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Abstract
We have examined steady-state and time-resolved luminescence properties of CdS:Te quantum
dots (QDs). The transient emission spectra have a red shift along the emission process. Using
singular value decomposition and multiexponential decay analysis, the luminescence is found to
originate from two distinct and parallel channels: band-edge excitonic emission and trapping
state emission. With increasing amount of Te, the emission peaks of the QDs show an obvious
red shift. Our experimental results suggest that CdS:Te quantum dots have tunable emission
spectra and luminescence lifetimes which may have applications in chemical sensing, high
throughput screening and other biotechnological applications.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Semiconductor nanocrystals or quantum dots (QDs), such as
CdS, CdSe, CdTe and ZnSe QDs, have shown great promise for
applications in fluorescence image displays [1], light-emitting
diodes [2] and solar energy conversion [3] owing to their size-
confined and size-tunable electric and optical properties [4].
Some applications, such as biological labeling of brain tumors,
prefer a specific dot size to break through the blood–brain
barrier (BBB), and also prefer the emission to be in the red
or near-infrared band in order to avoid visible biofluorescence
from organism multiplexing experiments. Binary compound
QDs in the desired size range, however, usually emit in
the visible band rather than the red and near-infrared range.
One preferential solution to this challenge is to use doped
QDs [5, 6], since their emission can be tuned by varying the
doping composition when the size is fixed [7]. Also, dopants
in QDs may introduce new characteristics such as the cubic-
power dependence luminescence and longer lifetime in Cu and
Mn doped QDs [8, 9].

One such system that has received considerable attention
are the doped CdS QDs [10–12]. Compared with CdTe and
CdSe, CdS has a larger band gap (2.58 eV) and a smaller Bohr
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exciton radius (2.8 nm), which is expected to show a weaker
quantum confinement effect and a lower photoluminescence
quantum efficiency in a similar size range. By incorporating
impurity atoms into CdS QDs, the dominant recombination
route can change to the impurity related trapping states [13].
Rogach et al [14] showed that the photoluminescence lifetime
of CdSe:Te QDs increases with the amount of Te doping, and
the recombination of charge carriers trapped by Te impurities
occurs on a slower timescale than for bare CdSe QDs. The
luminescence dynamics of excitonic and trapping states in
doped CdS QDs is not yet clearly understood. Knowledge
about how dynamic luminescence properties depend on the
amount of doping is essential to synthesize appropriate QDs
for biomedical and solar energy applications.

In this work transient luminescence spectroscopy is used
to study the luminescence mechanisms in CdS:Te QDs in the
visible and near-infrared spectral range. We first report the
time-domain luminescence spectra with an emission peak shift
in CdS:Te QDs. Using singular value decomposition and
biexponential fitting, the luminescence is decomposed into two
distinctive components, the origins of which are assigned using
a proposed energy level model. We then explain the peak shift
in time-resolved spectra at the earlier time delay [15]. The
variation of the luminescence properties with the doping level
is also reported and discussed.
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Figure 1. TEM image of CdS:Te:1.1% QDs. Inset: HRTEM of
CdS:Te:1.1% QDs. The black circles mark individual QDs, for
which the size is about 4.7 nm in the zoom-out image.

2. Experimental details

2.1. Synthesis and preparation of CdS:Te QDs

In the synthesis of CdS:Te QDs, Cd, Te and S solutions are
separately prepared. A mixture of CdO (0.496 g), oleic acid
(1.63 mmol) and 1-octadecene (18 g) is heated at 320 ◦C
and then lowered to 300 ◦C to be used as the Cd precursor.
Elemental Te and S in trioctylphosphine solvent are then
injected into the cadmium precursor. Three CdS:Te QD
samples are prepared with varied amounts of Te, where the
molar ratio of Te/S is controlled by varying the relative amount
of the starting materials. The non-polar QDs and reaction
solutions are then injected into methanol which is polar and
can separate 1-octadecene/oleic acid and doped nanocrystals.
After evaporation of organic solvent the CdS:Te QD powders
are deposited. The amount of Te and S in CdS:Te QDs is
measured by inductively coupled plasma mass spectroscopy
(ICP-MS), and the three CdS:Te QD samples display different
Te/S molar ratios: 1.1%, 2.3% and 7.5%.

2.2. Experimental setup for the characterizations

To investigate the effect of Te doping on the luminescence
properties of CdS:Te QDs in toluene, we also performed
time-resolved luminescence studies under femtosecond laser
excitation. A Ti:sapphire regenerative amplifier (1 kHz,
Spectra Physics, Spitfire) produces ∼130 fs pulses at 800 nm.
The 400 nm femtosecond pulses could also be produced
by high-level harmonic generation using a BBO nonlinear
crystal. Time-resolved luminescence spectra are measured
using a spectrometer (Bruker Optics 250IS/SM) with an
intensified charge coupled device (ICCD; IStar740, Andor).
The instrument response time τ is 2 ns when scattering
femtosecond laser pulses are measured.
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Figure 2. Room-temperature UV–visible absorption (solid lines) and
photoluminescence (dotted lines) spectra of CdS:Te QDs with
different Te/S molar ratios. Inset: photograph of three CdS:Te QDs
in toluene in glass tubes.

