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Photoluminescence of Lead Sulfide Quantum Dots of Different Sizes
in a Nanoporous Silicate Glass Matrix

Aleksandr P. Litvin,*'® Anton A. ]3Labaev,_{_ Peter S. Parfenov,” Elena V. Ushakova,’ Mikhail A. Baranov,
Olga V. Andreeva,Jr Kevin Berwick,” Anatoly V. Fedorov,Jr and Alexander V. Baranov'

ITTMO University, Kronverksky pr., 49, St. Petersburg, Russia

*School of Electrical and Electronic Engineering, Dublin Institute of Technology, Kevin Street, Dublin 8, Ireland

ABSTRACT: The optical properties of lead sulfide quantum
dots (QDs) of different sizes embedded in a nanoporous
silicate glass matrix (NSM) are investigated by steady-state and
transient photoluminescence spectroscopy. The use of this
matrix allows the fabrication of samples with reproducible
optical characteristics, for both isolated and close-packed QDs.
Low-temperature PL analysis of isolated QDs with sizes of 3.7
and 4.5 nm shows that the coeflicient of temperature shift of
the PL position changes sign with reducing QD size because of
size-dependent contributions from thermal expansion, mechan-
ical strain, and electron—phonon coupling. The PL intensity is
determined by size-dependent splitting of the lowest energy
electronic state.
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B INTRODUCTION

Colloidal quantum dots (QDs) possess a unique ability to
control their optical properties by varying their chemical
composition, shape, size, and chemical organic ligands.1
Exploiting this ability should allow a wide range of useful
devices to be engineered using these materials. In particular,
lead sulfide (PbS) QDs with optical transitions in the near-
infrared region are now used in third-generation photovoltaic
cells,”™* photodetectors,s_g and light-emitting diodes.'*"?
However, fundamental research focused on their physical
properties remains necessary in order to fully understand the
mechanisms governing the relaxation dynamics of QD excitons
at the nanoscale.

Identification of a suitable matrix to host these QDs remains
an open research question and is crucial for the further
development of QD-based devices.”™'® Any matrix must
provide a homogeneous distribution and controllable density of
QDs at a relatively high level, optical transparency, and stability
of physicochemical properties. Nanoporous silicate glass
matrices (NSM) are very promising materials for QD
infiltration because they possess excellent optical transmission
over a wide spectral range and high radiation and mechanical
resistance. Another important advantage of NSMs is that they
allow a controlled variation of the pore diameter, opening the
possibility of size-selective infiltration of QDs and study of the
optical properties of both isolated and close-packed QDs.
Several applications of NSMs filled by various nanoparticles
such as fullerene-based optical limiters,'” Ag—AgI-based hybrid
“plasmon—exciton” nanostructures,”’ and ammonia vapor
sensors”' have been reported recently.

-4 ACS Publications  © 2017 American Chemical Society 8645

In this study, we demonstrate that an NSM can be used as a
high quality, stable matrix for studying the optical properties of
both isolated and close-packed QDs inside the glass pores.
While the close-packed regime allows the study of interactions
between QDs such as FRET, the opportunity to study isolated
QDs in a host matrix allows the examination of the intrinsic
properties of the QDs. This allows us to reveal some unusual
photoluminescent properties of PbS QDs of different sizes at
low temperatures, which are important for a deeper insight into
the nature of energy dissipation in lead chalcogenide nano-
crystals.

B MATERIALS AND EXPERIMENTS

PbS QDs with mean diameters of 3.7 and 4.5 nm, capped by
1.8 nm long oleic acid ligands, have been synthesized by the
hot-injection method and dissolved in carbon tetrachloride
(CCl,).”> The QDs are then embedded into a nanoporous
silicate matrix (NSM, with 17 nm pores, made of Na,O—
B,0;-Si0, glass'”) and a porous paper matrix (PPM, with
micrometer-scale pores, 388 grade Sartorius filter paper”’).
The samples of NSM with embedded QDs were prepared as
follows. Plates of NSM of 1 mm thickness were annealed at 530
°C for 2 h to allow pore purification. Annealing ensures the
absence of impurities adsorbed from the air and promotes
better penetration of any filling compounds. Next, the NSM
plate was placed onto the QD solution/air interface. The
concentration of the QDs in the solutions used ranged from
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Figure 1. 3D topography of the NSM cross section obtained by AFM (a) and SEM (b). (c) Nanoscale relief of the NSM surface with a few
pronounced pores obtained by AFM. (d) The cross section of the NSM surface along the line shown in (c).

