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We have studied the temperature dependence of the intersublevel absorptidogad InAs/GaAs
self-assembled quantum dots. The investigated intersublevel transition corresponds to the optical
transition between the-type conduction ground state to tlpetype first excited states. These
transitions, resonant between 20 and 28, are in-plane polarized along th&10] and the[ 110]
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. 2@02 American Institute of Physics.
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Optical transitions between conduction confined states oa Fourier-transform infrared spectrometer. The transmission
valence confined states of quantum dots can be observed @i the sample was normalized by the transmission of a ref-
the infrared spectral range. These transitions are usually rerence bulk GaAs sample with a similar thickness. This nor-
ferred to as intraband or intersublevel transitions, by analogynalization of the transmission is particularly sensitive to the
with intersubband transitions which are observed in semiconthickness of the samples as the intersublevel absorption is
ductor quantum wells. The intersublevel transitions can b&lose in energy to a two-phonon absorption of the substrate.
experimentally —observed by charge modulation  Figures 1a) and Xb) show the temperature dependence

Spectroscopi photoinduced Spectroscobypr by direct of the intersublevel absorption measured along[ﬁikﬂ] and
spectroscopy of doped quantum ddts. the [110] directions, respectively. At low temperature, the
In this letter, we report on the analysis of the intersub-transitions are resonant at 56 and 63 meV with a broadening

level absorption as a function of the temperature. We have 6 meV at full width at half maximum. The absorption cor-
studied the intersublevel absorption between the quantum dé@SPonds to the transitions from the quantum dot ground state
stype ground state to the firgd-type excited states in to the first excited states. The splitting between the intersub-
n-doped InAs/GaAs self-assembled quantum dots. A Spectréqevel_transit.ions. is a consequence of the dot elongation_along
redshift of the intersublevel resonance lower than 3 meV and€[110] direction(see for instance Ref)AThe electronic
a decrease by a factor of 4 of the integrated absorption argructure of the quantum dots was calculated by solving the
observed from low temperature to room temperature. Thidhree-dimensional SSCMmger_equatmn. written in a eight
temperature dependence is modeled by considering the deh‘:?‘?]‘_jk'ﬁ formahjm. Tlhe stralr:j tensolr IS ?]ssumed constant
sity of states of the continuum and the existence of polarof//thin the Inﬁ\s otvo umz:z qua tot _?hong;;ar; InAs
states which result from the strong electron-phonon Coup”nguantum weltgrown on a S substrate. The S barriers
in the dots. re assumed unstrained. The core of the quantum dots con-
The investigated sample was grown by molecular bearﬁ'sts of pure InAs. Th_e conflr_lement energy of the ground
epitaxy® It consists of 30 InAs quantum dot layers separatedSr t%/gemfé?tzesannrg et:nie t::':r;lt i);:r:ﬁ]?r:ygoet Izt:(tfsstooifn? éﬁ;mo_
by 50-nm-thick GaAs barriers. The dot density, as estimated . o P qt P P
arized intersublevel transitions from the ground state reso-

from SeDaratg at9r2n|c forcg microscopy measur.ements, Rant at 56 and 63 meV. The dipole matrix elements for these
around 4x 10'° cm~2. A nominaldoping of two carriers per

dot ided by a delta-pl dulation doning 2 transitions are 3.4 and 3.2 nm, respectively. Additional
ot was provided by a defta-planar modufation doping 2 n -type excited states are calculated at 115, 121, and 128 meV
below the quantum dot layers. The dots have a flat elliptica

I haped ith ical dot heiaht of bove the ground stafeThe confined states start to hybrid-
ens-shaped geometry with a typical dot height of 2.5 nm an e with the wetting layer at 160 meV above the ground state.

