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Abstract

The dynamics of photoluminescence (PL) in CdS nanocrystals (NCs) with various sizes and shapes dispersed in water-in-oil micro-
emulsions (reverse micelles) are studied with picosecond-resolved time correlated single photon counting (TCSPC), streak camera and
nanosecond resolved gated PL spectroscopic techniques. The time resolved PL-spectra exhibit several discrete features, which are not
pronounced in steady state PL spectra. In quantum dots (QD), slower carrier recombination dynamics are observed in smaller sized
NCs. The relaxation of the excited state carriers in a quantum rod (QR) is found to be slower at early time and faster in the longer time
scales compared to those in QD with similar volume. The signature of thermoluminescence (TL) of CdS-QR in low temperature (77 K) is
clearly evident from our studies. We also study the effect of the shape of the NCs on their PL anisotropy. The steady state and time
resolved PL anisotropy of a QR show significantly different behavior compared to those of a QD with similar volume. The results of
the NCs are important in the context of designing better, more effective physical and biological PL probes.
� 2006 Elsevier B.V. All rights reserved.

Keywords: Picosecond to microsecond dynamics; Charge carriers of nanocrystal; Quantum dot; Quantum rod; Thermoluminescence; Photoluminescence;
Emission anisotropy
1. Introduction

Quantum dots (QD) are luminescent nanometer sized
crystals made from semiconductor material [1]. As in an
optical waveguide, which must be at least the same size
as the wavelength of light in order to confine the light,
the extent of the confining potential of a QD should be
in the order of the carriers it confines. The effective wave-
length of the carriers is the de Broglie wavelength, which
in a typical semiconductor lattice at room temperature is
about 10 nm [2] and consequently, this is the typical scale
of a semiconductor QD. The small size of the confining
potential leads to the presence of discrete states, which is
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one of the central characteristics of QDs. They are there-
fore also named ‘‘artificial atoms’’ [2]. The size dependent
optical properties of the QDs make them ideal candidates
for tunable absorbers and emitters in various applications
ranging from nanoelectronics [3–5] to biological fluorescent
labeling [6,7].

Recently, there has been a major growth of activities in
the synthesis of new QDs of different sizes and shapes [8]
including chemical routes of synthesis, which allow fabrica-
tion of QDs in the range from 1 nm to 10 nm. The chemical
methods are particularly well developed for II–VI semicon-
ductor QDs. The two main chemical routes for preparation
of these QDs are high-temperature precipitation in molten
glasses [9,10] and colloidal synthesis using, e.g. reverse micel-
lar technique [11–15]. The characterization of the physical
properties of the nanocrystals is also one of the interests of
current research. Particularly, efforts are focused on under-
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standing the dynamics of charge carriers of the nanoparti-
cles, as all descriptions of quantum-well, -wire, and -box
lasers [16–18] rely on the relaxation of the carriers to the
ground state. A lot of attention has been paid to the carrier
dynamics in II–VI semiconductor (CdSe, CdS, etc.) QDs
using femtosecond resolved nonlinear spectroscopy [8,19–
22], as they have potentiality in biophysical labeling [6,7].
From the femtosecond resolved temporal studies on the
QDs it is clear that after fast energy redistribution, carrier
relaxation in bulk II–VI semiconductors proceeds primarily
by radiative decay due to enhancement of nonradiative pro-
cesses associated, e.g. with surface trapping [23,24] and/or
multiple Auger recombination [25,26]. It is also evident from
the earliest temporal emission studies that a significant por-
tion of the dynamics leftovers in the sub-nanosecond to sev-
eral hundred-nanosecond time scales, which remains beyond
the experimental window of the femtosecond resolved spec-
troscopic studies [8,21].

However, in order to use the fluorescent QDs in the
slower biological events it is extremely important to explore
the picosecond to microsecond dynamics of the QDs. One of
the recent studies [27] on biologically compatible CdSe
quantum dots addressed the issue and explored the time-
scales of the QD in various environments. As evidenced in
the recent literatures of CdS-QDs, which are in a class of
II–VI semiconductor nanocrystals are also important for
photocatalytic activity [15] and biophysical studies [28,29].
Some efforts have been given to understand the carrier relax-
ation dynamics using nanosecond resolved photolumines-
cence measurement [28,30–32]. However, a study involving
picosecond to microsecond dynamics of the charge carriers
of CdS quantum dots is still lacking in the recent literatures.

