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Ballistic phonon production in photoexcited Ge, GaAs, and Si
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Phonon imaging and photoluminescence measurements are used to determine the frequency and spatial
distribution of optically generated nonequilibrium phonons in Si, Ge, and GaAs at 1.7 K. At low excitation
levels the thermalization of photoexcited carriers and the subsequent phonon down-conversion produce a broad
frequency distribution of acoustic phonons that “quasidiffuse” in the crystal. These phonons produce a tem-
porally broad heat pulse when detected at a distance from the excitation point. At moderate excitation levels
(typically a 10-nS pulse with a power density ©20 W/mn7), the laser pulse produces a dense electron-hole
plasma that can radically change the frequency distribution of nonequilibrium phonons. The plasma is a
potentially rich source of low-frequency acoustic phonons, characterized by a temporally sharp heat pulse at a
remote detector. The fraction of low-frequency phonons in the heat pulses is smallest in the direct-gap semi-
conductor GaAs, where rapid recombination depletes the populations of electrons and holes in just a few
nanoseconds. More noticeable low frequency phonon components are seen in heat pulses in the indirect-gap
semiconductors Ge and Si. At sufficiently high excitation densitig30 W/mn?) in Ge, there is a suppression
of the low-frequency phonon signal, which may result from phonon absorption within a cloud of electron hole
droplets. An interesting alternative hypothesis is that the acoustic phonons created in the plasma are sufficiently
dense to initiate phonon coalescence, whereby phonons are localized by phonon-phonon scattering over a
relatively long period500 ng. This localized “hot spot” could provide the phonon wind that drives the initial
rapid expansion of the electron-hole plasma into the crystal.
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I. INTRODUCTION In the present work, we attempt to generalize our under-
standing of the interplay between nonequilibrium phonons
Direct photoexcitation of semiconductors at low tempera-and photoexcited carriers to two other semiconductors with
tures produces energetic electrons and holes that thermalix€ry different electronic properties, namely, Ge and GaAs.
by emission of phonons_ The carriers recombine, |eaving aﬂ—he electronic band structures and carrier lifetimes are par-
expanding cloud of nonequilibrium phonons. By detectingticularly relevant to the phonon dynamics at high carrier den-
the time evolutions ofa) the recombination luminescence of Sities. GaAs is a direct-gap semiconductor with an exciton
the excited carriers, an@) the thermal energy arriving at a lifetime of only about 0.5 ns, and a similarly short-lived
remote point, one can indirectly study the transfer of energyléctron-hole plasma. In contrast, Ge is an indirect-gap semi-
mediated by electron-phonon and phonon-phonon processé@nductor (like Si) in which stable electron-hole liquid
We have conducted a series of such experiments on Si, Ggf_HL_) is formed by 'photoexcnann at low temperatures. The
and GaAs, and found that the frequencies and spatial distrénsity of the EHL in Ge, however, is an order of magnitude

butions of phonons produced through optical excitation delower than that in Si, causing a lifetime 300 times longer.
pend radically on the optical excitation level. Thus, these two material&&aAs and Ggprovide informa-

