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We report experimental evidence of the lowest exciton state splitting and carrier trapping in PbS quantum
dots �QDs� in glass matrix. Our measurements of photoluminescence �PL� of PbS QDs using steady-state and
time-resolved PL spectroscopy reveal strong temperature dependences of the PL intensity and decay kinetics.
We find that consistent quantitative description of our experimental results can be achieved using a simple
model taking into account the lowest 1S-1S exciton state splitting and multiphonon-assisted carrier trapping to
states outside a PbS QD. Using our model, we estimate the lowest exciton splitting energy and lifetimes of the
dark and bright exciton states of PbS QDs. Consistent with our model, the PL transition energy of PbS QDs
deviates at higher temperatures from the one predicted based on the bulk PbS band-gap dependence due to the
lowest 1S-1S exciton state splitting. Temperature-induced broadening of the PL spectrum of PbS QDs is
explained by the exciton-phonon interaction.
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I. INTRODUCTION

The optical properties of semiconductor nanocrystals or
quantum dots �QDs� have been extensively investigated over
the past decade and still attract a growing interest from both
fundamental and applied points of view. These low-
dimensional systems bridge the gap between single mol-
ecules and bulk solid state, providing an opportunity to trace
the evolution of electronic and optical properties of the mat-
ter from small atomic clusters to bulk solids. Because of
quantum confinement, QDs possess size-dependent discrete
exciton energy levels.1–3 This feature allows for tuning of the
spectral position of the absorption and emission bands of
QDs by varying their size and makes them promising for
tunable absorbers and emitters in applications such as light-
emitting devices4–7 and biomedical fluorescent labeling.8–13

Following the extensive investigation of optical properties of
CdS and CdSe QDs during the past years, rocksalt-structured
lead sulfide �PbS� QDs have recently emerged as an interest-
ing semiconductor low-dimensional system. From the funda-
mental point of view, the narrow band gap �0.42 eV at room
temperature�,14 large �17.4 nm� exciton Bohr radius,15 and
nearly equivalent electron and hole effective masses14 make
them attractive candidates for investigating strong quantum
confinement effects. From the technological perspective, PbS
QDs are of interest because they are among the few materials
that can provide tunable electronic transitions in the range of
1–3 �m, thus allowing for controlled light absorption and
emission at these important near-infrared �IR� wavelengths.

In lead salt �PbS, PbSe, and PbTe� QDs the lowest-energy
excitonic manifold �1S-1S� originates from the four equiva-
lent L points in the Brillouin zone. Thus, one may expect its
fourfold degeneracy �in addition to the Kramers
degeneracy�.16 Unfortunately, accurate theoretical calcula-

tions of the energy level structure in PbS QDs have not been
carried out up to now. At the same time, a recent atomistic
pseudopotential calculation of PbSe QDs energy levels has
revealed a fine structure of the lowest exciton state.17 The
electron-hole exchange interaction and spin-orbit coupling
lead to the appearance of the nondegenerate lower-energy
dark exciton state, followed by the higher-energy threefold
degenerate bright exciton state in PbSe QDs. Optical transi-
tions to and from the dark exciton state are forbidden within
the electric dipole approximation, and radiative recombina-
tion from this state can only take place via the emission or
absorption of phonons.18,19 If such a splitting occurs, the ra-
diative rate is expected to depend on the thermal activation
rate between the dark and bright states. The temperature de-
pendence of the luminescence decay in PbS QDs in glass
recently reported in Ref. 20 was suggested as an argument in
support of the above model, although, quite surprisingly, the
steady-state photoluminescence �PL� intensity for the same
samples was found to have only a weak, nonmonotonic tem-
perature dependence. By contrast, a tenfold increase in the
steady-state luminescence intensity with a decrease in tem-
perature from 295 to 50 K was observed in thiol-capped PbS
QDs �Ref. 21� and explained by the thermally activated trap-
ping of carriers to the defects; the latter study, however, pre-
sented no data for PL decay times. In view of these some-
what contradictory and incomplete results, it is therefore
reasonable to expect that a proper understanding of the
temperature-dependent luminescence properties of PbS QDs
requires a model which should provide an adequate simulta-
neous description of the temperature dependences of both the
steady-state PL intensity and PL decay times. We believe that
such a model should simultaneously take into consideration
both the lowest exciton state splitting and the carrier
trapping.
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It is well known that PL transition energy in semiconduc-
tor QDs is temperature dependent. At the same time, no clear
theoretical prediction for this dependence has been pub-
lished. In the absence of a theoretical expression for this
dependence, a number of authors have found that a satisfac-
tory description of experimental data for QDs �CdSe/ZnS,
CdSe/CdS, and InP/ZnS� can be achieved using the theoret-
ical dependences of the band-gap energy in bulk
semiconductors.22–24 On the other hand, it is still unclear,
whether this approach is universal enough to provide an ad-
equate description of experimental data for QDs of other
semiconductor compounds.

