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Temperature Dependence of the Luminescence Lifetime of Single CdSe/ZnS Quantum Dots

Olivier Labeau, Philippe Tamarat, and Brahim Lounis

Centre de Physique Moléculaire Optique et Hertzienne, CNRS et Université Bordeaux I,
351 Cours de la Libération, 33405 Talence Cedex, France
(Received 19 November 2002; published 26 June 2003)

We study the temperature dependence of the luminescence decay of single CdSe/ZnS quantum dots
between 2 and 140 K. For the first time, we observe a biexponential decay which was completely hidden
in ensemble measurements. We find that the long time component strongly depends on temperature. This
demonstrates that the band edge luminescence arises from two thermally mixed fine structure states, the
dark ground state and the lowest bright one. To interpret our results, we derive the analytical expressions
for the decay using a three level model. Fitting the experimental data leads directly to the lifetime of

the states as well as their energy splitting.
DOI: 10.1103/PhysRevLett.90.257404

Over the past decade, interest in low-dimensional,
mesoscopic systems, such as quantum dots (QDs), has
grown dramatically. These semiconductor QDs bridge the
gap between single molecules and the bulk solid state,
thereby offering the opportunity to study the evolution of
bulk properties. Additionally, their size-dependent opti-
cal properties make them ideal candidates for tunable
absorbers and emitters in applications such as nanoscale
electronics [1-3], laser technology [4], and biological
fluorescent labeling [5,6]. Chemically synthesized CdSe
QDs are promising for many of these applications due to
their bright luminescence, which is size tunable across the
visible spectrum [7,8].

The electronic properties of nanocrystals with dimen-
sions smaller than the bulk exciton Bohr radius are
dominated by quantum confinement effects. The band
edge exciton (185/,18,), which is eightfold degenerate
in spherically symmetric dots [9,10], is split into five
levels by the crystal shape asymmetry, the intrinsic crys-
tal field, and the enhanced electron-hole exchange inter-
action. The exciton ground state is located a few meV
below the lowest-energy optically active (J/ = *+1) ex-
citon state, and has a total spin projection on the crystal
hexagonal axis J = *=2. While optical transitions to and
from this state are normally forbidden within the electric
dipole approximation, radiative recombination from this
state can occur with the emission or absorption of pho-
nons. At low temperatures, these processes are much
slower than those of direct optical recombination. This
leads to the formation of a long-lived exciton state.

Low temperature fluorescence line narrowing and pho-
toluminescence spectra, measured on ensembles of CdSe
QDs, support the picture of dark exciton formation via
excitation of higher energy fine structure states followed
by rapid thermalization to the exciton ground state [9].
The photoluminescence comes primarily from the recom-
bination of the dark state. It is redshifted with respect to a
resonant excitation frequency and has long radiative life-
times (~ 1 ws at 10 K) relative to the bulk exciton re-
combination time (~ 1 ns). Mixing of the bright and dark
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excitons in an external magnetic field allows a direct
optical recombination of the dark exciton and shortens
the luminescence decay time of CdSe QDs [10,11]. The
radiative pathway of this nominally forbidden transition
is not fully understood.

Time correlated single photon counting (TCSPC) tech-
nique performed on ensembles of QDs always led to
multiexponential luminescence decays [9-12] because
of the sample inhomogeneities (e.g., in size, surface,
and shape). This prevented any quantitative temperature
dependence investigation and hid any multiple decay
behavior of the system. Since its inception, single nano-
objects methods have improved our understanding of
fluorescent systems by elucidating the photophysics of
isolated species in the absence of ensemble averaging
[13]. The study of QDs has already benefited from these
methods, including the discovery of spontaneous spectral
shifts [14], ultranarrow transitions [15], and fluorescence
intermittence [16].

At room temperature, lifetimes of the excitonic ground
manifold were first deduced from the luminescence in-
tensity correlation function of single CdSe QDs in photon
antibunching measurements [17]. The lifetimes ranged
between 12 and 28 ns with a mean value around 18 ns.
Recently, TCSPC experiments performed on single QDs
showed a multiexponential luminescence decay which
was attributed to changes of the single QD lifetime dur-
ing the accumulation time [18]. Correlation between the
blinking effect and a fluctuating dynamic process was
hypothesized.

In this Letter, we study for the first time the tempera-
ture dependence of single QD luminescence lifetimes in
the range 2—-140 K. This dependence provides a new in-
sight into the exciton recombination mechanisms.

Samples of ZnS-coated CdSe QDs (1.9 nm radius,
565 nm peak emission) are prepared by spin coating clean
glass coverslips with a 1072 M solution of QDs in toluene,
followed by 2% by weight poly(methyl methacrylate)/
toluene solution. The excitation beam is the 514 nm line
of a mode-locked Ar* laser (120 ps pulse width). The
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repetition rate of the laser beam is reduced with a pulse
picker in order to study the long decays. Single QDs are
imaged with a homebuilt laser scanning confocal micro-
scope. It is based on a pair of galvano-driven mirrors, a
telecentric lens system, and a 0.95 NA objective which is
inserted in a helium cryostat together with the sample.
The emitted photons are filtered from the scattered ex-
citation light by a bandpass filter (70 nm full width at half
maximum) and sent to a single-photon-counting ava-
lanche photodiode. The luminescence decay is measured
using classical TCSPC with a time resolution limited to
few hundreds of picoseconds.

