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Abstract: Lead-based (IV-VI) colloidal quantum dots (QDs) are of widespread scientific
and technological interest owing to their size-tunable band-gap energy in the near-infrared
optical region. This article reviews the synthesis of PbSe-based heterostructures and their
structural and optical investigations at various temperatures. The review focuses on the
structures consisting of a PbSe core coated with a PbSexS1x (0 < x < 1) or CdSe shell.
The former-type shells were epitaxially grown on the PbSe core, while the latter-type
shells were synthesized using partial cation-exchange. The influence of the QD
composition and the ambient conditions, i.e., exposure to oxygen, on the QD optical
properties, such as radiative lifetime, Stokes shift, and other temperature-dependent
characteristics, was investigated. The study revealed unique properties of core/shell
heterostructures of various compositions, which offer the opportunity of fine-tuning the
QD electronic structure by changing their architecture. A theoretical model of the QD
electronic band structure was developed and correlated with the results of the optical
studies. The review also outlines the challenges related to potential applications of
colloidal PbSe-based heterostructures.
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1. Introduction

For over a decade, lead chalcogenide (PbTe, PbSe, PbS) colloidal quantum dots (QDs) have been
the focus of widespread scientific and technological interest [1-4]. They are characterized by a
rock-salt crystal structure (space group Fm_3m), direct band gaps at four equivalent L-points in the
first Brillouin zone, small electron and hole effective masses [5], large dielectric constants [6], and a
large effective exciton Bohr radius [7]. Nano-sized IV-VI QDs exhibit size-tunable direct band-gap
energy in the range of 0.3-1.7 eV, characterized by a broad-band absorption profile in the near-infrared
(NIR)—visible wavelength range [8-10]. Moreover, these QDs can be processed by simple low-cost
solution-based techniques, readily applicable to fabrication of large-scale devices. The above-mentioned
properties of IV-VI QDs make them appropriate for being used in NIR gain devices [9,10],
photovoltaic cells (PVCs) [11-17], Q-switches [18,19], thermoelectric systems [20-22], and as
biological markers [23-25].

The synthesis procedures developed in the past decade made it possible to obtain lead chalcogenide
nanostructures with controlled size and morphology [26-39], which laid the grounds for studying their
fundamental physical properties, such as the type of conductivity [4], the density of states [40],
electron—hole exchange interactions [41], radiative lifetimes [42], Auger relaxation processes, and
multiple exciton generation [43-53]. While important results were obtained in the works cited above,
the studies devoted to the chemical stability of IV-VI QDs under ambient conditions are still quite
scarce [54,55]. At the same time, chemical stability may affect most of the above-mentioned principal
QD properties; for example, the photoluminescence (PL) intensity of PbSe and PbS QDs was shown to
decrease on their exposure to air [56,57]. In view of the fact that integration of colloidal QDs in
functional devices may require fabrication steps under ambient conditions, the issue of the effect of
QD chemical stability on their physico-chemical properties should be essential for the currently
emerging QD-based technologies.

Various approaches aimed at reducing the oxidation effect, including controlled passivation of the
surface by organic or inorganic ligands, have been proposed [58-60]. Several research groups
investigated the influence of the cation/anion ratio on the QD surface properties and showed that the
excess of Pb?* or Cd?* on the exterior surfaces of IV-VI QDs or 11-VI QDs, respectively, may increase
the number of bound surfactant molecules, thus improving the surface passivation [61-65]. Other
approaches include exchange of the surface ligands controlling the QD properties [65,66]. For example,
recent studies reported the immediate influence of oxygen exposure on the luminescence intensity of
oleic acid-capped PbSe QDs [55-57] and suppression of the oxidation process by exchanging the
surfactants for alkylselenide molecules [60]. In other studies, post-synthetic stabilization of the
QD surface was achieved by exchanging the organic surfactants for inorganic shells [58] or halide
anions [13]. Recently, Bae et al. [59] have reported stabilization of colloidal PbSe and PbS QDs as a
result of their reaction with molecular chlorine.
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Alternatively, efficient passivation can be achieved by epitaxial growth of another semiconductor
layer/s on IV-VI core QDs, leading to the formation of core/shell heterostructures, in which the shell
exterior surface remains covered by organic molecules. Another mechanism of the formation of such
heterogeneous nanocrystals employs cation exchange, which was demonstrated to occur in various
materials such as CdS-PbS [67] and HgxCdi xTe [68]. Recently, the formation of PbS/CdS [69,70] and
PbSe/CdSe [28,64,71] core/shell QDs by the cation exchange method was also achieved, which
marked a progress in solving the problems of luminescence instability and oxidation in these materials.
The PbSe/CdSe heterostructures can be further covered with an epitaxial shell of ZnSe(S), which is
relatively chemically inert and has high potential barrier [71]. Air-stable QDs were also obtained by
encapsulation in metal-oxide compounds (e.g., ZnO) [72].

As discussed-below, the shell growth not only provides the QDs with chemical and photochemical
stability, but may also result in totally new physical properties of the overall heterostructure.
Depending on the core-to-shell band-edge offset, different types of heterostructures will be generated.
For example, the discussed-above heterostructures have the quasi-type-Il alignment, which permits
delocalization of one charge carrier over the entire core/shell structure, the other one being confined
either in the core or in the shell. In PbSe/PbSexS1x (0 < x < 1) QDs, the electron is confined in the core,
while the hole is delocalized over the entire core/shell heterostructure. This is true for both core/shell
and core/alloyed-shell (0 < x < 1) QDs, the only difference being the smooth core-shell boundary
potential in the latter case [9,73,74]. In contrast to this, in PbSe/CdSe QDs the hole is confined in
the core, while the electron is delocalized over the entire core/shell heterostructure. Schematic
representation of different heterostructures, along with their anticipated band-edge alignment and the
carrier distribution curves, is shown in Figure 1.

Figure 1. Different-type heterostructures (top row) and possible electron and hole
wave-function distributions (bottom row).
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The quasi-type-11 heterostructure induces partial charge separation, thereby influencing the
strength of direct Coulomb and the exchange interactions [75,76]. This, in turn, leads to changes of the
radiative lifetime of a single exciton [77] and multiple excitons [78-82], and to their bright-to-dark
energy splitting [75,83-85].

In recent years, the enhancement of chemical stability as well as tuning of physical properties of
colloidal 11-V1 QDs [86-88] and a few types of colloidal IV-VI QDs [31,89] has been successfully
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achieved in ternary QDs. It should be noted, that our work [9,90] shows the advantage of core/shell
and alloyed core/shell heterostructures over core structures. For example, the alloying of PbSe/PbSexS1 x
results in smoothing the core-to-shell boundary potential (see Figure 1) and in considerably enhanced
chemical and photochemical stability [9,73,77]. An epitaxially grown PbS or PbSexS1 x shell has an
extremely small crystallographic mismatch (<3%) with the PbSe core, thereby reducing the core/shell
interface defects [9,90]. Recently developed alloyed QD heterostructures, such as CdxZni xSe/ZnSe [91],
CulnS2/ZnS [92], and CdTe/CdTexSe1x [62,93], show extremely high spectral stability (blinking-free
QDs) [62,93] and a relatively long biexciton lifetime (0.5 ns) [94]. We have recently reported a
theoretical study of the properties of alloyed PbSe/PbSexS1-x core/shell colloidal QDs, which shows the
variability of the electronic properties in all alloyed heterostructures with elemental composition,
modification of the exciton-phonon interaction, direct Coulomb and exchange interactions [74,90,95].
Additional details of this one and the other recent theoretical work are presented below. Since the
requirements for the QDs to be used in any optoelectronic device include size uniformity, high-yield
chemical synthesis, nearly defect-free structure, efficient absorption, and photochemical stability,
the review also describes different methods of synthesis PbSe/PbSexS1x (0 < x < 1) and PbSe/CdSe
heterostructures [73,96], whose electronic structure and optical properties were investigated [71,97,98].

