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Abstract

The research focuses on the development of techniques for creating core-shell structures, based on colloidal PbS quantum
dots (PbS QDs) and establishing the influence of the dielectric SiO, shell on the luminescent properties of PbS QDs. The
objects of the study were PbS QDs with an average size of 3.0+0.5 nm, passivated with thioglycolic acid (TGA) and PbS/SiO,
QDs, based on them with an average size of 6.0+0.5 nm. When we passivated the PbS QD interfaces with thioglycolic acid
molecules, there were two luminescence peaks at 1100 and at 1260 nm. It was found that increasing the temperature of
the colloidal mixture to 60 °C provides an increase in the intensity of the long-wave peak. An analysis of the luminescence
excitation spectra of both bands and the Stokes shift showed that the band at 1100 nm is associated with the radiative
annihilation of an exciton, while the band at 1260 nm is due to recombination at trap levels. The formation of PbS/SiO,
QDs suppresses trap state luminescence, indicating the localization of luminescence centers predominantly at QD interfaces.
The exciton luminescence at 1100 nm becomes more intensive.
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1. Introduction

Scientific and practical interest in
semiconductor colloidal quantum dots (QDs)
is determined by a wide range of their potential
applications. They are based on photoprocesses
that provide size-dependent absorption and
luminescent properties [1-16]. So, controlling
the luminescent properties of colloidal QDs is
a topical task of modern nanophotonics. There
are studies demonstrating that it is possible to
control the luminescent properties of QDs due
to both the quantum-size effect and structural
and impurity defects in the volume and at
the interfaces of QDs [16-25]. Semiconductor
colloidal PbS QDs are of significant interest in this
field, since they exhibit luminescent properties
in the visible and near-IR ranges [12-16,26—
30], which is due to the energy of the band gap
of the PbS bulk crystal, which is 0.41 eV [26].
Accordingly, it is relevant to control the spectral
composition and quantum yield of emission for
PbS QDs due to the wide range of their potential
applications. These include optoelectronic device
technologies (detectors, emitters, nonlinear
media for intensity and phase control, sensor
systems, etc.), photocatalytic systems, as well as
biomedical applications (luminescent markers),
etc.[1-16].

Colloidal synthesis techniques involve QDs
surface passivation with organic ligands. The
chemical properties of the organic ligand, its
concentration, and mechanism of interaction with
the QD surface determine the presence/absence
of surface states in QDs [17-25]. Despite the fact
that numerous colloidal synthesis techniques
have been proposed for PbS QDs, which provide
highly dispersed QDs, there is still the problem of
controlling the luminescent properties [24—-30].
The available literature data concerning the size
dependence of spectral-luminescent properties,
value of the Stokes shift, and luminescence
mechanism for PbS QDs are contradictory and
ambiguous [24, 25, 29-34]. When the energy
structure of exciton states changes due to the
variations in the size of PbS QDs or their surface
environment, new luminescence bands are
often formed in the luminescence spectra due to
optical transitions of charge carriers on the trap
states [14, 16, 24, 25]. According to the atomistic
calculations of the energy structure of QDs using
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the density functional theory (DFT) [24, 35], the
emitting trap states are formed at the synthesis
stage of colloidal PbS QDs. They are caused by
the presence of reduced or “undercharged” Pb
atoms on the surface of QDs. In this case, the
emitting trap states in PbS QDs are removed
by changing the ligand, pH or polarity of the
medium, which also leads to the loss of exciton
luminescence intensity [24]. For most colloidal
QD compositions, optical transitions involving
trap states in QDs are controlled by forming a
shell of wide-band gap semiconductors on the
surface of QDs (core-shell structures) [17, 36—
38]. The formation of core-shell structures,
based on PbS QDs, in particular PbS/SiO, QDs,
has been little studied [27, 39-41]. Whereas the
formation of the SiO, shells on the QD interfaces
contributes not only to the “curing” of the
structural and impurity defects of QDs, involved
in the formation of luminescent properties, but
also allows controlling the monodispersity of QDs
in the ensemble, increasing the colloidal QDs
stability, and decreasing cytotoxicity [17, 27, 36—
41]. Thus, controlling the luminescent properties
of PbS QDs, including through the formation of
core-shell structures on their basis, is an urgent
task. Resolving this problem will provide an
opportunity to create materials and devices for
modern nanophotonics applications, based on
PbS QDs.

