
Abstract. The spectral luminescent characteristics of colloidal
quantum dots as a new class of luminophores are discussed and
state-of-the-art investigations, problems, and prospects for
their applications are considered.
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1. Introduction

Luminescence as a physical phenomenon has very long been
known, and many great scientists that made basic contribu-
tions to natural science have attempted to understand its
nature for several centuries. In his opening talk at the Second
All-Union Conference on Luminescence in 1948, S I Vavilov
presented in outline the historical development of the science
of luminescence and named a number of outstanding
scientists that had made important contributions to the
understanding of this phenomenon, among them Boyle,
Newton, Lomonosov, Euler, Boshkovich, Petrov, Arago,
Brewster, Stokes, Becquerel, and Lomel [1]. The study of
luminescence, as S I Vavilov pointed out, is a prominent
example of the close relationship between fundamental and
applied investigations. On the one hand, luminescence plays

an important role for practical applications as a light source,
and, on the other hand, studies of luminescence have led to
the discovery of new physical phenomena such as radio-
activity, while the luminescent technique itself has become
an efficient tool for studying the structure and properties of
matter.

The work by S I Vavilov and his scientific school played
an outstanding role in the development of luminescence
science. In this work, the scientific definition of luminescence
was proposed and basic laws governing the transformation of
different types of energy to light energy in luminophores were
formulated: the Vavilov law of the independence of lumines-
cence spectra on the exciting light wavelength, the Levshin
mirror symmetry rule, and Stepanov's relation between
absorption and emission spectra of luminophores.

There are two types of luminophores Ð organic and
inorganic. Organic luminophores include organic or organo-
elemental molecules having a high photoluminescence quan-
tum yield. They are exploited for luminescent assay and
diagnostics in physics, chemistry, biology, medicine, and
criminalistics, as well as in the production of various
luminescent materials and fluorescent dyes. The glowing of
inorganic luminophores is caused, as a rule, by luminescent
ions, for example, cations of transition and rare-earth
elements contained in small amounts in crystals absorbing
light. Inorganic luminophores are employed in luminescent
lamps and cathode ray tubes, for manufacturing X-ray
displays, as radiation sensors, etc. The spectral luminescent
properties of organic luminophores required for various
purposes are achieved by the proper chemical design of the
structure of luminescent molecules. For inorganic lumino-
phores, this is achieved by the appropriate choice of the
chemical composition of luminescent activators.

Currently, more and more attention, from both the
fundamental and practical points of view, is being devoted
to a new class of luminophores, so-called colloidal quantum
dots (CQDs) with luminescent properties determined by the
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average size of nanoparticles of a crystalline semiconductor,
varying within the range of 2±10 nm. In this case, the width of
the luminescence spectrum of a single nanoparticle at room
temperature is only 20±30 nm, while the spectrum position
can be varied within about 100 nm with respect to the
bandgap width of a bulk semiconductor. Thus, a rather
limited set of luminescent variable-size quantum dots based
on AIIBVI, AIIIBV, or AIVBVI semiconductors easily covers
the spectral range from 350 to 3500 nm.

The dependence of the spectral luminescent properties of
ultradispersion semiconductors on particle size was demon-
strated for the first time in 1981 by Ekimov andOnushchenko
[2] at the Vavilov State Optical Institute for CuCl nanoparti-
cles grown in multicomponent silicate glasses during ther-
mally induced diffusive phase decomposition of a super-
saturated solid solution. This dependence was theoretically
justified by Efroses [3]. Independently, Brus [4, 5] obtained
the same dependence for colloidal CdS solutions. Over the
next several years this effect was experimentally revealed and
confirmed for ultradispersion particles of CdS, CuBr, CdSe,
PbS, ZnS, Zn3P2, andCd3P2 semiconductors [6±11]. The term
`quantum dot' appeared for the first time in 1988 [12] and
since then has been used in the literature instead of the terms
`ultradispersion particles' or `nanocrystals'.