This article is organized in the following way. In Section 2, two approaches for modeling the
electronic-band structure of the above-mentioned heterostructures are described. The first approach
employs the multiband kep envelope function for the description of PbSe/PbSexSi1x core/shell QDs.
The model shows the existence of the quasi-type-I1 electronic configuration, which depends on the QD
size, internal architecture, and shell composition. The second approach, which employs the finite
element analysis (FEA) software (COMSOL), was applied for evaluating the effective mass model
of PbSe/CdSe core/shell QDs. These models help to get qualitative understanding of QD-related
physical phenomena and possible ways of engineering electro-optical properties of QD heterostructures.
Section 3 summarizes the currently applied methods of QD synthesis, which include epitaxial growth
and cation-exchange as well as the crystallographic, morphological, and chemical characteristics of
PbSe-based core/shell heterostructures. Section 4 describes the steady-state and time-resolved optical
properties of the QDs under consideration, measured at various temperatures, with or without exposure
to oxygen. In this section, the optical properties of different-type QDs are compared and certain
particularities are discussed. Besides, the possibility of tuning the QD band-edge optical properties
by changing their composition and architecture is considered. The results demonstrate that the
produced PbSe/PbSexS1x (0 < x < 1) and PbSe/CdSe heterostructures are characterized by relatively
narrow emission bands, longer excited-state lifetimes, and higher stability towards oxidation for a
restricted period of time. Finally, in Section 5, several applications of the discussed above PbSe-based
heterostructures are considered.

2. Theoretical Prediction of the Electronic Properties of QD Heterostructures

Several calculation approaches, such as kep [95,99], effective mass [100], tight binding [101],
and pseudopotential [83,84] methods, were successfully applied for describing the electronic properties
of QDs. Recently, the effective mass method was used in combination with the FEA software
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(COMSOL) [102], which proved to be a convenient qualitative way of approximating a wide variety of
geometrical shapes, which cannot be treated analytically [102].

2.1. Electronic Structure of PbSe/PbSexS1 x (0 <x <1) QDs

The electronic-band structure of QDs (both alloyed and without alloying) was evaluated using the
four-band kep envelope function method [40], which is based on solving the effective Schrélinger
equation, I-Alk‘p(—iV)F(r) = EF(r), where F(r) are the four-component envelope eigenfunctions. The

model considered such specific features as the effective mass discontinuity, the crystal potential, and
the dielectric constant of the constituents at the core/shell and at the shell/surrounding interfaces [95],
in the cases when the shell has the alloy composition. A PbSe/PbSexS1x (0 < x < 1) core/alloy-shell
QD is schematically represented in 2a, where Rc and Rs are the core and shell radius, respectively, and W is
the shell thickness. Hamiltonian I—A|kAp (—iV) was adjusted to account for the effective mass discontinuity

at the PbSe/PbS core/shell QD interface by an appropriate choice of the kinetic-energy term, which
ensured the probability current conservation and the envelope functions continuity [103].
Furthermore, a few other issues were addressed in this theoretical study, namely, the effective mass

anisotropy (which is typical of IV-VI semiconductors), expressed via the remote band contributions to
the longitudinal (//) and transverse (_L) conduction (—) and valence (+) band effective masses, m”f s

the dependence of each physical parameter on the radial position (r) across the dot (2b), and its smooth
variability across the core/shell and the shell/surrounding interfaces. The smooth potential profile
reflects the nature of the interface region in alloyed materials with a gradient composition. The overall
band offset was chosen to be the same as in the corresponding bulk materials (in bulk PbS, the
valence-band maximum lies 0.025 eV above that in bulk PbSe and the conduction-band minimum
lies 0.155 eV above that in bulk PbSe). The previously calculated PbS band offset relative to that of
PbSe [104] and the reported PbS bulk electron affinity [105] and the composition-dependent bulk
PbSexSi1x band-gap energy [106] were used. The vacuum level was selected as the zero reference
energy. The height of the outer barrier (at r = Rs) for both electrons and holes was assumed to be
equivalent to the corresponding bulk electron affinity. The carriers mass outside the QD was supposed
to be equal to the free electron mass. Under the above assumptions, the values of the conduction and

the valence band-edge energies of the QDs can be obtained from the following expressions:
V™ =—(4.6+0.155x) eV and V" =—(5.01+0.025x) eV , respectively.

The obtained typical dependences of the effective masses and band-edge energies on the radial
position are illustrated in 2b. It should be noted that the influence of the ligands and of the surrounding
solvent may lower the barrier height to a certain limited extent, but the general trends shown in
Figure 2b remain unchanged. The investigated QDs were the core or core/(alloyed-)shell structures
with a general formula of PbSe/PbSexS1-x, where the cases of x = 1, x = 0, and 0 < x < 1 correspond to
a simple core (PbSe), a core/shell (PbSe/PbS), and a core/alloyed-shell structures, respectively.
It follows from the theoretical considerations that effective extraction of both charge carriers, which is
required, e.g., in PVC devices, is possible on their penetration into the surrounding medium.
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Figure 2. (a) Schematic representation of a QD heterostructure with alloyed-shell
composition and general chemical formula PbSe/PbSexS1 x, where 0 <x < 1. Rc and Rs are
the core and shell radius, respectively, and W is the shell thickness; (b) P lot of the

conduction and valence band-edge energies, V* (left axis), and the remote band

contributions to the valence and conduction band effective masses, m , in the units of

free electron mass, mo (right axis), vs. the radial coordinate in the heterostructure shown in
(), with Rc =2 nm and Rs = 3 nm. The zero energy is taken at the vacuum level.
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The step-like band alignment of the core/shell alters the confining potential that acts on the charge
carriers. The plots presented in Figure 2b show that the bulk band offsets between the core and
the shell materials depend on their composition. Moreover, for relatively small QDs, the typical
confinement energies are much larger than the band offset energies. Consequently, the lowest
electronic levels lie above the band offset and thus are only weakly affected by the core/shell
architecture. However, in sufficiently large core/shell QDs, the confined electronic levels are located
below the offset energy, which results in the localization of at least one carrier within the core. In
contrast to this, the hole is less affected by the small valence-band offset and remains more delocalized
as the QD size changes. Since the band offset is a function of composition and the confinement energy
is a function of size, the degree of the electron localization in the core (or, equivalently, its location
within the system) can be controlled by varying the above two degrees of freedom.

