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Exciton-phonon coupling in single quantum dots with different barriers

D. Dufaker,"® L. O. Mereni,2 K. F. Karlsson," V. Dimastrodonato,? G. Juska,?

P. O. Holtz," and E. Pelucchi®

]Department of Physics, Chemistry and Biology, Linkoping University, 581 83 Linkoping, Sweden
2Tyndall National Institute, University College Cork, Cork, Ireland

(Received 2 March 2011; accepted 26 May 2011; published online 22 June 2011)

The coupling between longitudinal-optical (LO) phonons and neutral excitons in two different kinds
of InGaAs pyramidal quantum dots (QDs) embedded in either AlGaAs or GaAs barriers is
experimentally examined. We find a slightly weaker exciton-LO-phonon coupling and increased
linewidth of the phonon replicas for the QDs with GaAs barriers compared to the ones with AlGaAs
barriers. These results, combined with the fact that the LO-phonon energy of the exciton is the same
for both kinds of dots, are taken as evidence that the excitons mainly couple to LO-phonons within
the QDs. © 2011 American Institute of Physics. [doi:10.1063/1.3600781]

A quantum dot (QD) is commonly referred to as an ar-
tificial atom due to the discreteness of its energy levels.'
Charge carriers trapped in the QD, following optical excita-
tion, form different kinds of exciton complexes depending on
the number of interacting electrons (¢) and holes (%). There
is a nonzero probability that some energy remains in the
lattice, in the form of quantized lattice vibrations, after the
optical recombination of these excitonic complexes. In the
optical recombination spectra this is typically manifested by
the presence of phonon replicas at LO-phonon energies,
hw; o, below the zero-phonon emission. The strength of the
phonon replicas is described by the Huang-Rhys2 parameter,
which can be experimentally determined as the intensity ra-
tio between the first and zeroth order phonon emission. For
the neutral exciton (X=1e+1h), the Huang-Rhys parameter
is directly related to the exciton-phonon coupling strength
determined by Frohlich interactions.’

Until recently there have been a very limited number of
papers on longitudinal-optical (LO)-phonon coupling of
single QDs, mainly restricted to the neutral exciton and biex-
citon (2X :2e+2h).4_6 The effect of additional charge was
theoretically predicted to enhance the Huang-Rhys parameter
in GaAs microcrystallites.3 Accordingly, a weak first order
LO-phonon replica was interpreted as a sign of QD charge
neutrality.4 Nevertheless, it was recently shown experimen-
tally and theoretically that the Huang-Rhys parameter for
single InGaAs/AlGaAs QDs was significantly reduced for
the positively charged exciton (X*=1e+2h) compared to X
and the negatively charged exciton (X"=2e¢+1h).” Further-
more, it was concluded that the exciton complexes couple to
LO-phonons either in the QDs or in the vertical quantum
wires (VQWRSs) in contact with the QDs.”

In this letter, we present an experimental comparison of
the exciton-LO-phonon coupling in two types of pyramidal
QDs, Inj5GajgsAs/AlGaAs dots and Ing,5Gag75As/GaAs
dots. These pyramidal QDs are of particular interest since
their potentially high symmetry is important for the genera-
tion of entangled photons, as demonstrated in a similar site
controlled system.gf10 LO-phonon mediated interaction of
QD states with the surrounding matrix contributes to dephas-
ing which degrade the quality of entanglement.“ In order to
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determine the origin of the LO-phonon coupling, within the
QD or in the VQWR, two specially designed samples were
fabricated, with and without a VQWR, respectively. The re-
sults of our comparison of the two QD systems point out
that the coupling between excitons and LO-phonons mainly
occur in the QD itself and not in the VQWR. The slightly
lower value of the Huang-Rhys parameter for the exciton, X,
and the increased linewidth of the phonon replicas for the
Ing5Gag75As/GaAs dots compared to the IngsGaggsAs/
AlGaAs dots are also discussed.

