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Temperature dependence of intersublevel absorption in InAs ÕGaAs
self-assembled quantum dots
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We have studied the temperature dependence of the intersublevel absorption inn-doped InAs/GaAs
self-assembled quantum dots. The investigated intersublevel transition corresponds to the optical
transition between thes-type conduction ground state to thep-type first excited states. These
transitions, resonant between 20 and 22mm, are in-plane polarized along the@110# and the@ 1̄10#
directions. A redshift lower than 3 meV is observed for the transition resonance from low
temperature to room temperature. While the effective barrier height from the ground state is around
150 meV, the integrated absorption amplitude decreases by a factor of 4 from low temperature to
room temperature. This decrease is modeled by the thermionic emission of the carriers, taking into
account the density of states of the two-dimensional wetting layer, the density of states of the
three-dimensional bulk layer surrounding the dots and the existence of polaron states associated
with the strong electron-phonon coupling in the dots. ©2002 American Institute of Physics.
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Optical transitions between conduction confined state
valence confined states of quantum dots can be observe
the infrared spectral range. These transitions are usually
ferred to as intraband or intersublevel transitions, by anal
with intersubband transitions which are observed in semic
ductor quantum wells. The intersublevel transitions can
experimentally observed by charge modulati
spectroscopy,1 photoinduced spectroscopy,2 or by direct
spectroscopy of doped quantum dots.3

In this letter, we report on the analysis of the intersu
level absorption as a function of the temperature. We h
studied the intersublevel absorption between the quantum
s-type ground state to the firstp-type excited states in
n-doped InAs/GaAs self-assembled quantum dots. A spec
redshift of the intersublevel resonance lower than 3 meV
a decrease by a factor of 4 of the integrated absorption
observed from low temperature to room temperature. T
temperature dependence is modeled by considering the
sity of states of the continuum and the existence of pola
states which result from the strong electron-phonon coup
in the dots.

The investigated sample was grown by molecular be
epitaxy.3 It consists of 30 InAs quantum dot layers separa
by 50-nm-thick GaAs barriers. The dot density, as estima
from separate atomic force microscopy measurements
around 431010 cm22. A nominaldoping of two carriers per
dot was provided by a delta-planar modulation doping 2
below the quantum dot layers. The dots have a flat ellipt
lens-shaped geometry with a typical dot height of 2.5 nm a
a base length of 25 nm. The intersublevel absorption w
measured in a normal incidence configuration geometry w

a!Electronic mail: phill@ief.u-psud.fr
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a Fourier-transform infrared spectrometer. The transmiss
of the sample was normalized by the transmission of a
erence bulk GaAs sample with a similar thickness. This n
malization of the transmission is particularly sensitive to t
thickness of the samples as the intersublevel absorptio
close in energy to a two-phonon absorption of the substr

Figures 1~a! and 1~b! show the temperature dependen
of the intersublevel absorption measured along the@ 1̄10# and
the @110# directions, respectively. At low temperature, th
transitions are resonant at 56 and 63 meV with a broaden
;6 meV at full width at half maximum. The absorption co
responds to the transitions from the quantum dot ground s
to the first excited states. The splitting between the inters
level transitions is a consequence of the dot elongation al
the @ 1̄10# direction ~see for instance Ref. 4!. The electronic
structure of the quantum dots was calculated by solving
three-dimensional Schro¨dinger equation written in a eigh
bandk"p formalism.5 The strain tensor is assumed consta
within the InAs dot volume and equal to the one of an In
quantum well grown on a GaAs substrate. The GaAs barr
are assumed unstrained. The core of the quantum dots
sists of pure InAs. The confinement energy of the grou
s-type state and the first excitedp-type states of a 25 nm
328 nm32.5 nm elliptical quantum dot leads to in-plane p
larized intersublevel transitions from the ground state re
nant at 56 and 63 meV. The dipole matrix elements for th
transitions are 3.4 and 3.2 nm, respectively. Addition
d-type excited states are calculated at 115, 121, and 128 m
above the ground state.6 The confined states start to hybrid
ize with the wetting layer at 160 meV above the ground sta
Experimentally, a broad asymmetric infrared absorption
larized along thez growth axis associated with the transitio
from the ground state to the two-dimensional continuum w
observed at room temperature with a resonance around
0 © 2002 American Institute of Physics
 license or copyright; see http://apl.aip.org/apl/copyright.jsp



