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Evidence for excitonic polarons in InAs/GaAs quantum dots
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We investigate the interband transitions in several ensembles of self-assembled InAs/GaAs quantum dots by
using photoluminescence excitation spectroscopy under strong magnetic fields up to 28 T. Well-defined reso-
nances are observed in the spectra. The magnetic field dependence of the resonance energies allows an
unambiguous assignment of the interband transitions which involve both discrete states of the quantum dots
and wetting layer states. A strong anticrossing between two transitions is observed in all samples, which cannot
be accounted for by a purely excitonic model. The coupling between the mixed exciton-longitudinal optical
(LO) phonon states is calculated using the Frohlich Hamiltonian. The excitonic polaron energies as well as the
oscillator strengths of the interband transitions are determined. An anticrossing is predicted when two
exciton-LO phonon states have close enough energies with phonon occupations which differ by one. A good
agreement is found between the calculations and the experimental data evidencing the existence of excitonic

polarons.
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I. INTRODUCTION

Carrier-phonon interactions in semiconductor quantum
dots (QDs) have attracted considerable attention because
they are essential to understand the electronic properties of
such a system, for instance, the carrier relaxation which is of
particular interest in QDs. Various experimental and theoret-
ical results have demonstrated that carriers confined in
InAs/GaAs QDs are strongly coupled to the longitudinal op-
tical (LO) vibrations of the underlying semiconductor
lattice.'”” For electrons, this coupling leads to the formation
of the so-called electron polarons which are the true excita-
tions of a charged dot. The electron polarons have been ex-
tensively studied by far-infrared (FIR) magnetoabsorption in
n-doped QDs as intraband optical transitions probe directly
the polaron levels instead of the purely electronic states.'*
Similarly, hole polarons were recently evidenced in p-doped
QDs by using FIR intraband magneto-optical experiments.’
Optical interband transitions between valence and conduc-
tion QD states involve electron-hole pairs which are electri-
cally neutral. Since the coupling between carriers and optical
phonons is basically electrical (Frohlich interaction), one
could expect a rather small coupling between LO phonons
and excitons. However, recent theoretical works have shown
that excitons in QDs strongly couple to LO phonons in spite
of their electrical neutrality.!? The eigenstates of the inter-
acting exciton and phonon systems are the so-called exci-
tonic polarons which have important consequences on the
understanding of the behavior of excited QDs. In particular, a
reexamination of the energy relaxation paths of excited QDs
and of the decoherence effects is needed.>'! Excitonic po-
larons are predicted to give significant modifications of the
energy levels and large anticrossings when two exciton-
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phonon states have close enough energies with phonon oc-
cupations which differ by one. Such effects should be ob-
served in the magnetic field dependence of the interband
transitions, where the applied magnetic field is used to tune
the energy separation between the various exciton-phonon
states. However, interband transitions in a QD ensemble are
inhomogeneously broadened because of size and composi-
tion fluctuations, so that no direct evidence for the formation
of excitonic polarons has been reported so far. The experi-
mental verification of the theoretical predictions thus re-
quires overcoming the inhomogeneous broadening of the op-
tical spectra, for instance, by using single QD spectroscopy.'?
In the present work, we have studied, at 7=4 K, the photo-
luminescence excitation (PLE) under strong magnetic field
up to 28 T of several ensembles of self-assembled
InAs/GaAs QDs. Undoped, n-doped, and p-doped high qual-
ity samples have been investigated. PLE spectroscopy probes
the absorption of a subensemble of similar QDs defined by
the detection energy and thus allows one to circumvent part
of the inhomogeneous broadening. Several well-defined
resonances are observed in all samples. The magnetic field
dependence of the resonance energies allows an unambigu-
ous assignment of the interband transitions. PLE spectra dis-
play transitions between the discrete states of the QDs as
well as transitions involving the wetting layer states. A
strong anticrossing between two transitions is observed in all
samples as the magnetic field is changed. Such an anticross-
ing cannot be accounted for by a purely excitonic model and
one has to consider the exciton-lattice interactions. We have
calculated the coupling between the mixed exciton-LO pho-
non states using the Frohlich Hamiltonian and we have de-
termined the excitonic polaron states as well as the energies
and oscillator strengths of the interband transitions. A good
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agreement is found between these calculations and the ex-
perimental data, evidencing the existence of excitonic po-
larons.

