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ABSTRACT: The eﬀect of PbS core size on the temperature-dependent
photoluminescence (PL) of PbS/CdS quantum dots (QDs) in the
temperature range of 100−300 K was thoroughly investigated and
compared with shell-free PbS QDs. The core/shell QDs show signiﬁcantly
smaller PL intensity variation with temperature at a smaller PbS size, while
a larger activation energy when the PbS domain size is relatively large,
suggesting both diﬀerent density and diﬀerent distribution of defects/traps
in the PbS and PbS/CdS QDs. The most remarkable diﬀerence consists in
the PbS size dependence of the energy gap temperature coeﬃcient (dE/
dT). The PbS/CdS QDs show unusual non-monotonic dE/dT variation,
resulting in the reversal of the dE/dT diﬀerence between the PbS and PbS/
CdS QDs at a larger PbS size. In combination with theoretical calculations,
we ﬁnd that, although lattice dilation and carrier-phonon coupling are
generally considered as dominant terms, the unique negative contribution
to dE/dT from the core/shell interfacial strain becomes most important in the relatively larger-core PbS@CdS QDs.

1. INTRODUCTION
Among various kinds of quantum dots (QDs) presenting
interesting optical properties in the near-infrared (NIR)
spectral region, lead chalcogenide QDs exhibit multiple unique
features, such as large exciton Bohr radii (18 nm for PbS, 46 nm
for PbSe, and 150 nm for PbTe) and small bulk band gaps
(0.41, 0.28, and 0.31 eV at 300 K for PbS, PbSe, and PbTe,
respectively), leading to quantum conﬁnement in relatively
large-sized QDs with the emission wavelength tuned over a
broad NIR range.1,2 Such QDs may ﬁnd potential applications
in NIR photodetectors, biosensors, deep tissue imaging, and
solar cells.3−6
For practical applications, QDs are required to exhibit a high
quantum yield (QY) and to have good photo- and thermalstability. However, lead chalcogenide QDs are found to be
unstable with respect to the structure at high temperature (in
general higher than 100 °C) or even under normal processing
or operation conditions. Their optical properties are also quite
sensitive to sample status, such as QD dispersion in a medium.
Surface oxidation, formation of surface defects/traps, and
possible exciton energy transfer to adjacent QDs in closely
packed QD systems can lead to the spectral shift of the
photoluminescence (PL) band and the reduction of QY of
QDs, thus limiting their use in devices.7−10 The core/shell
structure can be designed to stabilize and maximize the
ﬂuorescence of the QD core. The shell can serve as a barrier to
protect the core against oxidation and removes defects/traps on
© 2014 American Chemical Society

