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Photoluminescence quenching of colloidal CdSe core/shell quantum dots (QDs) with CdS, ZnS and CdS/
CdZnS/ZnS shells in the presence of hole-transporting materials (HTMs) is studied by means of steady-state
and time-resolved photoluminescence spectroscopy. Static quenching is surprisingly found to play an even
more important role in the PL quenching process than the dynamic one originating from a hole transfer from
QDs to HTMs. The static quenching efficiency of the QDs with single CdS shells of 3 and 6 monolayers is
much larger than that of the QDs with a multilayer CdS/CdZnS/ZnS shell. The experimental results are
important for understanding the control of the static quenching pathways in QDs by using multishell structures.

Introduction

Semiconductor nanocrystals (NCs), or quantum dots (QDs),
are being applied to fabricate hybrid inorganic/organic light-
emitting diodes (LEDs) because the QDs exhibit size-tunable
photoluminescence (PL), narrow emission line width, high PL
quantum yield, superior photostability, and flexible solution-
processibility.1-8 The performance of the QD-based devices is
strongly dependent on the structure of the QDs and their surface
properties. The effect of organic molecules on the PL properties
of CdSe QDs has been widely studied to understand the nature
of the QD surface and charge/energy transfer processes between
QDs and the organic molecules for further improving the device
performance.

The poor photostability of bare-core QDs often causes the
wavelength shift of absorption and PL peaks as well as the
change of PL line width and intensity, disturbing the unambigu-
ous confirmation of the interaction mechanisms in the core
QD-organic molecule systems.9-12 Recently, the photostability
and PL quantum yield of the CdSe core QDs can be improved
by growing a CdS or ZnS shell on the CdSe cores to form core/
shell NCs.13-15 More recently, high-quality CdSe-core CdS/
CdZnS/ZnS-multishell QDs with a quantum yield of up to 85%
have been synthesized by using a successive ion layer adhesion
and reaction (SILAR) technique.16,17 This development raises
the question of the shell effect on the charge/energy transfer
between QDs and organic molecules.

PL quenching of colloidal CdSe QDs has been widely
observed in the presence of organic molecules and polymers.18-22

In general, the PL quenching includes static and dynamic

components. The El-Sayed group attributed the PL to the
emission of surface-trapped electrons and holes, assuming that
butylamine occupies hole sites to block the surface recombina-
tion process, resulting in the reduction of luminescent centers
of core QDs.18,20 The quenching is completely static because
the PL lifetime is not changed. Recently, the static quenching
in InP core QDs in the presence of a conjugated polymer was
attributed to the intermolecular interaction.21 The static quench-
ing does not have any contribution to the energy/charge transfer
process. On the other hand, the Kamat group observed a
photoinduced charge transfer between CdSe core NCs and a
hole acceptor, p-phenylenediamine with a low oxidation po-
tential, which was characterized by a PL quenching and lifetime
shortening.22 While there have been a few reports about ultrafast
exciton dissociation in QDs by energy/charge transfer to
adsorbed acceptors,23-25 the contribution of the PL quenching
to the charge transfer efficiency between core/shell QDs and
the acceptors has not been well understood yet.

In this work, we report steady-state and time-resolved PL
spectroscopy of CdSe/CdS, CdSe/ZnS, and CdSe/CdS/CdZnS/
ZnS core/shell QDs in chloroform with different concentrations
of the hole transporting materials (HTMs), N,N′-bis(1-naphthyl)-
N,N′-diphenyl-1,1′-biphenyl-4,4′-diamine (NPB), N,N′-diphenyl-
N,N′-bis(3-methylphenyl)-1,1′-biphenyl-4,4′-diamine (TPD), and
4,4′,4′′ -tris(N-carbazolyl)triphenylamine (TCTA), which are
used as hole transporting layers to fabricate efficient QD-LEDs.2-8

Surprisingly the static and dynamic quenching processes coexist
even when the shell thickness reaches 6 monolayers (MLs).
Furthermore, we estimate the static and dynamic PL quenching
efficiency of the QDs with different shell materials and structures
by using a preexponential weighted mean lifetime method.26,27

Finally we suggest that the use of multishell structures can
significantly decrease the static quenching pathways in QDs.

