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Rapid carrier relaxation by phonon emission in In0.6Ga0.4AsÕGaAs quantum dots
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Carrier transfer into quantum dots has been investigated by time-resolved photoluminescence spectroscopy
in a set of In0.6Ga0.4As/GaAs quantum dot structures with gradually changing interband transition and intra-
band level energies. Quantum dot energy levels were tuned by thermal compositional disordering of the
interface. Time-resolved photoluminescence for low photoexcited carrier densities show efficient electron
relaxation by LO phonon emission for samples in which the electron energy level separation is close to the LO
phonon energy. Slower carrier transfer in samples with abrupt quantum dot/barrier interfaces is also found, the
latter is attributed to strain-induced or compositional potential barriers at the quantum dot interface.
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Effects of carrier transfer in semiconductor quantum
~QD! structures are being studied with increasing effort d
to their importance in QD-based device operation. Contr
to bulk semiconductors or quantum well structures, car
relaxation by optical phonon emission in QDs is often co
sidered an unlikely process. The discrete nature of ene
levels and weak dispersion of LO phonons1,2 limits phonon-
assisted relaxation to the case when energy spacings bet
QD levels are within a few meV of the LO phonon energ
Recent calculations performed by Liet al.3 showed that the
strict selection rules for carrier relaxation by LO phon
emission are relaxed due to anharmonic decay of
phonons into bulk acoustic phonons. Therefore, efficient
laxation of carriers by phonon scattering could occur with
rather large detuning of the interlevel distance from the
ergy of an LO phonon.3

Difficulties growing QD ensembles with varying but we
defined electronic structure has thus far prevented thoro
experimental verification of the efficiency of interlevel ca
rier relaxation by optical phonon emission and its dep
dence on the interlevel energy separation. Efficient car
relaxation by LO phonon emission has been reported
InAs/GaAs quantum dots by means of photoluminesce
~PL! excitation spectroscopy and attributed to relaxed se
tion rules due to variation of shape and size of the QD4

Efficient carrier relaxation has also been observed for sin
InGaAs/GaAs QDs, which was explained by fast carrier
laxation through the band tail states of the wetting la
~WL! and subsequent emission of localized phonons.5 It
should be noted that in the mentioned works, the QD s
separation was not resonant with the LO phonon energ
and interpretation of the experimental results required a
tional features of the QDs such as inhomogeneous broa
ing, nonradiative recombination or band tail states.

Here we perform a direct experimental test of the e
ciency of carrier relaxation by LO phonon emission
studying time-resolved photoluminescence in a set of
GaAs QD samples in which the interlevel energy separati
are tuned in the vicinity of GaAs and InAs LO phonon e
ergies. By studying samples with well-resolved level stru
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t
e
y
r
-
gy

een
.

-
a
-

gh

-
r
r
e

c-
.
le
-
r

te
s,
i-
n-

-

-
s

-

ture and small inhomogeneous broadening we find direct
dence for faster carrier relaxation when the interle
distances satisfy resonant conditions. For higher photo
cited carrier densities, we observe that another efficient
rier relaxation mechanism, namely, carrier-carrier scatter
takes a dominant role in the relaxation process.

The QD samples were grown by metalorganic chemi
vapor deposition on semi-insulating GaAs~100! substrates.
The nominal quantum dot ternary composition w
In0.6Ga0.4As. The quantum dots were capped with 100 nm
GaAs. Details of the growth procedure can be fou
elsewhere.6 The structures contained QDs of (2565) nm av-
erage diameter at a low concentration of 43108 cm22. The
islands were lens-shaped, with height/diameter ratio;1:6.
The several ns-long carrier lifetimes in the QDs~Ref. 7!
indicate excellent crystalline quality of the samples. Chan
in confining potential and interlevel energy separation w
obtained by post-growth rapid thermal annealing in a N2 am-
bient for 30 s at temperatures between 700 and 900 °C
should be noted that intermixing effects are minimal
700 °C annealing, therefore, the optical properties of
700 °C sample are nearly the same as of the as-grown s
tures.

Low temperature~80 K! time-resolved photolumines
cence measurements with 3 ps temporal resolution were
formed using a self mode-locking Ti:saphire laser~central
wavelength 780 nm, pulse duration 80 fs, repetition f
quency 95 MHz! for excitation and a synchroscan stre
camera with an infrared enhanced photocathode, comb
with a 0.25 m spectrometer for detection. The average e
tation intensity was varied from 0.3m W to 1 mW with neu-
tral density filters, which corresponds to approximately
3108 to 231012 electron hole pairs per square centime
per pulse.

