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The dynamics of electrons in GaInAsyAlInAs quantum wells is studied after excitation from the
n ­ 1 to the n ­ 2 conduction subband. Femtosecond pump-probe experiments demonstrate
the first time athermal distributions ofn ­ 1 electrons on a surprisingly long time scale of 2 ps
Thermalization involves intersubband scattering of excited electrons via optical phonon emission
a time constant of 1 ps and intrasubband Coulomb and phonon scattering. Ensemble Monte
simulations show that the slow electron equilibration results from Pauli blocking and screening
carrier-carrier scattering. [S0031-9007(96)01482-2]

PACS numbers: 78.47.+p, 42.65.Re, 73.20.Dx
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The fundamental nonequilibrium dynamics of carrie
in semiconductors occurs on ultrafast time scales an
governed by the interaction between different eleme
tary excitations of the carriers and the lattice. Op
cal spectroscopy with femtosecond time resolution allo
the generation of well-defined distributions of nonequ
librium carriers and provides direct insight into the subs
quent thermalization processes, i.e., the relaxation towa
a quasiequilibrium (hot Fermi) distribution by carrie
carrier and carrier-phonon scattering [1–3]. In most e
periments, electron-hole plasmas have been generate
excitation in the interband continuum and transient carr
distributions were derived from time-resolved measu
ments of nonlinear absorption or luminescence.

In quasi-two-dimensional semiconductors, the quan
zation of electron and hole states leads to a sequenc
valence and conduction subbands and a new type of
tical excitation, the intersubband (IS) transitions betwe
consecutive bands. Because of the more or less par
dispersion of such bands ink-space (energy versus in
planek-vector), intersubband excitation of electrons lea
to a different initial distribution of nonequilibrium carrier
and a fundamentally different scenario of electron rela
tion. This involves backscattering from higher to low
subbands, i.e., IS scattering, and electron thermaliza
in the lowest subband by intraband scattering. These p
cesses are still not completely understood: First, differ
time-resolved optical experiments on intersubband scat
ing of electrons have provided quite contradictory info
mation. For an energy separation of the subbands la
than the energy of a longitudinal optical (LO) phonon, r
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laxation times between about 200 fs and 10 ps have b
claimed [4–7], whereas theoretical calculations sugges
relaxation by LO phonon emission with time constants
about 1 ps [7–9]. Second, electron thermalization af
intersubband excitation has not been explored until n
and—thus—the dynamics and the mechanisms of eq
libration are not known. An exact determination of th
characteristic times of such processes is of crucial imp
tance in view of the recent demonstration of infrared la
ing action in semiconductor superlattices [10].

In this Letter, we report on a femtosecond study
electron relaxation after intersubband excitation inn-type
modulation-doped GaInAsyAlInAs quantum wells (QWs).
Because of the large barrier height of approximate
0.5 eV in this material system, both the (n ­ 1) and (n ­
2) conduction subbands are strongly confined to the QW
In contrast to most available experiments, we are able
study a single-component plasma by monitoring exc
sively the electron dynamics. Femtosecond pulses in
midinfrared serve for a selective excitation of electro
from the (n ­ 1) to the (n ­ 2) subband. The time
evolution of the transient carrier distributions is monitore
directly by probing changes of the interband absorpti
with femtosecond pulses in the near infrared. This allo
a separate observation of different relaxation stag
An IS scattering time of 1 ps is directly measured. W
demonstrate for the first time that the transient distributio
of (n ­ 1) electrons occurring after IS excitation show
distinct athermal character and themalize on a time sc
of about 2 ps. Ensemble Monte Carlo (EMC) simulatio
of both the intersubband and intrasubband dynamics
© 1996 The American Physical Society 3657
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in quantitative agreement with the experiments and gi
evidence that the thermalization process is controlled
the balance between phonon and Coulomb scatterings.

In our experiments, we studied ann-type modulation-
doped multiple quantum well structure which was grow
by molecular beam epitaxy on an InP substrate. T
sample consists of 50 Ga0.47In0.53As QWs of 8 nm width
separated by 14 nm Al0.48In0.52As barriers. Sid doping
in the center of the barriers prevents impurity scattering
QW carriers (n ­ 5 3 1011 cm22). The femtosecond ex-
periments performed at a lattice temperature ofTL ­ 8 K
are based on a pump-probe scheme shown in the in
of Fig. 1. Electrons are excited from the (n ­ 1) to the
(n ­ 2) subband by bandwidth limited 130 fs midinfrare
pulses which are resonant to the IS transition atDE1,2 ­
200 meV (wavelengthl ­ 6.2 mm). The transient elec-
tron distributions in both the (n ­ 1) and (n ­ 2) sub-
band are monitored with 100 fs probe pulses (bandwid
13 meV) via changes of the (n ­ 2) and (n ­ 1) valence
to conduction band absorption in the near infrared. Pum
and probe pulses are derived from a regeneratively am
fied Ti:sapphire laser by parametric generation and diffe
ence frequency mixing [11] and spectral selection fro
a femtosecond white-light continuum, respectively. T
achieve excitation of the IS dipole moment oriented pe
pendicular to the QW layer, the sample was put und
Brewster angle in the pump beam of in-plane polariz
tion. From the incident intensity, the sample transmissi
and the spot size on the sample we estimate an excita
density of 10% to 20% of the total electron concentratio