Experimental Section

The CdSe/CdS(3,6 ML), CdSe/ZnS(3 ML,) and CdSe/CdS/
CdZnS/ZnS(6 ML) core/shell QDs used in this experiment were
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synthesized from the same CdSe-core particles with a 3.5 nm
diameter by using SILAR method.16 Their sizes were determined
to be about 5.7, 7.4, 5.8, and 8.1 nm, respectively, from
transmission electron microscopy (TEM) measurement (Figure
S1, Supporting Information). The shell thicknesses were esti-
mated by using one CdS-ML (0.35 nm), one ZnS-ML (0.31nm),
and one ZnCdS-ML (0.33 nm) on the basis of the wurzite
structure of the respective compounds.16 Typical PL quantum
efficiencies of these samples are 40-70% and the thicknesses
of all CdS, CdZnS, and ZnS shells were varied from 1 to 6
MLs. The as-prepared QDs were further purified to remove
excess ligands and synthetic byproduct. All QD samples were
at least twice washed by dissolution in hexane or chloroform
and subsequent precipitation with acetone or methanol followed
by drying under N2. The removal of organic ligands from the
core/shell QDs in this experiment caused a drop of the QY by
about 20-40% due to reduction of the ligands on the dot
surface, compared with unwashed ones, which is consistent with
the previous results.4,16

Steady-state absorption measurements were carried out
with use of a Cary 300 double-beam spectrometer at a spectral
resolution of 1 nm. Steady-state PL spectra were measured
with the emission spectrometer described previously28 under
excitation at 480 nm. The picosecond fluorescence transient
spectroscopy in all samples was measured with a calibrated
fluorescence setup outfitted with a time-correlated single-
photon-counting (TCSPC) detection system.28 The excitation
wavelength was selected to below the band gap of the HTMs,
for example, 450 nm. All experiments were performed at
room temperature.

Results and Discussion

Figure 1 shows the steady-state absorption and PL spectra
of CdSe/CdS(3 ML), CdSe/CdS(6 ML), and CdSe/CdS(3 ML)/
CdZnS(1 ML)/ZnS(2 ML) QDs in chloroform solution with
different concentrations of NPB. No significant change in
absorption spectra of the CdSe core/shell QDs is observed after
NPB is added into the QD solution (Figure S2, Supporting
Information). In the meantime, the PL intensity is, however,
decreased. As shown in Figure 1, PL quenching with NPB
concentration is much faster for CdSe/CdS QDs with a CdS
shell of 3 and 6 MLs than for CdSe/CdS(3 ML)/CdZnS(1 ML)/
ZnS(2 ML) QDs. Similarly, fast PL quenching of CdSe/ZnS(2

ML) QDs is also observed. A small red shift of about 1-2 nm
of PL peak is observed for CdSe/CdS QDs with 3 and 6 MLs
CdS shells compared with those of the CdSe QDs in the absence
of NPB, but no shift is observed in PL spectra of CdSe core/
multishell QDs with the concentration of NPB up to 106 µM
(Figure S3, Supporting Information). Moreover, the PL spectral
shape is independent of NPB concentration, ruling out the
formation of new surface states.25 This indicates that the PL
quenching of the QDs is dependent not only on the thickness
of the shell, but also on the structure of the shell.

The PL decay dynamics of the CdSe core/shell QDs in the
absence and presence of different concentrations of NPB
are shown in Figure 2. The QDs exhibit significant PL lifetime
shortening with increasing NPB concentration. The PL lifetime
decay curves of CdSe core/shell QDs at different concentrations
of NPB can be well fitted by a triexponential function defined
as I(t) ) A1 exp(-t/τ1) + A2 exp(-t/τ2) + A3 exp(-t/τ3), where
τ1, τ2, and τ3 are the time constants, and A1, A2, and A3 are the
normalized amplitudes of the components, respectively.29 The
average lifetimes τAV, determined by the expression τAV ) (A1τ1

2

+ A2τ2
2 + A3τ3

2)/(A1τ1 + A2τ2 + A3τ3), are also summarized in
Tables S1-S3 (Supporting Information), where it is clearly
shown that adding the HTMs into CdSe core/shell QD solution
quenches the PL and also results in a significant decrease of
the average PL lifetime. For example, the average PL lifetime
of the CdSe/CdS(6 ML) QDs significantly changes from 30.57
to 1.46 ns when the NPB concentration is increased from 0 to
106 µM whereas such a concentration change leads to only a
small variation in the average lifetime, e.g., from 19.43 to 10.46
ns, for CdSe/CdS(3 ML)/CdZnS(1 ML)/ZnS(2 ML) QDs. This
result demonstrates that the PL lifetime quenching also depends
on the thickness and structure of the shell.