To date, very few results have been published in the
picosecond resolved photoluminescence (PL) anisotropy
of semiconductor quantum dots of different shapes,
although theoretical calculations to predict anisotropy of
a QD with wurtzite crystal structure have been advanced
[33]. A recent study [34] on CdSe/ZnS nanoparticles in tol-
uene at 300 K shows a time dependent anisotropy, whose
time behavior is consistent with the parameters of Brown-
ian rotational motion of the nanocrystals (NCs) in an iso-
tropic liquid. Nevertheless, no result has been published in
picosecond resolved PL anisotropy of CdS quantum dots
of different shapes.

In this contribution, we report our studies on the carrier
dynamics of CdS quantum dots from picosecond to micro-
second time scales using time resolved PL measurement
techniques. The nanocrystals with various sizes and shapes
were made using colloidal solutions of reverse micelles. In
order to obtain picosecond resolution we have used time
correlated single photon counting (TCSPC) and ultrafast
streak camera measurements. The picosecond resolved
TCSPC techniques is also employed to study time resolved
anisotropy of the NCs of different shapes. The temporal
evolution of the PL of the NCs up to several microsecond
time window is measured using sub-nanosecond resolved
gated spectroscopic technique. We also studied the effect
of temperature (from room temperature to 77 K) on the
PL of the NCs of various sizes and shapes.

2. Materials and methods

2.1. Sample preparation

CdCl2, Na2S, bis(2-ethylhexyl)sulfosuccinate sodium salt
(AOT), hexametaphosphate (HMP) and L-Lecithin were
purchased from Sigma (USA) and isooctane from Romil
(UK). All the samples were used as received without further
purifications. The synthesis of NCs of various sizes was car-
ried out [12] by mixing two AOT reverse micellar
([AOT] = 100 mM) solutions with the same ratio (w0) of
water (w0 = [H2O]/[AOT]), one containing a solution in
which sulfide ions (Na2S in 100 mM aqueous solution of
HMP) were solubilized and the other in which cadmium
ions (Cd(NO3)2 in aqueous solution) were present. The
respective concentrations are, in general, the same
5 · 10�4 M L�1. The mixing is produced by rapid injection
of variable volume of solutions of cadmium ions and sulfide
ions of same concentration. The final ratio of [Cd2+]/[S2�] in
the solution was maintained to be 2:1. The nanocrystals of
various sizes were obtained by changing w0 value of the
reverse micellar solutions [12]. Transmission electron
microscopy (TEM) studies [35] on the NCs prepared follow-
ing the above method (w0 = 10) reveal particle with
spherical morphology (average size 5.01 ± 0.59 nm). The
preparation procedure for quantum rod (QR) is analogous
to that of Refs. [35,36]. The synthesis is similar to that of
Ref. [12] except that mixed micelles (w0 = 10) of AOT and
lecithin (0.05 M/0.05 M) and CdCl2 salt as the source of
Cd2+ ions were used in the latter case. As found in the liter-
ature [35,36] the CdS particles are needle like (quantum rod,
QR) in appearance with an average width of 4.15 ± 0.63 nm
and average length 48.68 ± 5.48 nm. In the following sec-
tions we will refer NCs with spherical morphology as quan-
tum dot (QD). QDs in the AOT reverse micelles (RM) of
w0 = 5, 10 and 20 will be referred as QD5, QD10 and
QD20, respectively. The quantum rod (QR) in the RM of
w0 = 10 will be referred as QR10.

