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Efficient Carrier Relaxation Mechanism in InGaAsyyyGaAs Self-Assembled Quantum Dots Based
on the Existence of Continuum States

Y. Toda, O. Moriwaki, M. Nishioka, and Y. Arakawa
Institute of Industrial Science, University of Tokyo, 7-22-1 Roppongi Minato-ku, Tokyo 106, Japan

(Received 17 December 1998)

Comparison of near-field and far-field photoluminescence excitation (PLE) spectra gives new insight
into the carrier relaxation process in InGaAsyGaAs self-assembled quantum dots. The near-field PLE
spectra of single quantum dots clearly show 2D-like continuum states and a number of sharp lines,
between a large zero-absorption region due to the quasi-0D density of states and the 2D wetting layer
absorption edge. The results reveal an efficient intradot relaxation mechanism, proceeding as follows:
The carriers can relax easily within continuum states, and make transitions to the excitonic ground state
by resonant emission of localized phonons. [S0031-9007(99)09156-5]

PACS numbers: 78.66.Fd, 63.22.+m, 71.35.Cc, 78.55.Cr
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Carrier relaxation in defect-free self-assembled quant
dots (SAQDs) based on Stranski-Krastanow (SK) grow
is an important subject of discussion not only because
device applications but for understanding the fundame
tal physics of zero-dimensional (0D) systems [1–5]. B
cause the confinement on length scales down to 10
in all three directions produces sublevel separations mu
larger than a few meV [6], therefore larger than the ener
of LA phonons, it is predicted that a strongly reduced e
ergy relaxation rate cannot be avoided, unless energy le
separation equals the LO phonon energy, i.e., a “phon
bottleneck” is predicted [7]. Although relaxation throug
LO phonon scattering is expected to be very restrict
due to the phonons’ small energy dispersion, this phon
bottleneck effect seems unlikely to be occurring in SAQD
since the optical measurements show intense photolu
nescence (PL) from ground state recombination. Measu
ments on SAQDs have yielded characteristic features d
to the discrete confined states with large energy sepa
tion. For example, with increasing the excitation powe
PL spectra show additional peaks to high energy of t
main peak, and these have been attributed to higher
cited states [5]. On the other hand, the PL excitation (PL
resonances do not directly reflect the higher excited sta
observed in PL but phonon features. This has been
plained by the multiphonon filtering of inhomogeneous
distributed excited states, that is, carrier relaxation be
possible only when the energy separation of the confin
states matches the energy of an integral number of phon
[2–4]. On the basis of this idea, interlevel relaxation is th
dominant carrier relaxation mechanism in SAQDs. How
ever, this mechanism is based on the density of sta
(DOS) expected in ideal 0D systems. In addition, the e
perimental results include inhomogeneous broadening
to measurements being of ensembles of dots.

The reduction of inhomogeneous broadening has be
achieved by using spatially resolved spectroscopic te
niques, such as diffraction limited confocal microscop
[8,9], micro-PL with a small mesa [1,10] and near-fiel
scanning optical microscopy (NSOM) [11]. These micro
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probing methods allow for precise measurements of
systems. In this work, we investigate relaxation proces
in InGaAsyGaAs SAQDs by using NSOM. Near-field
PLE spectra strongly suggest the existence of continu
states in single dots. The density of states gradually
creases from the end of a large zero-absorption reg
up to the wetting layer (WL) absorption edge. The da
also suggest the breakdown of long-range order of the
tice, showing a number of spiky structures which can
explained as resonant Raman scattering associated
localized phonons. These results suggest that under n
resonant conditions the excited carriers can relax ea
within continuum states and relax to the excitonic grou
states by resonantly emitting phonons, thus efficient
tradot carrier relaxation can occur.