In the early 1990s, a precision physical method for
producing quantum dots by molecular beam epitaxy was
developed [13]. The method is based on the deposition of a
thin layer of a semiconductor material onto an atomically
smooth substrate, which spontaneously decomposes after
achieving a critical thickness of a few monomolecular layers,
producing a regular structure of quantum dots in the form of
rectangular small pyramids [14]. This method is quite
complicated and requires precision and costly equipment,
but provides a very narrow size distribution of epitaxial
quantum dots. At present, they are finding wide applications
in various optoelectronic devices. Notice, however, that
epitaxial quantum dots fundamentally differ from colloidal
quantum dots in their properties and applications. At the
same time, they represent a new class of luminescent
nanostructures in classical quantum electronics based on the
quantum size effect.

In 1993, a simple and very efficient chemical method for
synthesizing quantum dots was proposed [15], which was
called high-temperature colloidal synthesis (HTCS). The
method uses high-boiling trioctyl phosphine oxide (TOPO),
which is simultaneously a solvent, cationic complexing agent,
and anticoagulant forming the ligand shell of CQDs. In this
case, a trioctyl phosphine (TOP) molecule, which is structu-
rally isomorphic to TOPO, plays the role of a nonmetal
complex agent and is also involved in the formation of the
ligand CQD shell. This method not only opened up new
possibilities for CQD studies but also demonstrated real
prospects for their practical applications. The further devel-
opment of HTCS is directed to the search for new high-
temperature solvents efficiently stabilizing the CQD surface
and to the development of methods for post-synthetic CQD
modification to obtain high luminescence quantum yields
[16]. Unlike organic molecular luminophores, CQDs have, in
principle, much higher thermal stability and photostability
and, in addition, offer a number of functional advantages due
to the unique possibility of varying their spectral parameters.
Already at present, they are finding applications in LEDs,
displays, solar cells, optical amplifiers, lasers, chemical and
biological sensors, and biomedical diagnostics. Further

promising applications of CQDs concern molecular electro-
nics and quantum computers.

The importance of this scientific field and the priority of
the pioneering work that initiated the development of this
new field of photonics, which is being extensively developed
at present, was recognized by awarding the Robert Wood
Prize in 2006 to Louis Brus, Aleksei Efimov, and Alexander
Efros. In 2008, Louis Brus was awarded the Fred Cavli Prize
in the nanotechnology category. The relevance of this field is
also confirmed by the fact that for the last five years more
than 10,000 papers in this field have been published in
scientific journals indexed in the Scopus and Web of Science
databases. At a recent international conference in Paris
devoted to the 30th anniversary of the discovery of quantum
dots, new ideas were proposed and prospects for QD
applications were outlined (www.30-years-qds.com).

In this paper, based on the oral report presented at the
40thVavilov Readings devoted to the 125th anniversary of S I
Vavilov's birth, the main focus is devoted to the spectral
luminescent properties of CQDs and new physical effects
determining their unique characteristics, opening up new
possibilities for their application.

2. Quantum size effect

Size effects in semiconductors have a quantum nature and are
related to the appearance of energy quantization conditions
caused by spatial restriction on the motion of quasiparticles.
This attracted attention back in the 1930s, at the dawn of
quantum mechanics. For example, studies of the electric
breakdown in dielectrics revealed anomalous critical values
of the electric breakdown potential for gaps lower than
10ÿ6 cm, which were inconsistent with classical concepts [17,
18]. In the 1960s, a number of quantum size effects were
discovered in the conductivity of thin semiconductor and
semimetal films [19]. The quantum size effect in the absorp-
tion of light in semiconductors was experimentally demon-
strated for the first time in paper [20] for so-called quantum
wells consisting of a thin epitaxial narrow-gap semiconductor
film located between two wide-gap semiconductor layers.
When the motion of charge carriers in a semiconductor is
spatially restricted in one of the three directions, quantization
conditions for admissible energy values appear, according to
which an integer number of de Broglie half-waves should fit in
a given spatial size. As a result, various quantum size effects
appear in spatially restricted semiconductors, which are
caused by a radical change in the density of electron states in
the semiconductor. Quantum size structures can be classified
by the dimensionality of the free motion of electrons and
holes. These are two-dimensional (2D) structures (quantum
wells), one-dimensional (1D) structures (quantumwires), and
zero-dimension (0D) structures (quantum dots).

