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Nonlinear optical response of highly energetic excitons in GaAs:
Microscopic electrodynamics at semiconductor interfaces
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A spectroscopic investigation of bound electron-hole pairs in GaAs propagating with large center-of-mass
momentum is presented. The approach is based on transmission experiments exploiting the coupling of exci-
tonic polarization to the electromagnetic field of femtosecond laser pulses. The dispersion relations of the
coherent excitations are determined up to excess energies of 300 meV above the band edge. A surprisingly low
Frohlich coupling of light-hole excitons is observed in excellent agreement with theoretical simulations. The
influence of different phonon scattering processes on the excitonic damping is discussed. The interaction
dynamics of excitonic wave packets with nonthermal carrier distributions is analyzed with femtosecond time
resolution. A theoretical model based on the exciton-polariton concept including additional boundary condi-
tions reproduces our experimental results. The observations in extremely thin samples show deviations from
our phenomenological model. This finding is important for a detailed understanding of the microscopic polar-
izability near semiconductor surfaces.
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[. INTRODUCTION theoretical difficulties because the polarization exchanges
momentum with the electromagnetic fiefi}* Therefore,

Optical spectroscopy of electronic excitations in direct-the semiconductor response deviates strongly from an infi-
gap semiconductors is a central topic in solid-state physicsiitely extended medium. In the last few years there has been
Many diverse aspects such as electronic band structure, plaa-renewed debate about the correct description of polariton
mons and single-patrticle spectra have been elucidated by lipropagation in realistic sample configurations.
ear experiments. With the development of ultrashort laser In this paper, investigations on large-momentum excitons
sources, fundamental new questions on nonequilibrium propn GaAs are presented. The experiment relies on highly sen-
erties of semiconductors have become accessiklenerous  sitive femtosecond transmission measurements of thin GaAs
investigations have been devoted to the properties of excfilms. Preliminary results in this field have been published
tons with negligible kinetic energy in both bulk material and recently*> The present paper contains additional experimen-
modulated nanostructurésExperimental and theoretical tal findings and numerical calculations based on a realistic
publications have provided a detailed understanding of thenodel. It comprises a more detailed discussion and is orga-
dynamical properties of excitons and the interaction pro-hized as follows: after the Introduction, Sec. Il describes the
cesses of these quasiparticles with free carriers and phonoressciton-polariton concept underlying the interpretation of

Much less is known about the properties of excitons withour data. Section Il introduces the experimental technique
large center-of-mass velocity. These excitations are usuallgnd discusses essential issues of the sample properties. In
considered to be inaccessible by optical spectroscopy: firsSec. IV, experimental results and numerical calculations of
order interband transitions in crystalline solids occur almosgexciton-phonon scattering are presented. Especially, we dem-
vertically in the band structure since the wave vector of theonstrate polariton effects in thin layers of GaAs at room tem-
incident electromagnetic radiation is negligible as comparegberature. This finding might open up applications in nonlin-
to the reciprocal lattice vector. Therefore, absorption of phoear optical devices. Section V concentrates on dynamical
tons with energies in the absorption continuum of directaspects of the exciton-carrier interaction. For the first time,
semiconductors is expected to result exclusively in the genthe excitonic damping is directly measured as a function of
eration of unbound electron-hole pairs. the photocreated carrier density. Surprisingly, we find the

Closely related to the question of large-momentum exci-scattering of large-momentum excitons with nonthermal car-
tons is the polariton concept describing the interplay of ariers to be drastically reduced with respect to the fundamen-
propagating light field with the excitonic polarizatidrPo-  tal resonance. This result is tentatively explained by phase-
laritons have been investigated extensively in experimentspace arguments in combination with the nature of the
focusing on the frequency regime close to the fundamentaCoulomb matrix element. Moreover, a low density limit of
resonance near the band edgéThe problem of light propa- N~10" cm™2 is derived where the dynamics is no longer
gation through samples with surfaces presents considerabiefluenced by Coulomb scattering. A theoretical model refin-
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ing the considerations in our earlier wétks developed in (@) (b)

Sec. VI. Especially, we now include all relevant exciton- 1520F © T, 7 k ' 100 5
phonon interaction processes and the dissociation into con- < P Xy 3
tinuum states in our simulation. These results elucidate the £ 15151 <1 1 1075
striking difference of the damping of heavy-hole and light- & i 102 8
hole excitons. Moreover, a critical assessment of different & 1510 | 1 2
additional boundary conditions is given. A model modifying - 103 ‘@“
Pekar’s approach is found to fit best to the experimental ob- 1-5050 1 2 3 4', 0_'27 0_'30 033

servations. Specific phenomena arising for extremely thin
semiconductor layers are discussed in Sec. VII. For a slab
thickness approaching the excitonic Bohr radius we find & FiG, 1. (a) Three bands of the polariton dispersion in GaAs

dominant role of interface properties. Interestingly, directcalculated with effective exciton massed,,=0.52 m,, M,
evidence for modifications of the excitonic wave function at=0.19 m,. (b) Excitonic (u|?) and photonic [|?) contributions

the semiconductor interface due to Coulomb screening igsalculated for the polariton branchy,,. Note the different scale of
found. Finally, a summary is given in Sec. VIII. the abscissa.

Re(wave vector) (10° cm™)