The aim of the study was to form a SiO, shell
on the interfaces of PbS QDs and to determine
its influence on the luminescent properties of
PbS QDs.

2. Experimental

2.1. Methods for the synthesis of colloidal
PbS QDs and PbS/SiO, QDs

Samples of colloidal PbS QDs were obtained
by aqueous synthesis, using thioglycolic acid
(TGA) molecules as an organic passivator of
the QD interface. The process was based on the
methodology for the synthesis of colloidal QDs,
previously implemented for silver and cadmium
sulfide QDs [14-21]. This synthesis procedure
consisted of mixing aqueous solutions of TGA and
Pb(NO,), with a molar ratio of 2:1, respectively,
followed by adjusting the pH to 10. Next, an
aqueous Na,S solution was added to the reaction
mixture with a molar ratio of 0.2:1 to Pb(NO,),.
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At this stage of the synthesis, a sample was taken
(PbS QD#1 sample). Then, the colloidal mixture
was kept at 60 °C for 1 hour (PbS QD#2 sample);
for 2 hours (PbS QD#3 sample).

PbS/Si0, core-shell QD structures were also
formed by an aqueous synthesis technique. It
is based on the use of (3-mercaptopropyl)tri-
methoxysilane (MPTMS) silica ligand as a coupling
agent and sodium metasilicate (Na,SiO,) as
a SiO, main layer precursor [17, 36, 38]. The
concentration of the added MPTMS solution
was calculated, based on the concentration and
average size of PbS QDs in the ensemble. It was ~
0.2 mM for all PbS QD samples. Next, an aqueous
solution of Na,SiO, (0.5 mM) was added to the
colloidal mixture and kept at room temperature
for 24 h (samples PbS/SiO, QD#1,PbS/SiO, QD#2,
and PbS/Si0, QD#3).

To avoid oxidation of PbS QDs, nitrogen
purging was carried out during the synthesis
stage. Afterwards, the obtained samples of PbS
and PbS/SiO, QDs were stored at 5 °C.

2.2. Experimental techniques

The sizes of PbS QDs and core-shell structures
of PbS/Si0, QDs, based on them were determined
by transmission electron spectroscopy (TEM)
using a Libra 120 microscope (CarlZeiss, Germany)
and a digital analysis of TEM images and X-ray
diffraction.

Photoluminescence spectra of PbS and
PbS/Si0, QD samples in the near infrared range
were recorded using a PDF 10C/M image sensor
(ThorlabsInc., USA) with a built-in amplifier and
a diffraction monochromator with a 600 mm'!
grating. A NDB7675 semiconductor laser diode
(Nichia, Japan) with the wavelength of 462 nm
was used as a source of luminescence excitation.
The luminescence spectra were corrected for the
spectral characteristics of the devices which was
measured using a reference incandescent lamp
with a known color temperature.

To record the luminescence excitation spectra
of PbS and PbS/Si0O, QD samples, we used another
diffraction monochromator with a 1200 mm™!
grating and 400 W incandescent lamp. It provided
the excitation range from 500 to 1300 nm. The
intensity of the excitation radiation in the sample
region was controlled by an optical power meter
Thorlabs PM100A with Thermal Power Sensor
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Head S401C, sensitive in the range of 0.19-20 pm.
The excitation radiation power was in the range
of 100-400 mW.

The quantum vyield of luminescence for PbS
and PbS/Si0, QDs was determined by the relative
method using the equation:

2
ov=qv, 121 )
I. D n;

where QY is the quantum yield of the reference
luminescence, I and I, are the integral intensities
in the luminescence band of the QD sample and
reference, D and D are the optical densities at
the excitation wavelength for the QD sample and
reference (in the experiments, D and D ~ 0.1), n
and n_are the refractive indices of the solutions
of the studied QD sample and reference, respec-
tively. Distilled water (n = 1.33 at a wavelength
of 650 nm at 293 K [42]) served as a solvent for
PbS and PbS/Si0O, QDs. A DMSO solution of in-
docyanine green (ICG) dye with QY =12 % in the
region of 800 nm [43] (n_= 1.47 at a wavelength
of 650 nm at 293 K according to [44]) was used
as a reference for the quantum yield of lumines-
cence of PbS and PbS/SiO, QDs in the near IR
range.

