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Spatial localization to a defect or a dopant of one of the charge carriers comprising an exciton, has a
significant effect on the optical properties of bulk semiconductors. It is not clear, however, how these effects
would change when considering semiconductor nanocrystals in the strong confinement regime. As we show
here, under strong confinement, doping has a dramatic effect on the energetics of multiply excited states, which
exhibit a strong size dependence. This is experimentally shown by performing multiexciton spectroscopy of
CdSe/CdS and ZnSe/CdS colloidal quantum dot �QD� heterostructures, whose cores are nucleation-doped with
few atoms of tellurium, leading to localization of the holes. The biexciton �BX� is shown to be strongly
blueshifted relative to the bound exciton, in stark contrast with the corresponding undoped nanocrystals ex-
hibiting a BX redshift. The energetics of the BX is shown to be determined mostly by the energy difference
between the dopant state and the valence-band edge while the emission color is mostly determined by quantum
confinement in the conduction band. By tailoring the nanocrystal’s structure we can thus independently control
the emission color, the radiative decay rate and the BX repulsion. QD heterostructures harboring bound
excitons are therefore excellent candidates for colloidal-based gain devices required to operate in the single
exciton gain regime.
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A bound exciton �X� is formed in a semiconductor when
one of the charges, either the electron or the hole, is spatially
localized to a dopant or a defect.1 Bound excitons have been
extensively studied in bulk semiconductors since they fre-
quently appear in the emission and absorption spectra of bulk
crystals. Impurities or dopant centers exist in semiconductors
either in cases where the crystal is considered to be “pure”
�meaning low-impurity concentration2–4�, or are inserted de-
liberately for enhanced emission �see, for example, Refs.
5–8, for the work done on tellurium-doped CdS and ZnS�.
Since the electrical and chemical nature of such impurity
centers are mostly unknown, much of the effort has been
invested in trying to determine whether the excitons are elec-
trically bound to a neutral dopant center or to a charged
donor or acceptor, as well as providing chemical and geo-
metrical characterization. Bound exciton luminescence is
also observed from indirect-gap semiconductors such as sili-
con or GaP,9–12 where optical transitions are possible only
because the doping atoms break the translational symmetry
of the crystal. In direct gap materials, excitons bound to im-
purities can create energy defect states within the gap which
cause a Stokes shift of the emission. This work focuses on
one of the most studied such systems: that of II-VI semicon-
ductors �such as CdS,5 ZnS,8 or ZnSe �Ref. 15�� which are
isovalently doped by tellurium. In these materials and their
corresponding alloys, the optical properties of the tellurium
defects have been shown to be strongly dependent on the
number of clustered tellurium atoms comprising it. Where in
ZnS a single tellurium atom is sufficient to create large bind-
ing energies14 �several 100 meV�, in ZnSe tellurium doublets
are necessary for bound excitons �with 100 meV binding
energy� to appear.13

It is interesting to consider the analogy between bulk
bound excitons and bound excitons in quantum dots �QDs� in
the strong confinement regime. One clear consequence of
quantum confinement is an energetic shift of the band edge.
Thus, dopants are expected to localize charge carriers in QDs

more easily than in the bulk case. It should be considered,
however, that even in undoped QDs, both charge carriers are
essentially localized to the nanocrystal, so the very meaning
of a bound exciton requires some reformulation. Since the
total number of atoms in one colloidal QD is very small
compared to bulk materials �ranging between several hun-
dreds to few thousands�, a QD is doped when only a few of
the host atoms are replaced by dopant ones. Thus, upon a
weak optical excitation, either the electron or hole or both
are inevitably localized to a dopant site. In practice the dop-
ant can be incorporated either via nucleation doping �that is,
the host nanocrystal growth is initiated by a small cluster of
dopant atoms�, or via growth doping �whereby dopant atoms
are incorporated into the nanocrystal during the growth
phase�. While the former results in a single dopant nucleus �a
cluster of a few atoms�, in the latter, dopant atoms are not all
localized to adjacent lattice sites.16 Some recent examples of
successful doping of II-VI colloidal nanocrystals include
Mn-doped ZnSe,17,18 and Cu-doped ZnSe,16 �for a complete
review see Ref. 19�. Under a weak optical excitation, doped
colloidal QDs exhibit rather similar optical behavior to
doped bulk semiconductors, in particular a redshifted emis-
sion wavelength relative to the QD band edge, and modified
radiative decay dynamics. In cases where only one charge
carrier is localized to the dopant, such as ZnSe:Cu QDs,16 the
emission color is also size dependent due to the quantum
confinement energy of the delocalized carrier.