Rapid thermal annealing at high temperatures causes
terfacial compositional disordering~intermixing! in QDs,
which in turn changes interband transition energies and
tersublevel spacings in the conduction and valence ban8

Figure 1 shows PL spectra measured at 40 ps delay afte
excitation pulse for several samples at medium excitat
©2001 The American Physical Society07-1
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intensity. The high-energy peak is due to the photolumin
cence from the wetting layer, which is effectively a thin~4–5
monolayers! quantum well. The four-peak structure at low
energy originates from the QDs. These well-resolved pe
are determined by transitions between different levels in
conduction and valence bands of the QDs~Ref. 9! and indi-
cate a small spread in QD potentials. As can be seen from
spectra, the PL peaks shift to higher energies with increa
annealing temperature, the energy separation between
related peaks decrease, and the inhomogeneous broad
diminishes. The same features were observed in steady-
PL spectra and were attributed to changes in QD poten
profile and alloy composition by anneal-induce
intermixing.8 With increasing annealing temperature, the Q
peak separation changes from 50 to 25 meV~Table I! and
their inhomogeneous broadening decreases from 35 to
meV.8 The intermixing-induced change in interlevel energ
allows tuning them around the LO phonon energies thus
lowing determination of the efficiency of LO phonon
assisted relaxation in quantum dots.

Changes in confinement potential and smoothing of
WL are the main modifications that the rapid thermal anne
ing inflicts on the structure of the QD samples. The integ
QD and WL PL intensity is the same in the as-grown a
annealed samples,8 likewise the carrier lifetimes in the WL
~;800 ps! and the QDs~2–5 ns!, which indicates that the
concentration of nonradiative recombination centers and
fects is not much affected by annealing.

After short pulse photoexcitation, carriers are primar
generated in the GaAs barrier due to its much larger th
ness compared to that of the wetting layer and the d

FIG. 1. Photoluminescence spectra measured shortly~40 ps! af-
ter excitation for the QD samples annealed at 700 and 900 °C.
arrows mark peaks related to transitions in the QDs.
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These carriers rapidly transfer into the WL and the QD
hence PL from the GaAs barrier is observed only at h
excitation intensities, which correspond to a partial filling
the QD and WL states. The PL dynamics from the QDs c
sist of a fast rise, determined by the carrier transfer into
dots, and a slow decay due to recombination. In the pre
work we concentrate on the PL rise times, which reflect c
rier transfer from the barrier into the dots~directly or via the
WL!. These include transport in the barrier, and capture w
subsequent relaxation in the QDs.

Figure 2 shows temporal transients for the QD grou
state emission for several samples. These were measur
low excitation intensity, corresponding to only a fe
electron-hole pairs per dot. The carrier transfer in the 700
sample is faster, in addition, the PL transient for this sam
exhibits a double-exponential rise in contrast with t
samples annealed at higher temperatures. Figure 2 shows
the PL transient fits give both a shorter rise time~10–20 ps!
component and a longer time constant~50–100 ps!. The
weight of the longer component continuously decreases w
increasing annealing temperature. Transients measured
the samples annealed at 850 °C and higher can be suc
fully fitted by a single exponential. The vanishing long ri
time component correlates with decreasing decay time
the WL PL: from 110 ps down to 24 ps for the sampl
annealed at 700 and 900 °C, respectively.

The shorter component of the PL rise transient indica
rapid transfer into the dots for the majority of carriers, t
longer transient points to a sample-dependent hindra

he

FIG. 2. Photoluminescence transients and fits for the gro
state transitions for the QD samples annealed at 700 and 850
Two components of the fit for the 700 °C sample are shown
broken curves. The inset shows schematic of potential profile
the conduction band for the QDs intermixed at low and high te
peratures.
ifferent
TABLE I. Transition energies, interlevel spacings and low excitation intensity PL rise times for the QD samples annealed at d
temperatures.

