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We consider theoretically the evolution of nonequilibrium carriers and phonons created by optical ex-
citation of Si at low temperatures (T (2 K) in light of recent heat-pulse experiments. At low excitation
levels ( ~20 W/mm ), the detected phonons indicate a quasidiffusive propagation mode, involvining
anharmonic decay and elastic scattering of relatively high-frequency ( + 1 THz) phonons. At intermedi-
ate excitation densities ( ~20 W/mm ) a transition is observed to a localized source of relatively low-

frequency ( ~ 1 THz} phonons. The threshold for this effect is much lower than that predicted for the
formation of a hot spot involving only the phonon system. We interpret these data in terms of the pho-
nons generated in the presence of electron-hole droplets. It is well known that nonequilibrium carriers
emit optical and acoustic phonons in their energy relaxation and recombination. At moderate excitation
densities droplets of electron-hole liquid are formed. These droplets modify both relaxation and recom-
binatlon processes of photoexcited carriers due to the increased carrier-carrier scattering in the dense

18 3 ~ ~(3X 10 cm ) liquid. Hot carriers, excited by the initial optical excitation or by Auger recombination
e

in the droplets, transfer their kinetic energy to colder carriers in the droplets, partially bypassing the
generation of optical phonons and heating the droplets. Our calculations indicate that this process can
provide a mechanism for the production of a localized source of low-frequency phonons, as observed in
the heat-pulse experiments.

I. INTR&)DUCTION

The optical excitation of a semiconductor such as Si
produces phonons as a byproduct of electronic relaxa-
tion. At low excitation density and temperature most of
these phonons diffuse away from the excitation point and
down convert to lower frequencies by anharmonic pro-
cesses. At high optical densities an anomalous localiza-
tion of the thermal energy occurs, attributed in some
work to a phonon hot spot. Recent experiments made by
some of us' provide an opportunity to revisit the physics
of the phonon hot spot in Si. The idea of the hot spot '

describes a stage in nonequilibrium. phonon kinetics when
the excitation energy is high enough to create high local
occupation numbers of hot phonons in the otherwise cold
crystal. Initially, the phonon energy relaxation may
proceed via spontaneous scattering of each phonon into
two daughter phonons, thus increasing the occupation
numbers. With a sufhcient number of initial high-
frequency phonons the occupation numbers can reach
unity while the corresponding phonon energy is high and
initiate the opposite process of phonon coalescence. Be-
cause hot phonons are strongly affected by elastic impuri-
ty scattering and thus tend to remain localized in space,
an effective "bottleneck" may appear in energy and real
space leading to the formation of a hot spot.

Heat-pulse experiments on directly photoexcited Si
provide an opportunity to test these ideas. ' Figure 1

shows the signal intensity as a function of time (time
trace) for two diFerent excitation levels. These data are
taken with a 10-ns Ar laser with a fixed total energy per
pulse; the power density is varied by changing the size of

the excitation area. At low power density (trace 2) a
small component of early arriving "ballistic" phonons is
followed by a long tail, presumably caused by higher-
frequency phonons which diffuse and down convert on
their way to the detector. This later behavior is termed
"quasidiffusion, " ' and the long tail is shown to be
roughly consistent with the known anharmonic decay
and elastic-scattering mechanism. ' At higher power den-
sity (trace 1), a large increase in the phonon Aux arriving
near the ballistic time tb, is observed, accompanied by a
decrease in the signal intensity at late times. Here, ballis-
tic phonons are those with a mean free path due to
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FIG. 1. Experimental time trace showing the detected pho-
non signal at low (trace 2) and high (trace 1) power density. At
high power densities there is a greater proportion of low-
frequency phonons which causes an increase in the signal arriv-
ing near the ballistic time, tb = 1 ps.
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scattering from isotopic defects which is greater than the
crystal thickness. For a 5.5-mm-thick Si sample this cor-
responds to phonons with frequencies less than 0.9 THz
(hv~ 3.7 meV). The observed increase in the ballistic
Aux at high power density cannot be due to phonon
focusing effects because the excitation area is always
within a small region around the [100] direction where
the ballistic intensity does not change significantly with
position. [This fact is verified by using an evaporated
metal film (low-frequency) emitter under the same condi-
tions. ] The increase in low-frequency phonons refiected
in trace 1 can only be due to the onset of a new source of
low-frequency phonons at high excitation levels.

