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The spectroscopy and dynamics of multiple excitations on colloidal type-II CdTe/CdSe core-shell quantum
dots �QDs� are explored via quasi-cw multiexciton spectroscopy. The charge separation induced by the band
offset redshifts the exciton emission and increases the radiative lifetime. In addition, we observe a significant
modification of multiexciton properties compared with core-only or type-I QDs. In particular, the Auger
recombination lifetimes are significantly increased, up to a nanosecond time scale. While in type-I QDs the
Auger lifetime scales with the volume, we find for type-II QDs a scaling law that introduces a linear depen-
dence also on the radiative lifetime. We observe a blueshift of the biexciton emission and extract biexciton
repulsion of up to 30 meV in type-II QDs. This is assigned to the dominance of the Coulomb repulsion as the
positive and negative charges become spatially separated, which overwhelms the correlation binding term.
Higher electronic excited states can remain type I even when the lowest transition is already type II, resulting
in a different size dependence of the triexciton emission. Finally, we discuss the possibilities of “multiexciton
band gap engineering” using colloidal type-II QDs.
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I. INTRODUCTION

Dimensionality governs the electronic structure of semi-
conductors allowing for band-gap-engineered materials ex-
emplified in highly developed two-dimensional �2D� quan-
tum wells �QWs�, 1D wires, and 0D quantum dots �QDs�.1
The band alignment of the heterostructure is critical for de-
termining its properties where either enclosed �type-I� or
staggered �type-II� structures are possible. For several de-
cades, this has provided rich grounds for basic research on
optical and electronic properties as well as for the realization
of important practical optoelectronic devices from these
nanostructures. Multiexciton states in such systems reveal
many-body interactions and are also important for optical
gain applications.2,3 In the type-II structures formed from
QWs and epitaxial QDs the ability to engineer such multiex-
citon states is limited because of the relatively low energetic
barriers.4 Here we intend to show possibilities to control
multiexciton properties in colloidally grown QDs.

The vast majority of recent studies on multiexciton states
in colloidal nanocrystals3,5–7 focused on type-I nanocrystals,
where both charge carriers occupy the same volume. The
dynamics of multiexciton states in these QDs is dominated
by an ultrafast nonradiative decay via an Auger mechanism,
with typical size-dependent relaxation times ranging from
tens to hundreds of picoseconds. The Auger recombination
lifetime has been shown to scale with the nanocrystal volume
in these QDs for both CdSe and PbSe nanocrystals.8,9 This
scaling is in reasonable agreement with theoretical
predictions,10 although a comprehensive theory behind it is
still lacking. The rapid nonradiative recombination is a major
inhibiting factor in the achievement of efficient gain from
colloidal-based devices. Since the electronic ground state is
at least doubly degenerate, population inversion requires that
some of the QD population be multiply excited. This be-
comes more pronounced since the doubly excited �biexciton
�BX�� state is redshifted relative to the exciton �X� emission

due to a net binding energy between the two electron-hole
pairs.11–13 Auger recombination could also be a significant
hindrance in high-yield colloidal-based photovoltaic cells
utilizing the carrier multiplication effect, where a single pho-
ton generates more than one electron-hole pair,9,14 requiring
charge separation to occur faster than dissipation by Auger
recombination.

Auger relaxation times and binding energies in type-I
nanocrystals are relatively robust features. The main handle
on the Auger process is the QD size.8 The BX binding, how-
ever, only weakly depends on it.15,16,18,19 Morphology pre-
sents an alternative route to control the Auger process. Elon-
gated quantum rods have longer Auger lifetimes, particularly
for higher excited states,20 and possess improved optical gain
characteristics compared with spherical dots,7 also due to
smaller BX binding energies.19 Composition in core-shell
nanoparticles is yet another. Inverted type-I ZnSe/CdSe
core-shell nanocrystals, where charge carriers are localized
in the shell, show longer Auger lifetimes compared with
core-only QDs, in particular in the regime where the electron
is confined to the shell, while the hole is delocalized.21 While
this structure is in some aspects reminiscent of a type-II
structure, it is actually an intermediate between a type-I and
type-II structure. Therefore, in practice, neither of the above
described methods was shown to qualitatively alter BX prop-
erties.