107* to 107> M, in order to provide different QD
concentrations inside the matrix. The solutions were subjected
to 30 min of ultrasonication to prevent QD aggregation. After
several seconds, the color of the plate becomes light-brown,
indicating that the QDs have soaked into the plate. Next, the
plate was dipped completely into the colloidal solution to allow
homogeneous infiltration of the QDs. To finish, the plate was
rinsed several times in CCl, solution in order to ensure that the
optical responses collected arise from the QDs located inside
the NSM volume.

The infiltration and optical properties of QDs in a PPM have
been previously investigated in detail.”® So the samples of the
QDs in the PPM were used as a reference. PPM is intended for
filtration of residuals with typical sizes larger than 10 y#m and is
composed of cellulosic fibers with a diameter of a few
micrometers, which effectively adsorb semiconductor QDs on
their surface.”® With increasing QD concentration, QDs start to
form agglomerates at the fiber surface, and formation of close-
packed ensembles of interacting QDs affects their optical
properties.”* Samples of PPM were dipped into CCl, colloidal
solutions with QD concentrations of ~10™°> M for 30 s. After
that the samples were dried for 1 h at 50 °C to evaporate the
residual CCl,.

Topographic atomic force microscopy (AFM) images of a
porous glass surface were obtained by atomic force microscope
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Solver Pro-M (NT-MDT, Russia) with NSGO1 probe (10 nm
curvature radii) in semicontact mode. Scanning electron
microscopy (SEM) was performed using a Merlin-Zeiss
microscope at 15 kV.

The optical properties of the samples were studied using a
Shimadzu-UV3600 spectrophotometer and a purpose-built
setup for the PL analysis of nanostructures in the NIR.*® A
633 nm laser excitation was used for steady-state PL analysis,
and 532 nm excitation was used for transient measurements.
Raw PL spectra were normalized, taking into account the
spectral sensitivity of the experimental setup in order to extract
the emission spectra.26

B RESULTS AND DISCUSSION

Nanoporous Silicate Glass Matrix. The surface of the
NSM was examined by atomic force and electron microscopies.
Figures la and 1b demonstrate the 3D topography of the NSM
cleavage obtained by AFM and SEM, respectively. The images
show nanoscale relief of the NSM. Since the sizes of the pores
are close to the probe tip radius, we can distinguish only a few
pores on AFM images, as shown in Figure 1c by green circles.
The cross section of the NSM surface topography around two
closely located pronounced pores is shown in Figure 1d and
indicates the pore diameter of ca. 20 nm. The SEM image

DOI: 10.1021/acs.jpcc.7b01952
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Figure 2. (a) PL peak intensities from four different areas of the porous glass and filter paper with embedded 4.5 nm QDs. (b) Absorption (black
lines) and PL (red lines) spectra of 4.5 nm PbS QDs in PPM, NSM, and CCl,. Vertical dashed lines indicate the centers of the absorption and PL

bands for QDs in a CCl, colloidal solution.
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Figure 3. PL decay curves recorded for 3.7 and 4.5 nm PbS QDs in colloidal solution (blue), in porous glass (black), and in filter paper (red).

Intensity-weighted average PL lifetimes are shown.

(Figure 1b) shows also pronounced structures with transversal
sizes of around 20 nm.

Next, we examined the homogeneity of the spatial QD
distribution inside the NSM volume. In order to do this, we
compared the optical responses from the NSM sample with
those from the PPM samples, which are known to possess
homogeneous QD distributions.”> We chose four different
areas on the NSM and PPM samples to record PL spectra. The
optical density of the NSM plates at the PL excitation and
emission wavelengths was less than 0.1, allowing the
examination of the distribution of the QDs inside the sample
volume. Results for samples with 4.5 nm PbS QDs are shown in
Figure 2a. The black squares and red circles represent the PL
peak intensities for the NSM and PPM, respectively. The
dotted lines indicate mean values and the standard deviations
are listed in the legend. These results demonstrate that we
obtained good homogeneity in the QD distribution, in both the
NSM and PPM samples. Clearly, the NSM matrix exhibits
superior homogeneity in the QD distribution, giving reprodu-
cible PL responses.

