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The assessment of the presence and the origin of an intrinsic internal electric field in novel colloidal
CdSe/CdS nanoheterostructures is of fundamental importance in order to understand their optical properties,
due to both their impact on the basic research fields, and their potential in technological applications. To this
aim, a deep study of the carrier dynamics in spherical �quantum dots� and rod-shaped �nanorods� colloidal
seeded grown CdSe/CdS nanocrystals via time-resolved photoluminescence spectroscopy has been carried out
in this report. A transient, power-dependent redshift of the spectra is observed. An optical nonlinearity is also
found by continuous-wave photoluminescence measurements on ensemble and single nanostructures, which is
attributed to a photoinduced screening of an internal field. This internal field could originate from the intrinsic
piezoelectric polarization, which is a typical effect in strained heterostructures with a lattice mismatch greater
than 3.9%. Our theoretical calculations support the experimental results.

DOI: 10.1103/PhysRevB.78.195313 PACS number�s�: 73.21.La, 78.67.Hc, 77.65.Ly, 78.47.Cd

I. INTRODUCTION

In the last few years, novel colloidal synthesis techniques
have allowed nanocrystals �NCs� of different sizes and
shapes to grow.1,2 Due to their peculiar optical properties,
colloidal NCs show increasing potential as active compo-
nents in several types of devices, such as lasers,3 photovol-
taic cells,4 and light emitting diodes.5 Besides spherical-
shaped quantum dots �QDs�, other materials with more
exotic shapes and compositions have been fabricated and
studied optically.2,6,7 One of the most intriguing nanostruc-
tures is based on the growth of a CdS rodlike shell onto a
spherical CdSe QD.8–10 Previous studies11,12 show that in
such a system carriers might experience different types of
localization, since the hole remains confined inside the CdSe
dot, whereas the electron is completely delocalized through-
out the CdS nanorod. However, more recent optical studies
on such core/shell dot/rod NCs �Ref. 9� have showed high
photoluminescence quantum yield �PLQY� and radiative re-
combination occurring in the core despite carriers being gen-
erated mainly in the shell. This idea that both the electron
and the hole are confined in the CdSe core has been very
recently confirmed by scanning tunneling spectroscopy
measurements.13 Single rod experiments have revealed a
Stark shift induced by a fluctuating charge on the CdS
surface,14 whereas time-resolved �TR� measurements have
demonstrated the viability for exciton storage in such
heterostructures.15

To exploit the full potential of these new nanomaterials, a
deeper knowledge of their properties is however required.
Among the peculiarities of such nanostructures there is, for
instance, the possible existence of an internal field that may
affect their electrical and optical properties by means of a
Stark shift of the excitonic transitions. Several experiments
have studied the permanent dipole moment in colloidal QDs
and nanorods �NRs� with both wurtzite and zinc-blende
structures.16–20 The well established existence of the perma-

nent ground-state dipole moment along the
c-crystallographic axis in CdSe wurtzite NRs �Ref. 17� and
QDs �Ref. 19� relies on the crystallographic deviation from
the ideal wurtzite structure and it has been found to scale
with the nanostructure volume.17 On the other hand, a per-
manent dipole moment in zinc-blende nanostructures is at-
tributed to the existence of a surface charge distribution.18

The surface charge density found by Krishnan et al.20 should
not be present in our rods because the rod long axis is
aligned with the c-crystallographic axis.8–10

When heterostructures are considered, a further contribu-
tion should be taken into account, which generates an inter-
nal field, namely, the piezoelectric polarization induced by
both the high piezoelectric constants and the elastic strain
due to the lattice mismatch �greater than 3.9%� between the
materials constituting the heterostructures.21–23 Many studies
of the internal piezoelectric field have been carried out on
GaN-based nanomaterials, typically QDs �Refs. 24 and 25�
and quantum wells �QWs�,26–30 on self-assembled InAs
QDs,31 CdSe/CdS systems,22 and ZnO-based QWs.32

Continuous-wave �CW� and time-resolved photolumines-
cence �TRPL� studies of nanostructures having an internal
electric field generally show a blueshift of the spectra upon
increasing carrier generation rates. In particular, time-
resolved measurements have shown a dynamical redshift of
the photoluminescence �PL� spectrum in the multiexciton
generation regime due to a photoinduced descreening of the
internal electric field. So far, however, there has been no
evidence of such charge-carrier screening in colloidal nano-
structures.

