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Using ultrafast terahertz spectroscopy, we measure the temporal evolution of the intersubband absorption
spectrum of a GaAs/Al0.3Ga0.7As double-quantum-well structure with an energy spacing between the first two
subbands smaller than the longitudinal optical phonon energy. We show that the interaction between the
photoexcited carriers has a considerable influence on the time-dependent absorption. When varying the pho-
toexcited sheet carrier density between 131010 cm−2 and more than 131012 cm−2, we find (i) a strong
dependence of the intersubband scattering rate on the density of optically generated carriers, and(ii ) a temporal
shift of the intersubband resonance as the population in the second subband decays, i.e., as the photoexcited
carriers relax into the quantum-well ground state.
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I. INTRODUCTION

In semiconductor quantum wells(QW’s) the original
three-dimensional energy bands are split into so-called sub-
bands. Optical transitions may take place between these sub-
bands when they are partially filled with carriers,1 which can
be supplied by doping or by photoexcitation.2 Because the
subbands are parallel and the optical transitions conserve
momentum, the intersubband(ISB) absorption spectrum ex-
hibits Lorentzian-like resonances at discrete energies. In this
context it is important to pose the question: What determines
the resonance energy of an ISB transition? In a single-
particle picture, the ISB resonance corresponds to the transi-
tion between two quantized states and is thus determined by
the structural parameters of the QW. However, ISB absorp-
tion is a collective rather than a single-particle phenomenon
and the many-body interaction manifests itself in a shift of
the ISB resonance away from the single-particle energy
spacing.3,4 This shift not only depends on the total number of
carriers in the QW but also on the distribution of the carriers
in the different subbands.5 As the second subband in a QW
becomes significantly populated through strong resonant ISB
excitation, for example, the ability of the carriers to screen
the exciting radiation is reduced, leading to a redshift of the
ISB resonance.6

Because a variety of novel optoelectronics devices oper-
ating in the terahertz(THz) and midinfrared spectral regime,
such as quantum cascade lasers7,8 and detectors,9 are based
on ISB transitions, a detailed understanding of their physics
is of great experimental10–13 and theoretical14–16 interest.
Many-body effects on ISB absorption spectra have been
studied theoretically for the response of two-subband and
multisubband QW’s.3,4,12,15,17Experimentally, ISB transitions
are usually studied by Fourier transform spectroscopy, where
an infrared glow bar is used as a continuous-wave(CW)
white-light source. For the measurement of carrier dynamics
in QW’s, pulsed excitation has to be combined with ul-
trashort ISB probe pulses to perform time-resolved ISB ab-
sorption spectroscopy on subpicosecond timescales. Usually,
this is done by spectrally tuning midinfrared or THz probe

pulses into resonance with ISB transitions and measuring the
absorbed pulse energy.18,19 The redistribution of carriers be-
tween different subbands due to relaxation, however, causes
a temporal shift of the ISB resonance energies because of
many-body effects. Thus, it is not sufficient in some cases
(especially at high carrier densities and small subband spac-
ings where many-body effects play an important role) to
probe the time-dependent ISB absorption at a fixed energy,
but instead the dynamics of the entire absorption spectrum
has to be monitored. This can, for example, be achieved by
replacing the CW light source of a Fourier-transform infrared
spectrometer by a pulsed “white-light” THz source, where
the radiation consists of only a few cycles of the electromag-
netic field and therefore covers a broad spectrum. With the
rapid developments in THz technology, such sources have
now become available, and a new class of nonequilibrium
phenomena in QW’s can be studied in the THz and midin-
frared spectral domain.

II. EXPERIMENT

In our experiment an interband pump pulse injects elec-
trons into the two lowest subbands of an undoped
GaAs/AlxGa1−xAs asymmetric double QW with a level spac-
ing smaller than the longitudinal optical(LO)-phonon energy
(,36 meV in GaAs). The time evolution of the electronic
ISB absorption is monitored by probing the optical transi-
tions to a third(empty) subband[see Fig. 1(a)]. The resulting
time-dependent ISB absorption spectrum, shown schemati-

FIG. 1. (a) Energy-band diagram of the double-QW structure
and (b) corresponding ISB absorption spectrum.(c) Schematic
drawing of the sample geometry and pump-probe configuration.
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cally in Fig. 1(b), exhibits two absorption lines, correspond-
ing to the (2-3) and (1-3) ISB transitions, respectively. On
the basis of the time evolution of the ISB absorption we
determine the ISB relaxation time between subbands 1 and 2.

