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Abstract

A novel synthesis method for efficiently luminescing CdS nanocrystals is reported using (3-mercaptopropyl)-

trimethoxysilane (MPS) as a capping agent in THF or MeOH. The synthesis yields particles capped with a precursor for

coating the particle with a silica shell and offers control over a wide range of particle sizes (2–6 nm) by varying the MPS

concentration. The temperature dependence of the luminescence and the luminescence life time was studied and

explained in terms of a donor–acceptor recombination process in which both electron and hole are trapped at low

temperature. In addition to varying the emission color by controlling the particle size, nanocrystals were doped with Zn

or Cu resulting in a blue shift or a red shift of the emission.

r 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Efficiently luminescing nanocrystalline semicon-
ductors (also known as quantum dots) form an
important class of luminescent materials [1].
Studies on the influence of quantum confinement
on the electronic and optical properties of
nanocrystalline semiconductors are of great fun-
damental interest [2]. Potential applications of
quantum dots for light generation and as lumines-
cent labels in biological systems have also

attracted considerable attention [3,4], especially
since the development of synthesis methods for
quantum dots with very high quantum yields. For
example, with a nonaquaeous TOP/TOPO (trioc-
tyl phosphine/trioctyl phosphine oxide) synthesis
method CdSe [5] and CdTe [6] nanocrystals
quantum dots with quantum efficiencies above
50% at room temperature can be produced. In
various studies procedures have been described to
couple CdSe and CdTe quantum dots to biological
molecules to serve as luminescent labels in
biological systems [3,4,7–10]. In order to make
the quantum dots synthesized with the TOP/
TOPO synthesis method biocompatible, the parti-
cles have to be made water soluble. Moreover, to
reduce the release of toxic heavy atoms from the
quantum dots the particles may be capped by a
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nontoxic capping layer. Encapsulation in a thin
silica shell is a method to obtain robust water
soluble quantum dots [7,11].
In this paper the synthesis and luminescence

properties of CdS quantum dots is described.
Via a relatively simple synthesis method CdS
nanoparticles are synthesized in polar media
(tetrahydrofuran or methanol) using (3-mercapto-
propyl)-trimethoxysilane (MPS) as a capping
molecule. In addition to providing a passivating
layer around the CdS quantum dot, the silane
groups of MPS can serve as a precursor for growth
of a silica shell around the particle. Efficiently
luminescing CdS particles are produced with
quantum yields up to 20% at room temperature.
The size of the nanocrystals determines the
emission color. Size control is achieved by varying
the MPS concentration. Alternatively, it is demon-
strated how the emission color can also be varied
by incorporating Zn (for blue shifted emission) or
Cu (for red shifted emission) in the CdS nano-
crystals.

2. Experimental

2.1. Chemicals

Tetrahydrofuran (Anhydrous 99.9%, Aldrich),
Methanol (Anhydrous, Merck), cadmiumperchlo-
rate hydrate (Aldrich), MPS (97%, Aldrich)
hydrogen sulfide (99.5%, Aldrich), copper chloride
dihydrate (99% Aldrich), zinc acetate (98+%,
Aldrich).

2.2. Synthesis

In a dry nitrogen atmosphere a variable amount
of MPS is added to 20 ml 10�3 M CdðClO4Þ2 in
either tetrahydrofuran (THF) or methanol
(MeOH). Under stirring 0:5 ml ð2:3�
10�5 molÞ H2S (corresponding to an excess of
15%) is added through a septum with a syringe at
room temperature. The final color of the solution
after addition of H2S varies from deep yellow for
40 ml MPS (giving a 0:01 M MPS solution) to
colorless for an MPS concentration of
0:4 M ð1600 mlÞ: Particle sizes between 2 and

6 nm can be obtained this way. Unless mentioned
otherwise copper and zinc salts were added to the
CdðClO4Þ2 solution before addition of H2S: To
prevent the particles from premature flocculation,
dry solvents were used. In the presence of too
much water, uncontrolled polymerization of the
alkoxysilane groups occurs, leading to flocculation
of the quantum dots. In dry solvents the particles
were stable for months.

