Anomalous Size-Dependent Decay of
Low-Energy Luminescence from PbS
Quantum Dots in Colloidal Solution

Elena V. Ushakova," Aleksandr P. Litvin," Peter S. Parfenov,” Anatoly V. Fedorov," Mikhail Artemyev,*
Anatoly V. Prudnikau,” Ivan D. Rukhlenko,® and Alexander V. Baranov™*

*National Research University of Informational Technologies, Mechanics and Optics, 197101 Saint Petersburg, Russia, Hnstitute for Physico-Chemical Problems,
Belarusian State University, 220080 Minsk, Belarus, and SAdvanced Computing and Simulation Laboratory (AyL), Department of Electrical and Computer Systems
Engineering, Faculty of Engineering, Monash University, Clayton 3800, Victoria, Australia

olloidal nanocrystals quantum dots

(QDs) made of narrow-bandgap IV—VI

semiconductors, such as PbS and
PbSe, have been the subject of much scho-
larly research due to being capable of effec-
tively absorbing and emitting light and
possessing size-tunable bands in the near-
infrared (NIR) region.' > These unique op-
tical properties make colloidal QDs very
attractive for applications in a variety of
different areas—ranging from biology and
medicine®” to optoelectronics—including
effective infrared photodetectors,® organic
light-emitting diodes,”® and photovoltaic
devices, as well as solar cell technology.® "'
Also of significance, from a practical view-
point, is the large exciton Bohr radius and
the almost identical effective masses of
electrons and holes,'? owing to which even
QDs of relatively large sizes (4—10 nm) fea-
ture strong quantum confinement'*'* and
fundamental transitions in the 1-2 um
spectral range.

The dependence of energy of the lowest-
energy electronic state on the QD's size and
the associated peculiarities of the charge-
carrier dynamics are of primary importance
for applications and therefore have been
intensively studied in the past decade.’”2*
It has been found that colloidal lead chalco-
genide QDs possess some unconventional
properties, such as the large, confinement-
dependent Stokes shift'®719292223 and the
extraordinarily long photoluminescence (PL)
lifetime in the microsecond range.>'¢17:192526
The variation in the Stokes shift's magnitude
from several hundreds to tens of millielec-
tronvolts, which occurs upon the increase in
the QD's size from 2.5 to about 6 nm, have
been reported in the earlier studies on colloi-
dal QDs made of PbS.'>?%?%% This data,
together with the experiments on infrared
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ABSTRACT We report on an anomalous
size dependence of the room-temperature photo-
luminescence decay time from the lowest-energy
state of PbS quantum dots in colloidal solu-
tion, which was found using the transient
luminescence spectroscopy. The observed
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10-fold reduction in the decay time (from ~2.5 to 0.25 us) with the increase in the quantum

dots' diameter is explained by the existence of phonon-induced transitions between the in-gap

state—whose energy drastically depends on the diameter—and the fundamental state of the

quantum dots.
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phonon-induced transitions

photoinduced absorption by PbS QDs,*%2
indicates the existence of an electronic state
whose energy within the QD's bandgap
depends on the extent of the quantum
confinement. The photoexcited electrons
first relax to this state from the lowest
conduction state nonradiatively, and then
radiatively recombine, giving rise to the PL
with a quantum yield of up to 70% at room
temperature.”® The origin of the emitting
state with the size-dependent energy is still
an issue of great scientific dispute.?° 232728
In particular, a dark-exciton state,>* a hybrid
state consisting of a trapped electron and
hole in the conduction band,*® a trapped
exciton state,? an exciton state split off due
to the intervalley interaction,?® and shallow-
trap surface states®® have all been consid-
ered as possible candidates for the unu-
sually emitting state.