Figure 2 plots the intensities of the "peak" phonon sig-
nal and the late-time "tail" signal as a function of power
density, obtained by changing the excitation area at con-
stant power. The signals for several different incident
powers are normalized to the same low-power peak
height. There is a clear transition in the character of the
heat pulses starting at a surface power density of about
2X10 W/cm . We interpret this transition as a thresh-
old for the formation of a low-frequency phonon source.
In order to compare the experimental power density
threshold with the expectations of the hot spot theory
we have to estimate several phonon characteristics. In
the case of quasidiffusive transport in Si, a phonon is
elastically scattered by isotopes with the rate
1/~, =2.43X10 v s, where v is the frequency. The
third-order anharmonic decay time is 1/~, =7.41 X 10
v s . This gives the diffusion length over the phonon
lifetime

l=( —'s r r )'y =122X10 v cms+e a

which can be also rewritten as

(2.1)

l(t)=3X10 t ' cms (2.2)

assuming the mean picture of phonon generations. In
Eq. (2.1) s is assumed to be the longitudinal sound veloci-
ty. Equation (2.1) predicts that the characteristic fre-
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FIG. 2. Peak heights (integrated over tb ~ t ~ 1.05tb in Fig. 1)

and tail heights (over 1.2tb ~ t «1.6tb) as a function of power
density for four di6'erent total powers. The data are scaled by
the total intensity detected in the heat pulse (integrated over
tI, &t ~ ~). A transition in the character of the heat pulse
occurs at a power density above 20 W/mm .

quency of phonons which are able to escape from the
d=10 -cm-thick absorbtion layer is vd=8. 1 THz. (We
note that this frequency is comparable with the Debye
frequency so, for these phonons, the quasidiffusion
theory is at best an approximation. ) The time for pho-
nons of frequency vd to escape the optical excitation re-
gion is 0.39 ns, which is shorter than the experimental
pulse duration, 10 ns. We deal, therefore, with the so-
called prolonged pumping case and following Ref. 2 fur-
ther, we predict a phonon hot spot threshold,

Po=e(vd)d=8. 2X10 hvdd s =1.5X10 J/cm

corresponding to a surface power density
Wo =Po/r(vd ) =4 X 10 W/cm . Here, e(v) is the energy
density 1.2h v /s . The estimate assumes a uniform pho-
non distribution over the range 0 ~ v & vd. The experi-
mental threshold surface power density of 2 X 10 W/cm
is three orders of magnitude less than this predicted hot
spot threshold. Therefore, we conclude that the experi-
mentally observed effect cannot be due to the phonon hot
spot envisioned in Ref. 2. Indeed, we believe that the
above-mentioned phonon hot spot conditions probably
cannot be reached in Si under direct photoexcitation due
to the presence of carriers.

Our observations imply that there is a localization of
the excitation energy which cannot be explained solely by
the dynamics of phonons, as in the hot spot model. This
paper offers a possible explanation of the evolution of the
excitation energy of a Si sample which includes the essen-
tial role of nonequilibrium carriers.

We begin by noting that the measured phonon source
lifetime in the experiments' is 160+30 ns at high excita-
tion levels. This time is comparable with the 140-ns life-
time reported for electron-hole droplets (EHD) in Si. '

It is generally accepted that the nonequilibrium carriers,
which have high initial kinetic energies due to the excess
optical excitation energy of Auger processes, relax by
optical-phonon emission, implying that the main part of
carrier cooling proceeds by this process regardless of
electron-hole plasma or EHD presence.