Different regimes of phonon production in photoexcitedtiVe contrasts to the earlier studies of nonequilibrium phonon
semiconductors can be accessed by changing the “excitatig?foduction in Si.
density,” or absorbed laser power per areald\ excitation
dens_itieseaqh photpexg:ited ca_lrrier th.ermalizes: without ex- Il. EXPERIMENTAL DETAILS
tensive carrier-carrier interactions. Single-carrier relaxation
produces a broad band of phonons that propagate and down- The experiments reported in this paper use heat-pulse and
convert in a process known as quasidiffusioQuasidiffu- ~ phonon-imaging techniquésthe samples are as follow&t)
sion is observed in Si, Ge, and GaAs at low levels ofA 2.6x3x1.35-mnf GaAs sample, meltgrown by Wacker
photoexcitatiorf. At moderate to high levels of photoexcita- Chemitronics in a BN crucible. We thank W.E. Bron of the
tion the build-up of phonon and carrier populations affectsUniversity of California at Irvine for this sample. It is
the frequency and spatial distribution of the phonons. Earliefchromium free” with a resistivity ofp=10° Q cm. (2) An
work on photoexcited Si showed that, even at moderate ex8x 9.1x 3-mn? ultrapure dislocation-free Ge cryst@oule
citation levels, carrier-carrier interactions effectively reducel46) grown by E.E. Haller at Lawrence Berkeley Laboratory.
the broad frequency distribution associated with(3) Two undoped Si samples grown by Siemens, one with
quasidiffusior® dimensions 6.&7.0x5.4 mn?, and the other 8.28.7
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X2.75mni. Both are characterized byN A—Np scatter from mass defects as they travel from the excitation
=102 cm™S. point to the detector. The shape of the detected pulse depends
For all crystals, the excitation and detection faces areipon the propagation direction between source and detector
{100 planes. The samples were mechanically polished witrand the rate of phonon scattering and absorption in the crys-
an alumina suspension and polished and etched with Syton tal. Phonons with mean free paths comparable to the sample
remove subsurface damage. The detectors are5ipm? dimensions are said to travel ballisticalliye., without scat-
granular-aluminum bolometers directly evaporated on theering) through the sample. The ballistic phonon flux has a
largest faces. The superconducting transitions of the bolomstrong dependence on the propagation direction due to pho-
eters were jUSt below 2 K. These detectors are current biaseﬁon focusing, which is a natural consequence of the Crysta|-
and characterized by their response to direct photoexcitatiofne anisotropy. This anisotropy is typically mapped by a
with a 10-ns laser pulse. This excitation typically produces &nonon image which shows the flux intensity as a function of
yol?age_ pulse With a fuII-vyidth at half-ma?(imum of 70 ns, |aser position on the excitation surface.
indicating the time resolution of the experiment. o Phonon images taken at moderate excitation powers with
All experiments are performed with direct photoexcnatlona well-focused laser show sharp and strong changes in the
gict;ri]t?ncrgsrfétzlljgﬁﬁ%s%haefgfufeld Ia?ergvulfiecqntlrlast 0 detected flux as a function of laser position relative to the
'9 ystal sur geive YPICAIY USE  — yetector as predicted by the continuum acoustic model. This
a cavity-dumped AF laser with a 10-ns pulse width. The . L ;
implies that the ballistic phonons are predominantly low fre-

laser is focused to a spot with full-width at half-maximum : e
(FWHM) of approximately 1Qum, and we define the power quency <500 GHz). The sharpness of the singularities in
' (pponon flux (caustic$ indicate that the low-frequency

density as peak absorbed power divided by the laser sp

area (rFWHM?/4) in units of W/mn?. The detector surface phonons originate from a source region with dimensions
and the four sidewalls are always in contact with the "quidcomparable to the area illuminated by the laser. Phonons that

