
PHYSICAL REVIEW B 15 JUNE 2000-IVOLUME 61, NUMBER 23
Coherent phonon emission in the supersonic expansion of photoexcited
electron-hole plasma in Ge
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Coherent subnanosecond acoustic pulses generated by a laser-excited electron-hole plasma in a germanium
single crystal are detected by a time-resolved pump-probe photodeflection technique. It is found that the front
duration of these hypersound pulses is controlled by the time of plasma diffusion at supersonic velocities. The
characteristic velocity of plasma diffusion evaluated from the experiments exceeds the longitudinal sound
velocity in germanium by a factor of 1.5. The hypersound pulse shapes provide evidence for supersonic
diffusion of the electron-hole plasma in a semiconductor at room temperature on a subnanosecond time scale.
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The interaction of charge carriers with acoustic waves
classical problem of solid-state physics. An interesting
pect of this problem in general~and of the acoustoelectri
effect, in particular! concerns the regimes where the dire
tional motion of carriers is transonic or supersonic.1 In the
latter case the acoustic waves can be amplified by ca
drift, and the process of phonon emission by carriers
become stimulated.1 In both cases a strong inverse influen
of the excited~or amplified! acoustic waves on the carrie
motion is expected. Consequently, an important questio
be answered is: Can the free carriers in a solid be acceler
to supersonic velocities, i.e., can they overcome the so
barrier? In the early 1980s this question was actively stud
in relation to the motion of electron-hole (e-h) droplets in
Ge at liquid-helium temperature.2 To the best of our knowl-
edge all the attempts to accelerate ane-h droplet to a super-
sonic velocity under an inhomogeneous stress have b
unsuccessful.2

To evaluate the expansion velocity of laser-excited pl
mas, optical methods based on the detection of pho
emitted3 or scattered4 by the plasma have been applie
However, use of these techniques have not given an un
biguous answer to the above question about the sound
rier. Photoacoustic spectroscopy provides a method
plasma expansion velocity measurement that is sensitiv
either subsonic or supersonic plasma motion, in either
hydrodynamic or diffusive regime. In fact, any transient
homogeneous distribution of free carriers in space is a so
of acoustic waves excited owing to the carrier-phonon in
action mediated by the deformation potential. For exam
the hydrodynamic expansion of a photoexcited plasma
crystal sample involves propagation of a well-defined plas
front from the laser-irradiated surface. In the case of an
stantaneous photoexcitation of the sample, whose thick
exceeds the light absorption depth of exciting laser pulse,
time of the acoustic pulse arrival at the rear surface of
crystal depends on the plasma front velocity.5 If the latter is
supersonic, the acoustic pulse associated with the mo
PRB 610163-1829/2000/61~23!/15837~4!/$15.00
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front arrives at the rear surface earlier than that directly g
erated near the photoexcited surface. In the diffusional
gime of plasma motion the arrival time of the acoustic pu
at the rear surface is not well-defined because the pla
boundary is delocalized in space@Fig. 1~a!#. However, ac-
cording to the theory of sound photoexcitation via t
electron-phonon potential,6 the supersonic plasma expansio
can broaden the front of the coherent acoustic signal arriv
at the rear surface compared to the width predicted b
simple thermoelastic sound excitation mechanism.

In this paper the observation of coherent acoustic pu
excited during the supersonic diffusion of photoexcitede-h
plasma at room temperature in monocrystalline Ge is
ported. We begin with estimates of key physical quantities

FIG. 1. ~a! Thee-h plasma densityn and characteristic velocity
VD for the diffusional regime are plotted schematically versus
coordinate normal to the irradiated surface and the time after p
toexcitation, respectively.~b! Diagram of the photodeflection tech
nique with back surface probing.
15 837 ©2000 The American Physical Society
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this experiment. The equality of the diffusional flux of ca
riers to an equivalent hydrodynamic flux

2Dnx5nVD ~1!

is used as a definition of the diffusional velocityVD ,7 where
n is the free carrier density,D is the ambipolar diffusivity,x
is the coordinate normal to the irradiated surface, andnx
denotes the derivative overx. Assuming an instantaneou
photoexcitation for which plasma diffusion is negligible du
ing the exciting pulse duration, we taken}exp(2ax) in Eq.
~1!, wherea is the light absorption index; that leads toVD
5aD. Then the definitionVD.CL of the supersonic regime
whereCL is the longitudinal sound velocity, can be rewritte
in the terms of characteristic timesD/CL

2.(aCL)21. The
time ta[(aCL)21 corresponds to sound propagation acro
the light absorption deptha21. The timetD[D/CL

2 can be
interpreted as the characteristic time of plasma decelera
down to the sound velocity@Fig. 1~a!#. In fact in the case of
instantaneous plasma generation at the surface the dep
plasma penetration is estimated as (Dt)1/2 and the velocity as
VD.(D/t)1/2. Thus,VD.CL when t.tD .

