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We use transient photoluminescence to spectrally resolve the emission from 1, 2, and 3 electron-hole pairs
states in CdSe colloidal quantum dots with radii ranging between 2.3 and 5.2 nm. The power dependence of the
triexciton, biexciton and single exciton emission intensities are reported. We incorporate CdSe/ZnS core-shell
nanocrystals into a TiO2 host matrix and observe simultaneous amplified spontaneous emission from the
1S3/2-1Se and 1P3/2-1Pe quantum dot transitions. The achievement of amplified spontaneous emission from the
1Pe QD state suggests that the 1Pe state sixfold degeneracy might be lifted by the e-h exchange interaction.
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I. INTRODUCTION

Over the past decade, multiexciton states in semiconduc-
tor quantum dots(QDs) have attracted the attention of many
investigators. The discrete QD energy levels and the three
dimensional(3D) quantum confinement of multiple carriers
have been exploited, in epitaxially grown QDs, to produce
strongly correlated photon pairs,1 nonclassical optical field
states2 or to demonstrate the optical entanglement of
excitons3 in a QD.

The wet chemical synthesis of semiconductor QDs allows
nanocrystal(NC) size and shape control4–6 and enables an
increase of the 3D quantum confinement of the electron and
hole. Unlike in epitaxial QDs, fast nonradiative processes
dominate multiexciton relaxation in strongly confined colloi-
dal QDs. The Coulomb mediated Auger mechanism7,8 has
been proposed as the main nonradiative pathway for multiple
carrier relaxation. In particular, for CdSe NCs, high-
resolution time resolved experiments show that multiexciton
dynamics depend strongly on the QD radius.7 For instance,
reducing the radius of spherical CdSe QDs from 4.2 to
2.3 nm decreases the biexciton Auger relaxation time by a
factor of 8: from 360 ps to 42 ps.

Recently,9 an ultra-fast photoluminescence(PL) up-
conversion technique was used to detect multiexcitonic emis-
sion in CdSe colloidal QDs, and a charged biexciton model
was introduced to explain the observed higher energy multi-
excitonic band at high excitation power. In this article, we
also report the observation of such a multiexcitonic band. We
find, however, that its energy position and power dependence
strongly suggest that this band originates from a 3 electron-
hole se-hd pair recombination. Moreover, we also show that
the nonlinear excitation of CdSe/ZnS core-shell NCs embed-
ded in a high volume fraction in a TiO2 matrix gives rise to
amplified spontaneous emission(ASE) from that multiexci-
tonic band.

II. EXPERIMENTS AND RESULTS

Highly luminescent CdSe NCs were prepared based on
the method of Ref. 10 and dispersed in low concentration
into hexane in a 1 mm length quartz cuvette. The bare CdSe

NCs were excited by a frequency doubled regenerative
titanium–sapphire amplifier, delivering 100 fs long pulses at
400 nm at a repetition rate of 1 kHz. Within our pump flu-
ence, up to 10 e-h pairs could be injected into the QDs on
average. The mean number of e-h pairs is given by

n̄ =
s l P

h c A
= a P, s1d

where s ,l ,h,c,A and P are the QD absorption
cross-section11 at 400 nm, the excitation wavelength, the
Planck constant, the speed of light, the beam cross-sectional
area and the pump power, respectively. The room tempera-
ture PL was collected with a 5 cm focal length lens, dis-
persed with a 100 grooves/mm grating and directly detected
with a streak camera. The time resolution of the detection
setup was 18 ps for the shortest experimental time range.

Figure 1(a) shows a three dimensional transient PL spec-
trum for a 2.3 nm radius CdSe QDs sample; 4 e-h pairs are
injected into the QDs on average. The PL intensity is coded
in a white color, brighter area corresponding to higher PL
intensity. Figure 1(d) shows PL spectra, extracted from Fig.
1(a), 20 ps(star) and 800 ps(circle) after excitation using a
40 ps integration window. The transient PL spectra show
that, shortly after excitation, a second emission peak is
present at higher energy than the usual band edge emission
peak. The higher energy band is only observed at high exci-
tation power, which confirms its multiexcitonic origin. The
splitting, D, between the two peaks is 0.25 eV in Fig. 1(b).
Figure 1(c) shows that increasing the NC’s radius from
2.3 nm to 4.3 nm decreasesD by a factor of 2. We checked
that the decrease observed inD is not mainly due to a sig-
nificant variation of the band edge Stokes shift: we obtained
band edge Stokes shifts between 10 and 25 meV for QDs
radii ranging between 2.3 and 5.2 nm; that are consistent
with nonresonant Stokes shift values reported by Kunoet al.
in Ref. 12. Figure 1(d) displays the band edge emission spec-
trum for 2.3 nm radius QDs 20 ps(square) and 800 ps(tri-
angle) after excitation. Since the band edge peak is a mixture
of single and biexciton emission, the observed 20 meV posi-
tive energy shift with time is evidence for the negative bind-
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ing energy of the biexciton as previously reported.9 Figure
2(a) summarizes the evolution ofD as a function of the NC
size.

