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Momentum Redistribution Times of Resonantly Photogenerated 2D Excitons
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We apply a novel transient interband-pump intersubband-probe technique to directly measure the
it takes for resonantly photoexcited excitons in GaAsyAlGaAs quantum well structures to redistribute in
momentum space. The redistribution time and its excitation density dependence are determined
the temporal evolution of the conduction intersubband absorption spectrum, which is an unambigu
measure of the electrons phase space distribution. We find that resonantly excited heavy-hole exc
redistribute and reach thermal distribution at a slow rate nearly proportional to their density. This is
to the inefficient exciton-exciton scattering, and the small momentum that resonantly excited excit
carry. [S0031-9007(97)03187-6]

PACS numbers: 71.35.–y, 78.47.+p, 78.66.Fd
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The dynamics of carriers in semiconductor quantu
structures has been the subject of intensive research
forts in recent years. Following resonant and nonre
nant optical excitation the photoexcited electrons, hol
and excitons are interacting with each other and gradu
change their initial energy, momentum, and relative pha
The processes by which photogenerated excitons lose
initial coherence and redistribute in momentum space
exciton-exciton scattering (X-X), exciton-electron scatter
ing (X-e), exciton-hole scattering, scattering by interacti
with free electron-hole pairs, and scattering by crystal i
perfections, interface roughness, and potential fluctuatio
In addition, a two dimensional (2D) exciton with an in
plane momentum smaller than the momentum of the p
ton of the same energy, can decay radiatively within a f
tens of picoseconds [1]. These processes have been
tensively studied using time resolved photoluminesce
(PL) [2–4], absorption [5], and nonlinear optical tec
niques [6,7]. From these measurements,X-X scattering
times were found to be approximately 1 ps for excitati
densities of.1 3 1010 cm22 and inversely proportiona
to the excitation densities [6–8]. This time was recen
found to be roughly a factor of 2 longer thanX-e scattering
times at comparable densities [7].

A common feature to all these time resolved optic
techniques is the use of an interband optical probe, wh
is associated with the creation and/or annihilation of
electron-hole pair with a very small total crystal mome
tum. Such a probe provides only indirect informatio
about the phase space distribution of the carriers. In a
tion, exciting and probing at the same optical resonanc
a major technical problem due to the immense backgro
from the scattered light. In an attempt to overcome th
problems we have recently developed a novel time
solved interband-pump intersubband-probe technique
Our technique uses a mid infrared (ir) probe pulse re
nantly tuned to optical transitions of carriers between th
subbands. The tuning of the probe pulse is complet
independent of the pump pulse, which can be simulta
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ously tuned through the interband resonances. In cont
with the interband probe, the intersubband probe pu
does not create an electron-hole pair, but rather indu
an optical transition (almost vertical in momentum spac
of only one type of photoexcited carrier (electron or hol
As a result, the probe pulse is not subjected to the ex
sion principle and it is extremely sensitive to the mome
tum state of the carrier whose optical transition is bei
induced. By tuning the probe energy through the cond
tion intersubband absorption (ISBA) line and measuri
the relative strength, a direct measurement of the pop
tion of electrons in various momentum states within t
first conduction subband can be obtained, provided th
correlation can be made between the transition energy
the electron momentum.

In this Letter we report on time resolved photoinduc
ISBA measurements performed on a GaAsyAlGaAs super-
lattice (SL). The SL was specifically designed such that
first electronic level (e1) has almost no dispersion, whil
the second electronic level (e2) is considerably disperse
along the growth axis. In this way a simple correlatio
can be drawn between the intersubband transition ene
and the momentum states of the electron excited frome1 to
e2. The evolution of this SL intersubband absorption sp
trum with the delay time between the pump and the pro
provides an unambiguous tool for the determination of
momentum redistribution of electrons after resonant p
toexcitation into the lowest energy excitonic transition.
a larger period SL or a multi quantum well, such a co
relation is quite difficult to be drawn since the spectr
linewidth of its conduction intersubband optical transitio
is narrower. At low temperatures it results mainly fro
the dissimilarity between the subbands in-plane dispers
[10] and the growth nonuniformity and well width fluctua
tions [11]. Indeed, in such samples, as opposed to the
presented here, we have not observed temporal evolu
of the intersubband absorption spectrum [12].

The superlattice was grown by molecular beam epita
on a (100)-oriented GaAs substrate and consists of
© 1997 The American Physical Society 3919
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nominally undoped periods of 91 Å thick Al0.33Ga0.67As
layer followed by a 49 Å thick GaAs layer. The laye
thicknesses and their composition were determin
by high resolution x-ray diffraction measurements.
schematic description of the SL conduction band poten
structure is given in Fig. 1(b). The calculated energy d
persion vs the electronic crystal momentum compone
along the SL axiske

z and in the layer planeske
k are given

in Figs. 1(a) and 1(c), respectively. We use an eig
bandk ? p model for the calculations of the energies, t
wave functions, and the optical transition matrix eleme
of carriers in this structure [13]. With these quantiti
at hand, the intersubband absorption spectrum is rea
calculated once the number of electrons and their mom
tum space distribution are known [13]. Because of t
considerable dispersion ofe2 along theke

z axis the ISBA
spectral shape can be used as a quantitative measur
the phase space distribution of the photoexcited elect
population ine1.

