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Kinetics of electron-hole droplet clouds: The role of thermalization phonons
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This paper presents a detailed analysis of the phonon wind which is responsible for the large cloud of
electron-hole droplets often observed in Ge. The phonons are separated into two categories: T phonons,

produced by the initial thermalization of the hot carriers, and R phonons, produced when an electron-hole

pair recombine nonradiatively. It is shown that, while most of the T-phonon energy is effectively lost in an

initial optical-phonon cascade, there is a residual energy given off to acoustic phonons when the carriers
have cooled to within a single optical-phonon energy of the band edge. These phonons, which represent less

than one percent of the total phonon energy, produce all of the characteristic features of the phonon wind.

Without the T phonons, the cloud density would not saturate, but would continue to grow as the laser

power increased, and the cloud volume would not increase with power. Also, since the T phonons reach

steady state in essentially the thermalization time, the phonon wind is present in full force almost from the

moment the drops condense, causing a rapid initial growth of the cloud. In addition to kinetic equations

describing cloud buildup, more detailed models of the thermalization process are presented, in order to
estimate the time evolution of the condensation and the magnitude of the wind. The theoretical prediction is

in good agreement with experiments (except at high-absorption-power pulsed experiments, in which the

wind is greatly enhanced). The number of R phonons is harder to estimate; because they are spread out

over the entire volume of the cloud, their effects are greatly diluted, and they make very little contribution

to the characteristic features of the phonon wind. An analysis of previous experiments suggests that R
phonons may be as much as five times as numerous as T phonons.

I. INTRODUCTION

Keldysh showed that electron-hole droplets
(EHD's)2 can easily be moved through large dis-
tances by a stream of nonequilibrium phonons.
Furthermore, he suggested that such nonequili-
brium phonons could be responsible for the char-
acteristic spatialdistribution" of EHD's in photo-
excited Ge which cannot be explained by simple
diffusion of the droplets. The EHD distribution
does not decay exponentially away from the illu-
minated crystal, surface with a characteristic dif-
fusion length. Instead, the droplet density re-
mains approximately constant throughout a cloud
whose volume increases approximately linearly
with light excitation level. This cloud, Keldysh
showed, is produced by a wind of phonons which
are created concomitantly with the electron-hole
(e-h) pairs and travel ballistically through the
crystal.

Several experiments' ' have confirmed that EHD's
can easily be moved by streams of phonons, but
there are questions remaining as to the origin
of the phonons responsible for creating the usual
EHD cloud. In particular, it is not clear whether
these phonons are produced during the initial
thermalization of hot carriers near the crystal
surface where the light is absorbed, or if they are
produced in the EHD's themselves, during non-
radiatiVe recombination. This paper will show
that these two types of phonons, thermalization
and recombination (abbreviated T and ft) lead to

dramatically different predictions for the dynamic
behavior of the EHD cloud, and that the charac-
teristic features of the cloud are due to thermal-
ization phonons.

A. Classification of phonons

The nonequilibrium phonons are produced as hot
electrons and holes cool down toward the lattice
temperature. There are two independent sources
of hot carriers: (l) the e-h pair is initially cre-
ated by absorbing a photon of energy hp. The ex-
cess energy br' —E (E~ is the gap energy) is emit-
ted as phonons. (2) An e-h pair may recombine
nonradiatively, giving up the excess energy ~', to
a single carrier (Auger process). This carrier
must then thermalize by processes similar to
case (1). The phonons produced in these two
processes, called T (thermalization) or R (recom-
bination) phonons, respectively, differ in two
important features. First, the T phonons are
spatially localized near the surface where the
light is initially absorbed, while R phonons are
produced uniformly throughout the cloud. Second-
ly, the T phonons reach steady state in a thermal-
ization time, -10 nsec, while the number of EHD's,
and consequently of R phonons, reaches steady
state only after the much slower time 7,=40 p. sec.
Each of these diff erences leads to very diff e rent
predictions of cloud properties, and the experi-
mental evidence strongly confirms the importance
of T phonons.
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Both of the above mechanisms rely on hot car-
riers to heat the EHD's to temperatures slightly
above the lattice temperatures, from which they
cool down by emitting low-energy acoustic pho-
nons. In a recent experiment the drops were
heated directly (by absorbing far-infrared light),
and the phonons detected by an enhancement of the
EHD velocity. The enhancement is of the correct
order of magnitude, confirming the importance
of the present mechanisms.

B. Kinetic equations

Keldysh approached the problem of the phonon
wind by postulating a form for the force betweea
two EHD's due to the emission and absorption of
nonequilibrium phonons, then setting up and
solving the kinetic equations of the droplets moving
under such a force. He showed that, if the pho-
nons moved ballistically, the magnitude of the
force would decrease as 1/r, due solely to geo-
metric spreading. He then formulated the theory
on an electrical analogy, representing the phonon-
wind force as an effective charge p on a drop.

Keldysh did not consider the origin of these
nonequilibrium phonons in any detail. In deriving
an order-of-magnitude estimate of p, he assumed
that they are A phonons, hence equally present
in all drops. Yet in analyzing the kinetic equa-
tions he made the simplifying assumption that all
the phondns emanate from a point source-at the
sample surface, where the laser is focused. The
error involved in this assumption for R phonons
is immediately obvious by a comparison with
gravitational theory. The force of gravity at any
point outside the earth can be calculated by as-
suming the mass of the earth is concentrated at
the center. Using this formula at a point r inside
the earth overestimates the gravitational force
by a factor (r, /r)', where r, is the radius of the
earth. Similarly, in the present problem, the
R phonon wind is reduced in magnitude by the
analogous factor (r, /r)', with r, the radius of the
cloud. On the other hand, T phonons do not have
such a reduction factor; they are produced within
a very small radius (-100 p, m) of the laser spot,
and, as far as the cloud is concerned, constitute
a true point source. Because of the volume-re-
duction factor, the T phonons play the dominant
role in cloud formation even if there are numeri-
cally many more R phonons.

In Sec. II the kinetic equations of Keldysh are
generalized by separately including R and T pho-
nons. Instead of a charge density p, the force of
the wind is written in terms of two parameters
y„and y&. These differ from p only in the nor-
malization; for ys =0, p' =n', my /'Trro where

no is the pair density inside an EHD, m is the
mass of an e-h pair Tp is the pair-recombination
time, and T„is the electron-phonon collision
rate. The results of Sec. II confirm the above
discussion. If there are no T phonons, the char-
acteristic cloud does not form no matter how large
y~ is; most of the EHD remain localized near the
laser spot. . On the other hand, only a few T pho-
nons are needed to produce the characteristic
cloud shape.

T phonons are also important in understanding
the kinetics of buildup of the cloud. These pho-
nons reach steady state in approximately the
thermalization time of the carriers, much faster
than the EHD recombination time. Hence the
wind appears strongest just after the EHD form,
when they are localized near the crystal surface.
This accounts for the rapid initial spreading of the
cloud observed experimentally. Section III gives
time-dependent solutions to the cloud kinetic
equations, in reasonable agreement with experi-
ment. The pulsed experiments of Damen and
Worlock and Durandin et al. can also be under-
stood, although at these intense pumping levels
the wind appears noticeably stronger.

C. Origins of the phonon wind

Section IV attempts to go beyond the kinetic
equations and to estimate the magnitudes of y~
and yR-that is, to understand the origins of the
phonons which produce the wind. This involves
a detailed consideration of electron-phonon, elec-
tron-electron, and phonon-phonon interactions.
Numerous approximations preclude complete
solution, but the problem is reduced to the cal-
culation of a few basic parameters, and good
agreement with experiment is obtained with a
reasonable choice of values for these parameters.

The problem of calculation of the y's can be
subdivided into three parts: (1) estimating the
initial heat input into the EHD system, (2) cal-
culating the phonon emission spectrum, and (3)
calculating the probability of absorption once the
phonon spectrum is known. Step (8) is carried
out in a previous paper, and step (2) is no more
difficult (Appendix B). The problem lies entirely
in step (1).