the core surface by oﬀering better surface passivation. In
addition, by using a wider band gap material for the shell,
charge carriers can be conﬁned in the core, thus being kept
away from the surface and surrounding environment.8−11 As a
result, surface interactions and environmental factors are
expected to have limited impact on the ﬂuorescence eﬃciency
and stability of the QD core in the core/shell system.
The synthesis of NIR-emitting core/shell PbSe/CdSe, PbS/
CdS, and PbSe/PbS QDs has recently been demonstrated.8,10,12 The core/shell structure largely enhances the PL
and the thermal- and photo- stability of QDs, similarly to the
well-known CdSe/ZnS core/shell system.8,10,12,13 Recent work
by Abel and co-workers showed that the thermal activation
energy for nonradiative decay of excitons in PbSe/CdSe core/
shell QDs could be enhanced by a factor of 4 with respect to
bare PbSe QDs.14 While the similar system of PbS/CdS core/
shell QDs was also recently reported,15 the dependence of its
optical behavior on temperature, however, has not been
systematically investigated. Moreover, although the CdS shell
has been demonstrated to improve the optical properties of the
PbS core in PbS/CdS QDs and the eﬀect of CdS shell thickness
on basic, constant room-temperature optical properties is
known,15 the eﬀect of core size on the temperature-dependent
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255 °C under N2 for 20 min. The clear solution was cooled to
155 °C under vacuum for 15 min. The ﬂask was then reopened,
and the N2 ﬂux was restored. PbS QDs suspension in toluene
(1 mL, absorbance = 3 at the ﬁrst absorption exciton peak) was
diluted in 10 mL toluene, bubbled for 30 min, and then heated
to 100 °C immediately. The Cd/OA mixture was injected. The
reaction cell was quenched with cold water after the growth
reaction was conducted at 100 °C for diﬀerent time. PbS/CdS
QDs were precipitated with ethanol and then redispersed in
chloroform. The typical shell thickness is around ∼0.6−0.8 nm.
2.3. Ligand Exchange. Ligand exchange was done
following the procedures reported in ref 19. The PbS QDs
capped with OLA were precipitated and redispersed in OA/
toluene. After precipitation with alcohol and centrifugation, the
QDs were redispersed in toluene and the ligand exchange was
repeated at least twice. Finally, the QDs were redispersed in
chloroform.
2.4. QD Concentration. The concentration of puriﬁed PbS
and PbS/CdS QDs in toluene was determined using Beer−
Lambert’s law: A = εCL, where A is the absorbance at the peak
position of the ﬁrst exciton absorption peak for a given sample,
C is the molar concentration of QDs, ε is the extinction
coeﬃcient per mole of QDs, and L is the light path length.16 ε
was determined using ε = 19600 r2.32, where r is the radius of
QDs, which can be achieved from transmission electron
microscopy (TEM) measurements.
2.5. QD Film Preparation. The QDs solution was mixed
with PMMA in chloroform and then spin-coated on the glass
substrate. The concentration of QDs in this mixture solution
was around 1 μM, and the concentration of polymer was 1 wt
%.
2.6. Theoretical Calculation of Wave Functions and
dE/dT. To calculate the electron and hole wave functions, we
solved the stationary Schrö dinger equation in spherical
geometry, in which we used the bulk values for the eﬀective
masses of electrons (me*) and holes (mh*), namely me* =
0.085me and mh* = 0.085me for PbS, and me* = 0.2me and mh*
= 0.7me for CdS, where me is the electron mass at rest in
vacuum.20 The potentials for electrons and holes as a function
of position were approximated as the lowest unoccupied
molecular orbital (LUMO) and highest occupied molecular
orbital (HOMO) levels, respectively, for the bulk materials.21
For PbS, these levels are −4.5 and −4.91 eV, respectively, while
for CdS they are −3.3 and −5.8 eV, respectively.20 Outside the
QD, the potentials were set as 0 and −9.8 eV for electrons and
holes, respectively. The interaction between electrons and holes
was neglected in the calculations. By assuming the potentials in
the Schrödinger equation are shifted by the amount: ΔE = ± 30
× T × D (in μeV) where T is the temperature in K and D is the
total diameter of the QD in nm, we calculated the dE/dT as a
function of PbS core size through the electron−phonon
coupling eﬀect. The “+” sign corresponds to the electrons
and the “−” sign corresponds to holes. The latter expression is
taken from a ﬁt to the dEg/dT data given in ref 22.
2.7. Characterizations. PbS and PbS/CdS QDs were
characterized by a JEOL 2100F TEM. The Pb/Cd ratio was
measured by using inductively coupled plasma optical emission
spectrometry (ICP-OES) (PerkinElmer Model Optima 7300
DV). The size distribution of QDs was estimated by measuring
the size of ∼100−200 QDs for each sample and further
modeling it with the Gaussian distribution.
Absorption spectra were acquired with a Cary 5000 UV−
vis−NIR spectrophotometer (Varian) with a scan speed of 600

optical properties of QDs remains largely unexplored. In
particular, it is unclear how the delocalization of carriers in the
core/shell system, partially related to core size, aﬀects the
temperature-dependent optical properties of PbS/CdS core/
shell QDs.
Here we thoroughly investigate the PL behavior of PbS/CdS
QDs of various core sizes with similar shell thicknesses,
dispersed in a polymer matrix in the temperature range of 100−
300 K. The temperature dependence of PL was investigated by
exploring the PL peak energy shift and PL intensity variation
and by evaluating the activation energy and energy gap
temperature coeﬃcient. These values are compared with
those obtained from shell-free PbS QDs. We ﬁnd that the
variation of the optical properties of QDs in the temperature
range of 100−300 K is strongly dependent on the size of the
core or the size of PbS QDs. Unlike the PbS QDs, the core/
shell QDs show unusual size dependence in their energy gap
temperature coeﬃcient. We interpret this by taking into
account multiple factors, such as quantum conﬁnement and
interfacial strain.