Since defect states in colloidal QDs are not spatially re-
solved as in dilute bulk samples, differentiating between the
presence of a single dopant site and multiple dopant sites
from simple optical measurements is an extremely difficult
task. However, charge localization does have a strong effect
on the X-X interaction energies in quantum confined systems
�the terms X-X and biexciton �BX� are used to describe two
excitons excited in the same dot�. The nature of the X-X
interaction depends on the band alignment of QD hetero-
structures. In Type I QDs both charge carriers are localized
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either to the core or to the shell, resulting in a negative �bind-
ing� X-X interaction energy.20 In type II core-shell QD het-
erostructures, one charge carrier is localized to the core and
the other is either delocalized �quasitype-II�, or localized to
the shell. As a result, in colloidal QDs the X-X interaction
can be tuned from attractive to repulsive,21,22 by varying the
relative thickness of the core and shell layers. Recently we
have shown23 that nucleation-doped CdSe:Te nanocrystals
also exhibit a large BX repulsion of up to 300 meV. How-
ever, unlike type II QDs the X-X interaction energy in Cd-
Se:Te QDs decreases with size. This behavior suggests a dif-
ferent regime of the X-X interaction. Such systems,
exhibiting strong X-X interactions are of great interest, par-
ticularly in the context of optical amplification, where optical
gain in the single exciton regime is desired.24,25

In the following study we investigate X-X interactions of
bound excitons in two different heterostructures with
nucleation-doped cores: CdSe:Te/CdS QDs and ZnSe:Te/
CdS QDs. We show that in both cases, nucleation doping of
tellurium indeed results in a strong repulsive X-X interac-
tion. We directly compare the X-X interaction in both the
doped and undoped QDs and clearly show that this behavior
is solely due to the presence of tellurium dopant atoms. We
thus generalize the results presented in Ref. 23, and claim
that doped QDs form a unique class of QDs, different from
type I and type II systems. In contrast to type I and type II
systems, excitons in nucleation-doped QDs are bound, and as
a result they strongly repel each other with energies that
scale with the Stokes shift of the emission. The results are
qualitatively explained by an effective mass model whereby
an isolated defect state within the QD is taken into account
by a potential well with a fixed radius. Finally, implications
on the design of high-quantum-yield QDs for optical gain
applications are considered.

The band diagrams for the experimentally studied systems
are shown schematically in Fig. 1, and plotted in such a way
that the tellurium energy level is the same in all three dia-
grams. In the first part of this paper we examine the effect of
a CdS shell growth on CdSe:Te QDs. Growth of a CdS shell

enables us to separately control the effect of the valence and
conduction band on the X-X interaction energy. While the
electron extends over the entire CdSe:Te/CdS QD, the CdS
shell localizes the hole in the doped CdSe core. In the second
part of the paper we show the generality of the doped regime
by introducing a new system, ZnSe:Te/CdS, which has a type
II band alignment. This system shows a very similar behav-
ior to that of CdSe:Te/CdS despite the different material
composition.

We excite a dilute QD solution with a Q-switched 355
system that produces 5 ns pulses at 10 Hz. The QDs fluores-
cence is collected using a high numerical aperture lens, spec-
trally filtered by a monochromator, and detected with a fast
photo multiplier tube and a digital oscilloscope. Figure 2
shows the procedure used to extract the X-X interaction
term. In the figure we show a decay curve taken at a high
photon fluence, at the peak of the BX emission �2.1 eV in
Fig. 2�b��. Because of the short Auger lifetime associated
with the BX decay in QDs in the strong confinement regime,
the exciton and BX decays are completely separated in time.
The decay is split between a fast decay with the system re-
sponse time constant ��10 ns�, and a long exponential tail
of about �100 ns �fitted to the data�. Following the analysis
presented in Ref. 21, we found an Auger lifetime which is
roughly 10–100 ps. Such a short lifetime cannot arise from
modification of the exciton radiative rate due to, for example,
band bending.