Here we explore the use of recently introduced colloidal
type-II QDs22 as a means to increase the degree of control
over multiexcitonic properties in colloidal semiconductor
nanocrystals and consider the validity of the type-I scaling of
the multiexciton parameters for this system. Experimentally,
we observe an increase of the Auger recombination lifetime
in type-II QDs, well beyond the volume scaling of type-I
QDs. Moreover, by tuning the composition we can modify
the sign of the biexciton binding energy, inducing a repulsive
Coulomb-dominated interaction, rather than an attractive
correlation-dominated interaction between the electron-hole
pairs. This is accounted for by a modified scaling for this
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interaction. Due to the large energy gap between the ground
state and higher excited states, we can, unlike in QWs or
epitaxially grown QDs, independently control the properties
of higher excited states, which can be tuned to have either
type-I or type-II behavior, even when the ground state is
type-II.

II. MATERIALS AND METHODS

As a model system to study multiexcitonic states in
type-II QDs we chose CdTe/CdSe core-shell nanocrystals.
In these QDs, the hole is confined to the CdTe core, while the
electron is confined to the CdSe shell for a thickness of more
than �1 nm. These particles were recently introduced as a
means to obtain emission redshifted relative to the band gaps
of either of the two constituents22 and are appropriate for
bioimaging applications due to their near-infrared �NIR�
emission.23 The particles used in our study have a 3.9-nm
CdTe core, synthesized following the protocol of Ref. 24,
where the Cd:Te ratio was modified to 1:1. In a single-pot
approach, after preparing the cores, the core solution was
cooled to 150 °C and a CdSe shell was grown on it using a
1-M solution of Cd�Ac�2 ·H2O and Se in tributyl phosphine
diluted to 0.2 M in octadecene.22,25 Several aliquots, corre-
sponding to several shell thicknesses, were used for the mea-
surements.

We perform multiexciton experiments using the recently
introduced quasi-continuous-wave �qcw� excitation
method.19 In this method, an optical excitation pulse long
compared to the Auger lifetimes is used and the photon ab-
sorption rate is kept smaller than the relaxation rate to the
band edge. In this manner, each absorption event is practi-
cally independent of previous ones. The number of excitons
per QD is determined in this regime by a steady-state ladder
climbing process, where higher multiexcitonic states are se-
quentially generated upon increasing the excitation fluence.
The laser source used in our experiments is a frequency-
doubled Q-switched Nd:YAG laser providing 5-ns pulses at
10 Hz. Pulses were focused, at room temperature, to an area
of 5 mm2 in a cuvette containing a low optical density ��0.1
at the X peak� QD toluene solution. Fluorescence emission
was collected by a 0.5 numerical aperture lens and directed
through a monochromator onto a photomultiplier tube. The
signal was detected on a digital oscilloscope triggered by a
fast Si p-i-n photodiode. Transient emission spectra were
obtained by scanning the monochromator wavelength over
the entire emission spectral range.

Modeling of this system is performed using an effective
mass model,26 where the valence band offset is taken from
Ref. 27 and the ligands are assumed to have an offset of
3 eV. Calculations were performed for both the lowest S and
the lowest P states. Radiative lifetimes and Coulomb inter-
action energies were obtained following the procedures de-
scribed in Ref. 26.