Noninteracting Regime. Our analysis of the steady-state
absorption and PL, as well as the PL decay times, of the NSM
filled with QDs shows that a system of noninteracting QDs can
be formed inside the NSM. This is supported by Figure 2b,
where a comparison between the absorption (black lines) and
PL (red lines) spectra of 4.5 nm PbS QDs in PPM, NSM and
CCl, is shown. The samples of QDs in the NSM and the PPM
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were obtained by using colloidal solutions with QD
concentrations of ~107> M. The absorption bands of the
QDs in both the NSM and PPM are blue-shifted compared to
those from the QD solution. The magnitude of the shift is
dependent on the specific matrix and, in particular, their
dielectric constant. The PL band of the PPM sample is red-
shifted, indicating FRET is occurring between the QDs.”’ So
for PPM we are dealing with close-packed interacting QDs with
energy transfer occurring between QDs which differ slightly in
size.”" In contrast, the NSM sample shows no spectral evidence
of QD interaction at the QD concentration used, since its PL
peak is shifted in the same direction as the absorption peak with
an unchanged Stokes shift. It appears that there is a more
homogeneous spatial distribution of isolated QDs in the NSM
than in the PPM, where conglomerates of close-packed QDs
are formed in the pores.

This conclusion is supported by an analysis of the PL decay
curves for QDs in CCl,, NSM, and PPM, performed for 3.7 and
4.5 nm PbS QDs and presented in Figure 3. The PL decay
curves obtained for the samples are well fitted by a sum of two
exponential functions. We calculated intensity-weighted average
PL lifetimes, also shown in Figure 3. Very long decay times for
PbS QD colloidal solutions have been previously reported in
several papers”~>* " and were explained by the contribution of
several electronic states to the PL signal.””’* To detect
interactions between QDs in the different matrices, we
performed transient PL analysis with 20 nm spectral selection

DOI: 10.1021/acs.jpcc.7b01952
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inside the luminescence bands of 4.5 nm QDs in CCl,, NSM,
and PPM. The corresponding intensity-weighted average PL
lifetimes were calculated for each band and then were
normalized by the value, which is the average at the specified
spectral range. Spectral dependencies of the normalized
intensity-weighted average PL lifetimes are shown in Figure
4. As expected, no notable spectral dependence of PL lifetimes
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Figure 4. Normalized intensity-weighted average PL lifetimes obtained

at different wavelengths for 4.5 nm PbS QDs in colloidal solution
(blue), porous glass (black), and filter paper (red).

has been observed for the dilute solution of noninteracting
QDs. In contrast, the average PL lifetimes of QDs embedded in
the PPM reveal a pronounced wavelength dependence,
indicating that quenching of smaller QDs inside a quasi-
monodispersed ensemble due to energy transfer””” is taking
place. This fact, together with the much shorter PL decay times
compared to the QDs in the CCl,, indicates the formation of
conglomerates, composed of strongly interacting QDs. In
contrast to the PPM samples, PbS QDs in the NSM
demonstrate PL lifetimes with only a slight wavelength
dependence. The calculated PL decay times are much closer
to those observed in colloidal QD solutions; any slight
differences may be ascribed to the difference in the dielectric
constant of the matrix or slight optical quenching by the
matrix.>® This observation, together with the minor wavelength
dependence of PL lifetimes, shows that the dynamics of energy
relaxation for QDs embedded in the NSM are typical of those
from isolated QDs. In other words, from an analysis of the
absorption and steady-state and transient PL responses of the
samples, it is clear that the NSM allows the investigation of the
optical properties of individual noninteracting QDs.