The essence of the difficulty is that the EHD's
are transp'. ent to most of the phonon cwind. This
is because EHD's interact strongly only with acous-
tic phonons of wave number q&2k~, where k~ -10
cm is the Fermi wave vector of the carriers.
Most of the energy of the hot carriers is very
rapidly emitted in an optical phonon cascade.
Only &chen the excess carrier energy is smaller
than the energy of a single optical phonon does
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acoustic phonon emission become an important
thermalization process. It is mainly those pho-
nons in this tail of the ther malization which con-
tribute to the phonon wind" (Sec. IV A). The opti-
cal-phonon cascade involves between 10 and 50
phonons, depending on the initial carrier energy;
the parameter of importance to the phonon wind

is ~SO, the average energy of an e-h pair at the
end of this optical-phonon cascade. This number
cannot be easily estimated, beyond the fact that
it is less than an optical-phonon energy (-35 meV),
but a value of -10 meV gives good agreement with
experiment. In fact, z~ is approximately linear in
&F0, giving an experimental value 4EO-5-15 meV.

It may be thought at this point that T and R pro-
cesses should follow virtually the same sequence
and that p~ and z& should be nearly the same size
(or at least, both proportions, l to some nEO & 35
meV). There is one factor which complicates the
R-phonon sequence, allowing the possibility that

Inside an EHD the pair density no ——2
x 10 cm is sufficiently high that a hot carrier
can lose energy via electron-electron collisions
(either single carrier or plasmon emission) in-
stead of by optical-phonon emission. ' A rough
estimate shows that the former may be important
inside EHD. Any energy transferred to the car-
rier system as a whole will ultimately be dissi-
pated as low-energy acoustic phonons, thereby
enhancing p~. Since the average density in a
cloud is -10" cm ', carrier-carrier collisions
will be much less significant for T phonons. The
enhancement of zR cannot be easily estimated,
particularly since Auger carriers have a large
probability of escaping from an EHD (Ref. 2,
p. 171).

There is, finally, one more possible contribu-
tion to the phonon wind. Whereas the optical (and
high-energy acoustic ) phonons do not interact di-
rectly with EHD's, they do decay (via three-phonon
processes) to lower-energy acoustic phonons.
After several steps of this decay, the phonon wave
number will be &2kF, but as they decay, the pho-
non distribution is expanding spatially. It is not
clear whether phonons with q & 2k~ will be pro-
duced rapidly enough to enhance the phonon wind.
Experiments ' have shown that this is not likely
to be a significant source; the number of optical
phonons produced per photon was varied by a fac-
tor of 4, by varying the photon frequency, without
affecting the size of the EHD cloud. An estimate
of the magnitude of the phonon wind due to this
source (Appendix C) cannot rule it out all together.
However, since 480 is an adjustable parameter,
these phonons can be included with the T phonons
(for distinction they are called T„as opposed to
the primary, or T, phonons).

D. Magnitude of the wind

To understand how fast the carrier thermaliza-
tion occurs, a simplified model is presented in
Sec. IVA; the e-h system is assumed to be spati-
ally uniform inside a volume which expands dif-
fusively in time. The optical-phonon cascade is
assumed to be so fast that new pairs have an
initial energy &&0,' furthermore, carrier-carrier
collisions, while slow compared to optical-phonon
emission, are sufficiently rapid to give the car-
riers a common temperature, and a Boltzmann
distribution in energy (or a Fermi-Dirac distri-
bution in the condensed phase). Given this model,
the temporal evolution is solved numerically,
using exact expressions for the acoustical-phonon
emission rates. It is found that the phonon wind
reaches an almost steady-state value even before
the e-h gas has cooled to its liquid condensation
temperature (-10 nsec after the laser beam initi-
ally strikes the surface); after condensation the
wind rapidly attains a somewhat higher value,
due to the binding energy of the liquid. Further-
more, the final equilibrium carrier temperature
is quite close to the lattice temperature, as ob-
served experimentally.

In Sec. IV B a similar calculation is made to
estimate the temperature distribution of carriers
near the crystal surface (assuming the e-h pair
density is uniform). It is found that, at the higher
power levels used experimentally, the gas temper-
ature may exceed 10 K very near the surface, but
cools rapidly to the lattice temperature in a dis-
tance smaller than the laser spot radius (assumed
to be r, -100 p, m). A by-product of this calcula-
tion is the exact emission spectrum of T phonons.
This spectrum can be used in conjunction with the
results of an earlier study" to generate both the
magnitude and the anisotroPy of the phonon wind,
both in good agreement with experiment.

Finally, some related topics are discussed in
Sec. V. The difficult problem of the droplet velo-
cities measured by Doehler et al. ' is discussed
in Sec. VA. Their measurements showed no
evidence of T phonons. However, to analyze the
velocity data close to the crystal surface, it is
necessary to know what happends to phonons which
strike that surface. Because a fraction of them
are absorbed'or diffusely scattered, the R pho-
nons will produce a net flux into the surface which
could mask the smaller T-phonon flux.

Keldysh' showed that the R phonons would also
produce a repulsive interaction between d roplets
which would limit the maximum possible drop
size {in unstressed Ge). In Sec. VB it is shown
that this estimate of the R-phonon wind is in
agreement with other values. Taking all the data
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together, it appears that there may be five times
as many R as T phonons.

II. KINETIC EQUATIONS

Keldysh showed that the long-wavelength pho-
nons produce a repulsive force f between the
phonon source and an e-h pair in a drop, of the
form f =+Ar/r, where r is the distance from the
source to the drop —the 1/r falloff is geometrical,
due to the spreading out of the phonons. Since
droplet motion is damped by electron-phonon col-
lisions in a time &„-10 sec« ~p -40 p. sec, the
velocity of a drop will be

is the total number of pairs produced. The
strength of the phonon wind is measured by the
constants Yr (the T-phonon contribution} and Ye
(from R phonons}. These constants represent
the contribution to the phonon wind due to the
thermalization (or Auger recombination) of a
single electron-hole pair. They are approximate-
ly proportional to the total energy per pair emit-
ted as long-wavelength acoustic phonons (see Ap-
pendix A). The magnitude of Yr is estimated theo-
retically in Sec. IV.

In steady state, Eqs. (2) and (3} can be solved
exactly:

v=~
5 OQX'COG

where the sum is taken over all sources of pho-
nons. The cloud kinetic equations are then com-
pleted with the continuity equation

2'Yen( —— Yrn +—+ — Yrn '+-
4m m 4m) '

1 &rl~ n —n—
(
—

( -1 =-(r, +Y„)nl4m. i r&) n- n,

(4)

~S—+ V (nv)=-n/r
at Py (2)

v = [yrN„+ YeN(r)] .1
7 p

Here
t'

N(r) =4v I
n(r'}r" dr'-=—Hn

(3)

is the total number of e-h pairs localized within
the distance r of the origin, and

with n the average e-h pair velocity in the cloud
(in general n «np).

In a typical experiment, the laser is focused to
a small disk (r, -100 ym) on the crystal surface and
an approximately hemispherical cloud of EHD's
grows from this region. (Actually, the cloud has
rather complicated fine structure associated with
crystal symmetry directions, due mainly to aniso-
tropy in the electron-phonon scattering rate and to
phonon-focusing effects, ' but these effects will
be ignored in the present calculation. ) This geo-
metry is here simplified by assuming spherical
symmetry. The T phonons are assumed to be
produced uniformly inside a sphere of radius r„'
the density n is assumed to be a constant n, inside
this sphere, and determined by Egs. (I) and (2)
outside of it.

The above assumption greatly simplifies the
description of the R phonons. (As discussed in
Sec. V A, it corresponds to specular reflection
of phonons at the crystal surface and hence over-
estimates the effectiveness of R phonons in pro-
ducing the EHD cloud. ) Using Gauss's theorem,
the velocity v may be rewritten

+ Y„(n, -n),

n —n4' =
pgn+ p~n

For p~-0, this solution reduces to that of Kel-
dysh: n=n, exP[-(r' — ~r)/&'], &'=3yrN . As
long as Yr &0, n, saturates: n, =„. nz= (4vyr} ', -
and the volume of the cloud increases linearly
with pumping intensity ~N„. This behavior is
observed experimentally, ' with n, p= 10" cm . In
contrast, if @~=0, n, does not saturate, but
increases in proportion to 4N„. Correspondingly,
the size of the cloud does not grow with N„; for
large values of N, n=n, /2 atr'=2 Sr', Th. e p.a-
rameter X is a convenient measure of the pumping
intensity; the total number of carriers produced,
N„, will exactly fill a spherical cloud of radius ~
and volume ngo Figure 1 shows a variety of dens-
ity profiles for different choices of Y&, p„, while
Fig. 2 shows the laser power dependence of the
cloud radius (taken as that value of r for which
n =n, /2). The R phonons act to broaden out the
cloud, produce a tail in the distribution at larger
r, and hence reduce the radius at which n =n, /2.
However, except near r= r„ they have little ef-
fect on the shape of the r vs power curves.