2. EXPERIMENTAL SECTION
2.1. Materials. Lead acetate trihydrate, bis(trimethylsilyl)
sulﬁde (TMS)2S (synthesis grade), trioctylphosphine (TOP,
technical grade, 90%), lead chloride (98%), sulfur (100%),
oleylamine (OLA) (technical grade, 70%), lead acetate
trihydrate, cadmium oxide (99%), oleic acid (OA), poly(methyl
methacrylate) (PMMA), and octadecene (ODE) were obtained
from Sigma-Aldrich Inc. Hexane, toluene, dimethyl sulfoxide,
and ethanol were purchased from Fisher Scientiﬁc Company.
All chemicals were used as purchased.
2.2. Synthesis. 2.2.1. Synthesis of PbS QDs. PbS QDs with
diameter larger than 3 nm were synthesized by using OLA as
ligands.16,17 Typically, PbCl2 (3.6 mmol) in OLA (2.4 mL) and
sulfur (0.36 mmol) in OLA (0.24 mL) were purged,
respectively, by N2 at room temperature for 30 min. The
PbCl2−OLA suspension was heated to 160 °C and kept at this
temperature for 1 h. The PbCl2−OLA suspension was cooled
to 120 °C under vacuum for 15 min. The ﬂask was then
reopened, and the N2 ﬂux was restored. Sulfur in OLA at room
temperature was quickly injected into the PbCl2−OLA
suspension under vigorous stirring. The reaction cell was
quenched with cold water after the growth reaction was
conducted at 100 °C for 1−360 min to obtain PbS QDs of
diﬀerent sizes. Ethanol was added, and then the suspension was
centrifuged and the supernatant was removed. The QDs were
dispersed in toluene. The size of PbS QDs can be tuned from
3.5 to 8 nm by adjusting the molar ratio of Pb/S, injection
temperature, and reaction time.
PbS QDs with a diameter of 3.0 nm were synthesized by
using OA as ligands.18 In a typical synthesis, a mixture of lead
acetate trihydrate (1 mmol), OA (1.2 mL), and ODE (15 mL)
were heated to 150 °C for 1 h. Then, the system was cooled to
∼100 °C under vacuum for 15 min. Subsequently, the solution
containing 0.5 mmol (TMS)2S and 5 mL of ODE was quickly
injected into the reaction ﬂask at 130 °C. Finally, the reaction
was quenched by cold water. PbS QDs were precipitated by
centrifugation following the addition of ethanol to remove
unreacted lead oleate and free OA molecules and then
redispersed in toluene or chloroform.
2.2.2. Synthesis of PbS@CdS QDs. PbS/CdS QDs were
synthesized via a cation-exchange method.8−10 Typically, CdO
(2.3 mmol), OA (2 mL), and ODE (10 mL) were heated to
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Figure 1. High magniﬁcation (a) TEM and (b) HRTEM images of PbS/CdS QDs with an overall average diameter of 6.5 nm. The inset circles of
(b) indicate the core and shell regions of PbS/CdS QDs. Representative absorption and emission spectra of (c) PbS and (d) PbS/CdS QDs.

QDs, the Pb-to-Cd atomic ratio was ﬁrst determined by ICPOES. Using this ratio and the overall diameter from TEM
images, the diameter of the remaining PbS core and thickness
of the shell were estimated by using the approach presented in
ref 10. The overall QD diameter (dtotal), core diameter (dcore),
and CdS shell thickness (dshell) are listed in Table 1. The

nm/min. Fluorescence spectra were taken with a Fluorolog-3
system (Horiba Jobin Yvon) equipped with a temperature
controllor. The excitation wavelength was set at 674 nm.
The temperature-dependent optical properties of PbS and
PbS/CdS QDs were measured in the PMMA matrix in the
temperature range of 100−300 K by monitoring the variation
of their PL spectra with temperature.

