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Ultrafast transient response of solid-state plasmas.

I. Germanium, theory, and experiment*

Ahmet Elci and Marian O. Scully
Department of Physics and Optical Sciences Center, University of Arizona, Tucson, Arizona 85721

Arthur L. Smirl
Department of Physics, North Texas State University, Denton, Texas 76203

John C. Matter
Sandia Laboratories, Albuquerque, ¹eMexico 87115

(Received 7 June 1976)

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 band,

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.

I. INTRODUCTION

The development of mode-locked lasers' that
produce optical pulses of a few picoseconds dura-
tion and peak powers of ~10' W has made possible
recent experimental investigations of ultraf ast
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 ~, such
that Sco, 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 excitation and probe pulse meas-
urements in terms of 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.

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

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. IIA), direct absorption (Sec. IIB), free-car-
rier absorption (Sec. II C), phonon-assisted relax-
ation (Sec. II D), plasmon-assisted recombination
(Sec. II E), rate equations for absorption and trans-
mission (Sec. II F), and integration of the dynami-
cal equations (Sec. IIG). The final section (Sec.
III) 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 ant'd data

A mode-locked Nd:glass (5'u&, = 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- pm-thick Ge sample [Fig. 1(a)].
The focused spot is approximately 250 p, m 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
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 10"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 t„, by a probe pulse
which is about 5% as intense as the excitationpulse.
The excitation and probe pulses are derived from
a single pulse as described in Appendix E. Probe
pulse transmission data versus delay time t„are
shown in Fig. 3 for initial sample temperatures
of 77 and 297 K and for a fixed excitation pulse of
about 10"quanta. There is a sharp increase in
transmission, a spike, in the region of temporal
coincidence of the probe and excitation pulses (at
t~=0). The spike is due to the scattering of the
excitation pulse into the probe pulse by an index
grating for~ed by the interference of these two
coherent pulses in the crystal. " In this. paper,
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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 t„-100psec,
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 1" 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 other valleys such as the one in the [111]
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data.

FIG. 4. Probe pulse transmission data for different
excitation pulse intensities.
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FIG. 6. Reduced Ge energy-band structure.

direction whose minima are located exactly at the
Brillouin-zone boundary. There are five other
valleys like the one in the t100] 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 7V '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 1", 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. %'e 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. %e 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 experiments.

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-

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 gape E~ (at
L) and E» (near X). The average we use is Eo
=—,'~(8EI + 6E»). The newvalleys 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, wwith the effective masses m, =0.1m and
m„=0.34m, respectively.

C. Physics of nonlinear light absorption in Ge

Vfhen 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 of 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

uanta @cop is g reater than the direct band gap Ep .
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 F 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 I" 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 I' 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 h&u, &Ez x+ max(IQ, ) and
since the electron-phonon coupling constants in
Ge are relatively large. Here E~ ~ refers to the
indirect gaps and 0, to the phonon frequency of
mode p, and momentum q. 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 for 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 near the con-
duction-band edge (at 1 ) can recombine with holes
via emission of plasmons only if the plasma fre-
quency ~~ is larger than the direct gap frequency
E,/k [see Eg. (53)j. 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,/5. 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,/h. 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



ULTRAFAST TRANSIENT RESPONSE OF SOLID-STATE. . .

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 absorption) 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 .

is small. In any ease 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-
p, m psec pulses through Ge: particle-particle scat-
tering, electron-phonon scattering, direct and free-
carrier absorption, 2nd 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 Pig. 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 F 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.

After 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. As time 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

II. 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

f,r(k) = i+exp

8,~ S,r (k) &+~, (1a)

(8)

nl (t)

T) (t)

gE-EG

(b) t)) t

n) n

1

1 + exp (&

(c) t3)t)
n3~ n~

E=O

FIG. 7. Schematic diagram for the temporal evolu-
tion of the free carriers createdby the excitation pulse.

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

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 needed 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. V.
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f,~ «(k) = 1+exp S,' «(k) —c

and likewis e for the holes

8 —8, gk)&+, (&b)

f„(k)= 1+exp ",O~g„(g)&+~.S„(k)+h

(ic)

Here, all energies are normalized with respect to
S~„where ~, is the circular frequency of the
optical pulse. The subscript eF denotes the I'
valley of the conductionband, cL,X the I -X valleys
of the conduction band, and H the holes in the valence
bands. e and h are the normalized Fermi energies
of the electrons and holes, respectively; and 8,
and S( 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 8'=-~~(8$'+68«), where
8 ~ is the normalized energy band gap at L and Bx
is the normalized energy band gap at X. As dis-
cussed earlier we will treat the L and the Xval-
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 F
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

S,' jk) =(1/h(u, )[E~+k2(k —k~ «)'/2m, ]

n = V'/'p, («„), (4a)

where the p's and the z's are defined in Table I.
Likewise, the hole density is given by

n = V'/'p, («,) (4b)

and p, («, ) = p, («, ) gives the integral relation between
and h.
By taking the electron and hole distributions to

be time dependent only, rather than dependent on

TABLE I. Definitions of integrals.

Z(x') = (i+e") '

dy yE(y +x)

~,{ ) =A, dyy'~'Z(y+x)
0

~, (x) =A; dyy'/t' y(y+x)j'
0

fined by

No =E m COO/4718

where c„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-
fective mass and higher band gap, the 1" 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 to 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

and

—= 8'+h'(k- k~ «)'/2h(uom, ,

$„(i)= (1/e~, )(E,+ e 9P/2m, )

—:$0+h h /28(domo

$„(l ) =a'h'/2e~, m„,

(2a)

(2c)

"
dyy3~'Z(y+x)

(«) — dy{[(y~i)~ 2~(y)1/2]4/ [( +j)i/2 (y)1/2]4+/
0

Ex+ + -Ex+

h=Es/n~o, e =E'/A(d(), ~ =hsT/ALO( ~ (2d)

Here k is a wave vector, k~ Boltzmann's constant,
m, 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~ x refer to the wave vectors for the minima of
the conduction bands. The distributions defined
above will depend on time through e, h, and v'.
The Fermi energies h and c 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-

A j = (5/g F0) (2gpggQ70/g)

A2 = (&/& &0)(2~p p/@)

A3 —(i/2g Np)( mp(dp/g)

~( = (S("- ~)/&

~, =a/g

~, = (g, .)/v.