In most experimental observations of the cloud,
the data presented (whether luminescence inten-
sity' or absorption of a far-ir probe') are actual-
ly characteristic of a cross-sectional profile of
density across the entire cloud. Hence in general,
the theoretical curves n(r) must be numerically
integrated to give curves of intensity versus posi-
tion before comparing them with experiment (see
Sec. IIIA). However, Mattos et al. ' used an
Abel-transform technique to generate experimen-
tal n(r) curves. These data are compared to
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FIG. 1. Spatial profiles of clouds, for several values
of r Jr r. r r-—0 (solid lines in Fig. 1(a)], ra/r r
= 0.05 [solid lines in Fig. 1(b)], and y R/y z= 5 (dashed
lines in both figures). The numbers on the figure give
the logarithm of the laser absorption intensity, in rela-
tive units.

theory in Fig. 3, and suggest a value rr/r„= 0.2.
Other estimates of yR are given in Sec. V B.

III. TIME-DEPENDENT SOLUTIONS

A. Cloud buildup after step excitation

Much more inf ormation can be found fr om a
study of the time dependence of the EHD cloud
buildup. Since the R phonons are produced di-
rectly from the EHD's, they will come to equili-
brium with the time constant of the EHD, Tp.
However, the T phonons reach steady state with
a time constant which is approximately the car-
rier thermalization time, much less than 1 p. sec.
In studying the EHD cloud buildup, then, it is a
reasonable approximation to assume that the T
phonons appear instantaneously, and that the num-
ber of R phonons grows with n.

The growth of the cloud may be found by directly

I I i I I

'b ai aa as as o.s as o.r as as i.o
x (ea)

FIG. 3. Spatial profile of clouds. Dots are data of
Mattos et al. (Ref. 3) for droplet density as a function of
depth into the crystal. Solid lines are theoretical pre-
dictions for four values of y &/yR, adjusted in peak
height to agree at x=100 pm. Power levels: X 3=400
(y ~/yR=20), 350(2), 700(0.2), 4000(0.02).

solving the flow equations (2) and (3). However, it
can be found more elegantly by the following meth-
od. First, assume that R phonons can be neglected.
Then, if an e-h pair is formed at time t, at r&
~ r„ its position as a function of time is specified
by

f r
dr'/v =t —t&.

"1

In the present case, if r& ——r„
r —r, = X (t —tg)/~o .

(7a)

(7b)

If, for t & 0, drops are produced uniformly in the
region r & r, at a rate G per unit volume, then the
number of drops which flow into the region between
r and r+ br at the time t is

rl
4sr n(r, t)hr= ar 4sr—' dr'exp[ (t t,)/&,-]. -

"min

(7c)

IO

7T
g
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FIG. 2. Power dependence of cloud radius, assum-
ing different values of y z/yR. (Dashed line y z -0
limit. )

This is a sum over drops produced at r' at the
time t,(r'); r „is defined by t, (r „)=0. If r „(r)
~ r„e-h pairs have not yet reached r, and n =0;
once r „(r)=0, n(r) no longer changes with time.
(Technically, since G is assumed uniform over
r ~ r„ there is no net force on particles at r = 0,
so v „never equals 0. However, this is not a
problem in practice; only about 10/& of the pairs
form in the region r & r, /2. )

Hence, at any time t, the cloud can be divided in-
to three regions: (a) one in which EHD's have not
yet penetrated (n =0), (b) a transitional region
(r, ) r „~r, /3), where the density n is rapidly
changing, and (c) an equilibrium region (r „r,/
3), where the density has essentially attained its
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FIG. 4. (a) Growth of cloud after step excitation at
t = 0. All spectra chosen to have X=1 mm and 4~n&op z
=1. (b) Comparison of theoretical buildup to data of
Greenstein and Wolfe Qef. 7) (o). The data are plot-
ted as r3 vs t to show linear region for small t. In all
cases X was adjusted to give the same final cloud radius.
Insert: profiles of n(r) at several times t after the las-
er is turned on (yz =1&y z). Narrowest profile corres-
ponds to t =0.5 psec; for subsequent profiles t varies
from 1 —14 @sec in 1 @sec intervals.

Then, if the transition region is taken to be per-
fectly sharp, the cloud density will have its equili-
brium value [Eqs. (4)-(6}]for r ~ r~„, but n(r)
=0 for r& r~~. In order to compare this with
experiment, the resulting n(r) must be integrated

steady-state value. [Letting r „=0, tq=t(r, ) in
Eq. (7) yields the previous solution, Eqs. (4)-(6)
with yR ——0. ] The above argument is valid only
for yR =0, but a direct numerical integration of
Eq. (2) shows that a similar sharp front is also
present when y„& 0 [see insert in Fig. 4(b}].

If the equilibrium cloud radius is much greater
than r„ the transition region can be quite abrupt.
If its width can be ignored, then it is quite
straightforward to calculate the time evolution of
the cloud. First, the leading edge of the cloud can
be calculated from Eqs. (3) and (7a} letting tq ——0,
and N„(f}=N [I- exp(- t/zo)]:

y'„,.= r,'+ (3N „/r, )

&&((yr + y~)t —yRTo[1 —exp(-f/ro)]} . (8)

over an appropriate cross section. For instance,
Greenstein and Wolfe formed an image of the
cloud luminescence on the entry slit of their mono-
chromator. By translating the image across the
slit, they produce a one-dimensional intensity
profile of the cloud, or a "slit scan. "' Figure
4(a) shows the time development of the theoreti-
cal full width at half maximum (FWHM) of such
slit-scan profiles, for fixed values of pumping
level and yr, but for a variety of ratios yrly~
Two points should be particularly noted: (1) r~ „
and consequently the FWHM, is proportional to t' '
at short times [Eq. (8a)], (2) the final FWHM de-
pends only weakly on yR being only doubled as yR

varies from 0 to 100yr. Figure 4(b) compares
the theoretical formula to the data of Greenstein
and Wolfe. The pumping intensities have been
adjusted so that all profiles have the same equili-
brium FWHM and thedataareplottedasr'vst, as
suggested by Eq. (8). The experimental curve has
not been corrected for slit broadening or time-
resolution (-5 psec) broadening, so that an unam-
biguous choice of yz/yr cannot be made. However,
it appears that the correct value is in the range
y~ ~ 10y~, while y~~ 100y~ can be ruled out.

The data in Refs. 3, 7, and 17 are all consistent
with an average pair density in the cloud n = 10
cm '. Taking this as equal to n, o gives a value
y~ =8x10 ' cm'. The cloud buildup data of Ref.
7 give an independent measurey~ - 4;~8 x 10 "cm'.
These experiments are generally performed at
fairly low power levels, the absorbed power &100
mW. (From Sec. IV, the carrier density at con-
densation-t= 20 nsec —is Wx 10" cm '. )

It should be noted that the value n = 10" cm ' is
somewhat of an idealization: by comparing Figs.
23 and 28 of Ref. 17, it can be seen that the cloud
volume grows linearly with absorbed laser power,
while the integrated luminescence intensity (total
number of e-h pairs) increases suPerlinearfy.
This is readily understood; at lower power levels,
surface trapping reduces the number of pairs,
and yet the trapped carriers produce a number of
T phonons comparable to the number produced by
free carriers. At fairly high power levels, the
traps are saturated and the intensity increases
linearly with power. It is in this regime that the
density n = 10 cm is measured.