The extent of the electron and hole separation in PbSe/PbSexS1—x heterostructures can be further
analyzed by evaluating the probability of finding a carrier within the core, Pcore, Or within the shell, Pshen:

4
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Figure 3 shows the radial probability density of the ground-state electron and hole in the PbSe/PbS,
PbSe/PbSeo.75S0.25 heterostructures with Rc = 1 nm, Rs = 2 nm (top row) and Rc = 6 nm, Rs = 12 nm
(bottom row). It can be seen that the electron-hole charge separation becomes more pronounced with
the growth of the overall QD size at a constant Rs/Rc ratio. In addition, charge separation appears to be
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slightly more efficient in PbSe/PbS as compared to alloyed PbSe/PbSeo.75S0.25 QDs because of larger
band offsets in the former structure (see Figure 3, bottom row).

Figure 3. Radial probability density of the ground-state electron and hole in the indicated
QD heterostructures. Top row: Rc =1 nm, Rs = 2 nm; bottom row: Rc = 6 nm, Rs =12 nm.
Solid and dashed vertical lines designate the external QD boundaries and the core/shell
interface positions, respectively.

PbSe/PbS PbSe/PbSe; 55y 25
’; 1 ! electron || :
© hole
~ 05 I I
g ' ' N
© 0 L 1 . \ 2 1 "
g 0 05 1 15 2 25 30 05 1 15 2 25 3
< ! :
oN 1

& ‘ .
—~ 05 '
) I I
~ . .

0 L 1

0 2 4 6 8 10 12 0 2 4 6 8 10 12
Radial coordinate (nm) Radial coordinate (nm)

The value of the ground-state exciton energy (Eg) is of major practical and experimental
importance. The dependence of Eq on Rc and W in PbSe/PbS core/shell QDs (see Figure 4a) shows that
the Eg values in core/shell QDs are smaller than those in pure core QDs of the same overall size, Rs,
which is in agreement with previous experimental observations [90]. The dependence of Eg on W and x
in PbSe/PbSexS1-x core/alloyed-shell QDs with Rc = 3 nm, presented in Figure 4b demonstrates the
possibility of controlling the tunability of Eg not only by varying the core/shell size, but also by
changing the QD-shell composition. Thus, the described above diagrams can be used as a practical tool
of predicting the core/shell design for a required ground-state exciton energy.

Figure 4. Variation of the ground-state exciton energy, Eg, with (a) core radius, Rc, and
shell thickness, W, in PbSe/PbS QDs, and (b) shell thickness, W, and composition, X, in
PbSe/PbSexS1-x core/alloyed-shell QDs with Rc = 1.5 nm. ML stands for “monolayer”.

(a) PbSe/PbS (b) PbSe/PbSe S (R_=1.5 nm)

Energy (eV)

Shell width (ML)
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2.2. Electronic Structure of PbSe/CdSe QDs

The effective mass approach [102] was implemented using the FEA software (COMSOL) to
calculate the wavefunction distribution of charge carriers and the relevant eigenvalues. There is some
disagreement in the literature regarding bulk band alignment and effective masses of PbSe and
CdSe [100,102,107]. The band alignment and the effective mass values that were used in this work are
shown in Figure 5b and correspond to the PbSe/CdSe core/shell heterostructure illustrated
schematically in Figure 5a with the same designations as in Figure 2a. Pronounced discontinuity in the
hole characteristic properties can be observed at the point of transition from the PbSe core to the CdSe
shell, while, in the case of electron, these changes are much smaller.

Figure 5. (b) Dependencies of the energy bands (VB, CB) and electron and hole effective
mass (me and mn, respectively) values versus radial coordinate in the PbSe/CdSe QD
schematically represented in (a).
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The curves in Figure 6 show the effect of the total QD radius, Rs, and the core-to-shell radius ratio,
Rs/Rc, on the confinement energy of a hole and an electron. As expected, for both types of charge
carriers, the Rs reduction results in the modification the confinement energy and, consequently, of the
ground-state exciton energy, Eg, in the QDs. Since the effective masses of an electron and a hole
(me and mp, respectively) in PbSe core have similar values, their characteristic confinement energies
become very close as the Rc value approaches that of Rs. The effective mass of the hole in CdSe shell
is a magnitude of order larger than that in PbSe. Therefore, in PbSe/CdSe QDs, the confinement of the
hole is larger in the core. Thus, the hole is expected to be localized in the core, while the electron
should be delocalized over the entire QD volume. However, in thin shell PbSe/CdSe QDs the
penetration of both charge carriers close to the QD exterior surfaces would enable their effective
extraction in the PVC configuration.
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Figure 6. Effect of total QD radius, Rs, and core-to-shell radius ratio, Rc/Rs, on the
confinement energy of electron (solid lines) and hole (dashed lines).
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Figure 7 shows the normalized ( jszzzl) probability distribution of the charges in
QD

heterogeneous PbSe/CdSe core/shell QDs and in the surrounding medium. Since the confinement
energy of the hole is higher than that of the electron (Figure 6). Therefore, the electron is delocalized
from the core towards the shell, while the probability of finding the hole in the shell decays
exponentially as the shell thickness increases. As a result, the hole is localized inside the core (Figure 7).

The shell thickness is an essential parameter for controlling the electro-optical properties of
quantum dots. However, if the shell thickness is chosen so as to provide optimal charge separation, the
probability of finding the hole at the QD edge approaches zero (Figure 7b). Thus, employing the
core-shell approach for engineering the electro-optical properties of QDs requires careful examination
of the wave-function distribution in the particular heterogeneous structure.

Figure 7. Probability distribution of charges in QD heterostructures with external radius
Rs = 2 nm and different core radii: (a) Rc = 1.6 nm; (b) Rc = 1.0 nm.
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3. Synthesis, Structural, and Compositional Characterization of PbSe/CdSe and PbSe/PbSexS1-«
(0 £x<1) Colloidal Core/Shell QD Heterostructures

PbSe/PbSexSi1-x (0 < x < 1) and PbSe/CdSe core/shell QD heterostructures were formed by one- or
two-step procedures (epitaxial growth or cation-exchange synthesis), carried out at various temperatures.
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The colloidal QD morphology, crystalline structure and size were examined by the methods of
high-resolution transmission electron microscopy (HRTEM), scanning tunneling microscopy (STM),
and powder X-ray diffraction (XRD). Elemental analysis was performed by means of X-ray photoelectron
spectroscopy (XPS). The QD growth and shell coating was monitored by absorption measurements.

3.1. Small-Sized PbSe/PbS Core/Shell Colloidal QDs with Band-Gap Energy in the Range of 1.0-1.4 eV

The synthesis and characterization of small-sized PbSe and PbSe/PbS core/shell QDs were described
previously [108]. In brief, the preparation procedure included two steps. First, small-sized PbSe core
QDs, 2.0-2.5 nm in diameter, were synthesized. The main reaction mixture was composed of lead
oleate (Pb(OA)2) and hexadecane (HDC). The selenium precursor solution, containing trioctylphosphine
(TOP), diphenylphosphine (DPP), and hexadecane (HDC), was heated under vacuum for one hour.
Then, this solution was injected into the main reaction mixture and the QDs produced were separated
by centrifuging. At the second step, the shell growth was carried out. Diluted bis(trimethylsilyl) sulfide
(TMS2S) was added dropwise, at 70 <C, into the reaction mixture containing PbSe QDs, Pb(OA)2, and
diphenylether (DPE), and the obtained core/shell QDs were separated by centrifuging.

