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Transient reshaping of intersubband absorption spectra due to hot electrons in
a modulation-doped multiple-quantum-well structure
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The intersubband absorption spectrum of hot electrons is studied in a Gagas7lngssAs/
Alo.4glnos2As multiple-quantum-well structure by picosecond infrared spectroscopy. The band-
width of the transition between the n=1 and n=2 conduction subbands increases from 7 to 13
meV for a rise of the transient carrier temperature from 10 to 350 K. This broadening relaxes
with carrier cooling on a time scale of approximately 100 ps. The different dispersion of the two
subbands and the broad distribution function of hot electrons result in a temperature-dependent
bandwidth of the spectrum. Theoretical calculations account quantitatively for our data.

Intersubband absorption of electrons in layered semi-
conductors has been studied in a variety of multiple-
quantum-well (MQW) structures and superlattices.! >
The spectral position and the strength of the absorption
lines depend on the width and the doping concentration of
the quantum wells (QW’s). These features make n-doped
heterostructures promising for photodetectors sensitive in
the infrared spectral range. Investigations of the intersub-
band excitation and relaxation processes are a prerequisite
for application. Here hot carrier phenomena play a cen-
tral role.

Recently, we have studied the intersubband absorption
and scattering of electrons in an n-type modulation-doped
Gag 47Ino 53As/Alg 4sIng s50As MQW  structure. =T A
strong absorption line connected with transitions from the
n=1 to the n=2 conduction subband was found around
150 meV for a QW thickness of 8.2 nm. The spectral
width of the band increases from 7 to 12 meV for a rise of
the sample temperature from 10 to 300 K, whereas the os-
cillator strength of f==20 and the spectral position remain
nearly unchanged.

Several mechanisms contribute to the total linewidth:
(i) The scattering time of electrons from the n=2 to the
n=1 subband lies in the range between 0.5 and 3 ps for
the ternary MQW structure® and may result in a certain
lifetime broadening of the absorption spectrum; (ii) the
different dispersion of the conduction subbands in k space
leads to a k-dependent energy of the transition and a
temperature-dependent broadening; and (iii) inhomo-
geneities of the QW thickness contribute to the total
linewidth.

A separation of the various contributions and their tem-
perature dependence is not possible in steady-state experi-
ments. Time-resolved measurements, where hot carriers
are investigated in a MQW structure at low lattice tem-
peratures, should allow a discrimination of the effects due
to electron and to lattice temperature. In this paper, we
study, for the first time, intersubband absorption spectra
of hot electrons on the picosecond time scale. The spectra
change significantly with the time-dependent carrier tem-
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perature. The different effective masses and nonparaboli-
cities of the two subbands are essential for the transient
change of absorption.

The n-type modulation-doped MQW structure investi-
gated in our experiments was grown by molecular-beam
epitaxy. The sample consists of 50 Gag 47Ing s3As quan-
tum wells separated by Alp4slngs,As barriers and is
grown on a (100) InP substrate. The thickness of the
QW’s and the barriers amounts to 8.2 and 23.4 nm, re-
spectively. The electron density in each quantum well has
a value of 4.2x10'' cm 2,

The picosecond measurements are based on the follow-
ing pump and probe scheme: A small number of hot
electron-hole pairs is generated by interband excitation
from the valence to the conduction bands. The electrons
are rapidly scattered to the lowest (n=1) conduction
band, thermalize with the electrons present by doping, and
form a hot electron distribution. The delayed probe
pulses, which are tunable in the spectral range of the tran-
sition from the n=1 to the n =2 conduction band, monitor
changes of this absorption line.

Excitation pulses at 1.17 eV are generated in a mode-
locked Nd:yttrium aluminum garnet (YAG) laser system.
The pulse duration is 22 ps. Tunable pulses in the wave-
length range from 4 to 9.5 um (0.3 to 0.13 eV) are pro-
duced by parametric frequency conversion. The output of
the Nd:YAG laser and of a near-infrared dye laser is
mixed in a nonlinear AgGaS, crystal to generate the
difference frequency.® The duration and the spectral
bandwidth of the infrared pulses amount to 8 ps and 1
meV, respectively. The polarization vector of the probe
pulses lies in the plane of incidence and the sample is
oriented under the Brewster angle in the infrared beam.
In this geometry, a small component (approximately 10%)
of the probe light interacts with the intersubband dipole
moment, which has a direction perpendicular to the layers
of the MQW system. All measurements are performed
with a lattice temperature of 10 K.