B. Pulsed excitation

The present theory may also be used to describe
the kinetics of the cloud after a pulsed laser ex-
citation. ' However, it should be anticipated that
the physical processes underlying this effect may
differ from those of the earlier experiments, due
to the much greater intensity of excitation invol-
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ved. At the power levels P of Ref. 8 (assuming
30% of P is absorbed by the crystal), the average
density at the time of condensation (t = 10 nsec)
varies from 3 ~ 10' -3x 10' cm . This is between
10 and 100 times the highest levels used in the
investigation of part A, and at the highest power
exceeds np, the pair density inside an EHD. The
number of T phonons produced could be greatly
enhanced at these densities, due to direct carrier-
carrier deexcitation of hot carriers. '

(A similar
effect, enhancing the number of R phonons, was
discussed in Sec. IC, )

Since in these experiments ' a cylindrical re-
gion of the sample was optically excited, the EHD
and T phonons are assumed to be produced in-
stantaneously (t,„„,= 0.8 p. sec) over a uniform
cylinder p ~ p, . Each then decays with a charac-
teristic time: Tp for EHD, 7» for the phonons.
Equation (7) is now more complicated, since v

= v, exp( t/v, „), v, = yr N Jps, for p & p„=v, (p, )p/
p, for p & p„and N„ is now the number of pairs
produced per unit length. Letting x =p/p„x,
=ps/pi,

A'=2y N„(,„/,)[1-exp{ t/T, „)]/-p,',
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then at any time t & 0,

n ,—' exp(-t/7, ), x, &1

n(p, t) =
x J

x exp(-A ), x&1

exp[-,'(x' —1) —A '], x & 1. (10)

This equation was originally derived by Keldysh,
who assumed Tph &0 and was used by Durandin
et al. to measure the R-phonon contribution of the
phonon wind, by analyzing the growth of the cylin-
drical shell at long time delays (t& 12 +sec) after
the laser pulse. In the present notation, they
found y„=5X10 ' cm . Equation (11) is plotted
in Fig. 6 along with data from Ref. 8. (The
experimental points at P =20 W refer to the peak
position, while those at higher powers are the

Just as observed experimentally, the "cloud"
forms as an expanding cylindrical shell. The
density distribution at several different time de-
lays is plotted in Fig. 5(a). The characteristic
shape, with a sharp leading edge, is quite similar
to the data of Ref. 8, Fig. 5(b). (The data are
time-resolution broadened, especially at short
delay times. In the theoretical curve, a similar
broadening was achieved by letting the density be
constant at the end of the pulse over a cylinder of
thickness p, =0.65 mm. ) The position of the lead-
ing edge is given by xq —1 or

x =1+2A'.

position of the leading edge. ) The theoretical fit
for P=20W assumes p, =0, T» ——5 @sec, ~p=40
p, sec, and y~N„=0.15 cm . The theoretical
curves for higher powers were found by scaling
iV„~ P.

Assuming 0.3P is absorbed by the crystal, r~
=5X10 ' cm . This number would be smaller
if a larger fraction of P were absorbed, and if
the R-phonon contribution were factored out.
However, it is clear that the value of y~ needed

p(mm)

2

00 6
t (glee )

FIG. 6. Growth of EHD shell: peak position versus
time. Solid lines represent Eq. (11);data points from
Ref. 8.

FIG. 5. Temporal evolution of cylindrical shell of
EHD formed after pulsed excitation. (a) Theory [Eq. (9)],
(b) experiment of Ref. 8.
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to describe this data is considerably larger than
the value y~ = 7x 10 cm' found from the low-
power-absorption regime. Also, the time con-
stant v» ——5 psec is much longer than the time
required for T phonons to flow ballistically be-
yond the cloud radius.

There are several mechanisms which may con-
tribute to this enhanced value of yr. (I) In the
dense plasma, a larger fraction of the thermali-
zation will occur via carrier-carrier collisions,
ultimately contributing to the phonon wind. This
effect can be even larger than for R phonons,
since it is possible for n & no, and also because
the hot carriers cannot escape from the dense
plasma as easily as they can from a small EHD.
(2} The plasma has a "preferred density" n, (T,),
corresponding to minimum net pair energy. This
is analogous to the average density no inside an
EHD; the plasma will tend to expand to maintain
n ~n, . This is an expansion mechanism inde-
pendent of any phonon wind. (3) For cloud radii
larger than 1 mm, . T» phonons may begin to con-
tribute to the phonon wind (see Table I, below).
(4) The relatively slow decay of the T phonon sug-
gests another mechanism. The phonon density
may be high enough to bring about a lattice heat-
ing or a phonon self-trapping similar to that de-
scribed by Hensel and Dynes. ' This could trans-
fer a significant part of the energy emitted as
optical phonons into lower-energy phonons capable
of interacting with EHD's, and would also cause the
phonons to remain localized long after the laser
pulse ends.

In conjunction with the above, it should be noted
that Manenkov et al. ' directly observed sample
heating generated by yttrium aluminum garnet
(YAG} laser absorption in Ge (0. 1-psec pulse,
T=1.3 K). Heat pulses were observed for laser
pulse intensities &10 p J, and decayed relatively
slowly (up to 9 +sec at maximum intensity, 100
pJ/pulse). The experiments are not immediately

comparable, since in Ref. 19 the sample was heat
sunk to a copper plate.

IV. THERMALIZATION PROCESS AND THE MAGNITUDE
OF THE PHONON WIND

The above discussion has centered on the kinetic
equations (2) and (3), with the properties of the
phonons entering only through the parameters p~
and y~. The present section will present a more
detailed account of the thermalization process, and
in particular, it will be shown that the T-phonon
wind is large enough to account for the experi-
mentally observed cloud size. The details of
these calculations are presented in Appendices
A-D, and are briefly summarized below.

A. Cooling of the electron gas {Appendix A)

The actual coupling of the carriers to both opti-
cal and acoustic phonons is known in Ge (see for
example Conwell ), so the phonon emission spec-
trum of the electron gas can be calculated as a
function of carrier temperature T, . This allows
a calculation of the cooling rate of the gas, as il-
lustrated in Figs. 7 and 8. (A similar calcula-
tion for GaAs was givenby Ulbrich. ' } Figure 7
is appropriate to a gas of excitons, while Fig. 8
suggests modifications of the cooling due to con-
densation. Most of the energy is lost in a rapid
emission (-10 psec) of optical phonons, and the
curves of Fig. 7 begin at the end of this pro-
cess-when the energy of a carrier is less than
that of a single optical phonon (-38 meV in Ge}.
To be definite, the parameter bEO, the amount
of excess energy the carrier has at the end of
the optical-phonon cascade, is assigned a value
'l. 6 meV (Appendix A) in these calculations.

Figures 7 and 8 also show the rate of emis-
sion of energy by acoustic phonons —that is, the
T-phonon wind. It can be seen that the wind at-
tains a steady-state value in about an nsec, and

Step Energy

S~Lo =37-7 meV

gcoL+—-18.9 meV

9.1
4.4

2.1

1.0

-100 psec

15 psec

0.6 nsec

23 nsec

0.9 psec

36 @sec

2.8 pm~

0.1 pm

2.5 pm

68 pm

1.8 mm

51 mrn

TABLE I. Evolution of &» p»nons-

Lifetime 7 Diffusion length L

100 psec

120 psec

0.7 nsec

24 nsec

0.9 +sec

37 @sec

(+~2)i/2

2.8 pm

2.8 pm

3.7 pm

68 pm

1.9 mm

53 mm

Distance hot carriers travel during phonon cascade, assu~&» ballistic motion between
collisions {hand average mass =~~ =0.22~).
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FIG. 7. Thermalization of hot e-jg plasma. (a) Elec-
tron temperature, T~ vs time. (b) Acoustic phonon
emission rate versus time. The solid line represents
Ar-ion laser pumping (AEo ——7.6 meV); the dashed line
YAG laser pumping (AEo=11.3 meV).

further, that each e-h pair contributes -~ED in
energy to the wind.

From Fig. 7, it can be seen that the exciton
gas reaches the critical temperature for EHD
condensation in a time -10-100 nsec. This con-
densation is considered in a simple model in
Appendix A; the system, taken to be spatially uni-

form, is assumed to condense at T, = 6.5 K (in
typical cloud experiments the density is well above
the threshold value), the system remaining at
6.5 K until all of the gas is condensed (the spike
in phonon emission represents the latent heat of
condensation), and further cooling takes place at
a rate appropriate for a Fermi system. It is not
clear whether the enhanced phonon emission will
be observable; in reality the system is not spatial-
ly uniform (see Fig. 9). Hence condensation will
occur first at some distance from the laser spot
and gradually at nearer distances, and the en-

I.O

O. IO

I 00—

O. l 0.2

x/r4

03 0.4

FIG. 9. Steady-state spatial distribution of electron
temperature near the laser focus spot. The cloud is
assumed to have a constant density (n =1015 cm 3) and
the three different power levels are labeled by the radi-
us of the cloud produced.

hanced emission will be blurred out. Note that
since the EHD's initially condense at a T, » T, the

average drop radius will initially be larger than
its equilibrium value. This effect has been ob-
served experimentally.

