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Intersubband scattering and cooling of hot carriers is investigated in an n-type modulation-

doped Gao.471n0.53As/A10. 4sin0. 52As multiple-quantum-well structure. The nonlinear absorption is

monitored in several picosecond pump-and-probe experiments after selective excitation of the elec-
trons to the n 2 subband. In addition, the relaxation of hot electron-hole pairs created by inter-
band absorption is studied. An upper limit of 3 ps for the lifetime of the electronic n 2 subband

is estimated. The cooling is dominated by LO-phonon scattering; the energy loss rate is reduced

by a factor of up to 130 compared to the value obtained from theoretical calculations.

The investigation of hot carriers in ternary semiconduc-
tors is of fundamental physical interest and of importance
for the design of semiconductor devices. In recent years,
ternary quantum-well (QW) structures of high Q~uality

have been grown by molecular-beam epitaxy. ' ' The
cooling of hot carriers in GaQ47InQ53As/Alo4sInQ52As
multiple-quantum-well structures (MQW's) has been
studied in picosecond photoluminescence experiments. 5

Intrasubband scattering of hot carriers by polar optical
and acoustic deformation-potential interaction was
identified as the dominant cooling mechanism. A strong
reduction of the energy-loss rate by a factor of up to 100
compared to theoretical calculations of LO-phonon
scattering was deduced from the experimental data.

In the present paper, we address the question of inter-
subband scattering and cooling of electrons and of
electron-hole plasmas. Scattering of electrons from the
n 2 to the n 1 subband in GaAs/Gat —,AI, As MQW's
has been investigated both experimentally and theoretical-
ly. s 9 Scattering times in the range from 10 up to several
hundred ps depending on the QW thickness have been re-
ported. Theoretical calculations for infinitely deep poten-
tial wells predict intersubband scattering times in the
range of 1 ps for a QW thickness between 5 and 10 nm. 7

In this paper, we report the first picosecond experiments
on intersubband scattering in n-type modulation-doped
GaQ 47InQ 53As/Alo 4sIno 53As MQW's with a QW thick-
ness of 8.2 nm. A scattering time between 0.5 and 3 ps is
deduced from our data. In addition, the nonlinear absorp-
tion of the sample after picosecond excitation gives in-
teresting information on the cooling of hot carriers.

The n-type modulation doped MQW structure studied
in our experiments was grown by molecular-beam epi-
taxy. The sample consists of 50 GaQ47InQ53As quantum
wells of a width of 8.2 nm separated by n-doped, 23.4-
nm-thick AIQ4slnQ53As barriers grown on a (100) InP
substrate. The electron density in each QW is 4x10"
cm (5X10' cm 3). The energy offset of the valence

and conduction bands of this system amounts to 0.21 and
0.5 eV, respectively. Three subbands of the electrons ex-
ist within the QW's.

Tunable pump and probe pulses in the near infrared are
generated by two traveling-wave dye lasers, 'Q which are
pumped by a modelocked Nd: yttrium aluminum garnet
(YAG) laser. The pulse durations vary from 7 ps at 1180
nm (1.05 eV) to 14 ps at 1350 nm (0.92 eV). Tunable
pulses in the wavelength range from 4 to 9.5 Itm with a
duration of 8 ps are generated by difference frequency
mixing in the nonlinear crystal AgGaS2. " The energy of
the excitation pulses in the different experiments ranges
from 2 to 20 nJ corresponding to excitation densities be-
tween 2 x 10" and 2 x 10'2 cm 2 per QW. The energy of
the probe pulses is less by two orders of magnitude.

The dipole moment of the subband transition is oriented
parallel to the stack axis of the MQW sample. '2 For this
reason, the polarization of the excitation pulses is adjusted
parallel to the plane of incidence. The semiconductor
sample is oriented under Brewster angle in the infrared
beam. All measurements are performed at a sample tem-
perature of 10 K.

The absorption spectrum of the MQW structure in the
near infrared between 0.85 and 1.15 eV is shown in Fig. l.
This spectrum was measured by a standard infrared spec-
trometer. Two steps of nearly equal absorbance are ob-
served. They are due to transitions from the n 1 and
n 2 valence bands to the corresponding conduction
bands (see arrows 1 and 2 in the inset of Fig. 1). The in-
frared transition from the n 1 to the n 2 subband is lo-
cated at an energy of 0.148 eV (transition 3 in the inset of
Fig. 1); the spectral width (full width at half maximum)
of the corresponding absorption band amounts to 7
meV. '3 In contrast to GaAs/Ga~, A1 As and
Ga, In1,As/InP heterostructures, here the energy of the
n 2 subband is substantially lower than the confinement
energy of the QW's of 0.5 eV.

