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Direct observation of Fermi-pressure-driven electron-hole plasma expansion in GaAs
on a picosecond time scale

R. Ziebold, T. Witte, M. Hu¨bner, and R. G. Ulbrich
IV. Physikalisches Institut Universita¨t Göttingen, Bunsenstrasse 13/15, D-37073 Go¨ttingen, Germany

~Received 19 November 1999!

Applying pump and probe differential reflection (DR) and transmission (DT) of femtosecond light pulses
for either co- or counterpropagating pump and probe geometries, a direct time of flight method with submi-
crometer resolution is presented. With this technique we study the density-dependent transport of photogener-
ated carrier plasmas perpendicular to the surface of GaAs samples for delay times 20 ps<t<1 ns. At a pump
fluence of 800mJ cm22 a relatively sharp charge-carrier front was observed, with high velocities of
143105 cm/s at a delay timet'20 ps, decreasing asv}t22/3 to 23105 cm/s att'350 ps. The arrival times
t of the carriers at a fixed sample thickness depend on the fluence of the pump pulsesF such ast}1/F0.45. The
results are discussed in the framework of diffusive transport with a strongly density-dependent diffusivityD.
The data can be described consistently with the assumption of Fermi pressure as the dominating driving force
for plasma expansion.
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I. INTRODUCTION

Over the last two decades there has been consider
interest in the dynamics of photogenerated carrier plasma
semiconductors on short length and time scales. The tem
ral dynamics of spatially homogeneously generated elect
hole pairs in the range of 10 fs–100 ps has been thorou
studied and is quite well understood.1 The spatiotempora
dynamics of electron-hole plasmas~EHP’s! is less well un-
derstood and is still a subject of controversial discussi
The expansion of the plasma has been observed both pe
dicular and parallel to the excited surface, with various
perimental techniques, such as time and/or spatially reso
luminescence,2–6 Raman spectroscopy,7 four-wave
mixing,8–10 laser ultrasonics,11 and time-of-flight12–14 ~TOF!
measurements. For simplicity, only direct semiconduct
will be discussed here. We will distinguish betweenlateral
expansion with generally smaller density gradients a
plasma expansionperpendicularto the surface with highe
density gradients.7 This distinction is useful because of th
specific influence of the surface on these two transp
schemes.

For lateral transport, especially when observed
multiple-quantum-well structures, high diffusivities an
carrier-density-dependent diffusivities were found and h
been attributed to ballistic phonon wind at lo
temperatures14 and screening of impurity scattering.13 Hill-
mer et al.3 discussed photon-assisted transport via emiss
and reabsorption of photons, where the quantum-well st
ture acts as a waveguide for the photons. Among other10,4

Fox and van Driel also explained their results on late
transport for delay timest,10 ps with this photon recycling
mechanism and pointed out that it is not proportional to
carrier-density gradient and hence cannot be described
diffusion equation.8

In direct comparison with lateral transport Tsenet al.7

found a much faster perpendicular transport of carriers in
at T5300 K. To describe their results they introduced ph
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nomenologically an additional drift velocity term in the di
fusion equation. Such a drift velocity term was also used
Hillmer et al. for their TOF experiments in GaxAl12xAs .12

The underlying driving force for the fast plasma expans
perpendicular to the surface has hitherto not been cle
identified. The reason why perpendicular transport is l
well understood is that most of the experiments were o
sensitive to the temporal evolution of the carrier density
the front side of the sample where they have be
generated.5–7,11From these measurements direct conclusio
on carrier velocities are not possible, because the sur
carrier density is not only determined by the carrier transp
but also by all kinds of recombination processes, especi
by surface recombination.12 In TOF measurements with
double quantum well acting as a carrier probe, performed
Hillmer et al.,12 the temporal resolution was restricted
.200 ps, limited by the process of carrier capture and
finite lifetime of the quantum-well states.

The TOF technique, described here, enables the obse
tion of initial plasma transport for times,100 ps. In this
paper we present carrier-density-dependent TOF studie
GaAs atT5300 K with fluences up to 800mJ cm22. The
results are compared with an isothermal hydrodynam
model with a density-dependent diffusivity, excluding an e
tra drift term. The density dependence of the diffusivity r
sults from the Fermi pressure, i.e., from the enhancemen
the free energy of the charge-carrier system with the onse
degeneracy.

The temporal evolution of carriers generated by ultrash
light pulses can into principle be divided into four differe
regimes.1 After the coherent (<200 fs! and the nontherma
regime (<2 ps! the carriers reach the hot-carrier regim
where the carrier distribution function can be described w
a quasitemperatureT that is different from the lattice tem
peratureTL . Via carrier-phonon scattering the carriers co
down to the lattice temperature within;1 – 100 ps~isother-
mal regime!. Finally the semiconductor reaches therm
equilibrium via different electron-hole recombination pr
16 610 ©2000 The American Physical Society
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PRB 61 16 611DIRECT OBSERVATION OF FERMI-PRESSURE-DRIVEN . . .
cesses. In our experiment carrier transport is observed
time scales of the hot carrier and the isothermal regime.