In this paper we show that it is unrealistic to ignore the
role of the EHD in cooling hot carriers. In Si, the EHD
carrier density varies from 10' cm at 22 K when the
liquid is formed up to 3X10' cm at lower tempera-
tures. ' This density is high enough to cause strong in-
tercarrier scattering, ' permitting a hot carrier in the
droplet to transfer its excess kinetic energy to the droplet
as a whole, rather than emitting optical phonons. Of
course there will be a competition between the two pro-
cesses which depends on the carrier density. If the inter-
carrier scattering process dominates optical-phonon
emission, the droplets may serve as the needed mecha-
nisrn for low-frequency phonon production. An addition-
al factor is the reabsorption of phonons in the cloud of
droplets, which reduces the phonon mean free path.

This paper is organized as follows. In Sec. II we semi-
quantitatively describe the evolution of carriers and pho-
nons and indicate the possible links between them. We
then calculate the intercarrier cooling rate and compare
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it with the optical-phonon emission in Sec. III. The spec-
trum of low-frequency phonons emitted by a droplet is
calculated in Sec. IV with and without screening effects,
showing that the observed low-frequency phonons may
indeed be emitted directly by droplets. In Sec. V we test
the calculation by estimating the minimum temperature
which a droplet may have due to the Auger heating.
Comparison with experimental observation suggests that
screening effects in EHD are ineffective, as previously as-
surned by Keldysh and Sibel'din. " It also follows that
the droplet temperature depends upon the droplet size
distribution. Section VI is a summary of our results.

II. EVOLUTION OF CARRIERS AND PHONONS

In this section we semiqualitatively outline the process-
es which must be considered to understand the spectrum
of phonons emitted from a localized photoexcitation of a
pure silicon crystal. The carriers and phonons resulting
from a cavity-dumped Ar+ laser pulse of specified char-
acter are considered in succession.

A. Carriers

Due to optical excitation with visible light (hv=2. 4
eV), carriers are created high in their bands with excess
kinetic energies about 8fiQ0 (holes) and 12fi00 (electrons),
where RQ0 is the optical-phonon energy (see Sec. III).
The relaxation due to deformation-potential optical-
phonon emission ensures that within 2—3 ps the carriers
descend down to the "passive" region (e(A'Q0). During
this short interval the carrier diffusion in space does not
exceed the optical-absorption length d = 10 cm. Inter-
carrier scattering, however, may accelerate relaxation.
Subsequently, the carriers in the passive energy range re-
lax due to deformation-potential acoustic-phonon scatter-
ing, so that the relaxation time and the accompanying bi-
polar diffusion length depend upon the final energy. If
one takes the final energy to be close to 5 —10 K then the
relaxation time is about a nanosecond and the diffusion
length is l&d =10 pm. This allows us to estimate an aver-
age "initial" plasma concentration just following a 10-ns
pulse of energy 3 X 10 J and focal spot area of 10 cm
to be n, ~ 10' cm, assuming lbd computed above. At
lattice temperatures below 22 K this plasma completes
the relaxation by forming droplets, while the occupied
depth expands to about 50 pm in approximately 20 ns. '

The average plasma concentration at this time is about
2X10' cm . The droplet concentration is estimated to
be nd=2X10' cm, assuming R =0. 1 pm. Droplets
emit low-frequency acoustic phonons (Sec. IV) to cool
themselves, and undergo recombination and evaporation.
The measured droplet lifetime, ~&„g„=140 ns, is attribut-
ed to Auger recombination, ' whereby an electron and
hole recombine by giving a kinetic energy roughly equal
to the semiconductor gap (1.1 eV) to one or two remain-
ing carriers. This Auger recombination mechanism
presumably heats the droplets somewhat, ' ""'
preventing them from reaching the lattice temperature
(see Sec. V).

B. Phonons

Two types of phonons will be emitted in the process of
carrier cooling: optical and acoustic. Only carriers in the
"active" energy region, e)AA0, can emit optical pho-
nons, but they can also relax by giving their kinetic ener-

gy to a cooler surrounding plasma. (This would seem to
be a good possibility for the hot carriers created by Auger
recombination in an electron-hole droplet. ) One of the
principal aims of this paper is to estimate the fraction of
excess energy which goes directly into optical phonons.
For the moment, let us assume that some number of opti-
cal phonons are generated. They down convert to high-
frequency acoustic phonons and contribute to the
quasidiffusion process.