a base length of 25 nm. The intersublevel absorption Wag, e rimentally, a broad asymmetric infrared absorption po-

measured in a normal incidence configuration geometry Withjzeq along the growth axis associated with the transition

from the ground state to the two-dimensional continuum was
¥Electronic mail: phill@ief.u-psud.fr observed at room temperature with a resonance around 150
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FIG. 1. (a) Intersublevel absorption measured at normal incidence along the \2 1
[110] direction as a function of the temperature. From top to bottom: 15, 60, .g 0.8
110, 160, 210, 250, and 290 Kb) Same measurement along tfELQ] &
direction. From top to bottom: 15, 60, 110, 160, 210, 250, and 290 K. g 0.6
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meV3 The three-dimensional continuum state originating ?‘% 0.4
from the surrounding GaAs barrier is expected at higher en- Eﬁ 0.2
ergy by about 30 meV, as deduced from photoinduced ex- s
periments on undoped sampleShe average dot population B 0 bt
can be deduced from the amplitut®28% and the broaden- 0 50 100 150 200 250 300
ing (3 meV half width at half maximumof the absorption Temperature (K)

and from the calculated dipole matrix elements. At low tem- o _ _ _
perature, an average carrier concentration of 1.2 carriers p '.G. 3. (@) Normalized integrated |nter§ublevel absorption as a function of
. . . e temperaturédsquares The dotted line corresponds to the calculated
dot is deduced from the measurement. It is worth noting thai tersublevel absorption by accounting for a two-dimensional continuum.
when a carrier is thermally excited on tlpestate, it still  The dashed and full lines account for a three-dimensional continuum. The
contributes to the absorption through transitions frgm calculation is performed with two different dot three-dimensional carrier

: densities(8x 10** cm~3—dashed line and 2 10'3 cm™3 full line). The ef-
states tod states with an energy close to that of thep fective barrier height from the ground state to the tglreg-dimensional

tranSi_tion and with a similar dipole matrix element. continuum is 0.150.18 eVJ. The absorption has been normalized to 1 at low
Figure 2 shows the temperature dependence of the peadmperature(b) Intersublevel integrated absorptigsquares and popula-

resonance energy of both intersublevel transitions as a fundon of the ground sta_téfull Iine} as a function of the temperature calculated

ton of the temperature. A wesak dependence of th resonandi Eecurlng or n iemecate el 120 e o e gound st o

energyvstemperature is observed as illustrated by a redshiftjy is 25 101% cm .

lower than 3 meV from low temperature to room tempera-

ture. This nonlinear redshift is similar to the one reported in

the case of intersubband transitions in quantum Weie ~ haviors for intersubband absorption were also reported be-

do not observe a significant variation of the linewidth of thetween modulation doped and well doped sampfes.

transition. A direct comparison between intersublevel absorp- ~ Figure 3a) shows the temperature dependence of the

tion and intersubband absorption is not straightforward as th#tegrated absorption. A significant decrease by a factor of 4

temperature dependence of intersubband transitions signifis observed for the amplitude of the integrated absorption

cantly depends on the doping denSififferent thermal be- from low temperature to room temperature. This decrease is
stronger than its expected value exji,/kT) for an activa-

~ 64 tion energyE, to the continuum~150 meV. We note that the

> . .

r AL R [110] onset of the decrease of the integrated absorption occurs at

E B u s ] low temperature around 70 K.

2 601 L To interpret this strong decrease of the absorption, we

§ consider the thermal depopulation of the dots in a single

o B — 1] particle picture, assuming that the carrier transfer from the

8 56le e e [1 10] - modulation doping to the quantum dots does not depend on

: . . .

s . temperature. The thermal behavior of the quantum dots of-

2 B o fers a strong analogy with the ionization of donors in bulk

2 52 L1 1 1 | materials. In the latter case, the larger density of states of the
0 50 100 150 200 250 300 three-dimensional continuum has to be considered in order to

