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Direct observation of Fermi-pressure-driven electron-hole plasma expansion in GaAs
on a picosecond time scale
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Applying pump and probe differential reflectiod R) and transmissionXT) 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 times720lpss. At a pump
fluence of 800uJ cm? a relatively sharp charge-carrier front was observed, with high velocities of
14X 10° cm/s at a delay time~20 ps, decreasing as< 7 3 to 2x 10° cm/s atr~350 ps. The arrival times
7 of the carriers at a fixed sample thickness depend on the fluence of the pumpFpsilggsasro 1/F%%. The
results are discussed in the framework of diffusive transport with a strongly density-dependent difidsivity
The data can be described consistently with the assumption of Fermi pressure as the dominating driving force
for plasma expansion.

I. INTRODUCTION nomenologically an additional drift velocity term in the dif-
fusion equation. Such a drift velocity term was also used by
Over the last two decades there has been considerabltillmer et al. for their TOF experiments in GAl;_,As.'?
interest in the dynamics of photogenerated carrier plasmas ifihe underlying driving force for the fast plasma expansion
semiconductors on short length and time scales. The tempgerpendicular to the surface has hitherto not been clearly
ral dynamics of spatially homogeneously generated electroridentified. The reason why perpendicular transport is less
hole pairs in the range of 10 fs—100 ps has been thoroughlyell understood is that most of the experiments were only
studied and is quite well understobdlhe spatiotemporal sensitive to the temporal evolution of the carrier density on
dynamics of electron-hole plasmésHP’s) is less well un- the front side of the sample where they have been
derstood and is still a subject of controversial discussiongenerated-"*'From these measurements direct conclusions
The expansion of the plasma has been observed both perpesn carrier velocities are not possible, because the surface
dicular and parallel to the excited surface, with various ex-carrier density is not only determined by the carrier transport
perimental techniques, such as time and/or spatially resolvelout also by all kinds of recombination processes, especially
luminescencé;® Raman  spectroscogy, four-wave by surface recombinatiotf. In TOF measurements with a
mixing 2~1° laser ultrasonic! and time-of-flight?>=*4(TOF)  double quantum well acting as a carrier probe, performed by
measurements. For simplicity, only direct semiconductordillmer et al,? the temporal resolution was restricted to
will be discussed here. We will distinguish betwdateral ~ >200 ps, limited by the process of carrier capture and the
expansion with generally smaller density gradients andinite lifetime of the quantum-well states.
plasma expansioperpendicularto the surface with higher The TOF technique, described here, enables the observa-
density gradient5.This distinction is useful because of the tion of initial plasma transport for times:100 ps. In this
specific influence of the surface on these two transporpaper we present carrier-density-dependent TOF studies on
schemes. GaAs atT=300 K with fluences up to 80@J cm 2. The
For lateral transport, especially when observed omresults are compared with an isothermal hydrodynamic
multiple-quantum-well structures, high diffusivities and model with a density-dependent diffusivity, excluding an ex-
carrier-density-dependent diffusivities were found and havdra drift term. The density dependence of the diffusivity re-
been attributed to ballistic phonon wind at low sults from the Fermi pressure, i.e., from the enhancement of
temperature$ and screening of impurity scatteridgHill- the free energy of the charge-carrier system with the onset of
mer et al3 discussed photon-assisted transport via emissiodegeneracy.
and reabsorption of photons, where the quantum-well struc- The temporal evolution of carriers generated by ultrashort
ture acts as a waveguide for the photons. Among otfiérs light pulses can into principle be divided into four different
Fox and van Driel also explained their results on lateraregimes: After the coherent €200 f9 and the nonthermal
transport for delay times<10 ps with this photon recycling regime (2 p9 the carriers reach the hot-carrier regime,
mechanism and pointed out that it is not proportional to thewhere the carrier distribution function can be described with
carrier-density gradient and hence cannot be described bya quasitemperatur€ that is different from the lattice tem-
diffusion equatior?. peratureT, . Via carrier-phonon scattering the carriers cool
In direct comparison with lateral transport Tsehal!  down to the lattice temperature withinl—100 ps(isother-
found a much faster perpendicular transport of carriers in Infnal regimg. Finally the semiconductor reaches thermal
at T=300 K. To describe their results they introduced phe-equilibrium via different electron-hole recombination pro-
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CiS trans Since the spatial resolution depend_s on the absorption
length of the probe pulses a proper choice of the probe pho-
probe probe ton energyE ,ope has to be done. The spatial resolution with
PumP: :PumP a probe photon energy near the band edgeof GaAs,
¢ / where the interband transitions from the heavy Kol® and
AR, N AT, AR \ATtrans light hole (Ih) to the conductioric) band are probed, is rather

poor[%(l/apmbe)~0.5 um]. A significant enhancement by
FIG. 1. Pump and prob(_e geometry for the TOF measure@@nt 5 tactor of 3 can be achieved by using a probe photon energy
pump front—probe front(cis) and (b) pump back—probe front oqr the transition from the spin-orbit-split hétoh band to
(trans). the conduction ban¢see inset of Fig. ¥

cesses. In our experiment carrier transport is observed on
time scales of the hot carrier and the isothermal regime. Eprobe~Eqg T Ason

with the spin-orbit-splitting energ\A¢,,. For sufficiently
smallE,,mpthe soh band is nearly unoccupied, which means

