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Efficient Carrier Relaxation Mechanism in InGaAs /GaAs Self-Assembled Quantum Dots Based
on the Existence of Continuum States
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Comparison of near-field and far-field photoluminescence excitation (PLE) spectra gives new insight
into the carrier relaxation process in InGa&RaAs 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-OD 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

Carrier relaxation in defect-free self-assembled quantumprobing methods allow for precise measurements of 0D
dots (SAQDs) based on Stranski-Krastanow (SK) growtlsystems. In this work, we investigate relaxation processes
is an important subject of discussion not only because of InGaAsGaAs SAQDs by using NSOM. Near-field
device applications but for understanding the fundamenPLE spectra strongly suggest the existence of continuum
tal physics of zero-dimensional (0D) systems [1-5]. Be-states in single dots. The density of states gradually in-
cause the confinement on length scales down to 10 nmreases from the end of a large zero-absorption region
in all three directions produces sublevel separations muchp to the wetting layer (WL) absorption edge. The data
larger than a few meV [6], therefore larger than the energylso suggest the breakdown of long-range order of the lat-
of LA phonons, it is predicted that a strongly reduced en-ice, showing a number of spiky structures which can be
ergy relaxation rate cannot be avoided, unless energy levekplained as resonant Raman scattering associated with
separation equals the LO phonon energy, i.e., a “phonotocalized phonons. These results suggest that under non-
bottleneck” is predicted [7]. Although relaxation through resonant conditions the excited carriers can relax easily
LO phonon scattering is expected to be very restrictedvithin continuum states and relax to the excitonic ground
due to the phonons’ small energy dispersion, this phonostates by resonantly emitting phonons, thus efficient in-
bottleneck effect seems unlikely to be occurring in SAQDs tradot carrier relaxation can occur.
since the optical measurements show intense photolumi- Spatially resolved single dot spectroscopy was per-
nescence (PL) from ground state recombination. Measurdermed using NSOM at 8 K. In order to avoid car-
ments on SAQDs have yielded characteristic features duger diffusion effects, both the excitation and collected
to the discrete confined states with large energy separdaminescence light passed through the same fiber (i.e.,
tion. For example, with increasing the excitation power,illumination-collection mode NSOM) [11]. In the near-
PL spectra show additional peaks to high energy of thdield measurements, the PL was excited by a Ti:sapphire
main peak, and these have been attributed to higher eXaser at an excitation density ef10 W/cn?. The col-
cited states [5]. On the other hand, the PL excitation (PLE)ected PL was dispersed by a 1 m long double monochro-
resonances do not directly reflect the higher excited stateawator with a charge-coupled device (CCD) detector. The
observed in PL but phonon features. This has been exnGaAs SAQD sample studied here was grown using the
plained by the multiphonon filtering of inhomogeneously SK growth mode on a GaAs substrate as described in de-
distributed excited states, that is, carrier relaxation beinggail in Ref. [12]. In order to shift the PL peak to shorter
possible only when the energy separation of the confinedavelengths where a CCD camera with high quantum ef-
states matches the energy of an integral number of phonoffisiency is available, the sample was annealed(&t°C
[2—4]. Onthe basis of this idea, interlevel relaxation is theafter the growth of a 140 nm thick GaAs cap. This changes
dominant carrier relaxation mechanism in SAQDs. How-only the luminescence energy and does not affect the in-
ever, this mechanism is based on the density of statdsinsic relaxation mechanisms of carriers in SAQDs [13].
(DOS) expected in ideal OD systems. In addition, the exThe SAQDs have base length20 nm, height~7 nm,
perimental results include inhomogeneous broadening duend density>10'°/cn?, from an atomic force microscopy
to measurements being of ensembles of dots. study of an uncapped reference sample. In the magnetic

