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Enhanced phonon-assisted absorption in single InAsÕGaAs quantum dots
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Exciton-longitudinal optic-phonon coupling in InAs/GaAs quantum dots is investigated by means of single-
dot spectroscopy. Photoluminescence spectra in the excitonic ground-state region exhibit a series of new
emission lines which we ascribe to single exciton recombination perturbed by charged defects close to the dot.
Compared to unperturbed excitonic recombination, the resulting dipole in these complexes leads to enhanced
coupling to LO phonons in photoluminescence excitation spectra. Evidence for resonant enhancement of
phonon-assisted processes in absorption is also presented.
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The coupling of excitons to longitudinal optical~LO!
phonons in polar semiconductors arises from the polariza
of the lattice by the difference in the electron and hole~e, h!
charge distributions in the exciton~the dipole moment of the
exciton!. Such coupling has been analyzed theoretically
bulk,1 quantum well,2 and quantum dot~QD! structures.3,4

Since the coupling is determined by the excitonic cha
distribution, it is highly sensitive to the form of the electro
and hole wave functions. Indeed if the electron and h
charge distributions are identical as might be expected
strongly confining QD,3 then LO phonon features would no
be observable. However, recent studies of large ensembl
weakly polar InAs/GaAs self-assembled QD’s have repor
Huang-Rhys parameters~S! ~the ratio of the intensity of the
first LO phonon satellite to the zero phonon line! of signifi-
cant magnitude, e.g., 0.03 in Ref. 5, 0.01–0.5 in Ref. 6,
0.5 in Ref. 7. Several processes have been invoked to exp
these S values: separation of the electron and hole ch
distributions as a result of asymmetric shape5–7~similar to the
model for quantum wells of Ref. 2!, the presence of piezo
electric fields,5 and the breakdown of the adiabatic appro
mation usually employed to treat exciton-LO phon
coupling,8 where coupling of excitonic wave functions by th
phonon displacement is assumed to be negligible. Extrin
effects such as the presence of charged point defects4 may
also lead to polarization of the charge distributions and
hanced LO phonon coupling.

Single-dot spectroscopy is a direct experimental techni
to investigate the electronic properties of QD’s which wou
otherwise be obscured by strong inhomogeneous broade
In the present paper we employ such techniques to inve
gate the coupling between excitons and LO phonons
single self-assembled InAs/GaAs QD’s. Microphotolumine
cence (mPL) andmPL excitation (mPLE) are used to probe
the importance of exciton-LO-phonon coupling features
absorption~PLE! and emission spectra. The single excit
transition~X! which dominates the PL for above gap excit
tion is found to exhibit LO features in absorption, but not
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emission. This unexpected observation is attributed to
occurrence of resonant mixing in absorption between
ground state plus one 1LO phonon state with nearby exc
state transitions~breakdown of the adiabatic approximation!.
Surprisingly, for excitation below the wetting layer, seve
additional single exciton lines are observed which eventu
dominate for low-energy excitation. The new lines exhi
strongly enhanced phonon coupling relative to X, and
attributed to single exciton transitions perturbed by charg
defects.

The self-assembled dots were grown on a@100# GaAs
substrate by molecular-beam epitaxy using the Stran
Krastanow growth mode. After deposition of a GaAs buff
the layer sequence was: 1350 nm Al0.33Ga0.66As outer clad-
ding followed by 175 nm Al0.13Ga0.87As and 25 nm GaAs
layers. The 2.4 monolayer QD layer was then deposited
500 °C. A low InAs deposition rate (0.01 ML s21) was
employed to provide a low QD density of;53109 cm22

of approximately lens shaped QD’s with mean basal dia
eter ;18 nm and height;5 nm.9 The sample was com
pleted with 25 nm GaAs and a second 175 nm Al0.13Ga0.87As
layer. After growth the sample was capped with Si3N4 and
annealed for 5 min at 750 °C, to blue shift the emissi
from ;1.1 eV as grown to above;1.25 eV where it is
accessible to sensitive Si-based detectors. Following ann
ing, the inhomogeneously broadened excitonic ground s
~GS! peak @;50 meV full width at half maximum
~FWHM!# was at;1.33 eV, with the wetting layer peak a
EWL5146065 meV. The sample was then fabricated into
widely spaced array of 200 nm diameter mesas using e
tron beam lithography and dry etching. PL was performed
T;10 K using amPL system containing a large apertu
microscope objective to provide a sub-micron excitati
spot. PL was excited using tunable radiation from a Ti:s
phire laser, collected via the same objective and disper
using a 0.85 m double monochromator with resolution
;30 meV, and detected using either a CCD camera
cooled Si-avalanche photodiode~APD!.
©2001 The American Physical Society09-1
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Several mesas containing one optically active dot w
investigated, all of which show very similar behavior. W
present results here for two representative dots. The PL s
trum in thes-shell, excitonic ground-state~GS! region for the
first dot~dot A! is presented in Fig. 1~a! as a function of laser
excitation energy (Eexc). When carriers are created in th
GaAs layer surrounding the dot (Eexc.1510 meV), the
spectrum consists of three lines separated by less than 2
~the excitation power (Pexc) is such that the dot is occupie
by approximately one electron-hole pair on average!. A de-
tailed study10 of their power dependence shows that the c
tral peak arises from recombination of a single electron-h
pair ~X!. The lower energy peak~2X!, 2 meV below X,
arises from biexcitonic recombination, as confirmed by
quadratic dependence onPexc. The peak X* , 1.5 meV above
X, arises from a charged exciton where an electron-hole
recombines in the presence of an additional carrier~probably
a hole! in the dot.10 As Eexc is reduced below the WL ban
edge (\vWL;1460 meV) X* disappears, since the prefe
ential capture of one component of a photocreated elect
hole pair can no longer occur.