II. EXPERIMENTAL DETAILS

The series of QD samples investigated here, labeled An
(n=1,2,3), was grown on (001) GaAs substrates by molecu-
lar beam epitaxy using the Stranski-Krastanov mode of InAs
on GaAs.!"3 Each sample contains a multistack of 20 layers of
InAs QDs separated by 50 nm barriers, each layer having a
QD density of ~4 X 10'% cm™. The InAs QDs were formed
by depositing 2.2 monolayers (ML) at 520 °C with a growth
rate of 0.12 ML/s. There were no growth interruptions be-
fore GaAs overgrowth. The doping was varied from sample
to sample, all the other growth parameters being exactly the
same. Sample Al was undoped while samples A2 and A3
present a o-doping of the GaAs barriers at 2 nm under the
dot layers. Sample A2 was n-doped with a Si 6-doping con-
centration of ~4 X 10'% cm=2 while A3 was p-doped with a
Be &-doping concentration of ~4 X 10'° cm™2. The samples
were characterized by photoluminescence (PL) and by FIR
magnetospectroscopy at 2 K. The PL peak, in all samples,
was centered at 1.2 eV with a full width at half maximum
(FWHM) of ~50 meV. An energy separation of ~47 meV
(~22 meV) between the ground and the first excited conduc-
tion (valence) states was measured by FIR magnetospectros-
copy in samples similar to A2 (A3). Cross-sectional trans-
mission electron spectroscopy in samples grown in similar
conditions have shown that the QDs resemble flat truncated
cones with a ~20 nm basis diameter and a ~3 nm height.'#
We have performed low temperature (7=4 K) interband
measurements on these QD ensembles using PL and PLE
techniques under strong magnetic field applied along the
sample growth axis. Measurements up to 28 T have been
done at the High Magnetic Field Laboratory in Grenoble.
The samples were mounted in a resistive magnet and im-
mersed in liquid helium. For the PLE measurements, a Ti-
:sapphire laser was used. A system of optical fibers was used
for the sample excitation and the collection of the PLE sig-
nal. The emitted light from the sample is dispersed through a
Jobin Yvon spectrometer and detected by a charge coupled
device camera.

III. RESULTS

Interband transitions of a QD ensemble are inhomoge-
neously broadened because of fluctuations of the confining
potential which arise from size and composition dispersion.
The broad bell-like form of a PL peak is more or less a
measure of size inhomogeneity. PLE measurements permit
the selection of a subensemble of similar sized dots from a
sample containing a range of dot sizes.'> The subensemble
investigated in a PLE measurement is defined by fixing a
narrow detection energy window, E,,,, within the broadened
PL peak, while the excitation optical energy, E,,., is varied.
As the PL peak at 4 K of our samples is centered at
~1200 meV, we have chosen detection energies in the range
1190-1217 meV. Although such spectra are still inhomoge-
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FIG. 1. Normalized PLE spectra of the A3 sample taken at 4 K
for Eg,,=1194, 1206, and 1215 meV, where AE=E, .—E,,,.

exc

neously broadened due to shape and composition variation,
well-defined features are usually observed, making low-
temperature PLE spectroscopy an appropriate probe of the
energy states of QDs. Figure 1 depicts the PLE spectra of
sample A3 for detection energies E,,=1194, 1206, and
1215 meV at 4 K. The x-axis shows the excess excitation
energy AE=E,,.—E,,. The same four features, indicated by
arrows in Fig. 1, are observed for all three detection energies.
A low-energy peak is observed at ~50 meV, a second peak
is found at ~75 meV, a third peak is found at ~110 meV,
and finally a strong peak is observed at ~220 meV.

