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Intersubband relaxation time for In xGa12xAs/AlAs quantum wells
with large transition energy

G. Ghislotti,a) E. Riedo,b) D. Ielmini,c) and M. Martinelli
CoreCom, via Ampere 30, 20131 Milano, Italy

~Received 19 July 1999; accepted for publication 13 October 1999!

Intersubband relaxation time for InxGa12xAs/AlAs multiple quantum wells presenting a large
transition energy~680 meV! is measured by means of pump and probe experiments. Differential
transmission decays in about 10 ps. The possible influence of intrasubband relaxation andG –X
coupling on intersubband decay is discussed. ©1999 American Institute of Physics.
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Mechanisms responsible for intersubband~ISB! relax-
ation in quantum wells~QWs! are very important both from
a fundamental physics perspective and for device appl
tions. ISB transitions are involved in several optoelectro
devices such as quantum cascade lasers,1 infrared detectors,2

and optical modulators.3 Recent measurements performed
QWs determined an ISB relaxation time in the range of 1–
ps when the well is narrow enough to make ISB ene
larger than the longitudinal optical phonon.4–6 In large QWs
~24 nm!, relaxation times of the order of 100 ps were attr
uted to interaction with acoustic phonons.7 Typical wave-
lengths for all the above-mentioned ISB transitions
longer than 4mm.

In order to take advantage of the fast relaxation time
applications in the optical fiber transmission window arou
1.55 mm, ISB transition energy has to be increased. T
system InGaAs/AlAs thanks to the large conduction-ba
offset, allows a large tunability of the ISB energy up to t
near-infrared spectral region. Smetet al.8 presented results
on InGaAS/AlAs QW showing ISB absorption at 0.8 e
~corresponding to 1.55mm wavelength! which represents the
highest ISB energy reached so far. Asanoet al.9,10 realized
InxGa12xAs/AlAs (0.2,x,0.4) MQWs have a band offse
of 1.1–1.3 eV. They proposed to use ISB absorption to
tically modulate a light beam resonant with the interba
transition. To implement this ultrafast modulator configu
tion, it is necessary to have similar wavelengths for b
interband and intersubband transitions, and therefore InG
QWs are just a few monolayer~ML ! thick with high In con-
tent. However, in such a case, quantum confinement eff
may raise theG conduction-band state of the InGaAs we
above the conduction-band state~X state! of the AlAs barrier,
leading to an indirect band-gap configuration. Jancuet al.11

calculated that one can achieve similar interband and in
subband transition energies before the crossover from ty
to type II quantum well occurs. However, for InxGa12xAs ~6
ML !/AlAs QWs, ISB absorption is already inhibited, due
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electron transfer to theX-like barrier state. Experimental evi
dence for theG –X transfer in heterostructures having AlA
barriers has been reported already.12,13 When transfer to in-
direct states occurs, carrier dynamics is controlled by
slow relaxation to theG state. This effect can negativel
affect the overall relaxation time.

In this work, we present time-resolved pump-probe e
periment in In0.3Ga0.7As/AlAs MQWs to determine ISB re-
laxation time. Relaxation time for InGaAs/AlAs QWs havin
ISB spacing of 0.5 eV has been measured by Asanoet al.14

However, in this structure,G –X transfer is not effective,
hence its influence on the overall ISB relaxation cannot
investigated. Structure investigated in the present wo
works at about 0.68 eV, i.e., very close to the regime wh
G –X transfer strongly affects carrier relaxation dynamic
Although relaxation time for ISB transitions in the range
0.6–0.7 eV has been estimated of the order of 2–9 ps,9 no
direct experimental evidence has been given so far.

Samples were grown by molecular-beam epyitaxy
GaAs~001! substrates and consisted of a 0.5mm GaAs buffer
layer grown at 540 °C followed by 30~8 ML thick!
In0.3Ga0.7As QWs grown at 540 °C with 30 s growth inte
ruption at each interface separated by an 108-Å-thick~36
ML ! AlAs barrier. A 10-nm-thick GaAs cap layer grown a
the same temperature concluded the growth. In0.3Ga0.7As
QWs were Si doped to 1.431019cm23. High-resolution
electron-microscopy images were used to confirm well a
barrier widths.

Transmission and degenerate pump and probe exp
ments were performed using the multipass waveguide st
ture shown in the insert of Fig. 1. Samples were 200mm
thick and 6 mm long. With this configuration light bea
propagates across the MQW structure about 30 times. I
dent light was transverse magnetic~TM! polarized in order
to satisfy selection rules for ISB absorption. Pump and pro
beams were obtained from a Ti:sapphire-pumped param
amplifier delivering 120 fs pulses in the 1.4–2mm spectral
region. Both pump and probe beams were at 1830 nm
TM polarized with respect to the incidence plane. Pum
beam was focused on a spot size of about 100mm. Trans-
mitted probe beam was detected using a PbS detector
standard lock-in detection. Care was taken to reduce resi
pump transmission. Pump and probe beams were chopp
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different frequencies in order to extract differential transm
sion.