2.2. Steady state and time correlated single photon counting

measurement (TCSPC)

Steady-state absorption and emission were measured
with Perkin Elmer lambda19 spectrophotometer and a
Jobin Yvon Fluorolog-2 fluorimeter, respectively. All tran-
sients were taken by using picosecond-resolved time corre-
lated single photon counting (TCSPC) technique. The
system uses a picosecond diode laser and Becker & Hickel
electronics; it has an instrument response function
(IRF) � 90 ps. The picosecond excitation pulse from pico-
quant diode laser was used at 388 nm. A liquid scatterer
was used to measure the FWHM of the instrument
response functions (IRF). The fluorescence from the sam-
ple was detected by a micro-channel plate photomultiplier
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tube (MCP-PMT, Hammamatsu) after dispersion through
a grating monochromator. For all transients the polarizer
in the emission side was adjusted to be at 54.7� (magic
angle) with respect to the polarization axis of the excitation
beam.

The observed fluorescence transients were fitted by using
a nonlinear least squares fitting procedure (software SCI-
ENTIST) to a function comprising of the convolution of
the instrument response function with a sum of exponen-
tials. The purpose of this fitting is to obtain the decays in
an analytic form suitable for further data analysis. For
anisotropy measurements, emission polarization was
adjusted to be parallel or perpendicular to that of the exci-
tation and anisotropy defined as r(t) = [Ipara � G Æ Iperp]/
[Ipara + 2 Æ G Æ Iperp]. The magnitude of G, the grating factor
of the emission monochromator of the TCSPC system was
found by using a coumarin dye in methanol and following
longtime tail matching technique [37] to be 1.1.

2.3. Streak camera

Picosecond emission spectroscopy was achieved using a
streak camera setup. Samples are excited at 365 nm
(3.4 eV) by a frequency doubled Ti:Sapphire laser (Mira
900, Coherent) with an output pulse width of less than
2 ps and a repetition rate of 76.3 MHz. Perpendicular to
the excitation path, the sample emission was passed
through a monochromator (Acton Spectra Pro 2300i),
and finally, the emission spectrum is detected by the photo-
cathode of a Hamamatsu streak camera (C5680). In these
settings, the scattered excitation beam was observed with
a half pulse width of 20 ps, which corresponds to the over-
all time resolution of the setup. This exceeds the laser pulse
width because, for the presented experiments, the sweep
speed of the streak apparatus was set as slow as possible
in order to monitor sample emission as far as 2 ns. A spec-
tral resolution of 4 nm has been determined using an argon
calibration lamp. Finally, all images are corrected for cur-
vature, shading and spectral response via computer. Spec-
tra at fixed points in time were then read out as profiles
of a specified image section.

2.4. Gated spectroscopy

Time-resolved emission detection covering the nano,
micro, and millisecond time domain was accomplished
using a gated spectroscopy setup. Here, the frequency-tri-
pled output of a 160 ps pulsed Nd:yttrium aluminum gar-
net laser was used for optical excitation at 3.5 eV
(355 nm). Images of the spectrographically dispersed sam-
ple emission were detected by an intensified CCD camera
(4 Picos, 100 ps smallest time step). These spectra are char-
acterized by two tunable time periods: the time after pulsed
excitation until the start of the light detection (delay time)
and the duration of the light detection (integration time).
In order to obtain decay kinetics, each spectrum was inte-
grated over the desired energy region and plotted versus the
appropriated time. The overall one nanosecond time reso-
lution of this setup is accompanied by a very large dynamic
range, thus, luminescence decays can be traced for signifi-
cantly longer time periods than with other experiments;
details are given in Ref. [38]. A temperature controlled dis-
plex helium cryostat additionally allowed to vary the tem-
perature between room temperature and 11 K. In the
present study we have used liquid nitrogen to attain sample
temperature at 77 K.

3. Results and discussion

CdS nanocrystals in the reverse micellar (RM) suspen-
sions are characterized by absorption spectra (Fig. 1a).
As described in the early studies [39–41], the quantum effect
of size of the nanocrystals (NCs) is clearly evident. It
results in a perturbation of the electron structure of the
semiconductor due to change in the particle size. This gives
a widening of the forbidden band (band edges) and there-
fore a shift of the shoulder in the spectrum as the size
decreases. The continuous increase in the absorption below
the wavelength corresponding to the shoulder is consistent
with absorption in the conduction bands with relatively
higher energies. An attempt has been made to correlate
average size of the nanocrystals in the solutions estimated
from photoabsorption threshold to the size of the aqueous
water pool of the host RM [12,41]. The radius of the aque-
ous pool in angstrom was obtained from the empirical for-
mula, r0 = 1.5 · w0, where w0 was defined as the ratio of
molar concentrations of water and AOT in the RM solu-
tions [12]. From the above studies it has been concluded
that the sizes of the aqueous water pools of small host
RM (w0 6 10) matched with the sizes of the nanocrystals
estimated from their corresponding photoabsorption
threshold [12].

