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The photoluminescence (PL) spectra of CdSe-core CdS/CdZnS/ZnS-multishell quantum dots (QDs) were
studied to understand the radiative and nonradiative relaxation processes in the temperature range from 80 to
360 K. The mechanism of temperature-dependent nonradiative relaxation processes in the CdSe QDs with
changing the shell structures was found to evolve from thermal activation of carrier trapping by surface
defects/traps in CdSe core QDs to the multiple longitudinal-optical (LO) phonon-assisted thermal escape of
carriers in the core/shell QDs. An increase in PL intensity with increasing temperature was clearly observed
in the core/shell QDs with a thick CdS monoshell and a CdS/ZnCdS/ZnS multishell. The PL enhancement
was considered to come from delocalization of charge carriers localized at the CdSe/CdS interface with the
potential depth of ∼30 meV. The experimental results indicated that the improvement of PL quantum efficiency
in CdSe-core CdS/CdZnS/ZnS-multishell QDs could be understood in terms of the reduction of nonradiative
recombination centers at the interfaces and on the surface of the multishell, as well as the confinement of
electrons and holes into the QDs by an outer ZnS shell.

Introduction

Semiconductor quantum dots (QDs) with a size-tunable
bandgap have been widely applied in light-emitting diodes
(LEDs),1-8 photovoltaic cells,9,10 and biological labels.11 CdSe
QDs with high-photoluminescence (PL) quantum yield (QY)
and good photostability were obtained by growing a monoshell
(CdS or ZnS) on CdSe cores.12 Recently, the PL QY up to 85%
was reached by using a multishell (CdS/CdZnS/ZnS), which
integrated the advantages of a small lattice mismatch between
the CdSe core and CdS shell and a high-energy barrier between
the CdSe core and the outer ZnS shell.13 More recently, we
found that the multishell structure could efficiently suppress the
static quenching that the number of emitting centers was
decreased by hole-transporting materials (HTMs), compared
with the core/monoshell QDs.14 By now CdSe QD-LEDs
fabricated by using the core/multishell QDs have shown efficient
electroluminescence.4-6 However, further improvement of the
performance for these QD-based devices depends not only on
higher PL QY of QDs but also on better structures of QDs.

It is known that the PL QY of CdSe/ZnS core/shell QDs
significantly decreases when a relatively thick ZnS shell is grown
on CdSe cores, resulting from a large amount of defects/traps
formed at the interface between the CdSe core and ZnS shell
due to the large lattice mismatch and interfacial strain.12,13,15

These defects/traps are considered to be efficient nonradiative
recombination centers that determine the PL QY of the core/

shell QDs. For the CdSe core/multishell QDs the PL QY
significantly increases with growing the first layer of CdS shell
and slightly decreases with growing CdZnS and ZnS shells
continuously while their photostability is significantly en-
hanced.13 Therefore, it is necessary to explore whether the
defects/traps are formed at the core/shell and shell/shell
interfaces or the surface of CdSe-core CdS/CdZnS/ZnS-multi-
shell QDs for further improvement of the quality of the QDs.

Temperature-dependent PL spectroscopy is often used to
study the radiative and nonradiative relaxation processes, as well
as exciton-phonon coupling in colloidal core and core/
monoshell QDs.16-19 In general, the integrated PL intensity of
the QDs exponentially decreases with increasing temperature
because of thermal quenching. The thermal quenching behavior
in the core and core/shell QDs was attributed to carrier trapping
by surface defect states/traps or/and thermal escape assisted by
the scattering with multiple LO phonons.16,17 Furthermore, the
ligand shell also can influence the temperature dependence of
PL intensity in QDs. Wuister et al. observed the temperature
antiquenching of PL from capped CdSe QDs due to the surface
ligand restructure with increasing temperature.19 To date, no
report has been given about the mechanism of nonradiative
relaxation processes in CdSe-core CdS/CdZnS/ZnS-multishell
QDs.

In this work, we report the temperature-dependent PL spectra
of CdSe/CdS/CdZnS/ZnS core/multishell QDs, comparing those
of the CdSe core, traditional CdSe/ZnS and CdSe/CdS core/
monoshell QDs. The mechanism of nonradiative relaxation
processes in the QDs is explored by using the temperature
dependence of the PL intensity in the core/shell QDs with
various shell thicknesses and structures. Furthermore, we explain
the PL enhancement in CdSe/CdS(6 ML) and CdSe/multishell(6
ML) QDs with increasing temperature in terms of thermal
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activation of charge carriers localized at the core(CdSe)/
shell(CdS) interface.