Table 1. Relevant Parameters of the Investigated PbS and
PbS/CdS QDsa

3. RESULTS AND DISCUSSION
3.1. Synthesis and Structure of QDs. Colloidal PbS QDs
with various sizes were synthesized according to procedures
described elsewhere16−18 and were subsequently used to
synthesize PbS/CdS QDs via a cation-exchange approach.10
The as-synthesized PbS QDs were capped by OLA or OA,
depending on the synthesis approach.16−18 Subsequently, the
OLA ligands in OLA-QDs were replaced by OA ligands, which
can easily be done due to the stronger binding of OA ligands
with the QD surface.19 The OA-capped PbS QDs were then
used as a starting material to synthesize PbS/CdS QDs.
Following the cation exchange, the core/shell QDs were also
capped with OA because in this approach, only OA was
introduced as ligands.8,9 In the following, all the characterizations were carried out for OA-capped PbS or core/shell
QDs. They all exhibit a uniform size distribution (Figure 1,
panels a and b, and Figures S1 and S2 of the Supporting
Information). High-resolution TEM (HRTEM) conﬁrms that
PbS/CdS QDs synthesized via the cation-exchange approach
have a core/shell structure. The darker part in the center clearly
shows lattice fringes that match the (200) planes of pure PbS,
while the lighter part corresponds to the shell (Figure 1b). As
we reported previously, the shell is mainly composed of CdS,
rather than alloyed PbxCd1−xS.10 The average diameter of the
PbS QDs was estimated from TEM images. For the core/shell

samples
PbS#1
PbS#2
PbS#3
PbS#4
PbS#5
PbS/CdS#1
PbS/CdS#2
PbS/CdS#3
PbS/CdS#4
PbS/CdS#5
PbS/CdS#6

dtotal (nm)
3.0
3.5
4.0
4.5
5.6
4.5
4.5
5.5
5.5
6.5
7.5

±
±
±
±
±
±
±
±
±
±
±

0.2
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.4

dcore (nm)
−
−
−
−
−
3.0
3.3
3.6
4.2
5.3
6.0

±
±
±
±
±
±

0.2
0.3
0.2
0.3
0.2
0.3

dshell (nm)

Eabs (eV)

EPL (eV)

−
−
−
−
−
0.8
0.6
0.9
0.7
0.6
0.7

1.41
1.19
1.07
0.99
0.84
1.40
1.28
1.18
1.03
0.87
0.80

1.21
1.04
0.98
0.94
0.83
1.15
1.07
0.98
0.95
0.82
0.78

a

Energies corresponding to excitonic absorption maximum (Eabs) and
PL maximum (EPL) for QDs in toluene.

diameters of PbS and core/shell PbS/CdS QDs range from 3 to
7.4 nm, all showing relatively high PL intensity, indicating that
our synthesis yields QDs with good optical properties. In the
following, we denote the “bare” PbS QDs with sizes of 3.0, 3.5,
4.0, 4.5, and 5.6 nm as PbS#1, PbS#2, PbS#3, PbS#4, and
PbS#5, respectively, and the core/shell PbS/CdS QDs with
core sizes of 3.0, 3.3, 3.6, 4.2, 5.3, and 6.0 nm as PbS/CdS#1,
PbS/CdS#2, PbS/CdS#3, PbS/CdS#4, PbS/CdS#5, and PbS/
20587
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Figure 2. PL spectra of (a) PbS#3, (b) PbS#5, (c) PbS/CdS#3, and (d) PbS/CdS#5 recorded at diﬀerent temperatures from 300 to 100 K.

Figure 3. (a) EF of PbS and PbS/CdS QDs as a function of the average diameter of PbS QDs or the average core size of core/shell QDs. (b)
Normalized integrated PL intensity of PbS (#5) and PbS/CdS QDs (#5) as a function of 1000/T, where T is temperature. (c) Ea of PbS and PbS/
CdS QDs as a function of the average diameter of PbS QDs or the average core size of core/shell QDs. The solid lines in (b) are guides for the eye.

These colloidal QDs were subsequently mixed with PMMA
and spin-coated on glass substrates for PL measurements. To
investigate the eﬀect of QD size or core size on the optical
properties, for all samples, QD concentration in the PMMA
solution (1%) was kept constant at 1 μM. The low
concentration of well-dispersed QDs in the polymer matrix in
the ﬁlms minimizes the possible energy transfer events between
adjacent QDs, as evidenced by the small emission peak
variation (±5 meV) between the measurements performed in
solution and in the PMMA ﬁlm (Figure S3 of the Supporting
Information).
3.2. Temperature Eﬀect on PL Quenching. Figure 2
shows the evolution of the PL spectra of representative samples

