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In-plane polarized intraband absorption in InAs/GaAs self-assembled quantum dots

S. Sauvage and P. Boucaud
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In-plane polarized photoinduced intraband absorption is reported in InAs/GaAs self-assembled quantum dots
in the 90–600-meV energy range. This in-plane absorption mainly originates from bound-to-continuum tran-
sitions in the conduction and valence bands and lies in the 4–8-mm spectral range. The continuum is consti-
tuted either by the dot quasibound states hybridized with the wetting layer subbands or by the delocalized states
of the barriers. A weak in-plane polarized bound-to-bound hole transition is also observed at 11mm. Its
in-plane absorption cross section is estimated to be around 1.6310216 cm2. The energy position of thep-
polarized and in-plane polarized intraband transitions is analyzed as a function of the average quantum dot size.
An experimental energy diagram of the quantum dots is presented, as deduced from the interband and intra-
band measurements. The existence, directions, and lengths of the intraband transition dipoles are compared to
the ones deduced from the numerical resolution of the three-dimensional effective mass Schro¨dinger equation
taking into account the flat lens-shape geometry of the dots.@S0163-1829~98!04940-6#
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The three-dimensional spatial confinement in se
assembled quantum dots is expected to lead to several
tinctive features concerning intraband transitions. In parti
lar, the intraband transitions, which occur between confi
states in the conduction band or in the valence band, sh
be polarized along different space directions. It is not
case for unidirectional confined systems such as quan
wells for which intersubband transitions are well known
be predominantly polarized, at least in the conduction ba
along thez growth axis confinement direction.1 Intraband
transitions in quantum dots have already been reported in
literature2–5 but their polarization either has not been inve
tigated in detail or was found dominated byz-polarized tran-
sitions in the midinfrared.

This article reports on the observation of in-plane pol
ized intraband absorption in self-assembled InAs/Ga
quantum dots using a photoinduced infrared spectrosc
technique. The amplitudes and the energy positions of
in-plane polarized absorptions are compared to thez-
polarized intraband absorptions. The temperature effec
the depopulation of the dots is used to separate the cont
tions from the electrons and from the holes. The effect of
dot size on these in-plane transitions is investigated.
direct observation ofz-polarized and in-plane polarized tran
sitions enables the construction of an experimental ene
diagram of the dots. The energy, amplitude, and polariza
of the intraband transitions are compared to the ones g
by the calculation of the electronic states in a InAs quant
dot.

Two undoped samples of different distribution avera
size and namedA1 ~big dots! andA2 ~small dots! have been
grown by molecular beam epitaxy and extracted from
same wafer. The growth conditions, the photoluminesce
PRB 580163-1829/98/58~16!/10562~6!/$15.00
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~PL! data as well as the experimental details of the infra
absorption measurement are fully described in Ref. 5, S
II and III. The samples are constituted by 30 InAs laye
separated by 50-nm GaAs barriers. The lens-shaped In
GaAs dots are typically 15–25 nm wide and 2–3 nm hi
and their density is typically 431010cm22 in each InAs
layer. For photoinduced infrared measurements,6 electron-
hole pairs are generated using an interband optical pum
provided either by a diode laser at 824 nm or a Ti:sapph
laser tunable between 690 and 960 nm. Below the energ
the HH1-E1 wetting layer ~WL! transition at around 1.47
eV,7 the carriers are directly created in the quantum d
whereas above 1.47 eV they are created in the InAs WL
the GaAs barriers and then are trapped in the dots wh
infrared absorption can occur. By comparison with the wo
presented in Ref. 5, we now take advantage of the increa
population efficiency of the dots when the pump wavelen
is tuned at the WL energy.7 Due to an increase of the sens
tivity of the experiment we have access to very weak tran
tions that will lead to a detailed description of the electron
structure of the dots.

Figure 1 depicts the photoinduced infrared absorption
sampleA1 at 30 K and 150 K. The polarization is set eith
s or p as described in the inset. In thes polarization configu-
ration, the electric field of the probe light is in the lay
plane. Inp polarization, the electric field has one compone
along the~001! z growth axis and one component of equ
amplitude in the layer plane. Though the in-plane compon
directions of thes andp polarizations are not the same, w
will not distinguish them in the following and they will be
referred to as both in-plane ors polarization.