We attribute this last high-energy peak to the excitation
resonance of the wetting layer (WL). The energy, AE, of this
peak decreases as the detection energy is increased, however,
the transition energy, AE+E,,, stays at the nearly constant
energy of 1420 meV. Such an energy is typical given the
growth conditions used for our samples and corresponds to a
few monolayer thick InAs WL. As the thickness of the WL
stays more or less constant throughout the sample, the WL
excitation energy should also remain constant.

The remaining three peaks, found at lower energies, are
associated with transitions between bound levels in the QDs.
For QDs with a perfect cylindrical symmetry, the ground and
first excited state in both the conduction and valence band
are s- and p-like, respectively. In order to associate the exci-
tation peaks with transitions in the QDs, a magnetic field B is
applied along the sample’s growth axis, as it is well-known
that the effect of a magnetic field is different for s, p, and d
states. Figure 2 displays the magneto-PLE spectra of sample
A3 recorded at 4 K from B=0 to 28 T every 4 T and for a
detection energy of 1215 meV. Similar results were observed
for all samples as shown in Fig. 3 where the magneto-PLE
spectra for samples Al, A2, and A3 are depicted on a mag-
nified scale. The energy of the PLE peaks as a function of
magnetic field is plotted in Fig. 4 for sample A3. As the
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FIG. 2. Magneto-PLE spectra of the A3 sample recorded at 4 K
from B=0 to 28 T every 4 T and for a E,,=1215 meV. Traces
have been vertically offset for clarity. The dashed lines are guides
for the eyes.

magnetic field increases, the peak that was initially at
75 meV splits into two separate peaks: one peak that in-
creases in energy and a second peak that decreases in energy.
These peaks can be associated with p-like transitions. This
association is made because firstly the peaks move with the
magnetic field, which is characteristic of p-states, and sec-
ondly the energy at O T of these peaks roughly corresponds
to the addition of the experimentally obtained s-p energy
transitions of holes and electrons. The remaining two peaks
at 50 and 110 meV stay nearly constant with the increasing
magnetic field. We therefore associate these peaks with tran-
sitions involving states whose energies move very little with
an applied magnetic field, for instance, s-states or eventually
py-states. Finally, the peak at 220 meV increases in energy
with the increasing magnetic field. This is the expected be-
havior for a WL transition in a magnetic field. Indeed, using
a WL electron mass m,=0.07m, and a heavy hole mass m;,
=0.22m,, a slope of
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1
Ehe(m;] +m;")=1.1 meV T™! 1)

is expected for the WL absorption, which approximately cor-
responds to the PLE spectra where we measure a slope of
0.8 meV T~!. This reinforces our earlier assumption that this
peak is associated with a WL conduction band-WL valence
band transition.

Let us now take a closer look at the oscillator strengths of
the lower energy peaks, as shown in Fig. 3. At 0 T, the
intensity of the low-energy peak at 50 meV is about 20% of
that of the 75 meV peak. As the magnetic field increases, an
exchange of oscillator strength between these two peaks is
observed. For samples Al and A3, at 20 T the two peaks
have the same intensity and by 24 T the oscillator strength of
the low-energy peak has surpassed that of its neighbor. For
sample A2, the energy difference between the two peaks at
0 T is smaller and therefore the anticrossing is observed at a
lower magnetic field. Such a behavior can not be explained
using a purely electronic model. It is necessary to use a
model that takes into account the coupling between the op-
tical phonons and the photo-created electron-hole pair in the
QD. Such a model is presented in the next section.

IV. ANALYSIS AND DISCUSSION

In order to predict the optical properties of an exciton in
interaction with LO phonons, we use the following Hamil-
tonian:

H=H,B)+Hy(B) +V,+H,,+ Vp, (2)

where H, and H,, are the electron and hole Hamiltonians with
an applied magnetic field B, V,, is the electron-hole Cou-
lomb interaction, H,, is the LO phonon Hamiltonian, and V-
is the Frohlich Hamiltonian. Before dealing with the electron
phonon interaction, we first describe the electronic part of
the Hamiltonian, i.e., the first two terms in Eq. (2).