ng
en
e
n
-

m
p

h

e
un
n

hi
ra
i

he
r
th
n

be-

the
f 4
ion
e is

rs at

we
gle
the

on
of-
lk
the
r to

ct
s a

of a

th
60

n

of
ed
um.
The
ier

w

d
and

den-

4621Appl. Phys. Lett., Vol. 80, No. 24, 17 June 2002 Bras et al.
meV.3 The three-dimensional continuum state originati
from the surrounding GaAs barrier is expected at higher
ergy by about 30 meV, as deduced from photoinduced
periments on undoped samples.7 The average dot populatio
can be deduced from the amplitude~8.8%! and the broaden
ing ~3 meV half width at half maximum! of the absorption
and from the calculated dipole matrix elements. At low te
perature, an average carrier concentration of 1.2 carriers
dot is deduced from the measurement. It is worth noting t
when a carrier is thermally excited on thep state, it still
contributes to the absorption through transitions fromp
states tod states with an energy close to that of thes–p
transition and with a similar dipole matrix element.

Figure 2 shows the temperature dependence of the p
resonance energy of both intersublevel transitions as a f
tion of the temperature. A weak dependence of the resona
energyvs temperature is observed as illustrated by a reds
lower than 3 meV from low temperature to room tempe
ture. This nonlinear redshift is similar to the one reported
the case of intersubband transitions in quantum wells.8 We
do not observe a significant variation of the linewidth of t
transition. A direct comparison between intersublevel abso
tion and intersubband absorption is not straightforward as
temperature dependence of intersubband transitions sig
cantly depends on the doping density.9 Different thermal be-

FIG. 1. ~a! Intersublevel absorption measured at normal incidence along
@ 1̄10# direction as a function of the temperature. From top to bottom: 15,
110, 160, 210, 250, and 290 K.~b! Same measurement along the@110#
direction. From top to bottom: 15, 60, 110, 160, 210, 250, and 290 K.

FIG. 2. Energy resonance of the intersublevel absorptions as a functio
the temperature. squares@110# direction; full dots@ 1̄10# direction.
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haviors for intersubband absorption were also reported
tween modulation doped and well doped samples.10

Figure 3~a! shows the temperature dependence of
integrated absorption. A significant decrease by a factor o
is observed for the amplitude of the integrated absorpt
from low temperature to room temperature. This decreas
stronger than its expected value exp(2Ea /kT) for an activa-
tion energyEa to the continuum;150 meV. We note that the
onset of the decrease of the integrated absorption occu
low temperature around 70 K.

To interpret this strong decrease of the absorption,
consider the thermal depopulation of the dots in a sin
particle picture, assuming that the carrier transfer from
modulation doping to the quantum dots does not depend
temperature. The thermal behavior of the quantum dots
fers a strong analogy with the ionization of donors in bu
materials. In the latter case, the larger density of states of
three-dimensional continuum has to be considered in orde
understand the ionization. In the following, two distin
cases were considered: the ionization of the dots toward
two-dimensional~2D! continuum or the ionization of the
dots towards a three-dimensional continuum. In the case

e
,

of

FIG. 3. ~a! Normalized integrated intersublevel absorption as a function
the temperature~squares!. The dotted line corresponds to the calculat
intersublevel absorption by accounting for a two-dimensional continu
The dashed and full lines account for a three-dimensional continuum.
calculation is performed with two different dot three-dimensional carr
densities~831013 cm23—dashed line and 231013 cm23 full line!. The ef-
fective barrier height from the ground state to the two~three!-dimensional
continuum is 0.15~0.18 eV!. The absorption has been normalized to 1 at lo
temperature.~b! Intersublevel integrated absorption~squares! and popula-
tion of the ground state~full line! as a function of the temperature calculate
by accounting for an intermediate level at 30 meV from the ground state
for the three-dimensional continuum. The three-dimensional dot carrier
sity is 231013 cm23.
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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two-dimensional continuum, the Fermi level can be obtain
from Eq. ~1!:

Nqd
2D@122 f ~E1!24 f ~E2!26 f ~E3!#

5
m*

p\2 kBT lnS 11exp
EF2Ec1

kBT D , ~1!