Figure 3 shows the intensity ratio (I0/I) and average lifetime
(τAV0/τAV) of the CdSe/CdS(6 ML) and CdSe/CdS(3 ML)/
CdZnS(1 ML)/ZnS(2 ML) QD PL as a function of NPB
concentration. The subscript 0 denotes the parameters (intensity
or lifetime of QD PL or amplitude of PL lifetime) in the absence
of quencher. As is well-known, the majority of PL quenching
results are explained by the Stern-Volmer equation I0/I ) 1 +
KSV[Q], where KSV is the Stern-Volmer constant and [Q] is
concentration of the quencher.20,22 However, the plots of I0/I
versus quencher concentration in this experiment do not fit this
conventional linear Stern-Volmer equation. The plots in Figure

Figure 1. Steady-state absorption and PL spectra of CdSe/CdS(3 ML)
(a), CdSe/CdS(6 ML) (b) and CdSe/CdS(3 ML)/CdZnS(1 ML)/ZnS(2 ML)
QDs (c) in chloroform solution with different concentrations of NPB, 0,
10.6, 21.2, 42.4, 63.6, 84.8, and 106 µM. Arrows represent the increase
of the NPB concentration. Excitation wavelength is 480 nm.

Figure 2. PL decays as a function of time for CdSe/CdS(3 ML) (a),
CdSe/CdS(6 ML) (b), and CdSe/CdS(3 ML)/CdZnS(1 ML)/ZnS(2 ML)
QDs (c) in chloroform solution with different NPB concentrations, 0,
6.4, 10.6, 21.2, 42.4, and 106 µM from top to bottom as shown in the
figure. Excitation wavelength is 450 nm.
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3 indicate that both dynamic and static quenching processes
occur in the QD-NPB system or there are multiple PL pathways
with different quenching efficiency.30-33 Moreover, the relation-
ship between lifetime quenching ratio and NPB concentration
is also nonlinear. In particular, the quenching ratio τAV0/τAV is
smaller than that of PL intensity, depending on the shell structure
of the QDs.

We ascertain the relative contributions of static and dynamic
quenching by a relation I0/I ) N0/N × τM0/τM, where τM is the
pre-exponential weighted mean lifetime26,27 determined by an
expression τM ) (A1τ1 + A2τ2 + A3τ3)/(A1 + A2 + A3) as listed
in Tables S1-S3 (Supporting Information), and N0 and N are
the assumed emitting centers in the absence and presence of
HTMs. Therefore, it is true for the following expression I0/I )
τM0/τM if there is no static quenching, namely N ) N0, which
has been demonstrated experimentally.26,27 τM0/τM as a function
of NPB concentration is also shown in Figure 3. It is clear that
there appear static and dynamic components in the above
quenching process. Furthermore, according to the formula I0/I
) N0/N × τM0/τM,26,27 we can estimate the number of emitting
centers (N) in the core/shell QDs as a function of NPB
concentration as shown in Figure 4 by assuming that the number
of emitting centers N0 ) 100 in the absence of the quencher.
As seen in Figure 4, the number of emission centers in CdSe/
CdS core/shell QDs rapidly decreases with increasing the NPB

concentration from 0 to 10 µM, compared with those of the
QDs with multishells. Hence, the static quenching resulting from
the decrease of the number in the emitting centers plays an
important role in the PL quenching of the core/shell QDs in
the presence of the NPB molecules, which is strongly dependent
on the shell thickness and structure. The static and dynamic
quenching efficiencies QS and QD can be estimated by the
following expressions:

QS )∆IS/I0 ) [(A10 -A1 × N/N0)τ10 +

(A20 -A2 × N/N0)τ20 + (A30 -A3 × N/N0)τ30]/

(A10τ10 +A20τ20 +A30τ30) (1)