L. EXCITON-POLARITON CONCEPT excitons:” Band mixing is not included in our discussion of
hot excitons since this effect is only relevant very close to
The description of the optical properties of weakly the band edge.
damped excitons in direct-gap semiconductors is distinctly Figure Xa) displays the three polariton bands calculated
different from the case of free electron-hole pairs withwith Eq. (1) in the limit of low damping. Only a few meV
dephasing times of the order of 100'fs\” The coherent above the fundamental exciton at 1.508 eV the polariton
interaction between the incident electromagnetic wave anethodes have perfectly recovered their unperturbed dispersion:
the excitonic polarization induced in the sample leads to theéhe spectrum contains a linear photonlike mé@gwith very
formation of new quasiparticles called exciton polaritons.steep slope and two parabolic excitonlike branches with ef-
Neglecting scattering events, these polarization waves arfective masses of heavyk(,,) and light-hole &) excitons.
coherently reconverted to photons at the exit surface of théccordingly, the mixing of photonic and excitonic
medium. Absorption occurs only if polaritons suffer colli- contribution€® to the hh excitonlike polaritonX,, is only
sions, e.g., with phonons. relevant in the vicinity of the crossing of the unperturbed
In principle, the calculation of the dispersion relation of dispersiongsee Fig. 1b)]: for smaller wave vectors the hh
exciton polaritons is quite difficult for realistic sample geom- polariton wave function contains almost exclusively photo-
etries, e.g., for a thin slab of the semiconductor material. Omic contributions {(v)|?~1), while above the crossing the
the other hand, it is well established that most of the properphotonic admixturé(v)|? decreases rapidly to values below
ties may be discussed in terms of the solution of the polaritornio™2 corresponding to excitonlike quasiparticlef(u)|?
problem for a homogeneous, infinitely extended medifon  ~1). For increasing dephasing rates of the excitons the mix-
a detailed description, see e.g., Ref. Bor our experiments  ing of photonic and excitonic components decreases. Above
in GaAs three charge carriers are relevant: conduction ele¢; critical dampingl it =(8ELT,jEj2851/MjCZ)1/2 (Ref. 20,
trons, heavy holeghh), and light holes(lh) with effective  \hich has a value of 0.26 meV for both hh and Ih excitons in
massesn,, My, andmy,, respectively. Since the oscillator GaAs the anticrossing disappears and polariton phenomena
strength of higher bound states turns out to be small, polarare no longer relevant.
iton phenomena are considered fos &xcitons only'® In
parabolic approximation, the dispersion relation is deter- IIl. EXPERIMENTAL TECHNIQUE
mined by the implicit equation
A. Samples
h2c’K?/E?=¢(E,K) Our measurements are performed on molecular-beam-
epitaxy-grown100)-oriented, very high-purity GaAs films
Eirj L@ with thicknesses of 50 nm, 200 nm, and 500 nm. They are
j=hhIh E—Ej—ﬁsz/ZMj-‘riFj clad by an A} Ga -As layer on one side. Excitonic line
widths below 1 meV indicate high quality growth and long
where e, is the static dielectric constant amd;=m;+m, intrinsic dephasing times of the fundamental exciton. For our
are the effective masses of the excitofs- tih, Ih). The en-  transmission experiments, the GaAs substrate was etched
ergetic positions of the fundamental exciton resonances am@way. The samples are antireflection coated on both sides
denoted ast; and their damping withl’;. Near E; zero  with SizN, and mounted on sapphire substrates via van der
crossings of the dielectric functiafn(E,K) are found allow- Waals bonding. They are held inside a closed-cycle cryostate
ing longitudinal polariton modes. The differen&g r; of  to assure low lattice temperaturesTqf=20 K.
their energetic position and the exciton enekjyis propor- It is important to emphasize that a very high quality
tional to the oscillator strength of the excitonic transition. Insample is necessary to observe unambiguous spectra. The
GaAs, these values ar& 1,,=0.08 meV andE 1, semiconductor specimen has to have a high homogenity over
= 3ELt.nn due to the smaller transition matrix element for Ih the lateral measuring rangee., diameter between 10@m
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and 500 um). If the thickness variatiold of the GaAs
specimen exceeds a few nm across the probing area, the 2
observation of the interference phenomena reported in this

paper is not possible. The reason for this extreme require- 1 Ix 1/2000 1
ment on the surface quality of the samples is the large wave /\ A A (b) d = 200 mn
vector K of the investigated quasiparticles. Even for highly v i

energetic heavy-hole excitons with wave vectors of the order
of 1xX10" cm™?! the conditionK Ad<1 has to be fulfilled to
obtain reliable results.

X+LO

(a) d = 500 mn

LY. N N
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B. Experimental setup

151 152 153 154 155 156 1.57
Our experiments are based on femtosecond transmission 05 ' ' "(d)d=50nm, T, =300K
experiments using a special two-color femtosecond Ti:sap- L~ Py

phire lasef! The system provides two independently tunable 0.0 \\,\//"M\_/ ~— N
pulse trains with durations from 13 fs to 120 fs at a pulse 05} ]
repetition rate of 76 MHz. The accessible photon energies '
range from 1.45 eV to 1.77 eV, well matched to the band-gap
energy Ec=1.51 eV of GaAs at temperatures Oof
=20 K. The more intense branch of the laser is tuned 10 g 2. spectrally resolved transmission changes as measured

photon energies high up in the absorption continuum 0fg ps after injection of unbound electron-hole pairs in GaAs layers
GaAs. This pump pulse of 100 fs duration excites the samplg;ith (a) 500 nm, (b) 200 nm, andc) 50 nm for a lattice temperature
over a lateral diameter of typically 1 mm and produces &f T =20 K. The pump generated carrier densities @eN=3
density of free electron-hole pairs up t<@0° cm 3. The  x 10" cm™3, (b) 5x 105 cm3, and(c) 3x 1016 cm3. (d) Dif-
second branch of the laser output serves as an ultrashd#rential transmission spectrum recorded in the 50-nm specimen 10
broadband probe continuum. It encompasses the entire spas after injecting & 10'® cm™2 free carriers at room temperature.
tral range from below the 4 exciton to about 300 meV

above' the band edge. The excitation densi'ty of the' probgy, (X,n) and 1.510 eV X;;,), respectively. Simultaneous
pulse is held around iﬂ)fr_ee electron-hole pairs per énin broadening of the excitonic transitions and increasing total
order to suppress disturbing influences of probe-created NORKsorption induced by the pump generated carriers results in

thermal carriers(see Sec. VB for a discussion of results ihe gpserved spectral shape: induced absorption with a local
depending on the probe generated carrier densitye tem-  pe4ching peak centered in the middle of the exciton fine.
poral separation of the two pulse trains is adjusted via a |, the absorption continuum above 1.515 eV well-

variable delay line. The probe pulse train passes the centrabgglyed propagation beats appear in the differential spectra.
part of the excitation spot on the sample in order to investirhis phenomenon may be understood via the picture outlined
gate an area of homogeneuous carrier density. After transs sec. |1- When probe photons corresponding to the absorp-
mission through the sample the probe spectrum is dispersgghn continuum are incident on the sample surface, three

in a double monochromator with a resolution of 0.6 meV an%ropagating mode€P, X, andX;,, see Fig. 1are acces-

detected with a standard silicon photodiode. Lock-in amplijhje inside the medium. Due to the break of translational

