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C
dSe colloidal nanocrystals are effi-
cient room temperature fluorescent
particles. They are used as light

emitters in various fields of research such
as biological labeling,1 classical light emit-
ters,2 and detectors3 and also for nonclas-
sical light studies.4�7 The strong confine-
ment of the charge carriers in these
nanostructures leads to a fast nonradiative
relaxation of multiexcitons8�12 which re-
sults in photon antibunching and single
photon emission. This also implies that
the emission of such particles is governed
only by the radiative relaxation of the
band-edge exciton, even at room tempera-
ture. The band-edge exciton of CdSe pos-
sesses a fine structure13,14 due to the hex-
agonal lattice structure of CdSe and to the
Coulomb interaction between charge car-
riers. This structure has been studied with
spectroscopic methods at cryogenic tem-
peratures.15,16

Among colloidal nanocrystals, nanorods
have interesting features as light emitters. In
their emission, a high degree of polarization
along the wurtzite c-axis, which is also the
axis of the rod, has been observed and
theoretically studied.17�20 This linearly po-
larized emission was explained by the fine
structure splitting, the levels ordering and
the oscillator strengths of the various transi-
tions, which depend on the elongated
shape of the nanorods. Due to this shape
dependence of level structure, the linear
polarization degree grows with the aspect
ratio of the nanorod and it is further in-
creased by the anisotropic dielectric envi-
ronment.17

In this paper, we present a study of the
polarization emission and of the fine struc-
ture of CdSe/CdS dot-in-rods (DRs) made of
a spherical core of CdSe surrounded by
a rod-like shell of CdS.21 Conversely to
spherical nanocrystals,22,23 and similarly to
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ABSTRACT We present a method that allows determining the

band-edge exciton fine structure of CdSe/CdS dot-in-rods samples

based on single particle polarization measurements at room tem-

perature. We model the measured emission polarization of such single

particles considering the fine structure properties, the dielectric effect

induced by the anisotropic shell, and the measurement configuration.

We use this method to characterize the band-edge exciton fine

structure splitting of various samples of dot-in-rods. We show that,

when the diameter of the CdSe core increases, a transition from a

spherical like band-edge exciton symmetry to a rod-like band edge exciton symmetry occurs. This explains the often reported large emission polarization of

such particles compared to spherical CdSe/CdS emitters.

KEYWORDS: colloidal nanocrystals . core�shell heterostructure . exciton fine structure . polarization microscopy .
photoluminescence
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nanorods, DRs have been reported5,21,24�26 to show
high degrees of emission polarization, typically around
70%. Moreover, they have interesting features as light
emitters. They display a strongly reduced emission
intermittency (reduced blinking) when synthesized
with thick CdS shells,6 and with a well adjusted geo-
metry they have also be shown to be nearly perfect
single photon emitters.6,27 The situation for DRs is
however less clear than for the nanorods mentioned
above due to their more complex geometry. In fact, as
reported in ref 28, for a specific sample of dot-in-rods,
the spherical symmetry of the core should lead to a
band-edge exciton structure with the same symmetry
as for spherical shell nanocrystals and then to a low
polarization degree in the emission. This is in contrast
with the observed polarized emission, which seems to
indicate that the growth of the anisotropic shell around
the core can modify the electronic structure of these
particles, as reported for CdSe/CdS dot-in-plates,29 for
example. Further investigations of the structure are
thus needed, and this is the subject of this article.
In the following, we show that the study of the

emission polarization of the dot-in-rods allows us to
retrieve the band-edge exciton fine structure of these
emitters at room temperature, without the need of low
temperature spectroscopy. First, we present a model
of the emission polarization of our DRs taking into
account the band-edge exciton fine structure, the shell
anisotropy and the measurement configuration and

we show that the degree of polarization at room
temperature is strongly correlated with the fine struc-
ture. We then present measurements of the emission
of single particles with different geometries. On the
basis of our model, we deduce the band-edge exciton
fine structure characteristics from the polarization
measurements for these various dots in rods, and we
study their dependence on the shape parameters.
We are thus able to explain the difference of polariza-
tion between samples with different geometries. Our
results also show that the fine structure and the
polarization can be widely tuned by changing the
geometric parameters of both shell and core, allowing
for unprecedented tunability of the optical properties.

