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We report a spectroscopic study of highly photostable individual CdSe=ZnS colloidal nanocrystals. At

low temperature, photoluminescence spectra display two sharp zero-phonon lines which we attribute to

the radiative recombination from the two lowest levels of the band-edge exciton fine structure. For the first

time, resonant photoluminescence excitation spectra of these lines is performed, and spectral diffusion

broadening of 10 �eV is measured over integration times of 100 ms, corresponding to an optical

coherence lifetime longer than 100 ps.
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Over the past decade, interest in low-dimensional, meso-
scopic systems, such as semiconductor nanocrystals (NCs),
has grown dramatically [1]. These NCs bridge the gap
between single molecules and the solid state, thereby
offering the opportunity to study the evolution of bulk
properties. Additionally, their size-dependent optical prop-
erties due to quantum confinement make them ideal can-
didates for tunable absorbers and emitters in applications
such as nanoscale electronics [2–4], laser technology [5],
and biological fluorescent labelling [6,7]. Chemically syn-
thesized CdSe NCs are interesting for many of these ap-
plications due to their bright luminescence, which is size
tunable across the visible spectrum [8].

A detailed understanding of the band-edge exciton fine
structure is crucial for these applications. It is well estab-
lished, on both theoretical and experimental grounds [9],
that in spherical or nearly spherical colloidal CdSe NCs the
band-edge exciton (1S3=2 � 1Se) is split by the intrinsic

electron-hole exchange interaction and by the crystal field
of the hexagonal lattice into five energy levels [10,11]. The
exciton ground state jFi, which is often referred to as the
dark exciton, has a total spin projection on the crystal
hexagonal axis J ¼ �2. It is located a few meV below
the lowest-energy optically active (J ¼ �1L) exciton state
jAi. Studies of the photoluminescence (PL) spectra and
decay as a function of temperature and external magnetic
fields [10,12–15] showed that the luminescence arises from
the two thermally mixed lowest states of the band-edge
exciton fine structure. At liquid helium temperatures, the
luminescence of NCs with strong confinement (radius
smaller than 3 nm) originates primarily from the long-lived
(hundreds of nanoseconds) dark exciton state, because the
bright-to-dark spin-flip rate is much larger than the radia-
tive recombination rate of the bright-exciton state
[10,14,16]. The PL spectra display a single zero-phonon
line (ZPL) [17–19] which is therefore attributed to the
weakly allowed radiative recombination of the dark state.

In this work, we report a cw and time resolved spectro-
scopic study of individual CdSe NCs with a weaker exciton

confinement (radius of�4 nm). At low temperature, these
NCs display emission spectra with two sharp ZPLs that we
attribute to the radiative recombinations from the two low-
est exciton levels (bright and dark), as a consequence of a
weak spin-flip rate between these two states. We also
performed, for the first time, resonant photoluminescence
excitation of these transitions and obtained excitation lines
as narrow as 10 �eV over an integration time of 100 ms.
Samples of CdSe=ZnS core-shell NCs (Qdot655 from

Quantum Dot Corp., peak emission at 655 nm at room
temperature) are prepared by spin coating clean glass
coverslips with a nanomolar solution of NCs in polyvinyl
alcohol. A homebuilt scanning confocal microscope is
used to image single NCs excited with the 532 nm line
of a cw frequency doubled Nd:YAG laser. It is based on a
0.95 NA objective which is inserted in a helium cryostat
together with the sample and a piezoscanner. The emitted
photons are filtered from the scattered excitation light by a
bandpass filter (60 nm FWHM) and sent to a single-
photon-counting avalanche photodiode and a spectrometer
(1800 lines=mm grating, focal length 460 mm). The PL
decay measurements are performed with a conventional
time correlated single photon counting setup, using a
pulsed laser source (optical parametric oscillator at
570 nm, 250 fs pulse width, 2.5 MHz repetition rate).
The instrumental response function of the system was
300 ps FWHM. The high stability of our experimental
microscopy setup allows the study of the same single NC
over a wide range of temperatures and over several days.
At 2 K, the luminescence intensity of most of the single