II. EXPERIMENTAL METHODS

In a TOF experiment the fractionN of carriers that have
traveled over a given distanced within a timet after starting
at z50,t50 is measured. The knowledge ofN(t,d) provides
direct access to the transport properties of the carriers u
investigation. In our experiment the carriers were genera
near the surface of a GaAs sample with variable thickn
(0.8mm<d<2.5mm) by laser pulse excitation~pump
pulse! with a pulse duration;100 fs. The resulting change
in the dielectric properties of the sample were probed
simultaneously measuring the intensity change of the
flected probe pulses (DR) and the intensity change of th
transmitted probe pulses (DT) as a function of the time dela
t between the pump and probe pulses. Whereas the tran
ted probe pulses contain a spatial average over the sa
thickness, theDR measurement in absorbing samples
mainly sensitive to carriers near the reflecting surface of
sample within a depth given by approximately half of t
absorption length 1/a of the probe pulses. Changes of th
dielectric properties beyond this depth have a negligible
fluence onDR.

The idea of our TOF experiment is simple: We meas
DR(t) and DT(t) first with pumping the front side of the
sample~cis! and then pumping the back side of the sam
~trans! ~see Fig. 1!. The comparison ofcis and trans allows
us to draw conclusions about the transport of the initia
inhomogeneously distributed carriers.

DR(t) andDT(t) provide not only different information
on the spatial but also on the energetic carrier distribut
functions. The dominating contribution to the change
transmission is bleaching due to phase-space filling1 because
of Pauli’s exclusion principle, resulting in an increase
transmission if carriers are energetically located in the reg
of the probed transition. The dependence ofDR on the en-
ergy distribution function of the electrons and holes is m
complex. Assuming a thermal distribution function it can
shown that a charge carrier distribution centered above
probed transition energy results in a decrease of reflec
and a corresponding carrier distribution centered below
probed transition energy causes an increase in reflection15,16

Therefore the sign ofDR at a given photon energy of th
probe pulses provides information about the mean car
energy. In bothDR andDT the contributions from the elec
trons and the holes to the signal are additive@DR;DT}( f e
1 f h)# in contrast, e.g., to the luminescence where the c
tributions of electrons and holes are multiplicative (f ef h).

FIG. 1. Pump and probe geometry for the TOF measuremen~a!
pump front–probe front~cis! and ~b! pump back–probe fron
~trans!.
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Since the spatial resolution depends on the absorp
length of the probe pulses a proper choice of the probe p
ton energyEprobe has to be done. The spatial resolution wi
a probe photon energy near the band edgeEg of GaAs,
where the interband transitions from the heavy hole~hh! and
light hole~lh! to the conduction~c! band are probed, is rathe

poor @ 1
2 (1/aprobe);0.5 mm#. A significant enhancement b

a factor of 3 can be achieved by using a probe photon ene
near the transition from the spin-orbit-split hole~soh! band to
the conduction band~see inset of Fig. 4!:

Eprobe'Eg1Dsoh

with the spin-orbit-splitting energyDsoh. For sufficiently
smallEpump the soh band is nearly unoccupied, which mea
that the main contributions toDR and DT arise from the
electrons in the conduction band. First introduced by Ale
endrouet al.,18 a pump-probe technique probing the soh
transition was applied in aDT measurement to separate
monitor the electron dynamics and to eliminate the influen
of coherence effects to the signal. To the best of our kno
edge the soh-c transition has not been used inDR measure-
ments. Therefore the applicability of probing the soh-c tra
sition in DR(t) measurements has been carefully check
~see Sec. IV!. The fact that only the electron dynamics
observed does not influence our method, because we foc
our interest onambipolar transport of electrons and hole
together.

This TOF method in a standard pump and probe sche
with its high spatial and temporal resolution allows dire
observation of rapidly expanding carrier plasmas and sho
be compared with other capable TOF techniques such as
so-called imaging experiments,2 where a temporal resolution
of ;nanoseconds and a spatial resolution of;micrometers
was reached. Very high spatial resolution has been achie
in experiments where the luminescence of quantum w
with different thicknesses were used as a carrier probe12

This technique is restricted to distinct sample thicknes
and is a rather indirect measurement because one has to
sider additionally the process of carrier capture and the fi
lifetime of the recombining states.