Experimental Section

The CdSe core QDs were synthesized using standard meth-
ods.20 The shell layers of ZnS, CdS, and CdS/ZnCdS/ZnS were
grown onto CdSe cores by using a successive ion layer
absorption and reaction (SILAR) method.13 The same CdSe
cores with a diameter of about 3 nm were used to prepare the
core/shell QDs. The shell thicknesses were determined via the
comparison of the sizes of core and core/shell QDs measured
by a JEM-2010 transmission electron microscope (TEM), and
the shell layers were estimated on the basis of one monolayer
(ML) of 0.31, 0.32, and 0.33 nm with respect to ZnS, ZnCdS,
and CdS shell materials.13 The shell structures and dot diameters
of the CdSe core/shell QDs are as follows. (A) ZnS(3 ML) and
4.8 nm, (B) CdS(3 ML) and 5.0 nm, (C) CdS(6 ML) and 7.0
nm, and (D) CdS(3 ML)/CdZnS(1 ML)/ZnS(2 ML) and 7.5 nm,
respectively. The PL QYs of these QD samples after twice
washing were determined to be about 40%, 63%, 47%, and 70%,
respectively. The QDs were dispersed in poly(methyl meth-
acrylate) (PMMA, molecular weight ) 15 000) as a matrix and
were then dropped on silicon wafer substrates. The molar ratio
of dots/polymer is about 10-5 to avoid aggregation of QDs
which induces the possibility of Förster energy transfer between
differently sized QDs. The samples were excited by the 488
nm line of an Ar+ laser. The laser beam was focused onto the
samples by a magnification microscope objective (10×, N.A.)
0.25). The laser spot was about 100 µm in diameter. The PL was
dispersed by a monochromator and detected by a Jobin-Yvon Si-
CCD. The samples were mounted in a micro-objective cryostat
with a controllable temperature range from 80 to 360 K.

Results and Discussion

Figure 1 shows the temperature-dependent PL spectra of CdSe
core, CdSe/CdS core/shell(3 ML), and CdSe/CdS/CdZnS/ZnS

core/multshell(6 ML) QDs recorded in the temperature range
from 80 to 300 K. As seen in Figure 1a, the PL intensity of the
core QDs quickly decreases when temperature increases. This
means that there are a large amount of the nonradiative traps
on the surface of the core QDs, causing strong thermal
quenching. In contrast, the PL intensity of CdSe/CdS core/
shell(3 ML) QDs slowly decreases with increasing temperature,
as seen in Figure 1b. As a result, the surface nonradiative
relaxation centers are efficiently passivated by the growth of a
monoshell. Further, as shown in Figure 1c, the PL intensity of
the CdSe/CdS/CdZnS/ZnS core/multishell QDs is almost kept
constant when temperature changes from 80 to 300 K. This
suggests that the nonradiative recombination is significantly
suppressed in the multishell coated QDs. Furthermore, a long
PL tail of the CdSe core QDs at the low-energy side is
considered to come from the surface states or defect states.21

This long tail is absent in the core/shell QDs with a CdS shell(3
ML) and a CdS/CdZnS/ZnS multishell, indicating that the
surface defect states are efficiently passivated by using mono-
or multishells. It is also noted that the peak energies of PL bands
for the core, core/monoshell, and core/multishell QDs shift to
the red and their full widths at the half-maximum (FWHM)
broaden with increasing temperature.

The temperature dependence of the PL peak energies for CdSe
core/shell QDs with different shell structures is shown in Figure
2a. The red-shift of the PL peak wavelength for a semiconductor
reflects shrink of the energy bandgap with increasing temper-
ature due to the lattice deformation potential and exciton-phonon
coupling.22,23 The experimental data can be fitted by an empirical
Varshni relation16-18

where Eg0 is the energy gap at 0 K, R is the temperature
coefficient, � is a fitting parameter that is close to the Debye
temperature. The values of R and � for these core/shell QDs
are listed in Table 1. The data are similar to those of bulk CdSe
material (R ) 3.7 × 10-4 eV/K, � ) 150 K).18 This indicates
that the dominant emissions in the CdSe core/shell QDs with

Figure 1. PL spectra of CdSe core (a), CdSe/CdS(3 ML) core/
monoshell (b), and CdSe/CdS(3 ML)/CdZnS(1 ML)/ZnS(2 ML) core/
multishell QDs (c) at different temperature from 80 to 300 K under
excitation at 488 nm. Typical TEM images of the QDs are shown in
the inset. Scale bar is 10 nm.