The diffusinge-h plasma excites acoustic waves in whi
the mechanical displacementU can be found as the solutio
of the problem6

Utt2CL
2Uxx5~d/r0!nx ,

nt2Dnxx5~a~12R!I /hnL!exp~2ax! f ~ t/tL!,

2CL
2Uxux505~d/r0!nux50 , Dnxux5050. ~2!

Here d is the e-h phonon deformation potential,r0 is the
equilibrium density,R is the optical reflectivity,hnL is the
energy of the optical quantum,I is the laser intensity, and th
function f (t/tL) describes the intensity envelope of a las
pulse of durationtL . The analytical solution of Eq.~2! for
tL→0 in the case of slow subsonic plasma diffusion (tD
!ta) gives an exponential rise of the acoustic pulse fr
with rise time ta . In the case of fast supersonic diffusio
(tD@ta) the front of the acoustic pulse is also exponen
but with rise timetD . For a finitetL the condition for ob-
servation of acoustic front broadening caused by supers
plasma diffusion istD.ta ,tL .6 For a room-temperature
nondegeneratee-h plasma in Ge,D565 cm2/s and CL
55.63105 cm/s in the @111# direction, we have tD
.200 ps.

To measure fast acoustic transients, we have applie
pump-probe photodeflection technique8–10 in which the
pump and probe are focused on the opposite surfaces
thin Ge plate. The optically polished plates of undoped
oriented along@111# ~or perpendicular to it! have the form of
a wedge with angleb53°. The acoustic pulse generated
the e-h plasma photoexcited near the front surface arri
some time later at the rear surface and causes its disp
ment and curvature@Fig. 1~b!#. The acoustically induced de
flection angle of the probe beam is measured with a posit
sensitive detector. A mode-locked Nd:YAG laser~YAG
denotes yttrium aluminum garnet! producing tL.120 ps
pulses at the wavelengthl151064 nm with a 100 MHz
repetition rate was used as the optical source. The pu
~pulse energyE1<1 nJ at l1 , a1.1.43104 cm21) and
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the probe (E2;0.03 nJ at l25l1/25532 nm, a2.5.4
3105 cm21) beams were focused to spots of areaS1
.(50 mm)2 and S2.(15 mm)2, respectively. To measur
the signal, a high-frequency lock-in technique with doub
modulation was used.11 The pump was modulated at 6.
MHz by an electro-optical modulator and at 800 Hz by
chopper.

Typical deflection signals and their spectra at differe
propagation paths of the acoustic pulse are shown in Fig.12

The propagation path lengths were calculated from the c
responding delays of the deflection signals. At 110mm the
hypersound pulse has nearly a bipolar shape, which tra
forms into a one with two maxima at longer path lengths 7
and 2300mm @Fig. 2~a!#. The front of the hypersound
pulses depends weakly on the propagation length and h
1/e rise time 250650 ps.14 The spectrum of the hypersoun
pulses is concentrated near 1 GHz as seen in Fig. 2~b!. The
maximum peak-to-peak photocurrent change wasd i / i .4
31025, which corresponds to a surface displacementU
.5 pm.

Propagation effects noticeably change the pulse shape
seen in Fig. 2~a!. Diffraction and frequency-dependent a
tenuation control the shape of the propagating hyperso
pulse. This is illustrated by the spectra in Fig. 2~b!: while
absorption attenuates the high-frequency components,
fraction suppresses the low-frequency ones. Conseque
diffraction results in differentiation of the initial pulse profil
at x50, while attenuation leads to its broadening15 @Fig.
2~a!#. Attenuation was calculated from the analysis of t
high-frequency tails (.1 GHz) of the 770 and 2300mm
spectra in Fig. 2~b!.13 The sound absorption index was foun
to be proportional to the square of the frequencyaS.g f 2,
whereg.3.0 cm21 GHz22. The calculated attenuation is i
good agreement with the known data for Ge.16 However, the

FIG. 2. ~a! Normalized deflection signals at different propag
tion lengths for the pump atl1, and~b! their spectra normalized to
the corresponding acoustic pulse energies~lines are guides to the
eye!. The inset shows the deflection signal versus average p
power.
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attenuation is too small at propagation length&800 mm to
explain the observed broadening of the pulse front. Note
the phonon focusing effect17 related to the elastic anisotrop
of Ge can be neglected in our experiment.13

Our first conclusion is that the sound excitation by t
thermoelastic mechanism is negligible in our experime
This is predicted by the theory6,15 and can be deduced from
the following observation. We obtained nearly identic
pulse shapes for pumping at wavelengthsl1 andl25l1/2.
Despite the strong difference in the light absorption dep
(a1

21@a2
21) the penetration depths of the plasma for bo

l1 andl2 in the timetL should be similar due to fast carrie
diffusion. In contrast, the heated depths differ markedly. F
the thermoelastic and deformational potential mechanism
sound excitation, the acoustic pulse shape depends stro
on the penetration depth of, respectively, the lattice temp
ture change and the photoexcited plasma.6,15 The similar
pulse shapes measured for both pump wavelengths im
similar acoustic sources and spatial localization. Thus,
conclude that the deformation potential mechanism do
nates in the hypersound excitation. The pulse shape did
depend on the pump intensity, and the deflection signal
creased linearly with it as shown in Fig. 2~b!, inset. This
confirms that nonlinear Auger recombination is negligible
our time scales (;tD) for a plasma density estimated asn
&431018 cm23. From the experiments with chemicall
treated Ge surfaces13 we conclude that surface recombinatio
is negligible.