The PL lifetimes ranging from 1 to 2.7 us
have been reported for PbS QDs dispersed in
organic solvents,>'92>?® embedded in polymer
films, 23732 and arranged in closely packed
ensembles.?%?22332 A single-exponential PL
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decay was observed in most of these experiments,
although a biexponential decay (with the fast compo-
nent of 100 ns and the long component of 2.4 us) was
reported for the QDs of 3 nm in diameter, dispersed in
tetrachloroethylene.” The relatively long PL lifetime for
colloidal PbS QDs emitting in the NIR region (as
compared to e.g., CdSe QDs) is usually attributed to
the decreased radiative recombination rate due to
both the relatively low transition energy®® and the
effect of dielectric screening.'” The first reason leads
to the rise in the PL lifetime with the QD size. The
corresponding calculations give a radiative lifetime of
about 9 and 20 ns for PbS QDs with diameters of 3 and
8 nm, respectively. The effect of dielectric screening is
the reduction of the field inside a sphere that has a high
refractive index, and the associated increase of the PL
lifetime by the factor (&, + 2¢0)%/(3€0)?, where gy and &
are the permittivities of the solvent host and the QD.
Simple estimations show that the PL lifetime should
increase by a factor of 11 for PbS QDs (¢; = 17.2)'% in
tetrachloromethane (g, = 2.2),3* and constitute about
100 and 220 ns for the QDs with diameters of 3 and
8 nm. These theoretical values are typically an order of
magnitude smaller than the lifetimes that are mea-
sured experimentally. The reason for this is currently
unclear. It is quite probable, however, that the high
magnitude and strong size dependence of the PL
lifetime are closely related to the size-dependent
properties of the electronic state within the QD's
bandgap whose decay gives rise to the PL. Unfortu-
nately, only scattered data on the PL lifetime in semi-
conductor nanocrystals with diameters below 4.5 nm
(emission wavelengths above 1250 nm) is available in
the literature, especially for QDs in diluted solutions
where their mutual interaction does not affect the PL
kinetics.

In this paper, by employing the steady-state and
transient photoluminescence spectroscopy, we com-
prehensively investigate the size dependency of the
low-energy-PL lifetime for PbS QDs dispersed in tetra-
chloromethane (TCM). The correlation between this
dependency and the characteristics of the in-gap
electronic state was analyzed in a broad range of QD
sizes from 2.5 to 8.8 nm. A 10-fold reduction (from ~2.5
to 0.25 us) in the lowest-energy luminescence decay
time with the QD size was observed and explained in
terms of the size-dependent phonon-induced transi-
tions from the in-gap state to the fundamental state of
the QDs. The experiments were performed at a low
concentration of nanocrystals in liquid solution at
room temperature, to reduce as strongly as possible
the influence of interactions between QDs themselves
and between QDs and their environment on the
dynamics of electronic transitions. The obtained
room-temperature data are of particular interest due
to possible applications of PbS QDs in optoelectronic
devices operating at regular service conditions.
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Figure 1. Absorption (blue curves) and PL (red curves)
spectra of PbS-QDs/TCM at room temperature. The upper
axis shows the QD diameters calculated from eq 5 using
bandgap energies, which are determined by the lowest-
energy absorption peaks.

RESULTS AND DISCUSSION

Absorption and Steady-State Luminescence Analysis. Figure 1
shows the typical absorption and PL spectra for differ-
ent samples of PbS QDs in TCM (PbS-QDs/TCM) with
mean diameters D ranging from 2.3 to 8.8 nm. The
spectra demonstrate the size-dependent Stokes shift,
which is a characteristic feature of PbS QDs. The values
of this shift agree well with the previously reported
data'®2? for similar QDs with absorption band energy
exceeding 1.3 eV. The shift, calculated as a difference
between the energy of the absorption band and the
energy of the luminescence band maximum, is shown
in Figure 2a by solid squares.