III. RESULTS AND DISCUSSION

A. Basic photophysics of the CdTe/CdSe type-II QDs

Let us first discuss the optical properties of singly excited
type-II QDs. The QDs used in this study have a CdTe core

with a diameter of 3.9 nm and a CdSe shell of varying thick-
ness, up to 2.5 nm. The absorption spectra presented in Fig.
1 show, from bottom to top, the change in the absorption
edge with increasing shell thickness �consecutive traces are
shifted vertically for clarity�. Initially a redshift of the X
absorption is observed. The third aliquot, corresponding to a
shell thickness of 0.9 nm, already shows smearing of the X
absorption typical of a transition to type II. A transmission
electron microscope �TEM� image of this aliquot is shown in
the inset. Overall, the X emission shifts from 612 nm in the
CdTe core to 830 nm for a CdSe shell thickness of 2.5 nm.

An effective mass calculation for the system with a shell
thickness of 0.9 nm is shown in Fig. 2�a�. Indeed, it shows a
transition to type II; i.e., the S-electron wave function
�dashed line� starts to localize in the CdTe core, in good
agreement with the smearing of the absorption peak as
shown in Fig. 1. The spatial separation of the positive and
negative charges is clearly observed. Note that for this shell
thickness the lowest P-electron state is still delocalized. Cal-
culations indicate that it becomes localized in the shell only
for a shell thickness of about 1.5 nm.

Figure 2�b� shows the measured X emission lifetime,
which increases from 20 ns in the cores to 140 ns for a
2.5-nm shell. These values were deduced from time-resolved
emission traces, which show a small instantaneous compo-
nent and a single-exponential decay thereafter. The instanta-
neous component is attributed to QDs having a very low
quantum efficiency due to nonradiative decay routes, while
the exponentially decaying term is attributed to well-
passivated QDs. Since the latter are typically known to have
quantum efficiencies approaching unity,28,29 we believe the
measured slowly decaying component is mainly determined
by radiative decay. This is corroborated by the single-
exponential behavior. We also calculate, using the effective
mass model, the expected increase in the radiative lifetime

FIG. 1. Absorption spectra of colloidal CdTe/CdSe core-shell
nanoparticles with a 3.9-nm core and shell thicknesses of 0.2, 0.5,
0.9, 1.5, 2.15, and 2.5 nm �total diameter 4.3, 4.9, 5.7, 6.9, 8.2, and
8.9 nm, respectively�. Consecutive spectra are shifted vertically for
clarity. The inset shows a TEM image of nanoparticles with a 0.9-
nm shell. The bar length is 20 nm.
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by considering the change in the overlap integral ��dV�e�h�2
as a function of shell thickness. This is shown as a dashed
line in Fig. 2�b� and is in very good agreement with the
measured lifetime, further supporting the attribution of the
measured lifetime to a radiative process. Note that despite
the inaccuracy of the effective mass model in describing the
valence band, it should model quite accurately the overlap
term, since the overlap between the S-electron and hole wave
functions is mostly determined by the penetration of the elec-
tron wave function into the core. The hole wave function
decreases rapidly in the shell due to both the higher effective
mass and the larger valence band offset.

B. Scaling of the multiexciton Auger recombination lifetime
in type-II QDs

The dramatic effect of the transition to type II on the
radiative lifetime is expected to affect not just the linear
properties of QDs but also the Auger recombination process.
We now proceed to measure Auger recombination rates in
order to quantify this effect. Clearly, Auger recombination
lifetimes cannot be directly extracted from qcw measure-
ments, as all relevant lifetimes are significantly shorter than
the excitation pulse duration. We therefore measure the effect
of the photon absorption rate on the emission transients,
from which one can indirectly extract the Auger recombina-
tion rate. To differentiate between the BX emission and the X
emission, we take advantage of the fact that the BX emission
is instantaneous, whereas the X emission is delayed. For an
excitation fluence well above one photon per dot, all QDs
will be at least singly excited, so that the emission immedi-
ately after the excitation pulse should be proportional to the
QD density N, divided by the exciton radiative lifetime,
Idelayed=N /�X

rad. During the excitation pulse, however, there
are two components to the emission: Iinst=NX /�X

rad

+NBX /�BX
rad. Due to the higher number of carriers, �BX

rad is
shorter than �X

rad. At intermediate fluences, such that triexci-

tons �TX� are still not excited, NX+NBX=N so that the total
instantaneous emission is proportional to