Annealing temperature °C 700 800 825 850 875 900

Transition energy of the ground
transition at 80 K, eV

1.082 1.130 1.172 1.201 1.245 1.264

Average QD PL peak spacing, meV 51 45 38 34 27 26
Average electron level spacing, meV 34 30 26 23 18 17
PL rise time, ps 10.4 9.0 17.6 18.4 21.6 22.3
7-2
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which slows down transfer for part of the carriers. For int
pretation of these longer rise time components, severa
fects should be considered. First, it should be noted
these longer components are too long to be limited by tra
port of carriers generated deeper in the barriers. It has b
suggested that carrier transport in the barriers proceed
drift due to a long-range attractive potential caused by
strain field surrounding the quantum dots4 and therefore oc-
curs in just a few picoseconds. Even with a conserva
approach of carrier transport by ambipolar diffusion, the d
fusion time over a distance of 0.5mm ~the penetration depth
for the exciting photons! in undoped GaAs at 80 K is abou
20 ps. Thus, there has to be an additional capture barrie
the carriers to enter the dots. Such an obstacle migh
strain-induced potential barriers at the barrier/QD interfa
~inset to Fig. 2!, previously suggested to affect carrier ca
ture in low density QD samples.10,11Due to large lattice mis-
match between InGaAs and GaAs, the GaAs barrier is c
pressed in the direction perpendicular to the dot interface
expanded in directions parallel to the interface. Such a n
uniform strain modifies the band structure of the barrier a
produces potential barriers at the interfaces.12–14 These po-
tential barriers are more efficient at blocking carrier trans
at low carrier densities because with increased photoex
tion intensity the mean carrier energy increases making
barriers easier to overcome. The potential barriers decr
with increased intermixing because the interfaces beco
more diffuse~inset to Fig. 2!. This explains the diminishing
weight of the long rise time component with increased
neal temperature. The majority of carriers, however, are c
tured into the dots while still hot~after 10 ps after the exci
tation the carrier temperature is;100 K above the lattice
temperature15! and are therefore little affected by these p
tential barriers, which explains their contribution to the sh
component of the QD PL rise time.

The QD levels become consecutively filled with increa
ing excitation intensity. For partially filled QDs, the PL ris
times increase with the level number and can be consider
longer than that of the ground state. These differences
shown in Fig. 3. At low to intermediate excitation, longer P
rise times for transitions from the excited levels indicate t
carrier scattering out of these levels is faster than the rat
carrier supply from the barriers or the wetting layer.16 For

FIG. 3. PL transients for ground and excited state transition
a medium photoexcited carrier density of 1.5 W cm22 for the QD
sample annealed at 700 °C.
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increasingly higher excitation intensities, the PL rise tim
for the higher-level transitions continuously decrease u
they become similar to the ground state PL rise time.

The ground state PL rise times for all the samples m
sured at different excitation intensities are summarized
Fig. 4. Only the shorter rise time components are shown
the samples with the double-exponential PL rise times.
the lowest intensities, the rise times are intensity independ
and decrease in the medium and high intensity range. As
be seen from the figure, the low intensity PL rise times
the samples annealed at 700 and 800 °C are about hal
values for the other samples.

Let us discuss the possible reasons for these different
times. First, as the structure of all the samples is the sa
the difference should not be due to transport in the barri
This is confirmed by similar WL PL rise times, which ac
count for transport in the barriers and capture into the W
and are about 7–8 ps for all the samples. Secondly, the
of eventual transport in the WL before the capture into
dots should be at least not longer in the samples anneale
high temperatures, because, as can be judged from the
rower WL PL lines8 and shorter WL PL decay times, th
width fluctuations and related scattering are reduced by
annealing process. Therefore, the differences in the PL
times should be ascribed to the carrier capture and/or re
ation.

In the literature there is still a confusion as to whether
capture or the relaxation is a faster process. Theoretical
culations indicate that cold carrier capture strongly depe
on dot sizes and is slower than the relaxation.17 On the other
hand, phonon resonances observed in the PL excitation s
tra of QDs showed that carrier capture is much faster t
the subsequent relaxation.4 For the present work the impor
tant issue is which of these effects determines the differe
in the PL rise times for different samples. Recent calcu
tions have shown that the rate of phonon-assisted carrier
ture is larger if the energy difference between the state
the WL and the QD is in resonance with the LO phon
energy.17 However, estimations of the energy level structu
in our quantum dots~based on the PL spectra and the ba
offsets for InGaAs,18 see also discussion below! indicate that
the energy levels for the samples showing the shortest
rise times arenot in resonancewith the WL. In addition,

at
FIG. 4. PL rise times as a function of average photoexcitat

density for QD samples annealed at different temperatures.
7-3
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high carrier temperature would diminish possible differen
in the capture rate. Intensity independent PL rise times
low carrier densities indicate that Auger assisted capt
which, according to the calculations of Ref. 19, is dot s
dependent, is of minor importance for these photoexc
carrier densities. Therefore, we do not expect carrier cap
to be very different in different samples, and the differenc
in the PL rise times should be attributed mainly to the rel
ation process.