He at 1.7 K, but the excitation surface has a vacuum interscatter from defects or impurities enroutg to the detector
face, isolated from the He bath by the sample holder as ifause a broad background in the phonon infage.
Ref. 2. This configuration eliminates the complexities of a  Ballistic phonons can also be identified by their short
fluid contacting the excitation surfa¢e.g., phonon loss into  propagation times in the sample. The ballistic time is defined
the He bath, He bubbles, etc. to be the minimum time required for a phonon to cross the
The green laser light produces energetic electrons ansample. When the propagation direction is near to, but not
holes within one optical absorption length of the excitationdirectly along, a caustic direction, the phonon pulse is domi-
surface, which is less than Am. In order to monitor the nated by diffusive phonons. Since the diffusive pulse com-
electrons and holes, we measure the photoluminescence in gdnent is not highly anisotropic, the subtraction of two pho-
and Ge under the same excitation conditions as the phonaion pulses, one on a sharp caustic and the other slightly
experiments. Since the crystals are transparent to luminestisplaced from the caustic position, isolates the ballistic
cence from carrier recombination, the luminescence can beomponent. Comparison of the integrated signal at on- and
conveniently collected from the detection surface of theoff-caustic positions show that ballistic phonons comprise
sample: the area of the detection surface covered by the benly a small part of the signal along the caustic direction
lometer films and contact pads is a small fraction of the(typically 10-20 % of the total energyThe fraction of bal-
available surface area. The recombination luminescence igtic phonons arriving along a noncaustic direction is even
imaged onto the entrance slit ofzam /3.5 spectrometer. A smaller. It is the concentration along certain crystalline direc-
Ge p-i-n diode operated in the photoconductive mode is lo-tions by the phonon focusing effect that makes the ballistic
cated at the exit slit of the spectrometer, and the induceflux so noticeable.
photocurrent is amplified by a low-noise current A Monte Carlo computer simulation of ballistic phonon
preamplifier? Because the radiative efficiency is weak in Si propagation from a point source, including phonon focusing
(about 0.1%, the signals resulting from even our highest effects and a detector size equal to our experimental detector
power laser pulse are rather small. To improve the signasize, can provide a measure of the expected phonon-focusing
level in this case we modulate the pulse train at low fre-enhancement along particular crystalline directions. The di-
quency and use lock-in signal detection, making temporallytectionally dependent phonon focusing enhancement factor
resolved measurements impossible. In Ge, where the opticahn then be used to determine the overall ratio of ballistic to
quantum efficiency is larger, boxcar detection is possiblescattered phonons by making measurements along a few
and we are able to spatially and temporally resolve the lumicrystalline directions. Under focused excitatitn the high

nescence signal following pulsed excitation. excitation density, nonquasidiffusive regijrtéis proportion
is highest in Ge, where an estimated 4—9 % of the phonons
Il BALLISTIC PHONONS reaching the opposite side of the crystal are ballistic over the

range of deposited energy available in our experiments. In
Green excitationtfr= 2.4 eV) produces free carriers with Si, 3—5% of the detected signal is ballistic at the same ex-
large kinetic energies because the semiconductor energy gapiation levels, while in GaAs, the ballistic signal is only
are in the infrared. Thus the initial source of nonequilibrium1-2%. In all crystals studied, however, the proportion of
phonons is hot-carrier thermalization. These phonons inelagallistic signal detected is significantly affected by excitation
tically down-convert to lower frequencies, and elasticallyconditions.

195205-2



BALLISTIC PHONON PRODUCTION IN PHOTOEXCITED . .. PHYSICAL REVIEW B5 195205

IV. ENHANCED BALLISTIC FLUX AT HIGH EXCITATION
DENSITIES

In the low excitation density regimes10 W/mnf), most Tr
of the excess energyngpnoton— Egap iMmparted to the carriers
by the laser photons is shed by emitting optical phonons.
These optical phonons do not travel far in the crystal before
decaying into acoustic phonons. As the acoustic phonons dif-
fuse into the bulk of the crystal, they continue to undergo
anharmonic decay to lower frequencies. The combination of
diffusion and anharmonic decay scattering results in “qua-
sidiffusive” heat pulses characterized by long diffusive tails.

The key requirementsfor observing quasidiffusive pho-
non pulses arda) the excitation surface must be isolated
from the liquid helium bath, an¢b) the density of excited
carriers produced by the laser pulse must be sufficiently low.
Experimentally, the latter condition is met by illuminating a
large area with the laser. 1}0)Ge

If the density of photoexcited carriers is increased by de-
creasing the size of the laser focal spot on the crystal without
changing the pulse energy, the phonon signal near the ballis-
tic time, t,, is greatly increased. This increase in ballistic
phonons at high excitation density is most clearly seen by
plotting the peak intensity of the detected heat pulse scaled 0 L. o
by the absorbed poweFig. 1). The absorbed poweindi- 100 10" 102
cated in the legendis the average laser power during the
10-ns pulse for a given data set; the power density is varied Power Density (W/mm?)
by changing the size of the focal spot.

