present is
closely tied to semiconductors, and the future will be even more so,
as semiconductor technology becomes ever more important to the in-
creasingly fast-paced way of life we follow. Considering the place of
semiconductors in what will soon be the essence of our everyday exis-
tence, we have the need to provide a sound thecretical understanding
of basic processes in semiconductors on a general level. This under-
standing will be provided only in small steps, slowly expanding until
someday everything will be tied together into a basic explanation of
the microscopic and macroscopic processes that occur. Until then,
the efforts will be in narrowly delimited ranges, with attempts to
produce theoretical approaches explaining the particular branch of
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semiconductor physics in which the researcher finds himself involved.
The experiments and theory described in the previous chapters are an
attempt within such a narrow range.

Before ESSM, there were no comprehensive "first-principles"
theoretical studies of the ultrafast electron plasma response of the
elemental group 1V semiconductors, which are among the most important
to modern technology. ESSM abounds in approximations in its description
of band structure, band shape, and all of the little details that enter
into its calculations. That its results match the work of Smirl and
coworkers is in part due to the interplay between experiment and theory
that went into the model proposed. The quality of the theoretical fit
to the pressure data presented here must be a source of pride to the
proponents of ESSM in that a model based on band gap temperature effects
fits well to an equivalent ''semiconductor' produced by hydrostatic
pressure. The failure of the prediction of the pulsewidth dependences,
in the face of the extreme sensitivity of the theoretical result to the
various coupling constants, cannot really be seen as a failure of any
great magnitude. The coupling constants are not known to an accuracy
that definitely rules out any particular choice of theoretical pulse-
width dependence. However, a definitive pulsewidth experiment, for
which we have provided the groundwork, coupled with a slightly better,
i.e., less approximated, theory, the work on which we have justified
here, could lead to another method of determining the coupling constants
by doing just what has been done here, adjusting the coupling constants

in the theory until the theoretical curves match the experimental results.
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The primary requirement from the experimental perspective is to
provide a better control of the laser pulses. This may be beyond the
capability of most glass laser systems. Perhaps working with a mode
locked Nd:YAG laser, sacrificing pulse shortness (25 psec compared
to 5-10 psec) for better statistics (30 pulses per minute with a box-
car integrator) would provide the second pulsewidth necessary for the
experiment. It is interesting that little work in transient semicon-
ductor plasma response has been carried out with a YAG laser. An effort
of this type would pay dividends in statistics, reproducibility, and
energy over Nd:glass. The new generation of mode-locked YAG lasers now
appearing on the market may provide the impetus for such an effort.

The thin film characteristic study of Chapter 2 and the photo-
luminescence work of Chapter 3 provide information in another, perhaps
more important, area. Combining the results here with work on other
semiconductors and with the theory of ESSM would advance the knowledge
regarding lifetimes and diffusion of excited carriers. Additional
information would have to be supplied in treatments of doped semi-
conductors, surface effects,and the effects of semiconductor hetero-
junctions. An example of the possible applications is in the field of
heterojunction physics. Semiconductor heterojunctions are currently
being intensively studied for applications in solar energy conversion,
light emitting diodes, and many other high technology devices. A
great deal of effort is being expended in trying to understand electron
transport properties in the vicinity of the heterojunction. These

properties are significantly affected by lifetimes and diffusion effects.
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The previous three-plus chapters have dabbled at the frontiers
of semiconductor physics, providing a small and specialized glimpse
into the workings of nature. What was learned will be revised many
times before a general understanding of ultrafast processes is reached.
In the long run this may even appear to be but a short trip down a
dead end road. That it is a contribution to further progress toward

the end of the road it follows justifies the time involved.



APPENDIX A
VAPOR PHASE EPI{TAXY

The technique of vapor phase epitaxial deposition provides a
method of producing inexpensive and ultrathin (v a few um) germanium
samples. The technique involves a disproportionate reaction with
Gel,. The chemical reactions and the temperatures at which they take

place are:

Ge + I, b Gel, 650 C
26 b I 25 ¢
el2 + Ge + Ge L 325

Additional Gel, appears if hydrogen is used as the carrier gas:

2

H, + 1 —  2HI

2 2

2Hl + Ge — H2 + Gel2

The reactions occur in a furnace-vessel shown in Fig. 30. The carrier
gas, either H2 or He or a mixture of the two, picks up I2 vapor and
carries it into the germanium. The reaction forms Ge]2 with very high
efficiency,which is then carried into the section containing the GaAs
substrate. The disproportionate reaction occurs due to the temperature
gradient. The Gelh is removed by the carrier gas while the Ge deposits
on the GaAs substrate. The growth rate of the Ge can be varied from

about .5 to greater than 5 um per hour by varying the assorted
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Fig. 30. Schematic of Apparatus for Producing Vapor Phase
Epitaxially Grown Germanium Films on Gallium
Arsenide Substrates.

parameters. The rate is relatively well reproducible using the same
input parameters from one run to the next.

| wish to include here a special thank you to Dr. F. C. Jain of
the Electrical Engineering Department of the University of Connecticut

for his collaboration on the thin Ge film project.



APPENDIX B
MATRIX ELEMENTS

As a representative example of the matrix elements we must take
into account in calculating the recombination rates, we consider the
element for the emission diagram in Fig. 25. This includes contribu-
tions from both phonon and photon interactions with the electron and
hole. The interaction is second order, beginning with a system contain-
ing one electron in state (L,k), one hole in (v, k - g), and no phonons
or photons. The electron makes a virtual transition to the state
(r,k = q) by emission of a phonon of wavevector q and then recombines
with the hole, emitting a photon of frequency w, resulting in a final
system with one phonon, one photon,and no free carriers. The matrix

element for this process is

<v,k - ngep[R& - g><Tk -.nge¢|L,E?
Er(ﬁ -q) +»ﬁ$2° - EL(I_<_)

(8.1)

where Hep and Hed¢ are the Hamiltonians for the electron-photon and
electron-phonon interactions, given by Eqs. (3.4) and (3.13) respec-
tively. In writing the intermediate state energy denominator we assume
an optical phonon with g EL and energyaﬁﬂo.

For the electron-phonon interaction we have (longitudinal

optical phonon emission)?!
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Mey = <Tk - gq|Hed|Lk>
172, + T4
= <Pk - qlz (ng / Qan'oe ILE?
_ A y1/2 1/2
N (ZpQ Z00) Qo(no + 1) (B.2)

while for the electron-photon interaction (photon emission)

Mep <vk - gJHeplt& - g

2pc3ﬁ)l/2(A

<vk - gl(e)(

e 2mc3h,1/2 1/2

(2) A 2w « 28, - P (K - @)
(8.3)

where we ignore the photon momentum k with respect to electron momenta

and define

-ikex

P (k) = wklpe ~ [Tk > =Po (K) - (5. 4)

. . 1 o
The average over photon polarizations > ) & * P, (k) leaves [PCV(E)[.

b A\
The Bcv obey an f-sum rule
P (k) PP (K)
EZ cv' & Tey' 2m 32 (Ec+Ev) (8.5)
- - - ¥ ; - .
m & E, - E. aB  F2 ok 2 Okg

Summing over the valence bands and the components o of Ecv we obtain

for ' - v transitions

1P, (020 385 (e (1) + E, (K)] (8.6)
BE
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and for L - v transitions

P, 012 3 15, (0 + £, 001G+ ) (8.7)
[}

As the matrix element for the process we consider in Eq. (B.1)
(Fig. 21b) is much larger than for the process in which the virtual
phonon emission occurs first (Fig. 21a) while the energy denominator
is smaller, the dominant terms in Eq. (3.i6) are those involving
Ec (k- ) and we ignore the terms involving P (5).

The 6-function governing photon and phonon emission is
S(EL(E) + EH(E;S) - ﬁQo - fw). Using this in Eq. (A.1) we see the

energy denominator is

EF(ETE) + Eh(E:S) - fuw , (B.8)

which is the same result obtained if instead we consider phonon
absorption. Thus, the matrix elements for the processes resulting

in indirect recombination are

2 _ e 2 ame2 2 IPCV(E:S)IZ
Mz = &) == - )<ZDQ )QZn_ TRy e R

(B.9)
for phonon absorption and photon emission and
[P (k-q)|?
M2 = e) 2'rrch) )Q(Tl + 1) cv = =
] l ( ( (sz [EP(E.__Q_) + Eh(.'ﬁ'ﬂ.) - hm]2
(8.10)

for photon and phonon emission, where IPCV(ETS)IZ is given by Eg.

(B.6).
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The electron-phonon coupling constant used was Qo =1.85 x 10-3
erg/cm,30 while the phonon energy was chosen as the average of the
longitudinal optical and longitudinal acoustical L-point phonon

energies.
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