Spatially resolved single dot spectroscopy was p
formed using NSOM at 8 K. In order to avoid car
rier diffusion effects, both the excitation and collecte
luminescence light passed through the same fiber (
illumination-collection mode NSOM) [11]. In the near
field measurements, the PL was excited by a Ti:sapph
laser at an excitation density of,10 Wycm2. The col-
lected PL was dispersed by a 1 m long double monoch
mator with a charge-coupled device (CCD) detector. T
InGaAs SAQD sample studied here was grown using
SK growth mode on a GaAs substrate as described in
tail in Ref. [12]. In order to shift the PL peak to shorte
wavelengths where a CCD camera with high quantum
ficiency is available, the sample was annealed at700 ±C
after the growth of a 140 nm thick GaAs cap. This chang
only the luminescence energy and does not affect the
trinsic relaxation mechanisms of carriers in SAQDs [13
The SAQDs have base length,20 nm, height,7 nm,
and density.1010ycm2, from an atomic force microscopy
study of an uncapped reference sample. In the magn
field a single SAQD PL peak showed a diamagnetic sh
of ,4meVyT2, corresponding to the carrier wave functio
having lateral expansion,5 nm. This result indicates tha
carriers are strongly confined in the lateral direction in e
citonic ground statesjexl of the SAQDs.
© 1999 The American Physical Society
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The inset of Fig. 1(a) shows far-field ensemble P
spectra in which emission is collected from thousand
of SAQDs. PL at low excitation power has a Gaussia
profile with a peak energy of,1.26 eV and linewidth of
,80 meV (solid line in the inset). The peak at 1.41 eV
is attributed to the WL. Upon increasing the excitatio
power, two additional peaks appear to higher energy (gr
line). These may be attributed to the higher excited sta
of the SAQDs [5]. The observed energy separations
the higher excited states are estimated by Gaussian p
fitting to be about 50 meV. The main part of Fig. 1(a
shows an ensemble PLE spectrum. In this figure, t
bottom horizontal axis represents relaxation energy (Erel),
that is, the difference between the excitation and detecti
energies (Eex 2 Edet). As has been reported by many
other groups [2–4], we also have observed PLE pea
whose energies are independent of the detection ener

FIG. 1. (a) A typical far-field PLE spectrum from ensem
ble PL as shown in the inset. The detection energyEdet 
1.282 eV. Inset: The solid and gray lines show ensemble P
at low power excitationPex  5 Wycm2 and high power ex-
citation Pex  70 Wycm2, respectively, with excitation energy
Eex  1.959 eV. The arrows on the high power spectrum in
dicate peaks at 1.254, 1.307, 1.358, and 1.41 eV determin
by Gaussian fitting. (b) Near-field PLE spectrum of a PL fea
ture as shown in the inset. The wavelength was scanned
0.1 nm steps and the integration time at each wavelength w
30 sec. The solid line in the inset indicates a Lorenzian fit
the PL data withEex  1.43 eV. (c) Gray-scale PL intensities
corresponding to the data in (b) are plotted as a function
detection and excitation energy. The 1LO phonon structure
seen atErel  36 meV as indicated by arrows.
L
s
n

n
ay
tes
of
eak
)
he

on

ks
gy.

-

L

-
ed
-
in
as

to

of
is

From the far-field PL spectra, the WL absorption edge
estimated to be atEex  1.41 eV corresponding toErel 
120 meV in Figs. 1(a), 1(b), and 1(c).

The inset of Fig. 1(b) shows a spatially and spectrally re
solved nonresonant PL peak from a single SAQD atEex 
,1.43 eV. The luminescence has a Lorenzian line shap
with a linewidth of ,70 meV. The corresponding PLE
spectrum is shown in Fig. 1(b). There is virtually no sig
nal belowErel  30 meV [14]. This large zero-absorption
region and the narrowness of the PL lines are attributed
the DOS expected in quasi-0D structures. A number
partly overlapping sharp resonant lines (Dn , 1 meV) are
found aboveErel  30 meV, and will be explained in de-
tail later. Except for these resonant peaks, we can find t
continuum background. The background starting aroun
Erel  50 meV gradually increases up to the WL absorp
tion band edge. Figure 1(c) shows a gray-scale plot of t
PL intensity as a function of relaxation and detection en
ergy. Horizontal and vertical cross sections of these da
correspond to the PLE and PL signals, respectively. Th
plot indicates the absence of background emission of oth
wavelengths, and thus that the observed continuum is anin-
trinsic feature of the single SAQD. A similar background
signal in this relaxation energy region is seen in almost a
near-field PLE spectra from different single SAQDs; se
Fig. 2. The observed continuum signal is also seen in InA
SAQDs grown by molecular beam epitaxy and consiste
with polarized spectra, in which the suppression of sp
relaxation was found to be increased at lower relaxatio
energies [11]. At energies where the density of continuu
states is smaller, spin-flip scattering is more suppress
It is important to note that such a continuum backgroun
has also been observed in many other reports on SAQ
[15], not only in far-field PLE but also in infrared absorp-
tion measurements [16]. However, little consideration ha
been given to this point because the results were from me
surements of ensembles of dots, in which inhomogene
obscures the contribution of the continuum background
intrinsic SAQD properties. Although it is surprising for us
that the continuum of states penetrates as deeply into
0D region as is observed in the PLE spectra, it provides f
efficient relaxation in the SAQDs, as is discussed in deta
below. In the present data, it is difficult to identify the
origin of this continuum. Because SAQDs are connecte
with WL, there may exist a very gradual crossover from
0D to 2D nature in the DOS [17].