In this experimental study, the two different samples
used were grown by low pressure metal organic chemical
vapor deposition on a patterned GaAs (111)B substrate, in a
system, where particular care is taken in monitoring uninten-
tional impurity levels.'>" The pattern consists of inverted
tetrahedral micropyramids with a 7.5 wm pitch. The dots
self-assemble at the tip of the inverted tetrahedral recesses
during the deposition of the In,Ga,_ As layer, sandwiched
between two barrier layers, thanks to capillarity effects and
decomposition rate anisotropy. 1415

The first type of QDs is formed from an Inj5GajgsAs
layer, nominally 0.8 nm thick, surrounded by Alj;Gaj;As
barrier layers. For this type, a VQWR and three vertical
quantum wells (VQWs) are formed at the center of the QD
due to alloy segregation in the barriers.' Modeling of this
type of QD as a disk with height (diameter) 6 nm (24 nm)
yields the computed exciton energy in consistency with
measurements.” The second type of QDs is formed from an
Iny,5Gay 75As layer, nominally 0.5 nm thick, surrounded by
GaAs barrier layers. In this sample, there is no formation of
a VQWR or VQWs since no alloyed material is used in the
barrier layers. The thinner InGaAs QD layer for the second
type of QDs in combination with a wider self-limiting
profile for GaAs barriers,"” as compared to Aly;Gag,As, re-
sult in an estimated dot height (diameter) of about ~3 nm
(~36 nm). However, additional structural analysis will be
needed to verify these estimates. The insets of Figs. 1(a) and
1(b) show models of the cleaved pyramid unveiling the dif-
ferent QD structures used in the experiments. The samples
were back-etched after growth in order to increase the effi-
ciency of light extraction.'” ™"

The QDs were excited individually by a Ti-sapphire
laser (wavelength 732 nm) in a microphotoluminescence

© 2011 American Institute of Physics
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FIG. 1. (Color online) wPL spectra of the zero-phonon emission and the
corresponding first order LO-phonon replicas (enhanced 500 times) for
(a) two different Ing,sGay;sAs/GaAs QDs and (b) two different
Ing 5Ga, gsAs/ AlGaAs QDs. For all spectra, the energy of X (about 1440
meV for both QD types) is set to zero. The insets show models of the
cleaved pyramid unveiling the different QD structures.

(uPL) setup, where the samples were kept at a temperature
of 4 K (in one case 30 K). A single grating monochromator
(1200 grooves/mm blazed for 750 nm, focal length 0.55 m)
with a spectral resolution of ~0.1 meV equipped with a
charge coupled device (CCD) camera was used to record the
spectra from single QDs. The zeroth and first order phonon
emissions, differing in intensity by about three orders in
magnitude, were detected simultaneously by covering a part
of the CCD-chip with a neutral density filter transmitting
1.46%. The part shaded by the filter recorded the zero-
phonon emission.

The excitation conditions, such as excitation power and
crystal temperature, determines the average number of elec-
trons and holes populating the QDs. For the Alj;Gaj;As
barrier sample, the different exciton species in the spectra
were identified through comparison with the data available
for similar QDs.”** For the Ing»5Gay75As/GaAs QDs, the
biexciton exhibits negative binding energy and power depen-
dence and time-resolved PL measurements were performed
in order to verify the assignment of the exciton and the biex-
citon. The biexciton shows the expected quadratic power de-
pendence in PL and faster recombination in time-resolved
PL.%*?* The exciton decay is also, as expected, delayed com-
pared to the biexciton.”!

The average phonon energies for the different exciton
species were determined for both types of dot samples (see
Fig. 1). The average LO-phonon energies for the exciton
were in both cases determined to be: Aiw(X);5=36.3 meV
(average from 10 QDs). For completeness, we also include
the average LO-phonon energies determined for other exci-
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FIG. 2. (Color online) The measured Huang-Rhys parameter represented by
the mean values of in total 10 (13) different Ing,sGajys5As/GaAs
(Ing 5Gag gsAs/ AlGaAs) QDs. The bars indicate the standard deviation from
the mean, and the numbers above indicate the number of measured QDs. In
order to facilitate measurements of the biexciton phonon replica for the
Ing 5Gag gsAs/ AlGaAs QDs, the temperature had to be raised to 30 K.

ton species: hw(2X); 0=36.4 meV for Inj,sGay;5As/GaAs
QDs and fiw(X"); 0=36.0 meV for Iny,5GajgsAs/AlGaAs
QDs.

