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We calculate the P-shell–to–S-shell decay lifetime � �P→S� of electrons in lens-shaped self-assembled
�In,Ga�As/GaAs dots due to Auger electron-hole scattering within an atomistic pseudopotential-based ap-
proach. We find that this relaxation mechanism leads to fast decay of � �P→S��1–7 ps for dots of different
sizes. Our calculated Auger-type P-shell–to–R�

�In,Ga�As/GaAs dots.

1–3 To explain this fast relaxation,
three alternative mechanisms have been proposed and sup-
ported by model calculations: multiphonon-emission, Auger
carrier-carrier scattering, and polaron decay. To provide a
general perspective we first outline in this paper the general
decay channels of photoexcited carriers in the GaAs-barrier
of �In,Ga�As/GaAs self-assembled quantum dots �Sec. II�,
and then focus on the P→S Auger cooling due to electron-
hole scattering, providing accurately calculated results. We
use a realistic atomistic, pseudopotential-based approach
�Sec. IV� that has been recently applied to successfully re-
produce the magnitude of the radiative recombination life-
time of ground-state electrons and holes in �In,Ga�As/GaAs
dots4 and CdSe colloidal dots.5 Our results for intershell de-
cay time ��P→S� compare well to data from experiments in
which photoexcited holes are present. Thus, as long as both
an electron and hole are present, the Auger mechanism can
explain fast intershell relaxation without resorting to other
�e.g., polaronic decay or multiphonon emission� mecha-
nisms.

II. CHARACTERISTIC DYNAMICAL PROCESSES OF
EXCITED ELECTRONS AND HOLES IN SELF-

ASSEMBLED „In,Ga…As/GaAs QUANTUM DOTS

One distinguishes first between systems having a lone car-
rier, either electron or hole, and systems having both an elec-
tron and hole. A lone carrier can be produced by doping the
dot6–11 or by electrochemical injection.12 Exciting a lone car-
rier and following its decay9–11 is a specialized field and will
be reviewed briefly in Sec. II C. More commonly, we en-
counter relaxation of systems having both photoexcited elec-
trons and holes. This is reviewed next. Figure 1 sketches four

nonradiative relaxation processes that take place following
photocreation of an electron-hole pair in an �In,Ga�As/GaAs
quantum dot system. The electron is shown as a solid dot and
the hole as a circle. The processes are illustrated with a dot
with sparse confined electron �CB� states �e0 ,e1 ,e2�, and
with a much denser set of confined hole �VB� states
�h0 ,h1 , . . . ,hk , . . . ,hN� as is characteristic of self-assembled
dots. The continuum of states of the wetting layer �dashed
region� and GaAs barrier �shaded� are also shown schemati-
cally. The main observed carrier relaxation processes are the
following.

A. Barrier-to-wetting layer carrier capture

Nonresonant photoexcitation of an electron-hole pair in
the barrier �Fig. 1�a�� often leads to capture by wetting-layer
�WL� quasi-continua. This process consists of carrier ther-
malization within the GaAs barrier and subsequent capture
by the WL. Barrier thermalization occurs within 1 ps.13,14

Siegert et al. measured time-resolved photoluminescence
�PL� signal from the wetting layer of InAs/GaAs dots at high
excitation and found a capture time of �2 ps regardless of
doping.13 Similarly, in undoped dots, Sun et al. have found a
capture time smaller that 2 ps,15 while Yuan et al. observed a
capture time of about 10 ps.14

B. Carrier capture from the wetting layer into the dot

Following barrier-to-wetting layer carrier capture, the
hole relaxes to the lowest-energy confined hole state hN
while the electron is captured from the bottom of the wetting
layer to the highest-energy confined state �illustrated by P;
Fig. 1�b��. Sosnowski et al.16 found in time-resolved differ-
ential transmission experiments at low excitation in an
�In,Ga�As/GaAs dot with two confined electron states that
the electron capture time is 2.8 ps. On the other hand, a
combined capture time has been derived from time-resolved
photoluminescence �PL� experiments at high excitation by
several groups. �These times are affected by the subsequent
intradot carrier relaxation.� Siegert et al.13 have found a cap-
ture time of 4.9 ps in undoped dots, and 5.4 and 6.1 ps in
n-doped and
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C. Relaxation of excited carriers within the dot

