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Luminescent properties of CdS nanoclusters dispersed in
solution—Effects of size and surface termination
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Abstract

Steady-state and ultrafast transient luminescent properties of CdS nanoclusters prepared by the Aerosol-OT (AOT)/n-heptane reverse micelle
method and those modified with 2-mercaptoethanesulfonate were investigated in heptane and water, respectively. A very short luminescence
component (∼200 fs) was observed for the first time for CdS nanoclusters dispersed in solution. The luminescence mechanism of CdS nanoclusters
is proposed.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

Metal and semiconductor nanoclusters have recently
ttracted much interest because of their unique optical and elec-

ronic properties, which are different from those of bulk materi-
ls [1–12]. Semiconductor nanoclusters, the radii of which are
maller than the bulk exciton Bohr radius, constitute a class of
aterials of intermediate nature between molecular and bulk

orms of matter. Quantum confinement of both electrons and
oles in all three dimensions leads to an increase in the effective
and gap of the material with decreasing cluster size. Conse-
uently, both optical absorption and emission of nanoclusters
hift to blue (higher energy) with decrease in sizes of the clusters
13]. There are numerous reports on dynamics of electron–hole
ecombination using ultrafast transient absorption spectroscopy
14–18].

II–VI semiconductor nanoclusters are known to be photolu-
inescence materials and are used for nonlinear optics and laser
pplications[14]. Although many studies on luminescent prop-
rties of II–VI semiconductor nanoclusters have been published

n the last two decades[13,19–26], the luminescence mecha-

carriers involved in the recombination process is trapped in
shallow traps[20,27,28]. O’Neil et al. [20] and Eychmuller e
al. [27] suggested that the electrons are first trapped and
recombine with free holes after thermally returning to the
duction band. On the other hand, Bawendi et al.[28] postulated
that there is a strong resonance between free holes and h
shallow traps. The luminescence, which is strongly red sh
from the absorption, is usually assigned to the recombinati
trapped holes.

Optical and luminescent properties of semiconductor
oclusters are very sensitive to the surface chemical stru
and the environment around nanoclusters[29]. Chemical modi
fication of the surface of semiconductor nanoclusters by cap
with organic reagents seems to be one of the most effective
ods to control these properties. It is therefore very importa
clarify the effect of the capping agent on various propertie
semiconductor nanoclusters[30].

In this study, we investigated the steady-state and ultr
transient luminescent properties of CdS nanocluster pre
by the Aerosol-OT (AOT)/n-heptane reverse micelle meth
(AOT–CdS nanoclusters) as well as those of CdS nanoclu
ism in nanoclusters has not been fully elucidated. Based on
esults of detailed investigations of the excitonic emission by
arious groups, it is considered that at least one of the charge

modified with 2-mercaptoethanesulfonate (SO3–CdS nanoclus-
ters), which can be used as a building block for the construc-
tion of mono- and multilayers on a substrate using a cationic
polymer or other cationic groups[31]. A model for lumines-
cence from CdS nanoclusters and the cause of the change
i are
p
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roposed.
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2. Experimental

2.1. Materials

Ethanol (superpure grade), pyridine (superpure grade),
diethyl ether (superpure grade), 1-butanol (superpure grade),
acetone (superpure grade), bis(2-ethylhexyl) sodium sulfos-
uccinate (AOT, pure grade) and Na2S·9H2O were purchased
from Wako Pure Chemicals, and Cd(ClO4)2·6H2O was obtained
from Kishida Chemicals. 2-Mercaptoethanesulfonate (97%)
was obtained from Aldrich, and toluene (spectroscopy grade),
n-heptane (spectroscopy grade) and methanol (spectroscopy
grade) were purchased from Dojindo Laboratory. All chemi-
cals were used without further purification. Ultrapure water was
obtained using a Milli-Q water purification system (Millipore).
Ar (99.999%) and N2 (99.99%) were obtained from Air Water.