RESULTS AND DISCUSSION

Model for the Polarization of the Emitted Light. In this first
section, we model the polarization of emission of DRs
as a function of the band-edge exciton fine structure,
the shell dielectric environment and the measurement
configuration.

We first define the degree of emission polarization
of a single DR particle and describe the measurement
scheme, as it plays a major role in defining the degree
of polarization. Polarizationmeasurements are realized
on single particles with a broad band linear polarizer
(see Figure 1c). For each single DR excited by a laser,
the fluorescence is collected by means of a high nu-
merical aperture objective. The resulting photocurrent

Figure 1. (a) TEM picture of a sample of DRs, showing nanoparticles lying flat onto the support, as well as a good sample
homogeneity in the length anddiameters of the rod shells (morefigures in Supporting Information). (b) Left: Band structure of
CdSe, showing the heavy-hole, light-hole and split-off sub-bands and the net-splittingΔ at k = 0. Middle: band-edge exciton
fine structure energy states for a positive net-splitting Δ. The |(2æ states and the |0Læ states are optically inactive and
represented as dashed lines. The degenerate 2Ddipole emission from |(1Læ and |(1Uæ levels is symbolizedby the double blue
arrows. The 1D dipole emission from |0Uæ state is symbolized by the red arrow. Right: band-edge exciton fine structure energy
states for negative net-splitting Δ, showing a swapping of the levels. (c) Experimental setup for single particle polarization
microscopy. A single DR lies flat on a glass substrate with its c-axis perpendicular to the setup optical axis defined by the
objective. A polarizer is placed in the fluorescence path and the measured degree of polarization is determined by the
contributions of 1D (red arrow) and 2D dipoles (blue arrows). For an objective with a numerical aperture close to 0, only the
field coming from the interface in-plane (plane perpendicular to the optical axis) component of the 2D dipole is collected by
the objective. (d) Schematics of a polarization measurement in the case of a numerical aperture close to 0. The measured
degree of polarization of the overall emission (black) depends on the mixture of 1D (red) and 2D (blue) contributions.
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measured on an avalanche photodiode is therefore
modulated by the polarizer and it can be fitted by the
function:

I(θp) ¼ (Imax � Imin) cos
2(θp)þ Imin (1)

This is the Malus law for a partially polarized light,
whose degree of linear polarization p is given by

p ¼ Imax � Imin

Imax þ Imin
(2)

with Imax and Imin the measured maximum and mini-
mum intensity of the modulated curve. θp is the angle
of the polarizer.

Concerning the experimental configuration, the
orientation of a dipole emitter compared to the optical
axis (axis of the microscope) is a fundamental param-
eter in order to correctly interpret the polarization
measurements.30 A one-dimensional dipole emitting
linearly polarized light will show a high degree of
polarization if oscillating perpendicularly to the optical
axis. However, themeasured degree of polarizationwill
decrease if the angle between the optical axis and the
dipole decreases. The trend with which it decreases
depends on the setup configuration, i.e., on the refrac-
tive index of the interfaces and objective numerical
aperture. Full calculations are given in the Supporting
Information.

If the CdS shell grows without stacking faults, then
the wurtzite c-axis of the CdSe core and CdS shell is
aligned and corresponds to the long axis of the rod
shell. The c-axis of the CdSe core is aligned with the
c-axis of the CdS shell because it is the lattice aniso-
tropy of the CdSe core that induces the growth process
of the shell along the c-axis.21,24 Transmission electron
microscope (TEM) images suggest that DRs lie flat
when drop-casted on a substrate, as evidenced by
the size homogeneity in Figure 1a. Images for all the
samples studied are presented in Supporting Informa-
tion. The c-axis is lying flat on the coverslip and is
therefore perpendicular to the optical axis of our
microscope as depicted in Figure 1c. This working
hypothesis is confirmed by a systematic study of
defocused images of the emission of single DRs, which
are presented in the Supporting Information. In the
following, for our model, we will assume that DRs are
always aligned with their c-axis perpendicular to the
optical axis.