~4 = [@0+(m&/ntp+ mp) (& —80) —El/+

«' = [(mgmp+ mg) (1 —$0)+ h]/~'

&6 = [Sp —(S( /2)+ (%1,/2) ln(A~/A2)]/&g
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both time and space, we are ignoring 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".~'=NB~'(t) In a.ddition, we assume that all
quanta have the same w'ave vector. The radiation
energy density at time t is then given by

W(t) =g ff(d N""(f) = K&u, N,""'(t)= R(d, N,-N(t) ,

where N(t) is a normalized "photon" number den-
sity. Just as with the electron density, N(t) should
be viewed as a spatial 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:

dn p (ef„(k)) ~ (8J,„(k))
k k

(6b)

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

The behavior of the Fermi distributions for both
electrons and holes is determined if &, h. , and X

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 c, h, and V'

with time. For this purpose, we consider the
time evolution of the electron density, which is
given by

—,'", =Q —,', f.,(k) QP —„f.,(k), (6.
k k

where j denotes a summation over all conduction-
band side valleys. Z. includes the spin summa-

k
tion and the normalization factor, i.e.,"

2dkf(.-)
k

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

recognizing that the free-carrier, F-j scattering,
and the relaxation terms do not affect the electron
density, we obtain the result

(6c)

We define

y = — and y

(5c)

In terms of the integrals defined in Table I, w' e
obtain

~.(t) =&'" (p)~r'"~, (~—,) (6)

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 free-carrier absorption contri-
butions serve to increase the distribution tempera-
ture. The intrava&ley 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.

&~(f) = 2 &'"p,(~,)+~,&'"[p,(~,) ~, (~,)]—. (9)

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

'«')df '"("df =~ 'sf
de dV' Sf,r(k) g Sf.r(k)

DA ~ R
k

We define

The fact that the number of electrons equals the
number of holes requires that
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(12)

Then, from (11) and (12) we have

dh de d'&—=- y a(t) —+y~(t) —~

dt '" dt ~ dt

Expressions for y,„and y~„are evaluated by dif-
ferentiating E(ls. (4a) and (4b). In terms of the in-
tegrals defined in Table I, these expressions are

BB g )(Bf,„(k))
k.B P c,(k)(""('))

k

= Z E c (e('f""')

Bg c (.-)(""("))

(18b)

(18c)

y.&(t) = [t,(z,) —~, (z,)] /[p, (z,) —~.(z.)] (14)

y .(t)=z. -z,y, (t) .

To this point, we have obtained two differential
ecluations, (10) and (13), relating three unknowns:

c, h, g . 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 @co, and the number density N„ is given by

(18d)

Since u =u(», h, K) we can write

Making use of the definitions of y, „and y~» we
obtain

B. = =+P '~

) f„.(k)
f

+2 Q ( „" )f„(k) BQ( kB )f.B(k) We define

(19b)

(19c)

and du/dt by and

du p g (k~} dfcr(k) gg g (k~) dfcf(k)

k k.2g S„(k) df (") .

The energy lost to the lattice due to F-j phonon-
assisted scattering events is negligible. As dis-
cussed earlier, plasmon-assisted recombinations
do not change Q. 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:

(19d)

G6 dV eQ BQ 8Q
y„,(t) +y„(t) = —+——+—— . (20)et DA et FCA ~t REL

Let us note that in the evaluation of y„, and y„z,
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,

and

y.,(t) = 2~"'P, (z,)(1+y.k)

+ &'"&,[n, (z,) ~,( )z]— (21)

y„,(t) =~' "&,[(.'+ z, )p, (z, ) -z, ~,(z,)]-
+-,'v'f'[v, (z,)+ v, (z,)+-,'z, p, (z,)(1+y „)].

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

where

D A FCA R EL
(18a) (22)

I.et us also note that when the I'valley is neglected,
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u(t) =v't'[v, (z,)+v,(s,)]+V'i'Sop, (z,). (23)

Summarizing, Egs. (10), (13), and (20) are a
coupled set of differential equations describing the
time evolution of the Fermi energies, E and h and

carrier temperature V'. For convenience, we
summarize our working equations below:

de dK g Sf,r(k) g Sf,r(k)

k DA k

dh dg dv
dt '" dt " dt ' (13)

dE df eN Bu 8~
r„,(t) +—r„~(t) = — + — +-

DA ~t PgA ~t ~EL

(2o)

B. Direct absorption

In this and Secs. IIC and IID 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 h~,). The elec-
tron-phonon coupling is described by the well-
known Hamiltonian

/

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 Eqs. (10) and (20).

cr, k.q v, k

cl", k+q

FIG. 8. Direct optical transitions. Solid lines refer
to electrons or holes, wavy lines to photons.

p is the electron momentum operator; c,~ and b&q

are the electron and photon annihilation operators,
respectively. Electron momenta are generally
muchlarger thanthe photon momentum; thus

&"k'le"'4(~) p lsk& = i,(~) &"k'lpl»& (25a)

For direct absorption, generally the absolute
square of the interband matrix element of the
momentum operator l&cklplvk&l~ is needed. This
quantity can be evaluated with the help of the so-
called f-sum rule 2' Near the I'-valley band edge
(BE)

l&cklplvk&l'=-, 'm'E, (1/m, +1/m„) = m'E, /2m-E .
(25b)

(25)

/
k q-q,

/

k+q,

The laser frequency S~, is such that the direct
absorptions will involve the I" valley and the heavy-
hole bands only. The direct absorptions 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

cI
ADA

eu'
=X(t)o.,(t), . (27)

~t DA

x e"'(~(Q) ~ p l
sk&c~ „cfb-~, +,H c, .

where lsk) refers to Bloch states (s is the band

index); P,„(Q) is the unit photon polarization vector;
FIG. 9. Free-carrier transitions. Broken lines refer

to phonons.
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and

where

and

= —N(t)o. (t),
DA

n (t) = n, [l E(z—,}—E(z,)],

(28)

Qp if n&n

1
yap 8 m=n, )

limo. D= ( 0 if n, &n&n„
~p

1—2QO lf 'Pl =fl2

g —np if n2&rt,

lim GD Qo (32)

As 7 -0, nD shows interesting structure. We see
that there are two critical densities such that

l.O ~~—————
I

n= lO~9 cm-~

S xlO~&M lO20~3 x lo~o

0.6
ao
ao

ec
ec

0.2

4e 8, 2m, mJrre„(1 —8,))'r'
3e„h' (m, +m„)

z„z„and F are defined in Table I. N(t) is the
normalized photon density in the interaction region
mentioned earlier. n~(t} is the direct absorption
rate. (ve„/c)n, is the usual absorption coefficient
(per unit length) observed in Beer's-law region'
(for the light frequency v,).