The relative amplitudes of the two components are then
plotted to obtain their spectrum.20,21 Figure 3�a� shows the
previously published data23 of X-X repulsion of CdSe:Te
�blue diamonds�, and on top the results obtained by growing
a new CdSe:Te core �left red triangle�, and over coating it
with a CdS layer �other two red triangles�. The CdS shell
growth results in a redshift of the emission due to electron
delocalization into the CdS shell. The X-X repulsion energy
is, however, significantly larger than in the core only case,
despite the fact that the CdSe:Te/CdS QDs are actually larger
than their CdSe:Te counterparts emitting at the same wave-
length. Up to an emission wavelength of 640 nm the blue-
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FIG. 1. The Energy diagrams for type I configuration CdSe:Te,
quasitype II CdSe:Te/CdS, and type II ZnSe:Te/CdS are shown. The
ground-state energy for the electron and hole in each structure is
plotted by a dashed line, along with the tellurium defect state,
which is at the same energetic position for all three configurations.
Note that due to the confinement effect of the CdS, the hole ground
state of the CdSe:Te QDs is higher than for the CdSe:Te/CdS QDs.
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FIG. 2. �Color online� X and BX decomposition procedure.
Here we used a CdSe:Te/CdS sample with a core with emission
centered around 570 nm. Several monolayers of CdS where grown
and the emission of the final sample is at 640 nm �1.9 meV as can
be seen in b�. The spectrum is taken at a power which is high
enough to show BXs but still low enough to prevent the appearance
of triexcitons. �a� Transient taken at �8 ph /dot / pulse. The long
exponential tail �dashed black� splits the fast and slow amplitudes
which are then plotted as a function of the photon energy. �b� The
amplitude of the slow �green pluses� and fast �black �-marks� are
plotted, along with their sum shown in red dots.
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shift �repulsive X-X interaction� is indeed high �between
100–150 meV�, where above 640 nm it drops to around 50
meV. In order to provide a deeper understanding of the re-
sults presented above, we propose an effective mass three-
dimensional toy model which treats the tellurium defect state
by considering a deep hole trap potential within the CdSe
host, supporting a single hole bound state. The trap has a
fixed width �rtrap=0.25 nm, which matches the approximate
size expected from a core of a few tellurium atoms�, and
depth of 3.3 eV, which is fixed to fit the X-X interaction data.
Formally, our model is described by an effective mass
Hamiltonian of two noninteracting electrons and two nonin-
teracting holes, which are coupled by a Coulomb interaction
term Vc added to each one of them. The Coulomb interaction
term is given by

Vc�r� = �
−�

r Q�r��
�r�2 dr�, �1�

where � is the bulk dielectric const, Q�R� is the total charge
contained in a region of radius R. The total charge Q is
related to the electron and hole wave functions by Gauss’s
law,

Q�r�� = �
0

r�
e���e�2 − ��h�2�d3x . �2�

Here �e and �h are the wave functions of the electron
and hole, respectively, which solve the total Hamiltonian,
and e is the electron charge. The total Hamiltonian is given
by

�−
1

2me,h
	2

r
�r + �r

2
 + Ve,h�r� � V�r���e,h = Ee,h�e,h,

�3�

where Ve,h is the confining potential of the semiconductor,
me,h is the effective mass of the electron/hole in the bulk, and
the minus and plus signs are for electrons and holes, respec-
tively. Since we are looking for the ground-state solution, we
only consider the spherical part of the effective mass Hamil-
tonian with no angular dependence. Equation �3� presents a
system of two coupled nonlinear equations which are solved

iteratively and self-consistently until convergence of the ei-
genvalues is achieved. Denoting by Ee,h

o the solution without
the interaction potential V�r�, the X-X interaction term is
then defined by