FIG. 1. Time-resolved transmission change of the (n ­ 2)
interband transition after excitation ofn ­ 1 electrons to the
n ­ 2 subband. The change of transmissionDTyT0 ­ sT 2
T0dyT0 (solid circles) is plotted vs the delay time betwee
midinfrared excitation pulses (Eex ­ 0.2 eV) and probe pulses
at Epr ­ 1.141 eV (T , T0: transmission with and without
excitation). The Monte Carlo simulation gives a decay tim
of 1 ps (solid line). Dashed line: Cross correlation o
pump and probe pulses. Inset: Pump-probe scheme of
experiments.
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The experiments were simulated by an EMC approa
described in its general lines in Refs. [12,13]. Intersub
band and intrasubband electron-electron scatterings, Pa
exclusion principle, and nonequilibrium phonons are take
into account. The specific properties of the phonon mod
in the GaInAsyAlInAs QWs were considered within the
dielectric continuum model [8,9]. Intersubband excitatio
was simulated by promoting about 15% of the electron
from the (n ­ 1) to the (n ­ 2) subband by a 130 fs pulse
that was resonant to the IS transition between the (n ­
1) and (n ­ 2) conduction subbands of parallel in-plane
k-dispersion. For comparison with the measured absor
tion changes, the difference between the transient and
initial electron distribution in each subband was multiplie
with the steplike absorption coefficient of the respectiv
valence to conduction band transition and convoluted wi
the temporal and spectral envelope of the 100 fs pro
pulses (bandwidth 13 meV).

In Fig. 1, we present time-resolved data (symbols
taken at the onset of the (n ­ 2) absorption in the
range 1.130 , Epr , 1.150 eV (Epr : photon energy of
the probe). The change of transmissionDTyT0 ­ sT 2

T0dyT0 is plotted versus delay time between the midin
frared pump pulses and the probe pulses (T0, T : trans-
mission of the sample before and after excitation). W
observe a transient increase of transmission, i.e., a blea
ing, which rises within the time resolution of the experi
ment and decays with a time constanttIS ­ 1 ps. The
bleaching is caused by the transient electron population
the (n ­ 2) conduction band, leading to a blocking of the
corresponding interband transitions. The (n ­ 2) popula-
tion decays by intersubband scattering back to high-lyin
(n ­ 1) states withtIS. This decay is very well repro-
duced by the EMC simulation (solid line), indicating tha
the depopulation of the (n ­ 2) subband for a subband
spacing much higher than the energy of optical phono
is due to the emission of confined and interface phono
via the polar interaction [14].

To gain insight into the dynamics of the (n ­ 1) elec-
trons, transient absorption spectra were recorded in t
range of the stationary (n ­ 1) absorption edge around
Epr ­ 0.913 eV (determined by the band gap of the
QWs) and by the steady state electron distribution whic
populates the bottom of the (n ­ 1) subband and blocks
the corresponding interband transitions. In Fig. 2, w
present spectra for various delay times after IS excit
tion (solid circles). At 0.2 ps [Fig. 2(a)], we observe
a decrease of transmission in the range of the initial
populated electron states which is due to depletion b
the excitation pulse. At later times [Figs. 2(b)–2(e)]
the amplitude of this signal rises and—in addition—
a delayed bleaching occurs at higher photon energie
For comparison, data taken at delay times longer th
2 ps [cf. tD ­ 11 ps, open squares in Fig. 2(b)] exhibit
a transmission decrease below and a bleaching above
Fermi edge which are of similar amplitude. Eventually
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FIG. 2. Left-hand side: Transient spectra of then-type
modulation-doped GaInAsyAlInAs MQW structure in the
spectral range of the (n ­ 1) interband transition after fem-
tosecond intersubband excitation. The transmission cha
DTyT0 is plotted as a function of the photon energy o
the probe pulses for delay times of (a) 0.2, (b) 0.4, (c) 0
(d) 1.1, and (e) 2 ps (circles), as well as (b) 11 ps (squar
for comparison. The bandwidth of the probe pulses
13 meV (FWHM). Solid lines: Results of the Monte Carl
simulation. Right-hand side: Transient distribution function
of (n ­ 1) electrons (solid lines) as calculated by the e
semble Monte Carlo simulation. Dashed line: Initial Ferm
distribution.

the signal vanishes because of carrier cooling on a 50
time scale.

