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Enhanced phonon-assisted absorption in single InA&aAs 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 optic4LO) emission. This unexpected observation is attributed to the
phonons in polar semiconductors arises from the polarizationccurrence of resonant mixing in absorption between the
of the lattice by the difference in the electron and h@eh) ground state plus one 1LO phonon state with nearby excited
charge distributions in the excitdthe dipole moment of the state transitiongbreakdown of the adiabatic approximation
exciton. Such coupling has been analyzed theoretically forSurprisingly, for excitation below the wetting layer, several
bulk,' quantum wel? and quantum dotQD) structures’*  additional single exciton lines are observed which eventually
Since the coupling is determined by the excitonic chargedominate for low-energy excitation. The new lines exhibit
distribution, it is highly sensitive to the form of the electron Strongly enhanced phonon coupling relative to X, and are
and hole wave functions. Indeed if the electron and holedttributed to single exciton transitions perturbed by charged
charge distributions are identical as might be expected in gefects.
strongly confining QD then LO phonon features would not ~ The self-assembled dots were grown 01j180] GaAs
be observable. However, recent studies of large ensembles 8ibstrate by molecular-beam epitaxy using the Stranski-
weakly polar InAs/GaAs self-assembled QD’s have reported<rastanow growth mode. After deposition of a GaAs buffer,
Huang-Rhys parametet§) (the ratio of the intensity of the the layer sequence was: 1350 nmy f5g ggAs outer clad-
first LO phonon satellite to the zero phonon lird signifi-  ding followed by 175 nm AJ;/Ga&gAs and 25 nm GaAs
cant magnitude, e.g., 0.03 in Ref. 5, 0.01-0.5 in Ref. 6, andayers. The 2.4 monolayer QD layer was then deposited at
0.5 in Ref. 7. Several processes have been invoked to explafP0 °C. A low InAs deposition rate (0.01 MLS) was
these S values: separation of the electron and hole charggnployed to provide a low QD density f5x10° cm™?
distributions as a result of asymmetric shapesimilar to the ~ of approximately lens shaped QD’s with mean basal diam-
model for quantum wells of Ref.)2the presence of piezo- eter ~18 nm and height-5 nm? The sample was com-
electric fields> and the breakdown of the adiabatic approxi- pleted with 25 nm GaAs and a second 175 nrp ABa gAS
mation usually employed to treat exciton-LO phononlayer. After growth the sample was capped withNgi and
coupling® where coupling of excitonic wave functions by the annealed for 5 min at 750 °C, to blue shift the emission
phonon displacement is assumed to be negligible. Extrinsirom ~1.1 eV as grown to above-1.25 eV where it is
effects such as the presence of charged point défetay  accessible to sensitive Si-based detectors. Following anneal-
also lead to polarization of the charge distributions and ening, the inhomogeneously broadened excitonic ground state
hanced LO phonon coupling. (GS peak [~50 meV full width at half maximum

Single-dot spectroscopy is a direct experimental techniquéFWHM)] was at~1.33 eV, with the wetting layer peak at
to investigate the electronic properties of QD’s which wouldE,,, =1460+5 meV. The sample was then fabricated into a
otherwise be obscured by strong inhomogeneous broadeningidely spaced array of 200 nm diameter mesas using elec-
In the present paper we employ such techniques to investiron beam lithography and dry etching. PL was performed at
gate the coupling between excitons and LO phonons im~10 K using auPL system containing a large aperture
single self-assembled InAs/GaAs QD’s. Microphotolumines-microscope objective to provide a sub-micron excitation
cence PL) anduPL excitation wPLE) are used to probe spot. PL was excited using tunable radiation from a Ti:sap-
the importance of exciton-LO-phonon coupling features inphire laser, collected via the same objective and dispersed
absorption(PLE) and emission spectra. The single excitonusing a 0.85 m double monochromator with resolution of
transition(X) which dominates the PL for above gap excita- ~30 weV, and detected using either a CCD camera or
tion is found to exhibit LO features in absorption, but not in cooled Si-avalanche photodiod&PD).
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FIG. 1. (a) PL spectra from the ground state of QD A for dif- Energy (meV)

ferent excitation energies above and below the wetting layer band g5 2. (a) PLE spectra for detection at the energies of the X
edge (~1460 meV).(b) PL spectra of QD B 0lE¢,=1380 and  anq x lines observed in PL for QD A in Fig. 1b) High-power PL
1514 meV for comparison witla). The energy scale has been gnectrum showing the emission from excited stES of QD A.
shifted by +15 meV.