Fine Structure and Polarization. The valence band of
CdSe ismade of 3 sub-bands, the heavy-hole, light-hole
and split-off sub-bands. The energy splitting at k = 0
of the heavy-hole and light-hole sub-bands is called
the net-splitting Δ. The band-edge exciton fine struc-
ture of CdSe nanocrystals consists of eight states,13 as
depicted in Figure 1b: |(2æ, |(1Læ, |(1Uæ, |0Læ, and |0Uæ.
The L and U superscripts, for lower and upper, respec-
tively, distinguish sublevels with the same projection
but with different total angular momenta. For spherical

CdSe nanocrystals, the L states have lower energies
than the U states, as can be seen in Figure 1b, middle.
For CdSe nanorods,31 it has been shown17,18 that a
level swapping of the fine structure appears for a
certain aspect ratio of the nanorods. This is illustrated
in Figure 1b right. This can be explained by the band
structure of CdSe (see Figure 1b, left), where an inver-
sion of the heavy-hole and light-hole sub-bands en-
ergy ordering at k = 0 implies a change in the fine
structure level ordering.

The |(2æ states are optically forbidden and do not
contribute to the room temperature emission. The |0Læ
state has zero oscillator strength and is therefore also
optically inactive. Room temperature emission is a
mixture of recombinations from the |0Uæ state and from
the degenerate |(1Læ, |(1Uæ states.13 The |0Uæ state is
associated with a linear 1D dipole that oscillates along
the c-axis of the crystal and emits linearly polarized
photons. The |(1Læ and |(1Uæ can be seen as two-
dimensional (2D) dipoles, meaning dipoles oscillating
inside a plane. Because of the level degeneracy, the
emission from these transitions is an incoherent super-
position of σþ and σ� components,22,23,32 and the
corresponding dipole is called a degenerate 2D dipole.
It is equivalent to two linear dipoles, oscillating per-
pendicularly and in quadrature. These dipoles are
contained into the plane perpendicular to the c-axis
of the crystal.13

The two types of dipoles and the polarization of
their far field emission are shown in Figure 1d. Since
the DRs are lying with their c-axis on the substrate, in
the limit of an objective with a numerical aperture
NAf 0, the objective collects from the 2D transitions a
field that is strictly perpendicular to the c-axis, while it
collects from the 1D transition a field strictly aligned
along the c-axis. As illustrated in Figure 1d, the col-
lected fields from the 1D and 2D dipoles oscillates in
perpendicular directions and the degree of polariza-
tion depends on their relative strengths. Equation 2
can therefore be written as

pNA f 0 ¼
�����
I1D � I2D
I1D þ I2D

����� (3)

with I1D the probability of emission of the 1D dipole
and I2D the probability of emission from the ensemble
of 2D dipoles. Considering a large numerical aperture,
we can generalize eq 3 by including the effect of
the collection of light coming with a broad angular
range:

pNA ¼
�����
p1DI1D � p2DI2D

I1D þ I2D

����� (4)

As shown in Supporting Information, considering the
c-axis lying parallel to the substrate and a NA = 0.95
objective, the correction factors are equal to p1D = 1
and p2D = 0.45.
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Emission Probabilities. To complete our model, we
have to determine the emission probabilities of the
1D dipole and 2D dipoles, I1D and I2D. These quantities
can be calculated from the theory on CdSe fine struc-
ture derived in ref 13. The fine structure energy levels
are given in Figure 1b, and their energy, ordering and
oscillator strength depend on the two contributions
that split the band-edge exciton: the electron�hole
exchange interaction η and the net-splitting Δ be-
tween the heavy-hole and light-hole valence sub-
bands. The electron�hole exchange interaction is the
Coulomb interaction between the charge carriers,
which depends on the carriers wave functions overlap,
and thus on the confinement of the electron and the
hole. The net-splitting Δ represents the energy differ-
ence between the heavy-hole and light-hole valence
sub-bands of the CdSe core as presented in Figure 1b.