In the present work, we investigate the steady-state and
time-resolved PL of PbS QDs in a glass matrix and propose
a model accounting for the exciton splitting and carrier trap-
ping at defect sites, showing excellent agreement with the
experimental results on the temperature-dependent PL inten-
sity and decay kinetics. Additionally, we demonstrate that,
while at lower temperatures the known empirical relations
for bulk semiconductors can describe the temperature depen-
dence of the PL transition energy, they fail at higher tempera-
tures because of the lowest 1S-1S exciton state splitting. The
observed temperature-induced broadening of the PL spec-
trum of PbS QDs is explained by the exciton-phonon inter-
action.

II. EXPERIMENT

A silicate glass sample doped with PbS QDs was prepared
using the system compound SiO2-Al2O3-NaF-Na2O-ZnO.
The glass batch melting technique with a double-stage heat
treatment procedure was similar to those reported
elsewhere.25,26 The technique provides controllable growth
of QDs with the size distribution of 5–7 %. Room-
temperature absorption spectrum of the glass doped with PbS
QDs was recorded on a Cary 500 spectrophotometer
�Varian�. The transition energy corresponding to the maxi-
mum of the first exciton absorption band was used to esti-
mate the average size of QDs in the sample by fitting to a
sizing curve for PbS QDs in silicate glass from Ref. 27. The
evaluated mean radius of QDs is 2.5 nm.

Steady-state PL measurements were carried out using a
Jobin-Yvon Fluorolog-3 spectrometer equipped with a
Hamamatsu near-infrared photomultiplier tube. The spectral
response of the detection system was calibrated using broad-
band emission from a tungsten lamp. The spectral widths of
the slits were set to 2 nm. For the temperature-dependent
measurements, the sample was mounted in a temperature-
controllable helium flow cryostat �Oxford Instruments�. The
excitation wavelength was set to 400 nm.

An optical parametric oscillator �LOTIS TII� pumped by
the third harmonic �355 nm� of a Q-switched Nd:YAG laser
�LOTIS TII� was used as an excitation source in the time-
resolved PL measurements. The system provided spectrally
tunable pulses with duration of 10 ns at a repetition rate of
10 Hz. The PbS QDs sample mounted in the cryostat was
excited to the maximum of its first exciton absorption band
at 1.025 eV �1210 nm�. The PL was collected by lenses and
spectrally selected using a 0.3 m monochromator �SPEX� to

a bandwidth of 5 nm at the 0.91 eV �1360 nm�. PL decay
traces were acquired using a Hamamatsu near-IR photomul-
tiplier tube and a 500 MHz bandwidth digital oscilloscope
�LeCroy�. The excitation radiation fluence at the sample was
�0.05 MW /cm2 �the diameter of the excitation spot at the
sample was �1 mm�, which is about two orders of magni-
tude lower than the absorption saturation intensity of
2 MW /cm2 measured in an independent experiment �data
not shown�. Thus, the linear excitation regime was ensured
in our experiments.