B. Steady-state temperature distribution (Appendix B)

C. Magnitude of the phonos wind and the anisotropy of the
EHD cloud (Appendix B)

The temperature distribution of the e-h system
is estimated in Appendix B using a simple esti-
mate of thermal diffusivity, and assuming the
system has a uniform density. The cooling oc-
curs very near the laser spot, so the system is
assumed to be one-dimensional. The results of
this calculation are shown in Fig. 9 for a variety
of pumping levels. [The pumping level is speci-
fied in terms of &; as defined below Eq. (6), this
is the radius of a sphere which would just hold
all the carriers if their density were n, p ] It can
be seen that even for modest pumping levels the
gas at the surface can be heated above the critical
temperature of EHD's, but that the temperature
rapidly drops to the lattice temperature away

from the surface.

lO ns l00 ns

t

I ps

FIG. 8. Condensatio;1 of plasma. Similar to Fig. 7,
but here gas condenses when T~ = 6.5 K. Subsequent
cooling is with parameters appropriate to liquid phase.

In a previous paper on the electron-phonon10

interaction in EHD's, it was shown how the aniso-
tropic shape of the cloud could be calculated once
the distribution in energy of phonons in the phonon
wind was known. That paper assumed that the
phonons were distributed in a Bose-Einstein dis-
tribution at some elevated temperature T,„. While
the anisotropy could then be calculated, neither
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T,„nor the magnitude of the wind were known a
priori. Both of these can be found using the re-
sults of subsection C, and the resulting cloud
shape and size calculated. The results are shown

in Fig. 10 for two different pumping levels, and
compared to a calculation assuming T~ = 6 K.
Several features are noteworthy. The anisotropy
of the cloud is modified, because of anisotropy in
the phonon emission, which, like absorption, is
peaked along (111)directions. Hence the broad
(111) lobes are enhanced and sharpened, while the
(100)-directed "flares, " caused by phonon-focusing
effects, are greatly reduced and smeared out.
Also, the radius scales linearly with ~, meaning
the cloud volume increases linearly with pumping
power, as observed. Finally, the size of the
cloud is in good agreement with experiment. De-
fining an average radius as

I.5—
I I I I I i I I I

rc

(em)

0.5

0 I I I I I ) I I I

&l00) 20 50 40 (III) 70 80 Oll)

then x=500 p, m when ~=600 p, m, and r=0.85
mm when & =1 mm. The agreement would be even
better if a correction for yR 4 0 were made-see
Fig. 4(a).

The above calculation contains only a single
adjustable parameter &F-p, and the result can be
restated n, o (1.3——1X0' /n. E,) cm ', where n.F., is
in meV. Since the experimental value of n, p is
uncertain by about a factor of 2, and the value of
rR is not well known, this relation cannot yet be
used to determine b,Ep, but a value near 10 meV

seems certain —that is approximately the magni-
tude expected for T, phonons.

The importance of the linearity found in these
calculations (rr~ EZD, r~ &) should briefly be
stressed. At fairly low values of T„ the acoustic
phonons are predominatly created with q & 2k~,
and the final result, the magnitude of the phonon
wind, is insensitive to the detailed form of the
phonon distribution. This is fortunate, since a
number of steps in the present calculation (ther-
mal conductivity of e-h gas, neglect of T» pho-
nons) could be faulted. If the e-h gas is heated
to a sufficiently high temperature, then details of
the phonon distribution become important-in par-
ticular, a large fraction of the phonons will be
produced with q &2k~. The present theory can,
in principle, handle this problem since the phonon
distribution is calculated explicitly. However,
at such high pumping levels many approximations
are liable to break down, and the theory must be
modified. A rough rule of thumb would be that as
long as the cloud volume scales "linearly" with
laser power P, the present theory should be ap-
plicable. (As mentioned above, surface trapping
can result in nonlinear behavior even at small P,
but the extension of the theory is trivial. )

D. T&& phonons {Appendix C)

The optical phonons generated in the thermaliza-
tion process decay to form high-energy acoustic
phonons, and these in turn generate lower-energy
acoustic phonons. In Appendix C an estimate is
made of the time it takes these phonons to decay
into the wave-number range &2k~. Most of these
low-energy phonons will not be produced until the
phonons have diffused over too large an area
(-2 mm) to effectively interact with the cloud.
However, due to the large anisotropy in 2k~,
strongly interacting phonons with q vectors near
(111)directions will be produced much sooner.
The net energy associated with these phonons is
difficult to estimate, but may be comparable to
D&p Since most of them are produced within
-100 pm of the laser spot, they may be treated
(in cloud kinetics studies) as T, phonons, their
energy being included in the parameter &Ep.

FIG. 10. Anisotropic cloud shape, calculated as in
Ref. 10, but using the actual phonon distribution.
Dashed line: cloud shape calculated by assuming phonons
had a uniform temperature (T~= 6 K), as in Ref. 10.
Note that the values of X are input parameters, des-
cribing the steady-state number of carriers in the
cloud, whereas the distances measured on the abscissa
are the outputs of the calculation.

U. ADDITIONAL TOPICS

A. Drop velocities

Figure 4(b) shows very clearly that for t & 40
p, sec, the cloud radius satisfies Hfx- t. By dif-
ferentiation, this gives v~ 1/r exactly as—ex-
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pected for T phonons. This result is in contrast
to the results of Doehler et al. ,

' in which the
steady-state droplet velocity was measured di-
rectly; their data show a peak in v away from the
surface, with smaller values near the surface.
The different results found in these two experi-
ments may be due to R phonons; since the R-
phonon population grows with a 40- p, sec time
constant, they would be expected to play little
role in the cloud buildup.

If the influence of R phonons is taken into ac-
count using the spherically symmetric model of
Sec. II, the results of Doehler et al. still cannot
be understood; for any ratio of yR to y&, the velo-
city will maximize at the edge of the laser spot.

However, this experiment involves measuring
droplet velocities close to the crystal surface,
and here the model of Sec. II may break down. The

spherical symmetry allowed the use of Gauss's
theorem. In particular, in calculating the net
force on a particle at distance x from the laser
spot, the net effect of all phonons produced at
distances greater than x exactly cancels. Near
the surface of the crystal this cancellation is
possible only if all phonons which collide with the
surface are specularly reflected. To take an
extreme example, if all phonons which collide
with the surface are absorbed, then there will be
a strong R-phonon wind into the surface, which
must be balanced by a T-phonon wind. In the case
of diffuse reflection the reflected force perpendic-
ular to the surface will be cut in half. In fact,
studies of the Kapitza effect suggest that as much
as 20% of the longitudinal phonons of energy -1
meV are directly transmitted into the He bath.
Furthermore, Taborek and Goodstein have
shown that the elastic anisotropy of Ge leads to
significant mode conversion (e. g. , longitudinal
-transverse) even among the "elastically" scat-
tered phonons. Since the phonons emitted are
predominantly those that are absorbed by droplets
(see previous section), any such mode conversion
can further weaken the effective specularly re-
flected wind by a factor -2.

Such problems of specular ref lectivity do not
arise for T phonons, which travel ballistically
away from the surface. Hence, the effects of
nonspecular reflections should have very small
effects on the properties of the EHD cloud, except
very near the crystal surface, where the T-pho-
non force is opposed by an R-phonon wind from the
bulk of the cloud. In this connection it should be
noted that in Ref. 15 it was found that the measur-
ed velocity varied by a factor of 2 depending on
the location of the laser beam on the crystal sur-
face, while other cloud properties (average size)
do not seem to show such sensitivity.

B. Estimates of the magnitude of the R-phonon wind

Whereas the value of y~ can be determined
directly from n„as rr =(4&n„) =8 x 10"cm',
the value of yR cannot be determined directly with
any accuracy. In this section a number of esti-
mates are given. While they agree to about a
factor of 2, each individual estimate can be faulted
and the agreement may be fortuitous. It does seem
fairly definite that yR & 10y~, in which case the
R phonons can often be neglected in lowest order.