AroundErel  65 meV, the far-field PLE spectrum ex-
hibits a broad peak (,20 meV), the so-called 2LO reso-
nance peak. In this energy range the near-field PL
spectrum shows various sharp resonance peaks as show
Fig. 1(b). Figure 2 shows typical near-field PLE spectr
from three different single PL peaks, whose energies co
respond to the lower, center, and higher energy sides of
ensemble PL peak. Although in each spectrum the sha
resonance lines occur within the relaxation energy range
the broad resonance observed in far-field PLE, their num
ber and energies are very different in each spectrum. L
4115
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FIG. 2. Near-field PLE spectra for three different singl
SAQD features. SpectraA, B, and C correspond to detection
at 1.2347, 1.2686, and 1.3132 eV, respectively (see inset). T
solid arrows indicate the WL absorption edge, and thin gra
arrows the 1LO feature. PL intensities are plotted as a functi
of relaxation energy (Eex 2 Edet). In spectrumA, relaxation
energies belowErel  40 meV are outside the range scanne
by the Ti:sapphire laser.

us remember the process proposed to account for the P
resonances [2–4]. It was predicted that only dots who
jexl is at the detection energy and whose excited states
separated fromjexl by the energy of an integral number
of LO phonons can relax to thejexl and contribute to the
PLE signal. The resonant peaks observed in far-field PL
spectra were thus attributed to the multiphonon filtering
inhomogeneously distributed excited states. However,
terpreting our data in terms of these phonon selected e
cited states, we observetoo manyexcited states whose
energy is separated by a few meV to be consistent w
the confined states predicted for SAQDs [6]. Therefor
this interlevel relaxation mechanism cannot explain the o
served single dot PLE spectra.

The sharp resonance lines observed in each near-fi
PLE spectra occur within almost the same relaxation e
ergy region, showing an independence of detection ene
as has been observed in far-field PLE spectra. Note t
various studies of far-field PLE have identified PLE reso
nances as multiples of the LO phonon energies [2–4
From the relaxation energy dependence, we conclude t
the near-field PLE resonant peaks are predominantly due
resonant Raman scattering by integral numbers of phono
Figure 3(a) is a schematic diagram of a resonant Ram
process observed in PLE spectroscopy. When the rela
tion energy of the incident light matches the energy of a
integral number of available phonons, Raman scatteri
fulfils the resonance condition. Similar Raman feature
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FIG. 3. (a) Schematic diagram of a resonant Raman proce
showing incident (vi) and emitted photons (vs) and an
optical phonon (vpn). (b) Carrier relaxation mechanism under
nonresonant conditions showing excited (vex) and emitted
photons (vPL). (c) Schematic diagram of the DOS with a
phonon feature (gray line).jgl and jexl label the ground state
and excitonic ground state, respectively.

were observed for excitons localized in dotlike states in
quantum well (QW) [10]. Note that the relative intensity
of the 2LO scattering is extraordinarily strong in compar
son with 1LO. Generally, the intensity of Raman scatterin
changes drastically depending on the excitation condition
Therefore, it seems likely that the phonon lines observe
around 65 meV in our PLE spectra involve enhanced sc
tering cross sections. The enhancement may be due
the existence of the continuum states. Another possibili
is that electronic excited states, which exist in the co
responding energy region, may provide the resonanc
Further investigations are needed to clarify the resonan
conditions. However, we stress that the observed 2L
lines involve strongly enhanced scattering cross sectio
due to strong phonon-electron interactions.