Low-Temperature PL Analysis. Since the use of a
nanoporous silicate glass matrix allows us to make samples
with noninteracting QDs and reproducible optical responses,
we were able to explore the PL responses from isolated PbS
QDs of different sizes, including the temperature dependencies
of PL properties. We performed PL analysis for 3.7 and 4.5 nm
PbS QDs embedded in an NSM from colloidal solutions with
QD concentrations of 107> M in the temperature range 77—
300 K. Figure S represents the temperature dependence of the
fwhm of the PL band from the 4.5 nm PbS QDs. The fwhm of
the PL band suffers conventional broadening with increasing
temperature. The dependence of the fwhm on temperature can
be described as follows:**~¢
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Figure S. The fwhm temperature dependence for 4.5 nm PbS QDs in
NSM. The red line is the fit to the experimental data (solid dots) with

eq 1. Fitting parameters are ¢ = 43 peV/K, y = 35 meV/K, and ', =
138 meV, as shown in the legend.

-1
fwhm(T) =T, + oT + y[exp(h)]
kyT (1)

where I'y;, is the QD inhomogeneous distribution width which
is temperature-independent, arising mainly from fluctuations in
the size and shape of the QDs in the ensemble studied. The
coefficients ¢ and y are the exciton—acoustic phonon and
exciton—LO phonon coupling coeflicients respectively, E; is
the LO phonon energy, and kg is the Boltzmann constant.
Fitting the temperature dependence of the fwhm for the 4.5 nm
PbS QDs in the NSM by eq 1 with fitting parameters o, y, Iy,
and a fixed value of E; ; = 25.4 meV (the bulk value at 296 K*”)
is shown in Figure 5 by the red solid line. Values for ¢ = 43
ueV/K, y =35 meV/K, and I';;, = 138 meV have been obtained
from the fitting procedure. The o and y values are close to those
reported previously for 5 nm QDs in silicate glass’* while the
I, value is near the width expected at 0 K from a rough
extrapolation of the fwhm temperature dependence below 125
K

Figure 6 represents a temperature dependence of the PL
peak position for 3.7 and 4.5 nm PbS QDs embedded in an
NSM. The shifts have been approximated by the Varshni
equation:38

T2
T+ p

E(T)=E,—a

1) = Ea 2)
where Ey is the bandgap width at 0 K, « is the coefficient of
temperature shift of the bandgap energy, and p is the
temperature-independent parameter which is usually close to
the Debye temperature. An approximation of the PL peak
position for 3.7 and 4.5 nm PbS QDs using the Varshni relation
with # = 145 K gives coefficients of a of —120 = 10 and 180 +
10 peV/K, respectively, and E, of 1.178 + 0.001 and 1.077 +
0.001 eV, respectively. Olkhovets and co-workers first showed
that lead chalcogenide QDs possess a strongly size-dependent
temperature coefficient of bandgap energy.”® They demon-
strated that the temperature coeflicient of the lowest excited
state in the absorption spectra varies over a wide range, from
negative values up to the positive value from the bulk material.
This is explained by considering the different contributions
from thermal expansion, mechanical strain, and electron—
phonon coupling, whose size dependencies are especially
pronounced for the smallest QDs.

DOI: 10.1021/acs.jpcc.7b01952
J. Phys. Chem. C 2017, 121, 8645—8652
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Figure 6. Temperature dependence of the PL peak position for 3.7 and 4.5 nm PbS QDs embedded in the NSM.

This trend was also confirmed in further experiments for lead
chalcogenide absorption™ and PL temperature dependencies.*’
Caram et al. have recently observed different temperature
dependencies in the PL position for PbS QDs of different sizes
and ascribed this to the redistribution of the state population
between two emitting electronic states.”” In our case, PbS QDs
in the NSM did not demonstrate two distinct PL bands, and
any variation in the coefficient a should be considered to be a
result of the size dependence of various thermal contributions.
For 3—4 nm PbS QDs, thermal expansion of the wave function
envelope and intraband deformation-potential coupling of
electrons to acoustic phonons make a negative contribution
to @, leading to a sign change in a’®

An analysis of the PL intensity is shown in Figure 7,
highlighting another distinction between the luminescent
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Figure 7. Temperature dependencies of PL intensities for 3.7 and 4.5
nm PbS QDs embedded in an NSM.

properties of 3.7 and 4.5 nm PbS QDs. The temperature
dependence of the PL intensity for 3.7 nm QDs is shown by
black circles. The dependence for temperatures >60 K can be
well fitted by the standard expression (3) with an activation
energy E A