The type of electron structure of a quantum dot and its
dependence on the nanoparticle size are determined by the
solution of the stationary Schr�odinger equation in a spheri-
cally symmetric rectangular potential well [21]. The solution
to this problem gives the theoretical foundation for determin-
ing the size dependence of transition energies during the
absorption and emission of light by a quantum dot. When
the nanoparticle size becomes small enough, the continuous
spectrum of allowed energies for electrons and holes in a
semiconductor transforms into a discrete spectrum (Fig. 1).

The corresponding stationary energy levels Enele and Enhlh

of electrons and holes, respectively, are described by the
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expressions

Enele �
�h 2r 2

nele

2meR 2
; Enhlh �

�h 2r 2
nhlh

2mhR 2
; �1�

where R is the quantum well radius, me and mh are the
effective electron and hole masses, respectively, ne, le, nh,
and lh are the principal and orbital quantum numbers of the
corresponding electron and hole states, and rnele and rnhlh are
a set of numbers determined by the roots of spherical Bessel
functions. The first three nonzero roots in the increasing
order r10 � 3:142, r11 � 4:493, and r12 � 5:763 correspond
to quantum states 1S (n � 1, l � 0), 1P (n � 1, l � 1), and 1D
(n � 1, l � 2). The selection-rule allowed transitions between
the ground state of a particle and its excited states with
quantum numbers ne, le, nh, lh determine the absorption and
emission spectra of quantum dots (see Fig. 1). Expressions
(1), taking into account the Coulomb interaction of electrons
and holes, give the Brus formula [11] allowing the estimate of
the value of DE determining the shift of the absorption and
luminescence spectra of nanoparticles as a function of their
size:

DE � E e
10 � Eh

10 ÿ Eg � �h 2p 2�me �mh�
2R 2memh

ÿ 1:8e 2

eR
: �2�

Here, Eg is the bandgap width of a bulky semiconductor, R is
the nanoparticle radius, and e is the permittivity. The second
term on the right-hand side takes into account the Coulomb
interaction of an electron±hole pair in CQDs. This expression
is often used to estimate the mean size of CQDs. However, in
reality the size dependence of the position of the long-
wavelength absorption edge does not strictly follow the Brus
formula. Because of this, the size of particles is determined in
practice from experimental spectral dependences such as
those presented for cadmium chalcogenide in Fig. 2.

To obtain such calibration dependences, it is necessary to
record absorption spectra for a series of samples with
particles and to measure particle sizes through the method
of electron microscopy or X-ray diffraction by the broad-

ening of observed peaks. The measurement of extinction
coefficients of CQDs is more complicated. It was reliably
found that the extinction coefficient in the short-wavelength
region of the absorption spectrum is proportional to the
volume of particles [23]. However, data on the size depen-
dence of the extinction coefficient in the region of the long-
wavelength absorption maximum are contradictory. Thus,
according to theory [5], the extinction coefficient in this
region should be almost independent of the particle size.
This was confirmed in experiments for CdTe [24]. However,
for CdSe [25, 26] and PbS and PbSe [23], linear dependences
of the extinction coefficient on the particle diameter were
observed. The dependence with the exponent 1.6 was
observed in Ref. [27] for CdS. At the same time, in Ref. [22]
approximately cubic size dependences were observed for
CdTe, CdSe, and CdS, which is wholly inconsistent with
theory [5].

The phonon spectrum of CQDs also somewhat changes
due to spatial restrictions. This is manifested in the change to
characteristic Raman frequencies [28±32].