A detailed analysis of the luminescence bands
reveals that they consist of two components, the
relative intensity of which depends on the mean size
of the QDs. For the relatively large or relatively small
QDs, the PL bands may be well fitted by a single
Gaussian, whereas in order to fit the PL bands of QDs
with diameters ranging from 3.5 to 6 nm (and band-
gaps between 1.3 and 0.8 eV) two Gaussians are
needed. Figure 2b illustrates this fact by the examples
of QDs with the largest, smallest, and intermediate
diameters. One can see that the high-energy PL com-
ponent (PL1) exhibits a Stokes shift of about 4—5 meV,
which is almost independent of the QD size. This
component dominates the PL spectra of large QDs,
but becomes almost undetectable for QDs with D <
3.5 nm due to the drastic decrease of its intensity with
the QD size. The low-energy PL component (PL2)
features a size-dependent Stokes shift, while its in-
tensity increases with the reduction of the QD size. It
dominates the PL spectra of large QDs and disap-
pears in the PL spectra of small ones. The open circles
in Figure 2a show how the Stokes shift of com-
ponent PL2 varies with the QD size and the bandgap
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Figure 2. (a) Stokes shift of PL as a function of the QDs' bandgap energy. Solid squares show the energy shift of the absorption
peak with respect to the PL band maximum, while open circles show the shift between the absorption peak and the PL2 peak.
PL2 peak energy grows linearly with the QDs' bandgap energy, as shown by the solid line (of slope 0.59) in the inset of panel a.
For reference, the dashed line with unity slope shows the energy of the absorption peak. (b) Representative set of PL bands for
QD:s of largest (~8 nm), smallest (~3 nm), and intermediate (4 and 4.9 nm) diameters. An asymmetry of the PL bands is seen
for the QDs of intermediate sizes. These bands are well fitted by two Gaussians, while the PL bands of the QDs with diameters 8

and 3 nm may be fitted by a single Gaussian.
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Figure 3. Decay of room-temperature PL from PbS-QDs/TCM. (a) PL decay curves for QD ensembles with mean diameters of
3.7,4.6, 6.4, and 7.5 nm. Solid curves show single-exponential fittings. The legend shows bandgap energies (Egg), detection
energies (E4), and the corresponding time constants (). (b) PL decay time as a function of the QDs' bandgap energy (bottom
axis) and diameter (top axis). The error bars represent the standard deviations of 4—5 independent measurements.

(absorption peak) energy. The inset in Figure 2a de-
monstrates the dependencies of the absorption peak
energy (dashed line) and the peak energy of the com-
ponent PL2 (solid line) on the QDs' bandgap Egg. A
linear dependence of the PL2 peak energy on Egg, with
a slope of 0.59, is observed for Ezg exceeding 1 eV.
Hence, the dependence of the peak energy of the PL2
component on the QDs' size is almost twice as weak as
the similar dependence of Egg.

Transient Photoluminescence Spectroscopy. We measured
the PL decay at room temperature for the samples of
QDs with diameters from 2.8 to 7.5 nm, which emit in
the spectral range of 0.87—1.72 um (1.42—0.72 eV). The
total signal of PL1 and PL2 components was detected.
Figure 3a shows the typical decay curves for QD
ensembles with D = 3.7, 4.6, 6.4, and 7.5 nm. All the
curves can be fit sufficiently well by a single exponen-
tial with the time constant between 0.25 and 2.5 us.

USHAKOVA ET AL.

It should be noted that for QDs with diameters
exceeding 6 nm, the PL decay features a more or
less pronounced fast component, which cannot be
resolved in our experiments and can be seen in
Figure 3b as 30—40-ns spikes. The experimentally
obtained dependence of the PL decay time on the
QDs' bandgap energy (QDs' mean diameter) is shown
in Figure 3b. The error bars represent the standard
deviations calculated for 4—5 independent measure-
ments. For QDs with mean diameters smaller than
44 nm, the microsecond-scale decay times of 2—
2.5 us (weakly depending on the mean diameters)
were found.