The Huang-Rhys parameter for X and 2X was deter-
mined for in total 10 (13) different Ing,sGay;5/GaAs
(Iny 15Gay gsAs/ AlGaAs) QDs. Spectra like those in Fig. 1
were used to determine the integrated peak intensity (sum-
mation of the data points for each peak after background
removal) and the Huang-Rhys parameter was determined as
the ratio between the integrated intensities of the phonon
replica and the corresponding zero-phonon emission. The
extracted average values for each type of QD are displayed
in Fig. 2. As seen in Fig. 2, the Huang-Rhys parameter for
the exciton, X, is slightly lower for the Iny,sGag75As/GaAs
QDs compared to the Ing;sGaggsAs/AlGaAs QDs. This
may seem puzzling at first glance, since raising the In-
concentration in the QD increases the strain as well as the
strain induced piezoelectric field, which further separates the
hole and electron in the QD and thereby enhances the exci-
ton LO-phonon coupling.3 However, the GaAs barrier dot is
thinner than its Aly3Gay;As counterpart (nominally 0.5 and
0.8 nm, respectively, and the shape of the self limited profile
of the two different kinds of barrier further magnifies this
difference'®), limiting the carrier separation caused by the
piezoelectric field. For the biexciton, 2X, the strengths of the
replicas are similar for both types of QDs.

For both types of QDs, the full width at half maximum
(FWHM) of the zero-phonon emission and the first order
LO-phonon replicas are plotted in Fig. 3, as determined
by Voigt peak fitting showing a considerably larger linewidth
for the replicas compared to the zero-phonon emission. In
particular for the exciton, X, there is a broadening of
~380 weV for the Ing,5Gags5As/GaAs QDs and
~230 weV for the Ing5Gag gsAs/AlGaAs QDs. Thus, there
is an additional broadening of the exciton replicas for the
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FIG. 3. (Color online) Measured linewidths (FWHM) represented by
the mean values of in total 10 (13) different Inj,sGaj;sAs/GaAs
(Ing ;sGay gsAs/ AlGaAs) QDs. The bars indicate the standard deviation from
the mean, and the numbers above indicate the number of measured QDs. In
order to facilitate measurements of the biexciton phonon replica for the
In) ;5GaygsAs/ AlGaAs QDs, the temperature had to be raised to 30 K.

Ing,5Gay75As/GaAs QDs of ~150 ueV compared to the
In0_15Ga0.85AS/A1GaAS QDS

The exciton LO-phonon coupling has, as previously
mentioned, been determined to occur either (1) in the
VQWRs and/or (2) within the QDs.” In case (1), the replace-
ment of the AlGaAs barrier by GaAs should shift the low
temperature LO-phonon energy from 36.3 meV (correspond-
ing to the A10'04Ga9 fsAS of the VQWR) to the bulk GaAs
value of 36.6 meV.” In addition, there should also be a re-
duced FWHM of the replicas, since broadening attributed
to alloy disorder and composition variations vanishes for
GaAs barriers, leaving merely minor broadening mecha-
nisms related to the intrinsic GaAs LO-phonon lifetime
(~70 weV) and the GaAs bulk phonon dispersion (less than
50 ,u,eV).26’7 This is, however, contradicted by the experi-
mental observations, where instead the LO-phonon energy
remains at 36.3 meV also for the QDs with GaAs barriers,
and there is an additional broadening of the phonon replicas
of ~150 weV. In case (2), on the other hand, the excitons
couple to LO-phonons within the QDs. The LO-phonon en-
ergy is then strongly dependent on the In-composition of the
QD but unaffected by the barrier composition, increasing the
QD In-content from 15% (the first QD type) to 25% the
(second QD type) which downshifts the LO-phonon energy
by ~0.5 meV, but the correspondingly increased compres-
sive strain upshifts the phonon energy by ~0.4-0.7 meV, as
determined from the theory with parameters employed from
Refs. 27 and 28, and the QD model from Ref. 7. Due to these
competing mechanisms, the mean LO-phonon energy is ex-
pected to remain essentially the same for both QD types in
case (2), while the enhanced strain induced splitting of the
LO-phonon modes and variations in alloy composition for
higher In-composition explains the additional broadening ob-
served for the replicas in the most In-rich QD type.

In conclusion, it is found that different kinds of InGaAs
QDs with either GaAs or AlGaAs barriers exhibit identical
LO-phonon energies (36.3 meV) and very similar exciton-
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LO-phonon Frohlich coupling strength (Huang-Rhys param-
eter for X: 0.003-0.004). The exciton couples to LO-phonons
mainly within the QD, and the slightly lower value of the
Huang-Rhys parameter observed for the Inj,sGaj-sAs dots
is attributed to the fact that these In-rich QDs are thinner, as
compared to the other type of investigated Ing;5GaggsAsS
dots, limiting the possibility of charge separation within the

QD.
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