In this paper we show the existence of an internal field in
nanosized colloidal CdSe/CdS heterostructures �both spheri-
cal and asymmetric dot/rod core/shell structures� by perform-
ing TRPL measurements at the picosecond time scale and
continuous-wave PL, both on ensemble and single nano-
structures, as a function of the excitation power. The experi-
mental results have been interpreted using results from
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effective-mass calculations. We analyzed the contributions of
the spontaneous and piezoelectric polarization and attribute
the observed nonlinear effect to the piezoelectric polarization
induced at the core/shell interface.

II. MATERIALS AND EXPERIMENTAL SETUP

CdSe/CdS NRs �Fig. 1�b�� �core diameter of 4 nm, rod
length of 50 nm� and QDs �Fig. 1�c�� �with the same core
diameter and total diameter of about 20 nm� were prepared
following the method described by Carbone et al.9 The ef-
fective dimensions of nanoparticles were estimated by trans-
mission electron microscopy �TEM� analysis.

Single NR spectra were recorded at room temperature by
means of a confocal microscopy system �FV-1000 Olympus�
in epilayer configuration. The NRs were deposited by drop
casting a highly diluted toluene solution �in a nanomolar
concentration range� on a cover glass slide. On the slide, the
average inter-dot/rod distance was in the order of several
microns �see Fig. 2�a�� which allowed for reproducible mea-
surements at single nanoparticle level with submicrometer

resolution �about 200 nm�. The PL emission was dispersed
by a monochromator �0.32 m focal length� and detected by a
Si-charge coupled device �CCD� camera. The rods were ex-
cited by a diode laser �405 nm� passed through an objective
lens �60, oil immersion, with numerical aperture �NA�
=1.4. The laser power was varied from 1% to 20% of the
maximum available power �1 mW�, corresponding to an ex-
citation power of 10 and 200 �W, respectively. We estimate
the average number of electron-hole pairs excited per rod as
N=�p�ab, where �p is the photon fluence and �ab is the
absorption cross section of the rod. �ab is expressed as �ab
=V�0�f �2, where V is the volume of the rod, �0 represents the
absorption coefficient of the CdS bulk �at 3 eV�, and �f �2 is a
coefficient accounting for local-field effects.33 By fixing �0
=8.5�104 cm−1 to the CdS bulk value34 and �f �2=0.55 �see
Ref. 33 for details on calculations and Ref. 35 for the param-
eter values� we found �ab=12�10−14 cm−2. Considering
that the rod PL typically decays in 11 ns, a laser spot diam-
eter of 200 nm and an excitation power of 10 �W give a
number of about 0.9 electron-hole pairs per excitation, cor-
responding to a single exciton generation regime, whereas
for higher excitation powers �up to 200 �W� multiexciton
generation is expected.

Ensemble TRPL measurements were performed at room
temperature. The samples were excited by the 80 fs pulse of
the second harmonic �397 nm� of a Ti:sapphire laser �repeti-
tion rate of 80 MHz�. The PL signal was dispersed by a
spectrograph �0.35 m focal length� and detected by a streak
camera �temporal resolution of about 12 ps�. The measure-
ments were performed by varying the excitation density from
0.05 to 107 �J /cm2 per pulse. Here, N is referred to the
average number of electron-hole pairs generated per laser
pulse. Considering a laser spot diameter of 40 �m and the
same value used in CW excitation for �ab, we found that for
excitation densities until 4 �J /cm2 a single exciton regime
holds �N�1�, whereas for higher excitation densities multi-
exciton generation is obtained. In order to avoid spectral ef-
fects due to NC orientation, and/or energy transfer among the
rods, the NCs were studied in low-density solution �micro-
molar concentration�.