2.2. Preparation of CdS nanoclusters

CdS nanoclusters were prepared in AOT/heptane reversed
micelles [9,32–35]. Typically, 100 ml n-heptane solution of
0.2 M AOT was prepared in two separate Schlenck tubes.
An aqueous solution of Cd(ClO4)2·6H2O (0.4 M) was added
to one solution, while an aqueous solution of Na2S·9H2O
(0.3 M) was added to the other solution with a molar ratio of
W = [H O]/[AOT] for both solutions[36]. After each solution
h ther
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while the excitation pulse traverses a fixed delay before being
focused into a 1 mm sample cell. The fluorescence emission and
the gate pulse are focused into a 0.5 mm thick BBO crystal in a
type-1 phase matching geometry. To avoid polarization effects,
the angle between the polarizations of the excitation and probe
beams was set to the magic angle by aλ/2 plate. The sum-
frequency signal of the Raman line in pure benzene excited with
the second harmonic yielded an instrumental response function
of 200 fs FWHM. All measurements were carried out at room
temperature.

3. Results

3.1. Luminescent properties of AOT–CdS nanoclusters

Fig. 1(A and B) show absorption spectra and steady-
state luminescent spectra excited at 380 nm, respectively, of
AOT–CdS nanoclusters with various AOT/n-heptane ratios (W:

Fig. 1. (A) Absorption and (B) luminescence spectra of AOT–CdS nanoclus-
ters of various sizes: (a)W = 1, (b)W = 3, (c)W = 4.5, (d)W = 6 and (e)W = 8.
Luminescence spectra were obtained at 350 nm excitation.
2
ad been stirred individually for 1–2 h, they were mixed toge
nd stirred for another 1 h, resulting in the formation of C
anoparticles in the reversed micelles.

Surface-modified CdS nanoparticles were prepared b
ethod reported by Miyake et al.[37]. Aqueous solution o
.3 M 2-mercaptoethanesulfonate was added to 100 ml o
eversed micelles solution containing CdS nanoparticles
tirred for 2 h, resulting in the formation of CdS nanopa
les covered with 2-mercaptoethanethiol. The thiol-covered
anoparticles were obtained as precipitate after being
nder vacuum. The nanoparticles were sequentially wa
ith pyridine,n-heptane, diethyl ether, 1-butanol, acetone
ethanol.

.3. UV–vis spectroscopy, fluorescence spectroscopy and
uminescence lifetime measurement

UV–vis spectra of CdS nanoparticles in solution w
btained using a Hitachi U-3300 spectrometer. Steady-

uminescence measurements were carried out using a H
-2000 spectrometer.

Ultrafast luminescence lifetime measurements were ca
ut by using a femtosecond luminescence up-conversion sy

he details of which have been given elsewhere[38]. Briefly,
he second harmonic of a Ti:Sapphire laser (Spectra-Ph
sunami, 840 nm, 80 MHz) pumped with a diode-pumped s
tate laser (Spectra-Physics, Millennia X) was used as an
ation source. The fundamental pulses are split into two be
ne is frequency-doubled by a BBO crystal (420 nm) to ex

he sample and the other beam serves as a gate pulse. Th
ulse traverses a variable optical delay of 2�m/step (6.7 fs)
e

e
d

d
d
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(a) 1, (b) 3, (c) 4.5, (d) 6 and (e) 8). AsW decreased, the
absorption edge as well as excitation peaks were shifted to a
shorter wavelength, although an exciton peak was not clearly
observed in the case ofW = 8. These results are in good
agreement with the previously reported results[9,33,34,39].
The sizes of AOT–CdS nanoclusters forW = 1, 3, 4.5, 6 and
8 were estimated to be 1.1 nm, 1.4, 2.2, 2.8 and 4.3 nm,
respectively[13,40]. The absorption edge reflects the energy
gap of a CdS nanocluster, which increased with decrease in
size due to the quantum size effect. The exciton peak was
not as sharp as expected, possibly because of the wide size
distribution.

Luminescence peaks were very broad and peak wavelength
was much larger than the absorption edge. These results suggest
that the luminescence was not due to direct band-to-band recom-
bination but was surface trap luminescence. Luminescence due
to the recombination of electrons and holes both in the surface
traps has been reported by Harruff and Bunker[13]. They sug-
gested that shallow trap luminescence and exciton luminescence
also contribute to the broad luminescence. As the size of the CdS
nanocluster increases, energy differences between electrons and
hole traps decrease, leading to the red shift of the luminescence
[13].