Spectral dependence of the room temperature ISB tr
mission shows a peak at about 680 meV, which is in go
agreement with the calculated energy spacing between
two conduction-band states~labeled C1 and C2 in Fig. 1!.
Energy levels C1 and C2 in Fig. 1~a! and corresponding
wave functions were calculated using the method discus
in Ref. 15, while material parameters were taken from Re
15 and 16. From the calculated wave functions for the c
duction band statesu1& and u2&, we obtained a dipole matrix
element M12[^1uzu2&56.8 Å. These results are in goo
agreement with tight-binding calculations reported for t
same structure.11 Using the density matrix method, ISB ab
sorption can be derived as17

a~v!5vAm

e
M12

2 mwkBT

2Lp\2 ln
11exp@~EF2E1!/kBT#

11exp@~EF2E2!/kBT#

3
\g

~E22E1\v!21~\g!2 , ~1!

whereg is the dephasing rate,m and e are the well perme-
ability and dielectric function,L is the well width, andmw is
the electron mass defined as in Ref. 17. Calculated ISB
sorption is reported as full line in Fig. 1.

Integrated absorption~i.e., integral of 1 with respect to
v! changes with pump beam intensity according to17

FIG. 1. ~a! Conduction-band energy levels calculated as in Ref. 15 and~b!
absorption curve. The full line in~b! was calculated according to formul
~1!. Insert in ~b! shows the multipass waveguide configuration adopted
the transmission measurements.
-
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a~ I !5
a0

11I /I s
, ~2!

whereI s is the saturation intensity given by

I s5
nr

2mc

~EISB2\v!21\/t ISBhg

M12
2 , ~3!

whereEISB5E22E1 , nr is the refractive index.
Transmission as a function of the intensity is reported

Fig. 2. By fitting experimental data, a saturation intensity
1.7 MW/cm2 was obtained. AssumingEISB50.68 meV and
using the calculatedM12, we can estimate from Eq.~3! an
ISB relaxation timet ISB of about 963 ps.

Differential transmission as a function of the delay tim
between pump and probe is reported in Fig. 3. Pump-indu
probe transmission at a given time delayt changes according
to the relation:18

DT~t!}E
2`

1`

I ~ t2t!Dn~ t !dt, ~4!

where I (t) is the probe intensity,Dn(t)5n1(t)2n2(t), n1

andn2 being electron density in the C1 and C2 conducti
band, respectively. Since the typical pulse duration is l
than 120 fs, the differential transmission simply relates
n1(t)2n2(t). Differential transmission and hence popul

r

FIG. 2. Transmission for TM polarized light as a function of beam intens

FIG. 3. Time-resolved differential transmission for a probe beam at
meV. Full line is the single-exponential fit.
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tion in the excited state C2 decay is less than 20 ps. Ass
ing a single-exponential decay, a time constant of the or
of 10.5 ps is obtained. This value is within the limits es
mated from saturation intensity measurements.

From the measured transmission transient, some ins
about relaxation processes can be attempted. In the ca
ISB transitions at wavelength in the 5–10mm range, re-
ported relaxation times are of the order of 1–2 ps.19 Asano
et al. observed an ISB relaxation time of 2.7 ps for a tran
tion at 500 meV.14 They proposed that the longer relaxatio
time is due to the contribution related to intrasubband rel
ation. The overall ISB relaxation time is given by the equ
tion: t5t ISB1EISB /\vLOt in , wheret ISB andt in are the in-
tersubband and the intrasubband relaxation times,hvLO the
AlAs interface mode phonon energy~47 meV!. In the
present case assuming an ISB energy of 680 meV, one w
obtain an overall relaxation time of 3.4 ps, lower than t
value experimentally measured. As remarked above, the
tem InGaAs/AlAs in the case of narrow wells exhibits stro
coupling betweenG-like states of the well andX-like states
of the barrier. After excitation to the C2 level, relaxation toX
valley and subsequent acoustic phonon-assisted relaxati
the C1 state is a process competitive to directG–G decay
~see Fig. 1!. To check the presence of different relaxati
channels, multiexponential fitting was performed. Best fitt
was obtained with two decay constants of 6.5 and 65
which may support the proposed picture of a fast~G–G! and
slow (G –X) relaxation channel, although the fast time co
stant is larger than that obtained from the theoretical estim
given above. Relative weights for the fast and slow consta
are 78% and 22%, respectively. This suggests that fast d
G–G decay is the predominant relaxation process. Si
G –X relaxation depends on the overlap integral betweeG
andX states,20 we can conclude that C1 and C2 conductio
band states have a strongG character. This is confirmed b
the good agreement between our calculated transition m
elements and those obtained by tight-binding calculation
the same structure.

In conclusion, we measured transmission and inters
band relaxation time in InGaAs/AlAs multiple quantu
wells with a large transition energy~680 meV! by means of
pump and probe experiments. The differential transmiss
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decay is of the order of 10 ps, which suggests thatG–G
relaxation is the predominant mechanisms for ISB rel
ation. These results are promising to exploit the advanta
of a fast ISB relaxation in the near-infrared region arou
1550 nm. With the material system investigated in t
present work, this could be obtained by coupled asymme
quantum wells.
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