We model the QDs by a truncated Ga,n;_,As cone of
height # and with a circular basis of radius R resting on a
thin layer of the same material and inserted in a GaAs ma-
trix. The electron and hole levels are calculated within a
one-band model.""® Due to the cylindrical symmetry along
the growth (z) direction, the electronic and hole levels are
labeled by the projection of their angular momentum /, along
this axis: s states (/,=0), p states (I,.=0x1),.... For the in-
vestigation of the low-energy interband transitions, we may
limit our description to the first low-lying conduction and
valence bound levels (/,=0,+1).

The effect of a magnetic field is to introduce both a Zee-
man shift proportional to /, and a d iamagnetic shift propor-
tional to the squared extent of the confined in-plane orbit.
The Zeeman shift allows a clear discrimination between the
dot states. This controlled selective tuning of the different
interband transitions is of crucial importance in our study,
since a clear assignment of the different interband lines is
often difficult in experiments with a dot ensemble at zero
field.

Self-assembled QDs are known to display a slight in-
plane anisotropy. Different effects have been considered in
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FIG. 3. Magneto-PLE spectra of samples Al (a), A2 (b), and A3 (c) at 4 K from B=0 to 28 T every 4 T and for a E;,,=1215 meV. The

dashed lines are guides for the eyes.

the literature, running from intrinsic couplings that are better
handled within first-principle and/or many-band calculations
involving a detailed description of the underlying materials
forming the QD,'® to the more phenomenological shape
anisotropy!” contribution for the carriers confinement poten-
tial that has been considered in the framework of the one-
band envelope function formalism.! In any case, the main
effect of the anisotropy is to split the two degenerate I,
==+1 levels of the QD. The splitting of the two levels at B
=0T is clearly observed in the FIR absorption of doped
QDs: ~5 meV for electrons and ~2 meV for holes."8 In our
cylindrical basis, the in-plane anisotropy is treated in pertur-
bation by introducing couplings between p* and p~ states
equal to half of the splitting observed in intraband spectros-
copy.

The strong coupling of both electrons and holes to optical
phonons has been evidenced in previous works. The main
point is that electronic and lattice excitations strongly mix to
form polaron states in quantum dots. From the theoretical
point of view, the QD polaron states reflect a complex en-
tanglement of exciton and phonon states. This complex cou-
pling is described by the Frohlich Hamiltonian, which for an
exciton reads

V= S S Mg -at). ()

Teolp 4

where a, and a; are the annihilation and creation operator

for a LO phonon with momentum ¢, and r, and r; are the

position operators for electrons and holes. The term Ap in-
cludes in its definition the Frohlich constant which is taken
as a=0.11, consistent with precedent polaron studies in
QDs.!

The noninteracting exciton-phonon states in an uncoupled
system are labeled |n,,n,,N,), where [n)=|s),|p*) are purely
electronic levels. |Nq> denotes the ensemble of the N LO-
phonon states in the {q} modes. The Frohlich Hamiltonian
couples states which differ by one phonon.

(n,,n;,0

Ap
Vilng,ny,1g) = ;[

5”},”/;0'%”; (q) - 5}1611;Unhn;,(q)] s
4)

where v,,,/(q)=(n|e’d"|n"). Nonvanishing coupling occurs
only between states with either the same electron or the same
hole wave functions.