Fig. 2 shows luminescence decay curves in the picosecond
time domain of the AOT–CdS nanoclusters (W = 4.5) in hep-
tane monitored at: (a) 530 nm, (b) 580 nm and (c) 630 nm. This
i or of
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Fig. 2. Femtosecond luminescence decay curves of AOT–CdS nanoclusters
(W = 4.5) with 400 nm excitation probed at: (a) 530 nm, (b) 580 nm and (c)
630 nm.

nescence lifetime of each process did not depend on the probe
wavelengths but the contribution of the long lifetime component
was smaller as the probe wavelength became shorter. The long
lifetime component has been suggested to be due to recombina-
tion of electrons and holes trapped at the surface states[13,19].

Fig. 3shows femtosecond luminescence decay curves of the
AOT–CdS nanoclusters (W = 8) observed at: (a) 600 nm, (b)
650 nm and (c) 700 nm in heptane. The decay behaviors are
essentially the same as those observed for the CdS nanoclusters
of W = 4.5. Luminescence decay curves monitored at 600 nm
can be fitted by a sum of three exponential decay curves with
time constants of 550 fs, 3.4 ps and >1 ns, and the decay moni-
tored at 650 nm can be fitted with two exponential decay curves
s the first report of ultrafast luminescence decay behavi
dS nanoclusters dispersed in solution, although ultrafast
ient luminescence of CdS nanocluster doped glass has
easured by the femtosecond up-conversion method[41,42].
uminescence decay curves monitored at 530 and 580 nm
e fitted by a sum of three exponential decay curves with
onstants of 200 fs, 1.9 ps and >1 ns and the decay mon
t 630 nm can be fitted with two exponential curves with t
onstants of 1.9 ps and >1 ns. These results suggest that a
hree kinds of emission processes existed in the CdS nanoc
uminescence lifetimes are summarized inTable 1(a). The lumi-

able 1
emtosecond luminescence lifetimes of: (a) AOT–CdS (W = 4.5), (b) AOT–CdS

W = 8) and (c) SO3–CdS (W = 8) nanoclusters probed at various wavelen
ith 400 nm excitation

mission wavelength (nm) τ1, ps (%) τ2, ps (%) Long lifetime
component (%)

a) W = 4.5
530 0.2 (67) 1.9 (29) 4
580 0.2 (59) 1.9 (35) 6
630 – 1.9 (37) 63

b) W = 8
600 0.55 (12) 3.4 (51) 37
650 – 3.7 (58) 42
700 – – 100

c) W = 8, SO3–CdS
600 0.60 (47) 2.6 (40) 13
650 – 2.6 (80) 20
700 – – 100
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Fig. 3. Femtosecond luminescence decay curves of AOT–CdS nanoclusters
(W = 8) monitored at: (a) 600 nm, (b) 650 nm and (c) 700 nm. All samples were
excited at 400 nm.

with time constants of 3.7 ps and >1 ns. At 700 nm, only a long
lifetime component was observed. Luminescence lifetimes are
summarized inTable 1(b).

3.2. Luminescent properties of SO3–CdS nanoclusters

Fig. 4 shows: (A) absorption spectra and (B) lumines-
cence spectra of SO3–CdS nanoclusters (W = 8) dispersed in
water. The absorption spectrum of an SO3–CdS nanoclus-
ter was almost the same as that of an AOT–CdS nanoclus-

Fig. 4. (A) Absorption and (B) luminescence spectra of AOT–CdS nanoclusters
(W = 8) (dotted line) and SO3–CdS nanocluster (W = 8) (solid line). All samples
were excited at 400 nm for the luminescence measurement.

ter, showing that the size of CdS nanocluster did not change
after the surface modification.Fig. 4(B) clearly shows lumines-
cence was quenched but the luminescence peak did not shift
after the surface modification. Similar result was reported by
Herron et al.[43]. They suggested that the thiolate-capping
agents were responsible for the reduction of the lumines-
cence intensity by removing the sulfur anion vacancies[43].
These results indicate that the number of surface states orig-
inally present decreased and no new surface states were
produced.