In a previous work, we analyzed thep-polarized photoin-
duced absorption of these InAs/GaAs quantum dots a
10 562 © 1998 The American Physical Society
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PRB 58 10 563IN-PLANE POLARIZED INTRABAND ABSORPTION IN . . .
function of the temperature, the dot size, and the pump
tensity and wavelength.5 These results led us to assign t
p-polarized infrared resonances toz-polarized intraband tran
sitions in the dots. More specifically we attributed the narr
resonance in thep polarization at 120 meV at 30 K in Fig. 1
to the h000→h001 bound-to-bound hole transition and t
p-polarized broad band absorption around 190 meV at 3
to a bound-to-continuum electron transition. Hereh000
stands for the hole ground state. The excited states are s
according to their wave-function nodes. Following this co
vention,h001 stands for the excited state with a node alo
the z direction leading to the vertically polarizedh000
→h001 transition.8 We showed that when the temperature
increased from 30 to 150 K, the average size of the dots
are populated increases as a result of the thermionic dep
lation of the smallest dots leading to the blueshift of t
e→continuum resonance and to the slight redshift of
h000→h001 resonance. In addition, since the electrons
less confined than the holes, they escape first out of the
when the temperature is increased: in Fig. 1 at 150 K one
indeed observe, at around 220 meV, the reducedp-polarized
absorption of thee→continuum transition.

We will now discuss thes-polarized absorption in Fig. 1
At 30 K, apart from the free carrier absorption monotonica
increasing at long wavelength, thes-polarized infrared ab-
sorption of sampleA1 is composed of one small resonan
maximum at 225 meV with a full width at half maximum
~FWHM! of around 60 meV. Its magnitude decreases wh
the temperature is increased and cannot be observed be
60 K. The temperature dependence of the absorption am
tude mimics the one of thee→continuump-polarized ab-
sorption and considering its large FWHM, we attribute th

FIG. 1. Photoinduced absorption of sampleA1 at 30 and 150 K
in p- ands-polarizations. The interband optical pump wavelength
824 nm and its power 40 mW on a 3 mm by 3 mmspot. Due to
strong background fluctuations between 380 and 440 meV at 15
the unrelevant data in this energy range have been removed
clarity. The curves have been offset vertically but the relative sc
is always the same and given by the vertical bar. Beyond 500 m
the signal level is zero for all curves. The smooth grey lines
guides to the eye. The inset describes the experimental config
tion of the multipass waveguide geometry.
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resonance to a bound-to-continuum electron transition.
large FWHM reflects the effect of the size distribution of t
dots and the bound-to-continuum nature of the transiti
This s-polarizede→continuum resonance is clearly observ
at slightly higher energy than thep-polarizede→continuum
absorption. As only the ground electron state of the do
populated in the conduction band under the present exp
mental conditions, this suggests that these two resona
originate from two different continua. We thus attempt
assign the broadbandp-polarized absorption to a transitio
from the electron ground state to the InAs WL subband c
tinuum whereas we assign the weaks-polarized resonance to
a transition from the ground state to the delocalized state
the GaAs barrier continuum. By WL subband continuum o
means the states of the dot continuum essentially localize
the WL plane, whereas the barrier continuum stands for
states of the dot continuum three-dimensionally delocali
around the dot. Thee→WL transition is fully z polarized,
indicating that the transfer of charge during the transition
along the growth axis, from the center of the dot towards
WL. The weake→barrier absorption may bez polarized also
but it cannot be observed within the strongp-polarized signal
of the e→WL absorption. The in-plane component of th
e→barrier transition indicates the possibility of the carrier
escaping perpendicularly to the growth axis in contrast to
quantum well case where a transition in the conduction b
from a bound state to the continuum is mainlyz polarized.9