Figure 2. Temperature dependence of emission peak energy (a) and
FWHM (b) of CdSe core/shell QDs with different shell structures of
ZnS (3 ML) (red squares), CdS (3 ML) (green circles), CdS (6 ML)
(blue triangles), and multishell (6 ML) (cyan diamonds), respectively.
Solid lines represent the fitting curves. The temperature dependence
of energy band gap for bulk CdSe is also plotted in (a).

Eg(T) ) Eg0 - R T2

T + �
(1)
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different shell structures come from the recombination of
electrons and holes near the band edge of CdSe cores.

Figure 2b shows the PL FWHMs of CdSe core/shell QDs
with different shell structures as a function of temperature. The
temperature dependence of the FWHM due to exciton scattering
with acoustic and LO phonons can be described by the following
equation:16-18,24

where Γinh is the inhomogeneous line width that is temperature-
independent and results from fluctuation in size, shape, and
composition of QDs, σ is the exciton-acoustic-phonon coupling
coefficient, ΓLO, represents the exciton-LO-phonon coupling
coefficient, and LO-phonon energy, ELO, is taken as 25 meV
from Raman spectra of CdSe QDs in previous reports.25,26 The
temperature dependence of PL FWHM for CdSe/ZnS QDs can
be fitted well, as shown in Figure 2b. The parameters σ and
ΓLO are obtained to be 78.9 ( 2.3 µeV/K and 48.7 ( 1.4 meV,
respectively. The acoustic phonon dephasing rate is consistent
with that of 75 µeV/K predicted in a CdSe QD of 1.5 nm in
radius.27 The exciton-LO phonon coupling coefficient is smaller
than that of about 100 meV in bulk CdSe due to the confinement
of excitonic polarization in small QDs.28 Furthermore, it is found
that the temperature-dependent broadening of the PL FWHMs
in CdS shell (3 and 6 ML) and a multishell-coated QD deviates
from that of ZnS-coated QDs despite the same core size. It is
well known that the electron wave function extends into the
CdS shell due to a low barrier between the conduction bands
of CdSe and CdS.12,13 Therefore, this indicates that the PL in
the CdS-shell-coated QDs may come not only from the CdSe
cores but also from the interface states or emitting centers in
the shells.

In order to investigate the shell effect on the nonradiative
relaxation processes in QDs, we analyze the temperature
dependence of integrated PL intensity. In general, the PL QY
and photostability of CdSe core QDs can be improved by
growing a monoshell (ZnS or CdS) with a larger bandgap to
confine electrons and holes into the core.12 The PL intensities
of CdSe core and core/monoshell (3 ML) QDs with different
shell materials as a function of inverse kBT are shown in panels
a and b of Figure 3, respectively. The PL intensities are
normalized to the PL one at the lowest measurement temperature
of 80 K. The PL intensity of the core QDs decreases rapidly
when temperature increases, compared to that of the core/
monoshell (3 ML) QDs. When two typical kinds of nonradiative
relaxation processes are assumed as follows. (A) Carrier trapping
by surface defect states29 and (B) multiple LO phonon assisted
thermal escape from dots;16,30 the temperature dependence of
the PL intensity can be described by the following equation:16,17

where IPL(T) is the integrated PL intensity at temperature T, N0

is the initial carrier population of emitting states, Ea is the
activation energy of surface defect states, m is the number of
LO phonons for assisted thermal escape of carriers from dots,
and A and B represent the ratios of the radiative lifetime in QDs
to the capture time from emitting centers by nonradiative
recombination centers. The parameters Ea and m for the CdSe
core, CdSe/ZnS (3 ML), and CdSe/CdS(3 ML) core/shell QDs
are summarized in Table 2.