The sharpness of the resonance lines in near-field P
allows us to clearly see the phonon spectra of individu
SAQDs. The differences in the number and peak positio
of the phonon lines in each spectrum may be attributed
inhomogeneity in the distribution of SAQDs. The broad
ness of far-field PLE peaks suggests that, even among d
with the samejexl energy, their phonon energies are sca
tered. It might be reasonable to attribute the observ
Raman structures tolocalizedphonons since these will be
enhanced and strongly scattered in the individual SAQD
due to the lack of long-range order of the lattice struc
ture. Inhomogeneity in the strain distribution and the I
composition breaks the long-range order of the lattice a
activates a number of phonons, even in symmetries the
retically forbidden in SAQDs. Therefore, the observe
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spiky lines are predominantly attributed to integral num
bers of localized phonons.

In the far-field PLE spectrum, in contrast to the broa
peak at 65 meV, a narrower resonant peak is seen a
relaxation energy of around 36 meV, the so-called 1L
resonance peak. Although far-field PLE involves larg
ensembles of dots, this peak exhibits as narrow a linewid
as when it is observed in near-field PLE. As shown
Fig. 2, almost all near-field PL features show the resonan
at the same relaxation energy. It seems to be reasonabl
attribute this feature to a resonant Raman process in wh
a bulk GaAs phonon is emitted. Note that such a resonan
is also observed in InAs SAQD samples, where the Ga
phonon exists in the cap layer [11]. Because the SAQD
confine electrons on length scales down to several tens
nanometers, the electron wave function penetrates the
layer and couples with the phonon mode in the barrier.

Based on the observed continuum states and reson
Raman peaks, we can now propose a mechanism
the efficient carrier relaxation observed in SAQDs. Fig
ure 3(b) is a schematic diagram of the relaxation proce
of excited carriers under nonresonant conditions. For e
citation energies above the WL absorption edge, the c
riers can relax very quickly through the continuum state
by LA phonon scattering, and from appropriate energi
reachjexl by resonantly emitting an integral number o
localized phonons. As discussed above, because of
strong phonon-electron interactions, a number of localiz
phonons are available for the relaxation necessary bef
ground state emission. This efficient process explains t
intense PL observed in SAQDs. Our results thus ind
cate that intradot relaxation of carriers through the co
tinuum states is more important than interlevel relaxatio
through discrete confined states in SAQDs. The lack
long-range order results in the existence of a number
localized phonons, providing efficient relaxation channe
to jexl. So far, only the absence of a phonon bottlenec
has been focused on in discussions of efficient relaxati
in SAQDs. However, based on the mechanism discuss
above, efficient relaxation of carriers can be achieved
SAQDs even in the presence of phonon selection.

Finally, we comment on the contribution of excited
states to the PLE spectrum. Ensemble PL spectra [in
of Fig. 1(a)] suggest that there may exist two othe
excited states whose energies are separated by 50
100 meV from jexl. Because there exists a continuum
of states, the excited states should be visible in PL
The near-field PLE spectra show various resonant pea
in the corresponding energy regions, so we cannot ass
specific peaks to these excited states in the present d
Furthermore, unlike in higher dimensional structures, th
PLE spectra do not directly reflect the absorption but al
the ease of relaxation tojexl, so absorption into excited
states may be obscured by the continuum states fro
which efficient relaxation can occur. We stress again th
the interlevel relaxation is not as important as relaxatio
through the continuum states.
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In summary, we have performed PLE measuremen
on both single and ensembles of InGaAsyGaAs SAQDs.
The near-field PLE spectra show a large no-signal regio
due to the dots’ 0D character and gradually increasin
continuum absorption connected with the 2D-like WL,
indicating a crossover between 0D and 2D character. Th
spectra also show a number of sharp resonances, whi
can be attributed to resonant Raman processes associa
with localized phonons due to the loss of long-range
order of the lattice in SAQDs. These results reveal th
efficient intradot relaxation process in SAQDs, in which
the carriers can relax quickly within continuum states an
make transitions to the excitonic ground state by phono
scattering, and thus account for the intense PL peak.
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