In Fig. 1b, the excitation spectra of the CdS-QD formed
in a RM of w0 = 10 is shown. Definite peaks in the spectra
and small shift in the peak position with various detection
wavelengths (420 nm, 500 nm and 580 nm) indicate a sig-
nificant optical transition from the edge of the conduction
band. Reasonably small excitation wavelength dependency
of the emission spectra as shown in Fig. 1c confirms narrow
dispersion in the CdS size in the RM [12,28]. Fig. 2a shows
absorption spectrum of a QR10 (solid line). The shoulder
(�320 nm) in the absorption is quite blue shifted compared
to that of the QD10 (365 nm) of similar volume indicating
optical properties are highly dependent on the shape of the
nanocrystals. X-ray diffraction studies [35] on the similar
QD and QR with high aspect ratio reveal a significant
change in particle morphology, along with the shape. The
study [35] shows that the crystal structure of the QD is pre-
dominantly cubic whereas the structure of the QR is hexag-
onal in nature. The change of the crystal structure of QR
compared to that of QD could be one of the reasons for
altered optical transition affecting the absorption spectrum
of QR. In contrast to the QD, the excitation spectra
(Fig. 2b) of QR show significant dependency on the



Fig. 1. (a) Absorption spectra of quantum dots with various sizes are
shown. Note the shift of the shoulder of the absorption towards blue
region as the size of the nanoparticles decreases. (b) Excitation spectra of
the quantum dot in the reverse micelle of w0 = 10 in various emission
wavelengths. (c) Emission spectra of the quantum dot in the reverse
micelle of w0 = 10 in various excitation wavelengths. In the preparation of
the CdS-NCs, Na2S in 100 mM aqueous solution of HMP buffer and
Cd(NO3)2 in pure water were solubilized (see text).

Fig. 2. (a) Absorption spectrum of quantum rod (solid line) is shown. The
absorption spectrum of quantum dot in the RM (w0 = 10) is also shown
for comparison. (b) Excitation spectra of the quantum rod in the reverse
micelle of w0 = 10 in various emission wavelengths. (c) Emission spectra of
the quantum rod in the reverse micelle of w0 = 10 in various excitation
wavelengths.
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wavelength of detection (420 nm, 470 nm and 580 nm). The
feature of each spectrum along with the wavelength depen-
dency of the excitation spectra indicate the optical transi-
tions from various excited states. We made sure that the
sharp features in the excitation spectra below 400 nm are
not due to spectral characteristics of the excitation Xe lamp.
The excitation wavelength-dependent eventful emission
spectrum of the QR (Fig. 2c) also supports the above con-
jecture. It is well-known that the mixing of valence bands in
spherical II–VI semiconductors, particularly in CdSe nano-
crystals is a very important factor controlling their optical
properties [42,43]. For example, in CdS-QRs, the symmetry
breaking caused by the elongation modifies the band-
mixing in such a way that each eigenstate has a definite
component of total angular momentum along the long axis
[44]. The difference in steady state optical properties,
particularly blue shift of QR absorption/emission spectrum
compared to that of the QD is thought to be an indication
that the quantum confinement length is primarily defined
by the particle width. It is also possible that surface state
saturation is modified by particle–surfactant interactions,
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which may differ between the single surfactant case (QD)
and the mixed surfactant case (QR).

The time resolved emission spectra of CdS nanocrystals
with various sizes and shapes are shown in Fig. 3. The QDs
in the RM of w0 = 10, average diameter �5 nm [35] shows
much faster decay in the blue end of the emission spectrum
(high energy) as evident from the streak camera measure-
ments (Fig. 3a). In contrast, the larger sized QD (in
w0 = 20 RM) shows almost uniform decay in all emission
wavelengths as shown in Fig. 3b. The time resolved emis-
sion of the QR as shown in Fig. 3c shows many peaks sim-
Fig. 3. The time resolved emission spectra obtained from a picosecond
resolved Streak camera for QD10 (a), QD20 (b) and QR10 (c) are shown
(see text).
ilar to the steady state spectrum of the QR (Fig. 2c). The
blue end of the emission spectrum decays relatively faster
than that in the red side of the spectrum.

