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Phonons and radiative recombination in self-assembled quantum dots
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The radiative recombination of photocarriers has been studied in various self-assembled
In„Gal „As/GaAs and Al In& „As/Al~Ga& „As quantum dot samples, prepared with the spontaneous
island formation during molecular-beam epitaxy. Depending on the relative values of the interlevel
spacings and the phonon energies, some structures display strong enhancement of the photolumines-
cence for excitation energies permitting resonant phonon relaxations, or strong level filling and emission
from the excited states with saturation of the ground states at higher excitation intensities.

Semiconductor quantum dot (QD) structures obtained
with spontaneous island formation feature strong zero-
dimensional confinement (OD) of the carriers in high-
quality, defect-free material. ' ' These self-assembled
QD's are formed directly by Stranski-Krastanow growth
with molecular-beam epitaxy (MBE) of highly strained
In„Ga, As/GaAs or Al„In, „As/Al Ga, As, giving
QD's typically -20 nm in diameter with uniformity
better than +10%, and emission in the near infrared or
visible red, respectively. Although these QD's approach
the ideal model of a OD system in several aspects (high
confining potential with small confining volume and high
material quality), the photoluminescence (PL) spectra of
most of the structures investigated do not display
significant radiative emission from the excited states, or
other aspects of the restricted phonon-carrier scattering
rates predicted for low-dimensional systems. " ' The
mechanism(s) leading to the efficient relaxation of the car-
riers to the ground states in these experimental systems
might be connected to the presence of the underlying
quantum well coupled to the QD's (the so-called wetting
layer), the complicated strain distribution in the vicinity
of the QD's, or to more fundamental mechanisms such as
multiphonon relaxations or Auger-like processes. ' In
this paper, we present results of PL excited with nearly
resonant energies which demonstrate how some of the
self-assembled QD structures display strong enhancement
in the ground-state radiative recombination for excitation
energies permitting resonant phonon relaxations. Final-
ly, we show that in the case of smaller interlevel spacings
(QD diameter —36.S nm), the PL results obtained with
diFerent excitation intensities display strong level filling
resulting in emission from the excited states and satura-

tion of the ground states with increasing excitation inten-
sities.

The dot layer is pseudomorphically grown by MBE on
a (100) GaAs substrate, and the QD's are formed by the
coherent (i.e., dislocation-free) relaxation into islands of a
few monolayers of low band-gap material (here
In„Gai „As or Al, In, As) between the larger band-
gap semiconductor (here GaAs or A1, Ga, „As, respec-
tively) for the buffer and cap layers. Transmission elec-
tron microscopy (TEM) and/or atomic force microscopy
have been used to investigate the details of the islands'
morphology, ' ' ' ' and to obtain information on the
QD diameter, thickness, and density, as well as the wet-
ting layer thickness in some cases.

The first sample has -200 Alp 45Inp»As dots per pm,
18+2 nm in diameter, 3.2 nm thick, clad with
Alp 35Gap 6gAs, and emits in the visible red at —1 . 88 eV.
The full width at half maximum of the overall QD emis-
sion is -46 meV due to the inhomogeneous Gaussian
broadening of the ground states associated with the nar-
row size/composition/strain distributions, but the
single-dot emission line was found to be smaller than'
-0.2 meV by measuring the PL emitted from ensembles
with a small number of QD's. ' Moreover, these sharp
emission lines are found to be robust to increasing tem-
peratures, displaying temperature-independent linewidths
much narrower than the available thermal energy up to
the onset of thermionic emission. No thermal broadening
of the ground-state emissions and no significant radiative
recombination from thermally populated excited states
are observed, ' in accordance with strong confinements
with discrete OD density of states.

A larger number of QD's ( —10 ) of that sample has
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FIG. 1. PL spectra obtained at T =5 K with different excita-
tion energies (E,„) with —10 Alo 45Ino &5As/Ala 35Gao 65As
QD's, 18 nm in diameter. The spectra are displayed in energy
away from the peak (EPL —Ep„k ) in (a), and in meV away from
E,„(E—E,„) in (b). Strong enhancements of the PL are ob-
served for excitation energies permitting resonant phonon relax-
ations. In (b), the arrows indicate the peak of the QD'8 emis-
sion.