In a TOF experiment the fractioN of carriers that have that the main contributions tdR and AT arise from the
traveled over a given distancewithin a timet after starting ~ €lectrons in the conduction band. First introduced by Alex-
atz=0t=0 is measured. The knowledgeNft,d) provides endrouet al,'® a pump-probe technique probing the soh-c
direct access to the transport properties of the carriers undéi@nsition was applied in 4T measurement to separately
investigation. In our experiment the carriers were generatefnonitor the electron dynamics and to eliminate the influence
near the surface of a GaAs sample with variable thicknes8f coherence effects to the signal. To the best of our knowl-
(0.8um=d=<2.5um) by laser pulse excitationpump €dge the soh-c transition has not been useifnmeasure-
pulse with a pulse duration-100 fs. The resulting changes ments. Therefore the applicability of probing the soh-c tran-
in the dielectric properties of the sample were probed bysition in AR(7) measurements has been carefully checked
simultaneously measuring the intensity change of the re(see Sec. IY. The fact that only the electron dynamics is
flected probe pulsesAR) and the intensity change of the observed does not influence our method, because we focused
transmitted probe pulsed ) as a function of the time delay Our interest onambipolar transport of electrons and holes
7 between the pump and probe pulses. Whereas the transmiggether. _
ted probe pulses contain a spatial average over the sample This TOF method in a standard pump and probe scheme
thickness, theAR measurement in absorbing samples isWith its high spatial and temporal resolution allows direct
mainly sensitive to carriers near the reflecting surface of th@bservation of rapidly expanding carrier plasmas and should
sample within a depth given by approximately half of the® compared with other capable TOF techniques such as the
absorption length 1/ of the probe pulses. Changes of the SO-called imaging experimenftsyhere a temporal resolution
dielectric properties beyond this depth have a negligible in®f ~nanoseconds and a spatial resolution~ahicrometers
fluence onMAR. was reached. Very high spatial resolution has been achieved

The idea of our TOF experiment is simple: We measurei”_ exp.eriments yvhere the luminescence of quantum wells
AR(7) and AT() first with pumping the front side of the with different thicknesses were used as a carrier prbbes.

sample(cis) and then pumping the back side of the sampleThiS_technique is restricted to distinct sample thicknesses
(tran9 (see Fig. 1 The comparison ofis andtransallows ~ @nd is a rather indirect measurement because one has to con-

us to draw conclusions about the transport of the initiallySider additionally the process of carrier capture and the finite

II. EXPERIMENTAL METHODS

inhomogeneously distributed carriers. lifetime of the recombining states.
AR(7) andAT(7) provide not only different information
on th_e spatial but al_so on the energetic carrier distribution Il EXPERIMENTAL DETAILS
functions. The dominating contribution to the change of
transmission is bleaching due to phase-space flllegause The measurements were made at 300 K on semi-

of Pauli's exclusion principle, resulting in an increase ofinsulating GaAs E,=1.428 eV}, which was grinded and
transmission if carriers are energetically located in the regiortched to a minimum thickness of 0@m. The thinning

of the probed transition. The dependenceA® on the en-  process resulted in a sample with a flat surface on one side
ergy distribution function of the electrons and holes is moreand a curved surface on the opposite side, where the effec-
complex. Assuming a thermal distribution function it can betive thickness, depending on the lateral position of the laser
shown that a charge carrier distribution centered above thspot, could be varied in the range @uth<d<2.5um.

probed transition energy results in a decrease of reflection For our measurements we used an optical parametrical
and a corresponding carrier distribution centered below thamplifier (OPA) system based on a Ti:sapphire regenerative
probed transition energy causes an increase in reflettién. amplifier which producesi) ~50 fs and full width at half
Therefore the sign oAR at a given photon energy of the maximum(FWHM) ~5 uJ pulses at a photon energy of 1.5
probe pulses provides information about the mean carriegV, (ii) a white-light continuum,(iii) frequency-doubled
energy. In botlAR andAT the contributions from the elec- pulses at 3 eV, andiv) 50 nJ OPA signal pulses tunable
trons and the holes to the signal are addifieR; AT (f,  from 1.65 eV to 2.75 eV at a repetition rate of 250 kHz. For
+f,)] in contrast, e.g., to the luminescence where the conthe minimization of the chirp and for spectral filtering suit-
tributions of electrons and holes are multiplicativigf(,). able pulse shapers were employed and pulse durations
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FIG. 2. Experimental setupM, mirror on a magnetic mount;
BS, beam splitterAR,AT, photodiodes
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~100 fs were reached for all pulses used in our two-color e :
experiments. ~ 2}
The pump beam chopped with a frequency of 700 Hz was & :
focused either on the front or the back side, respectively, of % 1}