The proportion of the deposited energy that produces bal- FIG. 1. Phonon intensity near the ballistic tiriategrated over
listic phonons is independent of the total power depogiged 1-Op=<t<1.2,) as a function of power density, for several different
a given power densityin Si[Fig. 1(a)] and GaAqFig. 1(b)], total inp_ut powers in(a) Si, (b) GaAs, an(_j(c) Qe. It should pe
with a clear transition in the character of the heat pulse abov8MPhasized that the total energy deposited in the crystal is un-
a power density of 20 W/mfnThe data for Ge do not follow chqnged fpr each_data set while the size of _the e_xcntatlon region is
this trend. As shown in Fig.(t), the ballistic phonon signal varied. Thls_t(_achmq_ue allows us to achieve high signal levels at onv
in Ge does increase with increasing power density, but thg.ower dens't'esf Itis, however, necessary to choose a propagation

irection for which the phonon focusing enhancement factor does

amount of increase appears to depend on the total energy in . . .
the phonon pulse. Furthermore, the flux at the ballistic tim not vary widely as the focus is changed, so that the data at different

Socal sizes are easily comparable.
unexpectedly decreases at the highest excitation levels. y P

These interesting effects will be discussed in detail in Sec. ) )
VI. For now, we focus our attention on the increase in the'©n Production must occur for theptically created hot car-
proportion of ballistic phonons seen in all three materials afi€'s- Lét us consider the case for GaAs.
excitation densities near 20 W/mm

The magnitude of the increase in the ballistic phonons as
the excitation density is raised is typically a factor of 3-5 in
our experiments. This increase is attributed to the effect of Figure 2 shows time traces for several different incident
carrier thermalization in the presence of large numbers opowers(fixed laser focusin GaAs. At all powers the expo-
other carriers. Essentially, at high excitation density some ofential decay characteristic of quasidiffusion is present at
the newly excited carriers within the excitation pulse bypasdate times, but at high power there is also a noticeable
the optical-phonon emission channel in favor of cooling by“peak” of phonons arriving near the ballistic time. The
intercarrier scattering, with the partially thermalized carriersamount of energy in this ballistic peak relative to the tall
created in an earlier portion of the pulse. The plasma theimcreases as the total energy deposited by the laser is in-
emits lower-frequency acoustic phonons. This idea wagreased. This increase is not due to any change in the focus-
originally developed for Si, where Auger recombination pro-ing of phonons near the excitation point, because the laser
duces a small number of hot carriers within an otherwisdocal spot is fixed. The increase signifies an increase in the
cool liquid? Now we find that Ge and GaAs, where Auger fraction of locally produced low-frequency phonons.
recombination plays a lesser role due to lower carrier densi- For GaAs, where the carrier recombination time is less
ties, also show enhanced low-frequency phonon productiorthan 1 ns, the 10-ns laser pulse corresponds to a steady-state
Does the bypass theory, developed for Si, apply in thesexcitation. Also, after about 1 ns, the temperature of the car-
cases? If so, it seems that the bypass of high-frequency phoiers should reach a steady value above the lattice tempera-
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V. HIGH EXCITATION DENSITY IN GaAs
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FIG. 2. Experimental time traces along thE00| direction in FIG. 3. Experimental timetraces along th00] direction in