III. EXPERIMENTAL RESULTS

The sketches and the TEM images of the samples studied
are reported in Fig. 1. PL measurements were carried out on
several single nanostructures. Figures 2�b� and 2�c� show the
typical PL spectra, recorded at constant �Fig. 2�b�� and vari-
able �Fig. 2�c�� excitation powers, for two representative
NRs. The spectra were recorded by consecutive acquisitions
of the signal in a time window of 30 s. By keeping fixed the
laser power we observed that the emission energy remains
almost constant �Fig. 2�b��. In some nanoparticles a slight
shift �a few meV� both to the blue and to the red occurred
during the observations, due to the spectral diffusion, which
is often observed in colloidal nanoparticles.36 With increas-
ing excitation density a significant blueshift of the spectra is
observed in all samples �a typical power-dependent behavior
is shown in Fig. 2�c��. The reduced emission intensity in the
high power spectra is due to the intermittent emission �blink-

FIG. 1. �Color online� �a� Sketch of an asymmetric CdSe/CdS
dot/rod. �b� Low magnification TEM image of CdSe/CdS NRs. �c�
Low magnification TEM image of spherical CdSe/CdS nanocrystals
with a thick CdS shell. �d� Sketch of a spherical CdSe/CdS nano-
crystal. Scale bars are 100 nm long.

FIG. 2. �Color online� �a� Image of a random field of single NRs
acquired by scanning the sample across a diffraction-limited laser
spot of a confocal microscope. The sample is prepared by drop
casting a nanomolar NR solution onto a cover glass and by rapidly
blowing off the solution by means of a strong nitrogen flow. �b�
Spectra collected consecutively from a single rod �black lines�
�identified by the arrow in panel �a�� obtained at the same laser
power and relative Lorentzian best fit curves �green lines�. �c� PL
spectra from a single rod �black lines� �indicated by arrow in panel
�a�� obtained by varying the excitation power, from 1% to 20% of
the maximum available power �1 mW�, and relative Lorentzian best
fit curves �green lines�. A clear blueshift is observed when the
power is increased.
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ing� �Ref. 37� observed on such nanostructures under
continuous-wave excitation. It has been shown extensively
that at high excitation density the blinking is more frequent,
leading to a reduction in the integrated PL.37 In addition, the
spectral diffusion �which is more likely to occur at high ex-
citation density� induces too a slight broadening of the PL
peak,38 as can be seen in Fig. 2�c�. The observed blueshift is
not due to photodegradation39 because no significant blue-
shift was detected over time when the NRs were observed at
fixed excitation power. In spite of the same power range
used, the shift was found to be different from rod to rod,
ranging from 14 to 32 meV. Single nanoparticle experiments
on similar nanocrystals had been carried out by Müller et
al.14 who showed a Stark shift of the optical transitions,
which was explained in terms of a fluctuating superficial
charge that actually caused the Stark effect. This shift was
found to be random in time, as the charge could randomly
occupy different superficial sites in a long-time period. To
discriminate the role of the superficial charges we have per-
formed optical measurements on ensemble samples. In this
way, the effect of charge distribution on the NR surface
should be averaged on all the NRs in the ensemble.

Fig. 3�a� shows the PL spectra, and the relative best fits to
a Gaussian curve, of CdSe/CdS NRs recorded at two differ-
ent delay times after the pulsed laser excitation and in both
cases at low �2 �J /cm2� and high �107 �J /cm2� excitation
densities. t=0 ps corresponds to the shortest delay after the
exciting laser pulse, whereas 12 ns is the maximum delay
attainable in our system before the subsequent laser pulse
comes. Interestingly, at high excitation density the spectrum
presents a dynamical redshift, while at low excitation density
the emission energy remains unchanged. We plotted the peak
energy at different delay times and for different excitation
densities �Fig. 3�b��. The emission energy at long delay times
�12 ns� is the same at all excitation densities, whereas largest
blueshifts occur at zero time delays, with increasing excita-
tion power �see inset of Fig. 3�b��.

The experimental shifts reported in the inset of Fig. 3�b�
can be well fitted to the following saturation function:

�E�P� = �E0 + Esat�1 − e−P/P0� , �1�

where �E�P� represents the difference between the emission
energy at 0 ps and that at 12 ns and Esat is the saturation
energy. We found a value of Esat of about 22 meV.

This nonlinear effect has been observed also in CW exci-
tation measurements performed at room temperature under
argon laser �488 nm� excitation in the range 1–100 mW. In
these experiments the blueshift was reduced �down to 8
meV� due to the lower excitation density provided by the
CW excitation.

To determine the contribution of the different excitation
regimes on the PL lifetimes, we have analyzed the time de-
cays of the PL at different excitation densities. Fig. 4�a�
shows the time traces, obtained for excitation density from 2
to 107 �J /cm2 and taken on the whole spectral range. In the
time window of 2 ns the decay trace at 2 �J /cm2 �corre-
sponding to a predicted single exciton regime� is exponential
�Eq. �2� with n=1�, with a typical lifetime of about 11 ns,

whereas by increasing the excitation density �multiexciton
regime predicted� the decay curve can be well fitted to a
biexponential function �Eq. �2� with n=2�

I�t� = �
i=1

n

Aie
−�t−t0�/ti. �2�

Here, Ai is the weight for each process and ti is the relative
time constant.