Four different pump and probe schemes are applied in
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FIG. 1. Interband absorption spectrum of the n-type modula-
tion doped Gao.47in0. 53As/Alo. &sino. 52As MQW sample. The
relevent transitions are marked in the inset.

the picosecond experiments.
(i) Electrons are excited to the n 2 subband via the in-

tersubband transition at 0.148 eV (transition 3 in Fig. 1).
The energy of the probe pulses has a value of 1.033 eV,
i.e., states near the minimum of the n 2 subband and
high-lying .tates of the n 1 subband are probed (transi-
tions 1 and 2 in Fig. 1). Even for excitation of more than
50% of the electrons by the pulse at 0.148 eV, no absorp-
tion change was observed. The expected absorption de-
crease caused by occupation of the states in the n 2 sub-
band could not be detected, i.e., no significant amount of
electrons accumulates in the n 2 band. This fact indi-
cates a very fast depopulation of the higher subband.
Considering the excitation intensity and the sensitivity of
our system one estimates a lifetime of the n 2 band of
less than 3 ps.

(ii) Electrons are again excited to the n 2 subband by
an infrared pulse at 0.148 eV. The probe pulse at 0.92 eV
monitors the change of the absorption between the n 1

valence and conduction subbands (transition 1 in Fig. 1).
The electronic states monitored by the 0.92-eV pulse are
located above the initial Fermi level of the electrons at
0.88 eV, which is defined by the doping concentration.

In Fig. 2, the measured change of absorption—ln(T/Tp) is plotted as a function of the delay time
between pump and probe pulses; Tp and T represent the
transmission of the sample prior to and after excitation,
respectively. We find a bleaching of the sample, which
rises without any detectable delay in relation to the in-
tegrated density of absorbed photons and decays within a
time interval of 80 ps. Approximately 50% of the elec-
trons in the sample are excited by the pulse in the medium
infrared; the absorption change observed at the maximum
of the curve in Fig. 1 has a value of )LA 0.1. '4

The very rapid rise of the bleaching shows again that
the electrons excited to the n 2 subband are scattered
back very fast to the n 1 band. We estimate a scattering
time shorter than the temporal resolution of our experi-
ment of 3 ps. Each excited electron reenters the n 1 sub-

FIG. 2. Picosecond kinetics of the nonlinear absorption
change at probe energy EI„0.92 eV after excitation of elec-
trons via the intersubband transition at 0.148 eV (points). The
change of absorption is plotted vs the delay time between pump
and probe pulses. Solid line: calculated time dependence of the
signal for a subband lifetime i,„b & 3 ps. Dashed line: calculat-
ed signal for i,„b 5 ps.

band with an excess energy of 0.148 eV. The carriers re-
lax on a subpicosecond time scale to a Fermi distribution
with a high temperature. The electronic states at 0.92 eV
probed in our experiment are located on the high-energy
tail of the distribution function. The population of these
levels leads to a decrease of absorption, since the final
states of the interband transitions are partly blocked.
Cooling of the electron distribution results in the depopu-
lation of the probed levels and a concomittant decay of the
signal.

The solid and the dashed lines in Fig. 2 are calculated
from a theoretical model. The absorption change dA is
given by M —ap(E)ndf„where ap(E) is the absorp-
tion coeScient at the energy E in absence of free carriers;
d 8.2 nm and n 50 are the QW thickness and the num-
ber of QW's in our sample, respectively; f, 1/
(exp[(E —EF, )/kT, ]+ll is the Fermi distribution of the
electrons, which depends on E, the Fermi energy EF„and
the time dependent carrier temperature T, (t ). The calcu-
lated absorption change M(E, t) is convoluted with a
Gaussian-shaped picosecond probe pulse for comparison
with the time dependence of the signaL