2.3. Apparatus

Emission and excitation spectra were recorded
on a SPEX Fluorolog spectrofluorometer,
equipped with two monochromators (double-
grating, 0:22 m; SPEX 1680, model F2002) and a
450 W Xenon lamp as the excitation source.
Absorption spectra were measured using a Per-
kin–Elmer Lambda 16 UV/vis spectrometer. Time-
dependent measurements were performed using
the third harmonic ð355 nmÞ of a quanta-ray DCR
Nd3þ:YAG laser as an excitation source. The
emission light was guided through a fiber optic
cable to a monochromator (Acton SP-300i, 0:3 m;
150 lines mm�1 grating, blazed at 500 nm). The
signals were recorded using a thermoelectrically
cooled photo-multiplier tube in combination with
a Tektronix 2430 oscilloscope. Temperature-de-
pendent PL emission and lifetime measurements
were recorded using a liquid helium flow-cryostat
equipped with a sample heater to stabilize the
temperature at different temperatures between 4 K
and room temperature. Samples were first cooled
to 4 K and slowly heated to room temperature.

3. Results and discussion

3.1. Optical spectroscopy of CdS

The concentration of the MPS capping agent
has a large influence on the final size of the CdS
nanocrystals. Under otherwise identical synthesis
conditions CdS particles were grown in methanol
or THF using MPS concentration varying between
0.01 and 0:4 M: In Fig. 1 the absorption spectra
for CdS particles prepared in methanol are shown
for five different MPS concentration. The spectra
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show a clear shift of the absorption onset to
shorter wavelengths as the MPS concentration is
increased. From the position of the absorption
edge the mean particle size can be determined
using the well-established relation between particle
size and absorption onset [12,13]. In Table 1 the
results are summarized. In methanol the particle
size increases from 2:2 nm for the highest MPS
concentrations to 4:6 nm for the lowest MPS
concentrations used. For NCs made in THF larger
particles were obtained. Also the particle size
distribution narrows as the concentration of the
MPS in increased. To understand the size varia-
tion one should consider the growth mechanism of
nanocrystals in the presence of a capping agent. It
is generally accepted that the capping agent
coordinates the cations. The bonding should
neither be too strong nor too weak to allow for
dynamic coupling in which the coordinating
molecules attach and de-attach from the growing
nanocrystals. In this way the particle can grow to
final size which is determined by the type and the
concentration of the capping agent. If the binding
between the cations and the capping agent
becomes stronger, the particles reach smaller final
sizes. In the present situation the particles grow to
larger sizes in the lower concentration regime of
capping agent. As the concentration is lower, the
incomplete capping of the surface by capping
molecules allows for a faster particle growth.

Increasing the capping agent concentration results
in a better shielding of the particle and hampers
the growth resulting in a smaller final particle size.
Previously a similar effect was demonstrated for
hexanethiol as a capping agent [14].
Luminescence spectra (excitation and emission)

are shown in Fig. 2 for CdS particles of different
sizes. The onset of the excitation spectra is in good
agreement with the absorption onsets in Fig. 1, as
expected. For wavelengths below 300 nm the
excitation spectra show a drop, while the absorp-
tion spectra still show an increase in the optical
density. This indicates that the stronger absorption
at shorter wavelengths does not result in efficient
emission. This is often observed and may be
caused by absorption of UV radiation by for
example capping agent molecules. The absorption
spectrum of MPS indeed shows a strongly
increasing absorption below 325 nm: Absorption
of UV radiation by absorbing species other than
the quantum dots is not followed by emission of
the quantum dots and explains the decrease in the
excitation spectrum below 300 nm: The emission
spectra are broad band emissions extending over a
large part of the visible region and shift to higher
energies as the particles are smaller. The shift of
the emission band is smaller than the shift of the
absorption onset (total shift of the emission is
almost 3000 cm�1 vs. over 4000 cm�1 for the
absorption spectrum of the same samples). The
smaller shift is in line with the assignment to a
trap-related type emission. Both the electron and
hole are trapped in shallow traps and recombina-
tion of the donor acceptor pair gives rise to
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Fig. 1. Absorption spectra of CdS NCs synthesized in

methanol with different concentrations of MPS (between

0:01 M ð40 mlÞ and 0:4 M ð1600 mlÞ).