The reduction of inhomogeneous broadening has bedifield a single SAQD PL peak showed a diamagnetic shift
achieved by using spatially resolved spectroscopic techef ~4ueV/T?, corresponding to the carrier wave function
niques, such as diffraction limited confocal microscopyhaving lateral expansion5 nm. This result indicates that
[8,9], micro-PL with a small mesa [1,10] and near-field carriers are strongly confined in the lateral direction in ex-
scanning optical microscopy (NSOM) [11]. These micro-citonic ground statefex) of the SAQDs.
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The inset of Fig. 1(a) shows far-field ensemble PLFrom the far-field PL spectra, the WL absorption edge is
spectra in which emission is collected from thousandsstimated to be d., = 1.41 eV corresponding t&,., =
of SAQDs. PL at low excitation power has a Gaussianl20 meV in Figs. 1(a), 1(b), and 1(c).
profile with a peak energy of1.26 eV and linewidth of The inset of Fig. 1(b) shows a spatially and spectrally re-
~80 meV (solid line in the inset). The peak at 1.41 eV solved nonresonant PL peak from a single SAQBgt=
is attributed to the WL. Upon increasing the excitation~1.43 eV. The luminescence has a Lorenzian line shape
power, two additional peaks appear to higher energy (grawith a linewidth of ~70 weV. The corresponding PLE
line). These may be attributed to the higher excited statespectrum is shown in Fig. 1(b). There is virtually no sig-
of the SAQDs [5]. The observed energy separations ohal belowE,.; = 30 meV [14]. This large zero-absorption
the higher excited states are estimated by Gaussian peadgion and the narrowness of the PL lines are attributed to
fitting to be about 50 meV. The main part of Fig. 1(a) the DOS expected in quasi-0D structures. A number of
shows an ensemble PLE spectrum. In this figure, theartly overlapping sharp resonant linés{ < 1 meV) are
bottom horizontal axis represents relaxation enefgy;Y,  found aboveE,; = 30 meV, and will be explained in de-
that is, the difference between the excitation and detectiotail later. Except for these resonant peaks, we can find the
energies Ex — Eq). AS has been reported by many continuum background. The background starting around
other groups [2—4], we also have observed PLE peakg,.; = 50 meV gradually increases up to the WL absorp-
whose energies are independent of the detection energlyon band edge. Figure 1(c) shows a gray-scale plot of the
PL intensity as a function of relaxation and detection en-
ergy. Horizontal and vertical cross sections of these data
EexleVl correspond to the PLE and PL signals, respectively. This
1.3 1.35 1.4 plot indicates the absence of background emission of other
e ' ' wavelengths, and thus that the observed continuumiis-an
trinsic feature of the single SAQD. A similar background
signal in this relaxation energy region is seen in almost all
near-field PLE spectra from different single SAQDs; see
Fig. 2. The observed continuum signal is also seenin InAs
SAQDs grown by molecular beam epitaxy and consistent
with polarized spectra, in which the suppression of spin
relaxation was found to be increased at lower relaxation
(a) energies [11]. At energies where the density of continuum
states is smaller, spin-flip scattering is more suppressed.
(b) It is important to note that such a continuum background
has also been observed in many other reports on SAQDs
[15], not only in far-field PLE but also in infrared absorp-
tion measurements [16]. However, little consideration has
been given to this point because the results were from mea-
surements of ensembles of dots, in which inhomogeneity
WL band edge obscures the contribution of the continuum background to
. 10 intrinsic SAQD properties. Although it is surprising for us
1.282 i that the continuum of states penetrates as deeply into the
oo ——— 0D region as is observed in the PLE spectra, it provides for
1281 (©) . . M . efficient relaxation in the SAQDs, as is discussed in detail
0 50 100 150 below. In the present data, it is difficult to identify the
Eex-EdetlmeV] origin of this continuum. Because SAQDs are connected
FIG. 1. (a) A typical far-field PLE spectrum from ensem- with WL, there may exist a very gradual crossover from
ble PL as shown in the inset. The detection enelyy = OD to 2D nature in the DOS [17].
1.282 eV. Inset: The solid and gray lines show ensemble PL AroundE,.; = 65 meV, the far-field PLE spectrum ex-

at low power excitationP., = 5 W/cn?* and high power ex- hibits a broad peak~20 meV), the so-called 2LO reso-

citation P, = 70 W/cn?, respectively, with excitation energy nance ; ;

ex . . peak. In this energy range the near-field PLE
Es = 1.959 eV. The arrows on the high power spectrum in- . .
dicate peaks at 1.254, 1.307, 1.358, and 1.41 eV determinedP€Ctrum shows various sharp resonance peaks as shown in

by Gaussian fitting. (b) Near-field PLE spectrum of a PL fea-Fig. 1(b). Figure 2 shows typical near-field PLE spectra

ture as shown in the inset. The wavelength was scanned ifrom three different single PL peaks, whose energies cor-

g-ol nm StTeIES anl'dd tlhe lhteﬁquat_lon ilm%_atteaCh I\_/Vfive'e_ngt?_tV\t/a‘éspond to the lower, center, and higher energy sides of the
sec. The solid line in the inset indicates a Lorenzian fit to ;

the PL data withE., = 1.43 eV. (c) Gray-scale PL intensities ensemble IT.L peak. Alt_h(;_ugf; In elach §pectrum the shar[?