Exx = �Ee
o + Eh

o − Eeh
o � − �Ee + Eh − Eeh� , �4�

where Eeh is the electron-hole Coulomb attraction term cal-
culated following Ref. 26. The blue dotted lines in Fig. 3�b�
show the results for CdSe without a CdS shell. Although the
effective mass model is a crude approximation, it qualita-
tively recovers the trend of the X-X interaction energy,
which decreases with the size of the dot. Figure 4�a� sketches
the energy levels of the hole, with �dashed blue� and without
�dashed black� the interaction potential. Since the interaction
is repulsive for the hole, the solution �hole energy level�
converges to a level closer to the band edge, reducing the
X-X interaction term. In the space domain, this results in a
wider wave function only for the hole �see Fig. 4�b�� while
the electron wave function is hardly affected by the interac-
tion.

We also examined the results of our model for the case of
the core-doped CdSe:Te/CdS heterostructure �red line�. In
this case the confinement of the hole is maintained because
of the large offset between the CdS and the CdSe valence
bands but the electron is relatively delocalized. This leads to
an increased X-X repulsion for QDs with a thick CdS shell,
similar to the case of type II QDs. While the experimental
results show an increased repulsion for QDs with a thick
CdS shell �relative to the CdSe QDs emitting at the same
color�, the X-X interaction energy still decreases with size.
Note also that the maximum emission wavelength of the
doped CdSe/CdS QDs in the model is 640 nm while the
experimental value is as high as 650 nm or more. This sug-
gests that alloying between the CdSe and CdS layers may
have occurred. Such chemical modifications and in particular
dopant diffusion which results in a weaker binding potential,
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FIG. 3. �Color online� X-X interaction energies for the CdSe:Te
QDs with an over grown shell of CdS. The blue dots are of core
only QDs. The first red dot �emission at 570 nm� is a core only QD
which was over coated with CdS shell �other two red dots�. �b�
Effective mass calculation for the doped core and core/shell QDs.
The results for the core only CdSe:Te are shown in dashed blue, and
the red line is for the CdSe:Te/CdS core shell QDs.
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FIG. 4. �Color online� Comparison between the energies and the
wave functions of electrons and holes with and without the interac-
tion potential. The integrated modulus of all the wave functions
equals unity �normalized units�. a� As a result of the interaction
term the hole energy level originally in the gap, is pushed down
toward the band edge. �b� In the space domain the hole wave func-
tion with the interaction potential �dashed blue� is wider than the
hole wave function without the interaction potential �dashed black�.
The electron wave function is hardly changed by the interaction
potential.
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might also explain the disagreement between the measure-
ment and the calculation since diffusion of tellurium atoms
from the core results in a reduced binding potential for the
holes.15

Next we would like to show that the behavior we observe
in doped CdSe/CdS QDs is more general and is applicable to
other materials as well. Thus, we extend this idea to type II
ZnSe/CdS QDs. We developed a synthetic route for produc-
ing ZnSe:Te cores, in which we use known methods with
slight modifications.27 These are then overcoated by a CdS
shell. Our synthesis produces spherical shaped and very
bright core/shell QDs with a high ��50%� quantum yield
�see transmission electron microscope �TEM� images in Fig.
5�. Detailed description of the synthesis can be found in the
supporting information. In addition, a reference undoped sys-
tem of ZnSe/CdS QDs was also synthesized for direct com-
parison.

In Fig. 5 we show the absorption spectra of regular QDs
ZnSe/CdS �Fig. 5�a�� and of the ZnSe:Te/CdS QDs �Fig.
5�b��, taken with a UV-Visible spectrophotometer. The core
sizes in both cases are the same �absorption peak at 370, not
shown�, and the evolution of the absorption spectrum during
the CdS growth is very similar. However, the emission of the
doped particles seems red shifted �Fig. 6�b�� and much
broader, which is very similar to the emission pattern ob-
tained for CdSe:Te �see Refs. 23 and 28�. Since the size
distribution of the doped and undoped ZnSe/CdS QDs is
approximately the same �see Fig. 5�, the broad emission pro-
file of the doped particles is not the result of a broad size
distribution. However, small changes in the number of Tel-

lurium atoms incorporated in each dot can shift the emission
peak wavelengths. We believe that like in the case of Cd-
Se:Te, the redshifted emission here results from a hole trap
state inside the ZnSe gap, and its broadening is the result of
the tellurium atom number distribution.