Following carrier capture from the wetting layer into the
dot, carriers can experience different dynamical processes.
These processes largely reflect the type of spacings that exist
between various confined states. The �In,Ga�As/GaAs sys-
tem has interesting properties in this respect. First, not only
are these direct gap materials, but the competing band-
structure valleys �X ,L� are rather far energetically from �
�unlike InP or PbSe �Ref. 18��; thus, these materials, espe-
cially InAs, are in fact strongly direct-gap systems. Second,
the hole mass in InAs is much heavier than the electron
mass; thus, confined hole states tend to be more densely
spaced than electron states. Third, the electron states are ar-
ranged in S , P , D. . . “shells” and each shell shows intrashell
level splittings, e.g., E�P1��E�P2� are split by 1–6 meV,
while intershell splittings are larger, e.g., S-P spacing is
40–60 meV �Refs. 6–9, 11, and 19� �compared to
�300 meV in CdSe dots�. Thus, the intrashell splitting is of
the order of �small wave vector� acoustic phonon energies,
whereas intershell spacing is larger than �small wave vector�
longitudinal optical phonon energies. Therefore, intershell
relaxation via single-phonon emission due to electron-
phonon coupling �within the Born-Oppenheimer adiabatic
approximation� is expected to be ineffective20,21—the
phonon-bottleneck effect—because energy cannot be con-
served in the intershell relaxation process. Finally, hole states
do not form shells, with the exception of flat dots22 �height of
�20 Å�, and the splitting between hole states is about
1–20 meV, thus comparable to acoustic phonon frequencies.

Given these general characteristics, the main electron- and
hole-relaxation channels within the dot are:

�i� Hole thermalization. The hole relaxes to h0, most

likely via electron–acoustic-phonon emission. Such a hole
relaxation has been found to occur within subpicosecond
times.16,23 Moreover, Quochi and co-workers showed that the
hole relaxation time depends strongly on temperature: 20 ps
at 60 K and 0.8 ps at 300 K.24 Note that in CdSe colloidal
dots the existence of energy gaps of �60 meV within the
valence-band quasi-continuum was shown experimentally25

and theoretically26 to slow down the hole thermalization.
�ii� Intrashell electron relaxation �e.g., P2→P1; Fig. 1�.

The electron relaxes from P2→P1 �1–6 meV splitting� or
between magnetic-field split states, via acoustic phonon
emission. From optical pumb-probe measurements, Zibik et
al. have recently deduced relaxation times of 15 and 35 ps
for P1-P2 splittings of 3.7 and 5.5 meV,10 respectively. A
model calculation that adopts longitudinal acoustic phonon
emission predicts, correspondingly, values of 8 and 34 ps.10

�iii� Inter-shell electron relaxation for sole carrier and
for electron-hole pair �e.g., P→S; Fig. 1� within the
40–60 meV separating the electronic shells. This relaxation
is different if an electron-hole pair is present or just a sole
electron �doped dot�.
As expected from the phonon bottleneck effect, intershell
relaxation in �In,Ga�As/GaAs dots has been observed to be
slow by Urayama et al.23 �relaxation time of �750 ps� as
well as Heitz et al.27 �7.7 ns�. In contrast, time-resolved op-
tical measurements have clearly demonstrated that this inter-
shell decay is a fast process whether a hole is present or
not. For instance, in experiments in which both an electron
and hole are present, Müller et al. have found decay times
of 4.7 ps at 5 K and 2.8–1.5 ps �depending on excitation
power�



Several relaxation mechanisms have been proposed as re-
sponsible for the fast intershell relaxation: multiphonon
emission,32 Auger �carrier-carrier� scattering,33–36 and po-
laron relaxation.37–40 �We discuss the Auger and polaron
models in Sec. III.�

D. Thermal escape of carriers from dot

On increasing temperature, the photoexcited electron and
hole escape the confined states of the dot �Fig. 1�d��. Ther-
mal depopulation has been found to be significant at tem-



sition Rl,	 within the dot or barrier, and a nonlocal pseudo-
potential VSO that accounts for the spin-orbit interaction.52 To
solve Eq. �1�, we expand � j in a linear combination of Bloch
bands un,k

�M��R� of material M �InAs, GaAs�, with wave vector
k and band index n, subjected to strain 
̃:53



with initial conditions taken to be n1�0�=n2�0�



that takes place as the gap of the dot decreases, due to the
increase in the density of single-particle hole states.

D. Comparison to other calculations for „In,Ga…As/GaAs dots

We have compared our results to two model calculations:
�i� The eight-band k ·p calculation of Jiang and Singh34 and
�ii� the parabolic, single-band effective-mass calculation of
Ferreira and Bastard.35 Our results agree well with the cal-
culation in �i�. Namely, Jiang and Singh show an increase of
the characteristic Auger cooling lifetime with decreasing �.
In addition, the results of Jiang and Sing compare satisfacto-
rily �within a factor of two� with the value of � �P→S� ob-
served by Sosnowsky et al.16 A direct comparison with �ii� is
not fully applicable since Ferreira and Bastard35 consider dif-
ferent initial states than those considered here �Sec. IV A�
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