the sample at an incidence angle of 20° and a spot diametel
of ~20 um. The total optical path lengths to the front and ok
back side of the sample were equalized, so that switching i
between the paths could easily be done with a removable? 4l
mirror on a magnetic mountsee Fig. 2 After passing a
beam splitter (/t=90/10) the probe beam was focused on =
the front side of the sample at normal incidence to about 2/3 ~
the spot diameter of the pump beam. The reflected probe <
beam, collected with the same optics as the incoming beam, O
was reflected from the beam splitter and collimated, like the T R e e
transmitted probe beam, to a photodiode. To reduce the in- 0 100 200 300 400
fluence of laser intensity fluctuations on the measured sig- T (ps)

nals, photodiodes with opposite polarity injected with parts

of the probe beam have been used to compensate the signalSg g 3. comparison 0fAR,(7),AT(7) and ARyand(7),
of the reflected and transmitted probe beam, respectively. Iat, . (7): Epump=Eg+470 MeV; Eprope=Eq+56 meV; F
connection with two separate lock-in amplifiers, intensity — 160 4J cmi 2. (a) AR.(7) (line) and AR, 4ne(7) (Open circlek
changes smaller than 16, could be detected. Zero delay |nset: early times oAR.i(7). (b) AR.;s(7) andAR;an«(7) With a
between pump and probe was determined with the leadingox magnification. (c) AT () (line) and AT,..(7) (open
edge of theAT(7) signal with an absolute inaccuracy circles.

<200 fs and a relative inaccuracy between the two pumping

configurations of<50 fs. The absorpti : . _
. ption length at this energy i =0.3um. In
The spatial overlap between the pump and probe beams eyneriment the probe photon gfgrrjgy was set to

spots was very carefully adjusted with the help of a micro-g ..—E.+56 meV, i.e., only hh-c and Ih=c transitions

scope objective that images the sample on a charge-coupledh - eprobged

device(CCD) camera. The sample thickness at each position After an iﬁitial negative peak oAR(7) with a change

of the probe beam focus on the sample was determined t%¥. sign at7~200 fs a maximum is reczlasched a3 ps fol-

precise measurement of the tra_msmiss_iqn réitig of the .. lowed by a decay on a 50 ps time scale. As already men-

Fhmkl)(e beambW|th tf”m ext(;a lﬁCkE!n amplfllf_le_réﬁ'lé)%eéger \;V'th tioned above, the initial negativAR arises from a carrier

the nok\;vn ah storp lon an trlf etﬁ.'okn coetlict det \S e:j T distribution function centered above the probed transition, so
€ probe photon enérgy, the thickness was determined. rlﬂat in this particular case the center of the distribution func-

(systematig error in the determination of the sample thick- ion reaches the energy d —E,+56 meV already

ness was estimated with the independent measurement of tfje. .- " 10 500 fs. This is ap%ior?é}erp?int of a very fast ther-

transmission of the pump beam to be less than 10%. W alization and cooling down of the carriérsThis fast

havg .s.pecmeq the qu.end'e of the pump bgam, rather than change inAR(7) demonstrates also the high temporal reso-
the initial carrier density), because of the bigger uncertainty | ..
in the determination of lution of our §etup. . .
' In comparison withAR;s(7) the temporal evolution of
ARy ans(7) is significantly different. After an instantaneous
IV. RESULTS rise atr=0 a slow rise with a maximum at about 150 ps can
clearly be identifiedsee Fig. 8)]. After 150 ps theA Ry, ans
and AR.;s curves begin to coincide and at 300 ps they are
To demonstrate the applicability of our TOF method, indistinguishable from each other within the experimental
ARGis(7),ATis(7) and ARy ans(7),ATyans(7) Were mea-  error. In principle theAR;, ., Sighal can be divided into two
sured immediately one after the otlieee Fig. 3at a sample contributions. The first arises from the carriers that are al-
thickness of 2.0um. The carriers were injected at a pump ready generated within the detection volume. This contribu-
photon energy oE,,,=Ey+470 meV, resulting in a car- tion should have a comparable time evolution IkB,;s and
rier distribution function with initially high kinetic energies. leads to the initially fast rise 0AR;,,5s. The second contri-

o (%

N
—

A. Comparison of cis and transin AR(7) and AT (7)
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bution to theAR signal. This fact arises from two reasons.
First, there are only very few carriers available for these
transitions, and second, because of the higher density of
states these carriers cause a comparably smaller band filling
and hence a smaller change of the optical constants.