In our experiments, the total number of electron
is constant, i.e., excitation and subsequent relaxat
processes lead exclusively to carrier redistribution whi
is monitored via the changes of interband absorptio
After the decay of coherent optical polarizations in th
sample which occurs typically within the first 100 f
after excitation, the observed absorption change is sim
determined by the difference of the transient and the init
equilibrium electron distribution functions [15].

Midinfrared intersubband excitation creates an atherm
electron distribution consisting of excited (n ­ 2) carriers
and unexcited (n ­ 1) electrons. Our spectrally and
temporally resolved data give detailed insight into bo
parts of this distribution. In particular, the transient
spectra of Fig. 2 reveal the athermal character of th
(n ­ 1) electrons for a surprisingly long time interva
of 2 ps. Just after excitation [tD ­ 0.2 ps, Fig. 2(a)],
we observe a transmission decrease from the onse
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(n ­ 1) interband absorption up to the Fermi edge
the initially cold distribution [indicated by the arrow
in Fig. 2(a)]. The broad range of enhanced absorpti
demonstrates a monotonous depletion of (n ­ 1) states
over the entire range of in-planek vectors from the
(n ­ 1) band gap up to the initial Fermi levelEF0. This
finding is due to the nearly constant energy separat
and dipole moment between the (n ­ 1) and (n ­ 2)
subbands. The EMC simulation for 0.2 ps (solid line
gives a constant depletion of the initial Fermi distributio
(dashed line) by 15% of the carriers consistent with t
excitation conditions.

For the subsequent carrier thermalization, differe
types of scattering processes have to be conside
namely, electron-electron scattering within the sea of u
excited electrons [16], and relaxation of the photoexcit
carriers first via (n ­ 2) to (n ­ 1) intersubband scat-
tering, followed by interaction of the backscattered ele
trons with the cold plasma and by intraband scatteri
by optical phonons. The EMC simulation shows th
the rate of electron-electron scattering into states bel
the initial Fermi levelEF0 is strongly reduced by the
small fraction of unoccupied states to which electrons c
be transferred (Pauli blocking), and by screening of t
Coulomb interaction. As a result, the carrier depletion b
tween the band gap andEF0 persists for hundreds of fem-
toseconds, as is directly evident from the data in Fig.
Futhermore, the slow redistribution of cold electrons
those early times demonstrates that intersubband elect
electron scattering makes a minor contribution to the th
malization of the cold plasma. It should be mentione
that much faster thermalization of (n ­ 1) electrons was
observed after interband excitation of additional electro
hole pairs [3]. In such a case, the excess electrons po
late states above the Fermi sea where Pauli blocking
screening are much weaker and—thus—thermalizat
proceeds within 100 fs.

Intersubband scattering by optical phonon emissi
transfers the (n ­ 2) carriers to (n ­ 1) states which are
about 180 meV above the (n ­ 1) minimum. The density
of these energetic (n ­ 1) electrons rises with the IS scat
tering time tIS ­ 1 ps. Thermalization in the (n ­ 1)
subband requires a transfer of such electrons towards
bottom of the band where a quasiequilibrium distributio
of all electrons is formed. This relaxation involves bot
emission of optical phonons transferring excess ene
to the lattice and Coulomb scattering between high- a
low-energy carriers, leading to a heating of the cold ele
tron plasma. The transient interband absorption spec
give detailed information on the different thermalizatio
stages. No bleaching due to accumulation of backsc
tered carriers in high-lying states is detected at the c
responding probe energies around 1.08 eV (not sho
in Fig. 2). We conclude that spreading of the backsc
tered electrons over a broad energy range occurs m
faster than the supply of hot carriers by IS scattering w
3659
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tIS ­ 1 ps. The inelastic Coulomb scattering betwee
cold and backscattered carriers during this redistributio
leads to a transfer of cold electrons to states above
initial Fermi level EF0, corresponding to the formation
of a high-energy tail which includes both formerly cold
and excited electrons. In Fig. 2, this is evident from th
enhancement of induced absorption belowEF0 and the
bleaching, i.e., population, aboveEF0. Between 0.2 and
1 ps, the very broad high-energy tail results in an am
plitude of bleaching much smaller than that of induce
absorption. For increasing delay times, this distinct
nonthermal distribution evolves towards a hot Fermi di
tribution with similar amplitudes for enhanced absorptio
and bleaching. The spectrum after 2 ps is reproduced
such an equilibrium statistics with a carrier temperature
about 100 K. It is interesting to note that the main energ
transfer to the cold plasma occurs at times between 500
and 2 ps, due to the delayed supply of energetic carrie
from the (n ­ 2) subband.