At 150 K, the s-polarized infrared absorption of samp
A1 is composed of one resonance located at around 280
and with a 90-meV FWHM. Its temperature dependence
the opposite of thee→barrier resonance: it cannot be o
served at 30 K, it appears at around 90 K, and becom
stronger with temperature up to 150 K where it is maximu
The temperature dependence of its magnitude follows tha
theh000→h001 absorption, indicating that it originates fro
a transition from the sameh000 hole ground state. It is there
fore attributed to ah000→continuum hole transition. As in
the case of electrons, the question arises as to whethe
should assign this holes-polarized resonance to a transitio
towards the WL-like states or barrierlike continuum of stat
In analogy with the electron case, and if we discard ba
mixing effects,10 the transition of the WL would be expecte
to be fully z polarized. No suchp-polarized absorption is
observed because, the hole state being localized at the
base, the dipole length of the transition towards the wett
layer is smaller than in the conduction band. We thus ass
the s-polarized resonance at 280 meV to the transition fr
the h000 hole ground state to the barrier continuum. T
280-meV transition energy indicates that the barrier hei
from the hole ground state is greater than for the electr
~225 meV! as would be expected from a heavier effecti
mass in the valence band.8,10 One will note that thep-
polarized absorption always contains one-half of thes-
polarized absorption. A careful look at Fig. 1, at 150 K inp
polarization, indeed shows a weak resonance at around
meV. It is fairly twice as small as the one ins polarization,
indicating that thish000→barrier transition is mainly in-
plane polarized.

Figure 2 illustrates the influence of the dot size on t
intraband transition energies through the photoinduced
sorption of sampleA2 at 120 K. SampleA2 is composed of
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smaller dots as compared to sampleA1.5 When the dot size is
decreased, one expects that the energy of a bound
continuum transition decreases as the barrier band edg
fixed and as the WL subband edge weakly depends on
dot size.8 On the contrary, the bound-to-bound transition e
ergies are expected to blueshift for smaller dots as a co
quence of the stronger confinement.8,10,11

In p polarization, sampleA2 exhibits a broad resonanc
around 155 meV and superimposed on it two narrow re
nances at 120 and 150 meV with 15 and 25 meV FWH
respectively. A careful analysis of the infrared absorption
120 K shows that thesep-polarized resonances originate r
spectively from thee→WL, h000→h110, andh000→h001
z-polarized transition.7 It is not surprising that the
h000→h110 transition lies at lower energy than th
h000→h001 transition because the dots investigated here
flat and the confinement along the growth axis is much str
ger than the confinement in the layer plane. The relativ
small FWHM of the bound-to-bound transitions is a con
quence of the weak dependence of the transition ener
with the dot size as foreseen by various calculations in
literature.8,10,11

At 120 K, the in-plane polarized resonances of t
e→barrier and h000→barrier transitions are observed
around 185 and 250 meV, respectively. Again, the effect
barrier height from the ground state is greater in the vale
band than in the conduction band. These energies res
tively correspond to a 40-meV and a 30-meV redshift
compared to sampleA1.12 This redshift of the intraband tran
sitions is indeed expected from a reduction of the dot s
The stronger size effect on the electron transition is cohe
with a smaller effective mass in the conduction band.

The h110 hole wave function is localized near the ba
and at the edge of the lens-shaped dots. The dipole of
h000→h110 transition is liable to have a component in t
layer plane. The 90–180-meV energy range has thus b

FIG. 2. Photoinduced infrared absorption of sampleA2 at 120 K
in p ands polarizations. Beyond 500 meV the signal level is ze
for all curves. The inset depicts the in-plane polarized absorptio
120 K, which has been separately studied with a high transmis
band-pass selective filter. The signal has been magnified and
free carrier absorption baseline has been removed for clarity.
the p, s, and inset curves the conditions are~900 nm!/~40 mW!,
~824 nm!/~40 mW!, and~845 nm!/~80 mW!, respectively. The spo
diameter is 3 mm. The smooth grey lines are guides to the eye
to-
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selected with a high transmission filter. The inset of Fig
reports thes-polarized absorption of sampleA2 at 120 K.
The signal has been magnified and the free-carrier base
has been removed for clarity. We find that there is an
plane polarized resonance, maximum at around 115 meV
with a FWHM of approximately 20 meV, close to th
FWHM of h000→h001 z-polarized resonance. The low
energy signal is not yet understood and could not be furt
analyzed because of the detector cutoff energy. This m
surement, however, shows that theh000→h110 transition is
not fully z polarized but that its dipole has a weak in-pla
component. The 5-meV energy difference between thep-
and s-polarized absorption is attributed to the finite reso
tion of the spectrum~2 meV! and a dot size dependence
the transition polarization and amplitude. The observation
this transition demonstrates that both bound-to-continu
and bound-to-bound intraband transitions of self-assemb
quantum dots can be polarized in the layer plane.