Iinst � Idelayed�1 +
NBX

N
	 �X

rad − �BX
rad

�BX
rad 
� . �1�

Thus, the instantaneous emission contains a component
whose intensity is linearly dependent on the mean value of
NBX /N. Here we assume that the ratio of the radiative life-
times of the X and BX is independent of the shell thickness.
From available data on CdSe QDs, �X

rad�2�BX
rad,16,17 so that

the coefficient of proportionality in Eq. �1� is in fact very
close to unity. Since in this regime the mean fraction of BX
is simply the photon absorption rate multiplied by the Auger
recombination lifetime, NBX /N=�Auger

BX �Nph / tpulse� �where
tpulse is the excitation pulse duration and Nph is the average
number of photons absorbed per dot during the excitation
pulse�, �Auger

BX can �up to a constant of order unity� be ex-
tracted from

�Auger
BX = tpulse�d�Iinst/Idelayed�

dNph
�

Nph=0
. �2�

Turning to the experimental results, we show a typical
measured time trace, measured for QDs with a 0.9-nm shell
at the X emission peak �700 nm� and at a pulse energy of
600 �J in Fig. 3�a�. This trace is decomposed into an instan-
taneous component �dashed line� and a slowly decaying one
�dash-dotted line�, corresponding to a single exponential.
This is done by a least-squares fit over the two relative am-
plitudes and an overall time delay �which is typically less
than 0.5 ns, due to timing jitter of the triggering� using the
measured detector response for the instantaneous component
and its convolution with the measured X lifetime for the
slowly decaying one. In this case, the transient component is
predominantly due to emission from multiexcitonic states,
but contains a contribution from the X saturation and from
QDs with short �i.e., a few nanoseconds� lifetimes.

To obtain Auger lifetimes, we require exact knowledge of
the photon absorption rates. To translate the pulse energy to
an average number of photons per dot we measure the satu-
ration of the delayed emission component as a function of
pulse energy, as shown in Fig. 3�b�. The integrated intensity
in a time window of 5–75 ns after the excitation pulse is
then fitted to a curve of the form A�1−exp�E /E1��, where E1

is the energy required for an average of one photon per dot,
denoted by the vertical black line �25 �J in this case�. Using
this we now plot the ratio R= Iinst / Idelayed as a function of the
number of absorbed photons per dot �Fig. 3�c��. We initially
observe a linear increase of the transient BX population.
When the photon absorption rate equals the BX Auger re-
combination rate �i.e., tpulse /Nph=�BX

Auger, where tpulse is the
excitation pulse duration� the BX population saturates and
higher multiexcitonic states are observed. This saturation is
observed as a slower increase in R and indicates state filling
of the BX and excitation of TX. As discussed above, the
derivative at N=0 is proportional to the Auger recombination
lifetime.

Note that the above analysis is applicable as long as
�Auger

BX � tpulse, so that the Poissonian distribution of the num-

FIG. 2. �Color online� �a� Calculated radial electron �top� and
hole �bottom, inverted� probability distribution functions for both
the lowest S state �dashed line� and the lowest P state �dash-dotted
line� for a shell thickness of 0.9 nm. For clarity, wave functions are
shifted by the level energy �dashed and dash-dotted horizontal lines,
respectively�. �b� Measured X emission lifetime �� symbols� and
the effective mass model prediction �dashed line�, based on the
e-h overlap integral.
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ber of absorbed photons per dot is narrow. When �Auger
BX be-

comes comparable to the pulse duration this underestimates
the BX Auger relaxation time due to a contribution of the
more rapidly decaying TX to the emission transient even at
low intensities.