III. EXPERIMENTAL DETAILS

The measurements were made at 300 K on se
insulating GaAs (Eg51.428 eV!, which was grinded and
etched to a minimum thickness of 0.8mm. The thinning
process resulted in a sample with a flat surface on one
and a curved surface on the opposite side, where the e
tive thicknessd, depending on the lateral position of the las
spot, could be varied in the range 0.8mm<d<2.5mm.

For our measurements we used an optical paramet
amplifier ~OPA! system based on a Ti:sapphire regenerat
amplifier which produces~i! ;50 fs and full width at half
maximum~FWHM! ;5 mJ pulses at a photon energy of 1
eV, ~ii ! a white-light continuum,~iii ! frequency-doubled
pulses at 3 eV, and~iv! 50 nJ OPA signal pulses tunab
from 1.65 eV to 2.75 eV at a repetition rate of 250 kHz. F
the minimization of the chirp and for spectral filtering su
able pulse shapers were employed and pulse durat
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16 612 PRB 61R. ZIEBOLD, T. WITTE, M. HÜBNER, R. G. ULBRICH
;100 fs were reached for all pulses used in our two-co
experiments.

The pump beam chopped with a frequency of 700 Hz w
focused either on the front or the back side, respectively
the sample at an incidence angle of 20° and a spot diam
of '20 mm. The total optical path lengths to the front an
back side of the sample were equalized, so that switch
between the paths could easily be done with a remova
mirror on a magnetic mount~see Fig. 2!. After passing a
beam splitter (r /t590/10) the probe beam was focused
the front side of the sample at normal incidence to about
the spot diameter of the pump beam. The reflected pr
beam, collected with the same optics as the incoming be
was reflected from the beam splitter and collimated, like
transmitted probe beam, to a photodiode. To reduce the
fluence of laser intensity fluctuations on the measured
nals, photodiodes with opposite polarity injected with pa
of the probe beam have been used to compensate the si
of the reflected and transmitted probe beam, respectively
connection with two separate lock-in amplifiers, intens
changes smaller than 1024I 0 could be detected. Zero dela
between pump and probe was determined with the lead
edge of theDT(t) signal with an absolute inaccurac
,200 fs and a relative inaccuracy between the two pump
configurations of,50 fs.

The spatial overlap between the pump and probe be
spots was very carefully adjusted with the help of a mic
scope objective that images the sample on a charge-cou
device~CCD! camera. The sample thickness at each posi
of the probe beam focus on the sample was determined
precise measurement of the transmission ratioI /I 0 of the
probe beam with an extra lock-in amplifier. Together w
the known absorption and reflection coefficients17 of GaAs at
the probe photon energy, the thickness was determined.
~systematic! error in the determination of the sample thic
ness was estimated with the independent measurement o
transmission of the pump beam to be less than 10%.
have specified the fluenceF of the pump beam, rather tha
the initial carrier densityn, because of the bigger uncertain
in the determination ofn.

IV. RESULTS

A. Comparison of cis and trans in DR„t… and DT„t…

To demonstrate the applicability of our TOF metho
DRcis(t),DTcis(t) and DRtrans(t),DTtrans(t) were mea-
sured immediately one after the other~see Fig. 3! at a sample
thickness of 2.0mm. The carriers were injected at a pum
photon energy ofEpump5Eg1470 meV, resulting in a car
rier distribution function with initially high kinetic energies

FIG. 2. Experimental setup~M, mirror on a magnetic mount
BS, beam splitter;DR,DT, photodiodes!.
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The absorption length at this energy is 1/apump50.3 mm. In
this experiment the probe photon energy was set
Eprobe5Eg156 meV, i.e., only hh-c and lh-c transition
were probed.

After an initial negative peak ofDRcis(t) with a change
in sign att'200 fs a maximum is reached att'3 ps fol-
lowed by a decay on a 50 ps time scale. As already m
tioned above, the initial negativeDR arises from a carrier
distribution function centered above the probed transition
that in this particular case the center of the distribution fu
tion reaches the energy ofEprobe5Eg156 meV already
within about 200 fs. This is a fingerprint of a very fast the
malization and cooling down of the carriers.1 This fast
change inDR(t) demonstrates also the high temporal res
lution of our setup.

In comparison withDRcis(t) the temporal evolution of
DRtrans(t) is significantly different. After an instantaneou
rise att50 a slow rise with a maximum at about 150 ps c
clearly be identified@see Fig. 3~b!#. After 150 ps theDRtrans
and DRcis curves begin to coincide and at 300 ps they a
indistinguishable from each other within the experimen
error. In principle theDRtrans signal can be divided into two
contributions. The first arises from the carriers that are
ready generated within the detection volume. This contri
tion should have a comparable time evolution likeDRcis and
leads to the initially fast rise ofDRtrans . The second contri-