These decay times agree well with those reported
earlier for PbS QDs of similar sizes.>'??>%° At the same
time, an order-of-magnitude monotonic reduction of
the PL decay time (down to 250 ns) has been observed
upon increasing the QDs' diameter from 4 to 7.4 nm.
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Figure 4. (a) Scheme of low-energy electronic states of PbS QDs with bandgap energy Egg. The numbers 0, 1, and 2 denote
ground, first excited, and “in-gap” energy states with populations No, N1, and N,; §;; is the characteristic rate of transitions j — i;
AE is the energy gap between states 1 and 2. (b) PL decay time as a function of the energy gap AE between states 1 and 2 (in
the units of kgT). Experimental data is shown by solid squares. The error bars represent the standard deviations of 4—5
independent measurements. The dotted green curve is the best fit of the experimental data by eq 2. The red curve shows the
result of fitting by eq 2, which takes into account the dependency £q;(AE) due to the acoustic-phonon relaxation.

To the best of our knowledge, such a dependency has
never been reported before for the lowest-energy
luminescence from the QDs made of other semicon-
ductors. We believe that it may be explained by the
peculiarities of the electronic energy structure of PbS
QDs, namely, by the presence of the electron state with
a confinement-dependent energy within the QDs'
bandgap.

THEORETICAL ANALYSIS AND DISCUSSION

We now interpret the obtained data using a simple,
three-level model of the low-energy electronic struc-
ture of PbS QDs, which was initially proposed by a
number of authors.'®”?* The energy level diagram
illustrating the model is shown in Figure 4a, where
the numbers denote the ground state (0), the conven-
tional lowest-energy electronic state of the QDs (1),
and the “in-gap” electronic state (2). States 1 and 2 are
separated by a size-dependent energy gap AE and
have populations N; and N,. The acronyms PL1 and PL2
denote the 1-0 and 2—0 optical transitions. The size-
independent Stokes shift PL1 of 4—5 meV comes, most
likely, from the PL phonon sideband, while the size-
dependent Stokes shift PL2 (As) arises from the energy
gap, that is, A = AE. The in-gap state is populated by
nonradiative transitions from state 1, at the rate &5,
that is supposed to be much larger than the recombi-
nation rate &y, = £y, + oy of state 1 (here &5, and &35
are the radiative and nonradiative recombination
rates). The recombination rate &y, of state 2 is expected
to be much smaller than &y, thus leading to the
microsecond-scale decay times of the lowest-energy
luminescence from the QDs. The population transfer
from state 2 to state 1 is possible at the rate &, = &,
exp [—AE/(kgT)], where kg is the Boltzmann constant
and T is the temperature of the sample.

It is qualitatively clear that for AE > kgT and &,; >
&01, 02, the QD emission is dominated by the decay of

USHAKOVA ET AL.

the in-gap state, giving rise to component PL2 with the
decay time 7 = 1/&;,. In sharp contrast to this, if AE <
kgT and the population transfer rate &;, is much larger
than &p,, then the PL spectrum is dominated by
recombination at the electron state 1. In the inter-
mediate case, it is reasonable to expect that both
components (PL1 and PL2) will be present in the PL
spectrum. The proposed scenario is similar in some
way to those used for the description of the tem-
perature-induced electronic transitions in the sys-
tems with electronic sates separated by a fixed
energy gap AE, which is comparable to kgT. In the
case of PbS QDs, and perhaps PbSe QDs, the energy
gap may be tuned in a broad range at almost any
temperature, owing to its strong dependency on the
QD size.

To analyze the obtained experimental data in more
detail, the dynamics of electronic transitions in the
three-level system [see Figure 4a] was described using
Pauli equations for the populations of the system's
states.> Let us first consider the quasi-state lumines-
cence spectra of the QDs. In the framework of the
proposed model, the signals of the quasi-state lumi-
nescence at the maxima of the bands PL1 and PL2 are
found to be

_ Wao Vo’ &y

S _ Who |V0/2‘2§1n521
PLI = 5 . _ o 1¥02] SinS21
Y AEq V4V -

Ynn hzgoz YV -
(1

where W, is the rate of the generation of electron—
hole pairs at some high-energy state n, y,, is the
energy relaxation rate of state n, &;, is the non-
radiative relaxation rate from state n to state 1 due
to the thermal interaction with a bath, V,; and V;
are the matrix elements of the radiative optical
transitions from states 1 and 2 to the ground state
0 of the QD, and &y, and &, are the total dephasing
rates of these transitions. The rest of parameters in
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eq 1 are defined as follows:

1
Ve =5 (Vﬂ +rnE \/(Vn — v22) +4E5,expl *AE/kBT)>
(2)

where 11 = Eo1 + £21 and yo = Soz + Sarexp(—AE/kgT).
Since the ratio of the peak intensities of components
PL1 and PL2 depends on the energy gap AE, we can use
the steady-state luminescence spectra corresponding
to the QDs of different sizes to estimate the unknown
parameters entering eq 1. This ratio is of the form

_ S Ay
Set oo +Exexp( —x)

where A = (|Vo2|*E01)/(|Vo1|*Ez) and x = AE/kgT. By
measuring the value of C for different x, we may find A
and relate the rates &,; and &j,. The quantitative
analysis of the experimental size dependencies of the
PL1 and PL2 intensities is rather difficult, due to the
strong overlapping of the corresponding spectral
bands. Nevertheless, the calculation of C(x) gave close
results for several pairs of the QD diameters 3.8, 4, 4.4,
and 5.5 nm. The most reliable values, C(3.96) = 3.05 and
C(1.9) = 0.68, were obtained for the QDs of diameters 4
and 4.9 nm, respectively, whose PL spectra are shown
in Figure 2b. Using this data, we obtain

Cx)

C —-C
£ = . (x1) (x2) En (3a)

X)e ™2 — C(xq)e ™

X2 _@™X

e
A= C(X1)C(X2)—C(x1) —C0o)

(3b)
The relaxation constant &, will be found from the size
dependency of the PL decay time.

Using the proposed model, itis easy to show that the
decay of components PL1 and PL2 for t > to, where ty is
the excitation pulse duration, may be described by the
expressions

Gpui(t) = ae ™+ 4 be /T (4a)

Gpra(t) = ce /T 4 de /7~ (4b)

where 7. = 1/y4, and a, b, ¢, and d are some time-
independent coefficients. It is seen that PL1 and PL2
components manifest biexponential decay, with the
exponentials characterized by the shot (z,) and long
(z_) decay times. Hence, the size dependencies of the
decay times of components PL1 and PL2 at a given
temperature T are predominantly controlled by the
size dependence of AE (see eq 2).

In our time-resolved experiments, two luminescence
bands (PL1 and PL2) were detected for all QD samples.
However, the employed experimental setup allowed
us to measure PL decay times not faster than 40 ns, so
that the signals of the fast components of bands PL1
and PL2 manifest themselves in Figure 3a in the form of
small spikes about the origin; the duration of the spikes
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is close to the width of the temporal instrument func-
tion of the experimental setup. It should be borne in
mind, therefore, that the experimentally measured decay
curves and characteristic times in Figure 3 correspond
to the slow components of bands PL1 and PL2.

According to eq 2, the decay timesare 7, = 1/y;; and
7_ = 1/&p, for x > 1. This fact allows one to find &y, ~
4 % 10° s~ from the measured value of the PL decay
time, which is 2.5 us for the QDs with diameter 3.7 nm
and x &~ 11.46. Using this value in eq 3, we obtain A ~
0.11and &; ~2.18 x 107 s,

Numerical estimation shows that, typically, 7, <46 ns,
since the upper limit of the short relaxation time
equals 1/&,;. The experimental setup used for the
transient photoluminescence experiments enabled
us to measure the PL decay with characteristic times
above 20 ns. This feature and the fact that only
monoexponential decays in the microsecond time
scale have been observed for the PL signals from all
QD samples allow us to assign these signals to the slow
exponentials of components PL1 and PL2 described by
the second terms in eq 4, with the characteristic time
T_=1/y_.

