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Quantum-dot phonons in self-assembled InAs  /GaAs quantum dots:
Dependence on the coverage thickness
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We study the phonons of self-assembled InAs/GaAs quantum dots for different coverage
thicknesse4.. The additional Raman feature detected between the GaAs transverse optical and the
InAs longitudinal optical modes, which we assign to phonons of the dots, exhibits an upward
frequency shift withL. This shift is attributed to compressive strain in the dots and, on the basis of
its dependence oh, we show that these phonons arise from the quantum dots and not from the
wetting layer. © 2000 American Institute of Physid$S0003-695(00)03148-X]

Despite much work dealing with structural and elec-by using an excitation energy close to teg+ A, gap of
tronic properties of self-assembled quantum d@®s' no  GaAs, and assigned to interface GaAs-like modes localized
clear picture of the vibrational properties of the dots hason the apex of the strained InAs pyramidal ddBased on
emerged from the few experimental articles reported so fathis interface mode assignment, the same group has recently
on light scattering of QDs. Theoretical calculations of strainreported a topological study of the ddfsin the frequency
distribution in self-assembled QDs predicted an upward freregion of the InAs optical phonons, two extremely weak fea-
quency shift of the phonon modes of the dots relative taures were detected and assigned to TO and LO phonons of
those of the wetting layefWL).? Carrier relaxation mecha- QDs?
nisms involving phonons have been widely reported in self- | the present letter we provide direct experimental evi-
assembled QD structures. In particular, it has been showgence of the existence of phonons arising from the QDs. To
that carrier relaxation is enhanced when the splitting of th§yemonstrate this point we present a Raman-scattering study
energy Ievelss in the QD matches a multiple of the QD pho-,¢ |nAs/GaAs QDs for several coverage thicknedsegithin
non energy.” Therefore, the knowledge of QD phonons is s range of coherent three-dimensiot@D) island growth.
an important subject not only for understanding the funday,. o1 the samples we detect a Raman peak at a frequency

mental physics of zero-dimensional systems but also becau%c?gher than the InAs LO frequency that we assign to phonon

of device applications. e i
Phonons in different self-assembled QD systems havmeondce:o%f_the QDs and whose frequency exhibits a depen

been studied by means of Raman scattering. A study on un- The InAs QDs were grown by molecular beam epitaxy

capped(In, Ga, A)Shb/GaAs QDs revealed the existence of ) ) .
additional Raman peaks that were assigned to phonons of tl?é] GaAs substrates wit10Q) crystal orientation. After heat-

QDs, and the absence of the WL signal was explained ad'd to remove S‘_”face oxide, a Qum Gaés buffer layer was
being due to its rapid oxidatiohin InAs/InP self-assembled d€Posited, the f|rst°0.z,m grown at 580 °C and the remain-
QDs Groenenet al? observed different Raman peaks in N9 0-5 um at 600 °C. Before the InAs layers were depos-
crossed and in parallel polarizations that were assigned to tH&d, there was a growth interrupt while the substrate tem-
WL and the QDs, respectively, on the basis of their selectioPerature was reduced to 450°C. Then an InAs layer of
rules. On the other hand, to increase the small Ramarseveral thicknesses, from 1.4 to 1.9 ML in steps of 0.1 ML,
scattering volume of the QDs, InP/InGaP QDs were studiedvas deposited. Finally, the InAs QDs were capped with 25
using a forward scattering configuration in a waveguide genm of GaAs, also grown at 450 °C. Atomic force micros-
ometry where the dots are embedded between two thickOpy characterization of uncapped samples grown under the
INAIP cladding layerd. Resonant in-plane Raman-scatteringSame conditions showed a dot density of 20 cm ™2, and
measurements showed an additional feature between the InRverage diameter and height of 16 and 1.6 nm, respectively,
like and the GaP-like LO peaks, attributed to phonon contrifor the sample with.=1.8 ML. Previous PL measurements
butions from both the InP QDs and the InGaP matrix. at 5 K onthese samples have shown QD emission peaks in
Only two Raman-scattering studies of phonons in InAs/the 1.25-1.37 eV range without significant variations in the
GaAs self-assembled QDs have been reported sd'far. peak width withL, which confirms the presence of QDs in
Three Raman features were detected between the transverse the samples studied. Raman-scattering measurements
optical (TO) and longitudinal opticalLO) modes of GaAs were performed at 80 K with a Jobin-Yvon T64000 spec-
trometer equipped with a charge coupled device detector.
aAuthor to whom correspondence should be addressed; electronic maill '€ SPectra were recorded in backscattering configuration
lartus@ija.csic.es with very long integration times. We used the 476.5 nm line
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aman § ¢ is a guide to the eye.
of the origin of the additional Raman peak, which could arise
= from the WL or the QDs, the observed upward frequency
= shifts cannot be due to possible phonon confinement effects,
2 igﬁL as these would produce a shift to lower enerdi@he up-
g h7m ward shifts cannot either be explained by possible alloying
= %gﬁi effects due to the diffusion of Ga atoms from the cap and/or
14ML the buffer layer into the InAs layer. In fact, phonons in bulk

In,_,GaAs have a well-known two-mode behavior and, for
x=<0.5, the InAs-like LO modes exhibit a small downward
shift in relation to the pure InAs LO modé Then, the com-
FIG. 1. (8 x(y2X Raman spectra at 80 K dfl00 InAs/GaAs self-  pressive strain induced by the lattice mismatch between InAs
assembled quantum dots for several coverage thicknesses, compared wiind GaAs must be the predommant cause for the upward
the spectrum of bulk GaAgb) QD phonon peak after subtraction of the frequency shift relative to the bulk InAs LO mode. On the
GaAs background.
other hand, as the Raman features shown in Fig. 1 appear at
frequencies lower than the GaAs TO frequency and the spec-

of an Ar' laser and the excitation power was kept below 100tra were obtained far from GaAs resonances, these features
mW. cannot be due to electrostatic interface GaAs-like mddes.