3. Luminescence blinking effect

Due to various reasons which we will consider below, even
CQDs with very close sizes can have very different spectral
luminescent properties. This is related to the defect structure
of the surface of nanoparticles and the presence of local states
of different types in which photoelectrons or photoholes can
be trapped. As a result, a CQD becomes charged and the
luminescence quantum yield of such a nanoparticle sharply
decreases, manifested in the so-called fluorescence blinking
effect observed for single nanoparticles, which can be during
observation in one of the two states: luminescent (ON) and
nonluminescent (OFF). Transitions between these states
occur randomly on a broad time scale, from 10ÿ6 to 101 s.
The luminescence blinking effect depends on the CQD
synthesis conditions, the composition, structure, and form
of the ligand shell, the thickness of the additional semicon-
ductor shell, and many other factors. The blinking effect was
observed for the first time by Nirmal et al. [33]. As a rule, it is
studied by the spectroscopy of single nanoparticles [34, 35].
The state-of-the-art in these investigations is presented in a
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Figure 1. Schematic of the transformation of the energy spectrum of
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number of recent reviews [34, 36±39]. One of the first
mechanisms proposed for explaining the CQD blinking
effect assumes the transition of a nanoparticle absorbing a
photon to the charged state (the OFF state) in which the
radiationless Auger recombination occurs after each subse-
quent absorption of a photon [40] (Fig. 3). The reverse
transition to the ON state occurs due to spontaneous CQD
discharge [41] (see Fig. 3).

This mechanism was modified in following papers mainly
to refine the charge state type and its production and
discharge [42±45]. Essentially different mechanisms were
also proposed [35, 46, 47]; however, complete clarity is
lacking to date. This is explained by the complexity of the
process itself and difficulties in obtaining experimental data
and their interpretation. It is only clear that the surface states
of nanoparticles play an important role. The state-of-the-art
in studies of the mechanism of CQD luminescence blinking is
presented in review [48]. The blinking effect reduces the
fluorescence quantum yield of an ensemble of CQDs as a
whole [34]. In this case, as shown in Refs [49, 50], the
luminescence quantum yield of some single CQDs in the
ensemble is close to unity, whereas other CQDs do not
luminesce at all. In addition, some intermediate state is
possible in which excited CQDs emit photons, but with a
lower probability than in the ON state [51].

The suppression of the blinking effect has been widely
studied. One of the efficient methods for suppressing blinking
is based on growing additional wider-gap semiconductor
shells on CQD cores. The accumulation of additional
semiconductor shells requires maximum matching between
the lattice parameters of the core and shell materials and the
controllable shell thickness to avoid the appearance of defects
at the interface between two semiconductors. The authors of
paper [52] reported a new class of CQDs with shells contain-
ing up to 19 monolayers of the accumulated semiconductor.
The fraction of blinking particles in such CQDs is reduced to
20%,whereas usually it is difficult tomake it lower than 70%.
It was shown in Ref. [53] for InP@CdS CQDs that the
blinking effect and Auger recombination were suppressed
upon increasing the CdS shell thickness from 1 to
11 monolayers. In addition, the photostability of single
CQDs and the CQD ensemble as a whole considerably
increases. The suppression of luminescence blinking with an

increase in the shell thickness was also observed in Ref. [54].
In paper [55], a luminescence quantum yield as high as 0.94
was reported for CdSe@CdS CQDs with a comparatively
small 2.4-nm thickness of a shell consisting of seven mono-
layers. In Ref. [56], it was shown that the distribution of the
lifetimes of the ON and OFF states in CdSe=CdxZn1ÿxS
CQDs strongly depended on the zinc concentration in a shell
changed in the radial direction. The authors of Ref. [57]
showed that the best blinking suppression was achieved for
CQDs with the complex CdSe=CdS=ZnS shell, where the
longest ON states were observed.

Among other factors suppressing luminescence blinking,
the ligand environment plays an important role. The efficient
suppression of luminescence blinking by thiol ligands was
demonstrated for water-soluble CdTe CQDs [58]. The
authors of Ref. [58] explain blinking suppression by the
removal of surface traps due to the efficient coordination
of thiol ligands with vacant cadmium atoms and the
formation of the CdS layer. The authors of Ref. [57] reported
that in a number of cases thiols, on the contrary, enhanced
blinking. The enhancement of blinking was also observed for
Mn-doped ZnSe CQDs. CQD fluorescence blinking also
depends on other factors, such as the synthesis condition
and UV radiation [59], the nearest environment [60], and the
pH of the medium [61]. Blinking can be suppressed near the
surface of a silver film [62] or an indium-tin oxide (ITO) film
[63], and near silver [64] or TiO2 [65] nanoparticles.