Here we present the calculation of excitonic polarons in
the energy range (40—100 meV) relevant to interpret the an-
ticrossing observed in the PLE spectra. We have used the
dispersionless LO phonon approximation, which allows the
very accurate calculation of polaron levels in QDs.! An LO
phonon energy of Ziw=36 meV has been used. We have
taken into account all nonvanishing Frohlich coupling terms
as well as anisotropy and Coulomb interactions (with a di-
electric constant e=12.5). The energy dispersions and oscil-
lator strengths of the polaron states, presented in Fig. 5, were
calculated using an in-plane effective mass for electrons m,
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FIG. 4. Magnetic field dispersion of PLE resonances in sample
A3 in open figures with the calculated energy transitions in solid
lines (a) and a zoom (b) of the polaron states (1), (2), and (3), as
labeled in Fig. 5. See Sec. IV for details and parameters of the
calculated fit.

=0.07m, and for holes m;=0.22m,. These values were fixed
in order to agree with FIR intraband magnetospectrocopy
results. The other dots parameters were chosen in order to fit
the experimental values of both the intraband s-p electronic
(hole) transitions [47 meV(22 meV)] and the interband
ground state energy (detection energy of 1215 meV). The
parameters resulting from the fit are the following: cone with
a radius R=115 A and height #=28 A, and conduction (va-
lence) band offset of 290 meV (212 meV). The dot size is
consistent with direct size measurement'* and the band off-
sets are compatible with an average gallium content of x
=(.5 in the QDs.

In Fig. 5(b) the solid lines represent the calculated energy
transitions for an uncoupled system, where the zero energy
has been taken at the ground state (|s,,s;,,0)). We represent
in this figure only the two principal exciton-phonon states,
lp..p;,0) and |s,.p; . 1), which are responsible for the ex-
perimentally observed anticrossing. The |p,p;,0) state dis-
plays a strong negative Zeeman slope with the magnetic field
and crosses the one phonon continuum [s,, p;, 1,) for a mag-
netic field of around 20 T. Within the approximation of dis-
persionless phonons, the Frohlich coupling between the
purely electronic state |p;,p;,0) and the one phonon con-
tinuum |se,p;,1q) can be treated in a two discrete level
scheme: one discrete mode of the phonon continuum (la-
beled la]) is coupled with strength V;,, to the discrete purely

PHYSICAL REVIEW B 73, 075320 (2006)

100 — T T T

'....i...

AE (meV)

701 L || L L

AE (meV)

.
18y Py 15>

P, P, 0>

FIG. 5. Calculated excitonic polaron energies and intensities as
a function of the magnetic field (a) and a zoom (b) of the anticross-
ing between polaron states (1) and (2). The solid lines in (b) corre-
spond to noninteracting exciton-phonon states. The area of the
circles is proportional to the oscillator strengths.

electronic state while the remaining orthogonal space is left
uncoupled (see the Appendix of Ref. 8). In the two-level
basis (|p;.p;.0).]s..p} 1“1»’ the Hamiltonian reads

Eﬂ'ﬂ;'(B ) Vit
H= o . (5)
V; Exep;(B) + thO

mnt

The coupling term V;, was calculated and found to be
6 meV. The eigenstates of this Hamiltonian are the polarons
labeled (1) and (2) in Figs. 5(a) and 5(b). A large anticrossing
of 2V,,, is seen between these two polaron states. The surface
area of the circles in the figure are proportional to the oscil-
lator strength of a given polaron transition at a certain mag-
netic field. The calculation of these oscillator strengths is
described below.

In Fig. 5(a) we present all the calculated polaron energy
transitions in a larger energy range. Since the different
Frohlich coupling terms involve different phonon modes we
introduce five additional modes labeled lai (i=2,...,6). This
gives us a Hamiltonian in a basis containing 21 discrete
states: 4 purely excitonic states \ p:f, pﬁ,O}, 16 excitonic states
with one-phonon mode (|s,,p;, Lo )slpeospsla_, ) and
\ps.pis Lo 6}), and the fundamental excitonic state with
two-phonon modes |S67Sh’2a1,a1>' The numerical diagonal-
ization of this Hamiltonian gives us the polaron energy tran-
sitions. The energy positions as a function of magnetic field
are in good agreement with our data, as seen in Fig. 4.
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FIG. 6. Experimental (full squares) and calculated (solid lines)
spectra for different magnetic fields. The experimental data was
taken for an E,,,=1215 meV and for sample A3. The parameters
used in the calculation are given in the text.