QD )∆ID/I0 ) (I0 - I-∆IS)/I0 ) [A1(τ10 - τ1)+

A2(τ20 - τ2)+A3(τ30 - τ3)] ×

N/N0/(A10τ10 +A20τ20 +A30τ30) (2)

where ∆IS and ∆ID are the intensity changes due to the static
and dynamic quenching at different concentrations, respectively.
The calculated quenching efficiencies of CdSe QDs shelled with
CdS(3 ML), CdS(6 ML), CdS(2 ML)/CdZnS(2 ML)/ZnS(2
ML), and CdS(3 ML)/CdZnS(1 ML)/ZnS(2 ML) as a function
of NPB concentration are shown in Figure 5. The static
quenching efficiency of the QDs rapidly increases with the NPB
concentration in the range of 0-10 µM, and reaches the
maximum of about 80% at the concentration of about 30 µM
while the efficiency of CdSe multishell QDs is much lower than
that of CdSe/CdS(3, 6 ML) core/shell QDs. On the other hand,
the dynamic quenching efficiency of CdSe/CdS core/shell QDs
increases rapidly and reaches the maximum at a relatively low
concentration of NPB. This is because NPB molecules modify
the surface of the QDs to increase the number of long lifetime
(τ1) luminescent centers (Tables S1 and S2, Supporting Infor-
mation), which is supported by the negative static quenching
efficiency. Further increasing the NPB concentration leads to a
rapid drop of the dynamic quenching efficiencies of all QDs
and they reach the saturated value of about 15%. The rapid
increase of the static quenching efficiency with the concentration
of NPB as seen in Figure 5 corresponds to a decrease in the
number of the luminescent centers, resulting in a weak
dependence of the dynamic quenching efficiency on the QD
shell structure. Similarly, the PL quenching and lifetime

Figure 3. I0/I and τAV0/τAV of CdSe/CdS(6 ML) (a) and CdSe/CdS(3
ML)/CdZnS(1 ML)/ZnS(2 ML) QDs (b) as a function of NPB
concentration. τM0/τM is also plotted in the figure for comparison.

Figure 4. The number of emitting centers of CdSe QDs shelled with
CdS(3 ML) (black squares), CdS(6 ML) (red circles), CdS(2 ML)/
CdZnS(2 ML)/ZnS(2 ML) (green vertical triangles), and CdS(3 ML)/
CdZnS(1 ML)/ZnS(2 ML) (blue converse triangles) as a function of
NPB concentration.

Figure 5. Static (a) and dynamic quenching efficiencies (b) of CdSe
QDs shelled with CdS(3 ML) (black squares), CdS(6 ML) (red circles),
CdS(2 ML)/CdZnS(2 ML)/ZnS(2 ML) (green vertical triangles), and
CdS(3 ML)/CdZnS(1 ML)/ZnS(2 ML) (blue converse triangles) as a
function of NPB concentration.
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shortening of the core/shell QDs is confirmed in the presence
of TPD and TCTA. The efficiencies of PL intensity and lifetime
quenching decrease with decreasing the energy difference
between the valence band of the QDs and HOMO levels of NPB
(-5.1 eV), TPD (-5.3 eV), and TCTA (-5.7 eV). The static
and dynamic quenching efficiencies of the CdSe core/shell QDs
were also estimated based on eqs 1 and 2 as shown in Figure
S4 (Supporting Information).

Figure 6 shows the schematic diagram of electronic levels
and structure of the CdSe core/shell QDs and HOMO and
LUMO levels of the HTMs, where NPB is taken as an example.
There are five possible pathways for the NPB molecules to
quench the QD PL:22-25 (1) energy transfer from QDs to HTM
molecules; (2) electron transfer from HTM molecules to QDs;
(3) the formation of new radiative and nonradiative centers; (4)
static quenching (the decrease in the number of the emitting
centers); and (5) dynamic quenching (hole transfer from QDs
to HTM molecules). The energy transfer from QDs to HTM is
not possible based on their absorption and PL spectra. Another
pathway that is also not possible is the electron transfer from
the HTMs to QDs because the excitation wavelength was
selected such that HTM molecules were not excited. No
significant change in peak position and line width of the PL
spectra (Figures S2 and S3, Supporting Information) indicates
that no new emitting state forms in the QD-HTM system. In
addition, no new fast recombination process such as electron
trapping at the interface between QDs and HTMs is confirmed
by the transient absorption spectroscopy of the QDs. Therefore,
the PL quenching might only come from the remaining two
possible pathways: static and dynamic quenching.