Several mesas containing one optically active dot werddD B are shown in Fig. (b) to illustrate the similarity of
investigated, all of which show very similar behavior. We these modifications. The relative intensities of the lines are
present results here for two representative dots. The PL spethus very sensitive t&,,. but were found to be independent
trum in thes-shell, excitonic ground-stat&S) region for the  of Pg,., excluding contributions from higher-order exciton
first dot(dot A) is presented in Fig.(&) as a function of laser complexes. Furthermore, the intensity of Mas found to
excitation energy E.,J. When carriers are created in the vary linearly with P, indicating that it(and the other X
GaAs layer surrounding the dotE{,>1510 meV), the lineg) arises from a single exciton complex.
spectrum consists of three lines separated by less than 2 meV In order to obtain more information on the, Xeatures,
(the excitation powerPR.,o is such that the dot is occupied PLE experiments were performed. PLE spectra are shown in
by approximately one electron-hole pair on avejagede-  Fig. 2 for detection on X, X, X,, and X respectively. All
tailed study® of their power dependence shows that the censpectra show two pronounced featuf&sO and 2LO in Fig.
tral peak arises from recombination of a single electron-hol®) ~31 and 62 meV, respectively, above the detection en-
pair (X). The lower energy peak2X), 2 meV below X, ergy. These peaks have a large width-a8 meV compared
arises from biexcitonic recombination, as confirmed by itswith the ultra-narrow linewidths measured in emission, of
quadratic dependence ®h,.. The peak X, 1.5 meV above 50—100 peV.!* The energies of 31 and 62 meV correspond
X, arises from a charged exciton where an electron-hole paiclosely to typical one and two LO-phonon energies reported
recombines in the presence of an additional catpesbably  in the literature for similar dot$>'® However, the PLE in-

a holg in the dot'® As E.,. is reduced below the WL band tensities for X and X detection exhibit very different behav-
edge G oy, ~1460 meV) X disappears, since the prefer- ior when Eg,. is reduced belowiw,, ~1460 meV. The
ential capture of one component of a photocreated electronntensity of X decreases very stronglgut not completely
hole pair can no longer occur. for Eq<fiwy, with the intensity for excitation at the

In addition to the disappearance of Xthe PL spectrum phonon-related features more than 2 orders of magnitude
undergoes further major modifications whén,. is de- smaller than the intensity foEq, 7% wy, . In strong con-
creased further. The intensity of X decreases very rapidly fotrast, the phonon features in PLE foy, Xetection have ap-
Ecxc below the WL band edge, and is very weak for excita-proximately the same intensity as fdrwy, excitation,
tion below 1420 meV. At the same time a series of newshowing that X and the Xseries couple very differently to
peaks of decreasing energy {/Xemerges on the low energy LO phonons and that they arise from two distinct types of
side of X. These lines gain in relative intensity and succesexcitonic species.
sively dominate the spectrum &3, is reduced. This behav- LO-phonon features may, in principle, arise in PLE of
ior has been observed for different single dots from the sam@D’s as a result of several distinct processes. We discuss
wafer. PL spectra obtained f&i,,.= 1380 and 1514 meV for these in turn, and exclude all but one as the likely origin of
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FIG. 3. Possible mechanisms to explain the presence of phonon 1320 1325 1330 1335 1358 1360
related features in PLEi) Phonon-assisted absorptidii) Absorp- Energy (meV)
tion into a continuum of electronic states and fast relaxation to the
GS. FIG. 4. PL spectrum on the low-energy side of the ground-state

emission for QD A. No indication is found of LO-phonon satellite

. emission, expected in the energy range 30—-40 meV below the
the 1 and 2 LO features observed. The possible processes gf@und-state emission, to within a factor of 5000 of the intensity of

summarized in Fig. 3(i) Phonon-assisted absorptitha  the zero phonon lines. The noise level in the 1320~1330 meV re-
photon is absorbed into the stg&8S+nLO) (n=1 or 2 gion is 0.0001 of the X signal.