In Fig. 10, nD/n, 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, nD/n,
approaches 1 for all V:

lim QD = &o.
n~p

Also n~ has the same behavior for all densities
as V'-~, which is to be expected since as V'

increases the probability for the occupancy of
a given conduction state decreases to essential-
ly zero, thus

where n, and n, are given by

2 2movz„

p+ ~h
(34a)

10 2&i VlI 3/2
n, NO = 2, ' "

(h(uo —Eo)+2m, (EO —Ea)
37T Il Alp+ VlI,

The existence of n, and n, can easily be inferred
from Fig. 5. As 1'-0, electrons collect at the
bottom of the conduction-band valleys and holes at
the top of the valence bands. When n&n, and
v -0, E~&E" and E~&E'; thus direct absorptions
can take place unimpeded and nD- &o. When
n&n, and V'-0) E„&E' and the valence-band
states which can absorb I~o quanta are empty.
When n&~, and v'-0, E~&E"and E„&E', and
thus the inverse of absorption, i.e., stimulated
emission of Ilcoo quanta occurs, and aD becomes
-o.o. The two densities n, and e, are large. For
typical values of the effective masses and energy
gaps, such as mo=0. 1, m„=0.34, m, =0.22,
E~ - Q.7 eV and E, -0.9 eV, and Il~, =1.17 eV,
we find n,N, -4 x 10" cm 3 and n+o-2 x 10" cm '.
In the experiment, the maximum electron densities
achieved remain below ~, . Finally, we observe
that for n&n„ the minimum of aD 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, np-9 x 10"sec '.
The usual (Beer's law) linear absorption coeffici-
ent is obtained from no by dividing by the speed
of light in the absorbing medium, i.e.,

00 5,000 l0,000
T(o K)

15,000 ns„, = (~e„/c) n, = 1.2 x 10'cm ',
in agreement with the well-known value.

FIG. 10. Direct absorption coefficient vs electron-.
hole temperature. The curves are generated for the
gap parameters corresponding to TL =300 K. The
dotted and dashed curves refer to possible trajectories
in this n, 9 space as the pulse passes through the
sample.

C. Free-carrier absorption

The electron-phonon interaction is described by
the Hamiltonian
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2r &"[1+(m, /m„)'"]&"'n
lim I' (i}-

~co

= 9r&0&nw'/2 (4Va)

21 "[1+(m, /m„)'~']V'~'n
l&m ~gL~J-

WOO A, &( &&

8P(a )nial 3/2

thus, relaxation via acoustic-phonon emission
and absorption becomes more important at high
temperatures. In this limit, 1', + I"„ccn. Since
limu c n as T- ~, the rate of relaxation of W is in-
dependent of the density n as & -~. Qn the other
hand, when 5 is near &~ (but n is much greater
than the thermal equilibrium density),

r„(f)- ~(3/2A, ) '[1+(1/5' ')(A, /A, )~ ']

&& I' "n '(9 —q'~) = BI'&'n '(g' —v~) . (48b)

Thus the density dependence of r,(f) and r„(f) is
different. Note also that the relaxation of W is
density dependent since (Bu/8%)„~n'~' in this
limit.

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

(49}

where cz = C~/N, ka and C~ is the specific heat of
the Ge lattice in erg/cm' K." Thus

0+a 1;=—[r,(f)+ r„(f)] . (5O}

r, (f)-(3/2A )' '[1+-,'(A, /A, )' ']

x r&'&n'~'(g q ) = fr&0&n2&" (q' q ), (48a)

to the fact that direct absorption populates only
the I' valley. Therefore, the Fermi energy of the
I'-valley electrons is perturbed relative to the Fermi
energy of the L-X valley electrons when the exci-
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 F 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 8) 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 1"-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"

H, =-s 2me'~p '/'

sk, s' 1c', g

x(skye"~is'k')A;ct-„c, T, +H.c. ,

(52a)

The energy-gap parameters S~ and 8, are func-
tions of E~. Therefore relaxation, in addition to-
retar, ding the growth of &, will also influence n,
c, etc. , through the variation of S~ and 8, as W~

increases.

where A.;. is the annihilation operator for a plasmon
of momentum Q. 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 (q-0),

E. Plasmon-assisted recombination (ck
~
e"'

~

vk) = - [(|I P,„)/m&, ]5'(k' —k+ |I), (52b)

The combined electron-hole plasma frequency is
given by

4~e'n 1 1, m m
i(i, —+ = (d2on -+—. (51)

RZ

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

where P,„=(ck~p ~vk), the intraband matrix element
of the momentum operator as in (25b). From H„
we find that the recombination rate for a 1"-valley
electron with momentum k via spontaneous emis-
sion of a plasmon (of infinite lifetime) is given by

(@ r y (4~'e'~,
)

'll.

x 5(E,(k) —E„(k—|1)—h~~). (53}
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v, k-q '

cI', k

cI', k

v~k Q

FIG. 15. Plasmon-as-
sisted recombination.
Double broken lines refer
to plasmons.

&» —= 8/2v, represents the plasmon resonance
broadening mentioned earlier [see Eqs. (56c) and
(56d)]. We set (2/0) 6„equal to the F-I,&
scattering rate calculated in Appendix A:

However, in our problem, plasmons have a
short lifetime, and therefore, the 6 function in
(53) is replaced by a Lorentzian. More precisely,
(53) is replaced by"

Im
~(4, [E,o(k) —E.(k —q)]/@)

(54)

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

1 5(2m )'~'(q'+ q')(fl(g —E )'~'
2mPQ0IE 3

&,(~) =1—~,'/~' =(2/~, )(~ —(,),

e,((o) = I/ur~v„

e(z, is+ ((q'/2 ma()
m ~

0

~

~ ~

h

(56a)

(56b)

IE(dp n/2~,
2 (h(d, E, —I'q'/—2m„)'+ (h/2~, )' '

When the plasmon-assisted recombinations are
appreciable, electron and hole densities are
sufficiently large that +&v'0& 1, and near the plasmon
pole ((d- sr~)

CO

(d =1-
(d((d + t/7'o)' (55) From these approximations and (25b), we obtain

28 CO~ 2
a./2~,

3g E,msEp (I'~~ -E,—g'q'/2m„)'+ (@/2vo)'

Integration over q gives

28copl i
3m, st „EOTO([(EQ —h(dp)'+ (I/2TO)'] ' "+Eo —a(dpj' "'

(56d)

(57)

Finally, we can write

dn Bf,r = (n -m)rdt BtB g R
(56)

a(t)N(t) + s(t) —l(t),
dN

n(t) = a~(t)+ nrc„(t),

(60a)

(60b)

nr = V'~'p, (z,),
nr =~i 'p3(&6)

(see Table I).

