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Saturation of intraband absorption and electron relaxation time in n-doped
InAs/GaAs self-assembled quantum dots
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We have observed the saturation of intraband absorption in InAs/GaAs self-assembled quantum
dots. The investigatedn-doped self-assembled quantum dots exhibit an intraband absorption within
the conduction band, which is peaked at an 8mm wavelength. The saturation of the intraband
absorption is achieved with an infrared pump delivered by a pulsed free-electron laser. The
saturation of the transition is observed for an intensity around'0.6 MW cm22. The electron
relaxation time under intraband excitation is measured by time-resolved pump–probe experiments.
An electron relaxation timeT1'3 ps is reported. ©1998 American Institute of Physics.
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The relaxation time between excited levels in semic
ductor self-assembled quantum dots is predicted to be
eral order of magnitude larger than in two-dimensional~2D!
systems due to the so-called phonon bottleneck.1 Time-
resolved photoluminescence measurements have effect
shown that the relaxation times are longer in quantum d
than in quantum wells, typically, of the order of 20 ps.2,3

Although the phonon bottleneck is not as marked as p
dicted, the observed reduction of the electron relaxation
is a direct consequence of the three-dimensional~3D! con-
finement potential. If the energy separation between the c
fined states exceeds the phonon energy, the relaxation
only proceed by multiphonon emission or Auger-like rela
ation mechanisms.4–6 The reduction of the relaxation shou
have direct consequences for optoelectronic devices, in
ticular, for the operation of quantum dot infrared photodet
tors. By analogy with quantum well infrared photodetecto
which are based on intersubband transitions, quantum
infrared photodetectors relying on intraband transitions
be realized. One key parameter which controls the per
mances of the quantum well infrared photodetectors is
capture and the relaxation of the carriers from the barrier
the well. In quantum wells and for energies larger than
~LO! phonon energy, this relaxation time is around 1 ps d
to the efficient LO-phonon scattering.7 An increase of the
relaxation time should improve the detector performances
particular, the temperature of background-limited infrar
performance. The predicted reduced relaxation in quan
dots has, therefore, motivated the study of quantum
based infrared photodetectors. Reports of midinfrared ph
conductivity have been published by several groups.8,9 How-
ever, the data were not quantitative and the electron re
ation time could not be deduced from their measuremen

We have recently shown thatn-doped InAs/GaAs self-
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assembled quantum dots exhibitz-polarized intraband ab
sorption in the 8–12mm wavelength range.10 This absorp-
tion was attributed to the intraband transition between
bound dot ground state to the continuum states in the wet
layer. The energy maximum of the intraband transition
adjustable as a function of the quantum dot size. In this
ter, we first show that the intraband absorption can be s
rated at high pump intensity using a free-electron laser. I
second part, the measurement of the electron relaxation
by time-resolved pump–probe experiments is reported.
have measured an electron relaxation timeT1'3 ps when
the intraband absorption is bleached.

The sample consists of 20 InAs/GaAs quantum dot l
ers separated by 50 nm thick GaAs barriers. The quan
dots were grown by molecular beam epitaxy. The dots h
a lens-shaped geometry and the density is around
31010cm22, as measured by plan-view and cross-sectio
electronic transmission microscopy. The quantum dots
modulation doped with a silicond doping layer 2 nm above
the InAs layer. The bidimensional carrier density of the p
nar doping is 631010cm22. The 20 layers are embedded
a midinfrared waveguide.11 The waveguide consists of a 5.
mm thick GaAs core grown on a 5mm thick Al0.9Ga0.1As
cladding layer. The quantum dots are inserted in the Ga
core. The whole structure is grown on an1-doped GaAs
substrate. A similar waveguide with undoped quantum d
has been grown as a reference. The saturation absorp
measurements were performed at room temperature wi
pump beam provided by a free-electron laser. The fr
electron laser delivers macropulses with a 10ms duration at a
repetition rate of 25 Hz. Each macropulse consists of pi
second micropulses with a time separation of 32 ns. For s
ration measurements, the waveguide length was 5 mm.