Let N(η,Δ) be the population of a state at a given
temperature, and f(η,Δ) its oscillator strength. Both
quantities are functions of the fine structure splitting
parameters η andΔ and can be calculated from ref 13.
Then, the probability of emission of a state is I(η,Δ) =
N(η,Δ) f(η,Δ) . For the 1D emission, we have

I1D(η,Δ) ¼ I0U (η,Δ)

¼ N0U (η,Δ)f0U (η,Δ) (5)

and for the 2D emission:

I2D(η,Δ) ¼ I( 1U (η,Δ)þ I( 1L (η,Δ)

¼ 2� (N( 1U (η,Δ)f( 1U (η,Δ)þN( 1L (η,Δ)f( 1L (η,Δ))

(6)

with a factor of 2 because of the degeneracy of the 2D
emission states. Depending on the value of the para-
meters η and Δ, the oscillator strengths13 of the
different energy levels will be modified as well as
their energy and ordering and occupancies as well.
Therefore, the measured polarization is a function of
the fine structure energy parameters η and Δ.

Dielectric Effect. In addition to the band-edge exciton
fine structure, the polarization of the emitted electric
field depends on the shell anisotropy. The latter in-
duces a dielectric effect that enhances the electric field
oscillating along the long axis (c-axis) of the CdS rod
shell. Dielectric effects were theoretically calculated in
various articles on colloidal particles17,29,33 with shape
anisotropy. An ellipsoid with axes a = b < c shows an
anisotropic response to an electric field. Let us call fc =
Ec(in)/Ec(out) and fa = Ea(in) /Ea(out) the ratios of electric
field amplitudes inside the rod over the electric field
amplitude outside the rod, along c and a, respectively,
also called local field factors.33 Re = fc/fa, hereafter
referred to as the dielectric effect parameter, is the ratio
of electric field attenuation between the major and
minor axis. In our case fc > fa and consequently Re > 1

(see Supporting Information for more information).
This implies a stronger attenuation of the electric field
in the directions perpendicular to the c-axis. The
oscillator strength of a transition along the c-axis
should be multiplied by Re to account for the dielectric
shape effect.17,29 This implies that eq 5 has to be
rewritten as

I1D(η,Δ, Re) ¼ I0U (η,Δ)

¼ Re � N0U (η,Δ)f0U (η,Δ) (7)

Simulations. We now proceed to a theoretical anal-
ysis of the degree of polarization p depending on the
fine structure energy parametersΔ, η and the dielectric
factor Re.

The heavy-hole light-hole net-splitting Δ has two
contributions,13 the intrinsic splitting Δint due to the
crystal field of the hexagonal lattice structure of CdSe
and the shape splitting Δsh due to possible deviations
of the core from a perfect spherical shape. We consider
a possible additional contribution for our DRs that we
will call the strain splitting Δstrain that has been ob-
served for dot-in-plates.29 This contribution is due to
the strain imposed by the growth of an anisotropic
shell around the core that modifies the electronic
structure34 of the core. The net splitting Δ is then:

Δ ¼ Δint þΔsh þΔstrain (8)

The intrinsic splitting for CdSe is Δint = 23 meV. If
there is a slight deviation of the core from a perfect
sphere, we expect that the core is elongated along the
c-axis (prolate), as it is confirmed by TEM images of the
core seeds provided in Supporting Information.
Moreover, the growth of the CdSe shell could also
eventually stretch the core shape along the c-axis.
Δsh is negative in the case of a prolate shape. We also
expect a negative contribution from the strainΔstrain < 0.
Indeed, for CdSe/CdS dot-in-plates29 a positive strain
contribution to the net-splitting is reported Δstrain =
þ40meV because of the growth of the anisotropic CdS
shell upon the CdSe core. However, we should be in the
opposite case for DRs as the shell growth happens
along the c-axis and not in the perpendicular plane as it
is the case for dot-in-plates. For our simulations, we
have chosen Δ ∈ [�100;23] meV.

The electron�hole interaction η depends on the
size of the dot for bare CdSe particles. It decreases
toward 0 for increasing dot sizes as the electron�hole
wave functions overlap decreases.13 For bare CdSe
dots of 2 nm diameter, the smallest core diameter
for our samples, calculations13 gives η = 16 meV.
We therefore take η ∈ [0;16] meV for our simulations.

Using the theory of reference,13 we calculated the
polarization given by eq 4 as a function of the net-
splittingΔ and the electron�hole interaction η. Figure 2
shows the results for different values of the dielectric
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shape factor Re. Figure 2a corresponds to a spherical
shell nanocrystal for which no antenna enhancement
exists, Re = 1. The patterns in Figure 2b,c are calculated
for Re = 2.2 and Re = 3.2, respectively, which correspond
to DRs with a moderate shell aspect ratio of 3.1 and
a large shell aspect ratio of 14.2. In the next sections,
we will present measurements on DR samples having
these shell aspect ratios.