4. Multiple exciton generation

Colloidal quantum dots absorbing photons with an energy
several times higher than DE determined by the Brus formula
(2) reveal a unique effect, which was called in the literature as
multiple exciton generation (MEG). In this case instead of the
usual radiationless relaxation of electronic excitation, CQDs
can generate additional excitons whose maximum number is
determined by the ratio of the exciting photon energy to DE.
For example, the authors of Ref. [66] reported the generation
of seven excitons in a PbSe CQD absorbing a photon with an
energy 7.8 times higher than the bandgap energy. This
corresponds to the conversion of only 10% of the photon
energy to heat.

MEG was experimentally observed for the first time in
PbSe CQDs [67]. Later, MEG was discovered in CQDs with
different compositions, such as PbS, PbTe [68], PbSxSe1ÿx
[69], CdSe [70], CdTe [71], InAs [72], InP [73], and silicon [74].
A possible MEG mechanism was proposed in 2001 [75], i.e.,
before its experimental examination. Because the electronic
structure of CQDs is a set of discrete energy levels separated
by distances greatly exceeding characteristic phonon energies,
the usual vibrational relaxation of the electronic excitation
can be hindered, because transitions to the next lower
electronic level should occur due to simultaneous creation of
a great number of phonons. The probability of this process is
rather low; therefore, is was assumed that the cooling of hot
carriers in CQDs can be considerably slowed down. This
phenomenon was called a bottleneck in CQDs. In this
situation, the cooling of hot carriers competes with the
efficient impact ionization in which a hot exciton generated
after high-energy photon absorption transfers its excess
energy to one of the valence electrons, creating simulta-
neously a new exciton (Fig. 4).

However, experimental studies have shown that this
mechanism is not always consistent with experimental
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Figure 3. Luminescence blinking mechanism. (a) The ON state: photon
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less deactivation of the OFF state after photon absorption due to Auger

recombination. (d) The radiative ON state is recovered after the sponta-

neous transition of a hole from a trap to the valence band.
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results. For example, it was found that the relaxation rate did
not decrease with decreasing CQD size despite the increase in
the energy level separation [76]. Because of this, some other
mechanisms were also proposed for describing MEG [77].
One of them assumes the generation of a biexciton via the
virtual single- or biexciton state. This mechanism was
considered for the first time in Ref. [78] as an addition to
impact ionization. AnotherMEGmodel assumes that photon
absorption leads to excitation of a superposition of quantum
states corresponding to all possible states, including multi-
exciton states [79].

MEG is usually observed by the method of pump-probe
spectroscopy, allowing measurement of the number of
generated excitons. A few attempts to observe MEG in real
photovoltaic cells have confirmed that for photon energies
exceeding the bandgap width some characteristics improved,
but the effect was insignificant for different reasons. For
example, an increase in the electron current was observed in a
Graetzel cell [80]. However, the energy conversion efficiency
was very low because of a weak absorption of light by the
CQDmonolayer. For photons with energy three times higher
than the bandgap width, the authors of Ref. [81] obtained a
MEG efficiency equal to 114%, with a total efficiency
reaching 4.5%. They assumed that the characteristics of the
photovoltaic cell can be improved during optimization.

Thus, for practical MEG applications, it is necessary to
solve the intricate problem of the efficient separation of
corresponding MEG charges before their recombination, for
example, by charge transfer to the electron or hole acceptor
attached to the QD surface. However, as pointed out in
Ref. [82], the treatment of the QD surface can suppress
MEG and, therefore, this should be performed carefully. As
far as we know, the complete dissociation of all excitons
being produced in MEG was achieved only in Ref. [83] for
PbS/methylene blue CQD complexes. The MEG efficiency
amounted to 112%.

