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In solids the phonon-assisted, nonradiative decay from high-energy electronic excited states to
low-energy electronic excited states is picosecond fast. It was hoped that electron and hole
relaxation could be slowed down in quantum dots, due to the unavailability of phonons energy
matched to the large energy-level spacings �“phonon-bottleneck”�. However, excited-state
relaxation was observed to be rather fast ��1 ps� in InP, CdSe, and ZnO dots, and explained by an
efficient Auger mechanism, whereby the excess energy of electrons is nonradiatively transferred to
holes, which can then rapidly decay by phonon emission, by virtue of the densely spaced
valence-band levels. The recent emergence of PbSe as a novel quantum-dot material has rekindled
the hope for a slow down of excited-state relaxation because hole relaxation was deemed to be
ineffective on account of the widely spaced hole levels. The assumption of sparse hole energy levels
in PbSe was based on an effective-mass argument based on the light effective mass of the hole.
Surprisingly, fast intraband relaxation times of 1–7 ps were observed in PbSe quantum dots and
have been considered contradictory with the Auger cooling mechanism because of the assumed
sparsity of the hole energy levels. Our pseudopotential calculations, however, do not support the
scenario of sparse hole levels in PbSe: Because of the existence of three valence-band maxima in the
bulk PbSe band structure, hole energy levels are densely spaced, in contradiction with simple
effective-mass models. The remaining question is whether the Auger decay channel is sufficiently
fast to account for the fast intraband relaxation. Using the atomistic pseudopotential wave functions
of Pb2046Se2117 and Pb260Se249 quantum dots, we explicitly calculated the electron-hole Coulomb
integrals and the P→S electron Auger relaxation rate. We find that the Auger mechanism can
explain the experimentally observed P→S intraband decay time scale without the need to invoke
any exotic relaxation mechanisms. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2901022�

INTRODUCTION

In insulating solids1 and in large molecules,2 optical ex-
citation at energy �excess above the first excited state leads to
rapid, phonon-assisted intraband relaxation of the photoex-
cited electron and hole. As a result, photoluminescence is
observed only from the lowest-energy excited state, irrespec-
tive of the magnitude of �excess �Fig. 1�a��. The emergence of
semiconductor quantum dots has raised the hope that intra-
band carrier relaxation could be significantly slowed down
via a “phonon-bottleneck” mechanism �Fig. 1�b��, in which
phonon-assisted intraband transitions are inhibited by the
large energy spacing between electronic levels. The exis-
tence of long-lived excited states could be beneficial to de-
vices that utilize the excess energy �excess. Examples include
the expected extension of radiative intraband emission far
into the mid-IR,3 or the utilization of the excess energy
�excess to create additional electron-hole pairs.4 This phonon-
bottleneck scenario5,6 was postulated on the basis that quan-
tum confinement in zero-dimensional nanostructures in-
creases the spacing between electronic energy levels, while

leaving the phonon energies largely unchanged. Indeed, in
CdSe �Ref. 7� and PbSe �Refs. 8–10� nanocrystals, the spac-
ings between the first and second electron levels �S and P in
Fig. 1�a�� are 200–400 meV and 100–300 meV, respec-
tively, far exceeding the LO phonon energies of �30 �Ref.
11� and 17 meV,3,11,12 respectively. Even in a much larger,
self-assembled InGaAs /GaAs dots, the spacing between the
electronic levels ��50 meV� is larger than the LO phonon
energy ��30 meV�.13–16 When the spacing between elec-
tronic levels exceeds the phonon energy, one would expect5,6

phonon-assisted relaxations to be slow, on account of the
unavailability of energy-conserving phonons.17 This scenario
led to the expectation4,5 of slow carrier relaxation in quantum
dots �Fig. 1�b��.
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A correct description of the single-particle energy levels
of quantum dots requires a theoretical model that can accu-
rately describe a few physical effects: �i� The existence of
multiple band extrema in the corresponding bulk band struc-
ture. Previously published first-principles band-structure cal-
culations of bulk PbSe �Ref. 36� show that a few valence-
band extrema exist within �0.5 eV of the VBM. All
effective-mass-based methods applied to PbSe to date in-
clude but a single valence band valley, so they all miss this
contribution to the hole density of states of PbSe quantum
dots. �ii� The splitting of the L-valley band-edge states and
their anisotropic effective masses. The only other atomistic
�not effective mass� calculation of large PbSe quantum dots
is the tight-binding calculation of Allan and Delerue.40 Un-
fortunately, the particular tight-binding fit of Ref. 40 did not

correctly reproduce the effective-mass anisotropy of the L
valleys.9

Here, we consider two quantum dots; Pb260Se249

�R=15.3 Å� and Pb2046Se2117 �R=30.6 Å�. All surface dan-
gling bonds were passivated by ligand potentials.9,10 Refer-
ences 9 and 10 give the results of interband absorption spec-
tra, intraband absorption spectra, and multiexciton
generation of these dots. To evaluate Coulomb integrals of
Eq. �2�, we use a microscopic dielectric function of the form


−1�r1,r2� = 
out
−1 �r1,r2� + �
in

−1�r1,r2�

− 
out
−1 �r1,r2��m�r1�m�r2� , �5�

where m�r� is 1 for 	r	�R−d �here, d=1 Å�, decays to zero
as ��sin���R− 	r	� /2d�+1� /2 between R−d and R+d, and



Whereas the ep−es energy separation is too large
�
130 meV, corresponding to �8��LO�



tonic dependence on the exciton energy E�, so the thermal-
averaged Auger lifetime �A depends more weakly on
temperature.

SUMMARY

The observed fast P→S intraband relaxation times3,12,28

of 1–7 ps for PbSe dots of radius ranging from 20 to 35 Å
have been previously considered to be contradictory with the
light hole and electron effective masses of PbSe and the pre-

sumed mirrorlike symmetry between conduction and valence
energy levels. Our pseudopotential calculations9,10 refuted
the presumption of mirrorlike symmetry: Because of the ex-
istence of three valence-band maxima in the bulk PbSe band
structure, hole energy levels are more densely spaced than
electron energy levels, thereby opening up Auger scattering
as a possible source of the fast P→S intraband relaxation.
We find that the Auger mechanism can explain the experi-
mentally observed intraband P→S relaxation time scale
without the need to invoke any exotic relaxation mecha-
nisms. However, inclusion of the temperature dependence of
the electron and hole spacings may be needed to obtain a
closer agreement between the calculated temperature depen-

dence of �A and experiment. The existence of efficient mul-
tiexciton generation in PbSe �Refs. 29 and 30�
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