(59a)

(59b)

F. Rate equations 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(t) first. It can be written

s(t) is the normalized photon density per unit vol-
ume and per unit time that enters the interaction
region (source)" and l(t) is the normalized photon
density per unit volume and time that leaves the
interaction region. " We must calculate l(t) in
order to complete the equation above; however, we
would first like to make a few remarks about (60a).

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

t t
N(t( = dt' [s(t') (t )]exp (— a(-t") c'h") . ($1)

0 t'
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Let us define

S(t) =f dt t('t ), '
0

t
I,(t) = dt't(t').

p

(62a)

(62b)

N(t) =S(t) —I (t)

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

rapid transient behavior of N(t) can be neglected,
and N(t) can be taken as given by (68).

In order to calculate. l(t), let us consider a thin
slice of the pulse between t and t+ 6t (see Fig. 16)
that has entered the crystal. The number of pho-
tons in that slice is given by s6t. The passage time
of the slice is t~ = (e„)'~'2/c, where 2 is the width
of the interaction region (i.e., the crystal). t~
=7X10' sec for 2=5.5 p, m; thus t~ is much
smaller than the pulse width F. During the pass-
age of the "slice of light" through the crystal, n(t)
will not change much since t~« I", and c((t) can be
considered to a good approximation as a function
of A(t), and

A(t+ t~) —A(t) t~ dA

A(t) A(t) dt
' (64a)

x exp — a t~ dt"
Since dA/dt = nN, and from (63) (where we have
noted that l«s) and from (62e) A-S- st

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

A(t+ t,) —A. (t) t,s(t)
A(t) A(t)

(64b)

Thus

(62d)

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

(64c)

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

which is an obvious result based on the conserva-
tion of energy. In the experiments L«$, and

L«A. +N-A. Note that dA/dt= o.(t)N(t).
The absorption coefficient o. is generally within

the range of 10' -10" sec '. Initially we have
c((t-0)-10"sec '. Clearly, the exponential factor
in (61) dominates rapidly [i.e., o.(t)N(t)»N(t)],
and as N(t) increases from its initial zero value,
it will quickly reach the asymptotic value implied
by (60a):

N(t) = [s(t) —t(t)]/n(t) (63)

in a time of o~der (I/o. )-10"sec. Since the pulse
width is much larger than this value, the initial

&L =(1 —~)6S(x =R) =(1- r)s6te 'n""

where x is the reflection coefficient. Thus

l(t) =(1 —r)s(t)e 'n "'
and

t
L(t) = I dt'(1 —r)s(t')e '& '"'.

Jp

(64d)

(65)

(66)

The transmission coefficient for the excitation
pulse is given by

dt' (1 —x)s(t')e ' ""', (6V)
~L ~L 0

can be integrated from x=0 to x=8 and then mul-
tiplied by (1 —r) to account for the reflection from
the back surface to obtain the density of transmit-
ted quanta,

where S~ represents the normalized density of
photons in the laser pulse (k&ujV,S~ is the ratio of
the laser pulse energy to the interaction volume. )
Note that for a rectangular pulse of width E

t t+&t

s(t = (1 —~)S~/ 7 for 0 ~ t ~ 7,

0 for F&t,
(68)

F&G. 16. Partitioning of optical pulse to calculate
transxnission.

where (1 —x) in front of Sz accounts for the reflec-
tion from the front surface of the sample, and thus
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t
r&'*'= = dt'(1 —r)' e'~ "'

p
(69)

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. '4 It is given by

r = (v 6„-I)'/(v ~„+1)' = 0.36. (VO)

In order to collect together our working equa-
tions, we substitute the results given by equations
(26), (58), and (63) in (10) and obtain

dV Q~
y, (t) +y„(t)——= —~ (s —l) —(nr —nr)I's . (71a)

= —~(s —l) + ~"(s —l) —[I' (t)+I' (t)]. (71b)

Solving (Vla) and (V1b) for dh/dt and d5'/dt, taking
dh/dt from (13), dK~/dt from (50) and l(t) from
(65) we have our complete set of working equations:

Likewise we substitute (2V), (40), (45), and (63) in
(20) in order to obtain

dV
y (t) dt +y.r(t) dt

G. Integration of dynamical equations

'gfe now make a few qualitative remarks about
(72a)-(72e) and present their numerical solutions.
At the initial phase of the excitation pulse absorp-
tion, 1' increases quite rapidly comyared to n
since after a direct optical transition an electron
in the F valley scatters to one of the J=X valleys.
After such a scattering event an energy of approx-
imately 1 —S~ goes into electronic thermal agita-
tion. Therefore, Kapproaches35-', (1 —ge) (-1500'K)
rapidly and & decreases to a negative value. In
this initial phase, plasmon recombination,
phonon relaxation and free-carrier absorption
terms are completely neglibible; thus, we may
apply a nondegenerate (high temperature) approx-
imation to the integrals in the y coefficients (see
Table II). After this initial state, K 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 complete with di-
rect absorptions and n begins to saturate. The
saturation region is reached when

s —Z — "
n~ —nr I'~

—~~ s-Z-I', —r„,
l

~Q D s ~ + ~~gg

+ —' s-l-I', —r„,

(72a)

(72b)

(nD/o. )s (n„—-nr)l s. (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.

dh d& dK~ j/ ~+ j/ (72c) TABLE II. High-temperature approximation (low
(densities).

l(t) = (1 —r)s(t)e 'nm"'

where

(7M)

(72e)

y'g) —e

p, (z)——,'Wg Z;e-'

~, ( )- (W&/4&2)A, e '
v;(z)- ~~71 A. ]e '

~(t) = y„,(t)y, (t)-y(t)y Pt)—

=(~'/4[pi(&. ) —&.(s.)]]
x(10[@,(z,)+ v, (g,)][p,(z,) —o, (z,)][p,(z, ) —a, (s,)]

—9[p, (s,)]'[2p, (s,) —o,(s,) —~.(~,)]].
(72f)

Given s(t) and e(0), h(0), v'(0), K~(0), these equa-
tions can be solved numerically for &(t), h(t), K(t),
r (t), and l(t) (or Q.

n- ~v~~Ap' 'e-'& =- (&7t. /2)A, V' 'e-&

y, -nip
~ -(n/g){i. 5 z, )= (z,/q. )

pe z$ zf

y„,—(n/V ) (Sg+ 3W)

(n/g )[(1.5+z, )g&+ 3~{2.5+ z&)] = (nz&/9 ) (gz+ 3V )

a- 3n'/&
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FIG. 17. Temporal behavior of Fermi energies during
passage of excitation pulse.