The transient electron temperature T,(t) depends on
the energy supplied by the excitation pulse, on the density
of excited carriers, on the intersubband scattering time
r,„b, and on the energy-loss mechanisms of the hot elec-
trons. The theoretical treatment of carrier cooling in-
cludes scattering of hot carriers by polar optical and
acoustic deformation potential interaction. The energy
loss by LQ phonon emission is the dominant cooling
mechanism for T ~ 40 K; 5 in our model, the energy loss is
calculated for a two-dimensional carrier system obeying
the Fermi statistics. '5 A phonon energy of 31 meV is
used. The energy-loss rate (dE/dt )Lo by phonon emission
is proportional to I/r„where r, 0.16 ps is the electron-
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LO-phonon scattering time in GaInAs. Good agreement
of the theoretical calculation (solid line) and the data
points of Fig. 2 is obtained for r,„b & 3 ps and an energy-
loss rate (dE/dt)Lo, which is reduced by a factor of
F 30 compared to the result calculated from the formal-
ism in Ref. 15. The slowing down of the cooling process,
which is probably caused by phonon excess population and
screening of the electron-LO-phonon interaction in the
system has been observed in time-resolved photolumi-
nescence experiments with n-doped Ga, lni —„As/
Al„In i —,As MQW's. s'6

The calculated time dependence T,(t) of the electron
temperature is plotted in Fig. 4 (dashed line). T,(t) rises
to 370 K after excitation of the sample and decays to 80 K
within 100 ps. The dashed line in Fig. 2 represents the re-
sult of the theoretical model for a subband lifetime

5 ps. Our data do not agree with the calculated sig-
nal, e.g., the rise is delayed in relation to the data points.
This finding demonstrates again that the subband lifetime
in our sample is considerably shorter than 5 ps.

A comment should be made on the precise determina-
tion of the zero point of the time scale in the experiment.
Interchanging the intensities of pump and probe pulse, the
excitation now at 0.92 eV creates additional electrons in
the n 1 subband; the infrared pulse at 0.148 eV monitors
the increase of the intersubband absorption caused by the
excess electrons. The measured signal follows the convo-
lution of the probe pulse with the temporal development of
the electron density. The latter is proportional to the time
integral over the excitation pulse, which reaches half of its
value at time zero.

(iii) Hot electron-hole pairs in the n 1 valence and
conduction subbands are generated by strong interband
excitation at 0.968 eV (transition 1 in Fig. 1). In Fig.
3(a), the absorption change measured at 0.954 eV is plot-
ted versus the delay time between the pump pulse and the
Probe pulse ( inta); approximately 6&10 " electron-hole
pairs per cm are created in each QW by the excitation
pulse with an excess energy of 0.1 eV. The strong bleach-
ing of the sample decreases within 60 ps to a residual ab-
sorption change, which decays via carrier recombination
with a time constant of approximately 250 ps [not shown
in Fig. 3(a)]. The absolute value of bA at the maximum
of the curve is approximately 0.3. The dashed line in Fig.
3(a) represents the cross-correlation trace between pump
and probe pulses.

The bleaching of the sample is due to band filling by hot
carriers. The absorption change ~ is given by

~ (E) —ap(E)nd ff, [m, (E EG),EF,]—
+fj, [mI, (E EG),EFg)j-

in the parabolic band approximation, where up is the ab-
sorption coefficient in absence of free carriers and nd is
the thickness of the 50 QW's of the sample; f, q and EF, q
are the Fermi distributions and quasi-Fermi levels of elec-
trons and holes, respectively (EG. band gap). Values of
m, 0.041mp and mp 0.38mp (mp, free-electron mass)
are taken from the literature3 to determine the mass fac-
tors m, mq/(m, +my) and mq m, /(m, +mI, ). ' The
time-dependent ~(t) is calculated from the temporal de-
velopment of the carrier temperature T, (t), which is as-
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FIG. 3. Measured time dependence of the nonlinear absorp-
tion (points) for various excitation (E„)and probe (E~,) ener-

gies. The solid lines are calculated from a theoretical model of
carrier cooling. Dashed lines: cross-correlation traces of
pumped and probe pulses.

sumed to be the same for electrons and holes. The
theoretical model for T, (t ) includes carrier cooling by LO
phonon and acoustic deformation potential scattering as
well as plasma heating by recombination's and Auger pro-
cesses. ' The detailed calculation will be published else-
where. The numerical evaluation shows, that for T~ 40
K the energy loss of the plasma by LO phonon emission
strongly dominates the relaxation kinetics. The theoreti-
cal energy-loss rate (dE/dt)Lp is characterized by the
electron and hole LO-phonon scattering times r, q, which
have values of t, 0.16 ps and rI, 0.09 ps, respectively.