The quantum dot energy levels in the conduction ba
have been calculated by solving the three-dimensio
Schrödinger equation in the effective-mass approximation12
8 © 1998 American Institute of Physics
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The numerical calculations were performed for a lens-sha
dot geometry with a height of 2.2 nm and a base diamete
22 nm. The strain-induced modification of the effective ma
was accounted for by taking an isotrope effective mass
0.04 m0 in the InAs layer, wherem0 is the free-electron
mass.13 The energy diagram of the quantum dot in the co
duction band is depicted in the inset of Fig. 1. The energy
the ground level is 408 meV above the InAs band edge.
first excited level is doubly degenerate and lies 89 m
above the ground state. The next levels are hybridized w
the InAs wetting layer states. The energy of the wetting la
is found at 560 meV above the InAs band edge while
GaAs barrier lies 600 meV above InAs. Note that a slig
increase of the base diameter leads to a second confined
just below the InAs wetting layer. For intraband measu
ments and assuming that only the ground state is popula
one expects, therefore, an intraband absorption polarize
the layer plane at around 89 meV~'13.9 mm wavelength!
and an intraband transition at around 152 meV~'8.15 mm
wavelength! with a dipole along thez growth axis~i.e., TM
polarization!.

Figure 1 shows the linear absorption of the sample
TM polarization. The measurement was performed with
Fourier transform infrared spectrometer coupled to an in
red microscope. The transmission has been normalized
the transmission of the undoped reference waveguide.
absorption is maximum at 157 meV with an inhomogene
broadening~half width at half maximum! '50 meV. This
inhomogeneous broadening stems mainly from the size
tribution of the dots. As predicted, the intraband transit
corresponds to a bound-to-continuum transition. There
very good agreement between the calculated and meas
intraband energies, but this agreement remains strongly
pendent on the dot geometry. A weak monotonous abs
tion which increases towards low energy contributes also
the absorption. It is attributed to the residual free-carrier
sorption of the carriers, which are not transferred into
dots. Note that the spectrum is very similar to the one
ported earlier in the multipass geometry.10 In waveguide ge-
ometry, the absorption cross section of one dot layer can

FIG. 1. Room-temperature midinfrared linear absorption spectrum
n-doped InAs/GaAs self-assembled quantum dots. The absorption is
sured in waveguide geometry. The inset shows the schematic conduc
band-energy diagram of the lens-shaped InAs/GaAs quantum dots~QD!.
WL stands for the wetting layer. The calculated energy levels~meV! are
referred to the bottom of the InAs conduction band. The arrow shows
z-polarized intraband absorption.
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deduced from the expression of the absorption coefficient
unit length~1!

a5(
i

sn2D

j i
2

*j2dy
, ~1!

where s is the absorption cross section,n2D the bidimen-
sional carrier density, andj i the amplitude of the electric
field of the TM mode for thei th layer plane. The summatio
is over the 20 layer planes and the integral is performed o
the extension of the TM mode. Assuming that about half
carriers are transferred in the quantum dots, i.e.,n2D'3
31010cm22, one findss'1310215cm2. The absorption
cross section is slightly lower than the one reported earlie10

The discrepancy is likely related to a probable overestim
tion of the electronic charge which is effectively transferr
for this sample at room temperature into the dots. A we
absorption is also observed in TE polarization with a ma
mum around 200 meV.12

Variation of the transmission at the 8mm wavelength as
a function of the pump intensity coupled in the waveguide
shown in Fig. 2. The transmission is normalized by the tra
mission in TE polarization. The transmission of the undop
sample is also shown as a reference. For the undoped w
guide, the transmission remains constant in the investiga
intensity range. On the contrary, in the case of then-doped
sample, the transmission increases above 10 kW cm22 and
reaches a maximum at 10 MW cm22. At this intensity, the
intraband absorption is almost completely bleached. The n
malized transmission saturates at around 0.9, which co
sponds to the ratio of the TM/TE transmission in the pr
ence of residual free-carrier absorption. The free-car
absorption does not saturate in the investigated energy ra
We underline that, like in hole burning experiments in t
presence of inhomogeneous broadening, only a fraction
quantum dots have their intraband absorption bleached.
variation of transmission has been modeled by taking i
account the propagation along the 5 mm waveguide and
saturation of the absorption. Due to the attenuation of
pump beam, the absorption is not saturated identically al
the penetration depth. This effect leads to anapparenthigher