For CdSe core QDs, the activation energy of carrier trapping
by surface defect states and the number of LO phonon m were
determined to be 26.5 ( 1.5 meV, and 5.2 ( 0.1, respectively,
as seen in Table 2. The nonradiative relaxation process with a
small activation energy (10-30 meV) results in a decrease in
the PL intensity of CdSe core QDs at the low temperature
range.16,17 Furthermore, the energy of 5.2 LO phonons (5.2 ×
25 meV ) 130 meV) approaches to the energy difference of
about 140 meV between 1S3/2 and 2S3/2 states as seen in the
absorption spectra31 in the inset of Figure 3a. This suggests that
the thermal escape involves hole states, consistent with previous
reports.16,17 The PL intensity of the core/shell QDs with a 3
ML CdS or ZnS shell is almost kept constant in the low-
temperature range (80-200 K) and exponentially decreases with
increasing temperature from 200 to 300 K, as shown in Figure
3b. On the basis of eq 3, only considering one thermally
activated nonradiative recombination process, the activation
energy of about 200-250 meV obtained in CdSe core/shell QDs
with a 3 ML CdS or ZnS shell is larger than the energy spacing
between 1S3/2 and 2S3/2 (130-140 meV, as seen in the inset of
Figure 3b) and close to the exciton binding energy (EBE) of
CdSe QDs with a diameter about 3-5 nm32 or an energy barrier

TABLE 1: Fitting parameters of Eg0, r, and �

sample Eg0 (eV) R (10-4 eV/K) � (K)

CdSe/ZnS (3 ML) 2.23 3.1 ( 0.3 156.5 ( 13.1
CdSe/CdS (3 ML) 2.15 3.7 ( 0.1 155.3 ( 7.1
CdSe/CdS (6 ML) 2.11 4.0 ( 0.2 173.3 ( 19.5
CdSe/multishell (6 ML) 2.08 4.0 ( 0.8 141.3 ( 7.9
bulka 1.757 3.7 150

a Reference 18.

Γ(T) ) Γinh + σT + ΓLO(eELO/kBT - 1)-1 (2)

IPL(T) )
N0

1 + Ae-Ea/kBT + B(eELO/kBT - 1)-m
(3)

Figure 3. Integrated PL intensities of CdSe core/shell QDs with
different shell structures as a function of inverse kBT. (a) CdSe core
QDs (black stars), (b) CdSe/ZnS(3 ML) (red squares), and CdSe/CdS(3
ML) (green circles) core/shell QDs. The solid lines represent fitting
curves by an equation described in the text. Absorption spectra of CdSe
core and CdSe/CdS(3 ML) core/shell QDs are shown in the insets of
(a) and (b), respectively.

TABLE 2: Fitting Parameters of Ea, m, and ∆E

sample Ea (meV) m ∆E (meV)

CdSe core 26.5 ( 1.5 5.2 ( 0.1 -
CdSe/ZnS (3 ML) - 4.7 ( 0.2 -
CdSe/CdS (3 ML) - 4.9 ( 0.3 -
CdSe/CdS (6 ML) - 3.9 ( 0.2 28.1 ( 1.4
CdSe/multishell (6 ML) - 4.6 ( 0.5 29.0 ( 1.4
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for conduction band offset of CdSe/CdS interface.12 In the
temperature range of 80-360 K, the thermal-induced exciton
ionization or electron escape from the conduction band barrier
is impossible because the thermal energy of kBT is much smaller
than the EBE or the energy of the conduction band barrier. This
means that the most possible nonradiative relaxation process
comes from the multiple LO phonon assisted transition due to
the strong polar Fröhlich coupling.33 The temperature depen-
dence of PL intensity for CdSe core/monoshell QDs with a thin
shell (3 ML) can be fitted well by eq 3 when the carrier trapping
by surface defects is ignored. The numbers of LO phonons m
are determined to be 4.7 ( 0.2 and 4.9 ( 0.3, respectively, for
ZnS (3 ML) and CdS (3 ML) coated QDs, as seen in Table 2.
This suggests that the multiple LO phonon assisted thermal
escape from 1S3/2 to 2S3/2 dominates the PL QY in core/
monoshell (3 ML) QDs as observed in previous reports.16,17 As
seen in Figure 3b, the thermal-induced PL quenching in ZnS
(3 ML) coated QDs is faster than that in CdS (3 ML) coated
QDs. This indicates that there are more defects formed at the
CdSe/ZnS interface due to the larger lattice mismatch between
the CdSe core and ZnS shell. Generally, a large amount of
interface defects are formed due to the strain relaxation when
the ZnS shell thickness is more than 3 ML, reducing the PL
QY, whereas the QY of CdSe/CdS core/shell QDs is still high
when a thick CdS shell is grown on CdSe cores.12,13,16