The intersubband absorption spectra of the electrons
are presented in Fig. 1. The solid line represents the
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FIG. 1. Intersubband absorption spectra of the n-doped
MQW structure. The normalized absorption coefficient is plot-
ted vs the photon energy E,. The spectrum of the unexcited
sample was measured in a steady-state infrared spectrometer
(solid line) and by tunable picosecond pulses (points). The
spectral envelope changes after excitation of hot electrons by a
picosecond pulse at Ecx™1.17 eV (the circles and the dashed
line indicate data for a delay time of 20 ps). Squares represent
the spectrum at a delay time of 100 ps.

steady-state spectrum with an oscillator strength of
f=21, as observed in a standard infrared spectrometer.’
The same result is found with the tunable picosecond
pulses (points). Strong changes of the band are observed
after picosecond excitation of hot additional carriers by
the pulse at 1.17 eV. Approximately 2x 10! electron-
hole pairs per cm? with an excess energy of 280 meV are
created. The circles (dashed line) give the normalized
transient spectrum measured at a delay time of 20 ps be-
tween pump and probe pulses, when the excess electrons
exclusively populate the n=1 conduction subband.® The
absorption line broadens by a factor of approximately 2
and shows a slight shift of the center to higher energies.
The absolute value of the absorption coefficient at 148
meV rises by 30%.

The changes of the spectral envelope decay within 100
ps. The spectrum measured at that delay time has a shape
close to the original band (squares in Fig. 1). The abso-
lute absorption coefficient after 100 ps still exceeds the
steady value by 20% due to the excess electrons generated
by the excitation pulse.

The kinetics of the absorption change was studied with
probe pulses of fixed frequency. As examples, we present
measurements at E =165 meV [Fig. 2(a)] and 148 meV
[Fig. 2(b)] on the high-energy side and at the maximum
of the original line, respectively. The change of absorp-
tion A4 = —In(T/ Ty) is plotted versus the delay time be-
tween pump and probe pulses (T and T represent the
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FIG. 2. Time-dependent change of the intersubband absorp-
tion for two photon energies of the probe pulses. The normal-
ized absorption change A4 = —In(T/To) is plotted as a func-
tion of delay time between the excitation (Ee) and the probe
pulses (Epr); To and T represent sample transmission before and
after excitation. (a) Transient absorption at E,=0.165 eV
above the original absorption band (cf. Fig. 1). (b) Change of
absorption at the maximum of the original line (Ep=0.148 eV).
The long-lived residual signal is due to the generated excess
electrons. This contribution decays by recombination with a
time constant of 250 ps.

transmission of the sample before and after excitation).
At E =165 meV, where the initial absorption is zero, we
find a rapid rise of the signal, which decays within 70 ps.
A similar fast kinetics is observed at E ;=135 meV below
the original band (not shown in Fig. 2). These results
directly demonstrate the transient change of spectral
bandwidth. The kinetics of spectral broadening is in good
agreement with the time-dependent cooling behavior mea-
sured in the same MQW sample for similar excitation
density and excess energy.®’ At E, =148 meV, a long-
lived contribution to the signal is found in addition to the
fast component [Fig. 2(b)]. This second component de-
cays by recombination of the excess carriers with a time
constant of 250 ps.

After the intersubband relaxation of the excess elec-
trons within less than 3 ps, band filling leads to a strong
bleaching of the absorption spectrum at energies close to
the band gap between the n=1 valence and conduction
band around 0.87 eV. The transient absorption spectra in
this region directly reveal the momentary carrier distribu-
tion function.” This technique gives for the present exper-
iments a density Nex==2%10'' cm ™2 of excess carriers
and a momentary electron temperature of 7. =350 K for
a delay time of 20 ps, where the transient intersubband
spectrum of Fig. 1 is recorded.
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We now discuss the transient reshaping of the intersub-
band absorption spectrum. Two broadening mechanisms
have to be considered in detail, namely the change of the
intersubband scattering time with temperature and the
influence of subband dispersion on the line shape. The
contribution of sample inhomogeneities to the linewidth is
expected to be independent of the carrier temperature.

The energy of the intersubband transition in our MQW
system markedly exceeds that of the longitudinal-optical
(LO) phonons. As a result, interaction with LO phonons
is the main intersubband scattering process of electrons
with a lifetime of the upper subband between 0.5 and 3
ps.® The total electron-phonon scattering rate is the sum
of phonon emission and absorption processes proportional
to N, +1 and N,, respectively, where N, is the population
probability of the LO phonon branch (g represents the
phonon wave vector).® The equilibrium phonon density
depends on the lattice temperature T, but not on the car-
rier temperature 7. In the present experiments, 7 has a
constant value of 10 K. Thus, only the creation of excess
LO phonons by the initial fast intersubband scattering
could lead to a time-dependent rise of N, in the relevant g
interval and a corresponding change of the intersubband
scattering time. The latter would alter the lifetime
broadening of the spectrum. A quantitative estimate of
this effect taking into account the excitation density, the
excess energy of the electron-hole pairs, and the region in
q space, where phonons are emitted, gives a change of the
linewidth, which amounts to less than 10% of the steady-
state value found at 10 K. Therefore, this mechanism
cannot explain the strongly broadened spectra found in
our measurements.

Next, we consider consequences of the different disper-
sion of the subbands with k,, the wave vector parallel to
the layers of the MQW structure. The different effective
masses and nonparabolicities of the two conduction sub-
bands result in a k,-dependent energy AE; of the inter-
subband transition. At low carrier temperatures, the elec-
trons populate states at small k, values and AE; is deter-
mined by the separation of the subbands around k, =0.
The electronic distribution function at the high transient
temperatures occurring in the picosecond measurements
extends over a larger k, interval. Here different values of
AE; contribute to the spectrum resulting in a distinct
broadening of the absorption line.