Figure 1a shows the Raman spectra of InAs/GaAs QDs A key point in understanding the origin of the phonon
with L in the 1.4-1.9 ML range. For comparison we alsomodes detected in the self-assembled QD samples is the ex-
show the spectrum of a bulk GaAs sample. All spectra disperimental observation of their frequency dependence on the
play a very intense peak at 295 cincorresponding to the coverage thickness, which rules out the possibility that the
GaAs LO phonon mode, which is allowed in tix¢yz)x  observed phonons originate in the WL. In fact, for a pseudo-
polarization §||[ 100], y|[010], Z|[001]), and a weak peak morphic strained 2D layer the strain tensor depends on the
at 270cm corresponding to the GaAs TO phonon mode,lattice parameters of the layer and of the surrounding mate-
which is forbidden in this polarization. Below the GaAs TO rial but not on the layer thicknes$.Therefore, even in the
peak, the QD samples display an additional feature thatase where the WL thickness varied withthere would be
shows an upward frequency shift with In Fig. 1(b) we plot  no change in the strain of the WL. Then the WL phonons
this spectral region for the QD samples after subtraction oghould not exhibit any. dependence associated with strain.
the GaAs background. Despite its very low intensity, the QDMoreover, it has been reported that the WL thickness re-
peak can be observed even for the samples with the thinnestains constant once the QDs start formtfig?® and there-
InAs coverage I(~1.4 ML). fore variations of phonon confinement in the WL are also

Among the lines of the Ar laser, the 476.5 nm excita- negligible. Consequently, the observed frequency depen-
tion line provided the highest QD Raman signal at 80 K.dence of the Raman features bras well as their intensity
This is probably due to the proximity of thg; electronic  increase withL are clear indications that they originate in the
transition of InAs, which is found at 2.46 eV for the bulk at QDs, and the possibility of a WL origin for these phonons
room temperaturé Assuming a temperature dependencecan be ruled out.
similar to that of InSH? we estimate théE; energy to be Consistent with this, the energies of the InAs/GaAs QDs
about 2.58 eV for InAs at 80 K. Studies of thg-like tran-  deduced from the radiative electronic transition measure-
sition in QDs found energy values close to those of thements that have been reported in the literature are in good
bulk!**®and, consequently, we estimate that the exciting enagreement with the phonon energies that we have measured.
ergy we have used is close to the gap of the InAs/GaAs In fact, the phonon energies obtained from resonan{3eL
QDs. meV),® PLE[31.9 meV?! 29 and 32.3 me\(Ref. 4], and PL

To determine the frequency shifts of the QD phonong32 meV1832.3 and 35.7 meVRef. 22] lie mainly between
relative to the InAs LO mode, we have measured the LCthe values of 32.0 and 30.3 meV that we have found, respec-
frequency in bulk InAs at 80 K, which we have found to be tively, for the thickest(1.9 ML) and thinnest1.4 ML) cov-
242 cm L. In Fig. 2, we plot the measured shifts of the QD erages. The value of 35.7 meV reported in Ref. 22, which

phonon peak relative to the bulk InAs LO mode. Irrespectiveshows the largest departure from our data, was assigned to an
Downloaded 23 Oct 2009 to 129.8.242.67. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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interface mode. Our results reinforce the hypothesis of phoing for several coverage thicknesses, and we have detected
nons with sample-dependent energies participating in thphonons at frequencies between the GaAs TO modes and the
carrier relaxation mechanisms that was suggested in Ref. 4pAs LO modes that we assign to phonons of the QDs. The
and confirm that, in fact, differences in the QD phonon en{requency of the InAs/GaAs QD phonons shows an upward
ergies are found among different samples. The possibility ofhift relative to the bulk InAs LO frequency, which is mainly
phonon confinement contributing to the phonon frequencyexplained by the compressive strain of the InAs QDs induced
shifts observed for samples with differdntcannot be ruled by the lattice mismatch with the surrounding GaAs matrix.
out. However, given the small coverage thickness increment§hese results show that the phonon energy of the QDs is not
of AL~0.1 ML in the series of QD samples, the large fre- characteristic of the compounds forming the QD system, but
guency shifts observed between consecutive samples canribtlisplays an energy dependence on the coverage thickness.
be accounted for solely by a decrease of phonon confinemeiihis dependence constitutes an experimental evidence that
with the size of the QDs als increases. the phonons observed are originated in the QDs themselves
Thus, the variation of the QD phonon relative frequencyas opposed to the WL.
shifts reported in Fig. 2 should contain a substantial contri-
bution from the QD strain dependence bn The cause of
the change in the strain distribution in the QDs is possinyT
twofold. On the one hand, the shape of the QDs changes with
L, ) which implies different S_tra"n distributions in the 1p Bimberg, M. Grundmann, and N. N. Ledents@uantum Dot Hetero-
dots? On the other hand, the strain in the dots can be altered structures(Wiley, New York, 1999.
by the increasing proximity of the neighboring dots las Zm-gfusnim?;",GO-MStzen andRPt-) Eimb&rgc,)Phtys: F;ef)ﬂ?;vlllg6t9(lf?93-d .
. 9 . Ao scnmidt, G. Medelros-Ripeiro, v, Oestreich, P. V. Petrolt, an .
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assembled QDs is not specific for the compounds forming:w. J. steer, D. J. Mowbray, W. R. Tribe, M. S. Skolnick, M. D. Sturge,
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