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We report on the direct observation of polarons in InAs/GaAs self-assembled quantum dots �QD� populated
by few electrons. The polarons are strongly coupled modes of QD phonons and electron intersublevel transi-
tions. The degree of coupling is varied in a systematic way with a set of samples having electron intersublevel
spacing changing from larger to smaller than the longitudinal-optical-phonon energy. The signature of polarons
is evidenced clearly by the observation of a large �12–20 meV� anticrossing for both InAs and GaAs-like QD
phonons using resonant Raman spectroscopy.
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The general problem of the pairing of strongly interacting
elementary excitations producing new quasiparticles arises in
many areas of solid state physics; for example, there are
polarons involving electron motion and a lattice vibration,
polaritons involving electronic polarization and a photon,
biexcitons in semiconductors, and Cooper pairs in supercon-
ductors. Recently there has been significant interest in po-
laron formation in semiconductor quantum dots �QDs�,
which can be thought of as artificially engineered atoms.1–5

This is motivated by the need to understand the nature of the
carrier relaxation processes and their role in quantum dot
based devices such as infrared photodetectors and lasers as
well as in the application of quantum dots in quantum infor-
mation processing. In QDs, phonon-assisted energy relax-
ation is expected to be slow at energies different from the
longitudinal optical �LO� phonon energy because of the dis-
crete nature of the electronic energy levels.6 This inefficient
energy relaxation process is known as the “phonon-bottle-
neck.”7 However, relatively fast relaxation times have been
observed in QDs, and alternative mechanisms, such as
multiphonon-assisted �acoustic and/or optical�8 and Auger-
type relaxation processes �for high carrier densities�,9 have
been proposed. Recently, it was shown that the electrons and
phonons should be strongly coupled in QDs leading to the
formation of polarons.1 The first indications of strongly
coupled electron-phonon modes in InGaAs QDs2,3 were at-
tained by applying a high magnetic field, which brought the
electronic transition energy into resonance with either an
AlAs-like interface phonon2 or multiple bulklike GaAs
phonons,3 leading to a small �2–4 meV� anticrossing in far-
infrared magnetotransmission spectra. Very recently, indirect
evidence of polaron formation was observed in photolumi-
nescence �PL� spectra by using coupled quantum dots sepa-
rated by a varying barrier width4 and by using a magnetic
field5 to tune the electronic energy level.

In this article we report on the direct observation of po-
larons involving single intrinsic QD phonons in a set of
n-doped InAs self-assembled QD samples whose intersub-
level energy spacings are tuned across the LO-phonon en-
ergy by a postgrowth annealing process. The samples where
the quantum dot energy level spacing matches the LO-
phonon energy are in the strong coupling regime. The po-
laron modes are detected by resonant Raman scattering,10,11

where the laser excitation energy is in resonance with the QD

interband s-shell. We stress that this technique is absolutely
essential for enhancing the polaron Raman signal from the
QDs.

The quantum dot samples used in this study were grown
by molecular beam epitaxy on �100� GaAs substrates �see
Ref. 12 for additional details�. Between the top and bottom
doped GaAs layers, the samples consist of 50 layers of self-
assembled InAs QDs separated by 30-nm GaAs barriers
modulation doped with Si to populate the QDs with elec-
trons. From the quantum dot density and the level of doping,
it is estimated that the average population per QD was �7
electrons for the sample whose results are presented here.
Other samples with different electron numbers per dot were
also investigated and the results were qualitatively the same.
To tune the QD level spacings, small pieces from the same
part of the uniform wafer were treated by rapid thermal an-
nealing at different temperatures for 30 s under N2 ambient
�samples j and k were annealed with a GaAs capping piece
on top of them�. For PL and Raman measurements, the
samples were maintained at 14 K on the cold finger in a He
flow cryostat. For PL experiments, a 532-nm frequency-
doubled Nd:YVO4 laser was used as the excitation source
and the spectrum was analyzed by a Fourier transform infra-
red spectrometer �FTIR� with an InGaAs detector. The
Stokes Raman measurements were carried out by using a
double-grating-subtractive monochromator as a filter in con-
junction with the FTIR; a Ti:sapphire laser, continuously tun-
able in the spectral range from 0.9 to 1.1 �m, was used as
the excitation source. The Raman experiments were per-
formed in a near-back-scattering geometry with a �45° in-
cident angle.