The undoped GaAs/Al0.3Ga0.7As double-QW sample was
grown on a 500-µm-thick semi-insulating GaAs wafer by
molecular beam epitaxy. The structure contains 40 periods of
a 65-Å GaAs well and a 75-Å GaAs well, coupled through a
25-Å Al0.3Ga0.7As barrier. The separation between each pair
of QW’s is 200 Å. The selection rule for ISB transitions
requires an electric field component perpendicular to the QW
layers. Thus, the edges of the sample were polished at an
angle of 58° to the growth axis, in order to form a single-pass
waveguide for the ISB probe pulses[shown schematically in
Fig. 1(c)] and to achieve a strong coupling of the radiation to
the ISB transition dipoles. Due to the interference of the
incoming and reflected wave, a standing-wave intensity pat-
tern of the ISB-active electric field component forms along
the growth direction. It is clear that the absorption strongly
depends on the position of the QW’s relative to the position
of the intensity nodes and antinodes. Thus, the QW’s were
placed at a certain distance from the surface by growing a
2500-Å-thick Al0.3Ga0.7As spacer layer on top of the sample.
The sample was mounted on the cold finger of a He
continuous-flow cryostat. All measurements were performed
at a temperature of approximatelyT=5 K.

Time-resolved ISB absorption spectra were recorded by
employing an interband-pump–ISB-probe technique, where
the sample was excited from the surface[see Fig. 1(c)]. In
our setup we use a mode-locked Ti:sapphire laser that deliv-
ers 12-fs pulses at a repetition rate of 75 MHz with an aver-
age output power of 800 mW. The laser pulses are centered
at a wavelength of 780 nm and the bandwidth is 110 nm[full
width at half maximum(FWHM)]. For interband excitation
half of the laser intensity was sent through a motorized delay
stage and the desired pump pulse spectrum was selected
through a grating pulse shaper. The excitation energy was set
slightly above the bottom of the second subband
s,1.59 eVd and the spectral width was kept as small as pos-
sible (10–25 nm), in order to generate a cold electron distri-
bution in the second subband and to suppress LO-phonon
emission. Different excitation densities were achieved by
changing the focus of the pump pulse at the sample and
additionally by using neutral-density filters. The density of
photoexcited carriers was estimated from the excitation
power, repetition rate, focus diameter of the pump pulse, and
the absorption coefficient of GaAs. Care was taken that the
spot size of the pump was at least two times larger than that
of the probe beam, so that the probe beam sampled a uniform
region of photoexcitation.

The ISB probe pulses were generated by phase-matched
difference frequency mixing in a 30-µm GaSe crystal.20,21

The probe pulses were centered at a wavelength of approxi-
mately 10µm and the pulse duration was less than 40 fs.
Their large spectral width—more than 60 meV(FWHM)—
allowed measuring the ISB absorption spectrum of the
sample with a single pulse, offering simultaneously high
resolution in both the time and frequency domains. The
probe pulses were transmitted through the waveguide and
detected with a liquid-nitrogen-cooled HgxCd1−xTe detector.

Careful alignment of the optics allowed achieving a
(diffraction-limited) 30-µm focus diameter(FWHM) of the
ISB probe pulses at the position of the sample. A small probe
spot diameter is desirable for two reasons. First, a small in-
teraction volume with the pump beam improves the time
resolution of the experiment. Second, a small probe spot al-
lows us to reduce the pump spot diameter accordingly to
achieve highs.1012 cm−2d photoexcited carrier densities.