The solid line in Fig. 3(a) represents the calculated ab-
sorption change, which matches well the data points; the
corresponding time dependence of the carrier temperature
is plotted in Fig. 4 (solid line). The latter curve is ob-
tained with a reduction of the theoretical energy-loss rate
(dE/dt)Lo by a factor of F 130. A similar value of F is
estimated from time resolved photoluminesence measure-
ments with the same excitation density of 6X10"
cm '"

(iv) Finally, intersubband scattering of hot electron-
hole pairs is investigated with pump pulses at 1.05 eV.
The absorption coefficients of the n 1 and n 2 inter-
band transitions 1 and 2 are nearly identical at this ener-
gy, i.e., half of the total excited electrons are promoted to
the n 1 and to the n 2 subband. The pump pulse gen-
erates 6 X 10" electron-hole pairs per cm in each QW
with an excess energy of 0.185 eV. The resulting absorp-
tion change monitored at 0.954 eV in the n 1 bands
(transition 1 in Fig. 1) is plotted in Fig. 3(b); the max-
imum signal has a value of bA 0.46.

The normalized curves of Figs. 3(a) and 3(b) agree
within the experimental accuracy. This finding gives
direct evidence of a very fast intersubband scattering
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FIG. 4. Temporal development of the carrier temperature as
obtained from the theoretical model of carrier cooling. Dashed
line: cooling kinetics of the electrons as determined from a fit of
the data in Fig. 2. Solid line: kinetics of carrier temperature of
a hot electron-hole plasma as obtained from the analysis of the
measurement in Fig. 3(a).

time: The electron-hole pairs excited to the n 2 subband

contribute to the absorption change in the n 1 bands

without any detectable time delay. A delayed contribu-
tion to the signal would occur for a subband lifetime

longer than the temporal resolution of our experiment.
The kinetics of Fig. 3(b) is reproduced well by our
theoretical model of carrier cooling in the rt 1 bands

without taking into account the intersubband scattering
process (solid line). The energy-loss rate (dE/dt )Lo is re-

duced by a factor of F 130 in the calculation, in agree-
ment with the result of Fig. 3(a). The larger absolute

value of the measured absorption change compared to ex-

periment [(iii)] is caused by the higher excess energy of
the carriers in (iv), which leads to higher plasma tempera-
tures.

We now return to the discussion of the lifetime z,„b of
the electrons in the n 2 subband. Our various data sug-

gest an upper limit of z,„b & 3 ps. A lower limit of approx-
imately 500 fs is calculated from the spectral width of the
infrared transition between the n 1 and n 2 subband of
the electrons. However, the latter estimate is incomplete
since further contributions to the linewidth have to be con-
sidered, e.g., the nonparabolicity of the bands and fluctua-
tions of the QW thickness. Theoretical calculations of the
intersubband scattering time z,„b based on a model for
infinitely deep potential wells have been reported in Ref.
7; z,„b is given by z,„b z,I, where z, is the electron-
phonon scattering time and I ~1 is a reduction factor,
which depends on the material parameters. We estimate

1.S ps for our MQW system, in good agreement
with the experimental result.

Recently, intersubband relaxation times in the range of
10 ps have been reported for GaAs/Gao q5Alo 35As
MQW's9 of a QW thickness of approximately 5 nm.
These time constants are considerably longer than the in-
tersubband scattering times calculated in Ref. 7 (with the
GaAs parameters) and exceed the values found in our
work. This discrepancy may be due to an incomplete
confinement of the carriers to the QW's of the
GaAs/Gat-„AI, As system; the n 2 subband energy is
close to the confinement energy for a QW of a thickness of
less than 6 nm. The repopulation of the tt 1 subband
should be delayed when the excited carriers are scattered
out of the QW's and have to be recaptured for relaxation.

It should be noted that the Gao471no 53As/Alp 4slno 52As
system fulfills the approximation of infinitely deep QW's
considerably better than the GaAs/GapssAlp35As system
because of the larger conduction-band offset. Our exten-
sive data are consistent with the picture of rapid intersub-
band relaxation and considerably slower cooling of hot
carriers.
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