Figure 4 shows the temperature dependence of PL intensities
in CdS (6 ML) and multishell (6 ML) coated QDs. In contrast
to those in the core and core/shell (3 ML) QDs, the PL intensities
of CdS monoshell (6 ML) and multishell (6 ML) coated QDs
show an antiquenching behavior with increasing temperature
and reach a maximum at temperature 200 and 300 K, respec-
tively. In these two samples, the shell thickness is reached to 6
MLs (∼1.9 nm), doubly thicker than those of the pervious core/
shell QDs. In the previous discussion, the thermal quenching
induced by surface defects could be reduced effectively by
growing a shell (3 ML) on a CdSe core.12 It is expected that
the thick shell can greatly reduce the thermal quenching resulting
from surface defects. Generally, the growth of a shell on a CdSe
core is carried out at high temperature (200-260 °C) using
SILAR technique.13 Therefore, the atom diffusion at the CdSe/
CdS core/shell interface can form some traps and cause energy
band fluctuation.35,36 The blue-shift of the emission peak,
resulting from an increase of the band offset due to the atom
diffusion of Zn2+ into Cd0.5Zn0.5S alloy layers, has been observed

in previous reports.13,37 On the other hand, the energy band
fluctuation induced by the lattice strain at the core/shell interface
can not be ignored.38,39 The shift of LO phonon Raman mode
observed in CdSe core/shell QDs, in contrast to CdSe cores,
was attributed to the lattice strain that appeared at the core/
shell interface.25,26 Recently, the pressure of CdS/ZnS core/shell
interface was probed via the PL emission of Mn2+ ions doped
at different positions of the QDs and demonstrated a pressure
of more than 4 GPa for 7.5 MLs of ZnS.39 It is assumed that
the excited carriers can be localized at CdSe/CdS, CdS/CdZnS,
and CdZnS/ZnS interfaces at low temperature due to the energy
band fluctuation. As seen in the inset of Figure 4, the absorption
of the QDs with a CdS monoshell (6 ML) or a multishell
increases rapidly above 2.42 eV due to the absorption of the
CdS shell.34 The excitation light with a photon energy of 2.53
eV, slightly above the bandgap of CdS shell, can excite CdS.
Thus, the emission from the localized states at the interfaces
may be easily observed. These localized carriers at the core/
shell and shell/shell interfaces can be thermally activated to
CdSe core emitting states when temperature increases. The
similar phenomena were also observed in InAs QDs embedded
in InGaAs/GaAs dots in the well.40,41 More recently, the
enhancement of the average PL lifetime with increasing
temperature was observed in high-quality CdSe/CdS/ZnS QDs,
which was attributed to an activated carrier detrapping process
form trap states to exciton states.42 However, the enhancement
phenomenon is not observed in a thin CdS or ZnS monoshell
(3 ML) coated QDs because the surface defects may capture
these localized carriers across the thin shell (∼1 nm). Finally,
a decrease in the PL intensities of these QDs at high temperature
implies that the temperature-dependent nonradiative relaxation
processes are also present as shown in Figure 4.

The population of the initial excited carriers at the emitting
states in the CdS (6 ML) and multishell (6 ML) coated QDs is
considered to come from two parts: N0 + N′0e-∆E/kBT, where
the first term represents the population of e/h pairs formed by
direct relaxation from high-energy states to CdSe core emitting
states, and the second one represents the population of charge
carriers thermally activated from the interface states. The second
term plays an important role in the PL intensity enhancement
with increasing temperature. This would explain the PL intensity
enhancement of CdS monoshell (6 ML) and multishell (6 ML)
coated QDs when temperature increases. The thermal quenching
becomes very small in the thick multishell (6 ML) coated QDs
as seen in Figure 4, compared with that of the naked cores and
a thin monoshell coated QDs. This indicates that the surface
defects/traps on the core surface are excellently passivated by
a multishell and the nonradiatvie relaxation process causing from
the LO phonon assisted carrier escape is also decreased due to
the thick shell as a barrier.

Further, the localization depth of carriers at the interface is
estimated on the basis of the temperature dependence of PL
intensity for CdS monoshell (6 ML) and multishell (6 ML)
coated QDs, which is described by a modification of eq 3 as

where ∆E is the potential depth of these localized trap states,
N′0 is a parameter that is related to the density of trap states.
The papameters m and ∆E for CdSe/CdS (6 ML) and CdSe/
multishell (6 ML) are also summarized in Table 2. Compared
with the experimental data in Figure 4, the nonradiative

Figure 4. Integrated PL intensities of CdSe core/shell QDs with CdS
(6 ML) monoshell (blue triangles) and a multishell (6 ML) (cyan
diamonds) as a function of inverse kBT. Inset shows absorption spectra
of CdSe core (black solid line), and core/shell QDs with different shell
structures of ZnS (3 ML) (red dashed line), CdS (3 ML) (green dotted
line), CdS(6 ML) (blue dash-dotted line), and CdS (3 ML)/CdZnS
(1 ML)/ZnS (2 ML) (cyan dash-dot-dotted line), respectively.