Ignoring any scattering from carriers, these
quasidiffusing phonons occupy at time t the region of the
size given by Eq. (2.2), which at 20 ns is comparable to
the region occupied by plasma. Using the formula for
anharmonic decay, we find that the average phonon fre-
quency at time t =20 ns is 3.7 THz. How are these pho-
nons affected by the presence of electron-hole droplets?
Short-wavelength acoustic phonons with the momenta
larger than twice the Fermi rnomenturn in the liquid can-
not be absorbed in the droplet because of conservation
principles. ' ' In particular, for the acoustic phonons
with frequencies above +8mzs e~/hs= 1.7 THz the
EHD are transparent. ' Plasmon excitation is also un-
likely to occur by short-wavelength phonons.

Based on these considerations, we believe that the main
part of the measured "peak" signal (Fig. 1) is due to low-
frequency acoustic phonons emitted from the early plas-
ma and droplets. These phonons travel ballistic ally
across the sample and the duration of this pulse indicates
the source lifetime. We show in Sec. IV that the calculat-
ed emission spectrum for droplets is centered around 0.5
THz, consistent with this interpretation. Theoretically,
the energy content of this peak could be up to 50% of the
gap energy per pair if the Auger electron relaxation
length is about the droplet size, an issue which we consid-
er in Sec. IV. Furthermore, it seems plausible that the
emitted optical phonons and their subsequent generations
do not interact significantly with EHD. These phonons
contribute to the long tail of the time trace in Fig. 1 and
would form a phonon hot spot, if there were enough of
them. However, simple estimates show that this is not
the case under the present excitation conditions, or even
excitation levels two orders of magnitude higher.

III. RELAXATION OF HOT CARRIERS IN EHD

We shall disregard initially the finite size of EHD and
calculate the competition between intercarrier scattering
and optical-phonon emission in a large droplet. All the
estimates below are done within the framework of the
simple model of isotropic band structure, the constants
and notations used are collected in the Appendix. The
numerical estimates may be affected by this simplifying
approximation, but we believe that the intermediate role



47 ACOUSTIC-PHONON EMISSION DUE TO LOCALIZED. . . 13 333

of EHD or dense plasma in controlling the vibrational
energy spectrum is fairly represented in the following cal-
culations.

At the onset of laser irradiation the carriers relax in-
dependently and accumulate near the bottoms of their
bands in a time less than a nanosecond. With a laser
pulse duration of 10 ns roughly all the excited carriers re-
lax in the presence of electron-hole plasma or droplets.
The droplet temperature is low (although somewhat
different from that of the lattice' ) so the carrier statistics
do not play a significant role in hot-carrier relaxation.
We are dealing mainly with "dynamic friction. "' ' The
dynamic friction is the rate at which energy is redistribut-
ed among the carriers, given by

An. An.
'"

(4.1)

d& + C d6
"«o 1+ Ag, /A„"&&o 1+ Agq/Aq,

(4.5)

The fraction of initial excess energy given to other car-
riers in the droplet, namely Q„/(he —RQo), is shown as a

gion with energy e(AQo. The solution for a lower con-
centration, n =10' cm, is shown for comparison in
Fig. 3(b). Lower carrier density slows the intercarrier
scattering processes and the direct emission of optical
phonons becomes more important, although still secon-
dary.

We now calculate the portion of the initial energy per
e-h pair which is transmitted to EHD, Q„. Integrating
A„+Ah, over time and using Eqs. (4.4) to change the
variables, we have

where Q,o is the optical-phonon energy, e is the carrier en-

ergy, and the r is the nominal carrier cooling time (see
the Appendix or the review' ). There are three different
types of intercarrier collisions going on simultaneously:
ee, hh, and eh scattering. Therefore the corresponding
energy-loss rates for electrons and holes are the follow-
ing:

2„=3„+A,h,
~he ~hh + ~he

(4.2)

The relaxation of the hot carrier high above the emission
threshold AQo is described as a sequence of emitted pho-
nons with the energy-loss rate,

~=3x10~

&o
rg(e)'

e—A'Qo
1/2

(4.3)
0

gio [t(~«)J

where we neglect the step-type character of emission, the
oscillations connected with it, ' and the screening effects.
The nominal times ~~ for electron and holes are given in
the Appendix.