5. Inhomogeneous broadening
of luminescence spectra

Unlike traditional luminophores whose luminescence proper-
ties are determined by the electronic structure of single
molecules or atoms, CQDs cannot be treated as strictly

identical luminescent particles. Their characteristics always
have a dispersion caused by the size distribution, which in
turn results in the inhomogeneous broadening of the CQD
absorption and luminescence spectra. In Ref. [84], a method
for separating the homogeneous and inhomogeneous broad-
enings of CQD luminescence spectra was proposed, which is
based on the Kennard±Stepanov±van Roosbroeck±Shockley
relation. In 1918, based on Kirchhoff's law and general
phenomenological properties of photoluminescence (the
independence of the luminescence spectrum of the excitation
wavelength, the linear dependence of the luminescence
intensity on the exciting light intensity), Kennard [85]
concluded that for `cold' luminescence emission a simple
analytic relation between absorption and emission spectra
should exist in the form

F�n�
e�n� / FB�n� ; �3�

where n is the wave number, F�n� is the luminescence
spectrum, e�n� is the absorption spectrum, and FB�n� is the
equilibrium blackbody thermal radiation spectrum described
by the Planck law. However, Kennard's work was long
forgotten and mentioned for the first time only in 1962 [86]
after Stepanov [87] considered in 1956 radiative transitions
between equilibrium vibrational levels of the ground and
excited states in polyatomic molecules and used the relation
between Einstein coefficients to obtain an expression similar
to formula (3). Stepanov's expression differs only in that the
blackbody radiation spectrum was used in the short-wave-
length limit:

F�n�
e�n� / n 2 exp

�
ÿ hcn
kBT

�
; �4�

where h is the Planck constant, c is the speed of light in a
vacuum, kB is the Boltzmann constant, and T is the absolute
temperature. Because the photon energy usually greatly
exceeds kBT, relations (3) and (4) can be considered
equivalent. Also, independently of Kennard's work, the
relation between absorption and luminescence spectra was
found in 1954 by van Roosbroeck and Shockley applied it to
semiconductors [88].

Experimental verification of the Kennard±Stepanov±van
Roosbroeck±Shockley relation showed that it is well fulfilled
for most dyes [89, 90] and semiconductor layers [91±93].
These relations are also valid for CQDs. Assuming Gaussian
shapes of absorption and luminescence bands, relations (3)
and (4) give the Stokes shift for a single luminophore particle:

Dn � hc�dn� 2
kBT

; �5�

where dn is the homogeneous width of the luminescence band.
Thus, the Stokes shift for traditional luminophores is
determined by the homogeneous width of the spectral
bands. For an arbitrary CQD ensemble with a certain size
distribution characterized by dispersion dn0 (i.e., the standard
deviation of the maximum position from the mean value) due
to the quantum size effect, the observed width of the spectral
band is given by

dnS �
����������������������������
�dn� 2 � �dn� 20

q
: �6�
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At the same time, the Stokes shift will also be determined by
expression (5), i.e., by the homogeneous width of the
luminescence band of individual CQDs. This means that the
Kennard±Stepanov relation is not formally valid for the CQD
ensemble with a finite dispersion of the size distribution
function, but by calculating the homogeneous width from
formula (5), we can find the inhomogeneous broadening from
formula (6).

Figure 5 shows the absorption and luminescence spectra
of InP@ZnS CQDs [94]. The half-width of the luminescence
band and the Stokes shift measured in this experiment are
70 nm and Dl � 24:2 nm, respectively. The homogeneous
half-width of the luminescence band found from the Stokes
shift by formula (5) is 31 nm, while the inhomogeneous
broadening found from formula (6) is 63 nm.