3. Results and discussion

3.1. Structural data of the obtained PbS
and PbS/SiO, QD samples

TEM images of all synthesized samples of
PbS QDs showed that our synthesis procedure
resulted in the formation of individual QDs
with close average sizes in the range of 3.0£0.5
nm and dispersion within 25% (Fig. 1). X-ray
diffraction data of all obtained samples of
colloidal PbS QDs showed broadened reflections,
which is due to the quantum size effect (Fig.
1). The observed peaks are correlated with the
diffraction of atomic planes (111), (200), (220),
(311), (222), (400), (311), and (420), indicating
the formation of PbS nanocrystals in a cubic
crystal lattice (Fm3m) [45].

The formation of PbS/SiO, QDs leads to
an increase in the average size of PbS QDs to
5.5-6.0 nm (Fig. 1), which is probably due to
the presence of a SiO, layer with a thickness of
about 1.3-1.5 nm on the surface of QDs. In some
cases, agglomerates of PbS/SiO, QDs were formed

(Fig. 1).
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Fig. 1. TEM images and size distribution histograms of ensembles of PbS QDs and PbS/SiO, QDs. Diffractograms

of PbS QDs and PbS/SiO, QDs

Also, during the formation of PbS/SiO, QDs,
the diffraction pattern showed an additional
diffuse band in the 26 angle range from 15 to 40°.
These changes in the diffraction were interpreted
as the contribution of amorphous SiO, phase
[46]. They were observed during the formation
of the SiO, shell on the surface of QDs of other
compositions [47, 48].

3.2. Spectral-luminescent properties
of PbS QDs

UV-Vis absorption spectra of all PbS QD
samples do not have an exciton structure, and

48

noticeable absorption begins in the wavelength
range below 1000 nm (1.24 eV). Thus, the
absorption edge of PbS QDs appears to be
shifted toward shorter wavelengths compared
to the absorption edge of PbS (3025 nm or
0.41 eV) [26]. It is a manifestation of quantum
confinement effect. The structureless absorption
edge characteristic of the studied samples may
be due to a high concentration of defects [49,
50], as well as to a noticeable size dispersion of
PbS QDs [51].
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The luminescent properties of all obtained
PbS QD samples turned out to be fundamentally
different (Fig. 2).

The luminescence spectrum of the initial
PbS QD#1 sample had a single band with a
peak around 1100 nm (Fig. 2, curve I). The
luminescence band was not elementary,
there was a specific feature in the long-wave
part of the spectrum in the range of 1200-
1280 nm. Keeping the samples of colloidal PbS
QDs at 60 °C (PbS QD#2) for 1 hour resulted
in the appearance of the second band in the
luminescence spectrum in the region of 1260 nm
(Fig. 2, curve 2). Subsequent of PbS QD samples
at 60 °C for 2 hours (PbS QD#3) resulted in almost
complete disappearance of the luminescence
band at 1100 nm. In the luminescence spectrum,
only one band at 1280 nm remained (Fig. 2,
curve 3). The full width at half maximum
(FWHM) of the luminescence band of PbS QDs
for all studied samples was about 0.20-0.25 eV.
Since the optical absorption spectra for all PbS
QD samples do not have an exciton structure,
we considered the luminescence excitation
spectra (Fig. 2) to establish the luminescence
mechanisms. As opposed to the absorption
spectra that are determined by the absorption
of each nanocrystal in the sample, only the
QDs emitting at the recording wavelengths
participate in the formation of the excitation
spectra. This allowed achieving selectivity by
the wavelength in the luminescence excitation
spectra through a change in the recording
wavelength [15, 16].