The surface-related emissions are often considered to be
a dominant radiative recombination process in the naked
QDs.31-33 This process in the core/shell QDs should be
decreased significantly after a semiconductor shell is grown
on a CdSe core to passivate the surface of core and confine
most of the electrons and holes in the cores. However, a large
amount of static quenching was surprisingly confirmed in
the core/shell QDs in our experiment. The pathway of the
static quenching can be rationalized as follows: First, there
still appear some Zn2+ or Cd2+ hole sites on the ZnS or CdS
shell surface in the core/shell QDs.15,32,33 The HTM molecules
might occupy the Zn2+ or Cd2+ hole site to block the
recombination process, resulting in the static quenching.
Second, PL properties of the QDs are sensitive to the
environment of the shells on the QD surface.16 As a result,
the emitting states near the QD surface are easily removed
by the HTMs that adsorbed on the surface of the QDs,

resulting in a significant static PL quenching. The origin of
producing the above pathways comes from expanding the
electron wave function,14,34 so the static quenching should
be related to the confinement barrier height, shell thickness,
and lattice match between CdSe cores and CdS, CdZnS, or
ZnS shells. The density of the emitting states in a ZnS shell
is expected to be lower than that in a CdS shell because of
a larger barrier between the conduction bands of the CdSe
core and ZnS shell. This also explains that the static
quenching efficiency of core/multishell QDs is much lower
than that of CdSe/CdS core/shell QDs. But we observed also
large static quenching in the CdSe/ZnS core/shell QDs. This
might reflect the fact that a high quality of ZnS shell structure
is hard to reach, considering the large lattice mismatch
between the CdSe core and the ZnS shell.35 The smallest
amount of static quenching has thus been observed in CdSe/
CdS/CdZnS/ZnS core/multishell QDs due to the high quality
of the multishells.16 As seen in Figure 6, for the CdSe/CdS(6
ML) QDs a large part of the luminescent centers are
eliminated by static quenching, and only a small part of them
take part in hole transfer; for the CdSe/CdS(3 ML)/CdZnS(1
ML)/ZnS(2 ML) core/multishell QDs a small part of the
luminescent centers are eliminated by static quenching, and
most part of them take part in hole transfer. But the lifetime
quenching of CdSe/CdS(6 ML) QDs is higher than that of
the multishell ones. As seen in Figures 5 and S4 (Supporting
Information), the dynamic quenching efficiencies depend not
only on the shell structure of QDs but also the HTM
molecules.

Conclusions

In summary, the efficiency of the PL quenching in QDs is
strongly dependent on the structure of the shells and the HOMO
levels of the HTMs. Surprisingly, a majority of the QDs in the
QD-HTM solution are quenched completely via static quenching
pathways while only a small part of them experience the
dynamic charge transfer/charge separation. It is hypothesized
that improvement in quantum efficiency of QD-LEDs could be
achieved by careful modification of the nanocrystal surface with
functional organic molecules, such as HTMs. However, the static
quenching would decrease the PL quantum efficiency of the
QDs, resulting in a low quantum efficiency of QD-LEDs
fabricated by doping QDs into organic molecules/polymers. On
the other hand, the large static quenching also causes a decrease
in charge transfer efficiency for efficient QD solar cells.
Therefore, it is necessary to effectively decrease the static
quenching pathways by using a multishell to passivate the QD
surface or selecting organic molecules on the QD surface to
prevent the removal of the emitting centers for improving the
performance of QD-based devices.
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Supporting Information Available: TEM images, enlarged
absorption spectra near the first exciton absorption peaks,
enlarged PL spectra, static and dynamic quenching efficiencies,
the fitted time constants, amplitudes, and calculated lifetimes.

Figure 6. Schematic diagrams of PL quenching mechanisms for CdSe/
CdS (a) and CdSe/CdS/CdZnS/ZnS core/shell QDs (b) in the presence
of HTMs. The electronic level structure of the CdSe core/shell QDs
and HOMO and LUMO levels of the HTMs are taken from previous
data.1,3,4,7,8
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