The short time constant �t1� exhibits a power dependence
�Fig. 4�b��: it ranges from 400 ps �at 107 �J /cm2� up to 620
ps �at 14.5 �J /cm2�. On the contrary, t2 does not show any
dependence on the excitation density, holding an almost con-
stant value of about 11–12 ns comparable to the lifetime of
the exponential decay �denoted as t in Fig. 4�c��. At high
excitation power the two decay processes have comparable
weights �see inset of Fig. 4�b��, while the fastest process
becomes less and less important at low excitation density.

FIG. 3. �Color online� �a� Early and long-time PL spectra �sym-
bols� and relative Gaussian best fits �continuous lines� of CdSe/CdS
NRs when excited at high �upper spectra� and low �lower spectra�
densities. A blueshift at 0 ps was observed at the maximal power.
�b� Transient emission energies measured at different delays after
the excitation, recorded at excitation densities ranging from
2 �J /cm2, at which no shift was observed, to the maximum value
�107 �J /cm2� allowed by the experimental setup. Lines are a guide
for eyes. Inset: Plot of the shifts as a function of the excitation
density �symbols� and best fit of the experimental data to Eq. �1�
�continuous line�.
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The power dependence of both the lifetime and the weight
of the fast component is consistent with a typical Auger-type
recombination process.40,41 At maximum excitation power
�multiexciton generation� we observe an increase in the Au-
ger recombination rate, as shown by the largest weight and
by the smallest time constant of an initial fast PL decay
component. By decreasing the excitation power, the fast
component vanishes since on average only one exciton
should be generated. As in other colloidal QDs,42 the pos-
sible existence of a fine structure43 of the lowest energy state
in such nanostructures could, in principle, explain the non-
exponential behavior reported here. The longest decay could
in fact be due to emission from dark states and the shortest
one to emission from bright states lying at higher energies,

which are filled in the high excitation regime. However, the
fine structure in such dot/rod core/shell NCs is not known
and might deviate from the one of CdSe NCs due to the
strain and shape effects.10,43 Moreover, the typical lifetimes
of dark state emission range from microseconds to
millisecond,42,44 far from those observed in our experiments
�about 11 ns�. Thus, in this context, we can rule out the role
of dark states in the emission processes studied and assign
the nonexponential decay at high excitation density to Auger
recombination.

All these nonlinear optical properties have been observed
also on roughly spherical QDs �Fig. 1�, which were prepared
by growing a thick isotropic CdS shell around the same
CdSe cores as those involved in the preparation of the CdSe/
CdS NRs.45 For such spherical QDs we found a maximum
blueshift in TRPL experiments of about 18 meV, comparable
to the NRs, whereas for what concerns the fastest Auger-type
process, the lifetime was on the other hand slightly longer
�450–800 ps by decreasing the excitation density� with re-
spect to the rods, probably due to the increased volume in
these types of spherical nanocrystals with respect to the
NRs.40

IV. THEORETICAL RESULTS

In order to understand the electronic structure and the
optical properties of these nanocrystals we performed theo-
retical calculations in the effective-mass approximation.46

We modeled the dot/rod nanocrystal as a sphere of CdSe
material and radius R=2 nm inside a hexagonal prism of
material CdS and of length L=50 nm and radius R
=2.5 nm. The center of the CdSe sphere is located at a dis-
tance D=L /4 from the hexagonal basis.9

The BenDaniel and Duke variable effective-mass
Hamiltonian47 was solved on a three-dimensional Cartesian
grid using the effective-mass parameters from Muller et al.12

�i.e., me=0.13, mh=0.45 for CdSe; me=0.2, mh=0.70 for
CdS� and energy gaps at room temperature from
Landolt-Börnstein35 �i.e., 1.75 eV for CdSe and 2.5 eV for
CdS�. Despite CdSe/CdS heterostructures being often re-
ported with a type-II alignment,22 the conduction-band offset
��c� in CdSe/CdS NRs has been estimated to be zero12 or
very recently to be of type-I ��c=0.3 eV�.13 The latter mea-
surement confirms our photoluminescence excitation �PLE�
measurements carried out on such NRs �reported elsewhere9�
revealing that both electrons and holes are localized in the
CdSe core, demonstrating that a type-I system behavior
holds in the present case. We consider two different values
for the CdSe/CdS conduction-band offset ��c�, namely, �c
=0 eV �Ref. 12� and �c=0.3 eV.13 The band offset with the
vacuum is fixed to 1.25 eV �see Ref. 48� for both electrons
and holes.