In order to get the picosecond resolved emission tran-
sients of the QDs with various sizes and QR nanocrystals
we also performed TCSPC measurements on those systems.
As shown in Fig. 4a blue side of the emission spectrum of
QD10 shows faster decay (125 ps (62%), 750 ps (27%) at
420 nm) compared to those in peak (302 ps (54%) and
1.26 ns (21%) at 500 nm) and red edges (522 ps (48%) and
1.61 ns (21%) at 620 nm; 572 ps (47%) and 1.77 ns (21%) at
640 nm) of the steady state spectrum. The emission decay
at the peak wavelength (235 ps (46%) and 1.12 ns (35%) at
560 nm) of QD20 is similar to that of the QD10. However,
long time constants, which do not decay significantly within
the 15 ns time window, are clearly evident in the 300 ns
experimental window (Fig. 4b). The fitted longest lifetime
of the QD10 at 500 nm and QD20 at 560 nm are found to
be 112 ns and 91 ns, respectively. The longest time constant
for the QD10 at 640 nm was 123 ns.
Fig. 4. Time resolved photoluminescence transients of quantum dots with
various sizes detected at different wavelengths in shorter (a) and longer (b)
time windows.



Fig. 5. Time resolved photoluminescence transients of quantum rod in
shorter (a) and longer (b) time windows are shown. The transient of the
quantum dot is also shown for comparison.
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To date, no detailed physical or mathematical model has
been advanced to describe emission dynamics of NCs.
From previous theoretical and experimental ultrafast pho-
toluminescence (PL) studies [8,21] the dynamics of the car-
rier recombination as evidenced from our time resolved
experiments following statements can be made. Excitation
of II–VI semiconductor nanocrystals promotes an electron
from valence to conduction band, which can then undergo
radiative relaxation. The intra-conduction band relaxation
of the carrier electron is thought to be dominated by the
interactions with longitudinal optical (LO) phonon modes,
leading to fast (sub-picosecond) nonradiative relaxation in
the dynamics. In the nanocrystals even with relatively lar-
ger dimension i.e. in the region of weak carrier confine-
ment, when level spacing is only few millielectron volts,
the carrier relaxation mediated by interactions with LO,
is hindered dramatically because of the restriction imposed
by energy and momentum conservation leading to a phe-
nomenon called ‘‘phonon bottleneck’’ [21]. In the NCs with
relatively smaller diameter (stronger quantum confine-
ment) further reduction in the energy loss rate is expected,
for which the level spacing can be much greater than LO
phonon energies, and hence carrier phonon scattering can
only occur via weak multi-phonon processes.

In our experiments relatively faster early dynamics in
QD20 (235 ps and 1.12 ns) compared to that in QD10
(302 ps and 1.26 ns) could have some relevance to the pho-
non bottleneck effect. However, the controversial existence
of the phonon bottleneck effect as evidenced in a number of
recent experiments on II–VI nanocrystals is clearly dis-
cussed in Ref. [21]. Another possibility of the faster dynam-
ics in the larger NCs could be due to nonradiative
relaxation to underlying trap states [8]. In the NCs uncoor-
dinated surface atoms give rise to trap states that lie within
the band gap and reduce quantum yield by providing alter-
native pathways of excited state relaxation. For example, in
CdSe-NCs decay component of sub-100 ps is recovered in
the transient absorption signal, which is concluded to be
due to the trapping at the surface defect [8]. The faster pho-
toluminescence decay in the larger sized NCs may also be
due to volume recombination of the carriers [45] in the bulk
semiconductor, as the surface to volume ratio decreases
with the size of the NCs.