An HRTEM image of PbSe QDs with the average diameter of 2.5 + 0.4 nm is displayed in
Figure 8a. The corresponding fast Fourier transform (FFT) pattern, shown in the inset, confirms full
crystallinity of the QDs. Figure 8b demonstrates a set of the absorption spectra of PbSe QDs and of the
corresponding PbSe/PbS heterostructures with variable shell thickness (the total QD diameters are
indicated in the legend). The growth of a PbS shell leads to a pronounced red shift of the PbSe/PbS QD
absorption spectra as compared to those of the PbSe QDs. An HRTEM image of PbSe/PbS QDs with
the core diameter of 2.5 0.4 nm and the shell thickness of ~0.5 nm is displayed in Figure 8c,
the corresponding FFT pattern being presented in the inset.

Figure 8d shows the XRD patterns of PbSe and PbSe/PbS QDs. The (111), (200), and (220)
diffraction peaks, which appear at 20 equal to 25.44< 29.21< and 41.80< respectively, confirm the
rock-salt structure of both the PbSe and the PbSe/PbS QDs. The diffraction patterns of the
corresponding bulk PbSe and PbS are designated by the vertical lines in the figure. Based on the XRD
patterns, the average lattice parameters (a) in PbSe core and in core/shell PbSe/PbS QDs were
calculated to be 6.15 +0.04 A and 6.07 0.03 A, respectively. The comparison with the bulk values
(a=6.12 A and 5.94 A for PbSe and PbS, respectively) shows that the core/shell lattice parameter has
an intermediate value between the bulk parameters of its constituents.

Representative XPS spectra of air-free/air-exposed PbSe QDs (2.5 0.4 nm in diameter) and of
PbSe/PbS QDs (3.5 0.5 nm in diameter) are shown in Figure 9. The 4fs;2 and 4f72 spin-orbit splitting
of the Pb 4f level in air-free PbSe and PbSe/PbS QDs are shown in Figure 9c,d, respectively. Both the
4fs2 and 4f72 peaks were additionally resolved into two doublets each, one doublet corresponding to
the lead-chalcogen bond (Pb-Se/S; pink) and the other one corresponding to the lead-oxygen bond
(Pb-0O; green), which originates from the surface lead ions bound to the oleic acid ligands (—O2CR).
The binding energies (BES) corresponding to the XPS peaks are summarized in Table 1. Figure e,f
shows the XPS spectra of the same QDs as in Figure 9c,d, after 50 min of air exposure. Here, both the
4fs2 and 4f72 doublets were also resolved into two additional doublets, one of them corresponding to
the lead-chalcogen bond (Pb—Se/S; pink) and the other one corresponding to the lead-oxygen bond
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(Pb—O; dark green), which originates from the surface Pb ions bound to the oleic acid ligands (—-O2CR)
and also from the oxidized surface Pb ions, e.g., from PbO. The comparison of the light-green and the
corresponding dark-green areas of the PbSe and PbSe/PbS QD peaks, respectively, shows a ~three-fold
increase of the PbO-related signal in the air-exposed QDs as compared to the air-free QDs.

Figure 8. (a) HRTEM image of 2.5 0.4 nm PbSe QDs and its FFT pattern (inset);
(b) absorption spectra of the same PbSe and PbSe/PbS QDs with the same core diameter as
in (@) and with different shell thickness and the total diameter (see the legend);
(c) HRTEM image of 3.5 =£0.5 nm PbSe/PbS QDs and its FFT pattern (inset); (d) XRD
patterns of PbSe (blue line) and PbSe/PbS (green line) QDs indexed to the bulk rock-salt
crystal structures of PbSe (blue vertical lines) and PbS (red vertical lines).
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However, in the Se 3d spectrum of the air-exposed PbSe QDs (see Figure 9a) there is no signal
(the expected location, ~59 eV, is indicated by an arrow) produced by Se** (as part of the SeO: or
SeOs*~ species), which could arise from Se oxidation. This fact can be explained by high
non-stoichiometry, associated with the Pb-cation-rich exterior surface of the small-sized QDs [108-110].
The S 2s and Se 2s peaks of the air-exposed PbSe/PbS QDs are shown in Figure 9b. Since the noise
level is high, the signal of oxidized S 2s (~234 eV) cannot be unambiguously identified here, which
makes it reasonable to assume that PbSOs species may also exist on the QD surface [55,108].
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Figure 9. (a) XPS spectra of Se 3d peak (dark-blue) for air-exposed PbSe QDs. The location
the oxidized-Se peaks (SeOz, SeO*") is marked by an arrow; (b) XPS spectra of Se 2s and
S 2s peaks for air-exposed PbSe/PbS QDs; (c,d) XPS spectra of Pb 4f peak of air-free PbSe
and PbSe/ PbS QDs; (e,f) XPS spectra of Pb 4f peaks of the same QDs as in panels C and
D after 50 min of air exposure. In (c—f) the curve-fitted individual contribution of Pb—Se/S
and of Pb—O bonding is labeled in pink and green, respectively. The diameters of the
examined PbSe and PbSe/PbS QDs were 2.5 0.4 nm and 3.5 0.5 nm, respectively.
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Table 1. Binding energies (BEs) corresponding to the XPS peaks of the PbSe and
PbSe/PbS QDs as in Figure 7.

Air-free Air-exposed
Types Pb 4f72 Pb 4fs Pb 4f7 Pb 4fz» Se 3d Se 2s S2s
(Pb-Se/S)BE  (Pb-O) BE (Pb-Se/S) BE (Pb-O) BE BE BE BE
PbSe 138.42 139.38 138.67 139.61 227.80 - -
PbSe/PbS 137.18 138.16 137.31 138.55 - 227.80 224.58

3.2. Large PbSe/PbSexS1-x Core/Shell Colloidal QDs with the Band-Gap Energy in the Range
of 0.62-1.0 eV

The synthesis of large-sized (4.2—10 nm) PbSe/PbSexS1x (0 < x < 1) core/shell colloidal QDs with
the tunable band-gap energy in the range of 0.62-1.0 eV is described in details elsewhere [9], so,
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in what follows, only a brief description is given. The preparation of core/shell PbSe/PbS included two
steps. At the first stage, PbSe cores were produced and purified. The cores were prepared by injecting
TOPSe into the main reaction mixture, containing Pb(OA)2 and DPE, at 180 <C, while the growth
proceeded at 120 <C [3,111,112]. The absorbance curves recorded in situ during the QD growth, with
time intervals of 10 sec, are shown in Figure 10a. The spectra are characterized by the first 1Se—1Sh
transition (the energy ranging from 1.2 to 0.8 eV), which originates from PbSe QDs with diameters
between 1.5 £0.2 and 2.6 0.2 nm [110,113]. At the second stage, PbS shells were epitaxially grown
on the PbSe cores by the injection of Pb(OA)2 and TOPS, at 120 <C, into the reaction solution
containing PbSe QDs in DPE. The PbS shell, 1-2 monolayers (MLs) thick, was produced within the
first 15-30 min of the reaction.