Table 1

Quantum efficiencies and particle sizes of CdS NCs for

synthesis in MeOH and THF for different concentrations of

MPS

[MPS](mol/l) MeOH THF

QE (%) Size (nm) QE (%) Size (nm)

0.01 1.970.1 4.670.1 0.770.1 6.570.1
0.02 4.770.2 4.470.1 0.870.1 6.270.1
0.05 10.570.5 3.270.1 15.970.8 4.870.1
0.1 9.970.5 2.870.1 15.670.8 4.670.1
0.4 9.570.5 2.370.1 18.970.9 4.170.1
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sub-bandgap emission [15,16]. The shift of the
acceptor and donor level usually follows the
valence band and conduction band edge. As
the wave function of the trapped charge carriers
is less extended than for free charge carriers, the
quantum size effects (and thus the energy shifts)
are smaller for trapped charge carriers than for the
band edges. The large spectral width of the
emission band is caused by inhomogeneous broad-
ening (due to a variation in particle size) and
broadening due to electron–phonon coupling.
Quantum yields have been determined by

comparison of the emission output of a solution
of quantum dots with adjusted absorption and a
solution of Coumarine 153 (a commercial laser dye

with a 90% quantum yield) dissolved the same
solvent as the CdS quantum dots (MeOH or
THF). The quantum efficiencies (close to 20% for
the best particles) are among the highest reported
for the donor–acceptor emission in CdS quantum
dots and are obtained via a relatively simple
synthesis method [15]. There is a clear correlation
between the quantum efficiency and the amount of
MPS (see Fig. 2(a) and Table 1). Incomplete
surface passivation, resulting from the use of lower
MPS concentrations, gives rise to poor quantum
efficiencies. Above 0:05 M MPS the quantum
efficiency is at a constant high level. The high
quantum efficiencies show that the mercapto
group in MPS is able to serve as a good capping
to passivate the surface of CdS particles. In
addition, the trimethoxysilane group can be used
to grow a thin silica layer on the CdS surface using
an alkoxysilane precursor.
Temperature-dependent emission spectra are

shown in Fig. 3. As the temperature increases the
emission shifts to longer wavelengths. The total
shift between 4 and 300 K is about 300 meV: This
shift is larger than the shift determined from the
excitation maximum (180 meV to lower energies
between 4 and 300 K). A shift to lower energies
due to narrowing of the bandgap is commonly
observed for semiconductors [17,18]. The presently
observed larger shift for the emission maximum
may be related to thermal detrapping of electron
or holes from the donor and acceptor sites. A
redistribution over (deeper) donor–acceptor pairs
at higher temperatures can explain the shift of the
emission maximum. The emission intensity de-
creases as the temperature is raised. It is difficult to
estimate the quantum efficiency at low tempera-
tures since the liquid-to-solid transition of the
solvent (176 K for methanol, 165 K for THF) will
have a strong influence on the light path of the
excitation and emission through the sample. Still,
from Fig. 3(a) it is clear that there is a strong
increase in the luminescence efficiency on cooling
the sample to 4 K and the quantum efficiency may
be close to 100% at 4 K:
To follow the growth of the CdS particles as a

function of time, luminescence spectra were
recorded for samples taken at variable time
intervals during the synthesis of CdS nanocrystals

ARTICLE IN PRESS

250 300 350 400 450 500

0.0

0.2

0.4

0.6

0.8

1.0 0.01 M MPS
0.02 M MPS
0.05 M MPS
0.1 M MPS
0.4 M MPS

N
or

m
al

iz
ed

 in
te

ns
ity

 (
a.

u.
)

Wavelength (nm)

350 400 450 500 550 600 650 700 750

0

5

10

15

20  0.01 M MPS
 0.02 M MPS
 0.05 M MPS
0.1 M MPS
0.4 M MPS

PL
 I

nt
en

si
ty

 (
a.

u.
)

Wavelength (nm)(a)

(b)