FIG. 3. Comparison ofDRcis(t),DTcis(t) and DRtrans(t),
DTtrans(t): Epump5Eg1470 meV; Eprobe5Eg156 meV; F
5160 mJ cm22. ~a! DRcis(t) ~line! andDRtrans(t) ~open circles!.
Inset: early times ofDRcis(t). ~b! DRcis(t) andDRtrans(t) with a
203 magnification. ~c! DTcis(t) ~line! and DTtrans(t) ~open
circles!.
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PRB 61 16 613DIRECT OBSERVATION OF FERMI-PRESSURE-DRIVEN . . .
bution results from carriers that are not generated initia
within the probed volume but reach this volume later. T
observed maximum att'150 ps is undoubtedly caused b
this carrier transport. The merging of theDRcis andDRtrans
signals after 300 ps can be explained by a spatially homo
neous carrier distribution that is established after this ti
delay.

As expected theDTcis(t) and DTtrans(t) curves are
equal@see Fig. 3~c!#, becauseDT includes no spatial infor-
mation. In factDT curves are independent monitors for t
energy relaxation and recombination of the carriers.

B. Differential reflection at the soh-c transition

As mentioned in Sec. II the applicability of probing th
soh-c transition inDR measurements had to be checke
Therefore we variedEprobe around the energy ofEg1Dsoh
while measuring theDRcis(t). The spectral resolution wa
limited by the spectral width of the probe pulses of;16
meV. The carriers were generated near the band edge
Epump5Eg1100 meV. For these measurements three rep
sentative experimental curves are shown in Fig. 4 toge
with a schematic picture of the pumped and probed tra
tions in the insets.

At a probe energy 51 meV above the soh-c transitio
relatively large positiveDR signal is detected@see Fig. 4~a!#.
In this case the electrons were generated energetically b
the probed transition. In agreement with the expected beh
ior described in Ref. 16, the experimental curve show
positiveDRcis(t).

In curve ~b! of Fig. 4, where the electrons were initiall
generated energetically above the probed transition,
DRcis signal consists of a negative part at short time del
around t50 and a following positive signal with a slow
decay. The fact that there is no signal within the experim
tal error atEprobe below the soh-c transition allows the co
clusion that the hh-c and lh-c transitions which are alwa
instantaneously probed, do not provide a significant con

FIG. 4. DRcis at variation ofEprobe around the soh-c transition
~a! Eprobe5Eg1Dsoh151 meV; ~b! Eprobe5Eg1Dsoh110 meV;
~c! Eprobe5Eg1Dsoh290 meV. In the insets a schematic ban
structure together with the pumped~solid arrows! and probed tran-
sitions ~dashed arrows! is displayed.
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bution to theDR signal. This fact arises from two reason
First, there are only very few carriers available for the
transitions, and second, because of the higher density
states these carriers cause a comparably smaller band fi
and hence a smaller change of the optical constants.

With the experimental results of Fig. 4 we conclude th
DR measurements with probing the soh-c transition are s
sitive to pump-induced carrier populations. All the followin
experiments were performed with a fixed probe photon
ergy of Eprobe5Eg1Dsoh154 meV where the maximum
DR signal originating from the soh-c transition was reach

C. Variation of the sample thickness

After checking the applicability of our method, TOF me
surements were performed, to observe the spatiotempora
namics of charge carrier plasmas perpendicular to the sam
surface. In the following studies the key parameters of
experiments,~i! the sample thickness,~ii ! the photon energy,
and ~iii ! the fluence of the exciting laser pulses have be
varied systematically.

As a starting point the variation of the sample thickne
will be discussed. The carriers were injected at a pump p
ton energy ofEpump5Eg11.0 eV and a resulting absorptio
length of 1/apump50.11mm.

An easy interpretation of TOF measurements is only p
sible if the response time of the detection scheme is sho
than the time constant on which the carrier transport ta
place. As a result, the maximum inDRcis(t) occurs at
shorter time delayst than the maxima inDRtrans(t), which
can be attributed to the arrival of the carrier front in t
detection volume close to the front side of the sample.

A comparison betweenDRcis(t) and DRtrans(t) at the
thinnest observed sample thicknessd50.8 mm is shown in
the inset of Fig. 5. It clearly demonstrates that the two sig
maxima are sufficiently separated in time. Variation of t
sample thickness results in drastic changes ofDRtrans(t)
~see Fig. 5!. The DRtrans(t) curves at thicknessesd,1.4
mm show an instantaneous rise att50, which can be attrib-
uted to the initially generated carriers in the detection v
ume ofDRtrans , as already discussed in Sec. IV A. The d
crease in height of this initialDRtrans signal with increasing
sample thicknessd supports this interpretation. At samp
thicknessesd>1.4 mm this initial signal is absent and th
DRtrans(t) signal remains zero until a relatively fast rise
later delayst depending on the thicknessd. The delayt at
which DRtrans(t) is rising corresponds to the time that th
carriers need to travel over the distanced through the
sample. The relatively short rise times are remarkable,
cause they indicate that a relatively sharp carrier front
traveling through the sample.