The Auger lifetimes extracted by this method for all shell
thicknesses are shown as a function of QD volume in Fig.
4�a�. Note that our results for the 3.9-nm CdTe core agree
well with time-resolved measurements of the Auger rate for
CdSe QDs of a similar size.8 Overall, we find that the Auger
lifetime increases much faster than the QD volume, signifi-
cantly deviating from a linear dependence �dashed line�. This
is in contrast to experimental observations on type-I QDs
�Ref. 8� and the prediction by Ivanov et al.21 for type-II dots.

We now look for a modification of the type-I scaling law
�Auger�V which will take into account the effects of charge
separation. We believe that the simple volume scaling fails in
type-II QDs since it does not take into account the reduced
overlap between the electron and hole wave functions. Intu-
itively, we can break the Auger process into two parts: a
recombination event and an energy transfer event. It is obvi-
ous that the probability of the recombination event should be
dramatically affected by the transition to type II. Since this
effect is also accounted for in the single-exciton radiative
lifetime, we propose a modified scaling �Auger�V�rad, which
takes into account the reduction in the recombination prob-
ability due to the charge separation. Note that this is a gen-

eralization of the type-I volume scaling, since in type-I QDs
the radiative lifetime only weakly depends on size.30 As can
be seen in Fig. 4�b�, a linear dependence �dashed line� on
V�rad �where �rad is approximated by the measured long X
decay component of Fig. 3�b�� fits well with the measured
data. As expected for the samples with a thicker shell, where
the Auger lifetime approaches the pulse duration and, hence,
the procedure for extraction of the Auger lifetime becomes
less valid, the data points lie below the linear curve. Overall,
we observe Auger recombination lifetimes of the order of
1 ns, significantly longer than those observed in any colloi-
dal system of similar size.

C. Multiexciton spectral shifts in type-II QDs

We now turn to observe the measured multiexciton emis-
sion spectra. It has been suggested that in type-II QDs the
energy shift of the BX relative to the X, �XX, might change
its sign from negative �binding� to positive �repulsion�.21,31

This was also predicted32 for epitaxially grown type-II QDs
and observed in epitaxially grown pyramidal Ge/Si QDs.33

The reason for this transition to repulsion is twofold: the
decrease in correlation energy as compared with type-I QDs
due to charge separation and the increase of the repulsive
perturbative contribution to the �XX due to the Coulomb in-
teraction of fixed single-particle orbitals.34

Multiexciton emission spectral locations are extracted by
fitting several transient emission spectra, measured at the
peak of the excitation pulse at several excitation energies.
Two examples of such series of spectra, at energies varying
from 40 �J to 6 mJ per pulse, are shown in Figs. 5�a� and
5�b�. Briefly, the X emission is obtained from the lowest-
energy data, where �1 photon is absorbed per dot. The set of
spectra measured at higher illumination intensities is fitted
using two additional peaks �each with an arbitrary spectral
location and spectral width�, accounting for BX and TX
emission. In Fig. 5�a� we plot spectra obtained for QDs with
a 0.9-nm shell. Little change is observed up to the highest
energies despite the significant multiexciton emission at

FIG. 3. �Color online� Methods for extraction of the Auger re-
combination lifetime, demonstrated on 3.9-nm CdTe core,
0.9-nm-thick CdSe shell nanoparticles. �a� Emission transient mea-
sured at the X peak �700 nm� at a 600 �J pulse energy �solid line�
and its decomposition into an instantaneous component �dashed
line� and a slowly decaying �35-ns� component �dash-dotted line�.
�b� Translation of pulse energies to average number of absorbed
photons by fitting the integrated delayed emission intensity �from
5 ns after the excitation pulse to 75 ns, plus signs� to a saturation
curve �dashed line�. The vertical line at �25 �J indicates the en-
ergy for absorption of one photon per dot. According to this, the
curve shown in �a� corresponds to about 25 absorbed photons per
dot. �c� The measured ratio of the instantaneous component and the
slowly decaying one as a function of the number of absorbed pho-
tons per dot �plus signs� along with a saturation curve �dashed line�.