The polydispersity of the given CQD ensemble can be
determined from the inhomogeneous broadening by using the
experimental calibration size dependence for InP [95] and
expression

dl0
hl0i �

�
1ÿ hl0i

lmax

�
dR
hRi ; �7�

where dR=hRi is the polydispersity of particles (the relative
root-mean-square standard deviation of the nanoparticle
radius from the mean value), and hl0i is the mean position
of the absorption band of individual particles in the ensemble.
This gives a polydispersity equal to 11%.

6. Luminescence lifetimes

Another feature of the luminescence of CQDs caused by the
inhomogeneous broadening and dispersion of their proper-
ties is manifested in the measurements of their excited-state
lifetimes. The luminescence decay kinetics of individual
luminophores (atoms, molecules, nanoparticles) is usually
monoexponential and, therefore, is characterized by one
decay time. The same is true for an ensemble of identical
luminophores. However, the luminescence decay kinetics for

an ensemble of luminophores with different decay times is no
longer monoexponential and is characterized by the distribu-
tion function of luminescence lifetimes. This is the case for
CQD ensembles, where the luminescence lifetimes for
individual nanoparticles vary within two-three orders of
magnitude. The calculation of the distribution of decay
times from the experimental decay kinetics is a complicated
problem, which does not have an unambiguous solution for
any nonzero noise level of the input data. In mathematics,
such problems are called incorrect. They either do not have a
single solution or the solution exists but is not a continuous
function of the input data.

InRef. [96], a new approachwas developed for calculating
the distribution of luminescence lifetimes from its experi-
mental multiexponential decay kinetics based on the Tikho-
nov regularization method, taking into account the estimate
of confidence intervals in the solution of linear inverse
problems with the condition of nonnegative solution. This
approach allows us to find solutions with almost optimal
smoothness and to analyze them for the presence of artifacts
related to the problem's incorrectness. The result of this
approach can be demonstrated by the example of the
luminescence decay kinetics for InP@ZnS CQDs [94]
measured at four wavelengths (530, 550, 600, and 660 nm)
shown by vertical arrows in Fig. 5. Measurements were
performed at several wavelengths because the decay kinetics
at different wavelengths can be different due to large
inhomogeneous broadening. The kinetic curves were used to
calculate the distribution of luminescence lifetimes from the
expression

I�t� �
�1
0

a�t� exp
�
ÿ t

t

�
d ln t ; �8�

where I�t� is the luminescence decay kinetics, and a�t� is the
required probability density of the distribution of the decay
time logarithm. The results of calculations are presented in
Fig. 6.

The dominant broad peak in the distribution has a
maximum at� 35 ns. Taking into account the high quantum
yield, this peak probably corresponds to the radiative lifetime
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of luminescence. In the short-wavelength region of the
spectrum, lifetimes of about 4 ns make a great contribution.
It seems that these lifetimes correspond to the strongly
quenched luminescence of `grey' CQDs. In the long-wave-
length region of the spectrum, lifetimes of about 200 ns make
a small but statistically reliable contribution. Because these
lifetimes exceed the radiative lifetime of � 35 ns, we can
assume that they correspond to some trap luminescence.

It should be noted that the problem of obtaining the
distribution of luminescence lifetimes from kinetic curves is
incorrect in the mathematical sense. Therefore, the distribu-
tions obtained should be treated with care. They differ from
true distributions at least by their considerable smoothness;
the lower the signal-to-noise ratio, the higher the smoothness
degree. This is manifested in Fig. 6, in particular, in that the
distribution of luminescence lifetimes for kinetics measured in
the long-wavelength region is so strongly smoothed that the
peak at 200 ns is almost invisible.

7. Conclusion

Colloidal quantum dots can be treated as a new class of
luminophores offering a number of considerable advantages
over traditional luminophores. One of the most attractive
advantages is the fundamental possibility of providing quite
easily the required emission region in the whole visible and
near-IR spectral regions by varying the emission band width
from a few hundred nanometers to 20±30 nm. The funda-
mental possibility of obtaining very high luminescence
quantum yields and high thermal stability and photostability
are also important advantages. However, to realize these
characteristics in practice, much effort is still required for
understanding the mechanisms of photoprocesses in detail
and the search for new methods for achieving the required
results.
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