
PHYSICAL REVIEW B 15 DECEMBER 1996-IIVOLUME 54, NUMBER 24
Nonlinear intersubband absorption of a hot quasi-two-dimensional electron plasma
studied by femtosecond infrared spectroscopy
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The transient (n51) to (n52) intersubband absorption of a pure electron plasma inn-type
Ga0.48In0.53As/Al0.48In0.52As quantum wells is studied in femtosecond pump-probe experiments. The ultrafast
dynamics of nonlinear absorption shows strong changes when tuning the midinfrared pulses over the intersub-
band absorption line. The nonlinear optical response is determined by both intersubband relaxation with a time
constant of 1.3 ps and the intraband dynamics of (n51) electrons, which are monitored in an independent
experiment.@S0163-1829~96!51748-0#
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The quantization of electron and hole states in lo
dimensional semiconductors leads to a sequence of val
and conduction subbands and a new type of elementary
citation, the optical intersubband~IS! transition between con
secutive bands. The linear and nonlinear optical propertie
IS excitations in quasi-two-dimensional semiconductors
important both from the viewpoint of the underlying carri
dynamics and for novel optoelectronic devices like the qu
tum cascade laser1 or photodetectors2 for the infrared range.
The optical transition between the (n51) and (n52) con-
duction subbands in quantum wells~QW’s! is dipole allowed
and exhibits a very high absorption cross section of the o
of 10214 cm2. Under intense resonant excitation of this tra
sition, a strong nonlinear increase of transmission has b
observed in quasistationary saturation measurements3 and in
picosecond pump-probe studies,4,5 the latter showing a pico
second decay of enhanced transmission.

The dynamics of IS excitations are governed by scatte
processes of the optically excited carriers, including IS
well as intrasubband relaxation. The dynamics of nonlin
IS absorption observed in Refs. 3 and 5 have been in
preted in terms of population relaxation from the upper to
lower subband whereas in Refs. 4 and 6 real-space tran
of carriers to potential minima in the barriers of the Q
structures has been invoked to account for the picosec
decay times. Such an analysis neglects the in-plane dis
sion of the subbands~energy versus in-planek vector! and
the distribution of carriers ink space. However, band
structure calculations7 and experimental studies of IS absor
tion profiles8 indicate different effective masses and nonp
rabolicities of the two subbands which lead to
k-dependent energy of the IS transition as depicted schem
cally in Fig. 1~a!. Furthermore, recent experiments on ele
trons in GaAs/Al12yGayAs and Ga12xIn xAs/Al 12yIn yAs
quantum wells give similar time scales of IS relaxation o
curring with time constants of 0.5 to 1 ps~Refs. 9–12! and
intraband thermalization of backscattered (n51) carriers
within 2 ps.10 Thus, transient changes of the carrier distrib
tion by intraband scattering processes should contribut
540163-1829/96/54~24!/17343~4!/$10.00
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the dynamics of nonlinear IS absorption on a picoseco
time scale, a phenomenon that has not been explored
now.

In this paper, we report a femtosecond study of nonlin
intersubband absorption in Ga0.48In 0.53As/Al 0.48In 0.52As
quantum wells. One-color measurements with femtosec
pump and probe pulses in the midinfrared demonstrate
the dynamics and the sign of nonlinear IS absorption cha

FIG. 1. ~a! Schematic of the in-plane dispersion of the (n51)
and (n52) conduction subbands. Right hand side: cold~solid line!
and hot ~dashed line! electron distributions.~b! Steady state
intersubband absorption between the (n51) and (n52) conduc-
tion subband of then-type modulation-doped Ga0.48In0.53As/
Al 0.48In0.52As multiple-quantum-well ~MQW! structure ~well
width 6 nm, electron concentration 1.531011 cm22). The spectrum
was measured with the sample under the Brewster angle in
infrared beam. The arrows mark the spectral position of the m
infrared pulses used in the femtosecond experiments. Insert: S
matic of the intersubband transition (EF0: initial Fermi level of the
electrons!.
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strongly with the spectral position within the IS absorpti
line. Complementary experiments probing (n51) valence-
to conduction-band transitions provide independent ins
into the transient electron distributions occurring after IS
citation. We demonstrate, to our knowledge for the first tim
that the dynamics of nonlinear IS absorption in the midinf
red is strongly influenced by the intraband redistribution
(n51) electrons.