Figure 10. (a) Representative absorption spectra of PbSe QDs monitored in situ during
their synthesis and recorded with a time interval of 10 s; (b) HRTEM image of PbSe/PbS
QDs; Rs/Rc = 2.1/1.5 nm. Inset: FFT pattern of the same QDs; (¢) HRTEM image of
PbSe/PbS QDs; Rs/Rc = 3.0/1.5 nm; (d) STM image of PbSe/PbS QDs; Rs/Rc = 4.0/1.5 nm.
Inset: Height profile of a single QD; (e) STEM image of PbSe/PbSexS1 x core/alloyed-shell
QDs; Rs/Rc = 2.5/1.5 nm. Inset: HRTEM image of a single QD.

Abs. [arb. units]

An HRTEM image of PbSe/PbS core/shell QDs, with Rs/Rc = 2.1/1.5 nm, is presented in Figure 10b.
The image confirms the formation of spherical QDs with well-resolved lattice fringes and without
distinct boundaries at the core-shell interface, which is due to only a minor mismatch (of merely 3%)
between the PbSe and the PbS crystal structures. The corresponding FFT pattern shown in the inset
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confirms full crystallinity of the QDs. The XRD pattern (not shown here) is indicative of the rock-salt
crystal structure, with the lattice parameter of ~6.12 A. The PbSe/PbS QDs have the same structure as
the original core PbSe QDs. The increase of the overall PbSe/PbS core/shell QD size by ~1.2 nm,
as compared to the original PbSe cores, is consistent with one-ML PbS shell thickness. The preparation
of PbSe/PbS core/shell QDs with the shell thickness >2 MLs required repeated (2—4 times)
shell-precursor injections until the desired shell thickness was achieved.

An HRTEM image of the PbSe/PbS core/shell QDs with Rs/Rc = 3.0/1.5 nm is presented in Figure 10c,
while an STM image of the PbSe/PbS core/shell QDs with Rs/Rc = 4.0/1.5 nm is shown in Figure 10d.
The STM image was obtained with a bias voltage of 2 V and a set-point current of 5 pA [114]. The
inset presents a height profile of a single QD. The lateral dimensions of the profile are substantially
larger than those of the real QD due to the tip width broadening, so only the height accurately indicates
the QD size.

The synthesis of PbSe/PbSexS1 x core/alloyed-shell QDs is a one-step procedure [9]. The QDs were
produced by simultaneous injection of Pb(OA)2, TOPSe, and TOPS into the reaction solution. The
composition and thickness of the shell was controlled by adjusting the growth parameters such as
monomer concentration, temperature, and reaction time. The formation of PbSe/PbSexS1x (x > 0.1)
QDs was achieved due to using the Se/S ratio >>1. An STEM image of the PbSe/PbSexSi x
core/alloyed-shell QDs with Rs/Rc = 2.5/1.5 nm is shown in Figure 10e, an HRTEM image of a single
QD being displayed in the inset. The TEM images show the formation of crystalline spherical QDs
without any distinct boundary at the core-shell interface. The composition of the PbSe/PbSexS1-x QDs
was determined by the XPS analysis (the data not shown here).

3.3. PbSe/CdSe Core/Shell Colloidal QDs with Band-Gap Energy in the Range of 0.8-1.1 eV

The synthesis of colloidal PbSe/CdSe QDs was performed in two stages. First, PbSe QDs were
grown by the method described in Section 3.1. To exchange Pb?* ions for Cd?* ions on the QD surface,
a batch of cadmium oleate (Cd(OA)2) was prepared by dissolving 5 mmols of CdO in 15 mmols of
OA. The process took place under a nitrogen flow on a Shclenk line at 240 <C until a clear solution
was obtained; then the solution was cooled to room temperature (RT). Subsequently, Cd(OA)2 solution
was injected into the PbSe QDs dissolved in HDC, which initiated the cation-exchange process.
To examine different Cd:Pb ratios, the concentration of PbSe was calculated using the previously
published extinction coefficients and the sizing curve [109,110]. Various amounts of Cd(OA)2 were
dissolved in HDC at temperatures ranging from 80 to 120 <C and mixed with PbSe QDs at different
concentrations. Aliquots were taken for chemical and optical characterization after different time periods.

An HRTEM image of the original 6.2 £0.4 nm PbSe QDs is shown in Figure 11a. An enlarged
HRTEM image of a single QD is displayed in the bottom inset. The images confirm the formation of
spherical QDs with high crystallinity. The corresponding FFT pattern shown in the top inset is also
indicative of full crystallinity of the QDs. The growth of a CdSe shell in the course of the above-mentioned
cation-exchange reaction is accompanied by a pronounced blue shift of the PbSe/CdSe QD absorption
spectra as compared to the original PbSe QD spectrum. Figure 11b shows absorption spectra of
PbSe/CdSe QDs at various Rs/Rc values (indicated in the figure). The results shown in the bottom and
in the top panels were obtained with the QDs which were synthesized at 100 <C, the cation-exchange
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reaction lasting for 30 min (Cd:Pb = 10) and for 35 min (Cd:Pb = 50), respectively. The top panel in
Figure 11b shows the absorption spectra of smaller original PbSe QDs (Rc = 1.9 nm) and of the
corresponding PbSe/CdSe QDs with a thin shell (Rs/Rc = 1.9/1.6 nm), while the bottom panel shows
the absorption spectra of larger original PbSe QDs (Rc = 3.1 nm) and of the corresponding PbSe/CdSe
QDs with a thin shell (Rs/Rc = 3.1/2.5 nm). The thickness of the CdSe shell was estimated by
absorption measurements of the original PbSe and of the final core/shell PbSe/CdSe QDs [71,100].

Figure 11. (a) HRTEM image of 6.2 0.4 nm PbSe QDs. Insets: (bottom) an enlarged
image of a single QD, (top) the corresponding FFT pattern; (b) absorption spectra of PbSe
and PbSe/CdSe QDs with different Rs/Rc ratios as indicated in the legend. Cation exchange
reaction was performed at 100 <C for 30 min, Cd:Pb = 10 (bottom panel) and for 35 min,
Cd:Pb = 50 (top panel); (c) HRTEM image of 6.2 0.4 nm PbSe/CdSe. Insets: (bottom)
an enlarged image of a single core/shell QD (Rs/Rc = 3.1/2.5 nm), which shows clear
contrast between the core and the shell components; (top) the corresponding FFT pattern.
Cation-exchange reaction performed at 100 <C for 35 min, Cd:Pb = 50.
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A representative HRTEM image of PbSe/CdSe core/shell QDs is shown in Figure 11c, while an
enlarged image of a single core/shell QD with Rs/Rc = 3.1/2.5 nm is presented in the bottom inset. The
PbSe QDs shown in Figure 10a were used for the cation-exchange reaction, performed at 100 <C for
30 min. The image of a circled QD (Figure 11c) shows clear contrast between the core and the shell
materials, without any distinct boundaries at the core/shell interface. It can be seen that the spherical
form of the PbSe core remains unchanged and lattice fringes are well-resolved in the whole core/shell
structure. The FFT pattern shown in the top inset of Figure 11c also confirms full crystallinity of the
produced PbSe/CdSe core/shell QDs.