Fig. 2. (a) Room temperature emission spectra ðlex ¼ 350 nmÞ
and (b) excitation spectra (measured for the emission max-

imum) of CdS NCs synthesized in methanol using different

concentrations of MPS (between 0.01 and 0:4 M).
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in THF. The results are shown in Fig. 4 for a
synthesis with 0:05 M MPS. After 1 min three
sharp lines around 420 nm are observed on top of
a broad band peaking at 525 nm: The intensity of
the broad band increases as function of time. At
the same time the peak maximum shifts to longer
wavelengths due to particle growth. After about
100 min the peak position has shifted to about
585 nm and the particles have reached the final size
of 5 nm: The luminescence intensity continues to
increase and levels off after about 500 min: This
indicates that after the particles have reached their
final size, the surface passivation by MPS still
improves giving a higher luminescence quantum
yield. A similar behavior is also observed for other
MPS concentrations. The sharp peaks at the short

wavelength position of the emission band may be
due to exciton emission from a small fraction of
initially formed CdS particles. To verify that the
sharp peaks are not due to Raman scattering,
emission spectra were recorded for different
excitation wavelengths. In all spectra the sharp
peaks were observed at the same wavelengths
(around 420 nm) which shows that the peaks are
not related to Raman scattering. To further
investigate the nature of the line emission, lifetime
measurements were performed. Indeed, the life-
time of the emission is, as expected for exciton
emission, short (less than 50 ns) contrary to the ms
life time of the broad band emission (see also
below). Luminescence spectra under higher excita-
tion densities were performed using the third
harmonic ð355 nmÞ of a Nd–YAG laser. As the
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Fig. 4. (a) Emission spectra ðlex ¼ 350 nmÞ and (b) integrated
emission intensity and peak maximum as a function of synthesis

time for CdS QDs in THF ð½MPS� ¼ 0:1 MÞ:
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Fig. 3. (a) Temperature-dependent emission spectra ðlex ¼
350 nmÞ and excitation spectra (measured for the emission

maximum) of CdS QDs synthesized in methanol with 0:4 M
MPS.
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laser power is increased the relative intensity of the
line emission increases and becomes more intense
than the defect emission for laser powers between
0.3 and 21 mJ per pulse (see Fig. 5). The increase of
the relative intensity of the excitonic emission can be
explained by saturation of the longer lived donor–
acceptor emission at high excitation densities.
The life time of the donor–acceptor emission

was studied as function of temperature, particle
size and emission wavelength. In Fig. 6 the results
are summarized. The low temperature decay
curves are almost single exponential with a life
time between 5 and 20 ms;mainly depending on the
amount of MPS used in the synthesis. For higher
MPS concentrations better capped particles are
obtained with a high quantum yield. Since the fast
nonradiative decay is better suppressed for parti-
cles with a high quantum yield, a longer life time
for higher MPS concentrations is expected. Above
20 K the decay starts to drop and at 100 K the life
time decreased to the ns regime, to finally reach
about 100 ns at room temperature. These results
are very similar to those reported by Chestnoy
et al. [19]. To explain the temperature dependence
a multi-phonon relaxation model was proposed in
Ref. [19]. At elevated temperatures thermal occu-
pation of phonon modes enhances the nonradia-
tive decay rate as described in for example
Refs. [20,21]. Even though the fit to the model
for multi-phonon relaxation gave a reasonably

good agreement with the measured temperature
dependence for the life time, there are several
reasons why it is not likely that this type of
thermal quenching is responsible for the tempera-
ture dependence of the life time. Firstly, the
Huang–Rhys coupling parameter S that was
determined from the fits in Ref. [19] is 110. This
is an unrealistically high value. Secondly, the
temperature dependence of the emission intensity
does not show a large drop between 20 and 100 K
(see Fig. 3). If increased nonradiative relaxation
would be responsible, the intensity has to drop at
the same rate as the decay time. Rather than multi-
phonon relaxation we propose that the shortening
of the life time is due to thermal detrapping of one
of the charge carriers. As discussed above, the
broad band luminescence is most likely the result
of recombination of donor–acceptor pairs with
shallowly trapped electrons and holes. As the
temperature is raised one of the charge carriers
(the one in the shallower trap) may be thermally
detrapped and become more delocalized. This will
increase the wave function overlap for recombina-
tion with the other trapped charge carrier and thus
increase the radiative recombination rate. For this
model an Arrhenius type temperature dependence
of the life time is expected and from the slope of
the plot of ln t vs. 1/T the trap depth may be
determined for the shallower trap. From the
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results in Fig. 7 a trap depth of about 132 cm�1

has been estimated.