Figure 1(a) presents the luminescence decay of a bulk
solution of QDs recorded at 16 K. Because of the inho-
mogeneous distribution of QD lifetimes, it shows a multi-
exponential behavior distributed on a large time scale. In
Fig. 1(b), we present a typical decay curve of a single QD
recorded at the same temperature. It clearly shows a
biexponential behavior which is completely hidden in
the ensemble measurement of Fig. 1(a). It has a very fast
decay occurring within our time resolution scale (a few
hundreds of ps) and a much slower one with a lifetime 7,
in the 100 ns range. The time integrated signal corre-
sponding to the fast component amounts to less than 1%
of the total signal. Most of the studied QDs (more than 80
over 100) showed a similar biexponential behavior. At
higher temperatures, 140 K for Fig. 1(c), 7, shortens
considerably and the fast component vanishes completely.

Measurements of 7; were then carried out at different
temperatures on a large number of single QDs. Each
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FIG. 1. Typical luminescence decay curves of CdSe/ZnS

QDs. (a) An ensemble measurement (at 16 K) gives a multi-
exponential decay. (b) A single QD decay is biexponential at
16 K. The short time is within our time resolution and the long
decay time is around 73 ns. (¢) A single QD decay is mono-
exponential at 140 K with a typical lifetime of 19 ns. Inset: The
three-state model. |G) is the zero exciton ground state. The
“bright” state |A) and the “dark” state |F) are the two lowest
states of the band edge exciton with respective lifetimes I';!
(~ 10ns) and T'z! (~ 1 us). yo ~ 10 ns™! is the zero tempera-
ture |[A) — | F) relaxation rate. yy, is the thermalization rate due
to the interaction with an acoustic phonon mode.
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histogram of Fig. 2 is built from approximately 100 single
QDs. One can clearly see [Fig. 3(a)] that the average
decay rate increases with temperature and saturates at
temperatures higher than 70 K. The average count rate
(under continuous wave excitation) detected from single
QDs decreases dramatically below this temperature
(more than a factor of 10 between 140 and 5 K). These
observations suggest that the emission occurs from two
thermally populated states, a weakly emitting long-lived
ground state, and a strongly emitting upper one.

The temperature dependence of the decay curves is
modeled on the basis of a three level system (see Fig. 1):
a zero exciton ground level |G), and two excitonic states
|F) and |A) representing, respectively, the dark (J = £2)
and the bright (J = =1%) excitons, with recombination
rates 'z and I'4. The energy splitting E , between these
two states is in the few meV range, depending on the size
and shape of the QDs [9,10]. Emission and absorption of
acoustic phonons from a mode whose energy AE matches
E,r induces a thermalization of the excitonic states. The
|A)— |F)and |F)— |A) rates are, respectively, yo(Ng + 1)
and yyNg = vy, where Ny = 1/[exp(AE/kgT) — 1] is
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FIG. 2. Histograms of the long component decay time 7;
built from about a hundred single QDs at various temperatures
(between 2.3 and 140 K). The mean 7; values are 865 ns at
23K,209nsat5.7K,85nsat 16 K, 51 nsat 77 K, and 19 ns at
140 K
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the Bose-Einstein phonon number at the temperature 7.
7, is the zero temperature relaxation rate of the |A) — |F)
transition.

We use rate equations to derive the time evolution of
the two populations pr and p, of the excitonic states,
after a short pulsed laser excitation at t = 0 which leads
to initial populations p4(0) and pr(0) [with pg(0) +
p4(0) = 1]. The luminescence signal S(z) is proportional
to (al'aps + el ppr), where 14 and 7y are the radia-
tive yields of states |A) and | F), respectively. Considering
the approximation yo > I'y > I'fp, we find

o)

N
+ nAFA[pA(O) - ﬁ }CXP<_ T—IS> (1)

where 7¢ and 7; are, respectively, a short and a long
characteristic time given by

S(t) = Nal'aNp + nrl'r
1+ 2N,

’TE] :')/0(1 +2NB) and

7'7] :FA + FF _ (FA - FF >tanh{ AE
L 2 2 2kpT

}. 2)

In the high temperature regime, where kzT > AE (Ny >
1), the amplitude of the fast component vanishes for
pA(0) = pp(0) = 1/2. This means that the two lowest
excitonic levels are equally populated from the high
energy continuum states which are initially prepared by
the laser pulse [19]. In this case, the signal shows a single
exponential decay and writes S~ (1) = (n44/2) X
exp(—I'47/2). The luminescence stems from the bright
exciton state and exhibits a decay time which is twice the
lifetime of the state |A). However, in the low temperature
regime (kzT << AE and Ny < 1), the signal shows a
biexponential decay and is given by Sy (f) = 'y X
exp(—T'pt) + (94'4/2) exp(—yor). The ratio between
the time integrated signals of the fast and slow compo-
nents is then m4I"4/2nr7yy. For typical values I'y ~
0.1ns" !, my ~ np~1,and y, > 1 ns~! [9,20], this ratio
is less than a few percent, in agreement with our experi-
mental observations.