In this region, K then varies according to

IO
Temperature

I7 I I I II I I I II I I I I

10 IOl 1020 l02l

Incident Radiation Density (cm-&)

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 (V2a) —('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 t. Figures 1V 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 temperature begins near 1500'K and

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 VV and 29V'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

IQ ] ) ) &

I
I I I I

I
I I 1 I

2I

I I I I I I I I I I

Initial Sample
Temperature 77'K

20
IO

t = 2.5psec

S exc.) 2&I020
IO — cm

E IO

t = IO psec
lo
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Temperature 297'K

Io'
0 0.2 0.4 0.6 0.8 I.O

t/t
FIG. 18. Temporal behavior of electron-hole tempera-

ture.

(7, ~, I

IO
IO l8 l9

Incident Radiation

20 2l

Density (cm &)

FIG. 20. Electron density vs excitation pulse density
for different pulse widths and initial lattice temperature
of 297'K.
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FIG. 21. Electron-hole temperature vs excitation
pulse density for different pulse widths and initial lat-
tice temperature of 77'K.

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

we observe at the largest pulse energies. In Figs.
25 al. .d 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&7, we set s =0, l =0. The system begins
to evolve according to

(74a)

(74b)

d~z, /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 experiment the largest probe
pulse delay was about 300 psec and that direct
and indirect optical recombinations are still neglig-

pfObe d~ ~ + ~pgobe

and the transmission coefficient by

~p,.b. (I —~)'

tg-t/3

dt'e-t& '"'

where t„ is the delay time of the probe with respect
to the excitation pulse. For t„&t, T~" ' 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.

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 (V4b) and (72c) and (72d) when
the probe pulse passes through the interaction region,
rather than (72a) and (V2b) with s =s„„„I =l „b,.

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

510 i I I li I I Ill I I

Initial Sample
Temperature 297'K

104

Initial Sample
Temperature 297'K—

10

0
I—

10'
t= lopsec

10—
I-

t = 5psec

t = Iopsec

lp2 I I I I I l i I I I t I I I

IO I8
I 0 l9 lp 20 lp2 I

Incident Radiation Density (cm-&)

10 I

lo'9 l020

Incident Radiation Density (cm ~)
IO"

FIG. 22. Electron-hole temperature vs excitation
pulse density for different pulse widths and initial lat-
tice temperature of 297 K.

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 general-
ly lowered.

III. COMPARISON WITH EXPERIMENTAL DATA

AND CONCLUSIONS

The experimental data and the theoretical curves
for the excitation pulse transmission are shown in
Fig. 29. The theoretical curves are for a 5-psec
pulse width and a 3 && 10 '-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 p.m. The agreement

I'0 lO 50 l00 150 200 250 500

Delay Time (psec)

FIG. 27. Probe transmission vs delay time for differ-
ent excitation pulse densities and initial 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 && 10"-cm ' 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 w'ell despite the in-
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FIG. 26. Excitation pulse transmission vs excitation
pulse density for initial temperature of 297 K.

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.
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FIG. 30. Theoretical and experimental probe trans-
mission vs delay time.

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

frequencies achieved in the experiments are actual-
ly less than E,/2h. The maximum electron den-
sities occurring in the vicinity of 2 x 10"cm ',
which corresponds to (max+&)/e, =0.3. There is
a directly observable quantity, namely the refrac-
tive index for the optical frequency ~„which is
directly related to the ratio ~~/~, . For the elec-
tron density quoted above, the maximum change
in the refractive index divided by the initial re-
fractive index is given by"

re& in&ex 1 ~~0
0 05

This is in good agreement with the direct measure-
ments of the refractive index. 4

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), large 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. Since 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: 1 L,X TRANSITIONS VIA

PHONON EMISSION S

Let us consider a particular side valley, say
(111)valley. Using the 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

x [Q„(q') /'/(e, k —q'[e-""'/ c,k) f'

x 5(E,(k) —E,(k q ) en„,). (Ala)

2' g 5(E,(k) —E,(k —q') -i20,).
pQO

(A lb)

For acoustical phonons, Q«=q'(A2+A„cos'(t))
=q'(A„+ A„) and QT„= -q'A„cos(t) sing =0. Since

~]:1111 QLA ~L'111]( 2 ) QA' Also Aq
= e„kt»» = 0,." Therefore, we obtain the contri-

where k is sufficiently small such that
~

c, k) re-
fers to an electron in the I' valley and -q' 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' -i2]»», andq' »i2. Since q' is
smaller than the reciprocal-lattice vector, ~(c,k
—q'

~

e " '"
~
c, k) '= l. Electron-phonon coupling

parameters Q„(q') were discussed in the text.
For optical phonons Q„o =Q, cosg and Q»
=Q, sin(t), where/ is the angle between -q' and

k&»». Since -q' is assumed to be generally in the
direction of k&»», Q~ =Q, and QTo =0. Thus for
optical phonons the right-hand side of (Ala) be-
comes

bution of both optical and acoustical phonons

g 5(E (k) E,(k q') IQ,). (Alc)
0 qt

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

E,(k) = E,+ e'a'/2m, (Aid)

For an electron just raised to the 1 valley by
optical transition E,+ ()12/22/2m, = 8'~, . Thus, sum-
ming over all valleys, we obtain

5(QO+ QA)(2m. )'"(@„E)1/2
2v ping 3

For m, =0.22m, h&, =1.17 eV, X&=0.7 eV, p
=5.3 g/cm', 80,=0.02 eV, Q, =6 x 10 ' erg/cm,
and Q„=2 &&10 ' erg/cm, I/r, = 1 x10" 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 if
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 valley, the scattering
rate out of the state k is given by