Because of the asymmetry in the emission profile of the
ZnSe:Te/CdS QDs, we define the Stokes shift as the distance
between the first absorption maximum and the emission cen-
troid. The Stokes shift of the ZnSe/CdS �red circles� and the
ZnSe:Te/CdS �blue diamonds� QDs is directly compared in
Fig. 6�a� as a function of the absorption wavelength, where
we also show the Stokes shift of ZnSe:Te/CdS QDs made
from a smaller core �absorption 355 nm shown in green tri-
angles�. We find that the Stokes shift is substantially higher
�about 150 meV� for the ZnSe:Te/CdS, which is a clear sign
of tellurium related emission.23,28 We also find that for a
smaller ZnSe:Te core, the Stokes shift is slightly higher. This
is consistent with an energy trap state located deeper inside
the host energy gap, attributed to the larger valence-band
confinement energy. In addition to a larger Stokes shift, we
also measured an exciton lifetime three times longer for the
doped QDs ��60–80 ns�, and even longer lifetimes
��80–100 ns� for ZnSe:Te/CdS QDs made from a smaller
core �see supporting info�. The above measurements show
the same qualitative behavior that was observed for CdSe:Te
QDs, from which we infer that the majority of our dots con-
tain tellurium atoms. However, the exact number distribution
of the tellurium atoms incorporated into the dots and their
specific geometry is unknown and requires further study.
Such a mechanism of hole trapping which shows resem-
blance to the CdSe:Te QDs, suggests that a strong X-X re-
pulsion should be revealed in our measurements.

In Fig. 7�a� we plot the X-X interaction energy as a func-
tion of the emission wavelength, where negative values stand
for binding X-X interaction. In red circles and blue diamonds
we show the results for ZnSe/CdS and ZnSe:Te/CdS, respec-
tively, for which the initial core size is the same. The doped
particles show X-X repulsion energies whereas the ZnSe/
CdS QDs show binding. Such binding energies are unex-
pected for a type II system, and possibly indicate the exis-
tence of an alloyed layer of CdSe in the ZnSe-CdS interface,
somewhat localizing both electrons and holes. Moreover, it
appears that the X-X interaction in the ZnSe:Te/CdS particles
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FIG. 5. Absorption spectra taken during the synthesis of �a�
undoped ZnSe/CdS QDs and �b� ZnSe:Te/CdS QDs. The spectra at
different times are shifted upwards for clarity. Above each plot we
show TEM images that correspond to the final stages of the growth
procedure.
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FIG. 6. �Color online� �a� Stokes shift as a function of the ab-
sorption wavelength for the ZnSe/CdS �red circles� QDs, ZnSe:Te/
CdS �blue diamonds� QDs, and for ZnSe:Te/CdS QDs �green tri-
angles� made from a smaller ZnSe:Te core. �b� Absorption and
emission of the ZnSe/CdS QDs �blue line�, and of the ZnSe:Te/CdS
QDs �black dashed line�. Note the smaller overlap between the
absorption and emission spectra of the doped particles.
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depends on the thickness of the CdS shell, where it is clear
that for the ZnSe/CdS QDs it is almost constant. The dots
with the smaller core �green triangles in Figs. 7�a� and 7�b��
show the same behavior only with a larger X-X repulsion
that reaches a value as large as 130 meV across a broad
tuning range, a task which is unachievable with undoped
QDs.29 This is consistent with our understanding as de-
scribed above. A smaller core suggests that the tellurium de-
fect state is located deeper in the gap and induces a larger
spatial confinement to the hole. This leads to a larger Cou-
lomb repulsion between the two holes upon a double excita-
tion.