fication operating at 10 kHz enables “5720 measure pUMRsymmetry at the semiconductor interface, momentum conser-
induced transmission changes below 10" °, limited only \ati0n is not strictly valid. As a consequence, small fractions
by the shot-noise of the probe photon current. of the incident radiation also excite excitonlike polaritons.
These quasiparticles propagate through the sample with a
IV. EXCITON-PHONON SCATTERING typical group velocity of the order of210° cm/s as deter-
mined by the parabolic center-of-mass dispersion of hh and
Ih excitons. The three polarization components travel
Pump-induced transmission changes versus probe photdhrough the semiconductor layer and are coherently recon-
energy in GaAs specimens with 50 nm, 200 nm and 500 nnverted to photons at the exit surface. The additional electric-
thickness are displayed in Fig. 2. The spectra are recorded Ti@ld amplitudes resulting from the polarization of the exci-
ps after excitation of unbound electron-hole pairs with thetonlike polaritons result in tiny interference patterns on the
pump pulse. This delay time is chosen to investigate a quaransmitted spectrum reflecting the different phase velocities
sistatic situation and to avoid underlying bleaching effectsof the three polariton modes.
due to highly energetic electroh®!”?° The transmission A different situation is found after excitation of a excess
changes observed in the 500-nm samfdee Fig. 29)] carrier distribution generated by the pump pulse. Now the
around the fundamental exciton resonance at 1.509 eV adephasing of the excitons is increased due to the efficient
large and well understood as the nonlinear optical responsexciton-free carrier scattering. Therefore, only the photonlike
of the fundamental exciton polariton: slight strain in the polaritons are transmitted through the sample while the
sample removes the degeneracy at the top of the valengeodes with high admixture of excitonic polarization are
bands and leads to two peaks for hh and Ih excitons at 1.508amped out before reaching the exit surface of the semicon-

transmission change AT/T (107)

148 150 152 154 156 158 1.60
probe photon energy (eV)

A. Experimental results for different layer thicknesses
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ductor. Since our photomodulation technique measures thiag of free charge carriers. The matrix element for an exciton
difference of the transmitted spectra with and without exci-scattering from a state,K) to a statgn’,K +q) (with n,n’
tation, the large background of probe photons propagating odescribing the internal motion of the exciton akd K +q

the photonlike mode is substracted and the differential speaenoting the center-of-mass wave vector of the exgifen
tra are dominated by contributions of the excitonlike polari-given by the sum of electron and hole contributions weighted

tons. with form factorsS2%:24
Assuming a parabolic band structure with an effective ex- , , ,
citon massMy, the energetic periodE of the resulting Iﬂ'k“q(q)ch,esﬂ (Ped) — Cq,nSh (—Prnd), 3

propagation beats in a semiconductor layer with thickrkss

is determined by o . _
Y (@)= [ dra, ey ). @

(2)  In these equationge=m;, /(my+my) and py=(me/(m;,
+m,) are determined by the effective massesandmy, of
Considering this relation two beating modes can be identifieghe charge carriers. The coupling consta@s, and Cg
in the differential spectrum of the 500-nm specinisee Fig.  denote the interaction strength for electrons and holes with a
2(a)]. The fast beating component corresponds to the 1s hBhonon with wave vectog. @ ,(r) is the part of the exci-
exciton. Above a kinetic energy of one LO phonon energy oftonic wave function reflecting the relative motion of the
hw o=36 meV this component is strongly damped due tocharge carrierge.g.,®,(r) = e "'28/\/7a3 for the case of &
polar optical scatteringsee Sec. IV B Slower oscillations  gyitons with Bohr radiusg). The interference of electron-
originating from Ih excitons can be seen even above thihonon and hole-phonon interactifmote the different signs
threshold energy. The interference pattern may be exploitegs the two contributions in Eq(3)] is especially important
to fit effective exciton masses according to E2). Values of ¢ the case of polar optical scattering where the coupling

0.52 mo and 0.19m, are found in the{100-direction re-  constant is identical for both types of charge carrférs,
producing the hh-lh beating structure ne&+LO. The ex-

perimental result for hh excitons is consistent with the sum hetw ol 1 1)1
of the band-edge effective masses of electrons and heavy Céz PRy, (———)—2. (5)
holes in(100 direction?? The observed effective mass of goV 18 Esi/q

. (100 __ . T
light holes ofm;;””~0.12 my is significantly larger than the 1o Eourier transforn&”(pe(h)q) of the charge carrier dis-

value of myy=0.082 mo found in cyclotron resonance iy tion of the electrorthole) describes the internal motion
experiments? This effect indicates a higher nonparabolicity in the exciton and determines the effectiveness of the cou-

of the |h band that is relevant already for exciton energieﬁ)”ng to a phonon with wave vectay. For the case of scat-

around 1.54 e¥® g et , ! e
t thin the 5 exciton band this fact b
In the 200-nm specimefisee Fig. 2o) and Fig. 10a)] the ering within the 5 exciton band fis lactor Is given by

E— 27Tﬁ \/2Ekin/MX
_f'

polariton beating is observed up to 300 meV above the band 1
edge. Again, both hh and Ih components contribute to the S q)=———. (6)
observed oscillation for photon energies belot LO. [1+(gag/2)%]

Above the threshold for emission of LO phonons only oscn—AS may be seen from the structure of the form factors, the

Iat_i.on.s associ:_;lted with I excito.ns are foqnd. ApP"’!re““V thescattering process is dominated by phonons with wave vec-
Frohlich coupling of these quasiparticles is surprisingly IOWtors in the order of the reciprocal Bohr radius. Scattering to

to allow propagation of Ih excitons over distances of 200 n igher bound states of the exciton is less effective due to the

oscilation period remains approximately constant for ansi CCC1eaSing overlap of the envelope functions in . For
. P pproximately cor .~ kinetic energies abové w o the fastest relexation process
tion energies above 1.58 eV indicating a linear Ih exciton

) A . is—as for the case of free charge carriers—the polar optical
dispersion in this regime.

. . emission of LO phonons.
In the 50-nm GaAs layeisee Fig. 20)] polariton interfer- Figure 3a) shows the calculated Fntich scattering rates
ence effects are also observed for excess energies as Iargefgrs 1s hh excitons in GaAs for a lattice temperatureTof
200 meV above the band edge. A closer analysis of the spec- b e

tra obtained with this sample is given in Sec. VII. Surpris—:20 K. Scattering within the 4 exciton dispersion exhibits

ingly, polariton interference effects in the 50-nm specimena rate of 5 ps” and is approximately as fast as the LO

i ; 7,25 ;
are visible even at room temperatife=300 K [see Fig. phonon emission of hot electrons in GalRs.”%° Scattering

2(d)]. This finding demonstrates that coherent propagation of;?n Zgrec:jr t203 igr;?;bsar;céwgcgt;l% B Irt]hsr?gttﬁjs t;se ‘;Ig)['; da?hat
highly energetic excitons remains relevant for elevated tem- P 9.

peratures where excitonic effects are usually believed to bgcattering int_o Ih excitons is _calculated_to b_e _substantially
of minor importance in bulk GaAs weaker than intraband relaxation. The dissociation into con-

tinuum states begins to dominate for kinetic energies above
60 meV. The absorption of LO phonons is calculated to be
negligible in this temperature reginisee also Fig. ®)]. As

The interaction of bound electron-hole pairs with opticaldisplayed in Fig. &), the polar optical intraband scattering
and acoustic phonons is calculated analogous to the scattés-dominated by the hole contribution in E@).