E,(k —q) = E(1+ [K2(k —q' —k]»»)2]/2m, . (A1e)

The phonon energy in the 6 function can be neglec-
ted, since it is quite small compared to electron
energies. Letting -q' = ktxxx3+ q where q
«q', k&»», the integral over the 5 function is
trivial, and yieMs

(2m )3/2(Q2~ Q2 ) g2y2 1/2
&(&) r-(1„) '4 (l

', " E,+2 -Eg
SP gc tBp

(A2)

1 —„.k —q

]. —„.k'+ q 5 E„k—q —E,&
k + E„.k'+ q —E„-k'

+ g [( -f,„(k')]f„„(k'+q)il(k. , (k —q) —3., (k) —k„„(k'+q)+3 (k )))„„'
V

j varies over the conduction-band valleys, v over the two valence bands. f,f and f„„are electron and hole
distributions, respectively; E,&

and E„„areelectron and hole energies (E„„is positive).
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The scattering rate into the state k is given by

:- =(-") '"'":)' "-'(': )""-
x 1 —„.k' „.k'+q 5 E„k-q -E„4+E„k'+q -E„k'

+ P (1 —f„„(k'+q)]f„„(k')il(E„.(k —q) —E„.(k) —E„(k +q)„+'E„„(k ))) . '

V

(B2)

Of course, if the distributions are Fermi-like,
with a common temperature for electrons and
holes, then I'„'-'= I"-"', 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

1 if h'(K-2t)'/2m*&E„(k)

f„(k)= &h'(K+-.'&)'/2m*,

0 elsewhere;

(B6b)

I""""= (5e'm*/)Th'e'„)1(k, K ), (B7a)

and 2.5a&K& (1.5+ v 2)& (i.e., the width & is
large).

Let us consider an occupied electron state k in
the ith valley. The contribution of the conduction-
band electrons to the I"~"t is given by

f„.(k) = n'/([E„(i ) —E, E]'+ ~2]

=))&5(E .(k) —Ea —E)

f,.(k) = (5~)'/flE. .(k) —E]"(»)']
= 5~~5(E„„(k) E),

(B3a)

(B3b)

vrhere

1K =K —24, (BVb)

k+ K K 2K (k'+ K4) (k'+ —,'K2)

k k(k' —K')'

i.e. , 5—= &/E«1.
(i) Let us consider an occupied state k: E„(k)

= E+ E,. Then,

80K' 4K' —8u'z
(k2 K2)2 k(k2 K2)

Let u=X+~. As ~-O,

(BVc)

= (160eqm4'/3h2e )(1 6) ) /6 (B4b)
I(k, K ) = 4 ln(4K /6)+ ~4 (K /5) + O(1/5') -~. (B8)

(ii) For the states k' such that E„(k')&E+E~.
—& or E„.(k') &E+EG+ 0,

1'-'= (80e4m */3h2~2 )(1 —5)2f2/5,

For @=K+&&,

I= 16 if K=2.5&,

I = 26 if K= 2.9&.

(B9a)

(Bgb)

pout (B5b)

Setting m*= 0.22m, z„=16, we find 80eqm*/3h'e2
= 10"sec '. Thus 1","', I",'; » (light absorption
rate).

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

Thus, 1"'4'"'& 80e'm "/mh'q2= 3 x 1(pq sec ~ The
contribution of the holes is about the same; thus
I"~"'a 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 '.

f.(l() =

1 if h'(K —2&)'/2m*& E,(k) Eg-
&h (K+ 24) /2m*, (B6a)

0 elsewhere;

APPENDIX C: -RADIATION ABSORPTION RATES

(a) Direct absoyjtions. From the diagrams
shown in Fig. 8, we readily find



U LTRAFAST TRAN SIENT RESPON SE OF SOLID-STATE. . . 218

"Zl(cr, k+ql8 "t'z(q)'plz "&I' [1-fH(")][1 f r(k+q)]6(E r("+q)+Em(k)-@~)

2 2

+2 — N~'-'" +1 g, k g "'
~ q p cI",k+q ',~ k+q ~ k 6 E,~ +q

+ E„(k)-h~,).

(Cl)

Here, $~(q) denotes photon polarization. The meaning of the other symbols are as defined in the text. The
sum Z„.also includes spin summation. The extra factor of 2 in front of the terms is due to the fact that
ere have thoro degenerate valence bands. The photon momenta are completely negligible compared to the
electron and hole momenta. Therefore, q'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 &, and the corresponding
N""'» 1. Therefore, the spontaneous emission term can be neglected. To obtain

BN 1 gBN'"~)
DA No ~," ~t DA

we perform Zz; on (CI), and find

Sm'e2 2d'k CI'k p vk 1- ~k —Hk 5Ez k+EHk -S(vo.

The interband matrix element of p near the I"-valley band edge is given by

1&cr,k
I p I

z' k&I'= zzz'E. (zzzo+ zzz )/2zzzoz)z

In our approximate band structure, the electron and hole energies are given by

E,z (k) = Eo+ 5'k2/2mo, E„(k)= I'k'/2m„.

The integral over the 5 function is trivial, and yields

(C2)

(cs)

(c4)

SN
) )

4e ERm 'm„,(lfm —E,))'e

&& 1--1+exp p
' S~, -E, +E„—1+exp p E,+ " h~, -E, -E~ ~ C5

m + m), zzez + zzz), )

To find Bn/Bf
l
D„we need Bf„(k)/Bt

l DA:

To find

Bn 1 " 2d'k Bf,z, (k) Bf,z.(k)
Bt D~ No J (2zz) Bt DA' Bf

(28) Bu 1 2d'k Bf,r (k)

" 2d'k Bf„(k)
, (2)z)' " Bf

(16a)
can be calculated in completely analogous manner.
It is.given by the negative of the righthand side of
(C1) if 2„- is replaced by Z~-. Thus, Bn/Btln„ is
given by the negative of the right-hand side of
(C2), and

Because of the two degenerate valence bands

Bf„(k)
'

1 Bf„(k)
&t DA 2 Bt. (CV)

=N(f)zz (f). (C6)

Bzz 1 " 2dsk Bf z(k)
), [E,„(k)+E„(k)]
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Because of the 5 function 5{E,r(k) + E„{k)—hu&, ) in
sf,„(k)/s&~ „,. E, (k)+ E„(k)= @&a„and

su 1 2d'k sf,r(k)
st u„No (2g) st

(2Va)