PL decay kinetics were found to exhibit complex nons-
ingle exponential decays and therefore were analyzed by re-
constructing the underlying distributions of decay times with
minimum a priori assumptions on the PL decay law. In this
approach, the PL decay law is represented by a distribution
of decay times f���,

I�t� = �
�min

�max

f���exp�− t/��d� . �1�

Taking into account that the measured PL kinetics D�t� is a
convolution of the genuine decay law I�t� and the response
function of the detection system R�t�, the problem of the PL
decay analysis is reduced to the solution of the integral equa-
tion,

�
0

t

R�t − t���
�min

�max

f���exp�− t�/��dt�d� = D�t� �2�

with respect to f���. A discretized version of this ill-posed
inverse problem, where integral Eq. �1� is approximated by
the sum �i=1

n f i exp�−t /�i� with the fixed decay times �i
� ��min,�max�, was solved using a regularization procedure
described elsewhere.28 The lifetime distributions were recon-
structed using n=100 exponential terms with decay times
uniformly distributed on the logarithmic scale in the range of
0.05–200 �s. The accuracy of experimental PL data fitting
is assessed by analyzing the residuals and their autocorrela-
tion function. The mean decay time ��	 is calculated as

��	 = � �f i�i
2�/� �f i�i� . �3�

III. RESULTS AND DISCUSSION

A. Room-temperature absorption and emission

Figure 1 shows the absorption and PL spectra of the PbS
QDs sample at the room temperature �293 K�. The maximum
of the first exciton absorption band is located at 1.025 eV
�1210 nm�. The PL spectrum has a full width at half maxi-
mum �FWHM� of 105 meV and is centered at 0.95 eV �1305
nm�, which corresponds to a nonresonant Stokes shift of 75
meV. The FWHM of the room-temperature PL spectrum
measured for an ensemble of PbS QDs in our samples is
smaller than 180–200 meV reported previously for ensemble
measurements20,29,30 and is close to 90–130 meV reported
recently in ensemble measurements on thiol-capped PbS
QDs.31 For single PbS QDs, the FWHM value of
�100 meV was reported,32 and the large homogeneous line-
width in PbS QDs was explained by the ultrafast exciton
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dephasing.33 Thus, the FWHM value of 105 meV obtained
for our sample is consistent with the narrow size distribution
of nanocrystals.

B. Temperature-dependent steady-state photoluminescence

PL spectra of the PbS QD sample exhibit a strong tem-
perature dependence in the range of 10–300 K �Fig. 2�. The
temperature decrease leads to the shift of the emission maxi-
mum to lower energies and pronounced growth of the PL
intensity �Figs. 2 and 3�. The appearance of an additional
low-intensity wide emission band at higher energies can also
be observed. We found that all PL spectra can be well ap-
proximated by a sum of two Gaussians. The band making the
major contribution to the PL spectra shifts to higher energies
and broadens with an increase in the temperature. The sec-
ond low-intensity band does not demonstrate a pronounced
temperature dependence, exhibiting a peak position at 1.0–
1.04 eV and FWHM values in the range of 110–170 meV
within the whole temperature range. These results suggest
that, while the first emission band reflects the intrinsic prop-
erties of QDs, the second one originates from trap states.
Glasses are amorphous solid solutions and, therefore, the for-
mation of defect states in the strained matrix volume sur-
rounding a QD surface can be expected. The importance of
these trap states in the exciton relaxation was pointed out in
the experiments on the resonant femtosecond pump-probe

spectroscopy of CdTe,34 CdSSe,35 and CdS �Ref. 36� QDs in
glasses and time-resolved photoluminescence spectroscopy
of colloidal CdSe QDs.37 Additionally, emission from trap
states was observed for QDs in various environments �see,
e.g., Refs. 38–41�. Several trap-related emission bands have
been reported for PbS QDs in polyvinyl alcohol.40 These
literature data confirm our assignment of the lower-energy
temperature-dependent narrower band to the intrinsic exciton
PL of PbS QDs and the higher-energy temperature-
independent wider band to trap states emission. Carriers can
be trapped to these states from the 1S-1S exciton state, as
well as from the higher lying states to which they are pro-
moted by the optical excitation. In what follows, we will
present and discuss only the temperature dependence of the
intrinsic exciton PL.