Thus, the total rate of energy loss for electrons and
holes are the following:

e, = ~„+~.h+ ~O.

~h ~hh + ~he + ~Oh
(4.4)

The initial conditions are e, (0)=e, and ei, (0)= ez, where
the excess energy provided by a photon, De=hen —e~, is
distributed between the electron and hole in proportion
to their masses, i.e., e, =(he)mI, /(m, +mz),
E2 = ( Ee )m, /( m, +mi, ). Using the appropriate parame-
ters for Eqs. (4.1) and (4.3), we compute the time evolu-
tion of the electrons and hole kinetic energies and plot
the results in Fig. 3(a). The relative strengths of the in-
tercarrier (ec and hc) and carrier-phonon [deformation-
potential optical-phonon (DO)] processes are shown. The
intercarrier scattering dominates the relaxation at this
density (3 X 10' cm ). Note that according to Eqs. (4.1)
and (4.3) the intercarrier relaxation speeds up as time
goes by, while the optical-phonon emission slows down.
In about 0.3 ps the e-h pair is already in the passive re-

= 1 x 10

1&gyo [t(sec)J

FIG. 3. Time-dependent energy relaxation of hot electrons
and holes. The initial energy of 2(HiQp is distributed between
electron and hole so that the initial energy of an electron is
6'l = 12.38%Op and that of a hole is a~ =7.62%Op, as discussed in
the text. Curves show relaxation for DO scattering (deforma-
tion potential, optical phonon), cc scattering (carrier-carrier),
and DO-cc scattering combined separately for electrons and
holes. Carrier concentrations are (a) 3 X 10' cm and (b) 10'
cm
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function of excitation energy and plasma concentration in
Fig. 4. Approximately 90% of the initial energy is direct-
ly transmitted to EHD at n = 3 X 10' cm, the equilibri-
um density of EHD at T =0. If we recall that screening
(which affects mainly the phonon emission) was not taken
into account, we conclude that optical-phonon emission
is negligible in a droplet. The situation may change con-
siderably if we study a small droplet, and droplets in Si
are believed to be small, R =0.1 pm.

The role of the droplet in hot-carrier cooling begins in
the initial stage just after photon absorption, once the
density of previously excited carriers is large, and contin-
ues at later stages, when carriers are again excited by
Auger recombination. The plasma heating by Auger
recombination has been discussed previously in a similar
context. ' ""' Rice et al. argued that the energy re-
laxation of Auger excited carriers may occur outside of
the droplets, because the relaxation length exceeds the
droplet size. This estimate assumes quasibal/istic motion

(a)

I
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I
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0. 125 0. 15 0. 175
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FIG. 5. Fraction of the excess energy retained by a hot car-
rier in the droplet as a function of the carrier path length l in-
side the droplet. The initial carrier energy is the gap width.
The upper curve is for holes and the lower is for electrons. At
present the relative input of these two channels of Auger recom-
bination is unknown. Note that for the path length 0.2 pm the
entire hot-carrier excess energy is retained in the droplet, rather
than being emitted by optical phonons.
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of the hot carrier with a large velocity, 10 cm/s, so that
it takes only —10 ' s to leave the droplet. However, the
scattering time due to intercarrier scattering is short and,
as seen in Fig. 3(a), relaxation is nearly complete in 10
s. So, we have a delicate situation which requires addi-
tional calculations.