In order to model the piezoelectric potential, we consider
a simple model for the strain distribution: we assume that the
CdSe/CdS nanorod behaves like an epitaxial quantum well,
pseudomorphically strained on a CdS substrate. In this way
the strain is nonzero only inside the CdSe sphere. This
simple model is expected to be more accurate as soon as the
diameter of the CdSe sphere approaches the diameter of the

FIG. 4. �Color online� �a� Power-dependent PL decays �logarith-
mic� normalized to the long-term decay values �symbols� and best
fit to Eq. �2� �continuous lines�. �b� Power dependence of the short-
est lifetime. Inset: Plot of the relative weight ratio A1/A2 of the
respective t1 and t2 lifetimes vs excitation density. �c� Power depen-
dence of the longest lifetime. The almost constant value at the dif-
ferent excitation densities indicates that such lifetime is related to
the single exciton radiative recombination.
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CdS rod, as it is in the samples investigated in this work
�note that this model becomes exact if the shape of the CdSe
dot is instead cylindrical with the same diameter of the CdS
rod�. A more detailed investigation, using accurate strain
models,50 will be published elsewhere. The piezoelectric po-
larization P is then obtained as described in Ref. 26 using
piezoelectric coefficients and elastic constants of CdSe and
CdS from Landolt-Börnstein.35 Then we compute the surface
polarization charges �=−� · P and we solve a three-
dimensional Poisson equation −��2V=4	� �Ref. 49�. We
consider an uniform dielectric constant �=8. Dielectric mis-
match effects51,52 will be considered elsewhere.

The Poisson equation is solved numerically on the same
Cartesian grid used for the electronic structure calculation
using the conjugate-gradient technique. The computational
grid extends 1 nm in all directions beyond the nanorod: this
is enough to ensure that the tails of the wave functions are
vanishing small, whereas this is not the case for the electro-
static potential. We computed the electrostatic potential ex-
actly �by inverting the Poisson equation� on the external bor-
der of the computational grid, and these computed values are
then used as Dirichlet boundary conditions for the Poisson
equation. The inversion of the Poisson equation can be done
without numerical problem on the external border of the
computational grid because here the charge density is zero.

The single exciton energy �EX� is calculated as EX=�E
−Jeh, where �E is the energy difference between the first
electron and hole quantized state and Jeh is the electron-hole
Coulomb attraction �i.e., the exciton binding energy�. The
electron-hole Coulomb attraction is computed as Jeh
= ��h�Ve��h�, where �h is the hole wave function and Ve is
the electrostatic potential of the electron wave function
which is obtained by solving a three-dimensional Poisson
equation �as discussed above�. The biexciton binding energy
is computed as53–56

BXX = 2EX − EXX = − Jee − Jeh + 2Jeh, �3�

where Jee= ��e�Ve��e� and Jhh= ��h�Vh��h�.
In Fig. 5 we report the electron and hole band edges and

relative electron and hole wave functions for the rod with
and without piezoelectric polarization field. The top panels �a
and b� show the band edges and wave functions without any
polarization field. In the case of negligible conduction-band
offset �panel a� the holes are confined in the CdSe dot, while
the electrons are delocalized along the whole structure, as
already reported.8–10 With �c=0.3 eV �panel b� the electron
state is also confined in the core13,57 leading to a much larger
exciton binding energy. The calculated values for the transi-
tion energies are about 0.1 eV larger than the experimental
results. Regarding this point we note that, besides all the
approximations of the method, these deviations are related to
the uncertainness of the nanocrystal dimensions �in particular
the core diameter�.