CdS#6, respectively. PbS#4 was used to synthesize PbS/CdS#1
and PbS/CdS#2, and PbS#5 was used to synthesize PbS/
CdS#3 and PbS/CdS#4. The PbS QDs with diameter of 6.5
and 7.4 nm were used to synthesize PbS/CdS#5 and PbS/
CdS#6, respectively. The representative absorption and PL
spectra of several solution samples containing various sizes of
PbS and PbS/CdS QDs measured at 300 K are shown in Figure
1 (panels c and d). Both the ﬁrst excitonic absorption peak and
emission peak were clearly observed for these samples. The
energies corresponding to the maximum absorption (Eabs) of
the excitonic absorption band and the PL maximum (EPL) are
reported in Table 1.
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surface oxidation. We hypothesize that the polymer matrix
serves as a barrier to protect the QDs from oxidation. However,
the PMMA ﬁlm preparation process led to the decrease of the
PL intensity, indicating the introduction of nonradiative
recombination centers during this process. Compared to the
inorganic shell-free PbS QDs, there are in general less defects in
the core/shell QDs due to the better surface passivation by the
inorganic CdS shell, as testiﬁed by enhanced QY immediately
following shell formation.8,11 This has also been supported by
the femtosecond transient absorption spectroscopy study.30
Moreover, the PL of core/shell QDs is less sensitive to the
surface interaction with external environments due to the
barrier eﬀect of the CdS shell.11 As a consequence, the PL of
core/shell QDs, as compared to that of pure QDs, is less
aﬀected by the introduction of recombination centers on the
surface, which is supported by their much lower PL decrease
(25% vs 50%) during the ﬁlm preparation. In the core/shell
QDs, the presence of similar density of “eﬀective” nonradiative
recombination centers, most likely at the core/shell interface,
explains their somewhat similar EF values (Figure 3a). Closer
examination shows that the EF values for relatively large core
QDs (core > ∼5 nm) are actually slightly smaller, indicative of
slightly lower density of the “eﬀective” nonradiative recombination centers on the surface in the larger QDs when they are
buried in the PMMA matrix. Further, in comparison with the
inorganic shell-free PbS QDs, experimental data show that the
core/shell QDs are less sensitive to thermal quenching when
the PbS size is relatively small (<4.5 nm) (Figure 3a). This
beneﬁcial feature could be reasonably attributed to the lower
number of thermally activated traps, and the lower sensitivity to
the surface traps of the core/shell QDs. On the other hand, for
the PbS QDs themselves, smaller EF values in larger QDs are
also consistent with the lower density of “eﬀective”
recombination centers in larger QDs when they are
encapsulated by PMMA. The lower level of thermal-assisted
escape might also be the reason for the lower EF in larger
QDs.31 The size-dependent thermal activation energy (Ea) for
PL thermal quenching in the core/shell samples was analyzed
in detail and compared with that for the PbS QDs. The
integrated PL signal (IPL), which is proportional to the total
energy radiated, could be ﬁtted accurately by using the equation
IPL−1 = A + B exp(−Ea/kBT) (Figure S5 of the Supporting
Information), where A is the low-temperature limit of IPL−1, B is
a rate constant, kB is Boltzmann’s constant, and T is the
absolute temperature. As shown in Figure S5 of the Supporting
Information, a clear Arrhenius-type behavior of the reverse
integrated PL as a function of inverse temperature was found in
the system of PbS and PbS/CdS QDs, similar to the
observation in the system of PbSe/CdSe QDs reported by
Abel et al.14 Ea values obtained from three diﬀerent batches of
QDs are summarized in Figure 3c for each sample. The shellfree PbS QDs show a slight increase in Ea in the range of 100−
150 meV with increasing QD size, and then their Ea saturates
for larger QD size. The core/shell QDs, instead, show much
stronger size-dependent behavior: with the increase of core size
from 3.0 to 5.3 nm, Ea increases signiﬁcantly from ∼100 meV to
∼220 meV, and then it remains almost constant with further
core size increase.
Generally, the thermal activation energy could result from
the eﬀects of potential barrier, exciton binding energy, defect/
trap states, and exciton−phonon interactions.23,28,29 In our
case, smaller QDs are expected to have higher density of
defects/trap states on the surface following the ﬁlm sample