The simplest estimate comes from Fig. 3, in
which the density profile suggests yR = 5y~ =3.5
X10 cm . Alternately, it should be possible
to extract an estimate of yR from the expansion
of the cloud during decay —after the laser has been
cut off and the T phonons have spread beyond the
edge of the cloud. Such an expansion was obser-
ved both for decay from the steady-state cloud
and in pulsed experiments, although only the lat-
ter case has been analyzed in detail, yielding
(in the present notation) rs —5X10 cm . It was
found, however, in Sec. IIIB, that the T phonons
appear to leak out of the EHD shell much more
slowly than estimated from ballistic motion, and
this may contaminate the above estimate.

A somewhat larger value, yR =10 ' cm, was
found by measuring the EHD velocities in a
situation where the motion should be approximately
one-dimensional (and hence the T-phonon contri-
bution less significant). Effects of phonon scat-
tering at the sample surface were ignored, how-
ever, introducing some uncertainty in the value.

It is possible to obtain an independent experi-
mental estimate of yR. Keldysh' showed that, due
to phonon-wind forces, drops greater than a. cer-
tain r, are dynamically unstable. The R-phonon
wind will cause different parts of a drop to repel
one another, so that for drops larger than some
critical size it becomes energetically favorable
for a drop to split into two drops. The critical
size can be estimated by minimizing the sum of
the phonon-wind-induced self-energy and the sur-
face tension. Since the largest EHD's in unstressed
Ge are observed to have r -10 p m, this gives an
upper limit to the R-phonon intensity: yR ~ 3X10
cm . As shown in Ref. 29 it is possible that the
drop radius is limited by a different mechanism,
so the R-phonon intensity may be weaker, but not
stronger, than the above estimate.

[It should be possibie to prove whether or not the
drop size is limited by the phonon wind. In a
magnetic field, the recombination current pro-
duces a net magnetization inside the drop, which
favors large drops and should be large enough to
overwhelm the phonon-wind repulsion at modest
magnetic fields (~8 kG).]
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C. Conclusions

This paper presents a coherent theoretical
framework for understanding both the static and
dynamic features of the EHD cloud formed in Ge.
Evidence has been presented that T phonons are
responsible for many of the characteristic fea-
tures of the cloud (constant average density, fast
initial buildup}. In this regard, it should be re-
called that the structure observed in the cloud
shape near (100)-crystal axes' is extremely
sharp-of the order of the laser spot diameter.
Such structure would be washed out if only R pho-
nons produced the phonon wind. The magnitude
of the T-phonon wind is estimated theoretically,
and found to be in good agreement with experi-
ment. A preliminary estimate of the magnitude
of the R-phonon wind is also given.

This paper is in many ways preliminary, and
much work is still needed for a thorough under-
standing of the cloud dynamics. In particular,
this paper has dealt predominantly with relatively
low levels of laser power absorption. At higher
levels a number of new phenomena are expected,
including self-trapping of T„phonons' and high-
density plasma, effects near the crystal surface
(Sec. III B).

APPENDIX A: THERMALIZATION PROCESS

This appendix presents a simplified calculation
of the thermal evolution of the EHD system, from
the moment (t=0) when the laser is turned on
until steady state is attained (t ~ To =40 psec). A

similar calculation for GaAs was given by Ul-
b rich.

The carriers are assumed to have a uniform
density over a volume which expands diffusively
with time. The initial volume is A&, where A
= mr, is the laser spot size and o ' is the absorp-
tion length —a function of the photon frequency but
generally ~1 pm. The diffusion length is l
= (D,t)'~', with D, = 250 cm'/sec (for free excita-
tons at 4.2 K). (Since diffusion in Ge is domi-
nated by carrier-phonon collisions, this diffusion
length does not make sense for times less than
an electron-phonon scattering time. This error
is small on the psec time scale of interest. } For
constant laser pumping and t «7.

p
——40 p. sec, the

total number of carriers increases linearly with
time, N=Gt; if l«r„n=N/Al«u t . Here
G =P~/hv, where P~ is the power absorbed
from the laser and hp is the photon energy.

The initial optical-phonon cascade is assumed
to be so rapid that the carriers are produced with
only the energy 4Ep which is left after the cas-
cade. For direct-gap materials &Ep can be esti-
mated by assuming all optical phonons have the

same energy he&, o (the I'-point value" is 37.74
meV in Ge).

b,Ep —hp —E + E„—mScoLO, (AI)

where E„ is the exciton binding energy and m, the
number of LQ phonons produced, is adjusted so
that 0 & &Ep & 8'coLo, Such an assumption may not
work in an indirect-gap material; the electron
must emit a high-q phonon to jump from the I'
point to the conduction-band minimum at the A

point. This phonon (most likely LA or LO) will
have an energy -5-10 meV lower than harum(1'}.

Equation (Al} may still be used to get a rough esti-
mate of &Ep Using E, =745 meV, E„=4.2 meV,
yields: for an argon-ion laser, hp=2. 409 eV, m

=44, 4Ep ——7.6 meV; for a Nd: YAG laser, hp
=1.167 eV, m =11, bEp ——11.1 meV. In compari-
son, for an Auger electron bEp= E —E~+-5E~
—mh(d~, where E& —6.2 meV is the EHD binding
energy, Er =6.1 meV is the (e-h pair) Fermi
energy; so m=19, b,Ep —25.4 meV.

Finally, electron-hole collisions are ignored
except insofar as they establish a constant e-h
temperature T, & T, the lattice temperature. (The
carriers are assumed to have a Maxwell-Boltz-
mann distribution for T, & T„ the condensation
temperature, and a Fermi-Dirac distribution for
T, & T, .) The electron-hole collision rate can be
estimated as ~,„-75T, psec inside an EHD, ' and
in a low-density plasma should be comparable to
the exciton binding time, ~,a =0.9 '10 'nT, ' cm'/
sec (using the experimental value for Si).ss (De-
tails of the dynamical balance between free car-
riers and excitons will be neglected; the time T p
is in general much less than the condensation
time. }

Energy is lost from the system via acoustic-
and optical-phonon scattering. The loss rates
per carrier were given by Conwell ':

1 BE 3k T,= -A, exp(- &utf/LkoTa, } I +-

(A2a)

=-A r (T —T).1 BE
N Bt

(A2b)

Here Ao D(m&o~m~/2)——' /(vtf p), A, =8:"om,(2m„ka/
v )' /(K p), where p=5.32 gm/cm' is the mass
density of Ge, m~(=0.22mo for electrons, 0.356m,
for holes) is the density-of-states carrier mass,
m, (=0.082m, ) is the transverse mass of the elec-
trons (=m~ for holes), and D and 0 are deforma-
tion-potential parameters listed in Table II. As-
suming the electrons and holes are in equilibrium,
and writing E =E, + E„=3Nk~Tey and k~Tp = b,Ep&

the time development of T, is given by
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TABLE II. Deformation potential parameters.

Acoustic

Optical

From Ref. 24

Electrons

=-12.3 eV (unscreened)

—7.1 eV (screened)

19.3 eV

D =6x10 eV cm d

~l ~ 2

~t

Holes

=-3 ~ 73 eV (unscreened)

-9.0 eV (screened)

0

7.1x108 eV cm '

K
bH.

made
R.

dS
C J
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according to Ref. e.
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D. Wiley, Solid State Commun. 8, 1865 (1970).

aT To 3T
3 ' = ' ' —A,' exp( T~/T, -}

at t

(As)

Letting x be the fraction of carriers condensed,
and ignoring optical-phonon emission, the rate of
condensation is

Tl, —A,' ' 1 ——1+ e —1x
where ksT)o:ttpdLp ksAt:Ag ) +Ap(p) =69 meV/
psec, and keAJv = 0.84 meV/psec is defined simi-
larly. Here p is a correction factor which ac-
counts for the deviation of the phonon distribution
from equipartition at low temperatures, described
in Appendix D, and

N~(T) —= [ exp(ltc~/ks T) —1] ' —ks T/kc, q

at high T. Equation (A3) is integrated numerically
and the results shown in Fig. 7 for ~0=7.6 and
11.1 meV. The initial conditions are T = To at
t=t„ the end of the LO-phonon cascade [t, =mT)o
= ~mp~, where T)o=vg p(2tfp)~/mp)'~/D =1.7
psec (average for electrons and holes)]. The
curves do not change significantly if the optical
phonon scattering is ignored.