been studied with nearly resonant excitation energies to
probe the energy level selectively, and to investigate the
role of phonons in the relaxation of the carriers. Such PL
spectra obtained with different excitation energies (E,„)
in a near backscattering geometry are displayed in Fig. 1.
The spectra are displayed with the horizontal axis in en-
ergy away from the peak (EPL E—„k ) in (a), and in meV
away from the excitation energy (E,„—EPL) in (b), with
offsets on the vertical axis for clarity. The arrows on top
of the spectra of Fig. 1(b) indicate the position of the
peak of the QD distribution (1.88 eV). The remarkable
feature is the resonances in the PL spectra at fixed ener-
gies away from the excitation as clearly seen in Fig. 1(b).
The dominant features at 35 and 48 meV match closely
the known' values of the GaAs-like and the A1As-like
longitudinal optical (LO) phonons in the AIQ35Gao 6,As
cladding material, respectively. Similarly, a recent reso-
nant Raman study' on phonons in A1InAs allows the
identification of the slightly weaker modes observed at 46
and 30 meV, which can be identified with the A1As-like

and InAs-like modes in the QD material. Other less pro-
nounced resonances are clearly present at lower energies,
indicating contributions from other phonon modes in the
barrier and/or the QD materials. Because the reso-
nances are much broader than the spectral width of the
exciting beam and because the strength of the resonances
is very much dependent on the excitation energy (and not
observed outside the spectral region of QD's emission),
these peaks are not attributed to simple inelastic scatter-
ing of the laser line (i.e., Raman lines), but rather to
enhanced PL at the phonon energies. This is also
confirmed by measuring the decay time of the signal,
which was found to be unambiguously longer than the ex-
citation pulse for all the energies of the PL spectra. '

This enhancement of the PL for excitation energies per-
mitting resonant phonon relaxations appears to become
more pronounced for certain QD's at different excitation
energies. This is seen by observing how the strength of
the resonances changes with the excitation energy and
therefore choosing which QD's are probed with an excess
of a given phonon energy. For example, it is remarkable
to see that although the bottom curves of Fig. 1 were ob-
tained by exciting close to the peak of the emission of the
QD's, virtually no enhancement is observed for the vari-
ous phonon energies, whereas the resonances for the 35-
and 48-meV phonons appear to have their maximum
enhancement for the spectra obtained with E„—1.927
and 1.943 eV, respectively. This phenomenon is best ex-
plained assuming that the interlevel spacing (between the
ground and the first excited states, for example) varies
significantly for the different QD's, and that a strong PL
enhancement is then observed when the excess excitation
energy, a phonon energy, and the interlevel spacing are
matched. Time-resolved PL, performed under such reso-
nant conditions, where enhanced time-integrated PL sig-
nals are observed, demonstrated faster dynamics. This
suggests that the interlevel spacing can play a determinis-
tic role for the case of phonon or multiphonon relaxation
of the carriers in such nanostructures, enhancing the
probabilities of carrier relaxation when the interlevel
spacing and the excess photocarrier energy are matched
with the energy of a phonon (or a combination of pho-
nons). It is not clear which excitation-relaxation mecha-
nism is dominant to give rise to the PL signal from non-
resonantly excited QD's giving the underlaying back-
ground of the -46-meV broad emission peak for all exci-
tation energies. It is likely to be linked to be multipho-
non relaxation processes, hot exciton absorption, and/or
to the presence of the wetting layer and the fact that for
this sample the difference between the QD peak and the
barrier energy is only —120 meV (structures with deeper
potential appear to be more energy selective, see Ref. 4 or
Figs. 2 and 3 below). Also, the extremely narrow single-
dot emission linewidth precludes the observation of the
PL reemitted at the same energy from QD's directly ex-
cited in their ground states with continuous excitation
[i.e., scattered laser light prevents measurements very
close to E,„EPL=0 in Fig. 1(b—)].

The spectra of the selective excitation of the PL report-
ed in Ref. 4 for the slightly larger (25-nm diameter mea-
sured by TEM) Ino 5Gao 5As/GaAs QD's displayed no



5754 FAFARD, LEON, LEONARD, MERZ, AND PETROFF 52

LO Lp
QP

II

2Lp 2LO
I I I I I I & I & I i I I I I I I t h I I I

0 50

E -E (ex pL

E =1.294 eV
ex

I I

100 150

FICi. 2. Selective excitation of the PL as in Fig. 1, but ob-
tained on Inp 67Gap 33As/GaAs QD's, 15 nm in diameter. The
sharp Raman doublet would correspond to a -60%%uo In compo-
sition. PL enhancements are also observed at multiple times the
phonon energies (see inside the oval for example) ~
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FICx. 3. Selective excitation of the PL as in Figs. 1 and 2, but
obtained on Inp, Gap, As/GaAs QD's, 13 nm in diameter. The
sharp Raman doublet would correspond to a —50% In compo-
sition. PL enhancements are also observed at multiple times the
phonon energies (see inside the oval for example).