In our experiments, we studied ann-type modulation-
doped multiple-quantum-well structure which was grown
molecular-beam epitaxy on an InP substrate. The sam
consists of 50 Ga0.47In 0.53As QW’s of 6 nm width separated
by 14-nm-thick Al0.48In 0.52As barriers. The structures are S
d doped in the center of the barriers, resulting in an elect
density of 1.531011 cm22 in each quantum well. The
steady-state IS absorption spectrum of this sample is plo
in Fig. 1~b! and is centered around 258 meV~wavelength 4.8
mm!. Two different femtosecond pump-probe experime
were performed at a lattice temperature ofTL58 K: ~i! Part
of the (n51) electrons present by doping were excited to
(n52) conduction subband by a femtosecond midinfra
pulse overlapping with the IS absorption line. The result
change of IS absorption was monitored by a weak dela
probe pulse of the same photon energy. Data were reco
for different spectral positionsEp of the midinfrared pulses
as indicated by the arrows in Fig. 1~b!. To enhance the in-
teraction of the midinfrared pulses with the IS dipole m
ment oriented perpendicular to the QW layers, a prism
ometry of the sample was used.4 ~ii ! Femtosecond IS
excitation was also applied in the second experiment. H
however, near-infrared probe pulses monitor changes of
interband absorption from the (n51) valence subbands t
the (n51) conduction subband to determine transient dis
butions of (n51) electrons. In such measurements,
sample was put under Brewster angle in the pump beam
in-plane polarization. Pump and probe pulses were deri
from a regeneratively amplified Ti:sapphire laser. Parame
frequency mixing provides midinfrared pulses of 130 fs d
ration ~bandwidth 14 meV!.13 The 100-fs probe pulses in th
near-infrared~spectral width 13 meV! were generated by
spectral selection from a femtosecond white-light continuu
Excitation densities of about 15% of the total electron co
centration were used in both experiments, as estimated f
the respective sample transmission and spot size on
samples.

In Fig. 2~a!, we present results of the one-color expe
ment with midinfrared pump and probe pulses. The norm
ized change of IS transmissionDT/T05(T2T0)/T0 is plot-
ted as a function of delay time between pump and probe
three different spectral positionsEp ~circles; T0 ,T: sample
transmission before and after excitation!. At Ep5259 meV,
an absolute value ofDT/T0'0.1 is found. The solid lines ar
results of model calculations to be discussed below. At e
delay times, we observe an increase of transmission that
within the time resolution of the experiment and shows a f
partial decay during the first 2–3 ps. The signal at later de
times depends strongly on the specific spectral position
the center of the IS absorption line (Ep5259 meV!, it re-
turns to zero within 6 ps. In contrast, a long-lived bleach
is observed forEp5264 meV on the high-energy wing of IS
t
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absorption, whereas an induced absorption is found
Ep5252 meV. These slow signals decay on a time scale
50 ps.

The second experiment provides independent informa
on the dynamics of (n51) electrons. Transient interban
absorption spectra were measured in the range of
(n51) absorption edge around 0.955 eV. It is determined
the band gap of the QW’s and by the steady-state elec
distribution that populates the bottom of the (n51) conduc-
tion subband up to the initial Fermi levelFF0 and blocks the
corresponding interband transitions. In Fig. 3, the change
transmission at different delay times is plotted versus
photon energy of the probe pulses. The mid-infrared exc
tion pulse was centered atEp5260 meV, resonant to the IS
absorption line@Fig. 1~b!#. At 0.2 ps@Fig. 3~a!#, a decrease of
transmission occurs below the initial Fermi levelEF0 that is
due to depopulation by the midinfrared excitation pulse.
later times, this signal increases and an enhanced trans
sion is found aboveEF0 @Figs. 3~c!–3~e!#.14 This bleaching
which is absent at early delay times gives evidence of
excess population of those higher lying (n51) states by en-
ergetic electrons. Eventually, the transmission changes d
by electron cooling within 50 ps.