3.2. Luminescence of (Cd,Zn)S and CdS:Cu

In the previous section, the emission color was
varied by tuning the band gap through the particle
size. An alternative method to shift the bandgap of
CdS is co-doping with Zn [22]. The bandgap
increases as Zn is added. To shift the absorption
and emission to shorter wavelengths Zn was
incorporated in the CdS nanocrystals using the
same synthesis method with MPS as a capping
agent ð0:05 MÞ and using 5, 10 or 15 mol% of Zn
instead of Cd. In Fig. 8 absorption and emission
spectra are shown. From the absorption spectra it
is clear that the bandgap increases due to the
incorporation of Zn. The narrower excitonic band
observed for higher Zn concentrations suggests
that the particle size distribution is more mono-
dispers if Zn is added. The donor–acceptor
emission band also shifts to shorter wavelengths
as more Zn is incorporated. The shift of the
emission maximum is 2355 cm�1 vs. 2925 cm�1 for
the absorption onset. The smaller shift of the
emission maximum is in line with the results
presented above for the shift in the absorption and
emission wavelengths by size variation. The
luminescence quantum efficiency remains high

(between 15% and 20%) for the synthesis with
Zn. However, the absorption strength increases
remarkably by almost a factor of four from pure
CdS to Cd0:85Zn0:15S: This increase is clear from
Fig. 8a where the absorption spectra are shown for
the four different samples recorded for the same
concentrations. At the moment this increase
absorption strength is not well understood. The
bandgap can also be shifted to higher energies if
the Zn is added after the CdS particles have been
formed. In Figs. 9 and 10 the absorption and
emission spectra are shown for CdS nanocrystals
grown in THF to which a solution of the Zn
precursor was added 3 days after the formation of
the CdS particles. The shift of the absorption and
emission band for the samples with 10% Zn added
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after the particle formation is slightly smaller than
the shift observed in Fig. 7 (about 100 cm�1

smaller) but the fact that also by Zn-addition after
the formation of CdS nanoparticles a significant
shift to higher energies is observed indicates that
ZnS does not form a capping layer on the CdS
nanocrystals (in that case a red shift would be
expected). The shift in bandgap may be explained
by an exchange of Cd and Zn during the growth
after the addition of the Zn-precursor causing the
formation mixed (Cd,Zn)S nanocrystals.
Incorporation of Zn causes a blue shift of the

absorption and emission spectra. To obtain a red-
shifted emission, Cu may be added [18,23]. The
addition of Cu does not strongly influence the

bandgap but when Cu is incorporated in the CdS
nanocrystals it serves as a recombination center
situated in the bandgap and a red-shifted emission
is observed. In Fig. 9 the absorption and emission
spectra are depicted for samples with synthesized
with various Cu concentration. The concentra-
tions indicated are concentrations present in the
reaction mixture, in mol% relative to Cd. The
actual concentrations of Cu incorporated in the
CdS nanocrystals will be significantly lower [23].
The absorption and emission spectra show that
incorporation of Cu does not shift the absorp-
tion onset, as expected, but does cause a red
shift of the emission. For the lower Cu concentra-
tions the emission spectrum is broadened since
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donor–acceptor emission also from undoped CdS
quantum dots is observed. For the sample with
10% Cu in the reaction mixture, the emission
consists almost exclusively of the red Cu-related
emission. The life time of this emission is 2 ms at
4 K and decreases to about 200 ns at room
temperature. A similar behavior for the life time
of the Cu-related emission has previously been
observed for ZnSe:Cu [18]. The quantum efficiency
of the Cu-related emission is low at room
temperature (about 1%). This makes the red
shifted emission less useful for application where
a high quantum yield is required.

4. Conclusions

A simple synthesis method has been reported for
efficiently luminescing CdS quantum dots using
MPS as a capping agent. The particle size can be
controlled over a large size range (2–6 nm) by
varying the MPS concentration. The size and
temperature dependence of the luminescence and
the luminescence life time are reported and
explained by a model based on a donor–acceptor
type luminescence. Tuning of the emission color is
possible via particle size (MPS concentration) or
by doping with Zn or Cu. As a result efficiently
luminescing quantum dots may be obtained with
different emission wavelengths. The use of MPS as
capping provides the quantum dots with a
precursor for growth of silica at the surface which
is useful to incorporate the quantum dots in a
silica shell or in a silica matrix.
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