excited at 1.85 eV and recorded at diﬀerent temperatures from
300 to 100 K. Decreasing temperature systematically leads to
the narrowing of the emission peak (Figure S4 of the
Supporting Information), the increase of PL intensity, and
the red shift of the emission peak energy E for all the samples
investigated herein, both in the case of shell-free PbS QDs and
core/shell QDs. The decrease of the full width at half-maximum
(fwhm) of the PL peak with decreasing temperature is
attributed to the suppression of the phonon-carrier interactions.23−25 Similar narrowing of the PL peak of PbS QDs has
also been observed recently by other groups.23−25 Figure 3b
displays the integrated PL intensity of QDs versus inverse
temperature (1000/T) for PbS#5 and PbS/CdS#5. The plots
show a similar trend for all samples, namely, an increase of the
PL intensity with decreasing temperature, followed by a plateau
in the low temperature range. In general, such temperaturedependent increase of the integrated PL intensity in various
types of QDs has been mainly attributed to the suppression of
carrier trapping by defects/traps and the phonon-assisted
thermal escape.23,24 Aiming to understand the core size eﬀect
on PL enhancement during the temperature decrease, we
calculated the PL enhancement factor (EF), according to the
following equation:
EF =

PL
I100K
PL
I300K

PL
where IPL
100K and I300K are the integrated PL intensity at 100 and
300 K, respectively.
As shown in Figure 3a, the average EF of the PbS QDs is in
the range of 30−45 when their size is below 4.5 nm, while it
drops down rapidly to ∼6 above 4.5 nm. In contrast, the EF of
the core/shell QDs is in the small range of 6−15 and does not
show a strong size dependence. The EF values of these QDs are
in line with previous reports for shell-free PbS QDs, which
showed that EF is typically in the range from one to several
tens.24−26 Higher EF values indicate stronger thermal
quenching of the PL emission at higher temperature. Recent
studies revealed several major factors that can aﬀect the thermal
quenching of the PL emission: (i) the activation/redistribution
of carrier recombination centers with temperature; (ii) phononassisted thermal escape; and (iii) temperature-dependent
energy transfer.25−29 For example, Gao and Johnson noticed
that the emission of PbS QDs during temperature variation was
strongly sensitive to carrier recombination centers, which were
introduced by the rearrangement of capping ligands on the QD
surface during chemical treatments, such as ligand exchange.26
In another case, Nelson et al. found the mobility of surface
capping ligands could be largely aﬀected by temperature,
leading to the appearance of liquidlike surface Pb atoms with
reduced chemical bonding to the rest of the PbS lattice, thus
creating surface electronic traps.27 These traps led to the strong
quenching of PL of the PbS QDs at relatively higher
temperature.27 As mentioned above, in our system the QDs
were buried in the PMMA matrix at very low QD
concentration, which ideally minimizes the energy and charge
transfer between neighboring QDs. In addition, the PL of the
QDs in the PMMA ﬁlm is very stable with respect to their PL
peak position and peak shape at room temperature during their
storage of as long as several weeks. It suggests the resistance of
the QDs to oxidation in the PMMA matrix, as oxidation will
cause the blue shift of PL peaks. This ﬁnding presumably
excludes the possibility of the introduction of defects due to
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Figure 4. (a) PL peak energy of PbS and PbS/CdS QDs as a function of temperature. (b) Temperature coeﬃcient dE/dT of PbS and PbS/CdS QDs
with respect to the diameter of PbS QDs or PbS cores. The solid lines in (b) are guides to the eye.

Figure 5. Radial distribution functions for 1S electron and hole of a PbS QD with a size of 3.2 nm in diameter and of a PbS/CdS core/shell QD with
a core size of 3.2 nm in diameter and a shell thickness of 0.7 nm.

exhibits a linear dependence on temperature (Figure 4a), a
behavior that has already been observed for PbS QDs in the
same temperature range by others (100−300 K).32 The
temperature coeﬃcients dE/dT, obtained from the emission
peak energy versus T plots, are shown in Figure 4b. It can be
seen that the dE/dT of PbS QDs monotonically increases with
increasing size and ﬁnally approaches the value of 260 μeV/K,
similar to previously reported values for PbS QDs.22 Unusual
behavior was observed for the core/shell PbS/CdS QDs. The
initial increasing trend of the dE/dT reverses when the PbS
core size becomes larger than ∼4.5 nm, which eventually leads
to lower dE/dT than that of the shell-free PbS QDs, although
the dE/dT of the core/shell QDs is higher than that of the PbS
QDs when the PbS size is relatively small.