With the experimental results of Fig. 4 we conclude that
AR measurements with probing the soh-c transition are sen-
sitive to pump-induced carrier populations. All the following
experiments were performed with a fixed probe photon en-
ergy of Eyope=Egt+Asont 54 meV where the maximum
AR signal originating from the soh-c transition was reached.

C. Variation of the sample thickness

After checking the applicability of our method, TOF mea-
surements were performed, to observe the spatiotemporal dy-
namics of charge carrier plasmas perpendicular to the sample

FIG. 4. AR at variation ofE, o, around the soh-c transition: - syrface. In the following studies the key parameters of our
(@ Eprone=EgtAsont 51 meV; (b) Eprone=Eq+Asont 10 MeVi  gypariments(i) the sample thicknessj) the photon energy,

() Eprope=Eq+Ason—90 meV. In the insets a schematic band 5.4 (jii) the fluence of the exciting laser pulses have been
structure together with the pumpésblid arrows$ and probed tran- : :
sitions (dashed arrowsis displayed varied systertnat|callly. ‘L .

' As a starting point the variation of the sample thickness
will be discussed. The carriers were injected at a pump pho-

bution results from carriers that are not generated initiallyton enerav o —E +1.0 eV and a resulting absorption
within the probed volume but reach this volume later. The gy OFpump=tEqg™ 1. 9 Pl
length of 1k ,;mp=0.11 um.

observed maximum at~150 ps is undoubtedly caused by An easy interpretation of TOF measurements is only pos-

this carrier transport. The merging of th&R ;s and ARy ans S ) . ;
. > ! sible if the response time of the detection scheme is shorter
signals after 300 ps can be explained by a spatially homoge{han the time constant on which the carrier transport takes

neous carrier distribution that is established after this time . :
delay. place. As a result, the maximum iAR;(7) occurs at

As expected theAT,(r) and AT, ..o(7) curves are shorter time delays than the maxima iRy, ns(7), Which

equal[see Fig. &)], because\ T includes no spatial infor- can be attributed to the arrival of the carrier front in the

mation. In factAT curves are independent monitors for the det:c(t;g:q Vgrl;?r? ggivee;omtge. Ero)ntailgzg the( S? rgtjlteh. e
energy relaxation and recombination of the carriers. P cist 7. transi ™.

thinnest observed sample thicknebs 0.8 um is shown in
the inset of Fig. 5. It clearly demonstrates that the two signal
maxima are sufficiently separated in time. Variation of the

As mentioned in Sec. Il the applicability of probing the sample thickness results in drastic changesA&%;,,s(7)
soh-c transition iNnAR measurements had to be checked.(see Fig. 5 The ARy,ns(7) curves at thicknessed<1.4
Therefore we varied e around the energy dq+Ag,,  4m show an instantaneous riserat 0, which can be attrib-
while measuring the\R,(7). The spectral resolution was uted to the initially generated carriers in the detection vol-
limited by the spectral width of the probe pulses ofl6 ~ ume ofAR; s, as already discussed in Sec. IV A. The de-
meV. The carriers were generated near the band edge witttease in height of this initiah Ry, 5,5 signal with increasing
Epump= Eg+ 100 meV. For these measurements three represample thicknessl supports this interpretation. At sample
sentative experimental curves are shown in Fig. 4 togethdhicknessesi=1.4 um this initial signal is absent and the
with a schematic picture of the pumped and probed transiA Ry ans(7) signal remains zero until a relatively fast rise at
tions in the insets. later delaysr depending on the thicknesk The delayr at

At a probe energy 51 meV above the soh-c transition avhich AR;,ns(7) iS rising corresponds to the time that the
relatively large positive\R signal is detectefkee Fig. 4a)].  carriers need to travel over the distandethrough the
In this case the electrons were generated energetically belosample. The relatively short rise times are remarkable, be-
the probed transition. In agreement with the expected behawause they indicate that a relatively sharp carrier front is
ior described in Ref. 16, the experimental curve shows draveling through the sample.
positive AR;s(7). To systemize the quantitative evaluation of the

In curve (b) of Fig. 4, where the electrons were initially ARyans(7) curves in order to obtain the transport properties
generated energetically above the probed transition, theuch as carrier velocities, time delays, were determined,
AR,;s signal consists of a negative part at short time delaysvhere theARans(7) signals reach half of their maximum
around 7=0 and a following positive signal with a slow signal. Thisry), is well defined and can be considered as the
decay. The fact that there is no signal within the experimenarrival time of the carriers. In Fig. 6 the thicknedsersus
tal error atE, o, below the soh-c transition allows the con- 74y is shown on a linear and a double logarithmic scale
clusion that the hh-c and lh-c transitions which are alwaysginse), respectively. Figure 6 shows that the carriers travel
instantaneously probed, do not provide a significant contriwith initially relatively high velocities (~14x10° cm/9