3. Results and discussion

3.1. Steady-state absorption and luminescence spectra of
CdS:Te QDs

UV–visible absorption spectra are measured on colloidal
solutions of the three CdS:Te QD samples with a Shimadzu
UV-2550 spectrophotometer. Steady-state photoluminescence
(PL) measurements are carried out using an assembled
PL setup with a Jobin-Yvon 450 W Xe lamp and
TRIAX 180 monochromators, and the data are collected
with a photomultiplier tube. The focal length of both
monochromators is 0.19 m. The overall spectral resolution
of the PL setup is 0.5 nm. The steady-state emission spectra
are recorded with fluorimeter (Shimadzu, RF-5000) using a
quartz cuvette (10 mm optical path) and Xe lamp excitation
at 3.10 eV. High-resolution transmission electron microscopy
(HRTEM) measurement is performed with a Tecnai G220 S-
Twin microscope operating at a high voltage at 200 kV, where
the CdS:Te:1.1% QD samples are prepared by dropping dilute
solutions of QDs in toluene on to carbon-coated copper grids.
The QDs are spherical and sufficiently monodisperse and well
separated with a size distribution of 4.7 ± 0.4 nm, as shown in
figure 1. The average size of the sample is determined from the
TEM image using Image Pro-Plus software.

The band gap of CdS:Te QDs can be tuned by controlling
the Te concentration, and the value is between the band gap of
CdTe QDs and CdS QDs of the same size. Figure 2 shows the
absorption and PL spectra for different Te concentrations. With
the Te content increasing from 1.1% to 7.5%, the emission
peak clearly shifts from the red (corresponding to CdS QDs)
to the near-infrared band (corresponding to CdTe QDs), as
expected. The absorption maximum bands are also slightly
shifted from red to near-infrared as denoted by arrows in
figure 2. Note that when the Te content is increased from 2.3%
to 7.5%, the absorption peak is not distinguishable because
of lattice mismatching [16]. The samples also exhibit a large
Stokes shift (e.g. 160 nm for CdS:Te:1.1% QDs) between the
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Figure 3. (a) PL decay curves of CdS:Te:1.1% QDs for photon
energies of 2.3, 2.0, 1.9 and 1.8 eV, respectively. The solid lines are
exponential fitting curves of experimental data. Inset: corresponding
experimental result, its biexponential fitting, long-lived component,
and short-lived component. (b) Temporal evolution of PL spectra
from 0 to 100 ns from top to bottom. Inset: the spectra are shifted
vertically and the times are indicated in the graph.

absorption edge and emission peak. This is due to the non-
radiative decay of some electrons from the conduction band
of the host material to the defect states before their radiative
decay.

3.2. Time-resolved luminescence

3.2.1. Time-resolved luminescence of CdS:Te QDs. In order
to further investigate the luminescence mechanism of CdS QDs
doped with Te and determine the cause of the shift of emission
peak, time-resolved luminescence was measured and analyzed.
Figure 3(a) shows transient luminescence dynamics for a few
different emission photon energies for CdS:Te:1.1% QDs. It is
seen that the intensity of higher-energy photons decays more
rapidly than that of lower-energy photons. Consequently, the
emission peak shifts from 2.03 to 1.84 eV during the transient
emission process, as shown in figure 3(b). After 130 ns,
the emission peak does not shift anymore. The underlying
mechanisms will be explained in the subsequent sections.
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Figure 4. Energy level diagram of CdS:Te QDs, where trapping and
defect states are shown. CBM, conduction band minimum; VBM,
valance band maximum.

3.2.2. Decomposition of luminescence spectra and the energy
level model. The emission peak shift indicates that different
emission mechanisms with different dynamics may exist
concurrently. To quantitatively analyze the transient emission
spectra, we treat the time-resolved spectra at different delay
times as a matrix in the singular value decomposition (SVD)
analysis, which has been widely used to analyze transient
absorption spectra [17]. The measured spectra in the spectral
range 1.28–2.84 eV (1024 channels) at delay times from −35
to 700 ns are processed by SVD to determine the minimum
number of basis spectrum sets to describe the data. After SVD,
the data matrix could be approximately expressed as

A =
∑

i

si Vi tT
i , (1)

where si , ti and Vi are the spectrum, temporal evolution and
singular weight value of the i th SVD component, respectively.
For all the three CdSTe QD samples, we find V1 − V2 � V3

in SVD analysis, indicating that the spectrum contains two
major components. Therefore, we fit each decay curve with
a biexponential function, as shown in the inset of figure 3(a).
One component decays rapidly and the other decays much
more slowly, indicating that they come from excited states of
different natures. Considering the red shift of the emission
peak with time, we conclude that the lower-energy component
in the spectrum comes from the more slowly decaying state.