In addition to the disappearance of X* , the PL spectrum
undergoes further major modifications whenEexc is de-
creased further. The intensity of X decreases very rapidly
Eexc below the WL band edge, and is very weak for exci
tion below 1420 meV. At the same time a series of n
peaks of decreasing energy (Xn) emerges on the low energ
side of X. These lines gain in relative intensity and succ
sively dominate the spectrum asEexc is reduced. This behav
ior has been observed for different single dots from the sa
wafer. PL spectra obtained forEexc51380 and 1514 meV for

FIG. 1. ~a! PL spectra from the ground state of QD A for di
ferent excitation energies above and below the wetting layer b
edge (;1460 meV).~b! PL spectra of QD B forEexc51380 and
1514 meV for comparison with~a!. The energy scale has bee
shifted by115 meV.
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QD B are shown in Fig. 1~b! to illustrate the similarity of
these modifications. The relative intensities of the lines
thus very sensitive toEexc but were found to be independen
of Pexc, excluding contributions from higher-order excito
complexes. Furthermore, the intensity of X1 was found to
vary linearly with Pexc, indicating that it~and the other Xn
lines! arises from a single exciton complex.

In order to obtain more information on the Xn features,
PLE experiments were performed. PLE spectra are show
Fig. 2 for detection on X, X1 , X2, and X3 respectively. All
spectra show two pronounced features~1LO and 2LO in Fig.
2! ;31 and 62 meV, respectively, above the detection
ergy. These peaks have a large width of;3 meV compared
with the ultra-narrow linewidths measured in emission,
502100 meV.11 The energies of 31 and 62 meV correspo
closely to typical one and two LO-phonon energies repor
in the literature for similar dots.12,13 However, the PLE in-
tensities for X and Xn detection exhibit very different behav
ior when Eexc is reduced below\vWL ;1460 meV. The
intensity of X decreases very strongly~but not completely!
for Eexc,\vWL with the intensity for excitation at the
phonon-related features more than 2 orders of magnit
smaller than the intensity forEexc.\vWL . In strong con-
trast, the phonon features in PLE for Xn detection have ap-
proximately the same intensity as for\vWL excitation,
showing that X and the Xn series couple very differently to
LO phonons and that they arise from two distinct types
excitonic species.

LO-phonon features may, in principle, arise in PLE
QD’s as a result of several distinct processes. We disc
these in turn, and exclude all but one as the likely origin

d FIG. 2. ~a! PLE spectra for detection at the energies of the
and Xn lines observed in PL for QD A in Fig. 1.~b! High-power PL
spectrum showing the emission from excited states~ES! of QD A.
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the 1 and 2 LO features observed. The possible processe
summarized in Fig. 3.~i! Phonon-assisted absorption:14 a
photon is absorbed into the stateuGS1nLO& (n51 or 2!
followed by creation of an exciton in the ground stateuGS&
and the simultaneous emission ofn LO phonons.~ii ! Absorp-
tion into a continuum of states as postulated by Todaet al.15

and fast relaxation by LO-phonon emission to the GS. S
a mechanism is similar to that observed in low quality qu
tum wells where only at energiesn\vLO above the detection
is relaxation sufficiently fast to lead to PL in the presence
competing nonradiative processes.16 However, this picture is
difficult to reconcile with the fully quantized energy levels
QD’s.17 ~iii ! Raman scattering: this process is very similar
~i! but is coherent and is expected to lead to polarizat
memory between the incident and emitted photons. Such
larization memory is not found for excitation at 1LO an
2LO, arguing against a Raman explanation.