Figure 4b shows the comparison between the ex-
perimentally measured PL decay time (solid squares)
and the time t_ = 1/y_ (dashed curve) calculated using
eq 2 with £5;, =218 x 107 s ', £y =3 x 10°s7 ", and
£g2 =4 x 10° s~ '. The employed values of the relaxa-
tion constants were chosen to provide the best fit to
the experimental data. The experimental data are seen
to be in good agreement with the analytical results
everywhere, except for the region x < 0.42, where a
sharp reduction of the luminescence decay time is
observed. This discrepancy between the experimental
and theoretical data indicates the presence of an
additional mechanism of energy relaxation. This fact
is not surprising, since the employed relaxation model
does not take into account the dependency of the
relaxation parameters &y;, £py, and &5 on AE. Itis quite
obvious that when AE varies in the broad range from
300 to 5 meV, different types of relaxation mechanisms
with a threshold-like behavior may contribute to the
relaxation process. For example, when AE approaches
from above the value nhQ, where n is the integer and
hQ is the optical-phonon energy, the mechanism
involving n optical phonons start to facilitate the
energy relaxation. It is quite probable that this mechan-
ism is responsible for the step-like structure of the
experimental dependency of the PL decay time on AE
in Figure 4b (see the region 1 < x < 5).

For x < 1, mechanisms involving acoustic phonons
may start to dominate the energy relaxation.>*~32 This
fact can be demonstrated using a simple model of the
luminescence decay time 7_ = 1/y_, which is most
sensitive to the variation of &y, in the region x < 1.
Suppose that £o1(AE) = &o1 + £55/{1 + expl—p(AE, —
AE)1}, where &35 is the acoustic-phonon-induced
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relaxation rate, AE, is the peak energy in the acoustic-
phonon density of states, and the factor 1/{1 + exp
[—p(AEy; — AE)]} reduces to the Heaviside step func-
tion as p — . The red curve in Figure 4b shows the
results of the calculation of the decay time 7_ for the
following set of parameters (found from the best fit of
the experimental data): AE, = 5.2 meV, p = 10 meV ',
and &35 = 2 x 107 s~ " It is seen that the theoretical
curve quantitatively agrees with the experimental data
in the entire region of AE. Itis quite remarkable that the
employed value of AE, is close to the energies of
acoustic phonons TA(X), LA(X), and TA(L) of PbS.3°

CONCLUSIONS

The electronic energy structure and dynamics of
low-energy optical transitions in PbS QDs in tetrachloro-
ethylene have been studied for the broad range of the
QD sizes from 2.3 to 8.8 nm, which corresponds to
the emission range from 0.65 to 1.8 eV. Two bands with
the size-dependent relative intensities were found
in the steady-state luminescence spectra of the QDs.
One of them, with the Stokes shift of ~5 meV, was
attributed to the fundamental optical transition of the
QD. Another band, whose size-dependent Stokes shift
decreases with the QD's size, was attributed—in ac-
cordance with the previous reports'>?2%222_to the
electron state with the size-dependent energy within
the QD's bandgap.

A 10-fold reduction in the lowest-energy lumines-
cence decay time with the QD size was found for PbS

METHODS

Synthesis and Characterization of PbS Quantum Dots. PbO (>99.9%),
oleic acid (90%), 1-octadecene (90%), hexamethyldisilthiane,
and TCM (>99.5%, for IR spectroscopy) were purchased from
Aldrich and used without further purification. The PbS QDs were
synthesized in the three-neck, 25-ml flask equipped with a
magnetic stirrer and adapters for vacuum drying, argon flow,
and precursors injection. One mmol of PbO, 4 mmol of oleic
acid, and 10 mL of octadecene were loaded into the flask. The
reaction mixture was heated up to 170 °C and dried under the
10-mbar vacuum for 30 min, until all of the reagents have
completely dissolved and formed a clear solution. Further, 0.2
mmol of hexamethyldisilathiane in 0.5 mL of octadecene was
injected into the mixture at 100 °C, under the argon flow and
intense stirring. The reaction mixture was additionally stirred for
1—15 min at 70°—100 °C, in order to grow PbS nanocrystals
(QDs) of the desired diameters (ranging from 2.5 to 8.8 nm) and
to get the edge of the absorption band between 800 and
1900 nm. The reaction mixture was then cooled down to
50—60 °C, and the QDs were deposited using isopropyl alcohol.
Finally, the QDs were centrifuged for 5 min at a speed of
6000 rpm, washed twice with isopropyl alcohol, and redispersed
in TCM.