In the above calculations T, =6.5 K = T„ the
critical temperature for drop condensation, in a
time -10-30 nsec. Since the EHD cloud experi-
ments are performed well above the condensation
threshold (at T, = T = 2 K), the carrier gas will
rapidly condense. Ignoring supersaturation, the
gas begins to condense when T, =T,. The conden-
sation occurs at such a rate that the latent heat,
k& TI, is just balanced by phonon emission, so that
T, remains at T, until the condensation is com-
plete. Here k&TI is the difference between the gas
and liquid energies per pair, k&TI, =3k&T, —E»
with El, =-P+ ,'c(ksT, ), /=2. 0 me—V, and

g=— + ~=3.39 meV (Ref. 2}.
1 1

F~ Fp)

To 3T + Tzx
t (A4)

In the above equation u accounts for the enhanced
phonon emission in the liquid phase, n = ', (vT),/—
T, )' op=1.45op (average of electrons and holes at
T, =6.6 K}. The factor &p= 3.slv'/v includes the
effect of screening on the deformation potential
:"p (Table 1}and the fact that the correction factor
v' has a different value for a degenerate system
(Appendix D). After the system is condensed
(x=1), the cooling continues, now following

(A6)

with ksTp= (nEp+)t ). The modified cooling curve,
taking condensation into account, is shown in Fig.
8. In agreement with most experimental findings,
the steady-state heating is quite small, T, (40
p, sec}= T. The rate at which energy is transfer-
red to the acoustic phonons is just -(8E/Bt} „
and this is also plotted in Figs. 7 and 8.

Two approximations in the above treatment
should be briefly discussed. First, a 1:1 rela-
tion has been assumed between the number of
photons absorbed and the number of e-h pairs
produced. In practice, the situation is more
complicated due to surface trapping. ' It is gen-
erally observed that at low pumping levels the
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EHD luminescence intensity increases superlin-
early with laser-pump intensity, gradually ap-
proaching a linear rate of increase as the surface
traps become saturated (see, e. g. , Refs. 17 and
35). This situation can readily be modeled via a
system of kinetic equations, ' assuming each
trapped carrier contributes an energy AEO(44EO)
to the phonon wind. However, the thermalization
curve will now depend explicitly on the laser
intensity (for a Maxwell-Boltzmann carrier dis-
tribution, the cooling per carrier depended only
on T, and not on n). The deta, ils of the thermali-
zation will be changed, but the times involved
should not vary by more than factors of 2.

The second approximation is to assume a uni-
form temperature distribution throughout the
cloud. This assumption is in fact contrary to the
idea that the T, phonons are localized near the
pumped crystal surface. The situation will be
described more fully in Appendix B, where a
model of the steady-state spatial distribution of
T, will be given. While the distribution of T, is
significant, the main result, that the phonon wind

reaches steady state in a time «1 psec, should
remain unchanged.

APPENDIX B: STEADY-STATE PHONON DISTRIBUTION

1. Temperature distribution

For a spatially non-uniform carrier distribu-
tion, a term V (DV T,} must be added to the left-
hand side of Egs. (A3} and (A5), where D is the

carrier-mediated thermal diffusivity, which may
be written in a relaxation time approximation as
D = (2v'/9)ksTr, gm. Here r„ is the electron-Pho-
non relaxation time. For nondegenerate elec-
trons ~, =&p TT, , ~p ——3.6X10 sec . For
degenerate carriers, r, (T, T, ) can be found by
the methods of Ref. 10, but in view of the simpli-
city of the model the same value of ~ is used
throughout. A simplified version of this equation
has been solved numerically for the steady-state
distribution (8T,/8t =0), and the results are shown
in Fig. 9.

The simplifications are as follows: (1) the car-
rier density is assumed to be spatially uniform,
(2} the problem is considered to be one-dimen-
sional. Since the carrier temperature reaches
the lattice temperature in a distance x & ~, (the
radius of the laser spot), these approximations
are reasonable.

The boundary conditions describe the heat input.
At x =0, the heat is uniformly distributed over a
disc of radius r, . The boundary condition then is

D8T /8x =GEE~-/ken at x = 0 (G is the generation
rate per unit area). There is an additional dis-
continuity at the condensation surface, &(D8T,/

8x}=GTI/n. Finally, in steady state, the value
of T, at x =0 is adjusted so that 8T,/8x-0 as
T, —T. Figure 9 shows the resulting spatial
distribution of T, for three laser intensities. It
can be seen that at the higher pumping levels
there is a region of hot plasma (T, & T,) near the
surface of the crystal. The thermalization takes
place in the region x& r, , thus justifying the mod-
el of T phonons in Sec. II.

2. Magnitude of the phonon wind

In an earlier payer, the anisotropy of the shape
of the EHD cloud was estimated, using the aniso-
tropy of the electron-phonon interaction and the
phonon-focusing effect. In this calculation, the
T phonons were assumed to be describable by a
phonon-distribution function which was proportion-
al to an equilibrium distribution function at some
elevated temperature T~. By generalizing the
results of Appendix B1, it is possible to actually
calculate the phonon-distribution function, and
thereby not only calculate the anisotropy of the
cloud by also its actual size.

The rate at which phonons of wave number q and
polarization a(=L or T) are produced from the
electrons in a single valley is

= A(Z, ~~ —N, ~) . (B.l)

Here

=[exp(-kc q/kaT, ) —1] '

+ "gcose ]

:"&——"„sin8 cos8,

(BSa)

(Bsb)

2

= —'
[ sin'8+ (m, /m, ) cos'e],

t
(B3c)

kaT, exp(-k q /8moka T,}/(1+X„),
4N

for T, &T,

np
(B4b)

w2

)' Sc~q, 0 &

l= ~ EF - I q /8mo,

!
& 0, otherwise

&EF —Sc q

g'2 42
EF-hc q«EF

Sm,

(B5)

8 is the angle between q and the symmetry axis
of the electron valley, and N, = 2(milka T, /2vft )

is the equilibrium phonon distribution at tempera-
ture T„and A=A&0, with

q (m,'m, )'
q' 2wn'pc
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A similar expression holds for the holes. In Eq.
(B1), N can be approximately replaced by Z
the equilibrium phonon distribution at the lattice
temperature T.

Using the results of the preceding section [T,(r)],
the net phonon production over the volume x & r,
has been calculated. This distribution is not well
described by an effective phonon temperature,
and shows the anisotropy of the electron-phonon
interaction, i.e., strongest along (111)directions.
This acts to enhance the anisotropy of the cloud
still further over that calculated in Ref. 10. Giv-
en the net rate of phonon production inside the
laser spot volume, the phonon flux outside the
spot is given by the continuity equation, assuming
ballistic flow

are produced. This is because the e-h gas is
heated to -20 K near the sample surface (Fig. 9).
Since the drops away from the surface are essen-
tially at the lattice temperature, these phonons
will not be reabsorbed but will escape from the
cloud. It has been postulated" that these phonons
might severely weaken the T-phonon wind, but
they are properly accounted for in the present
calculation. Only when T, »20 K will this loss
mechanism be significant, but by this point sever-
al other approximations in the present calculation
will have broken down. Once N, is known, the
cloud shape is calculated exactly as in Ref. 10,
and the resulting profiles are shown in Fig. 10.
Shown also is the result of the calculation of Ref.
10. The enhanced anisotropy found by using the
actual phonon distribution is apparent.

where the bracket indicates a volume average.
In calculating the force of the phonon wind, N,

is multiplied by a factor q (see Ref. 10) which
greatly emphasizes the importance of high-q
phonons. Figure 11 shows the product Ã,x for
a variety of directions in the (110) plane at power
levels &=0.6 and 1.0 mm. Here x=q/2kFo, and

k~o=(3& no/4)' is a scalar average Fermi mo-
mentum for the electrons. The great anisotropy
is apparent. At the lower power level there is a
sharp cutoff at q =2k+(8), whereas at the higher
level a sizeable number of phonons with q & 2kF (8)

0.2X 10 i

O.I5- QOIO-

0.6X IO

I 2 3

Q003
(b)

Q2-

00

FIG. 11. Anisotropy of T-phonon emission: (a) longi-
tudinal phonons (X =0.6 mm}, (b) transverse phonons
(X=0.6 mm), (c) longitudinal phonons (X=1.0 mm), (d)
transverse phonons (A, = 1.0 mm). The quantity plotted,
as discussed in the text, is N (6)x, where N, is the
(occupation) number of phonons emitted from the ther-
malizing carriers in the direction 6, and 6 is defined
as in Fig. 10. For 55 & 6 & 90' the curves are approxi-
mately the same as those with 6' = 110'-6.