Measurements of the X-X interaction energy in the core
only particles in both the doped and undoped cases �ZnSe
and ZnSe:Te� were impossible due to their low-quantum
yield. However, since smaller cores exhibit stronger interac-
tions, it is likely that the X-X interaction energy dependence
on size in these dots obey the same trend as in the CdSe:Te
QDs. More insight into the problem is obtained by consider-
ing the X-X interaction energy as a function of the emission
Stokes shift. Since a deeper defect induces a larger repulsion,
we expect the interaction energy to increase as a function of
the Stokes shift. In Fig. 7�b� we plot the X-X repulsion en-
ergy as a function of the Stokes shift, for the ZnSe/CdS QDs
�red circles�, the core size compatible ZnSe:Te/CdS QDs
�blue diamonds�, and for the smaller core doped particles
�green triangles�. The difference between the doped and un-
doped QDs is obvious. Indeed, the X-X interaction energy of
the ZnSe:Te/CdS QDs has a linear dependence on the Stokes
shift whereas the X-X interaction energy of the ZnSe/CdS
�red circles� QDs does not depend on the Stokes shift at all.
These findings confirm the existence of a doped regime in
which the X-X interaction is primarily set by the degree of
hole localization, and thus directly proportional to the Stokes
shifted emission. This is in contrast to the type II regime
where the X-X interaction is determined by electron/hole
charge separation.

To conclude, we performed quasi-continuous-wave spec-

troscopy on colloidal CdSe:Te/CdS and ZnSe:Te/CdS QDs.
We showed the generality of a doped regime in which the
X-X interactions are repulsive and are dominated by the spa-
tial localization of the holes on the defect state, and scale
with the emission Stokes shifted spectrum of the dot. A
simple description of this regime is facilitated by considering
the following: Two holes cannot be localized to the defect
due to a strong Coulomb repulsion. On the other hand, from
studies of type-I QDs,20 it is known that the X-X interaction
is attractive if the two holes become completely delocalized.
Hence, the BX state lies between the �constant� energetic
position of the defect and the first delocalized hole state,
whose energy decreases with size. This leads therefore to a
weaker repulsion at larger sizes.

In the case of CdSe:Te/CdS QDs, we have found that the
CdS shell indeed increases the X-X interaction energies com-
pared to CdSe:Te cores with the same emission wavelength.
This provides tunability over part of the visible
��550–640 nm� with X-X interaction energies ranging be-
tween 200–100 meV. For ZnSe:Te/CdS, we showed that it
reveals the same qualitative behavior as the CdSe system.
Namely, a larger Stokes shift, broader emission spectra,
longer lifetimes, and most importantly, a repulsive X-X in-
teraction above 100 meV in dots with emission between
500–550 nm. We believe that the results presented here are
general. In particular they do not depend on the specific ma-
terial composition and band alignment of doped QDs with a
single defect state, as is readily achieved by nucleation dop-
ing. The Stokes shift and the X-X interaction energy are
closely linked, and to our understanding both originate from
a deep hole trap in the gap of the host. Such a regime is
unique and is completely different from type-I and type-II
heterostructures, opening new possibilities of band gap engi-
neering of quantum confined systems. We have achieved a
relatively large X-X repulsion of over 100 meV over a large
part of the visible range, which is desirable in the context of
gain applications. We believe these ideas can be readily ex-
tended to systems which emit in the near-infrared spectral
range, and that stronger repulsion can be obtained by using
different dopants inducing states deeper within the host gap.
In this context, ZnSe:Cu and CdSe:Cu QDs, as well as Pb-
Se:Te and PbS:Te seem to be promising candidates.

We would like to thank Stella Itzhakov for quantum yield
measurements and Ronit Popovitz-Biro for her help with
TEM imaging. This research was supported by the Israeli
ministry of science culture and sport, by the ministry of re-
search of Korea and by the Minerva foundation, with fund-
ing from the Federal German ministry of education and re-
search. Transmission electron microscopy studies were
conducted at the Irving and Cherna Moskowitz Center for
Nano and Bio-Nano Imaging at the Weizmann Institute of
Science.
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FIG. 7. �Color online� �a� X-X energies of the ZnSe/CdS QDs
�red circles�, ZnSe:Te/CdS made from a core with the same size as
that of the undoped QDs �blue diamonds�, and ZnSe:Te/CdS made
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action energies as in �a� plotted against the Stokes shift.
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