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Femtosecond measurement of electron capture and intersubband relaxation in self-organized InA
quantum wires on In1ÀxAl xAsÕInP

E. Péronne,1 T. Polack,1 J. F. Lampin,1,* F. Fossard,2 F. Julien,2 J. Brault,3 M. Gendry,3 O. Marty,4 and A. Alexandrou1
1Laboratoire d’Optique Applique´e Ecole Polytechnique-Ecole Nationale Supe´rieure de Techniques Avance´es UMR CNRS 7639,

Centre de l’Yvette, F-91761 Palaiseau Cedex, France
2Institut d’Electronique Fondamentale, Universite´ Paris-Sud UMR CNRS 8622, F-91405 Orsay, France
3Laboratoire d’Electronique-LEOM, Ecole Centrale de Lyon UMR CNRS 5512, F-69131 Ecully, France

4Laboratoire d’Electronique-LENAC, Universite´ Lyon 1, F-69622 Villeurbanne Cedex
~Received 27 October 2000; published 7 February 2001!

We have investigated theelectron dynamics in high-density InAs self-organized quantum wires on
In12xAl xAs/InP(001) using pump-probe transmission with a midinfrared probe tuned to an intersubband tran-
sition in the conduction band. At low carrier densities, we have measured an effective capture time from the
barrier to the first electron subband of 3 ps, longer than in quantum wells, and an intersubband scattering time
from the second to the first subband of 0.460.1 ps. We attribute both processes to the interaction with LO
phonons. For carrier densities above 33105 cm21, Auger processes lead to larger capture rates.
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The electronic and optical properties of one-dimensio
~1D! semiconductors, quantum wires~QWR!, are fundamen-
tally different from the properties of two- and thre
dimensional semiconductors. The confinement in two dim
sions results in a 1D subband structure with a stron
modified density of states showing a 1/AE singularity at each
subband edge. This sharpening of the density of states
predicted to hinder energy relaxation because energy
wave-vector conservation in phonon scattering1 as well as in
carrier-carrier scattering processes2 are more difficult to sat-
isfy simultaneously. The modified density of states is a
responsible for a number of interesting properties from
viewpoint of applications. The dipole moment associa
with the intersubband transitions can be oriented perpend
lar to the growth axis thus allowing the absorption of infr
red radiation at normal incidence, a very promising prope
for midinfrared photodetector applications.

Previous studies on carrier capture and relaxation in qu
tum wires3–10 have used either time-resolved photolumine
cence or interband differential transmission~DT! experi-
ments and as a consequence are sensitive to the com
electron and hole dynamics. The most direct way to pro
the relaxation of only one type of carriers is to use infrar
pulses tuned to an intersubband transition. Although mid
frared pulses have been applied to the electron relaxa
dynamics in quantum wells,11,12 the advantages associate
with their use have hardly been exploited in the case of qu
tum dots13 and wires. Furthermore, all previous studies we
carried out on structures with a low lateral confinement
tential~V-groove, lateral band-gap modulation structures! in-
ducing an intersubband spacing less than the longitud
optical ~LO! phonon energy. Thus, no information is ava
able on intersubband relaxation in quantum wires due to
LO-phonon scattering mechanism. Another consequenc
the low lateral confinement is that the intersubband tra
tions lie in the far infrared. Therefore, the potential of qua
tum wires for the detection of midinfrared radiation has n
been exploited up to now.
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In this work, we have investigated theelectrondynamics
in a type of quantum wires~InAs on In12xAl xAs/InP) fea-
turing a high wire density14,15 and a strong confinement po
tential. These properties combined with the small elect
mass of InAs give rise to midinfrared intersubband tran
tions with giant oscillator strengths.15,16 The originality of
our measurements lies in the use of a femtosecond vis
pump–infrared probe configuration: The midinfrared pro
tuned to an intersubband transition allows one to isolate
electron dynamics. We report on the capture dynamics a
function of carrier density and on intersubband relaxation
a subband spacing larger than the LO-phonon energy.