B. Polariton-LO phonon scattering

085314-4
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FIG. 3. (a) Calculated polar optical scattering rates af ih
excitons in GaAs into the states;l,, 2p,, and into continuum
states for a lattice temperature Bf=20 K. (b) Electron and hole
contribution to the intraband scattering rate afth excitons.
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FIG. 5. Calculated scattering rates for hh excitons with a kinetic
energy of 25 meV as a function of temperatui@: acoustic defor-
mation potential scattering intosly,, 2Snn, 2Pn, €XCitons and into
continuum statestb) Corresponding simulations for absorption of

Considering these scattering rates of hh excitons, the did-C Phonons via the polar optical mechanism.
continuity of the interference spectra at the energetic position

X+LO [see Figs. @) and (b)] is readily understood: the

As may be seen from Fig.(d, the scattering of |h exci-

mean free path of hh excitons above the threshold for emistons is drastically reduced with respect to hh excitseat-
sion of LO phonons is 20 nm to 30 nm and therefore small agering to higher bound states of the Ih exciton dispersion is
compared to the propagation distances in the samples witlhund to be negligible and is omitted for clarityFigures

200 nm or 500 nm thickness.

4(b) and 4c) show the drastic consequences of the interfer-

A completely different situation is found in the calculated gnce effect. Although light holes relax extremely fast via

scattering rates for Ih excitons in Gadsee Fig. 4. Due to

polar optical scattering’?® this process is strongly slowed

the fact that Ih excitons consist of quasiparticles with similargown for Ih excitons. The scattering time of 700 fs for |h

effective masses and the coupling const@gtof electrons
and holes is the same for polar optical interactifgee Eq.

excitons with a kinetic energy of 55 meV is a factor of 20
longer than the calculated interband scattering time of light

(5)], destructive interference effects between electron anglpjes. Interestingly, the reduction of the scattering rates is
hole contributions in Eq(3) become important. The physical gpserved for both interband and intraband transitions: the

reason for this effect is the reduction of the polar opticalyg|axation time of Ih excitons into hh states is reduced by a
interaction energy with the macroscopic polarization field oftgctor of 20 with respect to polar optical scattering of free

LO phonons for the case of similar spatial charge distribujjght holes. These time scales explain the surprising observa-

tions of electron and hole.

(a)

—~ 10" ¢ T T T E

& E s, continuuMin_3

% 109 ¢ ;

© i :

g 10 3

5 §

S 102 ¢

w E E

40 60 80 100
kinetic energy (meV)
(b) i ©
g‘ 0 ; {\O“ -1S|h § g o 1Shh E
% 10 \,\_ConL\\T)\J/ — "3 /7/\ "C‘o,”" ]
2 F L
S 491 L al - // X Y
5 10 o0 = 3100 SN
E 2 0’\{{0\)’\\ ] i %
g 102) | /o 2\
=
8 102 L 1 i \ L
40 60 80 100 40 60 80 100

kinetic energy (meV) kinetic energy (meV)

FIG. 4. (a) Calculated polar optical scattering rates of 1s |h
excitons in GaAs into the states{, into unbound electron-hole
pairs and into & hh excitons for a lattice temperature o
=20 K. (b) and(c) Electron and hole contributions for the polar
optical scattering within thedlh exciton dispersion and intoslhh
excitons.

tion of Ih excitons propagating over a sample thickness of
200 nm up to kinetic energies large as compared to the LO
phonon energy. Again, for kinetic energies above 60 meV,

the relaxation is dominated by scattering into continuum

states. Surprisingly, the modified overlap integral reduces the
dissociation rate by a factor of 3 as compared to hh excitons
even for the dissociation channel.

C. Polariton-acoustic phonon scattering

The polariton interference spectra were also studied as a
function of temperature. The results recorded with the
500-nm sample at a delay timetpf=10 ps are displayed in
Fig. 4 of Ref. 15. The observed oscillation amplitude de-
creases with increasing temperature. Abdye=100 K the
propagation beats vanish due to efficient damping of the ex-
citons. In order to understand the physical origin of this
damping, numerical simulations are performed for the damp-
ing of hh excitons below the threshold for LO phonon emis-
sion.

Figure 5a) displays the damping of hh excitons with a
kinetic energy below: w o via acoustic deformation poten-
tial scattering. The coupling strength for this interaction is
given by?®

DZa,

2
Cq

PRy, (7
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wherep andvg are the mass density and the sound velocity L
of GaAs. The acoustic deformation potentials averaged over 10e 2
the directions ink space ard>,,=5.6 eV for holes and, §§ 7
=—3.4 eV for electrons in GaA% 0535
For comparison, the corresponding polar optical scatter- 6
ing times due to absorption of LO phonons are depicted in -4 2 0 .
Fig. 5(b). Piezoelectric scattering is calculated to be negli- it el { =-35ps
gible as compared to the dominant processes in K&. 5 T 20n i Tt --3ps
For temperatures up to 120 K, acoustic deformation po- = g |8 Jt,=-25ps
tential scattering is the fastest dephasing mechanism for E ty=-2ps
large-momentum excitons below the LO phonon threshold. g 10 q fo=-175ps
This finding is consistent with experimental results for the 5 tp=-15ps
fundamental exciton resonance in quantum w&l§or a 5 9 N iy ==1-230s
. = N~ t,=-1ps
temperature of 100 K the sum of the calculated relaxation 2 0h RN~ 1 =05 ps
channels leads to a total damping of 1.5 hsComparing £ A~ tz=ops
this value to a propagation time of 4 ps for hh excitons with § ST N ] t,=0.5ps
25-meV kinetic energy through the 500-nm specimen, the = 40 \.’\-/ it —1ps

temperature-dependent oscillation amplitude is consistent : :
with our calculations. Surprisingly, the damping of large- 1585 1540 1545 1.5
momentum excitons via acoustic phonons does not differ probs phatorensrgy (6V)
strongly from the fundamental exciton resonance. The exci- FIG. 6. Differential transmission spectra of the 500-nm GaAs

tonic damPi!"g due to acqustic phonons may be CharaCt?riquyer near probe photon energiesX# LO=1.544 eV for differ-
by a coefficiento for the increase of the homogeneous line-gnt gelay timesy. Experimental parameters are chosen as in Fig.
width  with temperature: from both experiment and (). Inset: amplitude of the spectral oscillation versysat probe

temperature-dependent calculations=20 neV/K is esti-  photon energies of 1.536 eV and 1.548 eV as indicated by the
mated. This result is close to the corresponding value of vertical lines.