FIG. 1. Room-temperature absorption and photoluminescence
spectra of PbS QD sample used in our experiments. The estimated
mean radius of PbS QDs is 2.5 nm.

FIG. 2. Temperature-dependent photoluminescence spectra of
PbS QDs.

FIG. 3. Temperature dependences of the �a� integral intensity,
�b� full width at half maximum, and �c� peak spectral position of
PbS QDs intrinsic exciton photoluminescence band. Symbols
represent experimental data. Solid curve in �b� is a least-squares
fit using Eq. �4� ��inh=66�1 meV, �=54�12 �eV /K,
�=39�6 meV�. Solid curve in �c� is a least-squares fit using Eq.
�5� �E1S-1S�0�=0.892�0.001 eV, �1S-1S=320�4 �eV /K, 	
=143�48 K�; dashed curve in �c� is a least-squares fit using Eq.
�6� �E1S-1S�0�=0.893�0.001 eV, S=1.48�0.07, and �Eph	
=11.7�1.7 meV�.
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Figure 3�b� shows the FWHM of the intrinsic PbS QDs
exciton emission as a function of temperature. The tempera-
ture dependence of the FWHM due to the exciton-phonon
interactions can be described by the following equation:42,43

FWHM�T� = �inh + �T + �NLO�T� , �4�

where temperature-independent inhomogeneous contribution
�inh represents a distribution �due to QD size, shape, and
environment variations� of linewidths of single QDs in the
ensemble at T→0; � is an exciton-acoustic-phonon coupling
coefficient; � is a temperature-independent linewidth param-
eter characterizing the total linewidth due to exciton-LO-
phonon interactions; and NLO�T�= �exp�ELO /kBT�−1�−1 is
the Bose-Einstein distribution of LO phonons. Originally,
Eq. �4� was derived to analyze the temperature dependence
of exciton linewidths in bulk semiconductors.42 Later, the
relation of similar form was introduced to describe the tem-
perature dependence of exciton luminescence linewidths in
semiconductor quantum wells.43 At present, Eq. �4� is widely
used to describe PL linewidth in semiconductor QDs �see,
e.g., Refs. 22–24 and 44�. In our calculations we set the
LO-phonon energy ELO=26.6 meV. This value corresponds
to the center of the peak in the Raman-scattering spectrum of
PbS QDs with diameter of 3 nm, which was assigned to the
lowest-order optical mode.45 Equation �4� provides an accu-
rate description of the PL FWHM with the fitting parameters
�inh=66�1 meV, �=54�12 �eV /K, and �
=39�6 meV �Fig. 3�b��. The value of �inh is in a good
agreement with the one obtained from the Raman-scattering
data measured at 4.2 K for an ensemble of 3 nm PbS QDs
with a size distribution of �4% reported in Ref. 46, where
the best fits were obtained with the linewidth of inhomoge-
neous distribution �inh=50–87 meV. Unfortunately, we
failed to find any data on � and � coefficients for bulk PbS
or PbS QDs in the literature to directly compare with our
data. However, our values are in the range of those reported
for CdSe QDs ��=71�9 �eV /K, �=21�7 meV� �Ref.
22� and CdTe QDs ��=33�6 �eV /K, �
=18.3�0.9 meV� �Ref. 47� of the same size and PbSe QDs
with diameter of 4.1 nm ��=80 �eV /K, �=40 meV�.48