We thus conclude that only mechanism~i! provides a con-
vincing explanation for the 1 and 2 LO phonon features
PLE. It is important to note that the PLE LO phonon featu
lie within a few meV of thep-shell excited state transition
observed in Fig. 2~b!, and thus the transition probability wil
be enhanced by resonant coupling with excited state tra
tions, as depicted in Fig. 3~i! ~similar resonant mixing was
observed recently in a different context in inter-sub-le
spectroscopy of InAs QD’s!.18 The large energy range
(;3 meV) of phonon-assisted absorption around 1 an
LO in Fig. 2 follows naturally as a result of the distributio
of phonon energies in self-assembled dots, due to the in
mogeneous strains around and within the dot, of;12
22 meV.12,19

Even though clear LO phonon features are observed
PLE, the intrinsic LO-phonon coupling in the dots und
investigation is very weak. This is seen by examination
the PL spectrum in the energy range 20 to 40 meV below
X, Xn lines shown in Fig. 4, for excitation at 1.46 eV in th
wetting layer region. In the energy range where LO phon
features would be expected (;30–36 meV), no LO features
are observed within the sensitivity of the experiment

FIG. 3. Possible mechanisms to explain the presence of pho
related features in PLE.~i! Phonon-assisted absorption.~ii ! Absorp-
tion into a continuum of electronic states and fast relaxation to
GS.
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0.0002 of the intensities in the X region.20 On the other hand
in the X PLE spectrum in Fig. 2~a!, the \vLO feature is
clearly observable, with intensity;400 times weaker than
that of the WL feature. The significant intensity of the 1L
feature in absorption~PLE! but not in emission provides
good evidence for the role of resonant enhancement of
phonon-assisted process in absorption by mixing with ne
resonant excited states. Such resonant mixing cannot o
in emission since there are no states below the zero pho
energy.

The LO phonon features in the X1,2,3 PLE spectra are
much more prominent still with 0.1–1 of the intensity of th
\vWL features. In the introduction it was explained that t
strength of exciton-LO phonon coupling is determined by
dipole moment of the one exciton state of the system.
discussed elsewhere in the context of phonon coupling5,7,6

and in studies of the Stark effect,9 shape asymmetries, com
positional nonuniformities and piezoelectric fields all act
reduce thee,h overlap and hence enhance the dipole m
ment. In order to explain the enhanced phonon coupling
the Xn lines relative to X~which will experience the shape
compositional, and piezoelectric field effects! we propose
that the Xn lines arise from exciton recombination perturb
by charged defects in/around the dot, which lead to polar
tion of thee, h charge distributions, to an enhanced dipo
and hence to enhanced LO phonon coupling. The presenc
charged defects also explains the~Stark! shifts of the Xn
lines to lower energy below X. For example, a single po
charge 200 Å from the dot, an electric field at the dot of 2
kV/cm is expected, and will lead to energy shifts in the ran
0.2–1 meV below X, consistent with the experimental obs
vations. We suggest that the presence of several distincn
lines arises from time varying occupation of different d
fects, each individual defect when occupied giving rise to
individual Xn line. Such defects are likely to be neutralize

n-

e
FIG. 4. PL spectrum on the low-energy side of the ground-s

emission for QD A. No indication is found of LO-phonon satelli
emission, expected in the energy range 30–40 meV below
ground-state emission, to within a factor of 5000 of the intensity
the zero phonon lines. The noise level in the 1320–1330 meV
gion is 0.0001 of the X signal.
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at the much higher exciton densities in the surrounding m
trix for above gap excitation, but for below gap excitatio
where carrier creation in the GaAs is very weak, charge fl
tuations in the occupancies of the defects are likely to
important.21 Such a multiplicity of X lines has not been re
ported before in single InAs QD studies~see, e.g., Refs. 15
and 14!, although in many cases significantly lower spect
resolution was employed than here. We speculate that
formation of the perturbing defects may result from the a
nealing process commonly employed to upshift the spec
energies to;1.3 eV into the range of sensitive detecto
This conclusion is supported by recent results we have
tained from InGaAs dots which emit in the 1.3 eV regio
without the need for the annealing step required for the In
dots. These samples were processed into mesas for micr
studies using the same etching techniques as for the I
rts

B

i
n

B

v.
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dots, but did not exhibit any perturbed Xn excitonic recom-
bination.

In conclusion, exciton-LO phonon coupling in InAs/GaA
quantum dots has been probed using single dot spectrosc
Its strength is found to be intrinsically weak as measured
emission. However, in absorption, resonant mixing with e
cited states leads to enhancement of phonon-assisted
cesses. Further enhancement is observed for excitonic
combination perturbed by charged defects, which give ris
several new lines at energies below the main exciton
which dominates the spectrum for above gap excitation.

We acknowledge M. Capizzi, V. M. Fomin and J. T
Devreese for very helpful discussions. This work was s
ported by EPSRC, Grants No. GR/L28828, L78017, a
N20997.
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