=17 ueV/K for the fundamental exciton resonarfCe.

<-—2 ps contains only a fast beating component with an
V. EXCITON-FREE CARRIER SCATTERING abrupt discontinuity neaX+ LO. These propagation beats
rrespond to hh excitons, while lh excitons exhibit propa-

In th i tion, th Its have f orresp
n the preceding section, the results have focused on qu& tion times below 2 ps through the 500-nm layer due to

sistatic aspects of exciton-polariton phenomena. On the othet” ; ;
hand, our technique employing ultrashort laser pulses operJf eir small effective mass and I_arg_e group velocity. For the
up the possibility to study the dephasing dynamics of Iargé;ase oftp>—1.5 ps slower oscillations are observed abpve
wave vector excitons with femtosecond time resolutionth€ threshold energX+LO: these beats reflect the damping
where interaction with hot charge carriers occurs. Extendinglynamics of Ih excitons. For delay timeg=0 both

our previous worK? the scattering time for large-momentum Pranches suffer efficient damping along the entire crystal
excitons with a nonthermal electron-hole plasma is directlyiNickness and an underlying bleaching effect due to the pump
measured for different carrier densities. The damping i€nerated nonthermal charge carriers is obsetvee®
shown to be drastically reduced with respect to the funda- 10 9€t @ physical picture of the time-dependent oscillation

mental exciton resonance. By varying the intensity of the2MPlitude, we consider a phenomenological model: the in-

probe beam, a low density limit dfi=10" cm~3 is ob- jection pf unbound nontherma! carriers enlarges the initial
served, where the dynamics is no longer influenced by CoudePhasing raié’, of the excitonic wave packet o+ Al
lomb scattering. Th|s_ addmona_l dam_plng reflects the efﬂcent excﬂon-char_ge
carrier scattering. It is assumed to be independent of the time
elapsed since excitation. The oscillation amplitédep) for
an excitonic wave packet with propagation timg, , is then
given by
Differential transmission spectra obtained in the 500-nm
layer are recorded as a function of the temporal separation of A(tp)=Ao{l—exd — Al (tyopttp) ]} ®)
the exciting and probing laser pulsese Fig. 6. For nega-
tive delay timegp, the arrival of the probe pulse precedes theThis expression is valid for-t,,<tp<0 andA, denotes
injection of free carriers via the pump pulse. Therefore, thdhe relative amplitude of the excitonic polarization wave as
excitonic wave packets suffer enhanced excitation-induceg§ompared to the amplitude of the photonic branch. From the
damping only for part of their propagation through the layer.time-dependent oscillation amplitudgee inset of Fig. fone
As a consequence, the time-dependent polariton interfe€an therefore derive both propagation time and the value of
ences reflect the damping dynamics of the large-momenturthe pump-induced dephasing. The onset of the oscillation at
excitons. 1.536 eV corresponds to a transit timetfpﬂjf 3.8 ps con-
The results in Fig. 6 may be understood as follows: thefirming the effective mass of 0.5y for hh excitons. Via
interference pattern for the time intervat3.5 psstp the delay time dependence recorded slightly aboveXhe

A. Experimental results for time resolved polariton
propagation
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<FO‘ _ g e, . 0 T NProbe=
- et 4 5x10"%cm?®
38 =]
2 o
S - g 1x10"cm?®
£ <
© 2 3x10"em?
S -% 1x10%cm™®
'c-o_%' @2 15 -3
= £ 5x107cm
3 g P 2x10"°cm™
° delay time t,, (ps) = 1.53 1.54 1.55
% — T T probe photon energy (eV)
12 o -
=8 1F (e) 3
2= : y FIG. 8. Differential transmission spectra in the 500 nm speci-
8 - . men for different probe generated carrier densitigg,)\.. The data
% < 0 Ll el are recorded 10 ps after injection of a free carrier density of 3
=]

10 100 X 10%m™2 at a lattice temperature df, =20 K.

carrier density N, . (10" cm™) _ N _
Fig. 7(e)]. A coefficientp=9.5x10 ° cnPs ! is extracted

FIG. 7. Amplitude of the spectral oscillations versus delay timefrom our results. This value may be compared to the result
extracted at a probe photon energy of 1.533 eV at different excitap=1.6X 102 cm®s ! for the fundamental exciton
tion densitiesNp,mp of 6101 cm™23 (a), 2x10S cm 2 (b), 4  resonancé? Apparently, scattering of large-momentum exci-
X 10" cm™3 (¢), and 1x 10*® cm™3 (d). Solid lines: fits according  tons with free carriers is drastically reduced with respect to
to the theoretical model specified in the tefe). rate of the pump-  excitons with wave vectoK~0. The weak scattering for
induced dephasing versus carrier denslty,,, extracted from our  |arger kinetic energies may result from the small phase-space

data. Solid line: fit assuming linear dependence of the scatteringvenap of the corresponding excitons and free carriers and

rate versuNpump- from reduced exchange effects.