In Fig. 5, picosecond resolved PL transients of CdS
quantum rod (QR10) in short (Fig. 5a) and long
(Fig. 5b) time windows are shown. The transients of
QD10 are also shown for comparison. The transients of
QR10 show two major time constants of 420 ps (70%)
and 2.89 ns (28%), which are slower than those of the
QD10. In contrast to the case of QD10, QR10 shows neg-
ligibly small contribution of longer time constant (56 ns,
2%). Earlier, femtosecond resolved transient absorption
studies on the CdSe-NCs reveal that within 200 fs the car-
riers seem to distribute themselves among fewer energy
states in the dots compared to the rods [8]. The existence
of more emissive states in QR10 compared to QD10 is
clearly seen from our steady state excitation and emission
studies (Figs. 1 and 2). From the emission spectrum of
QR10, a blue shift compared to that of the QD10 is also
evident. The cause for the blue shift is thought to be an
indication that the quantum confinement length is primar-
ily defined by the particle width and its difference between
the widths of the sphere and the rods. Although, other pos-
sibility of the presence of mixed surfactant in QR10 for the
blue shift cannot be ruled out completely.

In the case of higher confinement of carriers in the
QR10, the slower time constants in the early time (420 ps
and 2.89 ns), are consistent, given the inefficient electron–
phonon coupling in the QR10 compared to that in QD10
[21]. The negligibly small contribution of the slower time
constant (56 ns, 2%) in the QR10 compared with that in
the QD10 could be explained by the fact that lowering
the symmetry in the rods leads to splitting of the degener-
acy of the energy levels in the rods. It should be mentioned
that the increase in the density of states leads to an increase
in the relaxation process involving either electron–phonon
or electron–hole coupling [46]. The smaller the electron
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energy separation, the more likely phonons/holes can be
found to accept the released energy, and thus, the faster
overall relaxation.

In order to follow carrier dynamics in the QD of various
sizes and QR10, nanosecond resolved gated emission spec-
troscopy have been performed. As shown in Fig. 6, the
temporal behavior of the PL of QD10 (Fig. 6a) is signifi-
cantly different compared to that of QD5 (Fig. 6b), partic-
ularly in the blue region of the spectra. Longer time the
emission spectra of QD10 become narrower than that of
QD5, indicating emission from fewer emitting energy states
in the former case. The narrow bandwidth in the emission
spectrum of QD10 compared to that of QD5 also indicate
essentially band edge emission following faster intra-band
relaxation due to efficient electron–phonon/hole coupling.
In the case of larger QDs, e.g. CdS in the RM with
Fig. 6. Time resolved spectra obtained from nanosecond resolved gated
photoluminescence spectrometer for QD10 (a) and QD5 (b) at 300 K are
shown (see text).
w0 = 20 and in aqueous buffer, the emission spectra show
many temporal features as shown in Fig. 7. For both the
samples two distinct emission bands in the early time (up
to 3 ns) are observed. As time progresses, bands at higher
energy reduce their weight to give single peaks in the red
side (low energy) of the spectra. The existence of the two
peaks in the emission spectra could be due to significantly
large polydispersity in the sizes of the NCs. The time evo-
lution of the emission spectra of QR10 is qualitatively sim-
ilar to that of QD10 giving relatively narrower spectrum in
the longtime (Fig. 8).

In order to investigate the nature of energy structure of
the emitting states, temperature dependent gated spectros-
copy experiments have been performed on the NCs. Fig. 9
shows time resolved emission spectra of QD10 (Fig. 9a)
and QR10 (Fig. 9b) at 77 K. The temporal behavior of
Fig. 7. Time resolved spectra obtained from nanosecond resolved gated
photoluminescence spectrometer for QD20 (a) and quantum dot in
aqueous environment (b) at 300 K are shown (see text).



Fig. 8. Time resolved spectra obtained from nanosecond resolved gated
photoluminescence spectrometer for QR10 at 300 K are shown (see text).