The tuning of the quantum dot level spacing is depicted in
Fig. 1�a�, which displays low temperature emission spectra
of highly excited as-grown and annealed samples. The struc-
tures labeled “s , p , d” correspond to emission from popu-
lated shells of quantum dot energy levels. As the annealing
temperature is increased, the spacing and broadening of
emission from various shells are decreased simultaneously
with a pronounced blueshift of the emission energy.13 These
PL spectra show that our QDs are quite uniform in size and
that the annealing produces a systematic change. Fig. 1�b�
shows the level spacing extracted from PL spectra of Fig.
1�a�: the spacings of s- and p-shells and p- and d-shells
decrease with annealing temperature, and eventually become
lower than the bulk GaAs LO phonon energy of 37 meV. It
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should be noted that the transitions from the p- and espe-
cially d-shells are seen less clearly in Fig. 1�a� for some of
the samples annealed at higher temperatures; however, the
level spacings were readily extracted by investigating the
excitation power dependence of the PL curves. The energies
used for the shell level extraction were also marked by points
on each curve in Fig. 1�a� as a guide for the eye. The exact
conduction band intersublevel spacing corresponds to about
70% of the shell spacing extracted from PL.14 The origin of

the decrease in the level spacing is the interdiffusion of the
dot and the barrier materials on annealing. To show the an-
nealing effect, we calculated electron energy levels in the
effective mass approximation by taking the compositional
profile and the strain distribution into account �results are not
presented here�. These calculations do not match experiment
quantitatively due to the simplicity of the model and the lack
of a detailed knowledge of the actual QD shape. Yet the
theory in its present form shows qualitative agreement with
experiment; it shows that by changing the atomic diffusion
length with increasing annealing temperature, the spacing of
energy levels can be tuned through the optical phonon ener-
gies.

We now turn to the Raman scattering results. A typical
spectrum of the as-grown sample measured for low excita-
tion energy �1.168 eV, slightly below the ground state tran-
sition energy� is shown in Fig. 2�a�. The distinct sharp fea-
tures observed at 295, 282, 271, and 239 cm−1 are due to the
GaAs layer LO, GaAs-like QD LO, GaAs layer transverse
optical �TO� and InAs WL LO phonons, respectively. An-
other weaker feature appearing at 259 cm−1 is attributed to
the LO phonons of the InAs QDs. It has been theoretically
predicted that the average strain-induced shift of the LO pho-
non energy in the InAs QD is 2.2 meV;15 using the bulk LO
phonon frequency of 239 cm−1, it gives 257 cm−1 for this
mode—in good agreement with our experimental value. The
broad feature appearing at higher frequency ��460 cm−1

=57 meV� originates from intersublevel transitions. When
the QDs are excited with lower energies ��1.160 eV�, fea-
tures due to the GaAs-like phonon and intersublevel transi-
tion disappear �not shown�. Fig. 2�b� shows the spectrum for
an excitation energy of 1.198 eV, which is slightly above the
ground state transition energy. The GaAs LO and TO
phonons are not distinguishable anymore because of the very
intense GaAs-like phonon signal, which is enhanced together
with the signal from the electronic transition for all such
higher excitation energies. Note that the scales of the graphs
reflect the relative increase in the intensity, demonstrating the
power of resonant enhancement. Sharp cuts at both edges of
the spectra are due to the subtractive monochromator light-
rejection window and the low frequency feature is the tail of
the strong laser signal.

Raman spectra for as-grown and annealed samples, taken
under similar conditions to the one in Fig. 2�b�, are presented
in Fig. 3�a�. The signal originating from the intersublevel
transition at the high energy part of the spectrum clearly

FIG. 1. �a� Low temperature PL spectra for as-grown and an-
nealed samples. Temperatures at which the samples were annealed
for 30 s are marked beside each plot. The structures labeled
“s , p , d” and marked for each curve correspond to emission from
populated shells of quantum dot energy levels. Vertical dashed lines
show the tuning limits of the Ti:sapphire laser used for the Raman
scattering experiments. �b� Energy level spacings extracted from the
PL.

FIG. 2. Low temperature Ra-
man spectrum of the as-grown
sample measured for excitation
energies �a� slightly below and �b�
slightly above the ground state
transition energy.
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approaches the phonon energy region as the annealing tem-
perature increases. Two new features appear on either side of
the phonon region for samples annealed above 825 °C. The
evolution of the aforementioned peaks �denoted as peaks 1 to
4 in one of the curves in Fig. 3�a�� with excitation energy for
sample g, annealed at 875 °C, is presented in Fig. 3�b�. The
relative intensity ratios of the peaks are changing with exci-
tation energy. Note that each curve is normalized with re-
spect to its maximum point. The signal strength actually in-
creases significantly for higher excitation energies as the
resonant condition is approached; for example, there is more
than two orders of magnitude difference in scale between the
bottom and top curves in Fig. 3�b�. The wiggles appearing
above 60 meV for the upper curves are attributed to second-
order phonon combinations such as 2TO, TO+LO, and 2LO.
Further increasing the excitation energy detunes the reso-
nance condition and causes a strong PL signal that obscures
the Raman signal. For a fixed excitation energy far away
from strong coupling, similar Raman scattering by QD
phonons and intersublevel transitions has been observed
previously.16,17

In order to see how the Raman peaks evolve with anneal-
ing temperature, the positions of each peak �marked in Fig.
3�a�� versus sample are plotted in Fig. 4�a�. While peaks 1
and 2 approach from higher energy to the phonon energy
region, peaks 3 and 4 branch off from the lower part. The
horizontal lines show for comparison the bulk phonon ener-
gies: solid lines are for LO and dashed lines are for TO
phonons for both bulk GaAs �upper pair� and InAs �lower
pair�.