The mean straight path to leave a sphere of radius R
from arbitrary point inside is 0.76R. This path is short
enough that the amount of energy loss can be simply es-
timated as (0.76R /v ) 3 where v is the velocity of the hot
carrier and A is the loss rate given by Eq. (4.2). Figure 5
shows the fraction of excess hot-carrier energy transmit-
ted to the droplet as a function of the hot-carrier path-
length, l, inside the droplet. Ignoring the fact that energy
loss has a nonlinear path dependence, we conclude that
approximately 50%%uo of the kinetic energy of an excited
carrier would be transferred back to a droplet of O. l-pm
radius. One large-angle scattering event is enough to re-
turn all the energy to the parent droplet. It is also possi-
ble for an escaped hot carrier to relax inside adjacent
droplets, which we do not consider. These results are
clearly sensitive to the average droplet size, but we con-
clude that EHD with 0.1-pm radius or greater are
eA'ective in cooling hot carriers by intercarrier scattering,
thereby inhibiting the production of high-frequency opti-
cal phonons.

FIG. 4. Fraction of the hot e -h pair energy losses,
Q„/ 6 (eAQO), transmitted to EHD via intercarrier scattering
(a) as a function of carrier concentration, and (b) as a function
of the dimensionless total energy Ae/AGO. (b) contains a family
of curves for different concentrations: n =0.1, 0.3, 1.0, 3.0,
10.0 X 10' cm ' from bottom to top. The curve for n = 3 X 10"
cm in indicated by an arrow.

IV. SPECTRUM OF EMITTED ACOUSTIC PHONONS

We now calculate the spectrum of phonons emitted by
droplets. We follow the usual procedure for the phonon
wind. ' "" From the first principles we may write the
emission rate of acoustic phonons with energy sq via the
deformation-potential scattering,
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k (k —q)8;,(sq)= 2miM i
5 — —sq

2m, 2m,

Xf, (cq) rl
—f, (Eq )j(N +1))+lV„

(5.1)

where ~M~ ~
=vrsqS(q)lk, r~, is the squared matrix ele-

ment and the nominal time for acoustic-phonon emission
r~, is given in the Appendix (see also Ref. 19),f, is elec-
tron distribution function, and X is the distribution of
the ambient acoustic phonons which is assumed to be a
Planck distribution. Averaging in (5.1) is performed over
the possible scattering angles and electron energy distri-
bution. The term 8'„h stands for the corresponding
expression for holes. The function S(q) describes static
screening effects, which we estimate to be

A,yFgS(q)= ]+/2 2

where A,T„ is the Thomas-Fermi screening length. The
screening strongly infiuences the calculations. From en-

ergy conservation we find that the possible momenta of
emitted phonons satisfy the inequality q ~ 2(k —ms) and
we rewrite Eq. (5.1) as follows:

m, s(N +1)
S(q)

2~~, k,

X I dk kf, (e„)[1 f, (e„—sq—)]+ IV„
q/2+ ms

(5.2)

This spectrum is plotted in Fig. 6 in the presence and ab-
sence of screening along with the pure Planck distribu-

tions for comparison. We remind that the screened case
is not considered relevant (see below). The difference be-
tween the unscreened and the Planck spectra comes from
the spontaneous emission term and the exclusion princi-
ple. The exclusion principle affects mainly large phonon
energies when the two Fermi distributions encountered in
(5.2) cease to overlap. It is seen from Fig. 6 that the max-
imum of the energy Aux is in 0.5 THz phonons for a
droplet temperature of 5 K (see Sec. V). These phonons
can account for the measured phonon signal.

Absorption spectra of low-frequency phonons can also
be calculated. The absorption length l,b(co)=sr, b(co) is
shown in Fig. 7 at different EHD temperatures, with and
without screening. The absorption time is

] pj s
S(co/s )r(~) 2r~, k,'

X
co/2s —ms

dk kf, (FI, )I1 f, (e—q+co)]+ 1

+ac —h

(5.3)

where the last term accounts for holes. Notice that when
screening is included the mean free path of the phonons
is typically lengthened by one or two orders of magni-
tude. The large mean free paths computed in the
screened case seen~ inconsistent with the "phonon-wind"
hypothesis, "' whereby phonons emitted by droplets are
reabsorbed in the droplet cloud, transferred momentum
between droplets and effectively providing an expansive
pressure to the cloud. Experimental evidence for this
recombination phonon wind in Si has been provided by
photoluminescence images of the cloud, ' suggesting that
screening plays a small role.