corresponding to the data in (b) are plotted as a function of€sonance lines occur within t ere axa_tlon energy range o

detection and excitation energy. The 1LO phonon structure ighe broad resonance observed in far-field PLE, their num-

seen atE,; = 36 meV as indicated by arrows. ber and energies are very different in each spectrum. Let
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) ) ) FIG. 3. (a) Schematic diagram of a resonant Raman process
FIG. 2. Near-field PLE spectra for three different single showing incident ¢;) and emitted photons«() and an
SAQD features. Spectra, B, and C correspond to detection optical phonon ¢,,,). (b) Carrier relaxation mechanism under
at 1.2347, 1.2686, and 1.3132 eV, respectively (see inset). Thgonresonant conditions showing excited.() and emitted
solid arrows indicate the WL absorption edge, and thin grayphotons ). (c) Schematic diagram of the DOS with a
arrows the 1LO feature. PL intensities are plotted as a functioyhonon feature (gray line)|g) and|ex) label the ground state
of relaxation energy Kex — Eqge). In spectrumA, relaxation  and excitonic ground state, respectively.
energies belowE,,, = 40 meV are outside the range scanned

by the Ti:sapphire laser.

were observed for excitons localized in dotlike states in a

quantum well (QW) [10]. Note that the relative intensity
us remember the process proposed to account for the PLdf the 2LO scattering is extraordinarily strong in compari-
resonances [2—4]. It was predicted that only dots whosson with 1LO. Generally, the intensity of Raman scattering
lex) is at the detection energy and whose excited states aohanges drastically depending on the excitation conditions.
separated fronjex) by the energy of an integral number Therefore, it seems likely that the phonon lines observed
of LO phonons can relax to thex) and contribute to the around 65 meV in our PLE spectra involve enhanced scat-
PLE signal. The resonant peaks observed in far-field PLEering cross sections. The enhancement may be due to
spectra were thus attributed to the multiphonon filtering otthe existence of the continuum states. Another possibility
inhomogeneously distributed excited states. However, inis that electronic excited states, which exist in the cor-
terpreting our data in terms of these phonon selected exesponding energy region, may provide the resonances.
cited states, we obserteo manyexcited states whose Further investigations are needed to clarify the resonance
energy is separated by a few meV to be consistent witlconditions. However, we stress that the observed 2LO
the confined states predicted for SAQDs [6]. Thereforelines involve strongly enhanced scattering cross sections
this interlevel relaxation mechanism cannot explain the obeue to strong phonon-electron interactions.
served single dot PLE spectra. The sharpness of the resonance lines in near-field PLE

The sharp resonance lines observed in each near-fieldlows us to clearly see the phonon spectra of individual

PLE spectra occur within almost the same relaxation enSAQDs. The differences in the number and peak positions
ergy region, showing an independence of detection energyf the phonon lines in each spectrum may be attributed to
as has been observed in far-field PLE spectra. Note thahomogeneity in the distribution of SAQDs. The broad-
various studies of far-field PLE have identified PLE reso-ness of far-field PLE peaks suggests that, even among dots
nances as multiples of the LO phonon energies [2—4]with the samdeXx) energy, their phonon energies are scat-
From the relaxation energy dependence, we conclude th&red. It might be reasonable to attribute the observed
the near-field PLE resonant peaks are predominantly due ®aman structures tiocalizedphonons since these will be
resonant Raman scattering by integral numbers of phononenhanced and strongly scattered in the individual SAQDs
Figure 3(a) is a schematic diagram of a resonant Ramadlue to the lack of long-range order of the lattice struc-
process observed in PLE spectroscopy. When the relax#dre. Inhomogeneity in the strain distribution and the In
tion energy of the incident light matches the energy of arcomposition breaks the long-range order of the lattice and
integral number of available phonons, Raman scatteringctivates a number of phonons, even in symmetries theo-
fulfils the resonance condition. Similar Raman featuresetically forbidden in SAQDs. Therefore, the observed
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spiky lines are predominantly attributed to integral num- In summary, we have performed PLE measurements
bers of localized phonons. on both single and ensembles of INnGdGaAs SAQDs.

In the far-field PLE spectrum, in contrast to the broadThe near-field PLE spectra show a large no-signal region
peak at 65 meV, a narrower resonant peak is seen atdue to the dots’ OD character and gradually increasing
relaxation energy of around 36 meV, the so-called 1LOcontinuum absorption connected with the 2D-like WL,
resonance peak. Although far-field PLE involves largeindicating a crossover between 0D and 2D character. The
ensembles of dots, this peak exhibits as narrow a linewidtBpectra also show a number of sharp resonances, which
as when it is observed in near-field PLE. As shown incan be attributed to resonant Raman processes associated
Fig. 2, almost all near-field PL features show the resonanceith localized phonons due to the loss of long-range
at the same relaxation energy. It seems to be reasonabledoder of the lattice in SAQDs. These results reveal the
attribute this feature to a resonant Raman process in whiokfficient intradot relaxation process in SAQDs, in which
a bulk GaAs phonon is emitted. Note that such a resonandbe carriers can relax quickly within continuum states and
is also observed in InAs SAQD samples, where the GaAsake transitions to the excitonic ground state by phonon
phonon exists in the cap layer [11]. Because the SAQDscattering, and thus account for the intense PL peak.
confine electrons on length scales down to several tens of We sincerely acknowledge S. Shinomori and J.C.
nanometers, the electron wave function penetrates the cafarris for their stimulating discussions, and S. Mononobe
layer and couples with the phonon mode in the barrier. and M. Ohtsu for their discussions on the fiber probe.