Representative XPS spectra of the air-free PbSe/CdSe QDs with Rs/Rc = 3.1/2.5 nm are shown in
Figure 12. The elemental analysis of different samples consistently showed the presence of all three
elements: Pb, Cd, and Se, the characteristic Pb 4f, Cd 3d, and Se 3d XPS peaks, being displayed in
Figure 12a—c. The 4fs2 and 4f72 spin-orbit splitting of the Pb 4f level occurs at BE values of 142.8 and
138 eV, respectively, while the 3dsz and 3ds2 spin-orbit splitting of the Cd 3d level occurs at BE
values of 412.3 and 405.5 eV, respectively. As expected, no Cd signal was detected in PbSe QDs. The
Se 3dsi2 XPS peak appears at the BE value of 54.1 eV. The characteristic BE values for Pb and Se do
not differ from those obtained for PbSe (Figure 9 and Table 1).
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Figure 12. XPS spectra of air-free PbSe/CdSe QDs with Rs/Rc = 2.3/2 nm. (a) Pb 4f peak;

(b) Cd 3d peak; (c) Se 3d peak.
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4. Optical Properties of PbSe/PbSexS1-x (0 < x <1) and PbSe/CdSe QD Heterostructures

A thorough investigation of the optical properties was performed by recording continuous-wave
photoluminescence (cw-PL) spectra in oxygen-free environment at RT is described in Section 4.1.
The change of the QD optical properties with temperature is described in Section 4.2.

4.1. Continuous-Wave Room-Temperature Photoluminescence Measurements in PbSe/PbSexS1x and
PbSe/CdSe QDs

In what follows, the optical properties of various-sized core and core/shell QDs with the Eq
of 1.2-0.92 eV are compared. Representative absorption and cw-PL spectra of a few QDs are shown in
Figure 13a. The cw-PL spectra were obtained by means of non-resonant excitation at 2.3 eV. The
bottom and top curves in Figure 13a correspond to PbSe core QDs with average radii Rc of 1.5 +0.2
and 2.4 £ 0.2 nm, respectively. The curves in the middle are the spectra of different QD
heterostructures (PbSe/PbS and PbSe/CdSe core/shell QDs and PbSe/PbSeo.7So.3 core/alloyed-shell
QDs), their sizes being indicated in the figure. The absorption and PL curves of PbSexSix QDs are
red-shifted as compared to the 1.5 nm PbSe cores, but they are blue-shifted as compared to the 2.4 nm
PbSe cores. This midway shift is related to the quantum size effect combined with compositional
tuning of Eg. In contrast to this, the absorption and PL peaks in PbSe/CdSe core/shell heterostructures
are blue-shifted as compared to the original PbSe QDs and correspond to the PbSe core lowest exciton
transition, 1Se—1Sh. The results presented in Figure 13a demonstrate that the 1Se—1Sh transition energy
in 3.8 nm PbSe/CdSe QDs is higher than that in PbSe/PbSexS1 x QDs. This observation indicates that
tuning of Eg can be achieved by changing not only the total QD size, but also the heterostructure
composition, in accordance with the theoretical predictions discussed in Section 2.

Each cw-PL spectrum in Figure 13a shows an asymmetric PL band, its point of maximum being
Stokes shifted (Es) with respect to the corresponding first-exciton absorption band. Figure 13b displays
a plot of Es vs. Eq for the QDs with a thin shell listed in the legend. The Es in the QDs may be
accounted for by an increase of the QD size, the variation of the valley-valley and/or electron-hole
exchange interactions. The Es variation in alloyed 11-VI [115] and I1I-VV QDs [116] was reported
before and explained as being a specific effect of optical bowing [117] in those materials.
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The values of Eq obtained experimentally (filled circles) on the basis of the first-exciton absorption
band and the Eg values calculated (empty circles) with regard for the Coulomb interaction corrections
(discussed in Section 2) are presented in Figure 13c. It can be seen that the theoretical and experimental
results are in good qualitative agreement. Since the Eg value in the PbSe/CdSe core/shell QDs depends
only on the PbSe core size, the Eq dependence on the total QD size is not included in this figure.

Figure 13. (a) Absorption (dashed lines) and emission (solid lines) spectra of PbSe core
QDs and core/shell QD of various size, Rs/Rc ratio, and composition (see the legend);
(b) dependence of Stokes-shift energy, Es, on Eg for QDs of different composition
(see the legend); (c) calculated (empty circles) and experimental (filled circles) values of
the band-gap energy, Eg, as a function of Rs for various QDs (see the legend).
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The absolute positions of the lowest quantized electron and hole energy levels in QDs, which are
essential for their application in photovoltaic devices, are presented in Figure 14. These energy level
values in the PbSe core (blue lines) and PbSe/PbS core/shell QDs (red dots), were estimated using the
following formulas: Ee (d) = ypulk + nEcont. (d) for electrons and En (d) = ypuik — Egbuik — (1 — 1)) Econt. (d)
for holes, where d is the QD diameter, ypui iS the bulk PbSe electron affinity, Econt. (d) = Egop (d) — Eg bulk
is the total confinement energy, and m is the fraction of Econt. acquired by the electron. The values of
youlk Were taken from the cyclic voltammetry measurements reported before [118], the blue line was
evaluated using the Eq op values from the empirical sizing curve [109], while the red dots were based
on the experimental data obtained in this work (some of which are presented in Figure 14). According
to the four-band kep model, in the PbSe/PbS QDs studied here, the total confinement energy is
distributed evenly between the electrons and the holes (which means that n = 0.5), while in the PbSe
QDs, n = 0.42. It can be seen from Figure 14 that the conduction-edge energy in the PbSe/PbS QDs is
higher than that in the PbSe QDs of the same size, which results in the heterostructure with
altered band-gap energy relative to the vacuum level. These results correlate well with our previous
calculations [95], and thus it can be suggested that the absolute energy of the band edges can be tuned
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with respect to the energy of the electrodes in various optoelectronic applications, thereby improving
the performance efficiency.

Figure 14. Absolute positions of the lowest quantized levels in PbSe and PbSe/PbS core/shell
QDs of various size.
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Regarding the potential application of colloidal QDs in various optoelectronic devices, the problem
of the QD chemical and photochemical stability is of major concern. For this reason, we investigated
the stability of the QDs obtained here by following the changes of the PbSe, PbSe/PbS, and PbSe/CdSe
core/shell QD PL spectra measured after exposure to air for a controlled period of time. Representative
cw-PL spectra of PbSe QDs (Rc = 1.1 nm), PbSe/PbS (Rs/Rc = 1.6/1.1 nm), and PbSe/CdSe
(Rs/Rc = 1.9/1.6 nm) core/shell QDs are shown in Figure 14. The spectra were recorded at RT under
air-free conditions (Figure 15a,c,e) as well as after 20 min of air-exposure (Figure 15b,d,f). From the
curves presented in Figure 15, it can be seen that air-exposure leads to a 30-fold reduction of the PbSe
QD PL intensity and to the peak blue-shift by 20 meV, while the PL intensity and energy in the
thin-shell PbSe/PbS and PbSe/CdSe core/shell QDs remain nearly unchanged. The air-induced emission
quenching in PbSe QDs is presumably associated with the formation of trapping sites due to surface
oxidation [55,119]. According to our results, the formation of a thin PbS (~0.5 nm) or CdSe (~0.3 nm)
shell is sufficient for protecting the core QDs from immediate oxidation.