B. Differential reflection at the soh-c transition
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FIG. 5. ARy ans at variation of the sample thicknedsFor clar-
ity a constant offset is added to theR;,,,s(7) curves at different
thicknessesd (Ej ope=Eg+Asont54 meV, Eyymg=2.44 eV,
F=800 uJ cnm?) In the insetAR(7) (solid line) is shown to-
gether withARy,4,s(7) atd=0.8 um (open circles

o

and slow down to velocities in the rangewf2x 10° cm/s.
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FIG. 7. TOF diagrams for different photon energies of the pump
pulses Egymp (squares, Epymp=Eg+1.65 eV, up triangles,
Epump=Egt1 eV; circles:Epymg=Eg+0.63 eV} with the same
averaged laser power corresponding to fluence-B800 uJ cm 2.

In comparison, a simple diffusive transport with a con-
stant diffusivity D would lead to a slop@=0.5. To the best
of our knowledge, this is the first experimental finding that
allows a direct comparison with a theory of plasma transport
on the reported time and length scales. A rather simple
model, describing the experimentally found dependence will
be presented in Sec. V.

D. Variation of pump photon energy

To investigate the dependency of the plasma expansion
velocity on the initial kinetic energies of the carriers we per-
formed TOF measurements for three different excess ener-
gies AE of the exciting laser pulsesAE,;,;=1.0 eV,

1.65 eV and 0.63 eV. For these measurements the average

In the double logarithmic plot all experimental values arelaser power at different energies of the pump beam was set to
lying on a straight line with a slope qf=0.33, so that the be the same. Again, the sample thicknéss plotted against
correlation betweerryy and sample thickness can be well 7, (Fig. 7). The results show that the correlation between

described by the empirical relation

docrP,,, p=0.33.
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FIG. 6. TOF diagranjcorresponding to thAR;,.,«(7) curves
of Fig. 5] where the sample thicknesgssolid squarest left axes
and the resulting velocitie®pen circles+ right axesg are plotted
versustyy - In the inset the thicknessversusryy, is shown on a
double logarithmic scale.

the sample thicknessand ), is qualitatively the same for

all three curves. On the first view it is surprising that those
carriers, which initially had the lowest kinetic energies, seem
to be the fastest. Two reasons could be responsible for this
behavior. First, with increasing,,m, the absorption length
l/ap,mp decreases, and second, the number of generated
electron-hole pairs also decreases if the average laser power
is set to be constant. Therefore with increasig,,, the
initially generated carriers have, on the one hand, a higher
kinetic energy, but on the other hand, less carriers were in-
jected and the latter ones closer to the surface. The actions of
these two effects make an easy quantitative interpretation of
the measurements difficult.

E. Variation of the fluence of the exciting laser pulses

To study the dependence of the plasma transport on the
charge-carrier densityAR;,,n<(7) Was measured at a fixed
sample thickness af=1.0 um with different averaged laser
powers of the pump beam. This was done with a precision
variable beam splitter so that all other experimental param-
eters, especially the lateral position of the pump beam focus
on the sample, were unchanged. The very strong dependence
of ARy ans(7) 0On the pump fluence is shown in Fig. 8. With
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' ' ' ' ' generated. The long-range Coulomb potentials of the carriers
10r 7 100} ooe: 045 prohibit significant charge separatigbember effedt so
K < 5P that electrons and holes move together in a plasma cloud. In
— 8 b) this ambipolar transport only one carrier dengityn.=ny,
(=] =n) needs to be considered, which satisfies the ambipolar
T ¢ () o 100 7 diffusion equatiof®
IC)
£ 4 ] an
< EzV[D(n)-Vn]JrGJrR (oh]
2 4
with the local carrier density, the generation raté, and the
or 4 recombination rat&®. All nonlinearities are condensed in the

charge-carrier-dependent diffusivityD(n). Note that
V[D(n)-Vn]#D(n)An, because of the density dependence
T (ps) of the diffusivity D. Because the short temporal width of our

FIG. 8. AR;ans(7): Variation of the fluence of the pump pulses pump pulses {100 f9 compared to the time scale of the
at a fixed sample thickness df= 1.0 um. (&) F =800 uJ cni 2, (b) ot_)served transport, th_e p_ulse dqratlon_ can be neglgcted
F=400 xJ cm 2, (¢) F=270 uJ cm 2, (d) F=130 xJ cni2, and within good.approx.lmatmn in our simulations. Only nonlin-
(6) F=67 J cni 2 In the inset the dependence ofy, on the  €ar recombination is taken into account,
fluence is shown in a double logarithmic plot together with linear fit R=—Bn2—Cn3 @
with a slope of—0.45. The pump photon energy WBg,m = Eq ’
+1 eV. with the Auger recombination coefficient