The higher values of � obtained for lead salt QDs can indi-
cate stronger exciton-LO-phonon coupling in these systems,
which are characterized by noticeably stronger quantum con-
finement due to the larger exciton Bohr radius. However, the
origin of the coupling strength increase is not yet clear. We
should note, that despite the intensive experimental and the-
oretical investigation there is still no consensus on the influ-
ence of the confinement level on the exciton-phonon cou-
pling strength �its enhancement, attenuation �see Refs. 49
and 50, and references therein� or nonmonotonic change50

with the decrease in a QD size were reported�.
The temperature dependence of the PL peak position of

the PbS QDs is shown in Fig. 3�c�. The redshift of the PL
peak with a decrease in temperature reflects a reduction in
the PbS QD energy band gap, which is, strictly speaking, the
energy of the lowest allowed 1S-1S exciton state. No de-
tailed theory that would allow for an accurate description of
the temperature dependence of the lowest exciton energy in
QDs is currently available. On the other hand, it is widely

accepted that, in the absence of temperature-dependent ab-
sorption data, the temperature dependence of the PL transi-
tion energy in QDs can be used as a proxy for the tempera-
ture dependence of the QD bang-gap energy. This approach
implies temperature-independent Stokes shift, which is a rea-
sonable assumption. Based on this assumption, it is common
to analyze experimental data on the temperature-dependent
QD PL transition energy using phenomenological expres-
sions originally introduced to describe the band-gap tempera-
ture dependence in bulk semiconductors.22–24,48,51,52 In the
present work we adopt the same approach.

The temperature dependence of the PL peak position can
be well described for T
220 K by either of the two follow-
ing phenomenological expressions. The first one is a relation
introduced by Varshni,53

Eg�T� = Eg�0� + �
T2

T + 	
, �5�

where Eg�0� represents the band gap at T=0 K �in the case
of QDs the Eg should be understood as the energy of the
lowest 1S-1S exciton state which is the sum of the bulk
band-gap energy Eg and quantum confinement energy Econf,
and therefore the notation E1S-1S�0� will be used below for
QDs�; 	 is a constant of the order magnitude of the semicon-
ductor material Debye temperature �D; and � is the band-
gap energy temperature coefficient. We use the second term
with the plus sign �rather than with the minus sign, as it was
in the original paper� because the PbS band-gap energy rises
with an increase in temperature, in contrast to most of semi-
conductor materials. The fit of PbS QDs PL peak position
using Eq. �5� is presented in Fig. 3�c�. A good agreement
with the experimental data for T
220 K is observed. The
fitting parameters are E1S-1S�0�=0.892�0.001 eV, �1S-1S
=320�4 �eV /K, and 	=143�48 K. The value of 	 is
similar to the Debye temperature of bulk PbS obtained from
x-ray Bragg reflection data ��D=145 K�.14,54 The obtained
temperature coefficient �1S-1S is smaller than the bulk value
dEg /dT=520 �eV /K.54 This can be expected since the the-
oretical estimation of dE1S-1S /dT for PbS QDs with the mean
radius of 2.5 nm in phosphate glass gives the value of
�50 �eV /K.55

The second relation for a band-gap temperature depen-
dence was proposed by O’Donnell and Chen,56

Eg�T� = Eg�0� + S�Eph	�coth��Eph	/2kBT� − 1� , �6�

where �Eph	 is an average phonon energy and S is a dimen-
sionless coupling constant usually referred to as Huang-Rhys
parameter. Also in this case the second term is used with the
plus sign, rather than the minus sign in the original work.
The fit of PbS QDs PL peak position using Eq. �6� is pre-
sented in Fig. 3�c�. The fitting parameters are E1S-1S�0�
=0.893�0.001 eV, S=1.48�0.07, and �Eph	=11.7
�1.7 meV. The obtained average phonon energy �Eph	
=11.7 meV is close to the bulk value of 14 meV.14 The
Huang-Rhys parameter is reasonably close to the value of
�0.7 determined for 1.5 nm radius PbS QDs using resonant
Raman spectroscopy.46
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Although the above dependences accurately describe the
temperature-induced shift of the PL peak position for T

220 K, both of them clearly fail to do so at higher tem-
peratures, T�250 K. Such a behavior can be attributed to a
presence of two different energetically separated emitting
states with a thermally activated transition between them,
which is a result of the exciton dark-bright-state splitting. At
lower temperatures, the number of excitons occupying the
dark state increases and emission from this state provides a
major contribution to the PL signal.