Figure 15. Comparison of the cw-PL spectra of PbSe (Rc = 1.1 nm), PbSe/PbS
(Rs/Rc = 1.6/1.1 nm), and PbSe/CdSe (Rs/Rc = 1.9/1.6 nm) QDs recorded at RT under
air-free conditions (a, c¢, and e, respectively) and after exposure to air for 20 min
(b, d, and f, respectively).
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4.2. Thermally Activated Processes in PbSe/PbSexS1 x and PbSe/CdSe QDs

For temperature-dependent measurements the QDs were dispersed in 2,2,4,4,6,8,8-heptamethylnonane,
a glass-forming solution, and excited at 2.3 eV. Figure 16a—f display a set of cw-PL spectra of air-free
QDs with a similar core size. The spectra of PbSe core QDs (a and d), and of the corresponding
PbSe/PbSeo.7So3 (b), PbSe/PbS (c), and PbSe/CdSe (e and f) core/shell QDs were recorded at various
temperatures ranging from 5 to 300 K.

Figure 16. cw-PL spectra of air-free (a), (d) PbSe core; (b) PbSe/PbS core/shell;
(c) PbSe/PbSeo.7So.3 core/alloyed-shell; (e,f) PbSe/CdSe core/shell QDs with different
Rs/Rc values (see the legend); (g,h) plot of normalized cw-PL integrated intensity,
IpL, vs. temperature for the same QDs as in (a—f), see the legend.
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The cw-PL spectra exhibit a red shift with the temperature decrease, resembling the trend found in
low-energy band-gap semiconductors [120]. Moreover, most of the PL curves possess an asymmetric
emission band, presumably arising from two overlapping recombination events. The split energy varies
from 55 meV to 80 meV, the former and the latter values corresponding to the largest and the smallest
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QDs studied, respectively. It should be noted that the split energy remains almost constant with the
temperature increase although the high-energy component becomes the dominant band at elevated
temperatures. It was found that the relative intensity of the two emission bands is almost the same.

The nature of the emission bands was examined by varying the pumping intensity. The occurrence
of multiple-exciton emission under strong pumping conditions was excluded due to the long lifetime of
the unresolved emission band (see below). The possibility of trapped-carrier recombination was also
excluded due to the lack of a saturation effect at the highest pumping power. More likely, the entire
emission spectrum is related to band-edge recombination. It should be mentioned that an asymmetric
band or even two distinct emission bands in non-resonant cw-PL spectra of colloidal IV-VI QDs were
already observed in previous studies [2,56,90,121,122]. Presumably, this phenomenon is accounted for
by inter-valley coupling at the L-points of the Brillouin zone [8,84,121]. Furthermore, the study of
binary PbSe QDs by the fluorescence line narrowing method revealed Stokes and anti-Stokes shifts,
associated with the existence of two bands [123,124]. The existence of two bands may be related to
degeneracy splitting of the band-edge states due to a slight shape anisotropy of the QDs [108].

The dependence of normalized integrated PL intensity (IpL) on temperature (T) for air-free PbSe-based
QDs is shown in Figure 16g,h. The values of IpL(T) were normalized to the Ip. value obtained at RT.
The plots are characterized by a mild increase of IpL(T) between 5 K and 50 K, which correlates with a
phonon-assisted transition from a dark-to-bright exciton emission [125], followed by emisssion quenching,
which may be associated with carrier trapping. Eventually, at the temperatures above 150 K, IpL increases
and reaches its maximal value at RT. The maximal intensity at RT corresponds to the recombination
from a bright-exciton state [125], which is, presumably, enhanced by phonon-assisted de-trapping from
shallow non-radiative defect states. It can be seen that the plot of Ir(T) in PbSe/CdSe (Figure 16h)
QDs follows the same trend as PbSe and PbSe/PbS QDs.

A set of measurements performed to further study the behavior of IV-VI QDs on exposure to air
gave results presented in Figure 17. The cw-PL spectra of PbSe core QDs (Figure 17a), recorded at
different temperatures, illustrate the luminescence intensity reduction with the temperature increase
after 20 min of air exposure. The observed drastic drop of the PL intensity may be associated with
thermally-activated trapping into surface defect states, produced by QD oxidation [96]. Figure 17b,c
shows the cw-PL curves for PbSe/PbS (Rs/Rc = 1.6/1.1 nm) and PbSe/CdSe (Rs/Rc = 1.9/1.6 nm) QDs
recorded in a similar temperature range and with the same time of air-exposure as the curves for PbSe
QDs in Figure 17a. It can be seen that the exposure of core/shell QDs to ambient conditions did not
result in quenching their luminescence intensity. On the contrary, the Ip. increase observed in air-free
core/shell QDs at RT also occurs in this case. Figure 17d displays the plots of normalized Ip. vs. T for
the same QDs as in Figure 17b,c, but after air-exposure for various periods of time (from 20 to 50 min).
The plots indicate that air-exposure for limited time does not result in dramatic luminescence changes,
while after a certain period of time the QDs may be oxidized, with subsequent quenching of the
luminescence intensity [56,96]. Although the data suggest that the core/shell QDs remain chemically
stable only during a restricted time of air-exposure, it can be crucially beneficial for certain processes
involved in the fabrication of QD-based devices.
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Figure 17. cw-PL spectra of QDs exposed to air for 20 min. (a) PbSe; (b) PbSe/PbS, and
(c) PbSe/CdSe QDs with different Rs/Rc values (see the legends); (d) dependence of IpL on
temperature for the same QDs as in (a—c), exposed to air for 20 and 50 min.
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4.3. Temperature Dependent Time-Resolved Photoluminescence of PbSe/PbSexS1x (0 <x <1) and
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The PL intensity decay curves were obtained by exciting the sample at 2.4 eV and following the
intensity variation over time. The normalized PL decay curves for PbSe (Rc = 1.8 nm) core QDs and
for PbSe/PbS (Rs/Rc = 1.5/0.6 nm), and PbSe/CdSe (Rs/Rc = 1.9/1.6 nm) core/shell QDs shown in
Figure 18a,b,c, respectively, were recorded under air-free conditions at various temperatures.