In the luminescence excitation spectra of
all PbS QD samples, there is a specific feature
with a peak at 980 nm in the short-wave band
(1100 nm) (Fig. 2, curves 1’, 2’, and 3’). The
position and shape of this peak suggest that it
is associated with a probable exciton transition
in the optical absorption spectrum. In this case,
the Stokes shift of the luminescence peak at
1100 nm relative to the exciton absorption
peak was 0.125 eV. On the contrary, no exciton
structure was found in the excitation spectrum
of the long-wave luminescence band with a
peak at 1280 nm (Fig. 2, curves 1”7, 2”7, and 3”).
The excitation band edge was located in the
region of 980 nm, while the Stokes shift value
increased up to 0.33 eV. The obtained data are
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Fig. 2. Luminescence spectra of PbS QD#1 (I), PbS
QD#2 (2), and PbS QD#3 (3). Luminescence excitation
spectra in the region of 1100 nm (PbS QD#1 (1’), PbS
QD#2 (2’), PbS QD#3 (37)) and 1260 nm (PbS QD#1 (17,
PbS QD#2 (2”), PbS QD#3 (37))

in agreement with the data, obtained by the
authors earlier [15, 16]. In study [16], based
on experimental data on the temperature
dependence of luminescence properties
and luminescence excitation spectra of PbS
QDs, a scheme defining IR luminescence was
proposed. According to this scheme, the
luminescence band at 1100 nm is due to the
radiative annihilation of an exciton, and the
long-wavelength band at 1260 nm is due to
the recombination of free charge carriers on
structural and impurity defects.

Thus, within the framework of a unified
approach to the synthesis of PbS QDs, we
obtained QD samples of close size but with
different luminescent properties. According to
the experimental data, the luminescence of PbS
QD#1 is mainly due to exciton luminescence,
PbS QD#2 is characterized by the simultaneous
presence of both exciton and trap state state
luminescence bands in the spectrum, and the
luminescence of PbS QD#3 is mainly due to trap
state luminescence.
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3.3. Spectral-luminescent properties
of PbS/SiO, QDs

The main manifestations of core-shell PbS
QDs formation were observed in the luminescence
properties (Fig. 3).

The formation of PbS/SiO, QD#1 resulted in a
shift of the exciton luminescence band from 1100
to 1080 nm, while the FWHM of the luminescence
band decreased from 0.20 to 0.12 eV, and the
quantum yield of luminescence increased from
2.5 to 4.5% (Fig. 3a, curves 1, 2). In the case of
PbS QD#2 sample, upon the formation of the
SiO, shell, the long-wave luminescence band in
the region of 1260 nm, which was due to trap
state luminescence, disappeared. At the same
time, the luminescence band in the region of
1100 nm shifted to 1030 nm (Fig. 3b, curves 1, 2),
its FWHM decreased from 0.25 to 0.13 eV, and the
quantum yield increased from 1 to 3%. In the case
of PbS QD#3, the formation of the shell resulted
in the appearance of an intense luminescence
band in the region of 1080 nm, while the band
at 1260 nm shifted to a shorter wavelength of
1210 nm (Fig. 3c, curves 1, 2). The FWHM of both
luminescence peaks was estimated to be within
the range of 0.1-0.2 eV. No exciton structure was
found in the luminescence excitation spectrum
with a peak at 1210 nm. The excitation band edge

(@)
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is located in the region of 950 nm, and the value
of the Stokes shift is 0.3 eV (Fig. 3c, curves 2,
3), which is similar to the data for the original
samples of PbS QD#3 and indicates the trap state
nature of luminescence in the region of 1210 nm.
The shift of the trap state luminescence peak to
the shorter wavelength can probably be explained
by the influence of the SiO, shell on the energy
states of the structural and impurity defects
of PbS QD#3. The quantum yield of PbS QD#3
remained unchanged upon the formation of the
SiO, shell and amounted to 1.5 %.