NCs is remarkably stable and did not show any blinking, as
exemplified by the time trace of a single NC presented in
the inset of Fig. 1(a). Shot-noise-limited intensity fluctua-
tions were measured over minutes of acquisition times.
Figure 1(a) shows the PL spectrum of this NC recorded
over 1 min at a weak cw excitation intensity of 60 W=cm2.
Interestingly, the spectrum displays two peaks 0.7 meV
apart around 2.027 eV with resolution-limited linewidths
(�300 �eV). The intensities of the peaks have a linear
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dependence on the excitation power, excluding any biexci-
tonic origin for this structure. A similar spectral structure
was found for tens of single NCs. These peaks which are
labeled A and F are attributed to the bright and the dark
exciton radiative recombination ZPLs, respectively.
Indeed, the peak separation is in agreement with the energy
splitting of �1 meV between jAi and jFi expected from
the theoretical analysis of the exciton fine structure for
4 nm NCs [11]. The peak around 2.00 eV, which is
26.6 meV redshifted from the main peak F, corresponds
to the longitudinal optical (LO) phonon replica of the jFi
state ZPL [17]. One can also distinguish a weaker structure
denoted Ac, 0.8 meV redshifted from F. We attribute this
feature to a confined acoustic phonon sideband due to
electron coupling to the acoustic radial breathing mode
of the NC [19,20].

In order to confirm the attribution of the emission peaks
A and F, we studied their temperature evolution on the
same NC, as shown in Fig. 1(b). Comparing spectra from 2
to 10 K, one can clearly see that the relative intensity of the
peak A increases with temperature, in agreement with the
picture of a phonon mediated thermal mixing between the
bright and the dark excitons. The broadening of the peaks
is attributed to the population of acoustic phonon modes
that rises with temperature, washing out the two ZPLs
above 15 K.

The striking observation of the two ZPLs in the PL
spectrum points to a reduced spin-flip relaxation rate in
these relatively large NCs, in contrast to small NCs where
only a single ZPL (attributed to the jFi state, the thermal
population of the jAi state being negligible) is observed. As

a typical example, Fig. 1(c) shows the emission spectrum
of a �2:2 nm radius single NC at 2 K. In this case, the
integrated intensity of the ZPL is weaker than that of the
acoustic phonon sideband, supporting the assumption that
the radiative recombination from this state occurs prefer-
entially with emission of phonons. Yet the origin of the
dark exciton purely radiative recombination is still an open
question. Semiempirical pseudopotential calculations [21]
show that this recombination can be due to a surface-
induced mixing of dark and bright-exciton states. How-
ever, spectroscopic investigations led on CdSe NCs with
different coating shells argue against the involvements of
surface states and suggest a mechanism intrinsic to the
CdSe NCs [22]. Beyond the effective mass approximation,
semiempirical tight-binding calculations that incorporate
spin-orbit interactions [23] provide an explanation for the
finite lifetime of the dark exciton and for its decrease with
the NC radius [13,22]. Other recombination mechanisms
may involve spin-flip transitions of the jFi state induced by
paramagnetic defects in the lattice [11], or by the hyperfine
interaction with unpolarized nuclear spins [24].
We also performed ultrahigh resolution resonant photo-

luminescence excitation (R-PLE) of the two lowest-energy
ZPLs of a single NC at 2 K. PLE of upper levels of the
band-edge exciton fine structure has already been mea-
sured on individual NCs and led to linewidths of a few
meV [25]. Our new method consists in sweeping the
frequency of a cw single mode tunable dye laser (spectral
resolution�4 neV) around the central frequencies of the A
and F ZPLs, while collecting the redshifted luminescence
of the LO-phonon replicas through a long pass filter on an
avalanche photodiode. The relative weight of the LO-
phonon band compared to the ZPL is of the order of
10%, giving a count rate of thousands per second suffi-
ciently high to record R-PLE spectra. The R-PLE lines of a
single NC are displayed in Figs. 2(a)–2(c) at a very low
excitation intensity of about 1 W=cm2 (well below satura-
tion, the signal being linear with intensity). In the case of
single scan spectra [see Fig. 2(b) and 2(c)] recorded on a
time scale of 100 ms, which corresponds to the passage
time through resonance, the lines are extremely sharp and
display linewidths of the order of 10 �eV. Such linewidths
rule out any correspondence with a phonon band for these
lines [25], and therefore supports their attribution to purely
electronic lines. These spectra display the narrowest ho-
mogeneous lines ever recorded on individual CdSe NCs,
setting a lower bound of 100 ps for the optical coherence
lifetime of the two lowest-energy bright and dark excitons
over a time scale as long as 100 ms. Dephasing times of the
same order of magnitude, but over a time scale of 200 �s,
were recently reported by Coolen et al. using a newly
developed photon-correlation Fourier spectroscopy tech-
nique [26]. Even if the NCs used in our studies seem to
present an efficient surface passivation, R-PLE spectra
recorded on several frequency sweeps display a broaden-
ing with the number of scans (�30 �eV, after 10 scans)
[Fig. 2(a)] due to residual spectral diffusion, i.e., random
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FIG. 1. (a) PL spectrum at 2 K of a single NC (radius�4 nm),
recorded with an integration time of 60 s and at an excitation
intensity of 60 W=cm2. The peaks labeled F and A are attributed
to the ZPLs of the dark and the bright excitons, respectively (see
the text). The peak LO-F is a LO-phonon replica of the peak F.
The Ac structure is a confined acoustic phonon sideband of the
peak F. The inset shows the time trace of the integrated PL
intensity recorded simultaneously with the PL spectrum for this
NC. The distribution of the photon counts per bin (100 ms)
shows that the intensity fluctuations are shot-noise limited. (b) A
zoom of the PL spectrum shown in Fig. 1(a), recorded at various
temperatures ranging from 2 to 20 K. (c) A typical PL spectrum
at 2 K for a �2:2 nm radius individual NC. The presence of a
single sharp line is attributed to the jFi state ZPL.
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spectral shifts of the transition frequencies due to fluctua-
tions in the local nanoenvironment.