FIG. 4. �Color online� The derivative of the measured ratio of
the instantaneous component and the slowly decaying one with re-
spect to the absorbed number of photons �left axis� and a corre-
sponding approximate BX Auger lifetime �right axis� as a function
of �a� QD volume �dashed line is a linear dependence, correspond-
ing to the type-I scaling� and �b� V�rad. This fits very well with a
linear dependence �dashed line�.
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higher energies. This is since the BX emission practically
lies on top of the X emission, already showing deviation
from type-I behavior, where a redshifted BX emission �with
a binding energy of the order of 30 meV� is observed. The
blueshifted shoulder appearing at the highest intensities is
due to the TX emission. In Fig. 5�b� we plot spectra obtained
for QDs with a 2.15-nm shell. In this case, a clear blueshift is
observed as soon as multiexciton states are generated. In
general, the fit results can vary by up to 2 nm depending on
the exact details of the fitting procedure �particularly the
choice of energies of the spectra used�, corresponding to a
maximal error of about 6 meV. The error may be somewhat
larger for the largest type-II dots, where, due to the red-
shifted emission, the detector responsivity falls significantly.
A detailed description of the fitting procedure appears
elsewhere.19

The measured �XX extracted from the qcw spectra �de-
noted by plus signs� is plotted in Fig. 6�a� as a function of
the shell thickness. We observe a transition to repulsion at
the same shell thickness where the exciton peak is smeared
in the absorption spectrum of Fig. 1�a� and in good agree-
ment with the prediction of the effective mass model for this
transition. The maximal blueshift we observe is �30 meV.
To model this effect, we consider the two extremities limit-
ing �XX. The dashed line is a numerical approximation to the
measured �XX �� symbols� in CdSe QDs of a similar diam-
eter. The dash-dotted line shows the Coulomb repulsion as
calculated from the effective mass model assuming fixed
single-particle wave functions. The solid line is a weighted
average between the two:

�XX = �XX
binding

core

dV��e�2 + �XX
repulsive

shell

dV��e�2, �3�

where �e is taken from the model, showing excellent agree-
ment with measurements.

We also examine the binding energies of higher multiex-
citonic states. In Fig. 6�b� the measured TX energy shifts are
compared with the calculated energy separation between the
1Se and 1Pe states in the single exciton regime. We compare
the results for CdSe QDs with those obtained for
CdTe/CdSe QDs. For the CdSe QDs we also plot the mea-
sured shift as obtained from photoluminescence excitation
experiments.35 As can be seen, the model overestimates the
shift for small dots but reproduces it quite well for larger
ones, which is, in our case, the region of interest. For the
CdSe QDs the measured TX emission �� symbols� is always
redshifted with respect to both the experimental and model
predictions �dash-dotted line and dashed line, respectively�,
indicating binding of the TX. The TX shift decreases with
QD size. For the CdTe/CdSe QDs we see that the measured
TX shift �plus signs� is practically independent of the shell
thickness for shells thicker than about 0.5 nm. For the largest
CdTe/CdSe QDs, the observed shift appears slightly larger
than in CdSe QDs of equal size, despite the fact that the
effective mass model predicts a smaller shift. The observed
shift rises above the model predictions �solid line� for a shell
thickness of 2.15 nm, indicating a transition to TX repulsion
of the order of 20 meV. Indeed, this transition occurs at
roughly a shell thickness of 1.5 nm, at which the 1Pe state
becomes localized in the shell in the effective mass model
calculation.

IV. CONCLUSIONS

The long Auger lifetimes observed in type-II QDs should
facilitate achievement of prolonged optical gain in colloidal

FIG. 5. Transient spectra measured at the peak of the excitation
pulse at increasing pulse energies �40, 150, 600, 1500, and
6000 �J� for �a� QDs with a 0.9-nm CdSe shell, just at the transi-
tion from type I to type II. No shift is observed in the first few
spectra, corresponding to nearly zero BX shift. �b� QDs with a
2.15-nm CdSe shell, already in the type-II regime. The blueshift
indicates a repulsive BX state.