Ly

1+ A exp(—:—"T)
B

Iy =

©)
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The estimated activation energy of 102 + 6 meV was found to
be close to that for CdTe,**** PbTe,* and PbSe/CdSe Q_Ds.45
Activation energies of 100—130 meV have been recently
obtained for PbS QDs from theoretical calculations using a
model which includes several emitting states.”> Zhao et al. have
also reported activation energies of 100—130 meV for 3—4 nm
PbS QDs capped by oleic acid in PMMA." A relatively slight
reduction in the PL intensity with increasing temperature has
been previously noted by Turyanska et al. and ascribed to a low
density of nonradiative recombination centers.*’

The temperature dependence of the PL intensity obtained
for 4.5 nm PbS QDs is shown in Figure 7 by blue circles and
demonstrates a very different behavior. Besides the decrease of
PL intensity with decreasing temperature, we observed an
unexpected rise in the PL intensity above 150 K. This indicates
that at higher temperatures an additional mechanism of
radiative recombination is contributing to the PL. It has been
shown that PbS QDs possess a complicated low-energy
electronic structure, and radiative recombination drastically
depends on QD size and temperature.””*’ Several research
groups have reported splitting of the lowest electronic state into
“dark” and “bright” states, as shown schematically in Figure 8,
assuming the “dark” state can either be highly emissive,””*"**
slightly emissive,”* or nonemissive.**

Since the PL band observed in our experiments is highly
symmetric for both 3.7 and 4.5 nm QDs in the NSM, we
consider a contribution from only one radiative transition from
a “bright” state to the total PL signal. However, when the
energy gap, AE, between “dark” and “bright” states is small
enough, thermally activated reverse transitions with a rate
constant kpp increase the population of the “bright” state,
leading to a growth in the PL signal. This mechanism is
illustrated by the red arrow in Figure 8. It is known that energy
splitting increases strongly with decreasing QD size;”*** thus,
this mechanism may be negligible for 3.7 nm QDs.

Taking into account the radiative and nonradiative
transitions with the rate constants k, and k, and internal
conversion to the “dark” state with the rate kpp, the population
of the “bright” state Ny will be described by the following
equation:

dNg

T —(k, + ky, + kpp)Np + kppNp

4)
where

DOI: 10.1021/acs.jpcc.7b01952
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Depopulation of the “bright” state occurs via radiative recombination
to the ground state with rate k,, nonradiative recombination to the trap
state separated by activation energy E,, with rate k,;, and to the “dark”
state with rate kpg. Simultaneously, the population of the “bright” state
can be increased via thermally activated transitions from the “dark”
state at a rate kyp, which depends on the energy gap AE between the
“dark” and “bright” states.

AE

kgp ~ k exp(——)
BD ~ XDB kT )

Equation 3 can be modified to describe the temperature
dependence of the PL intensity for 4.5 nm QDs:

AE
IO + ND eXP(—kB—T>

1+ A exp(—kE—AT)
B

Ly, =
(6)

where N is a temperature-independent parameter character-
izing the population of the “dark” state.** Equation 6 is a good
fit to the experimental data, as shown in Figure 6, and gives an
energy gap, AE, between the “dark” and “bright” states, of 52
meV for 4.5 nm QDs, in agreement with data from the
literature.””*”*’ The estimated activation energy E, for 4.5 nm
QDs equals 34 meV.

An additional feature in the PL temperature dependence of
4.5 nm QDs has been observed at 250 K (Figure 7). Since this
temperature coincides with the melting point of CCl,, we
speculate that it may be related to the presence of residual

solvent within the pores. In our case, upon solvent melting at
250 K, the vibrational modes of liquid CCl, become active and
further increases in the QD PL intensity may be inhibited by
some competin§ process, such as electronic-to-vibrational
energy transfer.’

It worth noting that other mechanisms could also lead to
changes in the temperature dependence of PL intensity; e.g.,
the influence of oxygen exposure®’ and FRET""* have also
been considered for PbS QDs. However, in our case, the first
factor can be excluded since both 3.7 and 4.5 nm QDs would
experience similar effects due to oxygen. In addition, FRET is
negligible at the low QD concentrations used.