To determine the origin of the multiexcitonic band, we
first compared the size evolution ofD with single exciton
absorption spectra of CdSe QDs, reported earlier by Norriset
al.13 Figure 2(b) comparesD (squares) and the position of
the 1P3/2-1Pe transition (triangles) relative to the 1S3/2-1Se
band edge transition. As the PLE data in Ref. 13 were ob-

tained at low temperature.s10 Kd we use the energy of the
first excited state of our QD samples, instead of the QD size,
to get the relative energy of the 1P3/2-1Pe transition from
Ref. 13. Indeed, one has to take into account the increase of
the effective band gap of the QD with temperature.14 For
instance, the extracted 0.31 eV spacing for the 2.3 nm QDs
sample[cf. Fig. 2(b)] is consistent with the room temperature
value reported in Ref. 15. We also measured the position of
the 1P3/2-1Pe transition by performing room temperature lin-

FIG. 1. (a) 3D transient PL
spectrum recorded on a 1.1 ns
timescale for a 2.3 nm radius QDs
sample; the PL intensity is coded
in white color; brighter area corre-
sponds to higher PL intensity.(b)
PL spectra 20 ps (stars) and
800 ps (circles) after excitation
extracted from Fig. 1(a). (c)
4.3 nm QD radius PL spectra
20 ps (stars) and 800 ps(circles)
after excitation.(d) 2.3 nm radius
QD band edge PL spectra 60 ps
(open triangle) and 800 ps(solid
triangle) after excitation, the blue
shift is due to negative biexciton
binding energy.

FIG. 2. (a) D versus the QD
radius; (b) a comparison between
D (squares) and the 1P3/2-1Pe en-
ergy transition(triangles) relative
to the 1S3/2-1Se band edge transi-
tion; the notation 1S3/2, 1P3/2, 1Se

and 1Pe of Ref. 20 designates the
first two hole and electron levels,
respectively; measured 1P3/2-1Pe

energy position (diamonds) for
three QD samples at room
temperature.
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ear absorption measurements on three different QD samples
[open diamonds in Fig. 2(b)] and obtained a good agreement
between the low and room temperature data.

Within our size range, we obtain an approximately
50 meV energy difference betweenD and the relative posi-
tion of the 1P3/2-1Pe transition, a value that is different from
the recently reported values.9

We further characterized the transient PL data by estab-
lishing the power dependence of each emission band. Figures
3(a)–3(c) present the power dependence of the single exci-
ton, biexciton and the multiexcitonic band, respectively. The
method for extracting the biexciton spectrum from the band

edge emission spectrum is described in the next section. Fig-
ure 3(d) summarizes the power dependence of the three
bands, normalized to their intensity atP=1 mW. The three
different slopes suggest that the three bands originate from
three different emission processes.

A further characterization of our transient PL data in-
cludes the determination of the relaxation time of each emis-
sion band. Figure 4(a) presents the dynamics, at high power,
of the band edge emission peak for 3.4 nm(circles) and
2.3 nm (diamonds) radius CdSe QDs. As our measured
single exciton lifetime is 14 ns, we assign the fast band edge
dynamics, observed on a 1 ns timescale in Fig. 4(a), to biex-

FIG. 3. (a) Single exciton satu-
ration curve; single exciton spec-
tra are taken 1 ns after excitation.
Solid line (least square fit) shows
that Eq.(2) reproduces the satura-
tion curve.(b) Biexciton emission
power dependence; the solid line
shows the least square fit result
using Eq. (3). (c) Multiexcitonic
band power dependence(circles)
and least square fit results using
Eq. (3) (crosses) and Eq.(4) (solid
line), respectively.(d) Normalized
power dependence of the single
exciton (squares) biexciton (tri-
angles) and the multiexcitonic
band (circles); the 3 different
slopes show that the 3 bands origi-
nate from 3 different emission
processes.