The phonon modes in QDs are more complicated than
those in bulk semiconductors. Since the intersublevel dipoles
are confined in the QD, we expect that the strongest coupling
is with the InAs QD �confined or interface� phonon modes.
Moreover, though expected to be weaker than the InAs QD
phonon, there should be a GaAs-like mode due to the alloy-
ing effect �i.e., the dot is not pure InAs but rather InGaAs
with a low Ga fraction, especially for the annealed samples�.
The GaAs bulk or other interface phonons have much

weaker coupling to the intersublevel transitions.2,3 The be-
havior shown in Fig. 4�a� can be qualitatively accounted for
by the interaction of QD phonons and intersublevel transi-
tions leading to the formation of polarons. The LO phonon

FIG. 3. �a� Low temperature
Raman spectra taken under reso-
nance conditions for as-grown
and annealed samples. Numbered
peaks are the subject of this study.
�b� Evolution of the Raman spec-
tra with excitation energy for
sample g, annealed at 875 °C.

FIG. 4. �a� The positions of each peak marked in Fig. 3 vs
sample designation. �b� Calculated polaron eigenmodes as a func-
tion of intersublevel spacing for ��L=32.1 meV and several values
of the coupling constant g. Experimentally observed InAs QD po-
laron data points are shown with open squares.
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with frequency �L sets up an electric field that varies slowly
on the scale of the quantum dot. This electric field couples
equally to all electrons in the quantum dot, hence it couples
to the center-of-mass �CM� motion in the direction of the
electric field of the phonon mode. The CM motion is only
weakly coupled to the relative motion of electrons by the
finite size of the quantum dot, as verified by an exact diago-
nalization study to be reported elsewhere. For quantum dots
with nearly equal level spacing as shown in Fig. 1�b�, the
CM Hamiltonian is that of two harmonic oscillators. Only
one of them couples to the longitudinal phonon. Hence the
electron and phonon Hamiltonian can be written as a sum of
coupled harmonic oscillators:

H = ��0�A†A + 1/2� + ��L�B†B + 1/2� + g�A† + A��B + B†� ,

�1�

where coupling originates from displacement Rx��A†+A� of
the CM and electric field E��B+B†� of the phonon mode,
with g being the coupling constant, and ��0 and ��L are the
electronic level spacing and phonon energy. From Eq. �1� it
is clear that the normal modes of the electron phonon system
are coupled modes, i.e., polarons. For this model Hamil-
tonian, in which the higher-order coupling terms were ne-
glected, polaron energies can be written as

E± = ���0 + ��L ± ��2 + 4g2�/2, �2�

with detuning parameter �= ���0−��L�. To assess the qual-
ity of this approximation, we have also performed an exact
diagonalization calculation of the full Hamiltonian; the re-
sults are in very good agreement. Figure 4�b� shows the po-

laron energies obtained from Eq. �2� as a function of inter-
sublevel spacing for ��L=32.1 meV �the experimentally
observed InAs QD LO phonon energy� and several values of
the coupling constant. The open symbols in Fig. 4�a� display
an anticrossing gap of 2g=20 meV, qualitatively matching
the behavior shown by the g=10 meV curve in Fig. 4�b�.
The experimentally observed InAs polaron data points given
in Fig. 4�a� are also reproduced in Fig. 4�b�; for this purpose,
the intersublevel spacing was calculated by taking 70% of
the s- and p-shell spacing extracted from the PL spectra �Fig.
1�b��. Since the GaAs-like QD mode is due to an alloy of
low Ga fraction, it is expected to be weaker than the InAs
QD mode. The coupling is therefore expected to be weaker,
leading to a smaller anticrossing gap. This is evidenced in
Fig. 4�a� where the gap between open symbols is larger than
that between solid symbols. An experimentally observed an-
ticrossing gap of 12 meV for the GaAs-like QD mode is
consistent with that predicted in Ref. 3.

In conclusion, we have directly observed the polaron ex-
citation in InAs/GaAs self-assembled QDs using a system-
atic set of samples having electron intersublevel spacings
changing from larger to smaller than the LO-phonon energy.
In order to enhance the signal from the polaron—the coupled
mode of QD phonons and electron intersublevel transi-
tions—resonant Raman scattering has been used. The po-
laron picture is evidenced clearly by the observation of a
large anticrossing for both InAs and GaAs-like QD phonons.
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