IPL(T) )
N0 + N′0e

-∆E/kBT

1 + B(eELO/kBT - 1)-m
(4)
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recombination rate in CdSe/CdS (6 ML) QDs is larger than that
in CdSe core/multishell (6 ML) QDs. Therefore, the outer layer
with a high band offset in the core/multishell QDs can
effectively confine the electron and the hole into the core,
resulting in high QY of the QDs with a multishell.13

In order to understand the ligand shell effect on the PL
property, the temperature-dependent PL spectra of CdSe core/
multishell QDs with different surface treatment were studied
as shown in Figure 5. The PL QY of the QDs was significantly
dropped from 70% to 30% before and after heavy washing. It
is found that the enhancement of the PL intensity with increasing
temperature almost disappears. This means that the removal of
the ligands on the surface of the QDs results in formation of a
large amount of surface dangling bonds, quenching the PL.13,34

In addition, the temperature-dependent PL spectra of CdSe core/
multishell QDs in an HTM matrix, N,N′-diphenyl-N,N′-bis(3-
methylphenyl)-1,1′-biphenyl-4,4′-diamine (TPD) are shown in
Figure 5. Similarly, the PL enhancement with increasing
temperature was not observed. The PL quenching of the QDs
was observed due to the removal of emitting centers at the
surface of core/shell QDs and hole transfer from the QDs to
the HTMs.14

We also studied temperature-dependent PL spectra of CdSe
core/shell QDs, such as CdSe/CdZnS (6 ML), CdSe/CdS (3
ML)/ZnS (3 ML), and CdSe/CdS (2 ML)/CdZnS (2 ML)/ZnS
(2 ML) and obtained similar experimental results (see Figures
S1, S2, and S3, Supporting Information). Figure 6 shows
schematic diagram of electronic levels and structures of the CdSe
core, core/monoshell and core/multishell QDs, and the highest

occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) levels of the organic ligands.
Therefore, the improvement mechanism of the PL QY in the
CdSe core/multishell QDs can be understood well in terms of
the effective passivation of the following nonradiative pathways:
(i) a monoshell such as ZnS and CdS can effectively reduces
defects/traps on the core surface, but a large amount of interface
traps (dislocation) forms at the interface between the CdSe core
and the ZnS shell with increasing the shell thickness,13,15 as well
as the low conduction band offset between the CdSe core and
CdS shell can not effectively confine the electron in the core;14

(ii) a multishell can perfectly passivate defects/traps on the core
surface and at various interfaces due to a small lattice mismatch
between the CdSe core and CdS, CdZnS, and ZnS shells;13 and
(iii) ligands at the surface of the QDs clearly reduce the density
of the nonradiative recombination centers on an outer ZnS shell.

Conclusions

In summary, we have studied the temperature-dependent PL
spectra of CdSe core/shell QDs with different shell structures
(ZnS, CdS, and CdS/CdZnS/ZnS). The evolution of temperature-
dependent nonradiative relaxation processes is clearly demon-
strated from thermal activation of carrier trapping by surface
defect states in the core QDs to the thermal escape of carriers
from the core in the core/shell QDs. The nonradiative recom-
bination on the surface and at the interfaces can be dramatically
suppressed by a multishell structure with the appropriate
thickness due to a small lattice mismatch between the layers.
In particular, the enhancement of PL intensity observed in the
core/multishell QDs with increasing temperature from 80 to 300
K is well explained in terms of delocalization of the carriers
localized at the core(CdSe)/shell(CdS) interface states induced
by atom diffusion or lattice strain. Furthermore, the carriers can
also be effectively captured by surface dangling bonds or
attached HTMs despite a thick multishell on the core QDs. The
experimental results clearly indicate the shells play an important
role in reducing the nonradiative relaxation processes in the core/
shell QDs. It will be surely promising to design the shell
structure to control PL properties of the QDs for improving the
performance of QD-based devices.
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