preparation. As mentioned above, these defect/trap states serve
as nonradiative carrier recombination centers, oﬀering PL
quenching channels and therefore reducing Ea. An interesting
observation is, for larger PbS size, the PbS and PbS/CdS QDs
show the similar EF while the latter exhibit considerably higher
Ea. It discloses the diﬀerent distributions of the defect/trap
states in these two systems. The signiﬁcant higher Ea of the
core/shell QDs, when the PbS size is relatively large, indicates
much higher thermal stability of the PL of the core−shell
system.
3.3. Temperature Eﬀect on the Energy Gap of QDs. In
the following, we discuss the temperature eﬀect on the energy
gap E of QDs. For both PbS and PbS/CdS core/shell QDs this
energy E, estimated from the energy of the emission peak,
20590
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phenomenon observed for the larger core/shell QDs calls for
other mechanisms to be taken into account.
Olkhovets et al.22 identiﬁed four diﬀerent contributions to
dE/dT in lead-salt QDs: thermal expansion of the lattice,
electron−phonon coupling, thermal expansion of the wave
function envelope, and mechanical strain. It is suggested that
the ﬁrst two contributions (which generally dominate for shellfree QDs) are positive, while the last two are negative. Our
observation of the decrease of dE/dT for large core size in the
PbS/CdS system could be explained either by a slower increase
of the positive contributions to dE/dT for larger QD size or by
a faster increase of the negative contributions. The (negative)
contribution of the thermal expansion of the wave function
envelope is estimated to decrease as the QD size increases22
and is thus likely not the factor explaining our observations. In
comparison to the inorganic shell-free PbS QDs surrounded by
PMMA, the PbS cores in the core/shell QDs are surrounded by
the harder material of CdS. With further considering that the
thermal-expansion coeﬃcient of PbS is ∼5-fold larger than that
of CdS (PbS: 20 × 10−6 K−1 vs CdS: 4.1 × 10−6 K−1 Å),35,36 the
lattice dilation of the PbS cores with temperature must be
limited by the presence of the CdS shell. As a result, the
contribution from the lattice dilation to dE/dT is likely to be
smaller in the core/shell system as compared to that in the PbS
QDs. In addition, the contribution from the lattice dilation is
anticipated to be size-dependent, since larger PbS-core QDs
suﬀer more thermal expansion limitation, when the shell
thickness is the same, as in the current case, leading to the
lower contribution from the lattice dilation to dE/dT in larger
core QDs. On the other hand, for the core/shell QDs, the
interface strain due to the lattice mismatch (PbS: rock salt, a =
5.93 Å at 300 K9; CdS: zinc blende, a = 5.82 Å at 300 K9) and
due to the diﬀerent thermal expansion between the core and
shell may also aﬀect their dE/dT.37 The interface strain due to
the lattice mismatch at the core and shell interface is likely
similar regardless of PbS core size. However, in the radial
direction, the mechanical strain due to thermal pressure is
expected to be larger for larger core QDs, which could then
contribute more negatively to dE/dT (although the sizedependence was estimated to be small in ref 22). The
abnormal, non-monotonic temperature-dependence of dE/dT
in the core/shell QDs and the resulting ﬁnal reversal of the
diﬀerence of dE/dT between the inorganic shell-free QDs and
core/shell QDs could well be the consequence of the interplay
between all of these factors. As the contributions from these
factors are entangled, it is diﬃcult to quantitatively resolve each
individual contribution.