Figure 18. Representative time-resolved PL decay curves recorded at various temperatures
for (a) PbSe; (b) PbSe/PbS; and (c) PbSe/CdSe QDs with different Rs/Rc values as indicated

in the legends.
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The curves are best fitted either to a single exponent, 1(t) = Aexp(—t/to0), or to a double exponent,
I(t) = Ariexp(—t/t1) + Azexp(—t/t2), with the weighted decay time
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where A is a pre-exponential factor and 1o iS the measured exciton lifetime. Figure 19a shows the
RT PL decay curves of PbSe, PbSe/PbS, and PbSe/CdSe QDs, Rc and the Rs/Rc ratios being indicated
in the legend. As a rule, the value of 1o decreases from 4.2 |5 to 1.4 s with the growth of the core
radius from 1.1 to 2.4 nm and with the variation of the core-to-shell division [55,126,127]. At a fixed
temperature, the value of 10 depends on the radiative (trad) and nonradiative (Tnrad) Processes,
according to the following relation [128,129]:

1 1 1
_— =4

T, T

- (@)

rad nrad

The values of trad are appropriate to consider for comparing the behavior of core/shell and core
QDs or for the comparison with the literature data [55,85]. The plots of trad vS. Eg for PbSe, PbSe/PbS,
and PbSe/CdSe QDs, measured at RT are presented in Figure 19b. It can be seen that the values of trad
are larger in the core/shell QDs as compared to the corresponding cores [84]. This effect can be
explained by the large dielectric constant of PbSe [85] and by mixing of adjacent electronic-band
minima [84]. It should be emphasized that such a long exciton lifetime in the core/shell QDs is
beneficial for charge extraction in QD-based PV devices.

Figure 19. (a) Representative RT PL decay curves for QDs of different composition,
Rc, and Rs/Rc ratios (see the legend); (b) dependence of radiative life-time, trad, ON the size
and composition of the QDs listed in the legend.
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5. Applications

PbSe, PbSe/PbS core/shell, and PbSe/PbSexS1 x core/alloyed-shell QD heterostructures with a band
gap of 0.8 eV, dispersed in a PMMA polymer, were used in the eye-safe Erbium glass laser. It was
found that the QDs act as fast saturable absorbers, with effective lifetime tetr = 4.0 ps and a relatively
large ground-state cross-section of absorption (ogs = 107 cm?). The terr value is accounted for by the
formation of multi-excitons at the used pumping power. The product of ogs and teff ensures sufficient
Q-switching performance and tunability in the NIR spectral range. The laser properties could be
improved by using PbSe/PbSexS1x core/alloyed-shell QD heterostructures [18,19,123].
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Moreover, QD-based gain devices are characterized by amplified spontaneous emission (ASE) under
conditions suitable for technological applications such as optical pumping by a continuous diode laser
under RT conditions. The optical gain and the ASE properties were determined with a 4.2 pm-thick
QDs-doped PMMA film (arranged on a silicon wafer), with a variable (0.01-0.2 cm) stripe length and
pump intensity, using a cw laser diode at 980 nm as a pump source. The pump beam was concentrated
by a cylindrical lens and a narrow strip of uniform intensity was selected using a 300 pm-wide slit
made of aluminum foil directly deposited on the film surface. Of course, the ASE band was narrower
than the spontaneous emission band, but the width of the former was independent of the pumping
power, which presumably suggested the absence of inhomogeneous broadening due to the QD-size
distribution. The results revealed a relatively large gain parameter g = 2.63-6.67 cm™ [123].

Furthermore, the construction of solid-state high-efficiency QDs/TiO2 heterojunction solar cells,
in which small-sized PbSe/PbS core/shell QD heterostructures with a band gap in the range of 1.1-1.3 eV
were used, allowed achieving improved parameters such as power conversion efficiency of 4.5%
with short-circuit photocurrent (Jsc) of 17.3 mA/cm?. The PbS shell covering the PbSe core should
offer sufficient protection from fast oxygen penetration, providing the PbSe/PbS QD heterostructures
with low surface trapping and chemical and photo-chemical stability, which is essential for successful
integration of QDs into solar-cell devices [17].

The PbSe-based QD heterostructures could appear highly beneficial in the QD applications where
the material size is restricted, e.g., in biology or in various opto-electronic devices, which require
closely packed self-assemblies of relatively small QDs. However, all applications impose stringent
requirements on the optical tunability of the materials. We have shown that the problem can be
resolved by designing core/(alloyed)-shell heterostructures, where the charge carrier confinement can
be tuned by changing the heterostructure configuration.

6. Future Outlook

Although Pb-chalcogenide-based core/shell structures are being widely investigated, there are still
many challenges that have to be met. Small band-gap energy values of lead chalcogenides make them
good candidates for QD-based solar cells, which utilize multiple exciton generation (MEG). QD
core/shell structures may provide an efficient way for surface passivation and suppression of competing
processes, including: Auger relaxation, as well as energy transfer to surface ligands or to surface
states [130]. Using (quasi-)type-1l QDs with thick shells can improve MEG due to reduced carrier
overlapping [131]. However, as already mentioned above, a thick shell layer limits the charge extraction
efficiency and reduces the current density [132]. This problem can be overcome by providing free charge
carriers through controlled doping of the QD or the shell layer [133]. The doping procedure can also be
used to manipulate charge transfer rates [134] due to its effect on the Fermi level [134]. Optimization of
the shell composition and architecture is a promising avenue towards the MEG implementation.

Such methods as in vivo fluorescence optical molecular imaging and photothermal therapy are
quickly emerging fields of medicine. Probing and exciting certain sites located deep in biological tissues
requires high-QY emitters, operating in the NIR spectral region [135], which is characteristic of the
Pb-chalcogenide emission spectrum. However, the emitter surface has to be properly treated to make it
biocompatible. In view of the fact that direct application of silica coating or water-soluble ligands
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quenches the emission [136], more complicated core/shell heterostructures (e.g., PbSe\CdSe\ZnS)
might be required. Such structures can be produced in the course of a cation-exchange process [71],
the problem often encountered being only partial coating obtained in this way. Although the technique
is being widely used, the nature of the mechanisms involved is still unclear [136]. Therefore, investigation
of the cation-exchange mechanism in PbSe-based QDs is essential for their successful biological and
medical application.

Furthermore, any future implementation of core/shell QDs in new-generation electronic devices will
require their prolonged exposure to air and to microelectronics fabrication processes. Thus, additional
further research is required into the core/shell QD stability under the above-mentioned conditions.

7. Summary

Colloidal core/shell heterostructures, such as PbSe/PbSexS1 x (0 < x < 1) and thin-shell PbSe/CdSe
QDs, were described in this review article. These QDs demonstrate tunable band-gap energy and high
crystallographic and dielectric match between the core and the shell constituents. Moreover, the overall
electronic properties and carrier-distribution functions can be controlled by the core/shell architecture.
Besides, these heterostructures show chemical and photochemical stability. The electronic band structure
in PbSe/PbS QDs was evaluated in the framework of the kep model. The model predicts a wide range
of physical properties on the basis of effective mass anisotropy and different dielectric constants of QD
constituents. The model shows the possibility of constructing heterostructures with desired composition
and optical properties. PbSe/CdSe QDs were modeled by single band effective mass model in FEA
software (COMSOL). The model shows different confinement regimes for the electron and hole and
their relevant radial distribution. This approach is useful for evaluation of charge carriers’ behavior in
complicate geometric structures that cannot be treated analytically. A thorough investigation of the QD
optical properties was performed by recording continuous-wave and time-resolved PL spectra at various
temperatures. The energy shifts and band-edge temperature stability were assessed by alleviating
dark-bright splitting induced by exchange and/or valley-valley interactions, and by measuring the
radiative lifetime. The results were compared to the currently known properties of PbSe QDs. The
results suggest the uniqueness of the QD electronic properties, which can be controlled by the shell
thickness and the alloyed composition of these heterostructures.
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