1.35-mm-thick GaAs, for several deposited powers. The laser focad-mm-thick Ge. In all-traces the input power is const@itout 100
spot is the same for all three traces={(10 um). At high powers ~mW during the 10-ns laser pulsand the excitation density is var-
there is a noticeable increase in the “concentration” of phononsed by defocusing the laser. At low excitation densttye solid line
arriving near the ballistic time. the phonon propagation is quasidiffusive and the energy arriving at
the detector is widely spread in time. At intermediate excitation
ture due to rapid phonon emission; the experimental basis fatensity (dotted ling there is a much greater portion of the signal
this fact is that the carrier temperature, as measured b§riving near the ballistic time, indicating that low-frequency
phonon-assisted photoluminescence, is less than 15 K. Ahonons are being produced more rapidly than the quasidiffusive
this temperature, the average carrier energy is much less th@fonon cascade. At high excitation densitiashed lingthe signal
that of the newly excited carriers. Thus it is plausible that€ar _the ballistic time is less intense than at intermediate excitation
new carriers produced during the pulse cool by carrier-carrief€nsity-
scattering in conjunction with acoustic phonon emission, ) )
thereby bypassing the optical-phonon emission channel. TH&U€NCcy phonons in Ge. In Fig. 4 we plot the temporal

observed ballistic peak at high excitation density is then pri WHM of the timetrace. The variation in the FWHM as a

marily due to acoustic phonons that are directly emitted fron{uTCt'on Of e><|C|§at|T)n .dgnS'ty goes sfeer:n to follow a “unl\{rer:-
the electron-hole plasma. Relatively few ballistic phonons>&' CUrve: re atively independent of the input powers. The
are produced in GaAs because the band-gap energy is lost By!S€ Width ranges from 200 ns at intermediate excitation
radiative decay in this direct-gap crystal. In contrast, for Si ensity to 1.2 ms at the lowest measured excitation densities.

the band-gap energy is a large contributor to the bath of It appears that in Ge three, rather than two, regimes are

nonequilibrium phonons due to nonradiative recombination®PServed: quasidiffusion at the lowest excitation; a shift to

In that case, Auger recombination converts the band-gap efnore ballistic phonon production at intermediate excitation;
ergy of an electron-hole pair into kinetic energy of a third 2Nd @ depletion of ballistic phonons at the highest excitation
particle within the well-thermalized EHL densities. We now consider the special electronic properties

of Ge that may lead to these unusual results.

VI. HIGH EXCITATION DENSITY IN Ge
VII. PHONONS AND THE ELECTRON-HOLE

Our measurements of phonon pulses in Ge display an on- LIQUID IN Ge
set of ballistic phonon production similar to that in Si and )
GaAs. However, Ge shows a startling behavior at the highest " Ge, at a .tenjperatu(r)e below 6 K, metallic droplets of
excitation levels. Instead of a monotonic increéselevel- electron-hole liquid formt® This EHL has a characteristic
ing off) of the ballistic phonon flux as the power density is
raised, there is a pronounced decrease at the highest excita- 1500

tion levels. As the excitation density increases beyemtD 0 [100] Ge . P°:;e1f W
W/mn? the flux arriving at the ballistic time begins tte- s o s 215 mW
creaseand the pulséroadensin time, as shown in Fig. 3. z 1000 ' 2 s
Nothing comparable was observed for Si or GaAs, suggest- L % o 16
ing that Ge has entered a new regime for phonon interactions S 500} oA o
or production. g °°%Mﬂf °

At first glance the ballistic phonon production in Ge does p . . ‘
not appear to depend on power density alone. For low input 0100 10" 102 103 104
powers[Fig. 1(c)] the peak intensities show less variation
with excitation density than for high input powers. However, Power Density (W/mm2)
the shape of the near-ballistic phonon pulses in Ge changes
dramatically during defocusingFig. 3). Thus the narrow FIG. 4. Full width at half-maximum of the phonon timetraces in

time window used to measure the peak signal in the data ate as a function of power density. The mean phonon arrival time is
Fig. 1 may not capture all of the rapidly produced low fre- smallest at about 50 W/nfm
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FIG. 5. Detected photoluminescence intensity for Ge at the . ©  Phonon Source Radius

droplet wavelengthX=1.75um) as a function of power density g o o :

and the phonon peak height for the same excitation conditions. The % 40 00 ©

excitation density is varied by defocusing the laser at five different 3 . °°

input powers(cf. Fig. 7). Each set of data is scaled by the input & 20°

power. The luminescence is collected with a wide input slit on the

spectrometer, which effectively integrates the luminescence from a 0 . ;

large area on the sample. 101 102 108 104
Power (mW)

luminescence peak at=1.75um, due to electron and hole

recombination within a liquid droplet. At the lowest excita- X ;

tion power densities the luminescence signal from the EHLsharpnegs of the SI box caustic for several different total powers. In
. . . . tescending ordeR=1.3 W, 660 mW, 330 mW, 170 mW, and 123

