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a  b  s  t r  a  c  t

For the  past  three  decades,  the  field  of quantum  dot  research  has been  expanding  enormously,  owing
to  the  unique  dynamics  of  charge  carriers  in  these  tiny  crystals.  This  review  provides  an  overview  of
charge  carrier  dynamics  in  photoactivated  quantum  dots.  Specifically,  it deals  with the  exciton  fine
structure,  multiple  exciton  generation  and  the  origin  and  control  of  photoluminescence  intermittency  in
cadmium and  lead  chalcogenide  quantum  dots.  These  properties  are  discussed  within  the  framework  of
spectroscopy  and  microscopy  of single  and  multiple  exciton  states.  Finally,  this  review  touches  on  the
photoluminescence-  and  multiple  exciton-  based  applications  of  quantum  dots,  such  as  lasing  and  high
efficiency  solar  cells.

© 2018  Elsevier  B.V.  All  rights  reserved.
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1. Introduction

Since the theoretical prediction of quantum confinement [1]
and the experimental demonstration of quantum size effect on
photoluminescence of semiconductor nanocrystals [2] or quantum
dots (QDs), these materials attract much attention in fundamen-
tal science, and optoelectronic and photovoltaic technologies. In
the bulk semiconductor, the charge carriers [(e)lectron-(h)ole pair,
also called exciton] are characterized by a continuum of states in the
valence and conduction bands, separated by the band gap, Eg(bulk).
This exciton is held together by the Coulomb interaction energy
between the charges, the magnitude of which is characterized by a
length scale of Bohr exciton radius, aB. As the size is decreased to the
nanometer regime, the electronic wave functions become spatially
confined within the boundary of 2aB, thus providing the ‘quantum
size effects’ or ‘quantum confinement’, [1] where the bulk elec-
tronic band structure modifies into discrete, well separated states.
Fig. 1a shows the band structure of a bulk semiconductor and sepa-
rate electronic states in a QD. Typically, the band gap energy of a QD
with radius ‘a’ is proportional to 1/a2, resulting in a blue-shift in the

emission and absorption wavelengths with decreasing size. For a
spherical QD surrounded by an infinite potential barrier and under
the parabolic approximation, the energy of the discrete electron
and hole states is given by Eq. (1) [1,3]:

E = �
2�2

2m∗a2
, (1)

where m*  is the effective mass of the electron or hole. Eq. (1) shows
that the energy of the lowest electron and hole state increases
with decreasing size. As an example, the size-dependent absorption
spectra of PbS QDs are shown in Fig. 1b [4].

Owing to their wide range of applications to LEDs [5–10], solar
cells [11–19], lasers [20–27], biosensing and imaging [28–31], core-
only QDs of various compositions have been synthesized from
group II–VI (e.g. CdS, CdSe, ZnS) [2,32], IV–VI (e.g. SnS, SnSe, PbS,
PbSe, PbTe) [33,34], and III–V (e.g. InAs, InP, GaAs) [35,36] ele-
ments. Strong interactions between charges in these QDs affect
their properties in different ways; for example, optical activation of
QDs results in e-h energy transfer, carrier multiplication, and non-
radiative Auger recombination [37]. Further, the strong interactions
lead to the exciton fine structure in QDs, which consequently affects
the spectral and dynamical properties of both single and multiex-
citon states [1,38,39].

In a QD, the optical spectra arise from transition between the
discrete electron and hole energy states. A ground state exciton
is formed by the transition of electron from the highest occu-
pied energy state to the lowest unoccupied energy state. However,
this picture is not so simple, the spin-orbit coupling splits elec-
tron and hole states. Additionally, other perturbations like crystal
field effect, shape anisotropy, and e-h exchange interaction lift
the degeneracy of these energy states, giving rise to exciton fine
structure [38–40] which is discussed within the effective mass
approximation, by talking CdSe as an example.

2. Exciton fine structure

In CdSe QDs, with spherical shape and cubic lattice (zinc blend),
the band-edge exciton state (1Se1S3/2) is eight-fold degenerate
[39]. At first, the spin-orbit coupling provides doubly degenerate
(J = ±1/2) electron states (1Se) and four-fold degenerate (J = 3/2)
hole states (1S3/2). The Hamiltonian that deals with the degeneracy
and spin-orbit coupling of the hole states is given by Eq. (2) [40]:

H = �1

2m
p2 − �′�1

18m

(
P(2) · J(2)

)
, (2)

Fig. 1. (a) Scheme of electronic band structure in a bulk semiconductor and the discrete energy-levels in a QD. (b) The absorption spectra of PbS QDs with different diameters,
ranging from 4.3 to 8.4 nm.  Reprinted with permission from reference 4.
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