The quantum wires are grown by solid-source molecu
beam epitaxy on an InP~001! substrate followed by a lattice
matched 0.4-mm thick In0.52Al0.48As (In12xAl xAs) buffer
layer. The sample consists of ten planes of 0.9 nm@3 mono-
layers ~ML !# of InAs separated by 50 nm spacer layers
In12xAl xAs and capped by 300 nm of In12xAl xAs. Because
of the moderate lattice mismatch~3%! between InAs and
InAlAs and due to the anisotropic surface morphology
as-grown In12xAl xAs, 3 ML of InAs grown on In12xAl xAs
~a thickness just above the 2D/3D growth mode transit
observed at 2.5 ML! without growth interruption produce
self-organized wires rather than dots.14,15

Figures 1~a! and 1~b! show typical atomic force~AFM!
and cross-sectional transmission electron microscopy~TEM!
images, respectively, of samples grown in the same co
tions as the one studied in this work. The AFM image sho
InAs wires along the@11̄0# direction with a mean length o
150 nm and a density of 33105 cm21. A typical cross sec-
tion of the InAs wires, according to the TEM data, is tra
ezoidal, 3.3 nm high, with top and base mean width of
and 22.5 nm, respectively. The wetting layer thickness
between 0.6 and 0.9 nm. The photoluminescence spect
300 and 77 K@Fig. 1~c!# are centered at 845 and 960 me
with a full width at half maximum~FWHM! of 125 and 140
meV, respectively, due to the size inhomogeneities of
quantum wires.
©2001 The American Physical Society07-1
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The room-temperature photoinduced absorption~PIA!
spectra excited by a cw Ar-ion laser@Fig. 1~d!# show a strong
midinfrared absorption centered at 96 meV with a FWHM
14 meV mainly due to wire size inhomogeneities. It is p
larized in the layer plane perpendicularly to the quant
wires as a consequence of the lateral confinement. Exp
ments performed onn-doped samples show the same mid
frared absorption peak whereas it is absent inp-doped
samples.16 A record absorption of 26% at 77 K was obtain
for only 10 planes doped with 131012 cm22.15 Photocon-
ductivity measurements inn-doped samples confirmed th
presence of this midinfrared absorption peak.17 We therefore
ascribe this absorption to anelectronic intersubband transi
tion and, in particular, given the QWR dimensions~see be-
low!, to the transition between the ground and the first
cited electron level. Using a crude model of a squ
potential along@110# ~x! and @001# ~z! and assuming sepa
rable variables, we can fit the interband and intersubb
energies obtained from the photoluminescence and pho
duced absorption spectra for a well size of 2.92 and 17.8
along z and x, respectively.18 These well size values are i
good agreement with the wire cross-section dimensions
tained from the TEM data@Fig. 1~b!#. According to this cal-
culation, there are two confined electronic levels arising fr
the confinement in the lateral direction~labeled u1,1& and
u1,2& where the first and second number stand for the c
fined level number in thez andx direction, respectively!, but,
given the crudeness of the model, we cannot exclude
presence of a third level.

We performed DT experiments at room temperature i
femtosecond visible pump–infrared probe configuration. T
midinfrared probe is obtained by difference frequency m
ing between the signal and idler of an 800-nm pumped 2
kHz optical parametric amplifier.19 Part of the 800-nm beam
was used as a pump to create electron-hole pairs in the
rier, while the midinfrared probe was tuned to the intersu

FIG. 1. ~a! Atomic-force microscopy image of an uncappe
InAs QWR plane.~b! Cross-sectional transmission-electron micro
copy image of two QWR planes in InAlAs spacers.~c! Photolumi-
nescence spectrum at 77 K~dashed line! and 300 K~solid line! and
~d! photoinduced midinfrared absorption spectrum at 300 K of
10-plane sample studied in this work.
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band transition between the first and second confined e
tron levels ~13 mm). Therefore, these experiments a
exclusively sensitive to the electron dynamics. Figure
shows typical DT signals for an injected carrier density
73104 cm21. The carrier density is estimated from the e
citation density and the absorption of In12xAl xAs assuming
that all the carriers excited in the barrier are trapped in
wires. The signals obtained for a@110#- and a

@11̄0#-polarized probe both present a fast rising compone
Only the @110#-polarized one shows a second slower risi
component. Since the fast rising component is observed
in an InP substrate for both polarizations~see inset of Fig. 2!,
we attribute the@11̄0#-polarized signal to the instantaneou
polarization-independent free-carrier absorption in the b
part of the sample~capping layer, barriers, buffer, and su
strate! whereas the slower rising component of t
@110#-polarized DT is ascribed to the QWR absorption.