The thus obtained QDs were optically characterized at room
temperature using NIR absorption spectroscopy and quasi-state
and transient NIR luminescence spectroscopy, while their size
and composition were determined with X-ray diffraction
(Ultima IV, Rigaku) and scanning transmission electron micro-
scopy (Merlin, Zeiss, STEM mode). The absorption spectra of
PbS-QDs/TCM were measured using a UV-3600 Shimadzu
spectrophotometer.
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QDs at room temperature. Such a reduction has never
been reported for semiconductor QDs before, to the
best of our knowledge. The observed dependency was
explained in terms of the phonon-induced transitions
from the in-gap state to the fundamental state of QDs,
which become essential when the energy gap be-
tween the two states is comparable to, or less than,
the thermal energy kgT. The steady-state and transient
luminescence from QDs of different sizes was de-
scribed in the framework of a simple model of optical
transitions, whose predictions were shown to be in
good agreement with the experimental data. The
origin of the in-gap state is still an open issue. The fact
that the size dependency of the in-gap state's energy,
as observed by us, is almost twice as weak as that of the
similar dependency of the QD's fundamental transition
is a strong argument in support of the model proposed
by Fernée et al,*® which assumes that the energy of
only one particle constituting the electron—hole pair is
size-quantized. The revealed deviation of the size
dependency from the one expected in the case
where the energies of both particles are dependent
on the QD size, may also be due to the difference in
the effective masses of electrons (holes) in PbS QDs
and in the bulk material, as it was observed for CdS
QDs in the strong confinement regime.*® The origin
of the in-gap state and the dominant relaxation
mechanisms warrant further investigation, which
requires experimental studies with higher spectral
and time resolutions.

The steady-state photoluminescence was analyzed with a
home-built setup.*’** The luminescence was detected using a
Hamamatsu G5852—21 InGaAs photodiode cooled to —20 °C,
with the sensitivity spectral range of 0.9—2.1 um. The 107¢ M of
PbS-QDs/TCM placed ina 3 x 3 mm? quartz cell was excited by a
633-nm laser beam. The luminescence was collected in 90°
geometry and sent through an Acton SP-2558 monochromator,
with a relative aperture of 6:5, a focal length of 0.5 m, and the
diffraction grating with a period of 150 mm ™" (the wavelength
resolution in the 0.9—2.1 um spectral range was about 6 nm).
The spectral sensitivity of the setup was determined using a
blackbody emission spectrum, and then used to normalize the
luminescence spectra. The PL quantum yield was determined
by employing the standard procedure®® and using IR-1061TM
(Sigma-Aldrich) organic dye with the quantum yield of 1.7% as a
reference standard.

For the luminescence decay studies, an experimental setup
analogous to that described in the work by Parfenov et al.** was
used. The luminescence from PbS-QDs/TCM was excited by
100-ps pulses of a PicoQuant LDH-P-C-640B laser, emitting at
640-nm wavelength and producing 0.4-nJ pulses at 60-Hz
repetition rate. The power density of the excitation light on
the sample was about 20 uW/cm? in order to avoid any
photobleaching of QDs during the time-resolved experiments.
The signal of luminescence was first sent through the relevant
band-selective filter, with a bandpass 100—150 nm, and then
focused on a 0.1-mm? detector area. A fast Femto HCA-S-200M-
IN detector based on an InGaAs pin-photodiode and a Stanford
Research SR455A amplifier enabled measurements in the spec-
tral range from 0.8 to 2.0 um and in the time interval from
20 ns to 10 us. A high-frequency digital oscilloscope Tektronix
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Figure 5. (a—d) Typical powder XRD patterns for PbS QDs of different mean diameters (determined from the FWHM of the
XRD peaks). The patterns, fitted by three Gaussians each (green curves), demonstrate that the QDs' crystal struc-
ture corresponds to that of the bulk PbS (vertical lines show the positions of the corresponding peaks in the bulk material).
(e) Wavelengths (bottom axis) and energies (top axis) of the fundamental absorption bands in PbS QDs of different mean
diameters. The experimental data shown by open squares is fitted with the polynomial function in eq 5.