FIG. 4. (a) 2.3 nm (circles)
and 3.4 nm(diamonds) radius QD
biexciton PL decay curves.(b) PL
decay curve(circles) of the multi-
excitonic band for a 3.4 nm radius
QD sample.
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citon relaxation. The measured biexciton lifetimes,t2, are
150 ps(3.4 nm QD radius) and 50 ps(2.3 nm radius QDs),
consistent with previous reported values.7,9 Figure 4(b) gives
a 50 ps relaxation time for the multiexcitonic band for
3.4 nm radius QDs.

Finally, following Ref. 16, we use sol-gel processing to
incorporate CdSe/ZnS core-shell NCs in a high volume frac-
tion into TiO2 thin films. A typical film refractive index and
thickness as measured by ellipsometry are 1.7 and 250 nm
and are tunable by varying the QDs concentration and the
spin speed during the spin-coating process. The 400 nm ex-
citation light is focused onto one of the faces of the device
and the detected PL is spectrally analyzed with a CW CCD
cooled camera. Figure 5(a) shows the linear PL spectrum of
a TiO2 thin film incorporating 3.1 nm radius CdSe/ZnS
core-shell NCs. Above a first intensity threshold value we
observed the usual biexciton ASE peak on the red side of the
linear PL spectrum[triangles in Fig. 5(b)]. Increasing the
pump power gives rise to a second, higher energy ASE peak
[stars in Fig. 5(c)]. The position of the second ASE peak
coincides with the position of the multiexcitonic band, ob-
served in the transient PL spectrum. Figure 5(c) summarizes
the evolution of the integrated area below the first(solid
triangle) and second(solid circle) peak as a function of the
pump power. The two distinct threshold values correspond to
2.2 and 4 e-h pairs injected on average into a NC. Figure
5(d) shows that the 2 ASE peaks, from both bands, are also
observed for QDs with a larger radiuss5.2 nmd. Within our
wave-guide optical confinement factor, simultaneous ASE
was only observed for QDs with radii larger than 3.1 nm;
ASE from the band edge transition, however, is preserved for
QDs smaller than 3.1 nm.

III. ANALYSIS AND DISCUSSION

Our reported energy positions for the multiexcitonic band
differ significantly from those reported in Ref. 9. For in-
stance, the transient PL spectrum shown in Fig. 1(b) (stars) is
similar to the spectrum reported in Ref. 9: a band edge and
multiexcitonic emission peaks centered on 2.1 and 2.35 eV,
respectively. The clear separation between the 2 peaks, in our
transient PL spectrum, enables a straightforward evaluation
of the energy position of the multiexciton band and the en-
ergy splitting D :2.35 and 0.25 eV, respectively. The size
evolution ofD, in Figs. 2(a) and 2(b), is further supported by
our simultaneous ASE data. Indeed, the energy spacing be-
tween the 2 narrow(<10 nm FWHM) ASE peaks is 0.18 eV
and 0.12 eV for 3.1 and 5.2 nm QD radius, in good agree-
ment with the values reported in Figs. 2(a) and 2(b). We
therefore believe that our energy positions are accurate.

The correlation betweenD and the 1P3/2-1Pe energy tran-
sition [Figs. 2(a) and 2(b)] suggests that the multiexcitonic
band originates from a 3 e-h pair state: 2 electrons in the first
1Se electronic state, 2 holes in the first 1S3/2 state, a third
electron in the next 1Pe electronic state and a third hole in
the 1P3/2 state. The 50 meV energy offset betweenD and the
relative position of the 1P3/2-1Pe transition may result from
the triexciton binding energy and a Stokes shift due to the
fine structure of the 1P3/2-1Pe QD transition.

We now validate this hypothesis by analyzing the power
dependence of the single exciton, biexciton and the multiex-
citonic band for the 2.3 nm QD sample. We assume a Pois-
son distributionpsnd= n̄ne−n̄/n! for the number,n, of e-h
pairs injected into a QD after a short excitation pulse; where
n̄ is given by Eq.(1).