Fig. 9. Time resolved spectra obtained from nanosecond resolved gated
photoluminescence spectrometer for QD10 (a) and QR10 (b) at 77 K are
shown (see text).
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the QD10 at low temperature is similar to that at room
temperature give comparatively narrower spectrum at
40–140 ls, which indicate the emission to be from essen-
tially one state. However, the nature of the temporal spectra
of QR10 at early time (1–2 ns) is significantly different from
that at later time (1–10 ls). The main peak of the spectrum
at 1–10 ls is significantly red-shifted and a shoulder at the
position of the peak at early time (1–2 ns) is clearly evident.
At 77 K the spectral signature of the QR10 at later time
(after �10 ns) is different from that in the room tempera-
ture, but consistent with the emission from two emitting
states. The phenomenon could be a clear demonstration
of the thermoluminescence (TL) in the QR10 [8]. It is
known that following photoexcitation, electron hole pairs
(EHP) are created in the semiconductor NCs. If the photo-
excited EHP recombine immediately and emit a photon that
is known as fluorescence, and if the EHP does not recom-
bine rapidly, but are trapped in some metastable states
separately, they need energy to be released from the traps
and recombine to confer delayed luminescence. If they
spontaneously recombine after sometime, it is called photo-
luminescence (PL). The detrapping process caused heating
is known as thermostimulation. The shoulder peak in the
emission spectrum of QR10 at low temperature clearly
indicates one of the trapped states, which can easily be
thermostimulated at room temperature. On the other hand,
no evidence of thermostimulation is found in QD10.

Fig. 10 shows steady state PL anisotropy spectrum
(anisotropy versus wavelength of detection) of QD10
(Fig. 10a) and QR10 (Fig. 10b) with various excitation
wavelengths. The steady state anisotropy of QD10 shows
a peak �375 nm at the excitation wavelength of 300 nm.
The peak of the anisotropy spectrum is found to be signif-
icantly blue shifted compared to the photoluminescence
peak (�500 nm). The pattern of the steady state anisotropy
remains almost similar in all excitation wavelengths
(300 nm, 350 nm and 390 nm) giving a small value
(�0.01) at 500 nm detection as indicated by arrow in
Fig. 10a. For QR10 the steady state anisotropy shows a
global peak around 375 nm similar to QD10. However,
for QR10, when the excitation wavelength is made redder
the relative amplitude of the anisotropy is found to increase
in all wavelengths of detection. The peak positions in the
anisotropy spectra for various excitation wavelengths
(300 nm, 308 nm, 320 nm, 350 nm and 390 nm) remain
almost similar. At the photoluminescence peak (470 nm,
excitation at 390 nm) the value of the anisotropy is �0.2,
which is much higher than that of the QD10 (�0.01, at
500 nm, excitation 390 nm).



Fig. 10. Steady state PL anisotropy of quantum dot (a) and quantum rod
(b) in reverse micelle (w0 = 10) with various excitation wavelengths are
shown.

Fig. 11. Picosecond resolved PL anisotropy of quantum dot (a) and
quantum rod (b) in reverse micelle (w0 = 10) with 390 nm excitation are
shown.
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To date, very few experimental works have been pub-
lished in the steady state and time resolved photolumines-
cence anisotropy of NCs in a colloidal dispersion (RM).
Particularly, no results have been published in the temporal
behavior of the anisotropy of CdS-NCs dispersed in RM
and the effect of the shape of the NCs on the dynamics
of the anisotropy. In recent studies [34,47,48], two possible
radiative transitions were found to exist in prolate and uni-
directional wurzite II–VI semiconductor crystal structure
of CdSe-NCs [47]. The energetically lowest lying transition
is an electric transition dipole moment oriented along the
wurzite c-axis. However, this transition is optically forbid-
den. The higher lying optically allowed transition is pre-
dicted to be doubly degenerate and should give rise to an
isotropic 2D transition dipole lying within the crystallo-
graphic a–b plane. Thus if the observed NC photolumines-
cence is due to this transition, emission of an individual NC
should be circularly polarized, which is supported by recent
experiments on single NCs [49–52]. In a recent communica-
tion [34], photoluminescence anisotropy of CdSe/ZnS
colloids in toluene solution at room temperature shows a
time dependent anisotropy. The temporal behavior of the
anisotropy is consistent with the parameters of Brownian
rotational motion of the NCs in an isotropic liquid and
also comparable with related energy states at low tempera-
ture. In another study [32] no detectable steady state and
time resolved anisotropy was found for polyphosphate sta-
bilized CdS nanoparticle/starburst dendrimer composites
showed polarized room temperature photoluminescence
with the anisotropy characterized by an initial value of
about 0.2 and a correlation time of about 2.4 ls.