In order to extract the QWR absorption, th

@11̄0#-polarized DT is subtracted from the@110#-polarized
one. This yields the experimental curve without squares
Fig. 2. The differential signal due to the QWR absorpti
obtained in this way is proportional to the population diffe
ence between the two confined levels involved in the int
subband absorption. Thus, the rise time of the signal refl
the buildup of the population in the first subband. A monoe
ponential fit of the signal~not shown! gives a characteristic
time of 3 ps which corresponds to the total time necess
for an electron to relax from the barrier down to the grou
state. This time will be called the effective capture time
the following. For a probe wavelength of 10.5mm, an effec-
tive capture time of 6 ps is measured which means that c
ture times are shorter in broader wires. This behavior may
due to the appearance of a third confined subband for bro
wires.20

In general, the measured capture times are strongly
pendent on the particular sample structure5,6,9 and often in-

-

e

FIG. 2. Differential transmission of the QWR sample for pro

polarizations along@11̄0# and @110# ~squares!. The experimental
curve without symbols was obtained by subtracting t

@11̄0#-polarized signal from the@110#-one and the solid line is a fi
using a three-level rate equation model withtc252.8 ps andt r

50.3 ps~see text!. The inset shows the DT signal of an InP su
strate and the dotted line corresponds to its derivative reflecting
time resolution of the experiment with a maximum at zero pum
probe delay time.
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clude the transport processes. Experiments in InGaAs
quantum wells have shown that quantum capture domin
for barriers up to 50 nm.21 In our case, due to the high den
sity of quantum wires, and because experiments perform
on samples with 15-nm thick spacer layers have shown s
lar capture times as those with 50-nm thick spacers, we
neglect contributions from transport processes to the cap
time. Therefore, this capture time corresponds to a loca
quantum capture time as defined previously in quant
wells.21,22

The capture times measured in our QWR system
longer than those found in quantum wells~0.3–1.8 ps!,22,21

most probably due to the reduced density of final sta
available for the capture process. Since the capture time
shown to oscillate in quantum wells22 and predicted to oscil-
late in quantum wires20 as a function of the energy of the la
confined level with respect to the barrier, an accurate co
parison between our results in quantum wires and prev
results in quantum wells is only possible if the energy of
last confined level is known precisely. This, however,
quires a full two-dimensional calculation of the energy lev
including strain, piezoelectric field and composition distrib
tions, which is not available at this time.

The DT due to the quantum-wire intersubband absorp
shows another interesting feature around zero pump-p
delay ~see Fig. 2!.23 The QWR absorption starts only a fe
hundred femtoseconds after the injection of carriers into
barrier. This means that the population difference takes s
time to become noticeably positive, allowing us to extract
intersubband relaxation time (t r) as illustrated in Fig. 3. A
simple three-level rate equation model taking into acco
the temporal resolution of our pump-probe experiment w
used to calculate the population difference between
ground and the excited state for a set oft r , the capture time
to the excited statetc2 being kept constant. Whent r is in-
creased by a few hundred femtoseconds, the rise of the s
is shifted by about the same amount. This shift of the sig
rise to positive delay times is clearly visible in Fig. 2. F
longer t r , a negative signal appears reflecting a populat
inversion between the two subbands. Such a negative si