FIG. 5. (a) Linear PL spectrum of a 3.1 nm
radius QD doped titania thin film.(b) PL spec-
trum for 2.2 e-h pairs injected on average into the
QDs (triangles); simultaneous ASE(stars) for
4 e-h pairs injected on average into the QDs;
FWHM for the two peaks are on the order of
30 meVs10 nmd. (c) Power dependence of the
integrated area under the first(triangle) and sec-
ond peak(circle); the inset is a zoom around the
threshold regions.(d) Simultaneous ASE(stars)
for a 5.2 nm radius QDs doped titania thin film,
the square curve represents the PL spectrum at
low pump intensity.
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The single exciton PL intensity at timet@t2 (t2 is the
biexciton lifetime) is proportional to the probability of gen-
erating more than 0 e-h pairs per QD immediately after the
excitation pulse. The single exciton PL intensity,I1sPd, is
therefore given by

I1sPd = C1s1 − ps0dd = C1s1 − e−aPd, s2d

whereC1 anda are two fitting parameters. The solid line in
Fig. 3(a) shows that Eq.(2) closely reproduces the saturation
curve of the single exciton for the 2.3 nm QD sample. The fit
gives a=0.56, which leads to an absorption cross-section
[using (1) with A=0.032 cm2] s=6310−15 cm2, consistent
with the 5310−15cm2 value reported in Ref. 11.

Since the multiexcitonic band is well separated from the
band edge emission peak[Figs. 1(a) and 1(b)], we can di-
rectly obtain its power dependence by obtaining its time-
integrated area during a 1 ns window. To minimize errors
due to the weak overlap between the two peaks, we use a
10 nms25 meVd integration window on the blue side(higher
energy side) of the emission peak. Then, we first assume, as
in Ref. 9, that the band originates from a charged biexciton.
The time integrated PL intensity,I2sPd, should then be pro-
portional to the probability of generating more than 1 e-h
pair per dots after each excitation pulse:

I2sPd = C2h1 − ps0d − ps1dj = C2h1 − s1 + aPd 3 e−aPj,

s3d

whereC2 is the only fitting parameter anda has been previ-
ously determined from the single exciton saturation curve.
As illustrated by the crosses in Fig. 3(c), Eq. (3) does not fit
the power dependence of the multiexcitonic band.

We therefore consider a 3 e-h pair recombination mecha-
nism. The time integrated PL intensity is then given by

I2sPd = C3s1 − ps0d − ps1d − ps2dd

= C3F1 −S1 + aP +
a2P2

2!
D 3 e−aPG , s4d

whereC3 is the only fitting parameter. Equation(4) closely
reproduces the power dependence of the emission peak as
shown by the solid line in Fig. 3(c). We therefore conclude
that the multiexcitonic band originates from a 3 e-h pair
emission process.

Next, we derive the biexciton PL spectrum and its power
dependence. As the band edge emission peak is a mixture of
biexciton and single exciton emission, we must subtract a
single exciton contribution from the band edge PL spectrum
at time tøt2. Indeed, as the biexciton lifetime for a 2.3 nm
QD sample is 50 ps[Fig. 4(b)], only a small portion of the
initial biexciton population will contribute to the single ex-
citon spectrum at timet=1 ps, for instance. This fraction is
given by 1−exps−1/50d=0.02s2%d. At time t=20 ps this
fraction is 32%. Therefore, we calculate the evolution of the
single exciton population as a function of time and pump
power. To achieve this goal, the following linear set of equa-
tions for theN e-h pair population needs to be solved.

Let fN be theN e-h pair population inside a QD, at timet;
then

dfN
dt

= GN+1fN+1 − GNfN,

o
N

fN = 1, s5d

whereGN is theN e-h pair relaxation rate. Initial conditions
for the linear set of equations arefNst=0d=psNd. We then
make the following approximation: We limit our calculation
to a maximum number of 3 e-h pairs and modify the initial
condition for the triexciton population tof3st=0d<ps3d
+ps4d+¯. This approximation holds forG4@G3 and/or at a
moderate pump power, i.e., at a low probability of injecting
more than 3 e-h pairs into a QD. Equation(5) is then solved
to yield the following expression for the single exciton popu-
lation:

f1std = Ae−G1t + Be−G2t + Ce−G3t,

C =
G2G3ps3d

sG1 − G3dsG2 − G3d
, B =

G2

G2 − G1
Fps2d +

G3ps3d
G3 − G2

G ,

A = ps1d − B − C.