The ability of droplets to repel each other by a low-
frequency phonon wind' is already sizeable at the pump-

(h~) W, (meV /sec)

»gio«. ~)

hv(me V)

FIG. 6. Spectrum W„of low-frequency acoustic phonons
emitted from EHD at 5 K (upper curve without high-frequency
tail) in comparison to a pure Planck distribution (second curve
from the top) at 7 and 5 K (third curve). We multiplied the
spectra by the factor (hv)' to show the energy content. The
lowest (fourth) curve is the droplet emission spectrum with
screening taken into account.

hv(me V)

FIG. 7. Log&o of the mean free path l,& (in cm) of low-
frequency acoustic phonons as a function of their energy for
different EHL temperatures (5, 7, 10 K from top to bottom for
each family) with and without screening. The sharp rise in I,b

for phonons with frequencies above 5 meV is due to the 2k+
cutoff described in the text.
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ing rate near the threshold discussed in Sec. II, because
the absorption length in the liquid is about 3 pm without
screening and the mean free path between droplets
1/~ndR —1 pm. The probability of being absorbed by
one droplet is therefore 3 —4%%uo implying that there are
about 30 collisions before a phonon can leave the cloud.
LA phonons play major role.

V. THE TEMPERATURE OF EHD

EHD experiments with steady-state pumping show
that droplets may have a final temperature which is
somewhat higher than that of the lattice. In particular,
experimentally observed temperatures from photo-
luminescence spectra are found to be greater than about 5
K even at low lattice temperature. ' Now we examine
whether this effect can be attributed to an energy balance
between Auger heating and carrier cooling by acoustic-
phonon emission plus evaporation. The droplet heating

Q Auger n Qcc /+Auger (6.1)

given that in Eq. (4.5) the upper integration limit is eG,
the semiconductor gap. On the basis of Eq. (5.1) the
energy-loss power due to acoustic-phonon emission can
be written as

process has direct consequences in the frequency distribu-
tion of emitted phonons.

Auger recombination in Si proceeds through four
particle collision with the fourth particle either a phonon
or an extra carrier. We have seen in Fig. 4 that the initial
energy of a hot carrier does not change Q„significantly
and approximately 0.5 of the band-gap energy released in
recombination returns to a O. 1-pm droplet (Sec. III). We
assume equal input from electrons and holes, which turns
out not to influence the results strongly. Using the Auger
recombination time given above, we estimate the energy
input per unit volume to be equal to

2Vis

2k, ~~,

2(k —m s)
. f dk kf, (ek) f dq q S(q)(N +1)[1 f, (ek —sq—)]

e

2(k+ m s)—f dkkf, (e„)f dqq S(q)N [I f, (e„+s—q)] '+Q
0 0

(6.2)

where two integrals in the curly parentheses come from
phonon emission and absorption, and the term Q„
represents the analogous expression for holes.

Another channel of relaxation exists due to surface

(

Q~+Q l
Auger )

FIG. 8. The solution of the energy balance equation for the
EHD temperature at a lattice temperature TI =2 K. Curves
from the top: (a) unscreened energy-loss rate when 30% of the
Auger-released energy returns to the droplet. The branching at
low temperatures accounts for pure spontaneous emission of
phonons (upper branch) and spontaneous plus stimulated emis-
sion minus absorption [lower branch, Q„(TL ) =0]; (b) un-
screened energy-loss rate when 70/o returns, all processes; (c)
screened rate when 30%%uo returns, branching has the same mean-

ing; (d) evaporation energy loss only. The steady-state droplet
temperature is each case is given by the point where the curve
crosses the horizontal axis.

evaporation of excitons (evaporation of single carriers is
less probable). We estimate this loss rate by using the
conventional Richardson formula

3v„M,~k~ T P/k~ z-

Qevap 2 3
e (6.3)