+LO threshold at 1.548 eVsee inset of Fig. ba propaga- B. Influence of the probe generated carrier density

I IhX _ - ,

tion time of tyo,=1.7 ps has been found for |h excitons in - order to observe interferences between different polar-

agreement with an effective exciton mass of 0.1 _iton modes, the damping of the excitons has to remain below
As displayed in Fig. 7, the delay time-dependent oscillayne critical valuel ., (see Sec. )l Even if this condition is

tion amplitude is studied as a function of excitation density:yfiled in the unexcited semiconductor layer, one has to
for excitation densitieN,,m,, below 2x10' cm™2 [tran-

) NS W 2 meet consider the interaction of the polaritons employed to detect
S|en_ts(a) and(b) in Fig. 7] the excitonic polarization is only  {he propagation beats. The probe pulse that coherently cre-
partially damped by the nonthermal carriers. Raising the denates |arge-momentum excitons also generates unbound
sity gf th§3 pump generated electron-hole plasma to lejectron-hole pairs via direct interband transitions. These
X 10" cm”*, the layer thickness exceeds the mean free pathonthermal carriers lead to additional dephasing.

for the exciton-free carrier scattering and the oscillation am- Figure 8 shows the experimental results for a varying
pI_ltude saturat_es._As may_be seen from the trar_lsﬂéhtn probe pulse intensity. For carrier densitiédope=1

Fig. 7, the oscillation amplitude reaches the maximum valug; 1014 cm3 the self-induced dephasing of the probe is neg-
significantly beforetp =0 corresponding to very fast damp- jigiple. The observed spectra are solely determined by intrin-
ing of the excitons. According to E¢g), the saturation value - sjc properties of the unexcited semiconductor layer. For an
determines the splitting ratio of the polarization amplitudesincreasing carrier density the observed oscillation amplitude
of the polariton branches. For an excess energy of 25 meYecreases. For excitatidmprobezlxlom cm 3 no beating

. . . 74 . i . . ) .
the branching ratio is measured to b&20™". This value  strycture is observed: the excitonic damping is larger than
corresponds to a relative intensity contribution of the exci-

tonic propagation mechanism of the order of 1Mighlight-
ing the extreme sensitivity of the differential method used in
our experiments.

As may be seen from Eg8), the initial slope of the
oscillation amplitude atp=—1,,,, is related to the pump- In this section, we develop a theoretical model based on
induced damping\I'. The solid lines in Fig. 7 display fits of additional boundary conditionABC). Whereas a simple
the delay time-dependent oscillation amplitude according taimulation based on Pekar’s ABC has been shown to provide
this model. Figure (&) contains the observed valuad® asa a qualitative explanation for a propagation length of 500
function of excitation densitiN,mp- nm® we now include all relevant scattering mechanisms

Our findings suggest a linear dependente=1"y  calculated in Sec. IV B. A refined model modifying Pekar’s
+ pNpump Of the excitonic damping from the density,,,, ABC is proposed that fits to the observations for all investi-
of the generated electron-hole plasfisae the solid line in gated film thicknesses.

crit -

VI. THEORETICAL DESCRIPTION
OF POLARITON PROPAGATION

085314-7



M. BETZ et al. PHYSICAL REVIEW B 65 085314

A. Additional boundary conditions 4 T T T T
As discussed in Sec. Il, three exciton polariton mod&gs '52
Xnhhs Xin» See Fig. 1are accessible for a given frequency in g T
the absorption continuum of GaAs. Therefore, Maxwell’s E 0 a)-
boundary conditions are not sufficient to determine the g
branching ratio for these propagating modes at the interface. =y b)-
Additional quantities are necessary to obtain the four un- 8
known parameters, i.e., the amplitude of the reflected elec- ° 4 hbmvAamra~eaa————(C)
tromagnetic wave and of the three transmitted polariton _5 X3
brancheg? 2 VYV U () N
Until now, rigorous theoretical results for this problem are g x 100
available only in the frequency regime very close to the fun- S -8 -WMA-‘ At (e)
damental resonancé* Due to the demanding numerics of = ! ! ! !
microscopic calculations, no results for the amplitude of ex- 152 153 154 155

citonlike polariton modes in the absorption continuum have
been reported. For these continuum states the splitting ratio
is only accessible via ABGQfor a detailed description, see
e.g., Ref. 2. Their appropriate forrr;uézsition is the subject of
extensive theoretical QIS.CUSSIOHS’{. . Al ?hese theones. tions corresponding to varying parametarfor a GaAs layer with
rely on the same basic idea: the dispersion of the excitoRqy thicknessta) Pekar's ABC:u=—1, (b) u=—0.5, (c) Bir-
polaritons is approximated by the solution of Ed)), while - s Agc-u=0. (d) u=0.5. (e Ting's ABC u=1.
phenomenological considerations for the excitonic polariza-

tion at the semiconductor surface provide additional condigge Fig. &)], the spectra calculated according to Pekar’s

tions for the amplitude o_f the different polarization waves. agc (Ref. 32 exhibit larger amplitudes and a substructure
A common formulation of these approaches for the[u: —1, see Fig. @)]. Assuming reflection of excitonic po-

bo_undaries of_ a semiconductor layer zt +d/2 may be |gization waves without phase jumju=1, Ting's ABC
written according t& (Ref. 34] results in oscillation amplitudes much too small to
explain our experimental findingsee e.g. Fig. 2 Interest-
ingly, this finding is consistent with a recent study of the
linear optical properties of thin films of GaAs given by
Schneideet al!* They have found Pekar’s ABC to fit better
to their result for the absorption coefficient as compared to
other formulations of ABC although deviations from a mi-
croscopic treatment are significant near the fundamental
resonance.

probe photon energy (eV)

FIG. 9. Differential transmission spectra for the hh polariton
contribution calculated with different additional boundary condi-

d
-+ —P. =
_(1+u)dZP, o 0.

ik;(1—u)P,
z==*1/2

©)

Here B (j=hh,lnh) denotes the excitonic polarization and
is the reflection coefficient for excitonic polarization waves
at a semiconductor surface. For the casa=sf+1 Eq.(9) is
related to an intuitive physical picture: Pekar’'s ABRef.
32) with u=_—1 deman_d a vanishing eX(:ltonl_c_poIarlzatlon The decreasing oscillation amplitude for higher photon
at the semiconductor interface due to the finite real—spacgn

| ied b bound el hol i | ergies reflects the smaller photonic contribution of the hh
volume occupied by a bound electron-hole pair. In contrasty, i;op, polaritongsee Sec. )land the weaker excitation of

Ting's ABC (Ref. 34 with u=1 assume the flux of excitonic s jyranch: a sharp semiconductor interface may, in prin-
polarization to be zero at the surface. ABC’s with differing ciple, provide arbitrary momentum changésHowever, the

values of the reflection coefficientinterpolate between Pe- corresponding Fourier components in momentum space de-

karCsl an? Tmlgs gase.h dditional bound diti . crease with 1/K and the splitting ratio for the excitonic po-
10S€ly re ate .tOt ese additional boundary conditions I3, i, aion is therefore reduced for larger transition energies.

the idea of an exciton-free surface layer. In a slab geometryry, discontinuity of the spectra one LO phonon energy

Ybove the exciton is explained by the onset of polar optical

gation length for the excitonic polarization waves. scattering discussed in Sec. IV B.