The electron density in the n=1 subband increases by
picosecond excitation. The change of carrier concentra-
tion leads to a shrinkage of the n=1 band gap by renor-
malization.'® This effect is accompanied by a shift of the
intersubband spectrum to higher energies (increasing
AE;), since the n=2 conduction subband is only weakly
changed in energy by the carriers in the n=1 system.'! In
the following, we calculate intersubband absorption spec-
tra taking into account subband dispersion and band-gap
renormalization.

The theoretical description of the electronic band struc-
ture in two dimensions is based on an approach where par-
abolic subbands are determined self-consistently and non-
parabolicity as well as spin-orbit terms are treated by per-
turbation theory.'>!* The carrier motion in the layered
system is separated in a first part parallel to the plane of
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the QW’s, which is characterized by the wave vector k,,,
and a second component perpendicular to the layers (k).
The dispersion of electronic energy is calculated up to
fourth order in k£ and averaged over the two orientations
of electron spin. The small warping of the band structure
is neglected. The energy E., (n=1,2) of the carriers at
kp =0 is determined by the two-dimensional confinement
in the QW’s. We calculate E;; =61 meV and E,., =205
meV for a QW thickness of 8.2 nm. Around k, =0, the
subbands are characterized by an effective mass m,
(n=1,2). A value of m;=0.049m, (m¢ represents the
free electron mass) is calculated for the lowest subband, in
good agreement with the effective mass measured by cy-
clotron resonance.!* The effective mass of the n=2 sub-
band is larger and has a value of m,==0.061m(. The
dispersion at larger values of k, significantly deviates
from a parabolic shape. We find nonparabolicity factors
of @;=0.98 eV ™! and a,=0.78 eV ~! for the two sub-
bands. 12

The temperature-dependent renormalization of the
n=1 band gap is calculated from the formalism presented
in Ref. 10. A shift of 11 meV is obtained for an electron
density of 42%x10'' cm ~2at 10 K.

The intersubband absorption coefficient ajs(Av) at the
energy hv is given by

aishv) =C [ d%, (B — fFEDILGhv—(E;—E)).

f(E,) and f(E,) are the Fermi distribution functions of
electrons in the two subbands depending on the energies
E (ky) and E;(kp), the Fermi levels, and the carrier tem-
perature T,. The function f(E,) is close to zero for our
experimental conditions. The spectral profile L(hv
—[E,(k,) —E,(k,)1), which is independent of T, is in-
troduced to account for the spectral width due to the sam-
ple inhomogeneities and to the finite lifetime of the n=2
subband. It should be noted that the shape and the total
width of the intersubband spectrum are determined by the
profile L(hv) and the distribution functions f(E,,). C
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FIG. 3. Calculated intersubband spectra for a carrier temper-
ature T, =10 K and an electron density of 4.2%10'! cm ~2 (solid
line) and for hot electrons (7.=350 K, density 6.2x10!

—2
cm ™).
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represents a constant containing the dipole matrix element
of the intersubband transition.

The solid line in Fig. 3 represents the absorption spec-
trum calculated for an electron density of 4.2x10!! cm ~2
at 10 K. This band obtained with a Lorentzian profile
L(hv) of a full width at half maximum (FWHM) of 4
meV is in good agreement with the measured spectrum
plotted in Fig. 1 (solid line). A significant change of the
line shape results for an electron density of 6.2x10!!
cm 2 and a carrier temperature of 350 K (dashed line in
Fig. 3), i.e., the conditions of our picosecond experiments.
The full half-width of the spectrum increases from 7 to
approximately 13 meV with a slight shift of the line center
to higher energies. These modifications are due to the fol-
lowing mechanisms: The n=1 and n=2 subbands get
closer for increasing wave vector k, and the energy AE; of
the intersubband transition decreases, i.e., an increase of
the carrier temperature T, at constant electron density re-
sults in a spectral broadening mainly to lower frequencies.
However, band-gap renormalization by the additional
electrons enlarges the separation of the subbands and
shifts the transition to higher energies. As a result, there
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is a well pronounced increase of oscillator strength at fre-
quencies above the original absorption band. This finding
as well as the calculated bandwidth agree with the experi-
mental data of Fig. 1 (circles).

In summary, we have observed the distinct reshaping of
the intersubband absorption spectrum of hot electrons in a
MQW structure. Picosecond infrared spectroscopy
directly reveals the broadening as well as the small spec-
tral shift of the band with the transient carrier tempera-
ture. The changes of the spectral envelope are mainly due
to the different dispersion of the two conduction subbands
and the increase of the transition energy by band-gap re-
normalization. Thus the transient intersubband absorp-
tion is a sensitive probe of band structure and of many-
body effects in a hot two-dimensional electron gas.
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