FIG. 3. Quantum-wire differential transmission signa
2DT/T calculated with a three-level rate equation model shown
the diagram for a capture timetc252.8 ps and for intersubban
relaxation times from left to right:t r50.3, 0.5, 1, 3 ps. The captur
time tc1 is considered infinitely long.
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is not observed in the experiment which means that the
tersubband relaxation time is short. We fit the experimen
QWR DT of Fig. 2 using the three-level rate equation mod
in two limiting cases. In the first case, we neglect the dir
capture to the ground state,tc1. Based on calculations in
quantum wells24 and dots25 showing a much more probabl
capture from the barrier to excited states than to the gro
state, we set, in the second limiting case, both capture ti
to be equal. In both cases, very good fits are obtained
tc252.8 ps andt r50.3 ps~see solid line in Fig. 2! and for
tc15tc255.6 ps andt r50.55 ps~not shown!. Both limit-
ing cases correspond to a total capture time from the ba
to one of the confined wire states of 2.8 ps, while the low
and upper limits for the intersubband relaxation time are
and 0.55 ps, respectively. The intersubband relaxation t
determined here is comparable to the one measured in q
tum wells.11

Since the capture time remains constant for carrier de
ties up to 3.53105 cm21 ~Fig. 4!, we deduce that electron
electron scattering is negligible at such carrier densities.
thus attribute the measured capture and relaxation time
the interaction~emission and absorption! with LO phonons.
The much longer intersubband relaxation times observe
V-groove wires3,4 are related to intersubband transitions w
energies below the LO-phonon energy, i.e., when L
phonon emission is not possible. Using Fermi’s golden r
we calculated an electron-phonon intersubband scatte
time of 0.75 ps. Bulk LO phonons were used as in Ref.
since they were shown to describe the scattering proc
satisfactorily.2 Given the inaccuracy of the calculated wa
functions, this scattering time compares well with the expe
mentally determined value of 0.460.1 ps. Defects at or nea
the QWR interfaces may also contribute to the electron
tersubband scattering.

We also performed experiments with a pump-pulse
ergy varying from 0.1 to 12 nJ focused down to 100mm.

FIG. 4. Left: Differential transmission signals2DT/T obtained

by subtracting the@11̄0#-polarized signals from the@110#-ones for
different pump-pulse energies. The fits are monoexponentials
characteristic times of 3, 2.8, 2.5, and 2.3 ps, respectively. Ri
Effective capture times obtained from the exponential fits as a fu
tion of carrier densityn ~diamonds! and (A1Bn)21 fit of the cap-
ture rate~solid line!.

n
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The difference of the pump-probe signals in the two pro
polarizations is depicted in Fig. 4~a! together with monoex-
ponential fits for the rise time giving the effective captu
times. For the highest pump-pulse energy a second expo
tial ~with time constant 370 ps! had to be used in order t
describe the slow decay time observed. This decay tim
probably due to electron-hole recombination. It should
noted, however, that its existence does not modify the
tracted effective capture time. We have not attempted to
tract the evolution of the intersubband relaxation time a
function of carrier density because its value cannot be de
mined with sufficient precision.

Above 0.5 nJ, the rise time starts decreasing with pu
intensity to reach 2.3 ps for 12 nJ. This decrease of the c
ture time at high excitation densities indicates a contribut
of carrier-carrier scattering processes. The signals remain
ponential even at high densities, i.e., no change of the c
ture time is observed as a function of delay time. This in
cates that the total carrier population and not only the bar
population participates in the carrier-carrier scattering p
cesses. The effective capture time is shown in Fig. 4~b! as a
function of injected carrier density together with atc
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.
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5A1Bn fit, where A is the effective capture rate observed
low densities~0.33 ps21), B is the coefficient describing
Auger capture (1.731028 cm / ps), andn is the carrier den-
sity.

In conclusion, we have studied strongly confined, hig
density self-organized InAs quantum wires o
In12xAl xAs/InP with extremely promising optical propertie
and, in particular, giant midinfrared electronic intersubba
absorption at normal incidence. We have been able to iso
the electron dynamics thanks to a femtosecond vis
pump–infrared probe technique. We have measured elec
capture times longer than in quantum wells, another fea
favorable for photodetector applications, and extract an e
tron intersubband relaxation time of 0.4 ps comparable
that in quantum wells. By varying the pump intensity b
more than two orders of magnitude, we have demonstra
the contribution of carrier-carrier scattering in the accele
tion of the capture process. It would be very interesting
extend this midinfrared experimental technique to quantu
dot structures and to measure the intersubband relaxa
time independently from capture in an infrared pump
infrared probe scheme.
-
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