Panel c shows how both the band edges and the wave
functions are modified due to the presence of the piezoelec-
tric potential. It is known58 that the electric field inside a
uniformly polarized sphere is uniform and equal to
−P /3�,21,58 where P is the polarization of CdSe and � is the
dielectric constant. We obtain a piezoelectric field inside the

CdSe sphere of 0.07 V/nm.23 Panel c shows that both elec-
tron and hole wave functions are confined inside the CdSe
core due to the piezoelectric field, implying an increased
wave function overlap. Note that such behavior is opposite to
the usual effect of the piezoelectric field which reduce the
electron-hole overlap.24,26,27

A. Spontaneous polarization

Besides piezoelectric polarization, the spontaneous polar-
ization of wurtzite nanorod has been deeply investigated be-
cause a large dipole moment can be expected in these
systems.16–18,21 In Fig. 6 we report the computed spontane-
ous polarization potential inside a CdS nanorod. This poten-
tial has been computed by solving the three-dimensional
Poisson equation �as described above� considering the sur-
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FIG. 5. �Color online� Conduction and valence-band edges and
the lowest electron and highest hole wave functions �dot-dashed
lines� along the long axis of the rod, obtained from effective-mass
calculation. The transition energies Ex=�E−Jeh are also reported
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FIG. 6. Electrostatic potential from spontaneous polarization
charges of a CdS rod along the rod long axis.
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face polarization charges17 at the ends of the nanorod. We
note that in contrast to polarized spheres or quantum wells,26

we do not obtain a linear potential profile �we recall that the
electric field of an uniformly polarized sphere is uniform,
and in polarized quantum-well “planes” of uniformly distrib-
uted surface charges are present�.

In the case of a long nanorod, such as that considered
here, the internal electrostatic potential can be approximated
by two “point” charges at the ends of the rods, i.e., V�x�
=q /x−q / �x+L�, where 0
x
L, L being the length of the
rod and q= PsA, with A being the area of the basal facet of
the rod. In this case the point charges at the ends of the rod
create an electrostatic potential different from zero only close
to the ends of the nanorod, whereas inside the nanorod �i.e.,
at the CdSe core position� the electrostatic potential is almost
zero. Therefore, for a long nanorod the electronic wave func-
tions are almost unaffected by the presence of the spontane-
ous polarization and no significant intrinsic Stark effect can
be found. We thus can correctly consider only the internal
piezoelectric field as origin of the internal electric field.

V. DISCUSSION

In the flat-band case �see Fig. 5�a� and 5�b��, i.e., without
any internal electric field, blueshift of the photoluminescence
at high excitation density could only originate from multiex-
citonic effects.53–55 In fact, as recently reported on colloidal
type-II systems59,60 and often observed on epitaxial self-
assembled nanostructures61–63 a blueshifted emission with
increasing the excitation power can be related to biexcition
emission.

In the case of �c=0 eV �panel a� the electron-hole over-
lap is very small due to the delocalization of the electron in
the shell. In this case very large biexcitonic effects are ex-
pected, and in fact from Eq. �3� we obtain BXX=−143 meV.
Despite the shortcomings of the effective-mass approxima-
tion and of the first-order perturbation theory, these results
clearly indicate that a quite large biexciton binding energy
should be present, which lead to a well resolved additional
peak in the PL spectrum at high power.59,60 But this peak is
not observed, since all the spectra can be well fitted by
Lorentzian and Gaussian curves for single and ensemble of
NCs, respectively. This probably means that a zero
conduction-band offset is not appropriate for these systems.

In the case of �c=0.3 eV, the electron and hole states are
well localized in the core, thus positive biexciton binding
energies are expected,53–55,64,65 in contrast to the observed
blueshifted emission. Note that in this case the biexciton
binding energy cannot be computed using Eq. �3� �we obtain
BXX=−5 meV� due to the neglect of correlation effects.53,54

Moreover, the biexciton binding energy depends also on the
number of confined states. More �less� confined states in-
crease �decrease� the correlation contribution leading to posi-
tive �negative� binding energies. Rodt and co-workers61,62

found a transition to an �very small� antibinding energy when
only one hole state lies in the dot. However, in our CdSe core
several quantized hole states are found in the core due to the
large valence-band offset,9,13 again meaning that positive
biexciton binding energies are expected.

Thus previous discussion indicates that the present experi-
mental data cannot easily be justified with a biexcitonic
emission and more accurate investigations are required. Here
we propose an alternative explanation for the experimental
blueshift.