The absorption cross sections, for one dot layer, is the
important parameter that indirectly measures the oscilla
strength or the dipole length of an intraband transition. It
related to the absorptiona for one dot plane bya5sn where
n is the density of the carriers populating the dots. In t
present experiment, the value ofn is not exactly known. One
way to get it would be to seek the saturation of the abso
tion ~as done for theh000→h001 transition of sampleB in
Ref. 5!. Another path is to modulation dope a sample with
known doping level. A measurement of the direct absorpt
in an n-doped sample of InAs/GaAs dots has led tosz'3
310215cm2 for thee→WL transition.13 We will assume that
it is the cross section of thee→WL transition in samplesA1
andA2. In sampleA1, as the intensity of thee→barrier ab-
sorption at 30 K is 12% of the intensity of thee→WL p-
polarized absorption recorded in the same conditions,
deduces ss'1.8310216cm2 for the in-plane polarized
e→barrier absorption. At 30 K, we assume that the dens
of holes contributing to the infrared absorption is the same
the density of electrons. Thus, one getssz'1.5
310215cm2 for the h000→h001 transition because its am
plitude is twice as small as the one of thee→WL transition.
At 120 K, thes-polarizedh000→barrier absorption is 25%
of the p-polarizedh000→h001 absorption. Again one get
ss'1.9310216cm2 for in-plane polarizedh000→barrier
transition. Similar amplitude comparisons give the abso
tion cross sections for the in-plane polarized transitions
sampleA2 ~summarized in Table I!. The overall conclusion
is that theobservedin-plane polarized absorptions are typ
cally one order of magnitude smaller than thez-polarized
absorption. In the case of the bound-to-bound transitio
and following a quantum well approach,5 dipole lengths can
be deduced from the cross sections and the FWHM of
transitions. These lengths, reported in Table I, will be a
lyzed in the simulation part of this article. We did not a
tempt to deduce the dipole length for the bound-
continuum transitions because of the mixing
inhomogeneous and bound-to-continuum broadenings.

From the direct measurement of the transition energ
one can now draw the overall energy diagram of the qu
tum dots in the presently investigated infrared energy ra
90–600 meV. Figure 3 reports the discussed experime
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TABLE I. Absorption cross sections of the intraband transitions in samplesA1 andA2 and, in the case of
bound-to-bound transitions, FWHM, and dipole length.

Transition~polarization! sA1 , FWHM, length sA2 , FWHM, length

e→barrier ~s! 1.8310216 cm2 2.5310216 cm2

h000→h110 (s) not observed 1.6310216 cm2, 20 meV, 0.22 nm

h000→h110 (z) not observed 1.4310215 cm2, 15 meV, 0.56 nm

h000→h001 (z) 1.5310215 cm2, 20 meV, 0.70 nm 1.4310215 cm2, 25 meV, 0.65 nm

h000→barrier ~s! 1.9310216 cm2 3310216 cm2
n
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transition energies of sampleA1 at 150 K and sampleA2 at
120 K as well as the maximum PL energy at the correspo
ing temperature.