whereNqd
2D is the surface density of dots,m* 50.06m0 is the

electron effective mass,EF is the Fermi level energy,Ec1 is
the energy of the 2D continuum,E1 the energy of the ground
confined state, f (E1)51/@11exp(E12EF)/kBT# is the
Fermi–Dirac function,E2 is the energy of the firstp-type
excited state,E3 is the energy of thed-type excited states,kB

is the Boltzmann constant, andT is the temperature. Fo
simplicity, thep andd states were considered degenerated
energy with a two-fold and a three-fold degeneracy, not
cluding spin, respectively. In the case of a three-dimensio
~3D! continuum, the Fermi level can be derived from Eq.~2!:

Nqd
3D@122 f ~E1!24 f ~E2!26 f ~E3!#

5E
Ec

`

dE
1

2p2 S 2m*

\2 D 3/2

AE2Ecf ~E! ~2!

whereNqd
3D is the volumic density of dots. Equations~1! and

~2! were solved numerically to determine the Fermi lev
The absorption is deduced from the quantum dot popula
by taking into account the dipole matrix elements for t
s–p and p–d transitions. The calculations were perform
for a single quantum dot layer.

The calculated temperature dependence of the inter
level absorption is shown in Fig. 3~a! for three distinct cases
The dotted line accounts for the electronic structure of
dots and for a two-dimensional continuum at 150 meV ab
the ground state. The dashed and full lines account fo
three-dimensional continuum at 180 meV above the
ground state. In the latter cases, three-dimensional dot
sities have to be introduced. Thethree-dimensionaldot den-
sity requires a normalizing volume for the quantum dots, a
thus an effective length along thez direction. In an electro-
static picture, the effective length would be associated to
depletion length between then-doped quantum dot regio
and the residualp-doped substrate where band bending
observed. Under flatband condition, this effective length c
responds to a length for which the carriers and the dots ar
interaction. Starting from a two-dimensional density of
31010 dots per square centimeter, the three-dimensional d
sities reported in Fig. 3~a! of 231013 cm23, and 8
31013 cm23 correspond to effective lengthsl c5N2D /N3D of
25 and 5mm, respectively. Figure 3~a! shows that the ion-
ization of the quantum dots directly depends on the thr
dimensional density. A large density in the continuum lea
to a more efficient thermal ionization at room temperatu
Reciprocally, it indicates that quantum dots with a small d
sity cannot be efficiently populated at high temperature.

A three-dimensional dot density of 831013 cm23 and a
constant barrier height of 0.18 eV lead to a reduction of
intersublevel absorption by a factor of;4 from low tempera-
ture to room temperature, in agreement with the experim
Downloaded 07 May 2009 to 129.8.242.67. Redistribution subject to AIP
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tal observations. However, the temperature correspondin
the onset of the absorption decrease is around 150 K whi
is observed around 70 K experimentally. This feature is
tributed to the presence of an intermediate level between
s-type ground state and thep-type first excited state which is
a consequence of the strong coupling for the electron-pho
interaction in the quantum dots. This strong coupling lead
the formation of polarons that consist of mixed electro
phonon particles.11 As shown by a calculation on quantum
dots similar to those presently studied, this coherent adm
ture leads to an additional state with a four-fold degenera
including spin, at around 30 meV above the ground stat12

We have thus introduced in the calculation a level with
four-fold degeneracy at an energy of 30 meV above
ground state. Figure 3~b! shows the temperature dependen
of the population of the dot ground state, that is compared
the temperature dependence of the intersublevel integr
absorption.13 A satisfying agreement is now obtained b
tween simulation and experimental data in this case. We n
that the shoulder around 200 K corresponds to the ther
ionization of the carriers towards the three-dimensional c
tinuum. At lower temperature, the carriers are excited
wards the higher-lying discrete states in the quantum d
While the full description of the energy structure of the do
in terms of polarons is beyond the scope of this letter
explains the onset of the absorption decrease around 70
also emphasizes the importance of the polarons for the s
of intersublevel excitations in InAs/GaAs self-assemb
quantum dots.

The authors acknowledge R. P. S. M. Lobo for providi
the helium-flow cryostat and O. Verzelen for fruitful discu
sions.
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