dE/dT of PbS QDs has dominant contributions from lattice
dilation and electron−phonon interactions.22,33 Additional
contributions might arise from mechanical strain and thermal
expansion of the wave function envelope.22 As all the PbS QDs
and PbS/CdS QDs are buried in the polymer matrix, the
contribution from mechanical strain between the polymer and
QDs due to diﬀerent levels of thermal expansion is supposed to
aﬀect PbS and PbS/CdS QDs similarly. Therefore, the diﬀerent
behavior observed for PbS and PbS/CdS QDs may originate
from the formation of the core/shell structure, which
introduces diﬀerent electron−phonon coupling and lattice
dilation from those in the PbS QDs, and moreover, the unique
strain at the interface between the PbS core and the CdS shell
in the core/shell QDs.
First, we focus the discussion on the eﬀect of electron−
phonon coupling in PbS/CdS core/shell QDs on dE/dT. It is
known that the contribution from the electron−phonon
coupling to dE/dT is strongly correlated to the quantum
conﬁnement eﬀect of QDs, and in general, it is expected to
decrease with decreasing size simply due to the increase of the
spacing between quantum-conﬁned energy levels,21,33 consistent with the trend we observed for PbS QDs (Figure 4b). The
core/shell QDs, however, show a diﬀerent trend, and also their
dE/dT is higher than that of the PbS QDs when the PbS size is
relatively small. To understand the observed diﬀerence, we
calculated the electron and hole wave functions of a PbS QD
(3.2 nm in diameter) and a PbS/CdS QD (core diameter: 3.2
nm; shell thickness: 0.7 nm) (Figure 5). In these calculations,
we used the eﬀective mass of electrons and holes in bulk PbS
and CdS and the band structure of bulk CdS.34 Figure 5 (panels
c and d) shows the radial distribution functions of 1S electron
and hole in these two QDs as a function of the radial distance
with respect to the QD center. For PbS/CdS, it seems that both
electrons and holes have a high probability to penetrate deeply
into the CdS layer and some further outside the QD, although
their amplitudes decay throughout the shell thickness. As
higher fractions of the electrons and holes in the core/shell
QDs can in theory extend out of the PbS domain with respect
to those of the shell-free PbS QDs having the same PbS size,
the quantum conﬁnement energy is expected to be smaller in
the core/shell QDs, which may explain their higher dE/dT
values in most cases.
This explanation was further supported by the calculation of
the part of dE/dT arising solely from the electron−phonon
coupling as a function of PbS size (Figure S6 of the Supporting
Information) (the calculation details are shown in the
Supporting Information). Although the calculated values are
much higher, the predicted trend is in agreement with most of
our experimental results [except for the core/shell QDs with
relatively large core size (>4.5 nm)] and this trend is also
consistent with the results of Olkhovets et al.22 The calculated
dE/dT of PbS/CdS QDs in our investigated size range is
consistently higher than that of PbS QDs due to the decrease of
quantum conﬁnement in the former. Similar results have been
reported for the core/shell structured PbSe/PbS and PbSe/
PbSxSe1−x QDs, in which the electron−phonon coupling was
considered to be a dominant factor responsible for the
reduction of dE/dT in the core/shell QDs.12 However, this
explanation based on the quantum conﬁnement eﬀect and the
calculation results shown in Figure S6 of the Supporting
Information are consistent with experimental observations for
QDs with the PbS size below 4.5 nm. The unusual

■

CONCLUSIONS AND PERSPECTIVES
We thoroughly investigated the temperature-dependent optical
properties of a series of PbS and PbS/CdS core/shell QDs with
diﬀerent PbS domain size by exploring PL peak energy shift, PL
intensity variation, activation energy for PL quenching, and
energy gap temperature coeﬃcient in the temperature range of
100−300 K. The enhancement factor EF of the PbS QDs is in
the range of 30−45 when the size is below 4.5 nm in diameter,
while it drops to ∼6 above 4.5 nm. For the core/shell QDs, the
EF values remain similar in the range of 6−15, due to the
overall lower density of recombination centers in these QDs
and their lower sensitivity to surface status. Both smaller core/
shell and PbS QDs exhibit clear size-dependent activation
energy Ea for PL thermal quenching, while Ea becomes more or
less constant for a larger PbS size. The considerably larger Ea
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values for the core−shell QDs as compared to those for the PbS
QDs in certain cases suggest diﬀerent distributions of the
eﬀect/trap states in these two systems. An interesting
phenomenon was observed for the PbS size dependence of
the energy gap temperature coeﬃcient dE/dT. While the PbS
QDs exhibit the expected monotonic increase in dE/dT with
increasing PbS size, the core/shell QDs show unusual behavior.
Their dE/dT decreases after an initial increase with the
increases of PbS core size, resulting in eventually lower dE/dT
than that of the shell-free PbS QDs. The unexpected PbS sizedependence of dE/dT in the core/shell QDs and their smaller
dE/dT than that of the PbS QDs at larger PbS size are mainly
attributed to the larger, negative contribution from the
interfacial strain in the larger-core core/shell QDs. The slower
increase of dE/dT associated with lattice dilatation for larger
QDs may also contribute to the observed behavior. The
absolute value of dE/dT can be the consequence of the
interplay between many factors so that it is diﬃcult to identify
each individual contribution. Our work provides new
fundamental knowledge on core/shell QDs and paves the
way for their exploitation in the NIR region with improved
optical features and improved stability with respect to present
PbS QDs in, for instance, excitonic solar cells, NIR lightemitting diodes, and NIR biosensors.
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