The stability of our experimental setup allows us to
follow the behavior of a single QD on a large temperature
range. The inset of Fig. 3(b) shows the long time compo-
nent of the luminescence decay recorded on the same QD
at different temperatures (between 2.7 and 28 K). The
shortening of the lifetime with temperature is well repro-
duced by the expression (2) [see middle curve of Fig. 3(b)].
The fit leads to I'y, I'r, and AE, the three relevant pa-
rameters involved in the QD luminescence. The energy
AE of the acoustic phonon mode responsible for the
thermalization matches the energy splitting £, between
the lowest exciton states. We performed this measurement
on 15 single QDs and found 1.3 meV < E; < 3.8 meV.
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FIG. 3. (a) Evolution with temperature of the mean decay rate

77! deduced from the histograms of Fig. 2. The continuous
curve is theoretical rates of Eq. (2), plotted with I'y =
0.13ns7!, Tp =2 us™!, and AE = 3.5 meV. (b) Inset: lumi-
nescence decay curves of a single QD, recorded at temperatures
2.7, 10, 12, 15, 18, and 28 K. For clarity, the first 10 ns of the
curves are not presented and the data are normalized. (b) Main
figure: Temperature dependence of the long component rate, for
three single QDs with different radius (circles for the ‘“‘red”
QD, radius 5.6 nm; squares for the “yellow” QD, radius 1.9 nm;
triangles for the “green” QD, radius 1.5 nm). The experimental
points are well fitted with the expression of 7; ! deduced from
the thermal mixing model. The fits give 'y = 5.4 us™ !, T, =
57 us~ !, Exp = 2.1 meV for the “red” QD; I'y = 1.4 us™!,
Iy, =92 us™!, Esr =3.8meV for the “yellow” QD; I'j =
20 us I, Ty =82 us™!, Exp = 5.0 meV for the “green” QD.

The expression (2) of the long component decay rate
7; ! reproduces satisfactorily the temperature dependence
of the average rates calculated from the histograms [see
Fig. 3(a)]. The solid curve is plotted for average values of
therates 'y = 0.13ns ! and 'y = 2 ws~! and an energy
splitting AE = 3.5 meV (typical for 1.9 nm QD radius).

When we study smaller size QDs (1.5 nm radius, peak
emission 538 nm), we find the same overall lumines-
cence decay behavior. The decay rates are comparable
to those of the previous QDs. As expected, we obtain
higher activation temperatures [see right curve of
Fig. 3(b)] corresponding to larger splitting energies
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(3.6 meV < E r <7 meV for six QDs). This is due to the
enhancement of the electron-hole exchange interaction
when the QD size decreases [9]. The large dispersion in
the splitting energies is attributed to the size and shape
distribution of the QDs. However, most of the measure-
ments performed on QDs with a larger size (5.6 nm
radius, peak emission 640 nm) show a multiexponential
luminescence decay on a large time scale at low tempera-
tures. For these large QDs, the size is comparable to the
bulk exciton Bohr radius. Therefore, the strong confine-
ment regime is not reached and the presented model is no
longer valid. Some QDs (~ 20%) show a short time multi-
exponential decay, followed by a long time monoexpo-
nential one. The left curve of Fig. 3(b) displays a typical
evolution of 7; ! with temperature for such QDs. The fit
gives a splitting energy of ~2 meV. These QDs may be
small-radius particles of the size distribution edge, or
may present deviant shapes.

In summary, we studied for the first time the tempera-
ture behavior of the luminescence decay of single QDs.
We showed that the luminescence arises from the two
thermally mixed lowest states of the band edge exciton
fine structure. Contrary to room temperature measure-
ments [17,18] which only lead to an effective lifetime
resulting from the thermalization of all the fine structure
levels of the exciton state, the temperature dependence of
the luminescence decay gives access to the bright and the
dark exciton lifetimes, as well as their energy splitting. In
contradiction with what was reported for self-assembled
CdSe/ZnSe QDs [21], our results show that the bright
exciton radiative decay rate I'y is much smaller than the
spin flip |[A) — |F) rate 7.

For the dark state, a dipole radiative transition is for-
bidden and the emission can occur through interaction
with phonons. A long lifetime I';! of the dark state is
consistent with a longitudinal optical (LO) phonon as-
sisted recombination [19,20]. However, the zero LO pho-
non line observed in the photoluminescence suggests an
alternate recombination pathway through coupling to
acoustic phonons [22]. Other recombination mechanisms
may involve spin flip transitions induced by paramagnetic
defects in the lattice or a high order interaction with
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phonons. Surface states may also have a strong influence
on the relaxation mechanisms of this weakly emitting
dark state. This would explain the large relative distribu-
tion of 7; observed at very low temperatures.

Further experiments will be the investigation of the
effect of an applied magnetic field on the luminescence
decay, as well as the measurement of the optical coher-
ence lifetime of the dark exciton state.
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