TDS-2002 (with a 200-MHz bandpass and a 2-GHz sampling
frequency), performing an average over 128 measurements,
was used. A computer program, purpose-built for additional
accumulation of up to 10° measurements, read signals from the
oscilloscope. The time needed to record a single luminescence
decay curve with the use of this program was about 1 h.

A representative set of room-temperature absorption and
PL spectra of the synthesized PbS QDs of different sizes, with the
energy of the lowest absorption band within the range of
0.65—1.8 eV, are shown in Figure 1. It is of significance that
the PL quantum yield did not manifest noticeable size depen-
dence and was about 30% for the four PbS-QDs/TCM samples,
with the QDs' mean diameters of 3, 4, 4.9, and 8 nm.

Figure 5 panels a—d show the typical powder X-ray diffrac-
tion (XRD) patterns for PbS QDs of different diameters. The
figures confirm the chemical composition and crystal structure
of the synthesized QDs, since the positions of the diffraction
peaks are approximately equal to those expected for bulk PbS
with a rock-salt structure and a lattice constant of 0.5936 nm.**
The diffraction peaks are seen to broaden when the QDs' size is
reduced. This effect stems from the finite size of the crystallites
and their structural defects. The mean diameter D of the QDs
was calculated using the Scherrer formula*®

kA

D=———
A(26) cosO

where 4 is the wavelength of the X-rays, A(20) is the full width at
half-maximum (FWHM) of the XRD peak corresponding to the
Bragg angle 26, and k = 1. To determine the FWHM of the XRD
peaks, the measured diffraction patterns were fitted with three
Gaussians each and the FWHM was calculated as an arithmetical
mean over the three XRD peaks. The calculations show that the
mean diameters of the synthesized QDs lie in the range from
2.5 to 8.8 nm, while the positions of the lowest-energy
absorption peak change from 1.77 t0 0.65 eV. For the samples
characterized by D = 4.8, 6.4, and 8.8 nm, the sizes of the QDs
were also determined using the scanning transmission elec-
tron microscopy (STEM). The samples were prepared by
dipping a carbon-coated microscopy grid in a diluted QD
solution. The mean QD diameters of 4.9 + 0.3, 6.6 + 0.2, and
9.0 &+ 0.2 nm were obtained from the analysis of the STEM
images (not shown). A good agreement between the XRD and
STEM data indicates a good crystalline structure of the
synthesized QDs.

USHAKOVA ET AL.

The size dependence of the wavelength of the first excitonic
absorption band of PbS-QDs/TCM is shown in Figure 5b. Follow-
ing the work by Yu et al,'® the experimental data were fitted
using the empirical polynomial

D) = 7.2x107"°23 — 1.7 x 107942 +5.7x 10731 — 0.9
(5)

where D (nm) is the mean diameter of QDs in a given nano-
crystal sample and 4 (nm) is the wavelength of the lowest-
energy absorption peak of the sample. This polynomial allows
one to determine D directly from the absorption measurements,
while avoiding conduction of either STEM or XRD analysis for
each sample synthesized. The dependency D(4) agrees to a
precision of 5% with that found from the empirical formula
Esg = 041 + 100/[D(2.52D + 28.3)] (Egg is in eV), which was
proposed by Moreels et al.'® The results presented in this
section show that the chemical composition, crystal structure,
and size-dependent optical properties of the synthesized PbS
QDs do not significantly differ from those reported by other
authors,'®~2* who also studied the electronic energy structure
and dynamics of low-energy optical transitions in PbS QDs
dispersed in liquid solutions. The comparison of spectral widths
of the lowest-energy absorption peaks for the QDs of different
sizes with the data in the available literature, and the estimation
of the width of the QD size distribution using eq 5, showed that
the QD size dispersion did not exceed 12%.
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