For all PbS/SiO, QD samples, we recorded
excitation spectra of the short-wavelength
luminescence band (1030-1100 nm) due to
exciton luminescence. They demonstrated a shift
in the peak of the ground exciton transition to
900 nm compared to the peak in the region of
980 nm for PbS QDs (Fig. 3a, b, c, curves 4, 5). For
PbS QD#1, the Stokes shift increased from 0.13
to 0.22 eV, for PbS QD#2 — from 0.13 to 0.17 eV,
and for PbS QD#3 - from 0.13 to 0.22 eV. The
observed regularities probably result from the
change in the size distribution of PbS QDs in
the ensemble during the formation of the SiO,
shell [15]. Estimates of the average size of PbS
QDs in the framework of the hyperbolic zone
model [52] showed that the shift of the ground
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Fig. 3. Luminescence spectra of PbS QD#1 (1) and PbS/SiO, QD#1 (2) - a; PbS QD#2 (1) and PbS/SiO, QD#2 (2)
- b; PbS QD#3 (1) m PbS/Si0, QD#3 (2) - c. Luminescence excitation spectra in the region of 1260 nm for PbS/
SiO, QD#1 (3) - a; PbS/SiO, QD#2 (3) - b; PbS/Si0, QD#3 (3) - c. Luminescence excitation spectra in the region
of 1100 nm for PbS QD#1 (4) — a; PbS QD#2 (4) — b; PbS QD#3 (4) — c. Luminescence excitation spectra in the
region of 1080 nm for PbS/SiO, QD#1 (5) - a; PbS/Si0, QD#2 (5) - b; PbS/Si0, QD#3 (5) - ¢
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exciton transition peak in the excitation spectra
from 980 to 900 nm (0.1 eV) is due to a decrease
in the diameter of PbS QDs within 0.4 nm. It is
not possible to compare the obtained theoretical
estimates of the QDs size change during the
formation of core-shell structures with the
TEM experimental data, since the TEM image of
PbS/Si0, QDs is complicated by the presence of a
contrast phase associated with the formation of
the SiO, layer on the QD surface. The increase in
the Stokes shift value as a result of the formation
of the core-shell structure can also indicate
an increase in the energy of the Coulomb and
exchange interaction between the electron and
hole in the exciton due to the enhancement of
the quantum confinement of charge carriers [15].

Thus, the complete disappearance of the long-
wavelength luminescence band at 1260 nm for
PbS/Si0, QD#1 and PbS/SiO, QD#2, and its partial
disappearance for PbS/SiO, QD#3 indicates the
suppression of trap state luminescence in PbS
QDs as a result of the formation of the SiO,
shell. This suggests the interface nature of the
luminescence centers.

4. Conclusions

The study presented the principles of
controlling the IR luminescence of colloidal
PbS QDs. The technique of colloidal synthesis
of PbS QDs, passivated with thioglycolic acid
molecules that we used in this work makes it
possible to obtain PbS QDs with an average size of
3.0+0.5 nm, predominantly with luminescence in
the region of 1100 nm. Keeping colloidal solutions
of PbS QDs at 60 °C has no significant effect on
the average size of QDs in the ensemble, but
leads to the appearance of a long-wavelength
luminescence band at 1260 nm. Analysis of the
luminescence excitation spectra of both bands
and the Stokes shift showed that the band at 1100
nm is associated with the radiative annihilation
of an exciton, while the band at 1260 nm is due
to recombination at trap state levels. Thus,
radiative recombination centers are formed at
the interfaces of PbS QDs under the effect of
temperature.

The formation of a SiO, shell on the interfaces
of PbS QDs with the exciton luminescence at
1100 nm leads to the shift of the luminescence
band towards the short-wave region by 20 nm and
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a twofold increase in the luminescence quantum
yield. The shift of luminescence to shorter waves
is presumably associated with a decrease in the
average size of PbS QDs in the ensemble upon the
formation of core-shell structures. In the case of
PbS QDs characterized by trap-state luminescence
at 1260 nm, the formation of the SiO, shell results
in partial or complete quenching of trap-state
luminescence with a simultaneous increase in
the quantum vyield of exciton luminescence in
the range of 1030-1100 nm. Thus, PbS/SiO, QDs
ensure the suppression of trap state luminescence
in PbS QDs, which in turn indicates the interface
nature of the luminescence centers.
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