(1) Free ca-rrier absorpfions. Let us consider

the conduction band electrons first. Since the free-
carrier absorptions strongly depend on density,
and since the density of electrons in the I' valley
is negligible compared to the L-X valleys, we will
consider the L-X valleys only, and ignore the I"

valley.
With the help of the diagrams, like the ones

shown in Fig. 9, we find

$7/ It c 0 g (~~d)

xf,~(k)[1 f,~(k+ q q')]5(E,~(k) + h&u —E,~(k+ q- q') —kQ„,,)

Q (q')(cj, k+q —q~l e ""~lcj,k+q)(cj, k+ql e'&'~(~(q) pl cj,k)
E,&(k) + her, —E,&(k+ q)

Q (q')(cj, k —q'I e-'1 "~
I cj,k)(cj, k+ q —q' I e'&'t$~(q) ~ p I cj,k —q')

E,&(k+ q —q') —E,&(k q') —kv,— t

Vl ~(r~)

xf,&(k)[1 f,&(k+ q+ —q')]5(E,&(k) + h+, —E,&(k+ q+ q')+ hQ„, )

Q„(q')(cj,k+ q+ q' I
e't '"

I cj,k+ q) (cj,k+ q I
e"~(~(q) ~ p I cj,k)

E,~(k)+ h(o, —E,~(k+ q)
2

Q, (q')(cj, k+ q' I e ~'~
I cj,k)(cj,k+ q+ q' I e'~'(~(q) p I cj,k+ q')

E,&(k+ q+ q') —E,&(k+ q') —h&o,

+ ~(rad)+ ] g+ ~

xf~(k)[1 f,&(k ——q —q')]5(E &(k) —hv —hQ, —E &(k —q —q'))

Q, (q')(cj, k —q —q'I e ""tlcj,k —q)(cj, k —ql e '& ~)~(q) pl cj,k- q')
E„.(k) E„(k q) -—Ru,

2

Q (q')(cj, k —q'I e " '~l cj,k)(cj, k —q —q'I e "'g~(q) pl cj,k —q')

E,~(k q —q') +—h(u, —E,~(k q')—

xf,&(k)[1-f &(k+q' —q)]5(E„.(k)+hQ'„, . —Su, —E,&(k+q' —q))

Q, (q')(cj, k+q' —ql e" '~l cj,k- q)(cj, k —ql e' ~g,~(q) pl 'cj,k)

E,~(k) —E,)(k q) —h(o—,
Q, (q')(cj, k+q'I e""~lcj,k)(cj, k+ q' —ql e "'~)~(q) .pl cj,k+q')

E,&(k+ q' —q) —E„.(k+ q') + Ku,
(C 8)

As before, j refers to the valleys, p. to the phonon modes. 9,, and p, , are phonon frequencies and phonon
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distributions, respectively. Q (cI') are the phonon-electron coupling parameters discussed in the text. We
will assume that there are no yhonon instabilities, and that

@Q~qeAT, 0,. ' (C9)

(C 10)

As before, the light momenta q «h, q' and can be neglected in f 's, 5 functions, and the matrix elements.
In the jth valley, for the Bloch states, "

(cj,k+ ql e"'&~(q) 'p
~
cj2k) = (cj,k I Cg(q) 'p

I cj,k) = h(m/mc)(g(q) ' k.
Since q' is small comyared to the reciyrocal-lattice vector"

q I"*'" Icj,h&=1. .(C 11)

Phonon energies SQ„,«E„., Ace, and can be neglected in the 5 functions. We will also neglect syontane-
ous yhoton emission terms, as done before in direct absorytions. With these ayyroximations, and after
a redefinition of integration variables, we obtain

BN; 2~e'h gpss IQ, (Q')I' ~-@ ~ ' ' 1+2
FCA-EL ~c~~qp jk p, q' p. q' In„,

x [f,~(k) f,~(k+ q')] 5(Z,~(k)+ h(u Z,~(k+ q')) .

We again average over light polarization, then perform (1/N, ) Q~.„and find

8N

FCA ELBt

2 8 k
3

~ 1 +2,&
k —,

&
k + q' 5 E,

&
k + S&z —E,&

k + q'
c6 0~ jk + qt

(C13)

In our ayyroximate band structure,

E,~ «(k) = Ec+ h'(k —k~ «)'/2m, .

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

(2a)

aN 222'e 2 M'k Ee+ 2 k'/2m, —Ee Ee+2'k'/2m, + Eie —Ee
)

(C 14)

where E(x) = (1+ e") '. For optical phonons,

gf 2'2' IQ„(ik')II'(2')'
(2 2

2 2'

) (2
22 Ta)(Q', )fE'ik (,),

'

Owing to the 6 function, integration over q' is quite simyle:

(2'2' 2 (keia')') 2em', I' (kk )
~ (IEk')e (Ilk

)
e (kk') e

For acoustical yhonons, 0„,, = c„q' and

(C 15)
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d'q' I Q. (q') I'(q')'

2 2' (A'+ —', A A„+ —,'A'„) (,) ( 2k T ( ~ , A' (,), ( 2k T

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

~-, (,),
2'2' „ IT(k+ r(')'

)q q + ~0
C C

2gm 2m, ' ' 82k2 i/2 $2k2 1/2 5 58k2 1/2 @2k x/2

Substituting (C15) and (C16) in (C14), performing the remaining angular integrations (of k), then letting

y = I'k'/28&d, m„we obtain

) ((e ' ') +( ~
*

) (k T*) f r(T(((T+()"*e(T)"')'
)

~\

[( () I
( ) I )) T 2+2 —e 2+(+2 —e e'. A'(2m, )' '(kre, )' ')

9 ~ Sg q„pc„5

OO

x dy([(y+ 1) t + (y) t ] [(y+ 1)2&2 (y)~)'2]5J Z y 0 y y+ + c ~ )I (Clet)

Thus,

BN mNo', -x 5 ' 1+2—'
9~ p, (z,)+ n, 9 x 5 ' g, (z,)+(y x5 ~ g, (z,)

FCA EL
(C 18)

sN/st k c2), „«Ea can be obtained from (C18) by simply omitting (m.,/m„) factors, replacing z = (h
by z2=k/&, and divMing by 5. Adding electron and hole contributions we obtain sN/st

I
given by (39)

»/st
I Fc„can be obtained by a simple energy-conservation argument:

Bu 1 ()U 1

FCA 0 0 Bt FC A h(doNO t
' =o.'„(t)N(t).