Fig. 5 shows femtosecond luminescence decay curves of
SO3–CdS nanoclusters (W = 8) monitored at: (a) 600 nm, (b)
650 nm and (c) 700 nm in aqueous solution. Luminescence life-
time decay curves monitored at 600 nm can be fitted by a sum
of three exponential decay curves with time constants of 220 fs,
2.6 ps and >1 ns, and the decay monitored at 650 nm can be
fitted with two exponential decay curves with time constants of
2.6 ps and >1 ns. At 700 nm, only a long lifetime component was
observed. Lifetimes are summarized inTable 1(c). Although the
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Fig. 5. Femtosecond luminescence decay curves of SO3–CdS nanoclusters
(W = 8) monitored at: (a) 600 nm, (b) 650 nm and (c) 700 nm. All samples were
excited at 400 nm.

lifetime of each decay component was the same as that of th
AOT–CdS nanoclusters (W = 8), the contribution of the shorter
lifetime component is much greater in the case of SO3–CdS
nanoclusters.

4. Discussion

Very fast rise (<100 fs) of luminescence suggests that elec
trons and holes are either created directly at the surface tra
site since the wave function extends to the surface region fo
such quantum-mechanically confined nanoclusters or generate
inside the nanoclusters and then migrate to the surface trap si
within 100 fs[15].

Although three decay components with lifetimes of sev-
eral hundreds of femtoseconds, several picoseconds and >1 ns
were observed in the case of AOT–CdS nanoclusters (W = 4.5
and 8), a very fast luminescence decay component (200 fs
for W = 4.5 or 550 fs forW = 8) was observed only when the
luminescence was monitored at relatively short wavelengths.
This suggests that the very fast component is due to band-
to-band recombination. Since the energy gaps of AOT–CdS
(W = 4.5) and AOT–CdS (W = 8) were 2.88 eV (430 nm) and
2.47 eV (500 nm), respectively, the probe wavelengths corre-
sponded only to the foot of the luminescence peak. Steady-
state band edge luminescence was not observed because
electrons in the valence band and holes in the conduction
band moved to the traps very quickly, i.e., within 200–
500 fs.

Lifetimes of 1.9–3.7 ps were in good agreement with those
for CdS doped glass determined by visible pump–IR absorption
and luminescence lifetime measurements[41,42]. It has been
suggested that this component is related to shallow traps. Thus,
we can conclude that the luminescence component with lifetimes
of 1.9–3.7 ps observed in the present study was from shallow
traps.

Luminescence of much longer lifetime should be surface trap
luminescence, which is the dominant component in the steady-
state luminescence. Since the energy of this luminescence is
smaller than that of the band-to-band luminescence and that of
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ecame dominant when the luminescence decay was mon
t relatively long wavelength.

In the case of the SO3–CdS nanoclusters, the steady-s
uminescence intensity decreased and the contribution of
escence of very long lifetime decreased, although the life
f each component was essentially the same as that o
OT–CdS nanoclusters. This may be explained by consid

hat the luminescence from the surface trap was quenched
urface modification by thiolate but the detailed understan
f the mechanism requires information of lifetimes of exc
lectrons and holes.

. Conclusion

Steady-state and ultrafast transient luminescent propert
dS nanoclusters prepared by AOT/n-heptane reverse mice
ethod and those modified with 2-mercaptoethanesulfo
ere investigated in heptane and water, respectively. A
hort luminescence component (∼200 fs) was observed for th
rst time for CdS nanoclusters dispersed in solution. The fol
ng three luminescence channels are proposed: (1) band-to
uminescence with a decay constant of 100–550 fs, (2) lum
ence from the shallow traps with a decay constant of 1.9–3
nd (3) luminescence from surface traps with a very long d
onstant. The last component dominated in the steady
uminescence and was decreased by surface modification b
late.

To clarify the carrier dynamics of CdS nanoclusters in m
etail, it is essential to probe the lifetimes of free carriers,
lectrons and holes, independently by IR transient mea
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ments, which we are currently carrying out using a femtosecond
visible pump–IR probe system.
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