Close-Packed Regime. Besides the opportunity to study
optical properties of isolated QDs, the NSM allows the
investigation of various interactions at the nanoscale. The NSM
is suitable for the experimental study of interactions between
semiconductor QDs, plasmonic metal nanoparticles, and
biological objects. One example is the Forster resonance
energy transfer (FRET) between donor and acceptor nano-
particles.

FRET between two QDs of different sizes exhibits well-
known features, allowing an evaluation of the average interdot
distance. Since we did not observe any spectral features
suggesting QD—QD interaction for the samples prepared from
the colloidal solutions with QD concentrations of 107> M, the
QD density in the NSM must be increased. To achieve a higher
density in the QD distribution in the NSM matrix, we increased
the concentration of the initial QD solution to ~107* M. We
prepared the samples with 3.7 nm QDs, 4.5 nm QDs, and a
mixture of 3.7 and 4.5 nm QDs at a 1:1 concentration ratio,
keeping the total QD concentration at ~10™* M for all QD
solutions. PL spectra for 3.7 nm QDs, 4.5 nm QDs, and their
mixture in the NSM are shown in Figure 9a. The spectrum of
the QD mixture indicates FRET is taking place between QDs of
different sizes, resulting in both quenching of donor PL (3.7 nm
QDs) and enhancement of acceptor PL (4.5 nm QDs).
Additional evidence for this comes from transient PL analysis.
PL decay curves have been recorded at 1000 nm for the
samples with a donor-QD and QD mixture and are shown in
Figure 9b. At this wavelength, PL from the QD mixture arises
from the donor-QDs only and may indicate a quenching
process. Indeed, the decay curve for the donor-QDs in the
mixture is characterized by a smaller amplitude and shorter PL
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Figure 9. (a) PL spectra for 3.7 nm QDs (black), 4.5 nm QDs (red), and their mixture in NSM (blue). (b) PL decay curves recorded at 1000 nm for
the samples with the donor-QD and QD mixture. The inset demonstrates the overlap between the donor PL spectrum and the acceptor absorption

spectrum.
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lifetime in comparison to the reference sample with 3.7 nm
QDs only. This confirms FRET is occurring from the smaller
QDs to the larger ones, indicating a short interparticle distance.
A FRET efficiency of 74% was extracted from the donor PL
lifetimes using the expression

E=1- DA
(7)

where 7, and 7, are the PL lifetimes of the donor QD in the
presence and absence of a QD acceptor, respectively. The
Forster radii, which characterize the distance at which ene_r§y
transfer efficiency equals 50%, can be estimated as follows:”

D

9000 In 10k*Q,,
T 1287Nt

6
F

/w%umunﬁu
0 (8)

where k* equals 2/3 and is the orientational factor, the QD-
donor quantum yield Qyp is estimated to be ~8% in the NSM,
the refractive index n of the NSM with a porosity of 52% with
embedded QDs is estimated to be 1.222, and the overlap
integral describes the spectral overlap between donor emission
and acceptor extinction. Ry equals 8.7 nm, and the
corresponding average interdot distance, which can be
estimated using the FRET efficiency, equals 7.3 nm.
Summation of the calculated interdot distance, oleic acid
length, and QDs radii gives a distance close to the diameter of
the pores in the NSM, indicating the interaction of two QDs of
different sizes in a pore. That correlates well with the equimolar
concentration ratio for the sample studied.

Bl CONCLUSIONS

We studied the optical properties of lead sulfide QDs of two
different sizes in a nanoporous silicate glass matrix. We showed
that the use of a nanoporous glass matrix allowed us to obtain
samples with reproducible optical characteristics, both for
isolated noninteracting QDs and for QDs forming close-packed
structures. Low-temperature PL analysis performed for QDs
with sizes of 3.7 and 4.5 nm showed that the coeflicient of the
temperature shift of PL position changes sign with reducing
QD size. This supports a model of size-dependent contribu-
tions from thermal expansion, mechanical strain, and electron—
phonon coupling to the temperature-induced shift of the lowest
energy absorption peak of PbS QDs. Different behaviors of the
PL intensity with temperature for QDs of different size was
observed and explained by size-dependent splitting of the
lowest electronic state and a variation of the energy gap
between “dark” and “bright” electronic states.
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