8 FCA
(C 19)

APPENDIX D: PHONON-ASSISTED RELAXATION

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

sf,~(k) 2~ gg I Q, (q') I
'0

8 REL 8 „-. 2PQ

+ 1HI &cj kle *" lcj»+q'& If.,(k+q)[l-f.;(k)]&(E.,(k+q') - z.,(k) —SQ., )

—l&cj k-q'le ""lcj k)
I f 2(k)[ -f'(k- q')]6(@.~(k) —@'("—q') —@fl.')]

/77„,(l(cj,kle'(2' ' lcj, k-q') I~f~, (k q~)[l f .(k)]6(E .(k) E y(k —q~) ——kQ, )

l(cj,k+q'le«" lcj, k)'f (k)[1 f (k+q')]6(Z .(k+q~) Z (k) kn, )$].

Using (Cll), we find
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[p,.gf,~(k+ q') -f,~(k)] 5(E,~(k+ q') —E,~(k) —hQ„, ,)
REL p p, g' yq'

—[f„.(k) f—,((k q—') ]5(Z,~(k) —E,~(k —q ) —hQ, .)]
+f,&(k+ q') [1—f,&(k) ]5(Z,&(k+ q') —E,&(k) —RQ~, .)
—f„.(k) [1 —f„.(k) —q')]5(E,&(k) —E„.(k —q') —hQ„,)].

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

(D2)

IQ [q„,E„.(k)([f,~(k+ q') —f,j(k)] 5(E„.(k+ q~) —E,~(k) —hQ„.)
REL P 0 0 Jk gp Qgq'

—[f,g(k) f,g(k ——q') ]5(E,g(k) —E,g(k —q~) —hQ„.))

+ E (k)f .(k+ q') [1 f,,(k)]5(E,~(k+ q ) —E,~(k) —hQ„,,)

—E,.(k)f )(k)[1 f~(k -q')]5(—E ~(k) —E )(k —q') hQ—,, )].

Using the identities

f,&(k+ q') [1 -f„.(k)]5(E„.(k+ q') —E,&(k) —hQ, ,)

= [(e"~~~'"+""' ~~'+ 1)-'][1—(1+e"s~~'"' ~~')-']5(E (k+ q') —E, .(k) —hQ, )

= (e]""ng ~ 1) [(e8&sgg "]eF~+ 1) ~ (e]'racy]"&+""0 @E&+1) ~]5(E (k+ q') E (k) hQ )
= (e '""]a''-1) ~[f ~(k) —f q(k+q')5(E] q(k+ q') —E ~(k) —hQ0),

we find

(D4)

&t,
,
„pN h . 0„,, "' e~' —1

x J]Z„(h)[f„( h+q') —. f,&(k)]5(Z„.(h+q') -E,~(h) —hQ, )

E( )h[f„(k)-f„(—h q')] 5g„(.h) E„(h—q') -—AQ„, )].
Since phonon energies are small,

q„, —(e]'"n] a' —1) ~ —k~T~/RQ„, . —kqT/SQ„,

Letting k-k+q' in the second term, we obtain

(D5)

(D8)

Owing to the 6 function,

x 5(E,,(k+q')-E, ,(k) —hQ, ). (D7)

i I2
(h~T- heT~) [f.,(k+q') -f.;(k)]5(Z„(k+q') -E„(k)-@Q„,.).

aEz PND 0 jk gg
DC

Redefining k in each valley, we obtain

Bu, 10(keT —keTg) ~. . . IQ„(q') I

(D8)

x [f(E+8 +II'0„,. ) f(Z+Z )]II( + -—.IIQ„,.), (DS)
C

'
C
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where cos8=k g' and

E =asks/2m f(E) =(es(& &P)-+1) &

Since phonon energies are small,

f(E+R +hQ„~) f(Z+E-)=liQ„,. )
8 E +ED

and SQ„& can be omitted from the 6 function. Thus,

Su, 10(ksT —k T~) ~ d,k, d, , ~, ~,
&f(E'+Ec)

O
k'kq'cos8 kd'k' d'q' Q, q' 6 +

Substituting the properly angular averaged electron-phonon coupling coefficients we find

(D10)

(D11)

(D12)

(D13)

The remaining integrals are trivial, and we find (in terms of the normalized quantities)

(D14)
3 m 4

= —I'(o&5 ' V'(9 —W~) ln(1+e '&) —I"5 ' 7'(K —9 ~)A'(z, ) .
REL ma Sl

Q

Su„/st
~
Rz„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.

(b) Pulse PreParation. 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 fluorescent bandwidth of 2.7
x 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 fre-
quency components close to the gain maximum. In
fact, pulse widths would be wider than those ob-

LASER & I I [I I I II III &

ELECTRO-OPTIC
SHUTTER

I
DETECTOR PULSE SPLITTER

olid
DELAY OPTICS

SEMICONDUCTOR
SAMPLE

FIG. 31. Block diagram of the experiment.

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 I inde. '

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 p,m. 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-Illinois ED-2S Nd:glass rod approximately
19 cm 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
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FIG. 32. Electro-optica? shutter.

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 ma, intained at room
temperature. The power supply consists of a 60-
p.F 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 ref lectivity
of 99.7% at 1.06 tim at one end and a flat mirror
with a ref lectivity 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 reservior
with a hypodermic needle.

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

In order 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 Gian 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

Translatable
Porro Prism

Gold
Mirror /

Lens

Gold ~
Mirror 3

I

I
I

I

I

Probe
Attenuator

Sample

Porro Prism

FIG. 33. Pulse splitter and delay optics.

the first part of the pulse train, which is reflected
by the second Gian prism, breaks down a spark gap.
Upon breakdown, a voltage 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 to the 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 must be split in two and a variable delay 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
50-50 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 piano- 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 Pola, roid
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 samjle. The semiconductor material
used in these experiments is intrinsic germanium.
The minimum resistivity of the high-purity single
crystal sample is 40.0 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
source. 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 germanium 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 p, m by the inter-
ference fringe spacing of the reflection spectra
measured in the, infrared region of 3-15 LL(,m.
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. To do this, the laser output
is displayed on an ITT model F4000 biplanar vac-
uum photodiode and a Tektronix model 51S 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 voltage on this 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 p,m. '

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 ex~ox 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 TEMpp 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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