Spectroscopic measurements of the probe pulses were
performed by using an interferometric correlation technique.
This method relies on the generation of two identical ISB
probe pulses by using a sequence of two near-infrared laser
pulses separated by a variable time delay. The Fourier trans-
form of the interference signal as a function of the time delay
provides the spectrum. Experimental details of this technique
have been reported elsewhere.22

The temporal changes in the ISB absorption spectrum
were obtained by a lock-in technique as a function of time
delay between the interband pump and the ISB probe pulses.
The data are typically presented in the form of normalized
differential transmission given byDT/T0=sT−T0d /T0, the
change in the transmissionDT=T−T0 induced by the pump
pulse(chopping the near-infrared pump beam) divided by the
transmission of the probe without pumpT0 (chopping the
probe beam).

III. RESULTS AND DISCUSSION

A. Intersubband absorption spectra

1. Low excitation density

Time-resolved ISB absorption spectra, recorded at an ex-
tremely low photoexcited sheet carrier density of
nS=131010 cm−2, are shown in Fig. 2(a). The spectra ex-
hibit absorption peaks at energies ofE32=112 meV andE31
=126 meV, corresponding to the(2-3) and the (1-3) ISB
absorption, respectively. These values are in perfect agree-
ment with the transition energies obtained by solving the
single-particle Schrödinger equation in the envelope function
formalism, where we used 75 and 64 Å for the GaAs well
widths and 24 Å for the Al0.3Ga0.7As barrier width in order
to match the calculated energies to the experimental results.
The amplitude of the low-energy peak decreases with the
time delay after excitation due to ISB relaxation. The ampli-
tude of the second peak, however, rises slightly in the begin-
ning and afterwards decays due to carrier recombination.

Since the spectrally integrated absorption(i-3) (i =1,2) is
directly proportional to the subband populationNistd, we are
able to determine the population dynamics in the QW on the
basis of the time-resolved ISB absorption spectra. Figure
2(b) shows the electron population in the first and the second
subband as a function of the time-delay after optical excita-
tion (symbols). About 40% of the photoexcited electrons are
injected into the second subband, while the remaining 60%
are injected into the first subband at higherk values. The
population in the second subband shows exponential decay.
The electrons that relax down add to the population in the
ground level. Subsequently, the population in the ground
level drops because of carrier recombination. The lines in the
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inset of Fig. 2(b) are the results obtained from a phenomeno-
logical rate-equation model. By fitting the calculation to the
experimental data we deduce an ISB relaxation time ofT21
=14 ps and a recombination time ofTrec,0.5 ns.

2. High excitation density

At higher excitation densities ISB transitions reveal their
collective nature. Figure 3(a) shows absorption spectra taken
at an excitation density ofnS=331011 cm−2. The spectra are
vertically displaced for clarity. Compared to the low excita-
tion density spectra, shown in Fig. 2(a), we find two differ-
ences: First, the(2-3) absorption decays much faster and we
extract an ISB relaxation time of onlyT21=5.9 ps. Second,

we observe a spectral blueshift of the(1-3) ISB absorption as
the time evolves, i.e., as the electrons in the second subband
relax into the QW ground level. Note that in addition to the
ISB resonances we observe a monotonic absorption that in-
creases towards low energy. This absorption is also present
when we set the polarization of the ISB probe pulses parallel
to the QW layers. Thus, it is attributed to Drude absorption
by free carriers that are generated in the substrate, and we
subtracted it for clarity. In Fig. 3(b) we plot the peak energy
E31 of the (1-3) transition versus the carrier densityN2 in the
second subband. We find that(within the accuracy of our
experiment) the energetic shift ofE31 is linear. Unfortunately,
we cannot determine the exact energy shift of the(2-3) ISB
transition because of its small amplitude at delay times
.5 ps. Similar results have recently been obtained by
Shtrichmanet al., who measured the time-dependent ISB
absorption in a rectangular QW after photoexcitation.23 They
observed a time-dependent shift of the(1-2) ISB resonance
as the density of carriers decayed due to recombination. This
was explained by a density-functional model accounting for
static and dynamic many-body effects.