The time resolved photoinduced absorption (PIA) se
consists of three synchronously pumped picosecond
lasers. All three are simultaneously pumped by a f
quency doubled CW mode-locked Nd:YAG laser. T
pulses from one of the dye lasers are used to excite
sample, while the pulses from the other two are diffe
ence frequency mixed within a silver thiogallate crys
to produce the tunable IR probe pulse. The IR pu
can be variably delayed relative to the pump pulse, a
the changes in the IR transmission through the sa
ple due to the excitation are detected by a liquid
trogen cooled mercury cadmium telluride detector and
conventional lock-in technique. This setup allows f
pump-probe visible-IR time resolved spectroscopy with
temporal resolution of 3–4 ps and spectral resolution o
few tenths of meV, both in the pump and probe energ
[9]. For the intersubband PIA spectroscopy, the sam
was cleaved and polished at 45± to the growth axis in or-
der to form a waveguide for the ir radiation and to enab

FIG. 1. The supperlattice conduction band potential struct
(b) and its calculated dispersion curves along the growth a
(a) and in the layers plane (c). Note the different energy sca
in (a).
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a considerable electric field component along the grow
axis. The geometry of the experiment is described in t
inset to Fig. 2. The measurements were done with
sample mounted on a cold finger assembly in a heliu
transfer cryostat.

In Fig. 2 we display the PIA intensity under HH (a) an
LH (b) resonant excitations vs the pulsed,p-polarized, ir
probe energy for various pump-probe delay times. T
data points were taken one by one as indicated by
full squares. The time resolved PIA spectra are ver
cally displaced for clarity and the zero intensity of eac
spectrum is represented by a horizontal solid line. T
solid lines overlaid over the 2 and 30 ps delay spec
[Fig. 2(a)] are the calculated ISBA assuming resonant a
thermal distribution of the photogenerated excitons, r
spectively (see below). The density of.1 3 1011 cm22

excitons per period was estimated from the measu
beam average power, repetition rate, and spot diame
on the sample. The calculated absorption was multipli
by the period length and by the number of periods in o
der to facilitate direct comparison with the measured da
In general, we find a very good agreement between
calculated intensity of the ISBA and the measured tim
resolved PIA spectra at.70 ps delay, after thermal
equilibrium between the photoexcited carriers and t

FIG. 2. Time resolved PIA spectra at resonance excitati
into (a) HH exciton (b) LH exciton. The overlaid solid
lines represent the calculated ISBA with electrons in therm
distribution at 10 K (30 ps delay), and in a nontherm
distribution at the moment of photogeneration (2 ps delay).
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ambient crystal is reached. Up to this time, which is te
perature and excitation energy dependent [9,14] the P
intensity keeps increasing as shown in Fig. 2. Both
calculated and measured spectra feature a pronoun
peak at .184 meV and a higher energy shoulder
.190 meV. As can be seen in Fig. 1(a), these spec
features correspond to the singular points in thee1-e2
joint density of states atke

z ­ pyLz andke
z ­ 0, respec-

tively, whereLz is the SL period length.
For resonantly excited HH excitons, the relative inte

sity of the high energy shoulder at.190 meV evolves
with time as shown in Fig. 2(a). Within the picosecon
excitation pulse it is comparable in intensity to the low e
ergy peak at 184 meV. It then loses its relative stren
and the spectrum reaches its final shape, after appr
mately 30 ps, an unambiguous indication that thermal d
tribution of the photoexcited carriers has been reach
The strength of the high energy shoulder in the ISB
spectrum is thus a quantitative measure for the ph
space distribution of the photoexcited electron populat
in e1 beforeit reaches thermal distribution. For the ca
of resonantly excited LH excitons, Fig. 2(b), no temp
ral evolution of the ISBA spectrum is seen. Very simil
temporal behavior is observed also for other off HH ex
ton resonance excitations. We attribute these observat
to very fast scattering processes which take place w
excitons are not the only photogenerated species. Th
the redistribution processes are apparently faster than
temporal resolution (see below). The difference betwe
the 30 ps ISBA spectra of the HH and LH resonant exci
tions is due to almost a factor of 2 higher photogenera
carrier density in the latter case, where the optical abso
tion is stronger.