Our observations of the steady state anisotropy of QD10
in the RM are not consistent with that of NCs in toluene at
300 K [34]. The blue shift of the anisotropy peak compared
to that of the photoluminescence peak cannot be due to
distribution of the particle size in the reverse micellar solu-
tion of QD10 as the transmission electron microscopy
(TEM) studies [35] on the same system reveals the distribu-
tion to be less than 10%. The change in the amplitude of
steady state anisotropy of QR10 in all wavelengths of
detection with various excitation wavelengths could be
due to multiple emitting states present in QR10. The exis-
tence of a number of emitting states is also confirmed from
our steady state excitation and emission experiments
(Fig. 2). Details of the anisotropy spectra of QD10 and
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QR10 can only be explained by detail studies on the elec-
tronic states of NCs. Work in the direction is in progress
in our group.

The temporal behavior of the anisotropy of QD10 (at
500 nm) and QR10 (at 470 nm) are shown in Fig. 11a
and b, respectively. The PL anisotropy decay of QD10
shows three distinct time constants (1.05 ns (42%), 10.7 ns
(39%) and 57.1 ns (19%)). For QR10 the temporal behavior
of the anisotropy shows biexponential nature (�50 ps
(40%), 4.66 ns (60%)). The anisotropy values of QD10
and QR10 at t = 0 (r0) are found to be 0.17 and 0.7, respec-
tively. Although, as mentioned earlier, details of the tempo-
ral behavior of anisotropy of QD10 and QR10 can be
understood from theoretical calculation on the energy
structures of the NCs, a clear effect of the structural anisot-
ropy of the NCs is evident in the r0 values. Higher r0 value
of QR10 (0.4) compared to that of QD10 (0.17) distinctly
reflects a significant deviation from perfect symmetry in
the QR10.

4. Conclusion

Studies of picosecond to microsecond dynamics of CdS
nanocrystals (NCs) of various sizes and shapes elucidate
photophysical properties of single batch of quantum dots
in reverse micelles. After photoexcitation higher energy
electron relaxes to the edge of the conduction band through
various nonradiative processes e.g. Auger process, optical
phonon coupling etc. The rate of the nonradiative intra-
band relaxation is found to be slower in the smaller sized
quantum dots and quantum rods due to higher quantum
confinement effect. The band edge energy state can be cou-
pled dominantly with lower lying trap states generated due
to surface defects in the nanocrystals. The time resolved
photoluminescence transients of the lower energy states
i.e. in the red side of the photoluminescence spectrum of
the quantum dots do not show any rise component. The
observation is consistent with the fact that the population
in the trapped state generated from the band edge is also
coupled to another lower laying trap state through faster
nonradiative relaxation processes. There could be several
trapped states, depending upon their depth they can be
classified as shallow trap, deep traps and deeper trap, etc.
Hole extended states could lie above the valence band
(VB) [53]. From our studies we observed emission from
several shallow traps with time constants up to 3 ns follow-
ing ultrafast de-excitation from the edge of the conduction
band [22]. The majority of the excited state population
(�60–70%) were found to decay through these shallow
traps. The time scales observed in our experiments around
10 ns, 100 ns and 1 ls can be consequences of shallow trap,
deep trap and deeper trap transition respectively, which are
in good agreement with Ref. [54].

Size and shape variation study reveals that the variation
of the nanoparticle size has insignificant contribution on
the relaxation dynamics of the nanoparticle but the dynam-
ics differs with the change of the shape of the nanoparticle
due to change of their quantum confinement. In contrast to
the case of QD10 the temperature dependent gated spec-
troscopy on the QR10 shows the existence of thermolumi-
nescence in the NCs, most probably from shallow trap
emitting states. Our steady state and time resolved anisot-
ropy studies on the QD10 and QR10 distinctly show the
contribution of shape of the NCs on the nature of the pho-
toluminescence anisotropy of the nanoparticles. However,
details of the anisotropy can be understood from the com-
prehensive theoretical calculations on the energy structures
of the NCs, which is in progress in our group.
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