As already noted, the transition energies are coherent
the nature of the carriers: considering the barrier height fr
the ground state to the continuum, the electron ground s
is less deeply confined than the hole ground state by aro
60 meV. It is the consequence of the smaller effective m
of the electrons despite the higher conduction band offse10

In the conduction band, only one bound state is observed
will be shown below the conduction band exhibits two e
cited electron states lying at an energy that cannot be p
ently reached. More specifically the small in-plane confin
ment in these flat dots leads to ane000→e010 or
e000→e100 electron transition lying below 90 meV whil
the other excited levels~e110,e001! hybridize with the dot
continuum. Theh000→h010 andh000→h100 transitions are
also expected to lie in the far-infrared below the detec
cutoff energy. It is very probable that, for the same reas

FIG. 3. Experimentalenergy diagram of sampleA1 at 150 K
and of sampleA2 at 120 K as deduced from PL measurements
infrared absorption in the investigated energy range of 90–600 m
~not to scale!. The black~respectively grey! arrows represent an
intraband transition observed inp ~respectivelys! polarization. The
dotted arrow corresponds to a measurement made at 30 K.
transition energy in eV is given near each transition. The arr
thickness is a guide for the eye indicating the transition oscilla
strength.
d-

th
m
te
nd
ss

s
-
s-
-

r
n,

the h000→h110 transition has not been seen in sampleA1.
From this point of view, the energy of the transitions towar
states that mainly originate from the confinement in the la
plane ~i.e., h100, h010! is much lower than the observe
energy of the transition towards theh001 state, which mainly
originates from the confinement along the growth axis. T
is consistent with the flat shape of the quantum dots.

The size dependence of the transition energies is also
herent with the effect of a stronger confinement of the ca
ers in the smaller dots: the bound-to-bound transitions
blueshifted and the bound-to-continuum transitions are r
shifted in the smaller dots. By summing the bound-
continuum and PL transition energies, one can get an exp
mental estimate of the barrier band gap: 1.61 eV for sam
A1 and 1.62 eV for sampleA2. Here we have not taken int
account the exciton binding energy in the PL energy@typi-
cally 20 meV ~Ref. 8!#. These estimates, very close to o
another, are much higher than the 1.495-eV bulk GaAs b
gap ~at 120 K! as a result of the strain in the GaAs barrie
surrounding the island. They are very close to the calcula
1.65 eV ~at 4 K! strained surrounding GaAs band gap
reported in Ref. 10 for InAs/GaAs quantum dots of simil
geometry thus confirming the validity of the assignment
the broadband infrared resonances.

We now compare the dipole lengths and experimental
ergy diagram of sampleA2 ~small dots! to the ones deduced
from the calculation of the electronic states in one quant
dot. Various calculations in InAs/GaAs quantum dots ha
been published in the literature.8,10,11,15 In the simulations
presented here, the flat lens-shape geometry of the dots
been taken into account in order to get the theoretical dip
lengths of the intraband transitions. We solve the sing
particle three-dimensional Schro¨dinger equation within the
effective-mass approximation for the conduction band a
the heavy-hole band.8 Due to strain, the light-hole band lie
high in energy and will not be considered.8,10 The effective
mass is taken diagonal in direct space.m0 standing for the
bare electron mass,mxy for the effective mass in the laye
plane,mz for the effective mass along the growth axis, t
effective mass in the conduction band ismxy5mz50.04m0
in InAs andmxy5mz50.0665m0 in GaAs.10 As underlined
in Ref. 10 the electron effective mass in InAs dots is 1
larger than bulk InAs (0.023m0) as a consequence of th
strain conditions. In the valence band the effective mass
dergoes the effect of the strain too. Following Refs. 10 a
14 we takemxy50.07m0 for the in-plane heavy-hole mas
and mz50.590m0 along the growth axis. In the GaAs re
gions, masses are given by their bulk values:mxy
50.112m0 , mz50.377m0 . The potential profile of one do
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is constituted, in a GaAs matrix, by an InAs portion of
sphere 2 nm high, 20 nm in diameter lying on a 0.5-nm-th
InAs wetting layer. The overall system is embedded in
larger infinite wall box~100 nm by 100 nm by 10 nm! to
limit the size of the finite difference equation and ensure n
wave function conditions far from the dot. The flatness of
dot ensures nearly constant strain and constant potenti
the InAs and GaAs regions: the barrier height is 600 meV
the conduction band and 450 meV in the valence ban10

One will note that the barrier heights do not strongly affe
bound-to-bound intraband transition energies, as in the qu
tum well case. Piezoelectric fields are neglected again
cause of the aspect ratio of the dot.15 In the following, the
dipole of a state means the dipole from that state to
ground state of the same band.