To systemize the quantitative evaluation of t
DRtrans(t) curves in order to obtain the transport propert
such as carrier velocities, time delaystHM were determined,
where theDRtrans(t) signals reach half of their maximum
signal. ThistHM is well defined and can be considered as
arrival time of the carriers. In Fig. 6 the thicknessd versus
tHM is shown on a linear and a double logarithmic sc
~inset!, respectively. Figure 6 shows that the carriers tra
with initially relatively high velocities (v'143105 cm/s!
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16 614 PRB 61R. ZIEBOLD, T. WITTE, M. HÜBNER, R. G. ULBRICH
and slow down to velocities in the range ofv'23105 cm/s.
In the double logarithmic plot all experimental values a
lying on a straight line with a slope ofp50.33, so that the
correlation betweentHM and sample thickness can be we
described by the empirical relation

d}tHM
p , p50.33.

FIG. 5. DRtrans at variation of the sample thicknessd. For clar-
ity a constant offset is added to theDRtrans(t) curves at different
thicknessesd (Eprobe5Eg1Dsoh154 meV, Epump52.44 eV,
F5800 mJ cm22! In the insetDRcis(t) ~solid line! is shown to-
gether withDRtrans(t) at d50.8 mm ~open circles!.

FIG. 6. TOF diagram@corresponding to theDRtrans(t) curves
of Fig. 5# where the sample thicknessd ~solid squares1 left axes!
and the resulting velocities~open circles1 right axes! are plotted
versustHM . In the inset the thicknessd versustHM is shown on a
double logarithmic scale.
In comparison, a simple diffusive transport with a co
stant diffusivityD would lead to a slopep50.5. To the best
of our knowledge, this is the first experimental finding th
allows a direct comparison with a theory of plasma transp
on the reported time and length scales. A rather sim
model, describing the experimentally found dependence
be presented in Sec. V.

D. Variation of pump photon energy

To investigate the dependency of the plasma expan
velocity on the initial kinetic energies of the carriers we pe
formed TOF measurements for three different excess e
gies DE of the exciting laser pulses,DEpump51.0 eV,
1.65 eV and 0.63 eV. For these measurements the ave
laser power at different energies of the pump beam was s
be the same. Again, the sample thicknessd is plotted against
tHM ~Fig. 7!. The results show that the correlation betwe
the sample thicknessd andtHM is qualitatively the same for
all three curves. On the first view it is surprising that tho
carriers, which initially had the lowest kinetic energies, se
to be the fastest. Two reasons could be responsible for
behavior. First, with increasingEpump the absorption length
1/apump decreases, and second, the number of gener
electron-hole pairs also decreases if the average laser p
is set to be constant. Therefore with increasingEpump the
initially generated carriers have, on the one hand, a hig
kinetic energy, but on the other hand, less carriers were
jected and the latter ones closer to the surface. The action
these two effects make an easy quantitative interpretatio
the measurements difficult.

E. Variation of the fluence of the exciting laser pulses

To study the dependence of the plasma transport on
charge-carrier density,DRtrans(t) was measured at a fixe
sample thickness ofd51.0 mm with different averaged lase
powers of the pump beam. This was done with a precis
variable beam splitter so that all other experimental para
eters, especially the lateral position of the pump beam fo
on the sample, were unchanged. The very strong depend
of DRtrans(t) on the pump fluence is shown in Fig. 8. Wit

FIG. 7. TOF diagrams for different photon energies of the pu
pulses Epump ~squares, Epump5Eg11.65 eV; up triangles,
Epump5Eg11 eV; circles:Epump5Eg10.63 eV! with the same
averaged laser power corresponding to fluence ofF'800mJ cm22.
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increasing fluence the rise times decrease and also the d
t at which the rise takes place decreases. From the ins
Fig. 8 one can recognize that the correlation betweentHM
and the fluence can be written within good approximation
the form

tHM}1/F0.45.

F. Summary of experimental results

After the applicability of the differential reflection tech
nique with probing the soh-c transition as a TOF method w
shown, a series of experiments with varying the sam
thicknessd were performed at a fluence ofF5800mJ cm22.
Relatively sharp charge-carrier fronts were observed with
rival times tHM , which correlate with the thicknessd as d
}tHM

0.33. High initial carrier velocities ofv(t510 ps)514
3105 cm/s decrease within 500 ps to values in the range
v(t5400 ps)523105 cm/s. From the TOF measuremen
with variableEpump at constant pulse energies we conclu
that the observed plasma expansion is rather insensitiv
the initial kinetic energy of the carriers. The fluence of t
pump pulses was found to be the dominating parameter,
trolling the expansion velocity of the plasma. At a fixe
thicknessd the correlation between the arrival timetHM and
the fluenceF can be described bytHM}1/F0.45.