APPENDIX C: Tn phonons

The optical phonons initially emitted by the hot
carriers rapidly decay into a pair of LA phonons.
These phonons have too high an energy to interact
directly with EHD pairs, and must go through
several stages of decay to produce effective (q
~ 2k~). T» phonons. To understand the kinetics
of T„-phonon production, it is necessary to have a
detailed model for the decay of a phonon into two
other phonons.

Several calculations' ' have related this decay
time to the third-order elastic constants of Ge.
Since these are known, ' it should be possible to
calculate these rates exactly. The present sec-
tion will present a highly simplified version of
these calculations. The dispersion of the acoustic
phonons in Ge will be neglected; the longitudinal
(LA) phonons will be characterized by a common
velocity cr, ——5.4X10' cm/sec, the two transverse
(TA) phonon branches will be assumed degenerate,
with velocity cr =3.25&&10' cm/sec. Only nor-
mal scattering processes will be considered. All
these assumptions are reasonable since the high-
est allowed q values are only about halfway to the
edge of the fir st Brillouin- zone boundary.

In this case the allowed scattering processes are
L-TT, L-LT. The elastic constants of Ge will
be approximated by those of an elastic continuum,
as in Ref. 39. The appropriate coupling con-
stants are given by Eqs. (5b) and (5c) of Ref. 39.
When these are averaged over the direction of the
initial phonon, the resulting expressions are
found to depend slightly on q'/q, the ratio of the
wave number of one of the emitted phonons to that
of the initial phonon. In the absence of this effect,
the most likely decay would be into two phonons
of approximately equal energy. The coupling
constant may then further be simplified by as-
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suming that this holds exactly. This finally gives
an average coupling constant independent of ener-
gy, which can be written

10 '~2pc c
A~ L~- (c&r&) .

cog) a
(cl)

For A~.» the quantity in parentheses is replaced
by c&p~. Here p=5.32 gmcm is the density of
Ge, a= 5.66 A is the lattice constant, S~D =32.2
meV is the lattice Debye energy, ' and z is an ef-
fective Gruneisen parameter. Using the numeri-
cal values of Ref. 40, y~ =3.84, y~ =0.915. With
the above value for A, the decay rate can be writ-
ten"

4' Qg(d

gmMc c'uPL T D

Here M is the atomic mass of Ge and

5

I~/15= y'(1- y')dy,
a

(c2)
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FIG. 12. Distribution in energy E' of phonons pro-
duced in a three-phonon decay process as a fraction of
the initial energy E. (All curves are normalized to
same value at E'= 0.5 E.) Solid line: energy of L phon-
on produced in L -LT; dashed line: energy of T phonon
produced in L —TT; dotted line: approximation to either
of above, using energy-independent matrix element.

with b= 1, a=(x —1)/(x+1), and x=cz/cr. Nu-

merically,

~~~r =2.75X10 (K&u) sec ',
with K&u in meV. Also i~ &Jri, » ——(yr/y~)'2x'Ir/
Il ——1/5. 1 [Ir differs from I~ in that b = (x+ 1)/
2x, a=(x —1)/2xj. The results are consistent
with the findings of Orbach and Vredevoe, ' both
as to the magnitude of TL, » and to the fact that
ri r, r ~xi rr. (In Refs. 42 and 43 a common
value of y was assumed. This would give ~L, „»
&rl, „».) This distribution of energy of the pho-
nons produced is given by the integrand of I&, I&.
This is plotted in Fig. 12. Also plotted are the
distributions which would be roduced using the
energy-dependent values for A~'. Note that not

all values of E' are allowed in a decay; the LA

phonon can have an energy no lower than 4 that of
the initial phonon (the TA phonon may have arbi-
trarily small energies, but the probability is quite
small). On the average, each of the product pho-
nons has half the energy of the initial phonon.

Since the TA phonon is on the lowest branch of
the dispersion curve, its decay is severely inhi-
bited. In the present calculation, its lifetime
will be considered effectively infinite.

The decay sequence of the initial optical phonons
can now be estimated. The initial optical phonons
decay into two LA phonons, each with half the op-
tical phonon energy, in a time ~0 = 100-1000 psec.
The LA phonons then decay, predominantly to an
LA and TA phonon. The spread in energies will
be ignored, and each product phonon assumed to
have a fixed energy given by the average of the
distribution in Fig. 12 (E'=0.48E). (Hence each
step in the decay sequence has a definite time
associated with it.) During its lifetime, each LA

phonon (the TA phonons are ignored) diffuses
through the Ge, its motion limited by isotope col-
lisions. The mean free path for this collision is
strongly energy dependent4': l = 100pm (3.38 meV/
)f~)'. Table I shows the average progress in

each state, with ~ the average decay time and
L =(lc~~g' the average distance traveled. The
2k~ cutoff means that, on the average, phonons
will not interact with EHD's unless their energy is
&0.85 meV [this assumes average values for elec-
trons k~ =(3&'n/4)' =1.2X10 cm ', c~=5.4X10'
cm/sec; the true value of cutoff energy is aniso-
tropic, having the largest value 2.3 meV along the
(111)direction]. Such low-energy phonons will
only be produced at the end of step 5, when the T»
phonons are spread out over nearly 2 mm. Gauss's
theorem may again be applied: the net force on an
EHD at a radial distance r is effectively due to
only those phonons located at distance &r. Hence
the EHD cloud will only feel the effect of these
phonons when it has a radius &1 mm. Thus,
while these phonons can enhance the wind on a
large cloud they cannot be responsible for pro-
ducing the cloud in the first place. In the kinetics
of the cloud, these phonons will be hard to dis-
tinguish from R phonons.

The anisotropy in 2k~, however, means that
phonons traveling in a (111)direction will contri-
bute to the phonon wind much sooner than the
average. Since anisotropy of the phonon decay has
been neglected in the above calculations, the effect
of these phonons can only be crudely estimated:
At the end of step 4, most phonons have an energy
&2.3 meV (the maximum of 2k+), but if they are
produced isotropically in a wave vector, only
about 10% will be near enough to a (111) direc-
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tion. Further, since in each LA-LA+ TA pro-
cess, half the energy is lost to TA phonons, while
about one decay in six is into two TA phonons, the
net T»-phonon energy, per e-h pair produced is

nEn —Q. lmK&uz (0.48)(5.1/6. 1)

= 10 meV (Ar-ion laser, m =44),

or 2.6 meV (YAG laser, m =11). While this num-
ber is very approximate, it is comparable in
magnitude to &ED. However, since the phonons
are produced in a distance &100 p. m from the
laser spot, these phonons may simply be lumped
in with the T, phonons, and UFO treated as an ad-
justable parameter.

APPENDIX D

The total energy emitted as acoustic phonons
can be written as a sum over all phonon modes,

where BN, /Bt is given by Eqs. (Bl)-(B5). In the
high-temperature limit, the equilibrium phonon
distribution can be approximated as 7, =ks T/
hc q, and the results in the text follow, with no
correction factor p. At low temperatures 7,
deviates from this value, causing the simple ex-
pression to overestimate the energy emitted. To
estimate a correction factor, the expressions
(B1)-(B5)are evaluated numerically for both elec-
trons and holes, and the results added. The com-
puted integrals can to sufficient accuracy be ap-
proximated as T =2 K: for a Maxwell-Boltzmann
distribution T, ) 6.5 K

v = [0.0047T,/(I + 0.0059T,) ]

for a Fermi-Dirae distribution (T, ( 6.5 K)

p' = 0.098T, (1 —0.055T,) —0.034 .
The Fermi-Dirac correction factor interpolates
between the high-temperature acoustic-phonon
emission rate calculated by Greene, ' and the low-
temperature result of Kogan.
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