;hpwn m F!g. 5 IS small, but as the power den3|ty'|ncreas.eﬁlw_ The time window for data collection is within 50 ns of the

It rises, |nd|C_at|n_g an |nc_;reased fra_ctlon of th_e e_XC'ted CalMpallistic arrival time. The phonon source radius is determined by the

ers condensing into liquid. At the highest excitation densities;5_gg rise in the ballistic phonon signal as the laser is scanned over

the luminescence signal saturates, signifying that nearly alhe caustic(b) Phonon source radius as a function of power. For

of the carriers are in the liquid state. The rise in lumines-comparison, the dotted line shows the calculated radius of a single

cence from the liquidbetween 0.3 and 3.0 W/nfinis cor-  drop of EHL at the end of a 10-ns pulse as a function of input

related with the increase in the phonon signal arriving neapower. The laser focal radius is const@tum).

the ballistic time. This correlation is qualitatively similar to

that previously observed in Si. However, in Ge, there is a._. . L

drop-off in peak height at the highest excitation densitiesSlngle EHL drop at all but t.h(.e.h|ghest exqta.tlonllevgls.

(100-3000 W/mr) that is not accompanied by a similar As time progresses the initial drop of liquid WI!| disperse

change in the luminescence signal, as in Si. At the highedft© @ cloud of droplets. We can measure the ultimate cloud

excitation densities in Ge, the EHL is clearly present, but theiZ€ (before recombination in 4@s) by imaging the time-

portion of detected ballistic phonons is reduced. integrated luminescence spot radiésg. 7). At low powers

A possible mechanism for the reduced ballistic-phonorthe radius is about 27@m, and becomes about 330n at
signal is increased phonon-carrier scattering in a large volthe highest powers. These values are from 14 to 7 times
ume of liquid. Under steady-state excitation, carriers congreater than the radius of a single drop containing all the
dense into liquid droplets of 1-pm radius that are distrib- carriers, yielding a volume fraction occupied by electron
uted in a millimeter-sized cloud with a filling factor of hole liquid of 0.04% to 0.30%. Such a diffuse cloud of drop-
approximately 194! For intense pulsed excitation, however, lets would not be effective at trapping phonon energy, but
it is possible that a single large drop of EHL is produceddroplets do absorb and re-emit phonons. In fact, absorption
during the 10-ns laser pulse. This large drop of liquid willby a “phonon wind” causes expansion of the exciton
both emit and absorb acoustic phonons. cloud!!

In Fig. 6 we estimate the “initial drop” radiugfollowing To account for the small phonon source size, the phonons
the 10-ns pulsefrom the number of incident photons and the must be emitted by the EHL early in the liquid expansion. A
known EHL density, and compare it to the measured radiuprevious measurement in Ref. 12 of the expansion of EHL in
of the phonon source. The phonon source size is determingde showed that after an initial “jump-out” at the EHL den-
from the sharpness of the caustic formed by slow transverssgity, droplets of liquid are pushed into the crystal by a wind
phonons observed under the best focus conditions, i.e., thef low-frequency acoustic phonons. Our measurements are
sharpness of the ledge in Figah Figure &b) shows thatthe shown in Fig. 8. The luminescence spot radius is about 150
size of the source region is comparable to the area illumium at 100 ns(the limit of our temporal resolution After
nated by the laser at the lowest powers, but grows signifis00-ns it has expanded to the final size of 3a@. This is
cantly with increasing power. The phonon source region igoughly three times the size of the measured phonon spot
somewhat larger than the region that would be occupied by aize at a comparable excitation level. The expansion rate