4~ A R
where v,„=24,M,„,P are the excitonic reduced mass and
binding potential. The dependence of log, o[(Q „
+Q,„, )/Q~„„] versus temperature is plotted in Fig. 8.
The solution of the balance equation gives the steady-
state temperature of EHD. We can see that the tempera-
ture T=4—7 K is obtained when the fraction of the ini-
tial energy transferred back to the droplet is 30—70%,
which is consistent with observations. At this tempera-
ture the inhuence of evaporation is small; the main chan-
nel of relaxation is due to phonons. If screening is taken
into account, the temperature rises and, for instance,
T=8—13 K results in the same range of input. The EHD
luminescence spectra indicate a lower EHD temperature,
so we conclude that screening should be neglected, in
agreement with our previous estimates about the phonon
wind. The same conclusion in this context was made ear-
lier by Keldysh and Sibel'din. " If we assume an EHD
heating of 5 K together with our balance calculation,
then 55%%uo of the initial hot-carrier energy should be re-
tained in the droplet and the average droplet radius is
surmised to be 0. 1 —0. 12 pm depending upon the relative
strength of the hole- and electron-assisted channels of
Auger recombination in droplets.

VI. CONCLUSION

In order to explain the observation of a localized
source of low-frequency phonons produced by photoex-
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cited Si, we have examined the possibility of replacing the
phonon hot spot scenario by emission of phonons from
electron-hole droplets. We have shown that intercarrier
scattering effectively relaxes a good fraction of the hot-
carrier energy within a droplet, bypassing the optical-
phonon emission by hot carriers. The energy emitted by
EHD is partly released by low-frequency acoustic pho-
nons ( v ~ 0.75 THz) which, we believe, contribute to the
ballistic part of the heat pulse and the sharp caustics in
the phonon images. ' In effect, the droplets emit acous-
tic phonons with energy noticeably higher than that of
lattice phonons because the droplet temperature does not
relax to that of the surrounding lattice due to Auger
heating and intercarrier relaxation. This implies that the
localized phonon source is represented by the EHD
cloud. This conclusion is supported by the observation
that the phonon source lifetime is comparable —perhaps
equal —to the measured EHD lifetime.

Further verification of this theory could be obtained
from experimental measurements of the recombination
luminescence performed in conjunction with heat-pulse
experiments, or from comparitive experiments on other
semiconductors such as GaAs or Ge in which the exci-
tonic properties are quite different.
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APPENDIX

We used the following parameters for Si: ' the longi-
tudinal velocity of sound, s =8.99X 10 cm/s, the electric

charge e; static dielectric permit tivity, rc = 11.7; the
effective electron density-of-states mass, m, =0.3216m,
where m is the mass of a free electron; the density-of-
states mass of holes, m& =0.523m; the electron Rydberg
E, =m, e /2~ fi =32.0 meV; the hole Rydberg
EI, =m&e /2~ A' =52.0 meV; the EHD carrier concen-
tration at zero temperature, n =3X 10' cm; the EHD
binding energy, / =8.2 meV; the optical-phonon energy,
AQp 63.34 meV; and the reference wave vector of an
electron having energy equal to RQp k 7.312X10
cm '. The same wave vector for a hole is kh =9.32X 10
cm '.

In treating the energy-loss rate of hot electrons we fol-
lowed Refs. 10 and 18. We included the weak logarith-
mic dependence into the nominal times. The nominal aP
scattering time is

16~nFp I
Akp mp

1/2

ln
m&

ANpE p m1/2

3/2

(A 1)

Here a,P denote subscripts e and/or h, g= 2.246, '

fico, h =+4irne /am, z are plasma frequencies for elec
trons and holes (not to be confused with plasmon modes
for the entire droplet), which equal 33 and 26 meV, re-
spectively.

The nominal time of an optical-phonon emission by
holes due to deformation-potential coupling,
7 pi

—0.5 X 10 ' s. The corresponding time for electrons
is not known to us, so we assume the same value for 7 o, .
The nominal time of an acoustic-phonon emission by a
carrier due to the deformation potential,
~q, =0 2X 10 ' s z~I, =1.2X 10 ' s.
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