Based on the observed continuum states and resonafhis work is supported in part by JSPS, Grant in-aid
Raman peaks, we can now propose a mechanism faf Priority Area by the Ministry, and University-Industry
the efficient carrier relaxation observed in SAQDs. Fig-Joint Project on Quantum Nanostructures.
ure 3(b) is a schematic diagram of the relaxation process
of excited carriers under nonresonant conditions. For ex-
citation energies above the WL absorption edge, the car-
riers can relax very quickly through the continuum states
by LA phonon scattering, and from appropriate energies[1] J.Y. Marzin, J.M. Gerard, A. Izral, D. Barrier, and
reach|ex) by resonantly emitting an integral number of G. Bastard, Phys. Rev. Left3, 716 (1994).
localized phonons. As discussed above, because of thél Ehylleiltjat?tegl'églh)(/fégil)w' B56, 10435 (1997); Appl.
strong phonon-electron interactions, a number of localized . O :
phonons are available for the relaxation necessary beforf] K.H. Schmidtet al., Phys. Rev. B54, 11346 (1996).

. . - . 4] M.J. Steeret al., Phys. Rev. B54, 17 738 (1996).
ground state emission. This efficient process explaln_s th 5] S. Fafardet al., Phys. Rev. B52, 5752 (1995),
intense P!_ observed in _SAQDs. Qur results thus indi- [6] M. Grundmannet al., Phys. Rev. B52, 11969 (1995);
cate that intradot relaxation of carriers through the con-" " j v Mmarzin and G. Bastard, Solid State Comm@z,
tinuum states is more important than interlevel relaxation 437 (1994).
through discrete confined states in SAQDs. The lack of[7] H. Benisty et al., Phys. Rev. B44, R10945 (1991);
long-range order results in the existence of a number of  U. Bockelmann, Phys. Rev. B3, 17 637 (1993).
localized phonons, providing efficient relaxation channels [8] E. Dekelet al., Phys. Rev. Lett80, 4991 (1998).
to |ex). So far, only the absence of a phonon bottleneck [9] L. Landin et al., Science280, 262 (1998).
has been focused on in discussions of efficient relaxatiof-0] D- Gammonet al., Science277, 85 (1997).
in SAQDs. However, based on the mechanism discussddll Y- Todaet al., Phys. Rev. B58, R10147 (1998); Appl.
above, efficient relaxation of carriers can be achieved in, ?héss'hli‘ne;xo‘ﬁ;tzlr J(;r?g?)' Appl. Physaa, L1634 (1904)
SAQDs even in the presence of phonon selection. . Vo ' y '

: — . [13] R. Leonet al.,Phys. Rev. B58, R4262 (1998).
Finally, we comment on the contribution of excngd [14] Some PLE spectra show very small spiky signals [e.g.,
states to the PLE spectrum. Ensemble PL spectra [inset * Figs 2(b) and 2(c). These may be (non-GaAs) 1LO
of Fig. 1(a)] suggest that there may exist two other features.
excited states whose energies are separated by 50 ajid] For example, R. Heitst al. employed a gradually increas-
100 meV from|ex). Because there exists a continuum ing background to evaluate the phonon energies by Gauss-
of states, the excited states should be visible in PLE. ian fitting in Ref. [2]. Similar backgrounds are also seen
The near-field PLE spectra show various resonant peaks in Ref. [3]. S. Sauvaget al. observed broad absorption
in the corresponding energy regions, so we cannot assijn in infrared absorption measurements [16].

specific peaks to these excited states in the present data®l S: Sauvagetal.,J. Appl. Phys84, 4356 (1998).

“o : . 7] The DOS of a real SAQD should be very different from
Furthermore, unlike in higher dimensional structures, th that of the ideal one due to the WL, strain, etc. The

PLE spectra do not directly reflect the absorption but also potential of the WL outside the dots may be different from

the ease of relaxation t@x), so absorption into excited that of the WL within dots. Furthermore, the potentials of
states may be obscured by the continuum states from  qots and WL will be affected by the strain in each other.

which efficient relaxation can occur. We stress again t_hat Further investigations are needed to identify the origin of
the interlevel relaxation is not as important as relaxation  the continuum, however, we suggest that the relationship
through the continuum states. between the dots and the WL is a major consideration.
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