C. Temperature-dependent photoluminescence decay

PL decays recorded within the range of temperatures from
10 to 300 K are clearly nonsingle-exponential with the char-
acteristic PL decay time increasing with a decrease in tem-
perature �Fig. 4�a��. The distributions of decay times corre-
sponding to these PL decays consistently show three peaks
with temperature-dependent positions �Fig. 4�b��. However,
the finite accuracy of the experimental data does not allow us
to rule out a possibility that the complex PL decays are due
to continuous distribution of decay times. To unambiguously
discriminate between these two scenarios, much higher ac-
curacy of PL decay measurements is required. Interpretation
of the structure of the lifetime distributions thus requires a
special detailed study and is outside the scope of the present
work. In what follows, we will use the mean decay time ��	
�Eq. �3�� as a single parameter characterizing the PL decay at
a given temperature.

The mean PL lifetime ��	 at the room temperature is
2.7 �s �Fig. 4�c��, which agrees well with experimentally
measured values for PbS and PbSe QDs reported by different
groups.30,57–59 The long PL lifetimes in lead chalcogenide
QDs at the room temperature are mainly attributed to the
small oscillator strength of the bright exciton state17 and
large local field screening factor due to a high dielectric con-
stant of the QD core material17,60 �bulk values are ���
=17.2 for PbS and ���=23.9 for PbSe�.14

D. A model combining temperature dependences
of photoluminescence intensity and decay time

We propose the following simple model to describe the
temperature-dependent exciton photoluminescence in PbS
QDs, which can be summarized using the sketch presented in
Fig. 5. The fine structure of the lowest 1S-1S exciton state is
represented by the bright and dark states with the radiative
decay rates kbright and kdark, respectively, separated by the
energy gap �E. We assume the same degeneracy for both
states since the exact values have been not reported for PbS
QDs. The relaxation rates of 1S-1S exciton fine structure
states in PbS QDs of similar size were recently estimated to
be �1 ps−1.61 Therefore we assume the Boltzmann distribu-
tion of excitons in the bright and dark states in the QD en-
semble. The difference in radiative decay rates kbright and
kdark, along with the thermally activated carrier trapping to
the states outside the core of a QD are assumed to be the
main reasons for the observed PL thermal quenching at high
temperatures �see Figs. 2 and 3�a�� and PL lifetime increase
at low temperatures �Fig. 4�. We assume that trapping occurs

from dark and bright states with absorption of m and n
phonons �m�n�, respectively. Then, the following rate equa-
tion for the total number of excitons N in the ensemble of
potentially emitting QDs can be written as

dN

dt
= − �kbright + �bright,n�N1 − �kdark + �dark,m�N2,

N1/N2 = exp�− �E/kBT� ,

N = N1 + N2, �7�

where N1 and N2 are the populations of bright and dark
states, which obey the Boltzmann distribution and together

�

�

�

FIG. 4. �a� Temperature-dependent photoluminescence decay ki-
netics, �b� distributions of PL decay times, and �c� mean PL decay
times calculated according to Eq. �3�. Solid line in �c� is a guide for
the eyes.
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constitute the total number of excitons; kbright and kdark are
their radiative decay rates, �bright,n and �dark,m are nonradia-
tive relaxation rates. We assume that the corresponding prob-
abilities �bright,n and �dark,m of nonradiative relaxation from
the bright and dark states to a trap state with absorption of
n and m phonons with energy Eph can be expressed
as �bright,n=k0�exp�Eph /kBT�−1�−n and �dark,m=k0�exp
�Eph /kBT�−1�−m, respectively, where k0 is a rate constant
characterizing the efficiency of the thermally induced nonra-
diative relaxation to trap states. By solving Eq. �7�, we obtain
the following expression for the temperature dependence of
the PL decay time:

��T� = 1/k�T� =
1 + a

akbright + kdark + k0�a�b − 1�−n + �b − 1�−m�
�8�

with the temperature-dependent coefficients a�T�=exp�−�m
−n�Eph /kBT� and b�T�=exp�Eph /kBT� �note that �E
= �m−n�Eph�. Taking into account that at low temperatures
the thermally activated carrier trapping vanishes, and as a
result the PL intensity reaches its maximum value I0, one can
express the normalized PL integral intensity as follows:

IPL
norm�T� = IPL�T�/I0 =

krad�T�
krad�T� + knonrad�T�

. �9�

The radiative krad�T� and nonradiative knonrad�T� decay rates
can be obtained from Eq. �7� as

krad�T� = �akbright + kdark�/�1 + a� , �10�

knonrad�T� = k0�a�b − 1�−n + �b − 1�−m�/�1 + a� . �11�

By combining Eqs. �9�–�11�, we obtain the following relation
for the temperature dependence of the normalized PL inte-
gral intensity:

IPL
norm�T� = IPL�T�/I0

=
akbright + kdark

akbright + kdark + k0�a�b − 1�−n + �b − 1�−m�
.

�12�

Comparing Eqs. �8�, �10�, and �12�, one can see that the
ratio of the PL decay time to the normalized PL integral
intensity gives the radiative exciton lifetime �rad�T�,

�rad�T� = 1/krad�T� = ��T�/IPL
norm�T� =

1 + a

akbright + kdark
.

�13�

Based on the experimentally accessible data, the follow-
ing estimate of the radiative exciton lifetime can be obtained
using Eq. �13�: ��rad�T�	= ���T�	 / IPL

norm�T�, where ���T�	 is the
experimentally measured mean PL decay time and IPL

norm�T� is
the experimentally measured PL intensity normalized by its
value at low temperatures.

At this moment we are ready to apply our model to ana-
lyze our experimental data on PbS QD photoluminescence.
First, we analyze the temperature dependence of the experi-
mental estimate of the radiative exciton lifetime ��rad�T�	
�Fig. 6�a��, which, within the framework of our model,
should depend only on three model parameters: kbright, kdark,
and difference �m−n�. To do that, we set Eph equal to the
LO-phonon energy ELO=26.6 meV.45 The best fit was found

FIG. 5. A schematic representation of the exciton relaxation
processes described by Eq. �7� �see text for details�.

�
�

FIG. 6. �a� Exciton radiative lifetime �open symbols� and its fit
using Eq. �13�. The fitting parameters are kbright=0.33�0.04 �s−1,
kdark=0.056�0.001 �s−1, and �m−n�=0.82�0.01. �b� Tempera-
ture dependence of normalized exciton PL integral intensity. Sym-
bols are experimental data, solid curve is a least-squares fit using
Eq. �12�. �c� Temperature dependence of the mean PL decay time.
Symbols are experimental data, solid curve is a least-squares fit
using Eq. �8�. The fitting parameters in �b� and �c� are k0

=1.07�0.18 �s−1 and m=3.05�0.19.
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for the following set of parameters: kbright
=0.33�0.04 �s−1, kdark=0.056�0.001 �s−1, and �m−n�
=0.82�0.10 �Fig. 6�a��. The corresponding exciton emission
lifetimes and energy splitting of the dark and bright states
can be estimated as �dark=17.9 �s, �bright=3 �s, and �E
=21.8�3.2 meV.

As a second step, we apply our model to the experimental
data on temperature dependences of PL intensity and decay
time �Figs. 6�b� and 6�c��. These data sets were fitted inde-
pendently using Eqs. �8� and �12�, accordingly, with the pa-
rameters kdark, kbright, and �m−n� fixed at their values ob-
tained in the above analysis of the radiative exciton lifetimes.
The best fits produced two close sets of parameters: k0
=1.03�0.22 �s−1 and m=3.0�0.2 for the IPL

norm�T� data set;
k0=1.37�0.49 �s−1 and m=3.35�0.39 for the ���T�	 data
set �Figs. 6�b� and 6�c��. The simultaneous fitting of the
IPL

norm�T� and ���T�	 data sets was also carried out and, as
expected, resulted in nearly the same parameter values: k0
=1.07�0.18 �s−1 and m=3.05�0.19.