These experimental facts lead to the question about
underlying driving force of the observed fast carrier tran
port. In the next section this question will be discuss
within a simple hydrodynamic model.

V. MODEL

Diffusive carrier transport in the hydrodynamic limit
described with thermodynamic variables in a local therm
dynamic equilibrium.19 We neglect all effects due to hot ca
riers and hot phonons and assume constant quasitem
tures of the electrons and holes ofT5300 K. In an optically
generated plasma an equal density of electrons and holes

FIG. 8. DRtrans(t): Variation of the fluence of the pump pulse
at a fixed sample thickness ofd51.0 mm. ~a! F5800mJ cm22, ~b!
F5400 mJ cm22, ~c! F5270 mJ cm22, ~d! F5130 mJ cm22, and
~e! F567 mJ cm22. In the inset the dependence oftHM on the
fluence is shown in a double logarithmic plot together with linear
with a slope of20.45. The pump photon energy wasEpump5Eg

11 eV.
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generated. The long-range Coulomb potentials of the carr
prohibit significant charge separation~Dember effect!, so
that electrons and holes move together in a plasma cloud
this ambipolar transport only one carrier densityn(ne5nh
[n) needs to be considered, which satisfies the ambip
diffusion equation19

]n

]t
5“@D~n!•“n#1G1R ~1!

with the local carrier densityn, the generation rateG, and the
recombination rateR. All nonlinearities are condensed in th
charge-carrier-dependent diffusivityD(n). Note that
“@D(n)•“n#ÞD(n)Dn, because of the density dependen
of the diffusivity D. Because the short temporal width of o
pump pulses (;100 fs! compared to the time scale of th
observed transport, the pulse duration can be negle
within good approximation in our simulations. Only nonlin
ear recombination is taken into account,

R52Bn22Cn3, ~2!

with the Auger recombination coefficien
C57310230cm6 s21 and the bimolecular recombinatio
coefficient B51.7310210cm3 s21 following Ref. 20. The
linear recombination via impurity recombination, whic
would lead to a term of2An in Eq. ~2!, strongly depends on
the purity of the observed sample and therefore would n
to be measured independently. Because of the large rec
bination timest.1 ns this recombination process can
neglected.

As the main effect resulting in a density-dependent dif
sivity, we consider the so-calledFermi pressure. It originates
from the fact that for sufficiently high densities, i.e., with th
onset of degeneracy, Pauli’s exclusion principle needs to
considered and the free energy is significantly higher tha
would be in a classical gas. The enhancement of free en
F depends on the carrier densityn and therefore on the
volume V. This can be interpreted as a pressu
p5]F/]V. A quantitative description19 starts with the de-
pendence of the local carrier densitiesnc(c5e,h) on the
quasi-Fermi-levelscc resulting from the integration of the
Fermi distribution functionsf c(r ,p) over momentum space

nc52F mcb

2p\2G 3/2

F1/2~bcc!, ~3!

with b51/(kT), the effective massesmc , and Fn the
nth-order Fermi integral:

Fn~z!5
1

G~n11!
E

0

` xn

exp~x2z!11
dx. ~4!

The quasi-Fermi-levelscc are measured relatively to the
respective band edges.

These considerations lead to an ambipolar diffusivityD,
depending on the quasi-Fermi-levels5,19

D5
1

nqb

sesh

se1sh
S F1/2~bce!

F21/2~bce!
1

F1/2~bch!

F21/2~bch! D ~5!

with the absolute value of the electrical conductivity of t
elctrons/holessc given by

t
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sc5encmc
0 F0~bcc!

F1/2~bcc!
, ~6!

wheremc
0 is the mobility of the charge carriers in a Maxwe

Boltzmann distribution ande the elementary charge.
In the low-density limit (bccc!1), where Fi /Fj51,

Eqs.~5! and ~6! lead to the known ambipolar diffusion con
stant that satisfies the Einstein relation. In the degene
case (bccc@1) the Einstein relation loses its validity. In th
high-density limit the Fermi integrals can be solved and le
to5

cc5
\2~3p2nc!

2/3

2mc
, ~7!

F0~bcc!

F1/2~bcc!
5

3Ap

4
~bcc!

21/2,
F1/2~bcc!

F21/2~bcc!
5

2

3
bcc .

~8!

Equation~6! describes the reduction of the mobility of th
carriers due to the fact that for the degenerate case
carriers beneath the Fermi surface contribute to the trans
This means that at high densities the conductivity rises o
with s}n2/3 instead ofs}n in the nondegenerate case. T
driving force of the Fermi pressure results in theF1/2/F21/2
terms of Eq.~5!, which are proportional ton2/3 at sufficiently
high densities.