In the relevant energy range, the only optically active lev-
els are |p,,p;,0) and |p,p;,0). The oscillator strength of
the given polaron state |¢) is therefore proportional to its
weight on these two states and reads

¥+ pl.pp 0l (6)

since the two optically active states have the same oscillator
strength. For the anticrossing represented in Fig. 5(b), the
oscillator strengths of polarons (1) and (2) are roughly pro-
portional to their weight on the |p;,p;) state. Hence we ob-
serve an exchange of oscillator strength between the two
polarons as the magnetic field is increased.

Using Eq. (6), we calculate the interband absorptions. The
solid lines in Fig. 6 represent the calculated absorption spec-
tra at different magnetic fields. Each discrete level is re-
placed by a Gaussian peak with a FWHM of 12 meV in
order to account for inhomogeneous broadening (i.e., fluc-
tuations of dot dimensions in the subensemble of QDs de-
fined by the detection energy). We compare our calculated
interband absorption spectra with the PLE experimental data.
The full squares are data points taken for sample A3 for an
E;.=1215 meV. The evolution of the oscillator strengths of
the absorptions with the magnetic field is very well described
by our model. We are able to predict the exchange of oscil-
lator strength observed in our results demonstrating the va-
lidity of our analysis and the existence of excitonic polarons.
Similar agreement is found for results obtained for samples
Al and A2. We point out that, in general, a PLE signal is not
necessarily equivalent to an absorption spectrum. The very
good agreement obtained here between the two is due to the
short polaron relaxation time compared to interband radiative

0S8y, = Kpy.pi-0
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decay time. Far-infrared pump-probe spectroscopy experi-
ments have demonstrated that intraband polaron decay time
in InAs/GaAs QDs varies between 20 and 70 ps depending
on the polaron energy.'®!° Excitonic polaron relaxation times
are expected to be on the same order of magnitude, the re-
laxation mechanism (due to phonon anharmonicity) being
similar. Since interband radiative decay time is on the order
of 1 ns, the relaxation process will always go through the
ground exciton state. Hence the PLE is proportional to the
absorption.

Finally, it is important to point out that our calculations,
that consider neutrally charged dots, were also used to de-
scribe experimental results obtained from charged dots.
When dealing with negatively (positively) charged QDs, one
has to consider trions, i.e., two electrons (holes) and one hole
(electron). If we study the low-energy excitation spectrum of
charged QDs neglecting spin-dependent effects, the addi-
tional charge remains a spectator and the excitation spectrum
resembles that of neutral QDs.?® This could explain why
samples A2 and A3 display PLE spectra which are quite
similar to those recorded in sample Al.

V. CONCLUSION

In summary, we have investigated the interband transi-
tions in several ensembles of self-assembled InAs/GaAs
QDs by using PLE spectroscopy under a strong magnetic
field. The magnetic field dependence of the interband transi-
tions allows their unambiguous assignment, as the effect
of a magnetic field is significantly different for s or p
states. When two exciton-LO phonon states have close
enough energies with phonon occupations which differ by
one, a large anticrossing is theoretically predicted. Such a
situation is experimentally induced in our samples by the
applied magnetic field for the two interband transitions
(pz.p5.0),1s0.p7 1,,)) and a strong anticrossing is actually
observed in all the investigated samples. We have calculated
the coupling between the mixed exciton-LO phonon states
using the Frohlich Hamiltonian and we have determined the
energies and oscillator strengths of the interband transitions.
Our model accounts well for the experimental data, evidenc-
ing that the excitons and LO-phonons are in a strong cou-
pling regime in QDs and the interband transitions occur be-
tween excitonic polaron states. Finally, we believe that the
existence of excitonic polarons could present important con-
sequences for the energy relaxation in excited QDs and for
the coherence decay times of the fundamental optical transi-
tions.
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