In order to explain our observation of the lowest-energy
ZPL doublet, we need to determine the relaxation rates
involved in the emission dynamics. Therefore, we studied
the temperature dependent PL decay of many single NCs.
Figure 3(b) shows the PL decay of a single NC for various
temperatures ranging from 2 to 105 K. At temperatures
below 7 K, the decay shows a biexponential behavior with
a fast decay occurring within few ns and a much slower one
with a lifetime ��1

L in the 200 ns range. At higher tem-
peratures (>10 K), ��1

L shortens and the fast component
vanishes completely, as previously reported [14]. We ex-
plain the PL behavior with a three-level model illustrated
in Fig. 3(a). It takes into account the zero-exciton ground
level, jGi, and the two lowest states of the band-edge
exciton fine structure, jAi and jFi, with respective radiative
rates �A and �F. Thermal mixing between these excitonic
states occurs via emission and absorption of acoustic pho-
nons from a mode whose energy �E matches the energy
splitting between jAi and jFi states. The jAi ! jFi and
jFi ! jAi rates are, respectively, �0ðNB þ 1Þ and �0NB,
where �0 is the zero-temperature relaxation rate of the
jAi ! jFi transition and NB ¼ 1=½expð�E=kBTÞ � 1� is
the Bose-Einstein phonon number at temperature T. In
order to obtain a sufficient counting rate from a single
NC, a relatively high laser repetition rate (2.5 MHz) is
needed to record the PL decays. As a consequence, the
excitation period is not much longer than the lifetime at
low temperature. A contribution from a multiexcitonic
recombination to the short time decay component cannot
be completely excluded, even if the excitation intensity
was kept low enough to ensure a mean number of exciton
per pulse smaller than one. We therefore used the tempera-
ture dependence of the long time decay component and PL

spectra to determine the relaxation rates. The decay rate of
the long time component is deduced from the solutions of
rate equations for the excitonic states populations:
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Figures 3(b) and 3(c) show the temperature dependence
of �L for the NC. It is well reproduced by the expres-
sion (1), using only �0 and �A as fitting parameters. Indeed,
the parameters�E ¼ 1:4 meV and �F ¼ 3:7� 10�3 ns�1

are, respectively, deduced from the energy difference
between the two ZPLs on the PL spectrum [see inset of
Fig. 3(c)], and the long time component of the decay in the
very low temperature regime (2 K, kBT � �E). From the
fit, we obtain the bright-state decay rate �A � 0:16 ns�1,
and �0 ¼ 0:87 ns�1. This weak spin-flip relaxation rate
suggests the existence of a phonon bottleneck effect [27–
30] for large NCs where the energy splitting �E is in the
meV range, and explains the observation of the ZPLs of
both jAi and jFi states in the PL spectrum of the NC.
Furthermore, the relative weight of the emission rate
from the state jAi can be estimated within the frame of
our three-level model. Assuming that the two lowest ex-
citonic levels have identical quantum yields and are
equally populated from the high energy continuum states
[14,31], this weight is �A=2ð�A þ �0Þ in the low tempera-
ture regime. Using the relaxation rates deduced from the
PL decay analysis, we obtain a weight of �8� 10�2,
consistent with that deduced from the PL spectrum.
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FIG. 3. (a) The three-states model. jGi is the ground state, jAi
and jFi are the lowest bright and dark states with radiative
relaxation rates �A and �F, respectively. �E is the energy
splitting between these states. �0 is the zero-temperature spin-
flip rate from jAi to jFi. �0NB is the thermal mixing rate be-
tween jAi and jFi due to acoustic phonons. (b) Luminescence
decay curves of a single NC at various temperatures (average
excitation intensity of 20 W=cm2, corresponding to less than one
exciton prepared per pulse). (c) Temperature dependence of the
slow component decay rate �L. The solid line is a fit derived
from the three-level model, with the two fitting parameters �A