C=7x10%cmPs ! and the bimolecular recombination
increasing fluence the rise times decrease and also the delgyefficient B=1.7x10 °cm®s ™! following Ref. 20. The
7 at which the rise takes place decreases. From the inset @hear recombination via impurity recombination, which
Fig. 8 one can recognize that the correlation betweg  would lead to a term of- An in Eq. (2), strongly depends on
and the fluence can be written within good approximation inthe purity of the observed sample and therefore would need

0 100 200 300 400

the form to be measured independently. Because of the large recom-
0.45 bination timest>1 ns this recombination process can be
Thm > VFZ™ neglected.
As the main effect resulting in a density-dependent diffu-
F. Summary of experimental results sivity, we consider the so-calldeermi pressurelt originates

from the fact that for sufficiently high densities, i.e., with the

nigue with probing the soh-c transition as a TOF method Wagnse_t of degeneracy, Pauli's equus_ion_ principle _needs to b_e
shown, a series of experiments with varying the SarnpleCon5|dered and the free energy is significantly higher than it
thicknéssd were performed at a fluence BE=800 uJ cni 2 would be in a classical gas. The enhancement of free energy

Relatively sharp charge-carrier fronts were observed with ard depends on the carrier densityand therefore on the

rival times 7y, , Which correlate with the thicknestasd volume V. This can be ln'gerpreted as a pressure.
033 1AM . . =~ p=0®/sV. A quantitative descriptiohi starts with the de-

7y High initial carrier velocities of(7=10ps)=14 endence of the local carrier densiting(c=e,h) on the

x 125 :(;B/ ssde%rialsoes vg:}t:;;n ISZ?grrﬁ)strtlg \fra(l)uFe Sﬁlg;?;g?:gﬁéguasi—Fermi—IeveIa//C resulting from the integration of the

v(7=400ps)- ' . Fermi distribution functiong (r,p) over momentum space,

with variableE,,mp at constant pulse energies we conclude

After the applicability of the differential reflection tech-

that the observed plasma expansion is rather insensitive to 312

A o . m.S
the initial kinetic energy of the carriers. The fluence of the ne=2——| Fus Bte), (3)
pump pulses was found to be the dominating parameter, con- 2mh?

trolling the expansion velocity of the plasma. At a fixed
thicknessd the correlation between the arrival timg,, and
the fluenceF can be described by o 1/F %45,

These experimental facts lead to the question about the

with B=1/(kT), the effective massesn., and F, the
nth-order Fermi integral:

n

1 o X
underlying driving force of the observed fast carrier trans- Fu(2)= f — dx. 4
port. In the next section this question will be discussed F(n+1)Jo expx=2)+1
within a simple hydrodynamic model. The quasi-Fermi-levelsy, are measured relatively to their
respective band edges.
V. MODEL These considerations lead to an ambipolar diffusitty

Diffusive carrier transport in the hydrodynamic limit is depending on the quasi-Fermi-levels

described with thermodynamic variables in a local thermo- 1 oeon | Fud Bihe) Fud Biby)
dynamic equilibriumt® We neglect all effects due to hot car- (]—‘ + 7

riers and hot phonons and assume constant quasitempera- ~ud Bve) - Foud Bn)
tures of the electrons and holes™f 300 K. In an optically  with the absolute value of the electrical conductivity of the
generated plasma an equal density of electrons and holes welktrons/holesr. given by

®)

D= nggs ot oy
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FIG. 10. Three-dimensional plot of the simulated time- and
space-dependent carrier distribution function. Initial carrier density
no=1.6x10?°cm™ 3. Sample thicknesd=1.6 um.

FIG. 9. Density-dependent diffusivity resulting from the Fermi
pressure  with the low-density  diffusion  constants
DY=100cn?fs :;DP=3 cnPs L,

D(n{_l). Only the one-dimensional transport perpendicular

Fe . . .
o= MSM, (6)  to the surface was taken into account, because in our experi-
FuAd Bipe) ment the sample thickness<2.5 um was much smaller
whereu is the mobility of the charge carriers in a Maxwell- than the focus diameter of the pump beam of 8. The
Boltzmann distribution ane the elementary charge. carrier profile atr=0 was set ton(7=0,z) = exf — apuml.