In Figs. 3(a) and 3(b) we present the calculated el
tron densities as a function of their momentake

z and ke
k

at resonant excitation, and at 10 K thermal distributio
respectively. These distributions were used for the cal
lations of the ISBA spectra overlaid the 2 and 30 ps de
spectra in Fig. 2(a), respectively. For these calculatio
we note that the electronic crystal momentum is giv
in terms of the exciton center of mass and relative m
menta:ke ­ Ky2 1 k, whereK and k are the exciton
center of mass and relative momenta, respectively [1
The relative momentumk distribution is estimated from
the Fourier transform of the 1s e1-HH1 excitonic enve-
lope wave function. The exciton envelope wave functi
in these quantum wells is assumed to be a three dim
sional ellipsoid [16] whose axes (65 Å in-plane and 33
along the growth direction) are determined by a simp
one band variation model. The Fourier transform of th
envelope wave function, convoluted with half the exc
tonic momentumK distribution, yields the electrons phas
space distribution. For resonant photoexcitation into
HH excitonic resonance the electron phase space distr
tion is given approximately by the relative momentumk
distribution, since the exciton momentumK is very small.
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FIG. 3. The calculated phase space probability density
electrons for resonantly photogenerated excitons (a), and
10 K thermally distributed excitons (b).

This distribution, integrated over the azimuthal in-plan
angle in momentum space, is depicted in Fig. 3(a), wh
it can be seen that lowke

z states are heavily populated
whereas highke

z states are suppressed by nearly a fac
of 4. This nonthermal distribution results in a conside
able enhancement of the high energy shoulder in the IS
spectrum, which is due toe1 electron states atke

z . 0, as
given by the solid line overlaid on the measured 2 ps tim
resolved ISBA spectrum in Fig. 2(a) [17]. After therma
distribution is reached, the situation is markedly diffe
ent. Now the excitons momentumK distribution signifi-
cantly affects the electrons momentum distribution.
the measurement temperature, where the thermal en
is much smaller than the excitonic binding energy, the
plane momentum distribution is still mainly determine
by the excitonic relative momentum. However, since t
dispersion of the electrons (and excitons) along the grow
direction is much smaller than the thermal energy, ele
trons are now evenly distributed along theke

z axis. This
distribution is depicted in Fig. 3(b). The resulted ISB
line shape is mainly determined by thee1-e2 joint density
of states as given by the solid line overlaid on the me
sured 30 ps time resolved ISBA spectrum in Fig. 2(a).

In Fig. 4 we show the excess intensity (above the
tensity after thermal distribution has arrived at) of th
high energy shoulder relative to the intensity of the who
ISBA line as a function of the probe delay for var
ous pump intensities. Single experimental decay mo
els best fitted to the experimental data are given in
figure by solid lines. We use this procedure for e
tracting a characteristic time constant for the mome
tum redistribution from the experimental data. We no
3921
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FIG. 4. The relative intensity of the high energy should
(the 190 meV region) as a function of the probe delay
three different pump intensities. The solid lines are sing
exponential decay fits; the decay times are marked on the fig

that for low exciton densities2.5 3 1010 cm22, thermal
distribution is reached within.8 ps. This time is al-
most inversely proportional to the excitation density,
expected forX-X scattering processes [6–8].

The redistribution time of resonantly photogenerat
2D excitons which we have obtained by a direct measu
ment is almost an order of magnitude longer than the m
suredX-X scattering time [7,8]. This difference shoul
not come as a surprise. The momentum exchange d
ing X-X interaction cannot exceed the momentum tha
resonantly photogenerated exciton carries. This mom
tum amounts only tok0 ­ 2pnyl . 2.4 3 1023 Å21,
wheren is the material index of refraction andl is the
wavelength of the photon in vacuum. This is an ord
of magnitude smaller than the crystal momentum as
ciated with the low energy peak in the ISBA spectrum
ke

z ­ pyLz ­ 2.2 3 1022 Å21. Thus, many more than
a singleX-X interaction event are required in order for th
momentum space redistribution to take place. Though
detailed dynamics involved in this momentum redistrib
tion is beyond the scope of this Letter, we find it plau
sible that the above momenta ratio is comparable to
ratio between theX-X scattering time and the redistribu
tion times that we have measured here for the first time

For resonant excitation into the LH exciton the situ
tion is different [Fig. 2(b)]. Here, not only excitons ar
generated, but electrons and holes with excess energ
a few meV are generated as well. Carrier-carrier a
carrier-exciton scattering processes are known to be fa
than exciton-exciton scattering processes. Moreover, p
3922
r
t
e
re.

s

d
e-
a-

ur-
a
n-

r
o-
:

e
-
-
e

-

of
d
ter
o-

togenerated carriers can carry with them larger mom
tum quanta than photogenerated excitons. Thus ph
space redistribution takes place on a much faster t
scale which is below our temporal resolution [5]. Co
sequently, for this and other nonresonant pump energ
no temporal evolution could be seen.

In summary, we have shown that resonantly photog
erated excitons which carry with them very small crys
momentum at the time of creation, redistribute in pha
space and reach thermal distribution on a few ps time sc
inversely proportional to their areal density. We attribu
this time scale, which is much longer than the previou
measured singleX-X scattering process, to multipleX-X
scattering events, required to complete the phase sp
redistribution.
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