and �0 (see text). The inset shows the PL spectrum of this NC at
2 K giving the energy splitting between the states jAi and jFi.

1.981 1.982 1.983 1.984

0 20 40 60
0

5

0 20 40 60 80
0

5
0

10

A

1 scan
In

te
n

si
ty

Energy (eV)

F(d)

(c)

(b)
1 scan

Relative energy (µeV)

10 scans
(a)

Relative energy (µeV)

In
te

n
si

ty
 (

C
o

u
n

ts
)

FIG. 2. R-PLE and PL spectra of a single NC at 2 K. (a) R-PLE
spectrum of the jFi state ZPL, recorded on ten frequency scans
at an excitation intensity of 1 W=cm2. The duration of one scan
is 1 s. (b) R-PLE spectrum of the jFi state ZPL recorded on a
single scan, showing a linewidth of �10 �eV. (c) R-PLE
spectrum of the jAi state ZPL recorded on a single sweep,
(d) A zoom of the PL spectrum on the ZPL doublet.
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An interesting observation concerns the relative weight
of LO-phonon sidebands with respect to the ZPLs in the PL
spectra. Most of the single-NC PL spectra (�90% among
20 studied NCs) displayed a much weaker weight of the
bright-exciton ZPL LO-phonon replica than for the dark at
2 K. This is due to the fact that radiative recombination
from the dark state occurs preferentially with emission of
phonons. For example, the bright-state LO-phonon replica
presented in Figs. 1(a) and 4(a) are indistinguishable from
the background, whereas the weight of the dark-state LO-
phonon replica represents as much as �20% of the total
emission. As we raise the temperature from 2 to 10 K, the
weight of the LO-phonon band significantly drops with
respect to the high energy structure (which includes A and
F ZPLs and Ac) [see inset of Fig. 4(a)]. A similar behavior
has been previously reported in ensemble measurements
using fluorescence line narrowing spectroscopy [32]. Our
thermal mixing model now explains this observation as
follows: An increase of temperature will lead to an increase
of the bright-state ZPL and therefore to a decrease of the
LO-phonon band relative weight. Note that we found two
NCs which show similar LO-phonon weights for both
ZPLs, as exemplified in Fig. 4(b). For those NCs, the
weight of the LO-phonon replica does not depend on tem-
perature [see inset of Fig. 4(b)], as expected from a model
of thermal mixing between two low-lying exciton levels.

In summary, we observed in the low temperature emis-
sion spectra of single CdSe=ZnS NCs two ZPLs attributed
to the radiative recombinations from the two lowest levels
of the band-edge exciton fine structure. This observation
points to a size dependence of the bright-to-dark spin-flip
rate. From the analysis of the temperature dependent PL
decay rate and the PL spectrum with a three-level model,
we can deduce the bright-exciton radiative rate as well as
the bright-to-dark spin-flip rate for a single NC. We also
performed for the first time ultrahigh resolution R-PLE of
the two lowest-energy ZPLs for a single NC at 2 K. This

experiment sets a lower bound of 100 ps for the optical
coherence lifetime of the two lowest energy bright and
dark excitons over a time scale as long as 100 ms. Further
investigations will aim at determining the dependence of
the exciton relaxation rates on the NC size or applied
magnetic fields.
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FIG. 4. Emission spectra of two single NCs at 2 K. (a) The LO-
phonon band associated to the A ZPL cannot be distinguished.
(b) The LO-phonon replica LO-F and LO-A have equal weights
with respect to the corresponding ZPLs F and A, respectively.
The insets show the weight of the total LO-phonon structure in
the PL spectrum as a function of temperature, for these NCs.
Spectrum (a) is representative of the majority of the studied NCs.
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