In the low-density limit B.y.<1), where F/F,=1 For simplicity the surfaces were set to be totally reflecting
) b . 1 - -
Egs.(5) and (6) lead to the known ambipolar diffusion con- for the Carrler§. For comparison of the simulateu(7,2)
stant that satisfies the Einstein relation. In the degenerai®ith the experimental data, th&Ra,«(7) signal was as-
case B.y.>1) the Einstein relation loses its validity. In this Sumed to be proportional to the carrier densityn(z=d).
high-density limit the Fermi integrals can be solved and lead

to’ VI. DISCUSSION
_h2(3772nc)2/3 ., A. Numerical results
Vo= 2m; ' ™ In Fig. 10 the simulated spatiotemporal dynamics of the
charge-carrier density(z, 7) is shown. The carriers initially
Fo(Bhe) 3\ m _ip Fud B 2 generated neaz=0 relax within about 300 ps via carrier-
Fud B 4 (Bpe) 7% T Bl 3B density-dependent diffusion towards a spatially homoge-

(8  neous distribution function. After this time the overall carrier
density decreases due to the carrier recombination. Fast dif-

Equation(6) describes the reduction of the mobility of the fusing carriers within the high-density plasma that are held
carriers due to the fact that for the degenerate case onlyack by the slowly diffusing carriers at the leading edge of
carriers beneath the Fermi surface contribute to the transpothe plasma cloud lead to the formation of a relatively sharp
This means that at high densities the conductivity rises On'y:arrier front that travels through the Samp|e_ The fast de-
with oocn?? instead ofson in the nondegenerate case. The crease of the carrier densityzt 0 results not only from the
driving force of the Fermi pressure results in thg,/F_1,  fast transport of the carriers but also from the fast plasma and
terms of Eq(5), which are proportional ta®* at sufficiently  Auger recombination at high densitisee Eq(2)].
high densities.

For the description of our experiment however, the com-
plete functionD(n) in the density range €n=<n,,y, With
the maximum density of generated carriars,y, is needed. The results of our model are now compared with the ex-
Therefore the integrals in Eq5) were solved numerically perimental data. In Fig. 11 the experiment&R;;,ns(7)
and the resulting7(n)/ F;(n) were fitted with suitable func- curves are shown together with the calculated data for dif-
tions, so that the low- and high-density limits were fulfilled ferent sample thicknessésit can be seen that the calculated
and the transition between them is comparable with the calsignals describe fairly well the observed delay and thickness
culations. The resultingd(n) curve is plotted in Fig. 9. It dependence of the measurad;,,(7) curves. From the
can be seen thaD remains nearly constant until about inset it can be seen that the theory yields a correlation be-
n~10"®¥cm 3, where the degeneracy of the electron systeniween the thicknesd and the delay at half of the maximum
at T=300 K sets in. Ain~2x10"%cm™3, the transition of ~ signal of the formry, of
the hole system from the nondegenerate to the degenerate
case takes place. At higher densities the diffusivity is nearly doc 7938,
proportional ton.

With D(n) from Fig. 9, Eq.(1) was solved numerically, which is comparable with the experimentally found correla-
where the diffusivity at each sitefor time stepj was setto tion of docrﬁ,'f,f. Also the faster decreasing times for smaller

B. Comparison of the simulation with experiment
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MMM SRR T LAAMARRALN LAAMAARAA LAAAA set of parameters as in Fig. 11 but only changing the initial
I | carrier density and the sample thickness. Here also the model
20 T CR fairly well describes the main characteristics of the experi-
0.8pm 2 - 1 mental observations. The simulated arrival times of the car-
© o . riers 7y depending on the fluende are in agreement with
-Opm ' "e 14 experiment within the experimental error except for the high-
est fluence off =800uJcm ? (see inset of Fig. 12 In a
double logarithmic plot the theoretical data pointsrgf, (F)

can be fitted with a line of slope 0.56, which is comparable
with the experimentally found slope 6f0.45.

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

10 100
1.2um T (PS) -

15

AR /R, (10)
=

C. Discussion of other effects influencing the plasma transport

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

e 1+nB

Jn
——G+R+V~[D(n)Vn

FIG. 11. Variation of the sample thickness: Comparison of the
theory with the experiment at a pump fluenceFof 800.J cn 2, Fud Bbe)  FuA Bihn) | IEg
which corresponds to a initial carrier density afi=1.2 F_ Al Bie) + F_1A Biby) oan
X 107%cm2. In the inset the correlation between the sample thick-
nessd and the arrival timery, of the carriers in a double logarith- Numerical calculations of Eq9) show that the band gap
mic scale is showfsolid squares, experiment; open circles, theory renormalization would lead to a reduction of the total diffus-

ing constanD including the Fermi pressure with increasing
sample thicknessesarising from the density-dependent car- n and for densitiesn>10cm™2 to a negative diffusivity
rier recombination are qualitatively reproduced with theand hence a carrier confinement. This, however, is not ob-
model. served in our experiment. This discrepancy could result from