To illustrate the consequences of different ABC’s on the
calculated differential transmission signal, we have simu-
lated the contribution of hh excitons for a 190-nm GaAs
specimen. The spectra displayed in Fig. 9 show the change of Based on the theory described in the preceding section
the sample transmission for two different values of the exci-detailed simulations have been performed to analyze the ex-
tonic damping: The pump pulse is assumed to enhance thgerimental results for the different layer thicknesses. The di-
homogeneous linewidth fromI'(=0.15 meV to T electric layers surrounding the investigated specin®h
=5 meV. Additional dephasing due to polar optical emis-GaAs cladding, antireflection coating, and sapphire
sion of LO phonons is implemented according to Sec. IV B.substratgare included in a transfer matrix formalism. In all

The results may be compared to the experimental findingtheoretical spectra, we have calculated the difference of the
in the 200-nm specimefsee Fig. 2b)] taking into account a  absorption of the GaAs layer for different values of the po-

B. Simulation of experimental spectra

thin exciton-free surface layer. While Birman's ABQRef.
33) result in a regularly shaped interference patteur0,

laritonic damping corresponding to pump-induced modifica-
tions of the dephasing times of the excitons.
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(a) experiment 6

tp=-240fs

2
5 |~ M4 - 1201
P $X Lo \/\./\,J\_M——\
X 1/2000 h A i, -0t
0

3_\/\/\/ ]
t,=120fs

2_\/~/\/ |
\/\/\/\/‘—’*——“ 1, =2401s

Atk (b) theory
1 ] 1 1 1

1.51 1.52 1.53 1.54 1.55

transmission change AT/T (104
transmission change AT/T (10%)

4 N L} T T o
X d =200 M/\/
5 -X'“ww_ hh (c) experiment | ok V\,JV\,A_—_ ty=1ps
o[ WVW\/VW\/W\/V\/W\/\: —A/\,—'\,(\N\—-v—v—-—-ﬁ- tD=4ps
x1/100 ar 7
1L Xpn+LO i —_— N e —————— | ;= 10 ps
X2 (d) theory -2 t____ "\/V\W—v- tD =40 ps
0 1 1 1 1 1 1
L L L L 1.501.51 155 1.60 1.65 1.70
1.50 1.53 1.60 1.65 1.70

probe photon energy (eV) probe photon energy (eV)

o FIG. 11. Differential transmission spectra recorded in the 50-nm
FIG. 10. Spectrally resolved transmission changes recorded 10 . . . .
e o Specimen for various delay timeég. The pump pulse excites an
ps after injection of free electron-hole pairs in GaAs layers of alectron-hole plasma with pair densitwa ot cm-3
thickness of 500 nm@ and 200 nm(c) at a temperature of P P 4 '

=20 K. The pump generated carrier density is B0'> cm 2 and o . , .
5x 105 cm 3, respectively. Theoretical simulations with param- underestimation of the oscillation amplitude with respect to

eters specified in the text are displayed in the spetirand (d). the experimental observations may be a first hint towards
deviations from a theory based on ABC: the calculated split-

In our calculation, we only consider transmission changesing ratio for Ih excitonlike polaritons is too small to repro-

due to the dephasing ofsthh and |h excitons. The influence duce the observed propagation beats for large transition en-

of higher bound excitonic states and the damping of the phoergies. For probe photon energies above 1.6 eV the

tonlike branch by pump generated carriers is negle@tada ~ Simulation results in larger oscillation periods as compared to

discussion of the influence of the excitonic continuum, sedhe experiment. This effect is a consequence of the nonpara-

Ref. 3. The dispersion relation of the three polariton bolicity of the Ih exciton dispersion.

branches is taken from the calculations of Sec. Il. Scattering

with optical and acoustic phonons is implemented according /; piscUSSION OF THE RESULTS FOR THE 50-nm

to the theory in Sec. IV. )
. . - LAYER: INTERFACE EFFECTS
The results for the 500-nm specimen are displayed in Fig.

10(b). The background damping is assumed to be 0.2 meV Further insight into polariton effects and the microscopic
and 0.6 meV for hh and lh excitons independent from theirelectrodynamics near semiconductor interfaces is obtained
kinetic energy. The damping of the large-momentum exciinvestigating differential transmission spectra of a 50-nm
tons with the pump injected electron-hole plasma is estifilm of GaAs. Femtosecond transition times of excitonic
mated to be 0.6 meV and 0.5 meV for the hh and Ih branchwave packets open up the possibility to study dephasing of
respectively. The simulation reproduces the experimentdirge-momentum excitons by carrier distributions far from a
findings[see Fig. 108)] quantitatively over a large spectral thermal distribution. For the first time, a film thickness com-
region including the beating of the hh and Ih contributionsparable to the excitonic Bohr radius is investigated system-
nearX+ LO. From the shape of the oscillations the reflectionatically. As a consequence, surface properties begin to domi-
coefficient for excitonic polarization waves is determined tonate the experimental results. This regime opens up the
be u=—0.5. Taking into account the spectral resolution ofpossibility to study the nonlinear optics of semiconductor
0.6 meV in the experiment, good agreement with the experiinterfaces and to gain new information on the excitonic po-
mental finding is obtained in the rangel<su<-0.5: a larizability near the surface.
possible substructure reminiscent of the spectrum in Fig. 9 Figure 11 shows polariton interference spectra for differ-
(@) is not resolvable in the 500-nm specimen. ent delay timedp after generation of unbound electron-hole
Both experimental and theoretical results obtained in gairs with a 100-fs pump pulse centered at 1.54 eV. The
200-nm GaAs sample are depicted in Figs(cl@nd 1Qd). propagation beats are observable up to transition energies as
A background damping of 0.6 meV is assumed for both exdarge as 1.7 eV: the relaxation of hh excitons via polar optical
citon branches. The damping due to pump-induced excitonemission of LO phonons is no longer sufficient to damp out
free carrier scattering is set to 0.7 meV and 1.0 meV for hithe excitonic polarization above the+LO threshold. As
and Ih excitons, respectively. The best agreement with exdiscussed below, no contributions of |h excitons are observed
periment is found with a reflection coefficient=—0.4. The and the signal is dominated by the hh exciton polaritons.
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Upon closer inspection of the observations for negative delay —/
times (see Sec. V A a propagation time of 250 fs is found

for hh excitons with a kinetic energy of 25 meV, consistent
with an effective propagation length of 30 nm. This value is

a direct hint for an exciton-free surface layer extending ap-
proximately one Bohr radius afg=11.5 nm from both in-
terfaces. New as compared to the observations in the 200-nm
and 500-nm specimens is a substructure of the oscillations
reminiscent of the theoretical simulations with Pekar’s ABC

in Sec. VI A[see Fig. 9a)].