FIG. 6. �Color online� Multiexciton shifts as a function of shell
thickness. �a� Measured �XX in CdTe/CdSe QDs �plus signs� and in
CdSe QDs of similar diameter �� symbols�. While type-I QDs
�CdSe� show binding; upon transition to type II a shift to repulsion
is observed. A theoretical prediction �solid line� for the type-II QDs
based on a weighted average between the measured binding energy
of type-I QDs �dashed line� and the model prediction for the repul-
sion energy �dash-dotted line� are also shown. �b� Measured TX
shift in CdTe/CdSe QDs �plus signs� and in CdSe QDs of similar
diameter �� symbols�, compared with the calculated 1Pe to 1Se

shift �solid line and dashed line, respectively�. The measured 1P to
1S shift for CdSe QDs �extrapolated from Ref. 35� is shown as a
dash-dotted black line.
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systems. We have shown a mechanism by which the Auger
recombination process can be significantly slowed down.
This comes, however, at a cost of reducing the oscillator
strength of the transition. The optimal trade-off between
these two effects is dependent on the gain settings. Broadly
speaking, lasing from QDs with larger Auger lifetimes can be
achieved by raising the cavity quality factors. The reduced
Auger recombination can also mitigate thermal effects due to
Auger heating of the gain medium.

Following the newly discovered scaling �Auger�V�rad, we
expect type-II structures with a larger conduction band off-
set, such as ZnTe/CdSe QDs, should have even longer Au-
ger lifetimes. We also expect a larger biexciton blueshift in
this system due to both the tighter confinement of the elec-
trons and due to the reduced dielectric constant of ZnTe.
While it should be possible to further increase Auger life-
times in this material system, we see no practical utility in
increasing Auger lifetimes beyond several nanoseconds,
where other nonradiative decay channels may become sig-
nificant. In general, varying material composition, sizes, and
shapes should enable a high degree of controllability over the
multiexciton optical properties of such type-II structures.

A positive value of �XX may also open a route towards
achievement of optical gain in the single-exciton regime.21 In
an inhomogeneously broadened ensemble where �XX�0 ab-
sorption by the redshifted BX state inhibits gain for all fre-
quencies �setting the inversion threshold at exactly one exci-
ton per dot�. In contrast, in a system where �XX	0, no BX
absorption inhibits the gain for the reddest QDs in the en-
semble, setting the inversion threshold at less than one exci-
ton per dot. In practice, there are several limitations towards

the achievement of gain in this regime. For the particles pres-
ently used, the BX blueshift, of up to 30 meV, is relatively
small compared with the emission full width at half maxi-
mum �FWHM� of about 170 meV. Moreover, gain in the
single-exciton regime requires high quantum yields, more
than the 20% yield reported for CdTe/CdSe/ZnTe QDs.22

In conclusion, we have shown that the properties of mul-
tiexciton states in type-II nanocrystals differ from those in
their type-I counterparts and may differ in many aspects
from type-II QW’s and epitaxially grown QDs. From a prac-
tical point of view, the increased Auger lifetime and the blue-
shifted multiexciton emission in type-II QDs could improve
the performance of optically pumped gain devices. In cases
where carrier multiplication could be harnessed for photovol-
taics, leading to the creation of multiexciton states, the large
Auger lifetime of the type-II system could also be beneficial.
Fundamentally, they can aid in elucidating the role of
electron-hole interaction36 in the ultrafast dynamics of relax-
ation of charge carriers to the band edge by utilizing the
reduced overlap of the electron and the hole. Overall, type-II
QDs offer a rich testbed for theoretical modeling of multi-
particle interactions in QDs.
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