f
a-
n-

e

FIG. 2. Room-temperature waveguide transmission for then-doped sample
~dots! as a function of the pump intensity. The normalized transmission
given by the ratio of transmission in TM and TE polarizations. The in
shows the same ratio in the undoped waveguide sample. The pump w
length is set at 8mm. The full curve is a fit which accounts for the propa
gation and attenuation of the pump beam.
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saturation intensity. The result is shown as a full line in F
2. This fitting procedure gives a saturation intensityI s

'600 kW cm22.
The estimation of the relaxation time from the saturat

intensity is not straightforward in the present experime
First, this estimation is directly dependent on the intens
coupled in the waveguide, which can be overestimated. S
ond, one would expect a much lower saturation intensity
the quantum dots. Indeed, the intraband transition of an
dividual quantum dot is expected to be lifetime broaden
as a consequence of thed-like density of states: any inelasti
dephasing process corresponds to the scattering of the c
ers from one level to another and is thus associated with
lifetime of the carriers. The coherence time, which is prop
tional to the relaxation time (T252T1),14 is therefore, ex-
pected to be rather long in quantum dots. Typically, a coh
ence time of 6 ps should lead to narrow linewidths~'100
meV! for the intraband transitions and to saturation inten
ties which are of the order of 10 kW cm22 rather than 600
kW cm22. In the present experiment, the quantum dots
excited by optical pulses with pulse duration'2.5 ps, which
is, therefore, lower than an expected typical coherence
time. As a consequence, the population does not have tim
reach steady state.15 This feature explains that it is, therefor
necessary to pump with a much higher intensity than
saturation intensity to achieve bleaching of the intraband
sorption.

In order to measure the electron relaxation time, we h
performed time-resolved pump–probe measurements.
experiment was performed with a high pump intensity
reported above and with a 1 pspulse duration. The pump
was set in TM polarization while the probe was set at 4
between TE and TM polarization. We have measured
variation of transmission in TE polarization as a function
the time delay between the pump and probe. The TE po
ization was chosen for the transmission in order to hav
high rejection of the pump beam. The probe transmiss
versus the time delay between the pump and probe is
ported in Fig. 3. As seen, the transmission is modified wh
the pump and probe are coincident. The transmission re
ers its value~1/e of maximum! after'3 ps.16 This measure-
ment gives a direct value of the electron relaxation timeT1

after an excitation at the 8mm wavelength. Note that there i
no long-lived component in Fig. 3. The slightly higher val

FIG. 3. Room-temperature probe transmission in TE polarization vs
time delay between the pump and probe. The pump intensity is'10
MW cm22. The pump and probe wavelengths are 8mm.
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of the transmission at large time delay only results from
fluctuation of the average power of the free-electron la
during the accumulation of the scan. We can first obse
that the 3 ps relaxation time is longer than the one measu
by saturation spectroscopy of intersubband transitions
quantum wells or similar time-resolved measureme
~0.25–1 ps!.17,18 The 3 ps relaxation time indicates that th
relaxation is less efficient in 3D confined systems than in
confined systems. However, this value remains short if i
compared to the one reported by time-resolved photolu
nescence experiments at low temperature.2,3 In n-doped~i.e.,
hole-free! quantum dots, Auger-like relaxation mechanism
involving electrons and holes can be ruled out. In our exp
ment, multiphonon relaxation mechanisms or Auger-like
laxation involving only electrons19 appear, however, to be
relatively efficient. In Ref. 19, Uskovet al. have shown that
carrier relaxation by Coulomb interaction with two
dimensional carriers can lead to ps recombination times.
presence of carriers in the 2D wetting layer under high pu
intensity could explain the observed relatively fast rela
ation. It is interesting to note that a similar electron rela
ation time ~5.2 ps! has been recently reported using tim
resolved differential transmission spectroscopy experime
in InGaAs quantum dots.20

This work was supported by DGA under Contract N
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