These two emission channels with different lifetimes can
be explained using a three-level energy diagram model shown
in figure 4. The bandgap of the Te doped CdS QD is
significantly lower than that of the base CdS QD, and the band-
edge emission is denoted as ‘excitonic luminescence’ with a
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Figure 5. (a) The luminescence spectrum of CdS:Te QDs with a
Te/S molar ratio of 1.1%. It can be decomposed into a higher-energy
component (blue) due to excitonic emission and a lower-energy
component due to trapping state emission (red). (b) Lifetime of the
excitonic and trapping state emissions as a function of photon energy.

lifetime τ1. In addition, trapping or defect states appear within
the bandgap with a lifetime τ2. For a bulk semiconductor
these trapping levels are inactive because of optical transition
is forbidden. However, in QDs, especially under intense
femtosecond laser excitation, transitions between these energy
levels become allowed. A defect-related or trapping state is
commonly observed in II–VI semiconductor QDs [18], and a
broad emission band [19] or a long tail [20] has been reported
and attributed to trapping states. Similar electronic structures
have been reported in Cu doped ZnSe [8] and Mn doped
CdS [9].

During the photoluminescence process, the electrons are
first excited from the valence band to the conduction band
states higher than the conduction band minimum (CBM).
These hot electrons rapidly decay to the CBM through
electron–phonon scattering processes [3]. Then the electrons
recombine with holes on the valence band maximum (VBM)
of the host quantum dots by emitting photons. The electrons
can also recombine with holes located at trapping states
near the VBM. Therefore, the emission spectra of doped
CdS QDs consist of excitonic and impurity state emissions.
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Figure 6. Normalized luminescence decay curves of three CdS:Te
QD samples at 400 nm laser excitation. The decays of three different
CdS:Te QDs are integrated about 30 nm near the emission peak.

Photons from the trapping state emission have a slightly
lower energy than those from the excitonic state emission, but
they are often indistinguishable in the total emission spectra
when broadening is considered [21]. Figure 5(a) shows the
decomposition of the two emission mechanisms, each having
a Gaussian profile. Figure 5(b) shows the lifetime for each
channel as a function of the photon energy. The lifetime of
the band-edge excitonic emission is of the order of 10 ns and is
not strongly dependent on wavelength, while the lifetime of the
trapping state [22] varies significantly from 32.9 to 169.0 ns for
photon energies from 2.20 to 1.65 eV.

3.2.3. Composition dependence of the photoluminescence.
The decay dynamics of three different QD samples under
400 nm laser excitation are shown in figure 6, where τ1 and
τ2 are the average lifetimes for the excitonic and trapping
states, respectively. The total lifetime τav is obtained using the
equation [23, 24]

τav = a1τ1 + a2τ2

a1 + a2
(2)

where a1 and a2 denote the amplitude of band-edge excitonic
and trapping state emissions, respectively. Figure 6 shows
that the total lifetime τav decreases from 39.5 to 2.6 ns when
increasing the Te concentration from 1.1% to 7.5%. This trend
is opposite to that found when increasing the size of QDs,
though both Te doping and larger size can lead to a red shift in
the emission peak. The hole wavefunction is spatially localized
around the Te impurity. With the Te concentration increasing,
the hole wavefunction has a higher overlap with the electron
wavefunction, and more trapping states within the energy
gap can be formed. Therefore, electron–hole recombination
becomes more efficient and the lifetime is shorter. Non-
radiative recombination can become more efficient when the
Te doping concentration increases, which further shortens the
electron lifetime. Similar arguments have been made in other
doped systems where higher doping concentration enhances
energy transfer and self-quenching rates so as to shorten the
electron lifetimes [25, 26].
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4. Conclusions

In summary, a series of CdS:Te QDs at different doping
levels are synthesized using the one-step organometallic
method, and steady-state and time-resolved luminescence
spectra are measured and analyzed. We observe that the
transient emission spectra of the three doped QDs have an
evident red shift of the emission peak with time. We
decompose the luminescence to band-edge excitonic emission
and trapping state emission using singular value decomposition
and multiexponential fitting. Results show a shortened lifetime
for higher Te concentration which may originate from higher
overlap between the electron and hole wavefunctions, a higher
density of defect energy levels and stronger nonradiative
recombination.
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