In the conduction band, we find that the first~e100! and
second~e010! excited states are degenerate and lead to
e000→e010 and ane000→e100 transition at 76 meV with a
3.3-nm dipole length in the layer plane. Their calculated
ergy position confirms that we could not experimentally o
serve these states and indicates that it should give rise
strong normal incident absorption. The calculatede110 state,
which lies 158 meV away from the ground state, is the fi
of a series of states located close to or in the WL continuu
e110 slightly leaks in the wetting layer. This feature corr
sponds to the hybridization ofe110 with the WL states. Al-
thoughe110 is slightly delocalized, a dipole length of 0.1
nm along the growth axis is calculated. The direction of
dipole is coherent with the direction we experimentally o
serve for thee000→WL transition. A correct analysis of the
bound-to-continuume→WL transition would involve all the
WL states, which is not numerically manageable here. Ho
ever, the 0.15-nm dipole length calculated fore110 already
shows that the intensity of such a bound-to-continuum
sorption is not negligible.

In the valence band, theh000→h110 transition is calcu-
lated at 108 meV with a 0.21-nm dipole length along t
growth axis and theh000→h001 transition at 201 meV with
a dipole length of 0.52 nm along the same axis. The ene
of h000→h110 is very close to the energy we observe e
perimentally. As expected from a heavier in-plane effect
mass the calculated energy is smaller than the correspon
transition in the conduction band. Theh000→h001 energy is
one-third higher than the 150 meV transition energy m
sured experimentally indicating that the InAs effective ma
mz may be underestimated. A similar parabolic band cal
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lation in a quantum well would have given the same tre
i.e., overestimation of the calculated energy of the high
excited states.

As in the conduction band, the dipole directions of t
h000→h110 andh000→h001 transitions correspond to th
polarization, i.e.,z, of the observed absorptions. The calc
lated dipole forh000→h001 suits well the measured 0.65 n
length. However, the simulation shows that theh000→h110
transition is weaker thanh000→h001. This feature is less
marked experimentally although the order of magnitude
reproduced. The fact thath110 gets a part of the oscillato
strength is not straightforward: no vertical dipole is expec
for theh000→h110 transition in a cubic dot. But the exper
ment and calculation demonstrate that the envelope func
of the h110 state, of in-plane confinement origin, is suf
ciently squeezed along the growth axis for it to lead to
nonvanishingz-polarized transition with the ground stat
The model also predicts that an in-plane polariz
h000→h110 transition is forbidden: it is basically the cons
quence of the spatialC2v symmetry of the dot. However, a
underlined in Ref. 10, valence-band mixing effects can le
to deviations from theC2v symmetry predictions. One wil
note that the experimental in-plane dipole length~0.22 nm! is
short: though it leads to an observable absorption, it is t
order of magnitude smaller than the 25-nm in-plane confi
ment length. In comparison the calculated dipole for t
h000→h010 orh000→h100 transition, located at 51 meV, i
3.1 nm.

In conclusion, in-plane polarized infrared absorption
InAs/GaAs self-assembled quantum dots has been repo
and attributed to both bound-to-bound and bound-
continuum transitions. The influence of the average dot s
has been studied and confirms the assignment of the infr
resonances. The cross section of theobservedin-plane polar-
ized absorptions~at an energy greater than 90 meV! are typi-
cally one order of magnitude smaller than the cross sect
of the z-polarized absorptions. A detailed experimental e
ergy diagram of the self-assembled quantum dots has b
deduced from both the interband and intraband meas
ments. The measured dipole directions and lengths ar
good overall agreement with the ones deduced from the
culation of the electronic structure based on the resolution
the Schro¨dinger equation in the envelope function forma
ism.
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tract No. 97062.
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