In our experiments, IS excitation and subsequent rel
ation lead to electron redistribution at constant density wh
gives rise to changes of both IS absorption in the midinfra
and of (n51) interband absorption in the near infrared. W
first discuss the interband absorption spectra~Fig. 3!, provid-
ing insight into the momentary distribution of (n51) elec-
trons. Then, this information is used to analyze the nonlin
IS absorption~Fig. 2!.

FIG. 2. ~a! Time-resolved changes of intersubband absorpt
for different photon energies of the pump and probe pulses.
change of transmissionDT/T05(T2T0)/T0 ~circles! is plotted vs
the delay time between the midinfrared pump and probe pulse
the same spectral position (T,T0: transmission with and withou
excitation!. Solid lines: model calculations as explained in the te
Insert: pump-probe scheme.~b! Time-resolved population change i
the (n51) subband as calculated from transient interband abs
tion spectra. The (n51) population shows a depletion that rise
within the time resolution of the experiment and recovers with
time constant of 1.3 ps, the intersubband scattering time.
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After the decay of coherent optical polarizations in t
sample on a 100-fs time scale,15 the change of interband
absorption is determined by the difference between the t
sient and the initial distribution functions of (n51) elec-
trons. A detailed experimental and theoretical analysis
transient (n51) interband spectra gives the following rela
ation scenario of (n51) electrons:10 IS excitation induces a
depletion of (n51) states over the entire range from t
(n51) band gap up to the initial Fermi levelEF0, which is
evident from the reduced transmission in the spectra at e
delay times@Fig. 3~a!#. The subsequent formation of a high
energy tail in the carrier distribution leads to an enhancem
of this transmission decrease and a delayed transmissio
crease at energies aboveEF0 at delay times between 0.4 an
2 ps. IS relaxation of (n52) electrons back to high-lying
(n51) states and subsequent intraband redistribution of
ergetic and formerly cold carriers by inelastic Coulomb sc
tering represent the main mechanisms forming the hi
energy tail in this athermal distribution. After about 2 ps
hot quasiequilibrium distribution of (n51) electrons is
reached, connected with similar amplitudes of the transm
sion decrease below and the bleaching aboveEF0. The spec-
tra in Fig. 3~d! and 3~e! are well reproduced by a Ferm
distribution with a carrier temperature of 180 K and 70
respectively~solid lines!. At even later times, the transmis
sion changes decay by carrier cooling within 50 ps.

Quantitative information on the momentary overall pop
lation of the (n51) subband is obtained by spectrally int
grating the transient distribution function underlying t
spectra of Fig. 3. The result plotted in Fig. 2~b! shows a
depletion of the (n51) subband by up to 15% due to fem
tosecond IS excitation. At later times, IS relaxation back
(n51) subband leads to a recovery of population with

FIG. 3. Transient spectra of then-type modulation-doped
Ga0.48In0.53As/Al0.48In0.52As MQW structure in the spectral rang
of the (n51) interband transition after femtosecond intersubba
excitation. The transmission changeDT/T0 is plotted as a function
of the photon energy of the probe pulses for delay times of~a! 0.2
ps, ~b! 0.4 ps,~c! 0.8 ps,~d! 2.0 ps, and~e! 9.0 ps~circles!. The
bandwidth of the probe pulses is 13 meV~full width at half maxi-
mum!. Solid lines: calculated spectra for hot Fermi distributio
with temperatures of~d! 180 K and~e! 70 K. Insert: pump-probe
scheme of the experiments.
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time constant of about 1.3 ps, in good agreement with
rectly measured IS scattering times.9,10