.
We can then calculate the contribution of the single exci-

ton to the band edge PL spectrum at timet by rescaling the
band edge spectrum obtained at timet1@t2 by the ratio
f1std / f1st1d.

Figure 6(a) (circles) shows the transient PL spectrum ob-
tained 20 ps after excitation for the 2.3 nm QD sample. The
solid line in Fig. 6(a) shows the same PL spectrum after
subtraction of the single exciton contribution: the peaks cor-
respond to the biexciton and triexciton emission bands. We
plot in Fig. 6(b) the single exciton contribution to the PL
spectrum at timet=20 ps(diamonds) and 300 ps(circles). At
300 ps we retrieve the saturation curve of the single exciton.
At shorter time, the single exciton contribution saturates and
decays. The drop is due to the expected “Poissonian decay”
[crosses in Fig. 6(b)] of the probability to generate 1 e-h pair
per QD right after the excitation pulse. The difference be-
tween the expected(crosses) and observed(diamonds) de-
cays results from relaxation of multiexciton states. Finally,
the power dependence of the biexciton is obtained by plot-
ting the integrated area under the calculated biexciton emis-
sion peak. The solid line in Fig. 3(b) shows that Eq.(3)
approximately reproduces the power dependence of the biex-
citon, which validates, for this QD sample, the approxima-
tions made.

The energy positions combined with the power depen-
dence of the multiexcitonic band lead us to conclude that this
band is due to a triexciton recombination process from the
1P3/2-1Pe QD transition. However, as the intraband relax-
ations of holes and electrons take place on a subpicosecond
timescale17,18(faster than the triexciton lifetime) a hole in the
1P3/2 state should quickly relax to the lowest 1S3/2 state. As
the annihilation of a 1P electron and a 1S hole is theoreti-
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cally forbidden the triexciton emission should not be de-
tected. We propose two mechanisms to explain the observa-
tion of the triexciton emission peak.

Firstly the e-h Coulombic interaction mixes the electron
and hole states19 and as a result alters the selection rules for
the electric dipole transition. The 1Pe-1Sh relaxation, previ-
ously forbidden, can therefore be allowed. Second, previous
calculations20 and two-photon excitation21 of CdSe QDs
show that the 1P3/2 hole state is positioned(within our ex-

perimental QD size range) approximately 15 meV higher
than the lowest 1S3/2 hole state. This energy spacing is less
than the thermal energy(25 meV at 300 K) so that the triex-
citon emission could occur through the thermal population of
the 1P3/2 hole state. Consistent with this prediction, cooling a
2.3 nm radius QD sample to 77 K results in a significant
decrease of the triexciton PL intensity.

The observation of ASE from the triexciton emission band
is surprising. Indeed, because of the high degeneracy of the
1Pe electronic state, one might not expect to observe ASE
from the 1P3/2-1Pe QD transition. We speculate that the e-h
exchange interaction, which plays an important role in the
strong confinement regime,22 partially lifts the degeneracy of
the 1Pe electronic state. The exchange interaction should lift
the degeneracy by splitting the 1Pe levels into different sub-
levels with spin 0, 1, 2 and 3. Furthermore, the observation
of ASE from the triexciton emission band is only possible if
the ASE build up time is shorter than the optical gain relax-
ation time,23 which is dominated by theNù3 e-h pairs
damping rate. The ASE build up time is related to the QD
loading fraction and the optical confinement factor of the
wave-guiding media. We therefore speculate that our inabil-
ity to observed ASE from the triexciton band for QDs with
radii smaller than 3.1 nm is due to their faster optical gain
relaxation. Increasing the QD loading fraction, the monodis-
persity of the QD sample and use of higher quality factor
microcavities should allow the observation of ASE from the
multiexcitonic band of QDs smaller than 3.1 nm in radius.

IV. CONCLUSION

In summary, using simple transient PL measurements, we
show that the multiexcitonic band observed on the blue side
of the band edge emission peak in CdSe nanocrystal QDs,
under high excitation power, originates from a triexciton re-
combination. The triexciton emission may be thermally as-
sisted and/or facilitated by e-h Coulombic interaction. Pos-
sible implications of this work include the generation of
highly correlated photon pairs or triplets from single CdSe
NCs, a transition from antibunching to bunching of photons
on a 100 ps or ns timescale and multistate lasing in QD
doped photonic devices.
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