"phonon signature" but only indications of the energy
selectivity associated with the slightly varying interlevel
spacing in the discrete QD levels. ' Other examples of
spectra obtained with different excitation energies are
shown in Fig. 2 for Ino $7Gao 33As/GaAs QD's 15 nm in
diameter, and in Fig. 3 for Ino 5Gao 3As/GaAs QD's 13
nm in diameter, with their QD emission peaking in the
infrared at 1.276 and 1.282 eV, respectively at T-5 K.
For some excitation energies, the selectivity splits the
spectra of Fig. 2 in at least three peaks, and in addition,
Raman peaks are observed. The resolution-limited dou-
blet at 36.3 and 33.5 meV can be associated to the inelas-
tic scattering of the laser line with the GaAs LO and
GaAs-like LO phonon in the InGaAs, respectively.

I I I

I
I I I I

I
1 I I I

I
I 3 I 1

I
I

1.000 1.100 1.200 1.800

Energy (eV)
FIG. 4. PL spectra obtained at T =5 K with different excita-

tion intensities (I,„) with Inp, Gap, As/GaAs QD s, 36.5 nm in
diameter, displaying strong level filling and emission from the
excited states and saturation of the ground states with increas-
ing excitation intensities. I„—10 W/cm

From the energy of the latter phonon, the indium compo-
sition in the QD can be estimated to be 60%%uo, close to the
nominal value of 67%%uo deposited. By drawing lines at the
expected position of 2 and 3 times the above phonon en-
ergies, one can distinguish a small enhancement in the PL
as the peak of the QD emission (marked by the arrows)
passes through these energies, for example, see in the oval
in the middle of Fig. 2 and Fig. 3 at 2LOz. The enhance-
ments of the PL for excitation energies permitting reso-
nant phonon relaxations appear to be more pronounced
for the sample of Fig. 3, suggesting that there is a closer
match between the phonon energy and the interlevel
spacing as discussed above. We observe again that the in-
dium composition extracted from the phonon energies is
close to the nominal value deposited.

Finally we present the results obtained with an
Ino 5Gao ~As/GaAs QD sample, which gives exceptional-
ly strong emission at energies higher than the single in-
homogeneously broadened QD peak observed at the
lowest excitation intensities. The TEM results show—100 QD's per p,m, with a good diameter uniformity of
36.5+3 nm. Thus, for that sample, a smaller interlevel
spacing is to be expected as a consequence of the larger
diameter. Figure 4 shows the PL spectra obtained with
nonresonant excitation (E,„=2.410 eV) at T =5 K with
diFerent excitation intensities (I,„). At low excitation, a
single peak -38 meV wide is observed, originating from
the ground-state emission of the QD's. But as the excita-
tion intensity is increased, up to 3 or 4 additional higher-
energy peaks are replicating the emission of the ground
states. A clear saturation of the ground-state transitions
with relatively low excitation intensities is also observed.
For example, at -240 W/cm the second peak in Fig. 4
has an amplitude equal to that of the lowest-energy peak.
This intensity-dependent behavior with side peaks having
line shapes very similar to the lowest-energy peak sug-
gests that the QD's are emitting through excited-state
transitions (about —50 meV apart ) for higher excita-
tions, with saturation of the ground-state transitions.
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Such behavior is expected for a system combining small
density of states, and having intersublevel decay times
comparable to the ground-state excitonic recombination
times. Further experiments are needed to measure the
ground-state excitonic recombination time and the
excited-state decay times to determine the intersublevel
relaxation times for di6'erent excitation intensities, and
thus establish if this sample exhibits restricted phonon
scattering rates as suggested for a OD system with low-
dimensionality-induced slowed relaxations.

In conclusion, PL spectra excited quasiresonantly
showed that some of the self-assembled QD structures
display strong enhancement of the photoluminescence for
excitation energies permitting resonant phonon relaxa-
tions. This PL enhancement appears to be correlated

with a resonance between the interlevel spacing and the
phonon energies. The importance of the interlevel spac-
ing in the relaxation of carriers in self-assembled QD's
has been further demonstrated with a QD sample having
a smaller interlevel spacing displaying strong level filling,
and emission from the excited states with saturation of
the ground states for increasing excitation intensities.
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