In order to compare the shapes of observed hyperso
pulses with the model given by Eq.~2!, we used its analytica
solution in spectral form,6,15 simulating the effects of soun
diffraction and absorption in the hypersound spectrum. D
fraction was taken into account in the quasioptical appro
mation. The deflection signal was simulated as a maxim
slope in the displacement profile of the rear surface of
sample. Then, using an inverse Fourier transformation,
obtained the modeled pulses~Fig. 3!. The finite duration of
both the pump and the probe laser pulses and the broade
caused by the slope of the wedge surfaces14 were taken into
account. As seen in Fig. 3, the main effect of propagatio
the appearance of a negative phase in the signal due to s
diffraction. The pulse fronts in Fig. 3 are not sensitive

FIG. 3. Calculated pulse shapes for different propagat
lengths and pump atl1 ~broken lines,D560 cm2/s). The thick
solid line depicts the measured pulse from Fig. 2~a!; the inset also
shows the model pulse fronts in the case of subsonic diffus
(M50.5, x5110 mm) for the pump atl1 (D520 cm2/s) andl2

(D50.5 cm2/s).
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diffraction, in agreement with our experiment~Fig. 2!. The
measured pulse front is well reproduced by the model for
diffusivity of the e-h plasmaD.60610 cm2/s, which is
consistent with known data.18 The best correlation of the
overall measured pulse shapes with the model ones was
tained for propagation lengths.500 mm. For short propa-
gation lengths;100 mm the model pulse shape has a lo
negative phase of small amplitude~Fig. 3! because of a rela
tively small diffraction effect. However, the observed pul
at x.110 mm has a bipolar shape with a short negati
phase of high amplitude. Therefore, for short propagat
lengths only the shape of the front is well reproduced by
model ~Fig. 3!. We associate this difference with an appr
ciable contribution of low frequencies (f ;CL /AS1) to the
observed pulse shapes atx;100 mm that is not properly
taken into account in the quasioptical approximation. F
long propagation lengths@100 mm these low frequencies
are suppressed by diffraction and agreement of the mo
pulses~Fig. 3! with the measured ones~Fig. 2! is better.
Thus, we conclude that the broadening of the pulse front
result of hypersound excitation and is not due to its pro
gation.

As follows from the fits in Fig. 3, the observed broade
ing of the hypersound pulse front is caused by superso
diffusion of the photoexcitede-h plasma. The difference be
tween pulse fronts associated with supersonic and subs
diffusion for both pump wavelengths is shown in Fig.
inset. It takestD.200 ps for the plasma to decelerate dow
to the sound velocityCL from the initial diffusional velocity
VD.aD @Fig. 1~a!#, which for the pump atl151064 nm
corresponds to a Mach numberM[VD /CL.1.5. This su-
personic diffusion is possible because the inverse influe
of emitted acoustic waves on the plasma expansion in
experiments is weak. The pressure of the acoustic field
the plasma can be estimated from our experimental dat
udunUx;udunU/(CLtD) using the valued.7 eV for Ge.2

This pressure is negligible in comparison with the intern
pressure of the nondegeneratee-h plasma;nkBT, wherekB

is the Boltzmann constant andT is the absolute temperature
To estimate the minimum time (tm) for the development

of the phonon instability, that is for reaching the threshold
stimulated emission of acoustic phonons, we modeled
expanding plasma by a spatially homogeneous plasma l
moving at a constant velocityVD5a1D and neglected scat
tering and interaction of the emitted phonons. From the t
oretical formulas1 for a nondegeneratee-h plasma in Ge we
havetm @ns# *(M21)21(n@1018 cm23#)21. Even for the
peak plasma density 431018 cm23 achievable in our ex-
perimenttm significantly exceeds the characteristic timetD .
Thus, this process of stimulated phonon emission19 does not
prevent the supersonic expansion of the e-h plasma in
experiment.

In summary, we have used picosecond ultrasonics to
serve the supersonic expansion of the photoexcitede-h
plasma in monocrystalline Ge. Our experiments have sho
that the photoexcited plasma diffuses at a supersonic velo
at room temperature during the characteristic timetD

5D/CL
2.200 ps. This time corresponds to plasma decele

tion down to the sonic velocity and is evaluated from t

n

n
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profiles of the hypersound pulses excited by the expand
plasma. Our experiment proves also that supersonic diffu
of e-h plasma can prevent shortening of laser excited coh
ent acoustic pulses.6
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