As shown in Ref. 37, this feature is incorporated in the
ABC approach presented in Sec. VI A. To get a more intui-
tive picture of this substructure, the same phenomenon may
also be discussed as a consequence of the quantized center-
of-mass motion of excitons in thin sampfe¥~*°The wave 1.50 1.55 1.60 1.65
vegtor K, of an excitqn in a layer with thickness d. _is re- probe photon energy (eV)
stricted toK ,= 7n/d with an integem. For dipole transitions

-
n
T

dead layer
thickness (nm]
>
|
|
|
]

| 1/8

1.55 1.60 1.65
photon energy (eV)

(@t,=1ps

transmission change AT/T (103)

of excitons with odd or evem, different parity selection FIG. 12. Differential transmission spectra in the 50-nm lagar:
rules have been fouﬁﬂleading to different amplitudes for and (c) as recorded at the delay tinig=1 ps andtp=—60 fs,
these excitons in the observed spectra. respectively(b) Theoretical simulation for dominant pump-induced

Attp=1 psin Fig. 11 the observed polariton beating hasdamping.(d) Calculation assuming a pump-induced modification of
significantly decreased with respect to the observations fothe exciton-free dead layer. Inset: energy-dependent dead layer used
earlier positive delay times. This finding clearly demon-for the calculation. The dashed line indicates the Bohr raajsf
strates that the relaxation of the pump generated nonequilitth excitons in GaAs.
gum cag?erz Into a qu?stlr:helrmal dlstrlbunton dras§|tcally rlf'layer is found to coincide with the excitonic Bohr radiys,

uces he damping of the large-momentum €xcltons. Fof e it decreases slightly for large kinetic energies. Except
delay times of a few picoseconds the amplitude of both thg, 4 ynderestimate of the absolute value of the transmis-

bleaching of the exciton resonance and the oscillating strucsjon changes, a good overall agreement with the experimen-
ture decreases. Interestingly, the phase of the beating strug findings Fig. 12a) is achieved.

ture in the absorption continuum depends on the delay time. For the case of a slightly negative delay timg
This is a new feature absent for thicker specimens and cannet — g0 fs a different situation is found: due to the short
solely result from modifications of the excitonic damping. transit times of the polaritonic wave packet, the differential
Via screening of the Coulomb interaction also the Bohr ratransmission is more sensitive to surface effects as compared
dius ag of the exciton is enlarged: therefore, changes in theo the damping of the excitons: injecting free carriers at the
thickness of the exciton-free surface layer contribute to theend of the polariton propagation through the layer, the exci-
differential transmission signals. tons do not suffer efficient damping. However, ultrafast
To theoretically analyze the observations, numerical simuchanges of the properties of the exit surface modify the re-
lations have been performed including an energy-dependegpnversion of the excitonlike polaritons to photons. Espe-
dead layer on both semiconductor surfaces. Only hh excitorgally, the electron-hole interaction is partially screened by
have been included for this layer thickness. Calculations fofhe pump-induced carriers and the dead layer may be en-
the signal contributions of Ih excitons predict only very smalllarged. Moreover, the surface potential and small built-in
transmission changes for the following reasofis:as may electric fields near the second interface may be mod‘?ﬁed._
also be seen from the results beldia- LO for thicker speci- As a consequence, the effe(_:tlve propagation length for_ exci-
mens, the amplitude of the Ih beating structure is weak afon Polaritons is reduced. Figure (i shows the transmis-

compared to the hh oscillations due to the smaller oscillatoPO changes calculated for a pump-indyced increas_e of the
strength of Ih excitonstii) the effective propagation length dead layer by 3 nm. The agreement with the experimental
findings Fig. 12c) supports the interpretation as ultrafast

of Ih exciton polaritons in a 50-nm layer is expected to be I : . ;
extremely short due to their larger Bohr radius. modification of the exciton-free surface layer predicted in

Figure 12 shows the transmission changes calculated rdpef. 43. :
the 50-nm layer. For a delay time 65=1 ps the excitonic It should t_Je noted that the mte_rference spectrum .of the
wave packet is efficiently damped by the pump generateg’o'nm Specimen  may also be interpreted assuming an
electron-hole plasma. The theoretical curve in Figbl2s energy-independent dead layer and a nonparabolic hh band.

obtained with a background damping of 0.3 meV and sHowever, this model requires an unexpectedly strong varia-

dephasing of 4 meV due to exciton-free carrier scatteringtion Of the effective hh mass to reproduce the peak positions

The shape of the oscillating structure is used to determine 9Ver @ broad spectral range.

reflection ppefflment ofi=—0.5. To reprpduce the observed VIIl. SUMMARY

peak positions over a large energetic range, an energy-

dependent exciton-free surface layer is assufsed inset of In conclusion, a powerful technique giving direct spectro-
Fig. 12: for low kinetic energies the thickness of the deadscopic access to the properties of large momentum excitons
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in GaAs has been developed. We want to point out that theonductor slabs. For layer thicknesses large as compared to
method is quite general and applicable to various questionthe excitonic Bohr radius a theoretical model slightly modi-
concerning excitonic effects and spatial dispersion in crystalfying Pekar’s additional boundary conditions is found to ex-
line solids. For the first time, excitonic dispersion re|ati0nSp|ain the experimental results. For small propagation lengths
are studied up to 300 meV above the band edge providinghe results are very sensitive to microscopic properties of the
detailed information about the interaction dynamics of boundpolarizability near semiconductor interfaces. We propose a
electron-hole states with large kinetic energies. A strikingphenomenological model including an energy-dependent
difference Of the Frb“ch Coup|ing fOI’ the eXCiton branCheS exciton-free dead |ayer at the surface reproducing the ob-
is found: Ih excitons consisting of quasiparticles with similarseryed spectra. A full microscopic understanding of our re-
effective masses, are surprisingly robust against polar opticalyits will require a simultaneous solution of Sctlirmer’s

interaction. This effect may be ascribed to a destructive inand Maxwe”’s equations at the Semiconductor interface_
terference in the corresponding scattering matrix element.

The femtosecond time resolution of our experimental tech-

nigue provides direct access to the scattering of highly ener- ACKNOWLEDGMENTS

getic excitons with nonthermal carrier distributions. Interest-
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