As a third step, to verify the stability and reproducibility
of the model parameters, we carried out the simultaneous
fitting of the IPL

norm�T� and ���T�	 experimental data sets using
Eqs. �8� and �12� with five variable parameters kbright, kdark,
k0, m, and n. The best fit was found for the parameter values
kbright=0.30�0.05 �s−1, kdark=0.056�0.001 �s−1, k0
=0.99�0.19 �s−1, m=2.98�0.20, and n=2.21�0.20,
which are very close to the results reported above, thus con-
firming the above data analysis and consistency of our
model.

The estimated value of the bright-dark state energy gap
�E=21.8 meV exceeds the values of 1–16 meV previously
reported for CdSe QDs �see, e.g., Ref. 62, and references
therein�. This can be explained by the enhanced electron-
hole exchange interaction in lead chalcogenide QDs for
which the levels of quantum confinement are noticeably
higher then for QDs of II-VI semiconductors due to the
larger exciton Bohr radius �the theoretically calculated value
of �E=120 meV for 2.7-nm-diameter PbS QDs was
reported�.32 The difference between the obtained values of
�dark and �bright is not as appreciable as for QDs of II-VI
semiconductors, which is typically about two orders of
magnitude.62–64 The spin-orbit coupling and QD shape asym-
metry dramatically alter the excitonic fine structure of lead
chalcogenide QDs by heavily intermixing of the pure exciton
spin states.17 Therefore, we conclude that the bright and dark
states in PbS QDs have considerable admixture of both char-
acters. This can also be the reason of long �microsecond time
range� room-temperature PL lifetimes in PbS QDs. Thus, our
simple model provides an accurate consistent description of
experimental data sets obtained from two different indepen-
dent experiments using the same set of parameters with
physically reasonable values.

IV. CONCLUSIONS AND OUTLOOK

In conclusion, we studied the photoluminescence proper-
ties of PbS QDs embedded in a glass matrix in the tempera-
ture range of 10–300 K and found that the PL intensity, life-
time, linewidth, and spectral position are all strongly
temperature dependent. We developed a simple model for
PbS QD photoluminescence, which combines the thermally
induced carrier trapping to the states outside the QD core,
which occurs via multiphonon absorption, and the bright-
dark exciton fine structure splitting. This model accurately
describes the temperature dependences of the PL intensity
and decay time in PbS QDs. Using our simple model, we
estimated the lowest exciton state splitting energy in 2.5 nm
radius PbS QDs to be �E=21.8 meV. The values of radia-
tive lifetimes of the bright and dark states were estimated as
3 �s and 17.9 �s, respectively. Additionally, we investi-
gated the temperature dependence of the PL transition energy
and demonstrated that it can be described within the wide
temperature range with the use of the relations introduced for
bulk semiconductor band-gap energy, although at higher
temperatures these relations fail due to the splitting of the
lowest 1S-1S exciton state. The observed broadening of the
PL linewidth with temperature is explained by the exciton-
phonon coupling mechanism.

The better understanding of the trap-related exciton re-
combination in these nanostructures requires conducting
similar experiments using PbS QDs capped with different
agents, which can be produced, e.g., using colloidal nano-
crystal synthesis. This approach can help to distinguish re-
laxation channels of electrons and holes. Additionally, we
believe that temperature-dependent time-resolved measure-
ments of differential absorption spectra using the pump-
probe spectroscopy technique will be of help to create a uni-
fied picture of carrier relaxation pathways in PbS QDs. These
data will advance the rational design of PbS QDs-based ma-
terials with specific properties for applications in the near
infrared.
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