The electronic structure of these NCs can be modified by
the presence of an internal field, which could arise from the
spontaneous and/or piezoelectric polarization related to the
wurtzite crystalline structure.21 In Sec. IV A we showed that
the electrostatic potential due to the spontaneous polariza-
tion, if not screened by the presence of organic surfactants,
will have negligible effects on the electronic structure.

Therefore, a possible source of the internal field arises
from the piezoelectric polarization charges present at the
CdSe/CdS interfaces.

With piezoelectric field, there are two possible effects that
lead to a blueshifted emission.

�1� Piezoelectric effects on biexcitons. As in epitaxial
InAs/GaAs QDs �Refs. 61–63� the piezoelectric potential
might shift the biexciton binding energy from positive to
negative.

However, we point out that our CdSe core is very small �4
nm� and has a spherical shape in contrast to typical InAs QD
which has larger dimension and a �truncated� pyramidal
shape. In the case of large InAs QD the overlap between the
electron and hole can be very small so that Coulomb repul-
sion overcomes correlation effects leading to negative biex-
citon binding energies.63 In our small CdSe core this is not
expected because the electron-hole overlap is still very large
due to the small size and the large valence-band offset. Cal-
culation of biexciton binding energies using Eq. �3� is not
accurate enough due to the neglect of large correlation effect
due to the presence of several quantized hole states �see
above�, which should lead to a positive biexciton binding
energy. Moreover, as stated above, no biexction peak is
found in the PL spectra.

�2� Free-carrier screening of the polarization charges. As
it happens in GaN quantum dots24 and quantum wells26,27 the
photoexcited electron-hole pairs can screen the piezoelectric
potential. In an ideal completely screened situation, the mea-
sured blueshift is related to the difference between the tran-
sition energy with and without the piezoelectric field, which
in the case of �c=0.3 eV �22 meV, see Fig. 5�d�� is in per-
fect agreement with the measured value of Esat �Fig. 3�b��. In
the case of �c=0.3 eV an almost complete screening of the
polarization field can be indeed achieved �and with few
electron-hole pairs� due to the large conduction and valence-
band offset. However, we point out that the exact value of
the piezoelectric shift cannot be computed because it
strongly depends on many parameters �such as the strain at
the interfacial region and the shell thickness� which might
depend on the growth process or are experimentally known
only with large uncertainness. In fact, the shift was found to
be different from rod to rod, ranging from 14 to 32 meV. A
more refined self-consistent calculation24,26 for different
number of electron-hole pairs is in progress and it will be
published elsewhere.

We can thus propose that the measured blueshift is related
to a photoinduced screening of an internal piezoelectric field.
In particular, the transient redshift of the PL emission �see
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Fig. 3�, similar to those reported on GaN-based
structures,28,30 is related to a photoinduced dynamical de-
screening of the polarization field. In our case, the time de-
pendence of the emission energy is logarithmic22 �see Fig.
3�b�� as a consequence of the temporal decay of the carrier
population and, therefore, of the photoinduced screening due
to the spatial separation of the electrons and holes. The shifts
observed as a function of power �inset of Fig. 3�b�� give a
measure of the strength of the screening that is generated at
different excitation densities, and a saturationlike behavior is
expected for a maximum screening. Other possible sources
of the internal field could be trapped charges, whose deter-
mination and characterization are quite difficult.

The previous discussion also holds for spheres, which
have a total diameter of 20 nm. The measured blueshift is
smaller �18 meV� and can be assigned to the increased vol-
ume with respect to the rods, which reduces the electron
quantization energies or dielectric effects in the electronic
energy levels.51,52

VI. CONCLUSIONS

Single nanoparticle and TRPL spectroscopies show an op-
tical nonlinearity consisting in a systematic blueshift of

single dot/rod spectra with increasing excitation density and
a dynamical, power-dependent redshift of the ensemble spec-
tra undergoing a saturation behavior. The reversibility of the
experiments and the computation of the biexciton binding
energy rule out photodegradation and biexcitonic emission as
cause of the observed nonlinearity and assign its origin to the
screening of an internal electric field. This originates from
the piezoelectric polarization due to the strain induced by the
lattice mismatch at the core/shell interface. The PL time de-
cays recorded at low excitation density show an exponential
decay with typical lifetimes of 11–12 ns, ascribable to the
exciton radiative recombination. With increasing excitation
power, an additional, faster component appears. The analyses
of both the lifetime and the relative contribution over the
power suggest it is due to multicarrier recombination via
Auger mechanisms.
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