In Fig. 12 the theoretical and experimental curves ofthe fact that the diffusivity is affected by carriers at the Fermi
ARy ans(7) for increasing fluence of the pump pulses arewave vectok; and not ak~0. A more detailed many-body
shown. All theoretical curves were simulated with the sameheory?® shows that the energy reduction extend ispace

only to one or two timek;. Therefore the influence of the

] . 9)

' ' ' ' self-energy correction is overestimated in E®). However,
10F o i the measured longer arrival time in comparison with the
sl W ' ] theory at the highest fluence in Fig. 12 could be effected by
' L the self-energy renormalization effect.
e 6L - e Another effect influencing the plasma transport is the
s F (udom?) screening of the carrier—LO-phonon scatteringhich is the
?E: 4l 1 dominating momentum scattering process at room tempera-
< ture determing the diffusivity of charge carriers in Ga#s.
2t . As a first approximation this effect could be taken into ac-
count with density-dependent mobilitigg.= u.(n). Calcu-
of 1 lations that take this effect into account with scattering times
0 100 200 300 200 taken from Ref. 25 show that this effect leads to a further
T (ps) increase of the amb|po_lar diffusivity. _Thls_ increase, _however,
is small compared to increase of diffusivity resulting from
FIG. 12. Variation of the pump fluence: Comparison of the the Fermi pressure.
theory with the experiment at a sample thicknesslsf1.0 um. In As already mentioned, all effects resulting from the gen-

the inset the dependence of the arrival timgg, on the pump  €eration of hot carriers had to be neglected in our model, but

fluence in a double logarithmic scale is shoolid squares, ex- they could influence the plasma transport. Monte Carlo simu-
periment; open circles, theory lation studie®® predict that within the cooling times of the



16 618 R. ZIEBOLD, T. WITTE, M. HUBNER, R. G. ULBRICH PRB 61

carriers a fast transport of the carriers takes place. The inflyserpendicular to the surface is presented. We take advantage
ence of the initial carrier temperature on the plasma transponf the fact thatAR, in contrast toAT, is only sensitive to
could not be observed within our experimeritee Sec. carriers near the reflecting surface. This method enables a
IV D). In our experiment the direct measured velocities aredirect observation of the spatiotemporal dynamics of charge-
not found to be limited by the velocity of sound carrier plasmas for time delays<100 ps. The spatial reso-

vC83AS 5% 10P cm/s. This fact leads to the conclusion that lution that lies in the range of about half the absorption

sound” h of the probe pulses has b hanced with probi
for our experimental conditions the so-called phonon wind ig€ngth of the probe pulses has been enhanced with probing
the transition from the spin-orbit-split holesoh) band in

not the dominating driving force. .
For the lateral transport the possibility of plasma transporpa®$ rt10 t?}? conduhcné)n .band _teo._17 '“m'f ier-densi
via emission and reabsorption of photons is discussed in th Ith this method Investigations of carrier-aensity-
ependent plasma transport in the direct semiconductor

literature®*81° Gao et al'* also explained their results of ; 4 with f
supersonic velocities of the plasma expansion perpendiculfg’aAS at r9(2)m temperature_\évere performed with fluences
0 uJ cm *<F<800uJcm . At a pump fluence of

to the surface, deduced from the duration of longitudinal”~ o . . -
acoustic pulses, with this photon recycling process. Becaude— 800 «J cm “ initially high expansion velocities of about

the transport due to the photon recycling process depends nof 10° cn(;és at7~20 ps were observed t.hat decrease io
on the density gradiefitand therefore it should not be de- @P0ut 2<10° cm/s atr~350 ps. The correlation between the

scribable with a diffusion equation. In contrast to this, ourS@mple thicknesd andotgr;e arrival timesy of the carriers
results can be reasonably well described by a model based #fpS found to bed= 7. The plasma transport shows a

a diffusion equation. This fact leads to the conclusion thatrong dependence on the pump fluence. At a fixed sample
the photon recycling process does not seems to be the doniPicknessd the arrival times of the plasma,y depend on

nating process responsible for the observed plasma expafe fluencer as 7y < 1/F . o
sion. Numerical simulations with a density-dependent diffusiv-

ity D, which show a qualitatively good agreement with the
experimental data, lead to the conclusion that for the chosen
geometry and experimental parameters the Fermi pressure is

With the measurement of the differential reflectiahR)  the dominating driving force for the plasma transport. The
and differential transmission\(T) for either co-and counter- formation of a relatively sharp carrier front can be under-
propagating pump and probe geometries as a function of thetood by fast diffusing carriers within the high-density
time delay = and the sample thicknegba novel time-of- plasma that are held back by the slowly diffusing carriers at
flight method for the investigation of charge-carrier transportthe leading edge of the plasma cloud.
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