For the description of our experiment however, the co
plete functionD(n) in the density range 0<n<nmax, with
the maximum density of generated carriersnmax, is needed.
Therefore the integrals in Eq.~5! were solved numerically
and the resultingFi(n)/Fj (n) were fitted with suitable func-
tions, so that the low- and high-density limits were fulfille
and the transition between them is comparable with the
culations. The resultingD(n) curve is plotted in Fig. 9. It
can be seen thatD remains nearly constant until abo
n;1018cm23, where the degeneracy of the electron syst
at T5300 K sets in. Atn;231019cm23, the transition of
the hole system from the nondegenerate to the degen
case takes place. At higher densities the diffusivity is nea
proportional ton.

With D(n) from Fig. 9, Eq.~1! was solved numerically
where the diffusivity at each sitei for time stepj was set to

FIG. 9. Density-dependent diffusivity resulting from the Fer
pressure with the low-density diffusion constan
De

05100 cm2 s21;Dh
053 cm2s21.
te

d

ly
rt.
ly

-

l-

ate
ly

D(ni
j 21). Only the one-dimensional transport perpendicu

to the surface was taken into account, because in our exp
ment the sample thicknessd<2.5 mm was much smaller
than the focus diameter of the pump beam of 20mm. The
carrier profile att50 was set ton(t50,z)}exp@2apumpz#.
For simplicity the surfaces were set to be totally reflecti
for the carriers.21 For comparison of the simulatedn(t,z)
with the experimental data, theDRtrans(t) signal was as-
sumed to be proportional to the carrier densityn5n(z5d).

VI. DISCUSSION

A. Numerical results

In Fig. 10 the simulated spatiotemporal dynamics of t
charge-carrier densityn(z,t) is shown. The carriers initially
generated nearz50 relax within about 300 ps via carrier
density-dependent diffusion towards a spatially homo
neous distribution function. After this time the overall carri
density decreases due to the carrier recombination. Fast
fusing carriers within the high-density plasma that are h
back by the slowly diffusing carriers at the leading edge
the plasma cloud lead to the formation of a relatively sh
carrier front that travels through the sample. The fast
crease of the carrier density atz50 results not only from the
fast transport of the carriers but also from the fast plasma
Auger recombination at high densities@see Eq.~2!#.

B. Comparison of the simulation with experiment

The results of our model are now compared with the
perimental data. In Fig. 11 the experimentalDRtrans(t)
curves are shown together with the calculated data for
ferent sample thicknessesd. It can be seen that the calculate
signals describe fairly well the observed delay and thickn
dependence of the measuredDRtrans(t) curves. From the
inset it can be seen that the theory yields a correlation
tween the thicknessd and the delay at half of the maximum
signal of the formtHM of

d}tHM
0.36,

which is comparable with the experimentally found corre
tion of d}tHM

0.33. Also the faster decreasing times for small

FIG. 10. Three-dimensional plot of the simulated time- a
space-dependent carrier distribution function. Initial carrier den
n051.631020 cm23. Sample thicknessd51.6 mm.
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sample thicknessesd arising from the density-dependent ca
rier recombination are qualitatively reproduced with t
model.

In Fig. 12 the theoretical and experimental curves
DRtrans(t) for increasing fluence of the pump pulses a
shown. All theoretical curves were simulated with the sa

FIG. 11. Variation of the sample thickness: Comparison of
theory with the experiment at a pump fluence ofF5800mJ cm22,
which corresponds to a initial carrier density ofn51.2
31020 cm23. In the inset the correlation between the sample thi
nessd and the arrival timetHM of the carriers in a double logarith
mic scale is shown~solid squares, experiment; open circles, theor!.

FIG. 12. Variation of the pump fluence: Comparison of t
theory with the experiment at a sample thickness ofd51.0 mm. In
the inset the dependence of the arrival timestHM on the pump
fluence in a double logarithmic scale is shown~solid squares, ex-
periment; open circles, theory!.
f

e

set of parameters as in Fig. 11 but only changing the ini
carrier density and the sample thickness. Here also the m
fairly well describes the main characteristics of the expe
mental observations. The simulated arrival times of the c
riers tHM depending on the fluenceF are in agreement with
experiment within the experimental error except for the hig
est fluence ofF5800mJcm22 ~see inset of Fig. 12!. In a
double logarithmic plot the theoretical data points oftHM(F)
can be fitted with a line of slope20.56, which is comparable
with the experimentally found slope of20.45.