Although in our experiment the total sheet carrier density
nS in the QW does not alter significantly during the relax-
ation, it is plausible that the redistribution of carriers in the
two lowest subbands due to ISB relaxation can lead to ener-
getic shifts of the ISB resonances. Qualitatively, these shifts
can be understood as follows: The depolarization shift of a
transition from subband 1 to 3, for example, is proportional
to N1, the population in the first subband. Thus, as the popu-
lation in 1 increases, one would expect an energetic shift of
the resonance to higher energy. Other many-body effects,
such as exchange and correlation, will also contribute. In
order to quantify these energy shifts, we applied the density
functional model of Ref. 23 to calculate time- and density-
dependent ISB absorption spectra of our structure. Within
this model the static effects are separated into the Hartree
term and the exchange-correlation term. The Hartree poten-
tial arises from the different spatial distributions of electrons
in the conduction band and holes in the valence band. It was
accounted for by a self-consistent solution of Schrödinger’s
equation and Poisson’s equation. The exchange-correlation
potential, which can be described as a functional of the car-
rier density, was added in the Schrödinger equation, in a way
similar to the Hartree potential. We calculated the self-
consistent static band structure of the QW for different frac-
tions of electrons in the second subband.

We did not consider hole redistribution, i.e., we assumed a
thermalized distribution of holes in their ground state for all
time delays after excitation. This is justified because it is
known that holes relax much faster than electrons, because of
their large effective mass and the small energy spacing in the
valence band. With the static self-consistent wave functions
and subband energy levels from above, we then calculated
the dynamic many-body corrections to the ISB absorption
spectrum using the formalism described, for example, in Ref.
17. The dynamic corrections consist of the depolarization
shift, which essentially comes from a time-dependent Har-
tree term, and the exciton interaction, which is due to the
Coulomb interaction between the excited electron and the
quasihole left behind in the ground subband. Dynamic inter-

FIG. 2. (a) ISB absorption spectra at different time delays after
the interband pump pulse for an excitation density of
nS=131010 cm−2. (b) Electron populations in subbands 1 and 2 as
a function of time delay after the excitation(symbols, experiment;
lines, results from a phenomenological rate-equation model).

FIG. 3. (a) ISB absorption spectra at different time delays after
the interband pump pulse for an excitation density of
nS=331011 cm−2. (b) Energetic position of the(1-3) ISB reso-
nance as a function of the electron population in the second
subband.
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actions between electrons in the conduction band and holes
in the valence band have been shown to be small in practi-
cally relevant cases23 and were thus neglected.

The calculated energetic positionsE31 andE32 of the(1-3)
and (2-3) ISB resonances at different sheet carrier densities
nS are shown in Fig. 4. As the number of electrons in the
second subband is reduced, i.e., as the electrons relax into
the QW ground state, the(1-3) transition shifts to higher
energy. This is in agreement with the experimental results.
The magnitude of the shift is larger for higher excitation
density. The energetic position of the(2-3) absorption is
more stable for all excitation densities. A detailed analysis of
the individual contributions of the different many-body cor-
rections to the(1-3) ISB resonanceE31 with respect to the
single-particle energy splitting shows that the blueshift is
manly due to the depolarization effect. The static Hartree
term, which often dominates the many-body corrections in
modulation-doped nanostructures, is minimized due to the
presence of holes in the valence band.

B. Intersubband Relaxation: Excitation density dependence

In Fig. 5(a) we present the excitation density dependence
of the ISB relaxation timeT21 when varying the photoexcited
sheet carrier density fromnS=131010 cm−2 to more than
131012 cm−2. With increasing density we observe a signifi-
cant shortening of the relaxation time. In the high-density
regime we observe a steep increase ofT21. In order to find
the physical mechanism behind the ISB relaxation we will
now discuss possible scattering mechanisms and compare
numerical estimates of scattering times with the experimental
results.

Since the energy spacing between the two lowest sub-
bands of our QW structure is smaller than the LO-phonon
energy, the electrons in the second subband do not possess
sufficient energy to emit LO phonons, and ISB relaxation can
only be due to acoustic phonon emission and carrier-carrier
scattering. Using the model described in Ref. 24 we calcu-
lated the acoustic phonon scattering time to beT21,0.3 ns
for our structure. This time is much too long to explain the
experimental findings. Former time-resolved photolumines-

cence experiments25,26 and calculations,27 however, have
shown that the ISB carrier-carrier scattering rates can be very
high, almost approaching in some circumstances the ISB
scattering rate due to LO-phonon emission.