followed by creation of an exciton in the ground Sta&S)
and the simultaneous emissionf O phonons(ii) Absorp-  0.0002 of the intensities in the X regiéhOn the other hand
tion into a continuum of states as postulated by Tetlal!® in the X PLE spectrum in Fig. (), the Zw o feature is
and fast relaxation by LO-phonon emission to the GS. Suclelearly observable, with intensity-400 times weaker than
a mechanism is similar to that observed in low quality quanthat of the WL feature. The significant intensity of the 1LO
tum wells where only at energieg: o o above the detection feature in absorptiofPLE) but not in emission provides
is relaxation sufficiently fast to lead to PL in the presence ofgood evidence for the role of resonant enhancement of the
competing nonradiative process@sdowever, this picture is  phonon-assisted process in absorption by mixing with nearly
difficult to reconcile with the fully quantized energy levels in resonant excited states. Such resonant mixing cannot occur
QD’s.’ (iii) Raman scattering: this process is very similar toin emission since there are no states below the zero phonon
(i) but is coherent and is expected to lead to polarizatiorenergy.
memory between the incident and emitted photons. Such po- The LO phonon features in the;X3; PLE spectra are
larization memory is not found for excitation at 1LO and much more prominent still with 0.1-1 of the intensity of the
2L0, arguing against a Raman explanation. hwy, features. In the introduction it was explained that the
We thus conclude that only mechaniginprovides a con-  strength of exciton-LO phonon coupling is determined by the
vincing explanation for the 1 and 2 LO phonon features indipole moment of the one exciton state of the system. As
PLE. It is important to note that the PLE LO phonon featuresdiscussed elsewhere in the context of phonon couplifig
lie within a few meV of thep-shell excited state transitions and in studies of the Stark effetshape asymmetries, com-
observed in Fig. @), and thus the transition probability will positional nonuniformities and piezoelectric fields all act to
be enhanced by resonant coupling with excited state transieduce theeh overlap and hence enhance the dipole mo-
tions, as depicted in Fig.(3 (similar resonant mixing was ment. In order to explain the enhanced phonon coupling of
observed recently in a different context in inter-sub-levelthe X, lines relative to X(which will experience the shape,
spectroscopy of InAs QD)s® The large energy range compositional, and piezoelectric field effectwe propose
(~3 meV) of phonon-assisted absorption around 1 and 2hat the X, lines arise from exciton recombination perturbed
LO in Fig. 2 follows naturally as a result of the distribution by charged defects in/around the dot, which lead to polariza-
of phonon energies in self-assembled dots, due to the inhaion of thee, h charge distributions, to an enhanced dipole,
mogeneous strains around and within the dot, ~of— and hence to enhanced LO phonon coupling. The presence of
-2 meVv121® charged defects also explains tt®tark shifts of the X,
Even though clear LO phonon features are observed itines to lower energy below X. For example, a single point
PLE, the intrinsic LO-phonon coupling in the dots undercharge 200 A from the dot, an electric field at the dot of 2.5
investigation is very weak. This is seen by examination ofkV/cm is expected, and will lead to energy shifts in the range
the PL spectrum in the energy range 20 to 40 meV below th€®.2—1 meV below X, consistent with the experimental obser-
X, X,, lines shown in Fig. 4, for excitation at 1.46 eV in the vations. We suggest that the presence of several distipct X
wetting layer region. In the energy range where LO phonoriines arises from time varying occupation of different de-
features would be expected-@30-36 meV), no LO features fects, each individual defect when occupied giving rise to an
are observed within the sensitivity of the experiment ofindividual X, line. Such defects are likely to be neutralized
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at the much higher exciton densities in the surrounding maelots, but did not exhibit any perturbed, Xxcitonic recom-

trix for above gap excitation, but for below gap excitation bination.

where carrier creation in the GaAs is very weak, charge fluc- In conclusion, exciton-LO phonon coupling in InAs/GaAs
tuations in the occupancies of the defects are likely to beuantum dots has been probed using single dot spectroscopy.
important™ Such a multiplicity of X lines has not been re- |ts strength is found to be intrinsically weak as measured in
ported before in single InAs QD studi¢see, e.g., Refs. 15 emission. However, in absorption, resonant mixing with ex-
and 14, although in many cases significantly lower spectralgiteq states leads to enhancement of phonon-assisted pro-
resolution was employed than here. We speculate that th&gses. Further enhancement is observed for excitonic re-
formation of the perturbing defects may result from the an-.,nyination perturbed by charged defects, which give rise to
nealing process commonly employed to upshift the SpeECtraieveral new lines at energies below the main exciton line

energies t°~.1'3. eV into the range of sensitive deteCtorS'which dominates the spectrum for above gap excitation.
This conclusion is supported by recent results we have ob-

tained from InGaAs dots which emit in the 1.3 eV region We acknowledge M. Capizzi, V. M. Fomin and J. T.
without the need for the annealing step required for the InADevreese for very helpful discussions. This work was sup-
dots. These samples were processed into mesas for micro-Plorted by EPSRC, Grants No. GR/L28828, L78017, and
studies using the same etching techniques as for the InAN20997.
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