The good agreement of the model with the experimen
results lead to the conclusion that the Fermi pressure is
underlying driving force for the observed plasma expansi
Poles et al.5 also interpreted their time-resolved lumine
cence studies on GaAs epilayers of different thicknesses
a fast plasma transport originating from the Fermi pressu

C. Discussion of other effects influencing the plasma transport

At high carrier densities also the renormalization of t
self-energies of the carriers due to many-body effects ne
to be considered. In the simplest approximation, only
change of the band gapEg depending on the total carrie
densityn is considered with a formula given in Ref. 22. Su
a band gap shrinkage would lead to an additional term in
diffusion equation,19 which reducesthe diffusivity:

]n

]t
5G1R1“•H D~n!“nF11nb

3S F1/2~bce!

F21/2~bce!
1

F1/2~bch!

F21/2~bch! D ]Eg

]n G J . ~9!

Numerical calculations of Eq.~9! show that the band gap
renormalization would lead to a reduction of the total diffu
ing constantD including the Fermi pressure with increasin
n and for densitiesn.1019cm23 to a negative diffusivity
and hence a carrier confinement. This, however, is not
served in our experiment. This discrepancy could result fr
the fact that the diffusivity is affected by carriers at the Fer
wave vectorkf and not atk'0. A more detailed many-body
theory23 shows that the energy reduction extends ink space
only to one or two timeskf . Therefore the influence of the
self-energy correction is overestimated in Eq.~9!. However,
the measured longer arrival time in comparison with t
theory at the highest fluence in Fig. 12 could be effected
the self-energy renormalization effect.

Another effect influencing the plasma transport is t
screening of the carrier–LO-phonon scattering,1 which is the
dominating momentum scattering process at room temp
ture determing the diffusivity of charge carriers in GaAs24

As a first approximation this effect could be taken into a
count with density-dependent mobilitiesmc5mc(n). Calcu-
lations that take this effect into account with scattering tim
taken from Ref. 25 show that this effect leads to a furth
increase of the ambipolar diffusivity. This increase, howev
is small compared to increase of diffusivity resulting fro
the Fermi pressure.

As already mentioned, all effects resulting from the ge
eration of hot carriers had to be neglected in our model,
they could influence the plasma transport. Monte Carlo sim
lation studies26 predict that within the cooling times of th

e
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carriers a fast transport of the carriers takes place. The in
ence of the initial carrier temperature on the plasma trans
could not be observed within our experiments~see Sec.
IV D !. In our experiment the direct measured velocities
not found to be limited by the velocity of soun
vsound

GaAs'53105 cm/s. This fact leads to the conclusion th
for our experimental conditions the so-called phonon wind
not the dominating driving force.

For the lateral transport the possibility of plasma transp
via emission and reabsorption of photons is discussed in
literature.3,4,8,10 Gao et al.11 also explained their results o
supersonic velocities of the plasma expansion perpendic
to the surface, deduced from the duration of longitudi
acoustic pulses, with this photon recycling process. Beca
the transport due to the photon recycling process depend
on the density gradient,8 and therefore it should not be de
scribable with a diffusion equation. In contrast to this, o
results can be reasonably well described by a model base
a diffusion equation. This fact leads to the conclusion t
the photon recycling process does not seems to be the d
nating process responsible for the observed plasma ex
sion.

VII. SUMMARY

With the measurement of the differential reflection (DR)
and differential transmission (DT) for either co-and counter
propagating pump and probe geometries as a function of
time delayt and the sample thicknessd a novel time-of-
flight method for the investigation of charge-carrier transp
c-

a,

pp
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perpendicular to the surface is presented. We take advan
of the fact thatDR, in contrast toDT, is only sensitive to
carriers near the reflecting surface. This method enable
direct observation of the spatiotemporal dynamics of char
carrier plasmas for time delayst!100 ps. The spatial reso
lution that lies in the range of about half the absorpti
length of the probe pulses has been enhanced with pro
the transition from the spin-orbit-split hole~soh! band in
GaAs to the conduction band to;0.17mm.

With this method investigations of carrier-densit
dependent plasma transport in the direct semicondu
GaAs at room temperature were performed with fluen
60 mJ cm22<F<800mJ cm22. At a pump fluence of
F5800mJ cm22 initially high expansion velocities of abou
143105 cm/s att'20 ps were observed that decrease
about 23105 cm/s att'350 ps. The correlation between th
sample thicknessd and the arrival timestHM of the carriers
was found to bed}tHM

0.33. The plasma transport shows
strong dependence on the pump fluence. At a fixed sam
thicknessd the arrival times of the plasmatHM depend on
the fluenceF astHM}1/F0.45.

Numerical simulations with a density-dependent diffus
ity D, which show a qualitatively good agreement with t
experimental data, lead to the conclusion that for the cho
geometry and experimental parameters the Fermi pressu
the dominating driving force for the plasma transport. T
formation of a relatively sharp carrier front can be und
stood by fast diffusing carriers within the high-densi
plasma that are held back by the slowly diffusing carriers
the leading edge of the plasma cloud.
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