We calculated the carrier-carrier scattering rates in the
Born-approximation using static single subband screening
within the random phase approximation.28 In this calculation,
Pauli blocking of the final states was not taken into account.
We find that the most prominent scattering processes are la-
beled 2211 and 2221[see inset in Fig. 5(a)], where i j fg
describes an interaction, where an electron in subbandi scat-
ters to f under collision with a second electron, which scat-
ters fromj to g. When working out the total population trans-
fer rate between the first and second subbands, both
scattering processes and the number of electrons that are
transferred by each process were taken into account:T21
=s2W2211+W2221d−1. The result of this calculation is shown
in Fig. 5(a) as dashed line. At an excitation density of ap-
proximately 131012 cm−2 the Fermi level in the ground
state approaches the bottom of the second subband and the
ISB relaxation drastically slows down due to Pauli blocking.
This is illustrated in Fig. 5(a) by the vertical dashed line.
Although we cannot completely exclude the contribution of
LO-phonon scattering of hot electrons in the second subband
of the QW to the relaxation, the strong dependence of the
ISB relaxation timeT21 on the carrier density and the good
agreement with the calculation suggest that the main relax-
ation mechanism is carrier-carrier scattering.

Figure 5(b) shows the maximum shift of the(1-3) ISB
absorption as a function of the excitation density. The theo-
retical density dependence of the(1-3) peak shift, calculated
as described above, is shown as a dashed line. The many-
body corrections are rather small in our case—less than 2%
of the bare energy spacing. However, having in mind that the
depolarization shift of an ISB transitionsi- jd is a function of
sEj −Eid−1, it is clear that the collective effects can become

FIG. 4. Calculated energies of the(1-3) and (2-3) ISB reso-
nances for total sheet carrier densities ofnS=331011 cm−2

(circles), 631011 cm−2 (squares), 831011 cm−2 (diamonds), and
131012 cm−2 (triangles).

FIG. 5. (a) Experimental ISB relaxation times(symbols). The
calculation (dashed line) confirms the experimental results.(b)
Maximum energy shift of the(1-3) ISB resonance.
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substantial when probing ISB transitions with a subband
separation in the THz spectral range(in the order of 10
meV). Monitoring the ISB absorption at a fixed energy might
then give erroneous results.

In an ordinary ensemble of two-level systems the transi-
tion energy—and thus the interaction strength between par-
ticles (e.g., carrier-phonon interaction or carrier-carrier
interaction)—does not depend on the excited-state popula-
tion. In a highly excited QW structure, however, many-body
effects influence the energy spacing dependent on the popu-
lations in the two subbands. Thus, as electrons relax into the
ground state the interaction strength between particles is al-
tered, which in turn influences the relaxation rate. This leads
to a complicated interplay between many-body effects and
the physical processes that cause the relaxation. Therefore,
ISB relaxation of carriers in a highly excited QW structure is
a complicated problem that is described by a single time
constant only to first order.

IV. SUMMARY AND CONCLUSION

In conclusion, we have investigated the infrared optical
properties and relaxation dynamics of photoexcited electrons

in a GaAs/AlxGa1−xAs double-QW structure by interband-
pump–ISB-probe spectroscopy. We have presented time-
resolved ISB absorption spectra for a wide range of excita-
tion densities. From the data we have extracted the density
dependence of the ISB relaxation timeT21. Due to the small
energy spacing between the two lowest subbands, LO-
phonon scattering is suppressed and we have found that ISB
relaxation in this structure is mainly due to carrier-carrier
scattering. Further, we have shown that the ISB absorption
and relaxation do not depend only on the total number of
carriers in the QW but also on their distribution in the dif-
ferent subbands. We have observed a temporal shift of the
(1-3) ISB resonance as the population in the second subband
decays, i.e., as the electrons relax into the QW ground level.
This has been explained by a density-functional model ac-
counting for static and dynamic many-body effects.
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