Next, we discuss the transient changes of IS absorp
presented in Fig. 2~a!. Those are determined by the diffe
ence of the time-dependent electron distributions in
(n51) and (n52) conduction subbands. Different parts
the distributions dominate the signal at different spectral
sitionsEp within the IS absorption line, as can be visualiz
with the help of the schematic subband dispersion in F
1~a!. The two subbands have different effective in-pla
masses and nonparabolicities. At photon energies on
high-energy wing of the IS absorption line@arrowE1 in Fig.
1~a!#, one preferentially excites and probes states close to
minima of the two subbands. In contrast, IS absorption
small photon energies~arrowE2) is connected with optica
coupling of higher-lying states at largerki values.

The depletion of (n51) states and the population o
(n52) states by IS excitation lead to an increase of IS tra
mission. At all spectral positions, the magnitude of th
bleaching is proportional to the density of absorbed infra
photons and occurs within the time resolution of the expe
ment. The subsequent time evolution depends strongly on
spectral position. At the center of the IS absorption li
(Ep5259 meV!, the bleaching follows a decay kinetics sim
lar to the recovery of the overall (n51) population plotted
in Fig. 2~b!. Here, the probe pulses average over deple
(n51) states below and transiently populated states ab
the initial Fermi levelEF0, the contributions of which are o
opposite sign and roughly cancel each other in the ove
transmission change. Consequently, the time-resol
bleaching is mainly determined by IS scattering from t
(n52) to the (n51) subband. In contrast, the data record
in the wings of the IS absorption line (Ep5252 and 264
meV! exhibit a different decay kinetics at early times a
transmission changes that persist much longer than the
covery of the (n51) population.Here, the dynamics of non
linear IS absorption reflects both IS scattering and intraba
redistribution within the(n51) subband. At Ep5264 meV,
the long-lived depletion of population at the bottom of t
(n51) subband which is evident from the data in Fig.
leads to a slowing down in the decay of the bleaching sign
The much faster decay of the bleaching and the subseq
enhanced absorption atEp5252 meV are caused by the tran
sient excess populations on the high-energy tail of
(n51) distributions. Both the high-energy tail and the dep
tion at the bottom of the (n51) subband decay by carrie
cooling on a slow time scale of several tens of picosecon

Our qualitative interpretation of the nonlinear IS abso
tion is supported by model calculations. The in-plane disp
sion of the (n51) and (n52) subband was approximate
with an effective electron mass of 0.05m0 and 0.065m0, re-
spectively (m0: free electron mass!.

7 A k-independent IS di-
pole moment was used. The transient IS absorption a
given transition energy was calculated from the differen
between the (n51) and (n52) distribution taken at the spe
cific electron energy. The (n51) electron distribution was
derived from the interband spectra in Fig. 3. Over the op
cally coupled range, the (n52) distribution is assumed to b
k independent and to decay with the IS relaxation time of
ps. The solid lines in Fig. 2~a! represent the calculated ab
sorption change after convolution with the spectral profi
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of the infrared pulses. The good agreement with the d
emphasizes the contribution of the (n51) intrasubband re-
laxation to the nonlinear IS absorption dynamics.

In summary, the dynamics of nonlinear intersubband
sorption of electrons in Ga0.48In 0.53As/Al 0.48In 0.52As
quantum wells depend strongly on the spectral posit
within the intersubband absorption line. The sign and
dynamics of the transmission changes are determined
both intersubband scattering from the (n52) back to the
(n51) subband with a time constant of about 1.3 ps as w
as by electron redistribution processes within the lower s
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band. The transient depletion of states at the bottom of
(n51) subband and the formation of a high-energy tail
the electron distribution lead to a bleaching on the hig
energy wing and an enhanced absorption on the low-ene
wing of the IS absorption line, respectively. These abso
tion changes persist even after the complete depopulatio
the upper subband and decay by electron cooling within
ps.
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