Temperature (K) understand the ionization. In the following, two distinct

cases were considered: the ionization of the dots towards a

FIG. 2. Energy resonance of the intersublevel absorptions as a function dWO-dimensional(2D) continuum or the ionization of the

the temperature. squarEkL0] direction; full dots[110] direction. dots towards a three-dimensional continuum. In the case of a
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two-dimensional continuum, the Fermi level can be obtainedal observations. However, the temperature corresponding to
from Eq. (2): the onset of the absorption decrease is around 150 K while it
oD, is observed around 70 K experimentally. This feature is at-
Naal1=2f(E) —41(Ez) —67(Es)] tributed to the presence of ar|{1J intermedigte level between the
Er—Eq stype ground state and thetype first excited state which is
1+ ekaB—T) ; 1) a consequence of the strong coupling for the electron-phonon
interaction in the quantum dots. This strong coupling leads to
whereNZg is the surface density of dots* =0.06mg isthe  the formation of polarons that consist of mixed electron-
electron effective mas&r is the Fermi level energ¥c; is  phonon particled* As shown by a calculation on quantum
the energy of the 2D continuurk, the energy of the ground  dots similar to those presently studied, this coherent admix-
confined state, f(E;) =1[1+expE,—Ef)/kgT] is the ture leads to an additional state with a four-fold degeneracy,
Fermi-Dirac functionE; is the energy of the firsp-type including spin, at around 30 meV above the ground sfate.
excited state; is the energy of thel-type excited statekg  \We have thus introduced in the calculation a level with a
is the Boltzmann constant, anfi is the temperature. For four-fold degeneracy at an energy of 30 meV above the
simplicity, thep andd states were considered degenerated inyround state. Figure(B) shows the temperature dependence
energy with a two-fold and a three-fold degeneracy, not inof the population of the dot ground state, that is compared to
cluding spin, respectively. In the case of a three-dimensionahe temperature dependence of the intersublevel integrated
(3D) continuum, the Fermi level can be derived from B):  absorptiont® A satisfying agreement is now obtained be-

*

m
= WKBT In

Ng(?[l—Z f(E,)—4F(E,)—6f(Eq)] tween simulation and experimental data in this case. We note
that the shoulder around 200 K corresponds to the thermal

(" 1 (2m* 3’2\/— ionization of the carriers towards the three-dimensional con-

" Jee E2W2 %2 E—-E.f(E) (2) tinuum. At lower temperature, the carriers are excited to-

3D - ) ) . wards the higher-lying discrete states in the quantum dots.
whereNgq is the volumic density of dots. Equatiofi) and  hjle the full description of the energy structure of the dots
(2) were solved numerically to determine the Fermi level.jy terms of polarons is beyond the scope of this letter, it
The absorption is deduced from the quantum dot populatiogyp|ains the onset of the absorption decrease around 70 K. It
by taking into account the dipole matrix elements for thegiso emphasizes the importance of the polarons for the study
s—p andp-d transitions. The calculations were performed of intersublevel excitations in InAs/GaAs self-assembled

for a single quantum dot layer. quantum dots.
The calculated temperature dependence of the intersub-
level absorption is shown in Fig(& for three distinct cases. The authors acknowledge R. P. S. M. Lobo for providing

The dotted line accounts for the electronic structure of théhe helium-flow cryostat and O. Verzelen for fruitful discus-
dots and for a two-dimensional continuum at 150 meV abovelons.
the ground state. The dashed and full lines account for a
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responds toa Iength for which the carriers and the dots are inapply to coherent‘ coupled statgs like pol_arons. Note that the intersublevel
. . . . . . resonance energies and the dipole matrix elements for these dots are not
mte(;%ctlon. Starting from a two-dimensional densﬂy of 4 expected to be significantly modified by the strong electron-phonon cou-
X 10™ dots per square centimeter, the three-dimensional den-pling.
sities reported in Fig. @ of 2X 1013 Cm*3, and 8 6Opt_ical transiti_ons bet\Neepnar_]dd states are also in-plg_ne polarized with
X108 em 3 correspond to effective Iengtlhs N2D/N3D of 7a dipolar matrix element equw’alent to thatsafp tran5|.t|0ns.
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. . The calculation is performed for a fixed average barrier height to the 3D
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