FIG. 6. Measurement of the phonon source radi@as. The
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FIG. 8. Time resolved measurement of the spatial extent of the
FIG. 7. (a) Spatial scan of the luminescence intensity for five EHL after high power(1.47 W, focused excitation, 8@s pulse
different total powers: In descending ord&=1.8 W, 900 mW, repetition time excitation. In order to increase the collected signal,
440 mW, 220 mW, and 135 mW. For this time-integrated measurea 500um input slit is used on the spectrometer yielding a spatial
ment, lock-in detection is used. The spatial resolution is about 50esolution of less than 10@m. The time resolution of the amplifi-
pm. (b) The luminescence spot radius is the half-width at half-ers is about 200 ns, and the data collection window is 100 ns long.
maximum of the luminescence scans in part a.

observed phonon source size increases®'® which sug-
gests that a more detailed model that includes both phonon-

corresponds to a linear velocity of X30° cm/s, roughly ) : : .
arrier and phonon-phonon interactions is necessary.

one-tenth of the velocity of sound. The sudden halt in the”
expansion after 500 ns appears to mark the end of net out-
ward pressure on the dropletise., the phonon wind This VIIl. CONCLUSIONS

ﬁgt?snpsr:ggélr:ngljlssgf;Esvjr?nif Eirgerea&?:;hgo\g'%tg 2{ t:ighbal Beyonq the quasidiffusive_ regime the. production_ of
o X s phonons in photoexcited semiconductors is strongly influ-
gxqtanor). Th_us a ppsglble expl_qnat!on _for the reduced bal'enced by the excitation densifthe absorbed laser power per
listic flux at high excitation (_jfansmes is sn_”nply that the cIou_d ared. At moderate excitation densities the population of qua-
of droplets causes an additional scattering of the otherwisgjgtsive phonons is reduced in favor of rapid production
ballistic phonon flux. An effective attenuation of the ballistic ¢ low-frequency phonons, as carriers bypass the optical-
signal requires a spatially concentrated electron-hole liquidghonon emission channel in favor of cooling by intercarrier
however, and our measurements of the cloud size suggestattering and acoustic-phonon emission within the electron-
that we are creating a diffuse cloud. hole plasma. This effect occurs at about the same excitation
Another effect that may play an important role in the tem-power densities for Si, GaAs, and Ge. Because the recombi-
poral behavior of the phonons is the build-up of high phonomation rates are vastly different in these three semiconduc-
occupation numbers at early times, which could lead to theors, the similar behavior of ballistic phonons suggests that
localization of energy by phonon-phonon scattering pro-the key processes occur during the short excitation pulse.
cesses; i.e., a phonon “hot spot>The hot spot could be the For Si, significant production of high-energy carriers con-
source of the phonon wind that drives the initial rapid expantinues well after the 10-ns excitation pulse because Auger
sion of the electron-hole plasma in the crystal. In the case dfieating results in continual production of acoustic phonons
a pure phonon hot spot without phonon-carrier interactionsby the electron-hole liquid. In GaAs, the much shorter re-
the hot spot is only a source of ballistic phonons for as longcombination time precludes carrier interactions after the laser
as the typical phonon mean free path is less than the effectiaulse, so that the production of acoustic phonons by carriers
spot size. As the spot spreads and cools, it no longer effeds very brief. In Ge, the weak Auger recombination processes
tively confines low-frequency phonons and becomes a quan the EHL produce a weak acoustic phonon emission, im-
sidiffusive “decay spot.” The lifetime of the pure hot spot is plying that the principal source of high frequency phonons
predicted® to depend linearly on the deposited enefy  occurs during the initial thermalization process. Thus, at low
while its size varies a€%4". In our Ge experiments the to medium excitation levels, the production of acoustic
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