The main carrier relaxation channels in QDs are carr
carrier and carrier-phonon scattering. For the same~low!
photoexcitation intensity, the rate of carrier-carrier scatter
should be the same for our samples because they hav
same dot density. The carrier-LO phonon scattering, on
other hand, strongly depends on the level structure of
QDs. Experimentally, interlevel energy spacings forboth
conduction and valence bands in lens-shaped QDs have
studied in several recent works. Schmidtet al.20 measured
these energies in InAs dots using capacitance (C-V) and
photoluminescence spectroscopy and found that the elec
level spacingDEc for their QDs was 50 meV, and the rati
between electron and hole interlevel energiesDEc /DEv was
equal to 2. Similar results,DEc549 meV and DEv
525 meV, were obtained for InAs QDs from transmissi
measurements in the far and near infrared spectral regio21

Recently, energy level spacings in lens-shaped In0.5Ga0.5As
QDs have been studied by PL andC-V spectroscopy.22

Again, the ratioDEc /DEv52 was found. These consiste
results give us confidence to assume that the same valu
the interlevel spacing ratio~electron:hole 2:1! holds for the
QDs structures used in our experiments. The electron in
level energies in the samples annealed at 700 and 800 °C
then in the range of available phonon energies~3063 and
3663 meV! for the InAs-like and GaAs-like phonon ene
gies, respectively.23 Table I shows the PL rise times wit
their corresponding interlevel energies in the conduct
band. It can be seen that the PL rise times are clearly sho
when the interlevel energy in the conduction band is clos
the energy of the LO phonon. This can be considered di
evidence for efficient carrier relaxation by LO phonon em
sion in QDs. We should also like to note that our data fav
free carrier rather than exciton relaxation,4 otherwise we
would observe a decreased relaxation time for the sam
annealed at 825 and 850 °C, for which the exciton interle
energy matches that of the LO phonon.

According to calculations of electron relaxation by L
phonon emission,3 the carrier relaxation time from the firs
excited state to the ground state increases with detuning f
the LO phonon energy~solid plot in Fig. 5!. Direct compari-
sons of our PL rise times with these values are complica
by inhomogeneous broadening from the QD structures,
by the fact that the PL experiments with above barrier ex
tation do not allow distinguishing carrier capture from rela
ation. Nevertheless, assuming that the carrier transport
capture account for the major part of the shortest QD PL
11530
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time observed for the 700 and 800 °C samples~please recall
the 7–8 ps WL PL rise time!, our data is in qualitative agree
ment with calculations~see Fig. 5!. For large detuning ener
gies, reduced PL rise times with respect to calculations m
be partially attributed to inhomogeneous broadening. So
of the dots would have energy spacings resonant with
phonon energies even for large detuning, and this would
crease the response rate from the whole ensemble.

With increased photoexcited carrier density, the PL, r
times decrease and attain comparable values for all sam
~see Fig. 4!. Similar excitation intensity dependencies ha
been observed earlier24–26and attributed to an increased ra
of carrier relaxation by Auger-type process,17,27 in which a
carrier in an excited level of a dot relaxes to a lower level
giving the excess energy to a carrier in the wetting lay
High relaxation efficiency by carrier-carrier scattering
high carrier densities shadows the importance of LO phon
assisted process in this~high! photoexcitation density range

In summary, we have investigated a series of InGa
GaAs quantum dots in which transition energies and le
structure were tuned by means of thermal annealing. For
photoexcited carrier densities, increased rate of carrier re
ation has been observed for quantum dots with conduc
band interlevel energy separation close to the LO pho
energy. We consider this observation a direct confirmation
efficient carrier relaxation in quantum dots by optical phon
emission. Effects of strain-induced potential barriers at d
barrier interfaces on carrier transfer times has also been
served in samples with small intermixing and abrupt qu
tum dot/barrier boundaries.

Financial support from the Swedish Foundation for Int
national Cooperation in Research and Higher Educa
~STINT! and Carl Tryggers Foundation is gratefully a
knowledged. R. L. thanks P. G. Piva for helpful experimen
input.

FIG. 5. Electron relaxation time from the first excited state
the ground state at 300 K as a function of detuning of interle
spacing from the LO phonon energy after Ref. 3~full line!. Dots
represent ground state PL rise times for our intermixed sample
low excitation intensity. In the latter case zero detuning is assum
for 30 meV interlevel energy separation.
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