The relaxation scenario derived from the data is full
confirmed by the EMC simulations. The solid lines on th
right-hand side of Fig. 2 represent the calculated transie
distributions of (n ­ 1) electrons. The transient spectra
derived from those distributions (solid lines on the left
hand side of Fig. 2) are in quantitative agreement wi
the data. The simulation shows that the overall ener
content of the electron distributions is increased by rea
sorption of phonons which are emitted by backscatter
electrons during intrasubband relaxation and reabsorb
by cold carriers. This nonequilibrium phonon effect lead
to reduced cooling in the picosecond regime, as will b
discussed in detail elsewhere.

In conclusion, we have studied the relaxation behavi
of a pure electron plasma after femtosecond excitati
from the (n ­ 1) to the (n ­ 2) conduction subband.
An intersubband relaxation time of 1 ps was measur
which is determined by emission of longitudinal optica
phonons. After intersubband scattering, athermal electr
distributions were observed up to delay times of 2 ps. T
data were analyzed by ensemble Monte Carlo simulatio
of the carrier dynamics. The calculations demonstra
that picosecond electron thermalization is due to electro
electron scattering with rates strongly reduced by Pa
blocking and screening and to the picosecond supply
hot electrons from the (n ­ 2) subband.
3660
n
n
he

e

-
d
y
-

n
by
f
y
fs
rs

y
e
nt

-
h
y

b-
d
ed
s
e

r
n

d
l
on
e

ns
te
n-
li

of

We gratefully acknowledge support from the Deutsc
Forschungsgemeinschaft (SFB 296) and from the Eu
pean Commission through the ULTRAFAST network.

[1] J. L. Oudar, D. Hulin, A. Migus, A. Antonetti, and F.
Alexandre, Phys. Rev. Lett.55, 2074 (1985).

[2] T. Elsaesser, J. Shah, L. Rota, and P. Lugli, Phys. R
Lett. 66, 1757 (1991).

[3] W. H. Knox, D. S. Chemla, G. Livescu, J. E. Cunningham
and J. E. Henry, Phys. Rev. Lett.61, 1290 (1988).

[4] S. Hunsche, K. Leo, H. Kurz, and K. Köhler, Phys
Rev. B50, 5791 (1994).

[5] J. Faistet al., Appl. Phys. Lett.63, 1354 (1993).
[6] A. Seilmeier, H. J. Hübner, G. Abstreiter, G. Weimann

and W. Schlapp, Phys. Rev. Lett.59, 1345 (1987).
[7] M. C. Tatham, J. F. Ryan, and C. T. Foxon, Phys. Re

Lett. 63, 1637 (1989).
[8] P. Lugli, P. Bordone, E. Molinari, H. Rücker, A. M.

De Paula, A. C. Maciel, J. F. Ryan, and M. Shayega
Semicond. Sci. Technol.7, B166 (1992).

[9] Insook Lee, S. M. Goodnick, M. Gulia, E. Molinari, and
P. Lugli, Phys. Rev. B51, 7046 (1995).

[10] J. Faist, F. Capasso, D. L. Sivco, C. Sirtori, A. L
Hutchinson, and A. Y. Cho, Science264, 553 (1994).

[11] F. Seifert, V. Petrov, and M. Woerner, Opt. Lett.19, 2009
(1994).

[12] S. M. Goodnick and P. Lugli, Phys. Rev. B37, 2578
(1988); S. M. Goodnick and P. Lugli, inHot Carriers
in Semiconductor Nanostructures,edited by J. Shah
(Academic Press, Boston, 1992), pp. 191–234.

[13] A. Tomita, J. Shah, J. E. Cunningham, S. M. Goodnic
P. Lugli, and S. L. Chuang, Phys. Rev. B48, 5708 (1993).

[14] The population of high-lying (n ­ 1) states makes no
contribution to the bleaching signal atEpr ­ 1.14 eV.
Because of the different dispersion of the (n ­ 1) and
(n ­ 2) valence bands, the interband transitions monito
ing such (n ­ 1) populations occur atEpr ø 1.08 eV.

[15] Under such conditions of constant carrier density, man
body effects like changes of the carrier energy reno
malization or changes of the Coulomb enhancement
interband absorption play a minor role compared to t
population effects [see, e.g., Hailin Wanget al., Phys.
Rev. B52, R17 013 (1995)].

[16] Because of the low carrier energy (E # 18 meV), emis-
sion of optical phonons by the cold carriers can b
neglected.