First of all, the theory shows that it is not possible to
reach high degrees of polarization for spherical shell
particles. In Figure 2a, the degree of polarization is
limited to a value of 0.4 for high negative values of net-
splitting. This can be explained by the fact that the
strength of the 1D transition becomes important only
with increasing dielectric shape factor Re. We therefore
see that a rod-shape shell is a prerequisite in order to
achieve high degrees of polarization, independently of
the fine structure energy parameters η and Δ.

The second important consideration is that, for ηj

5 meV or for Δ > 0, the polarization p depends only
on Δ. When we have nanocrystals with a CdS shell, the
electron�hole interaction is weaker than in the case of
particles without a shell as the electron spreads in the
shell.35 This was experimentally verified in refs 36 and
37 which report values of η lower than 5 meV. For all

these reasons, the contribution of η to the polarization
of emission should be negligible in our case.

It is the value of Δ which controls the swapping of
levels illustrated in Figure 1b. In Figure 2a, p = 0 forΔ=

4meVwhen the 2D dipoles and the 1Ddipole emission
become comparable and cancel each other, due to the
swapping of the energy levels. For higher Re, this
swapping happens for larger values of Δ. We can also
observe that large negative values ofΔ are required to
reach a high degree of linear polarization. This corre-
sponds to a fine structure with highly spaced energy
levels, as detailed later on. In the following, we show
with these calculations that a measurement of polar-
ization gives access to the net splittingΔ and allows for
the reconstruction of the fine structure.

Polarization Measurements. We used high quality CdSe/
CdS core�shell DRs synthesized using the seeded
growth approach proposed in reference.6,21 In Table 1
we give the core diameter, shell thickness and shell
length of the various samples we studied. TEM pictures
and optical spectra of both the CdSe seeds and the
DR samples are given in Supporting Information.
The ratio of electric fields strengths Re between the
major and minor axis for the DRs studied is also given
in Table 1 (see Supporting Information for the details

Figure 2. Polarization as a function of the net-splitting Δ and the electron�hole interaction η for different dielectric shape
factors Re. (a) Re = 1: spherical CdS shell. (b) Re = 2.2: CdS rod shell with an aspect ratio of 3.1. This aspect ratio corresponds to
sample DR3.1 presented in the following. (c) Re = 3.2: CdS rod shell with an aspect ratio of 14.2. This aspect ratio corresponds to
sample DR1 presented in the following. Black horizontal line in (b) and (c) corresponds to the calculated value of electron�hole
interaction η for these samples, as described in Supporting Information. The average degree of polarization found for these
samples is, respectively, p = 0.5 and p = 0.41. The corresponding values of net-splitting areΔ =�22meV andΔ = 4.5 meV. The
blue circle represents therefore the coordinates of energy parameters for these samples given their polarization.

TABLE 1. Experimental Data of the Investigated Samplesa

core diameter thickness length aspect ratio Re p Δ

(nm) (nm) (nm) (meV)

DR1 2 3.6 51 14.2 3.2 0.41 ( 0.13 4.5, [�10.8;15]
DR2 3.3 4 22 5.5 2.8 0.69 ( 0.17 �49, [<�100;�14]
DR3.1 3.3 7 22 3.1 2.2 0.50 ( 0.12 �22, [�46;�7.7]
DR3.3 3.3 7 58 8.3 3 0.65 ( 0.16 �30, [<�100;�7]
DR4 4.6 11 29 2.6 1.9 0.68 ( 0.12 �82, [<�100;�40]

a From left to right: geometrical parameters and dielectric effect factor Re of the investigated samples; average and standard deviation of the distributions of Figure 4, showing
the degree of polarization p obtained frommeasurements over about 40 DRs per sample. The net-splittingΔ is deduced from the measured average values of p and Re through
our theoretical model. The values in square brackets represent the upper and lower values calculated for p( σ.Δ=�100 meV represents the lower bound corresponding to
pmaxJ 82% (the precise limit depends on the specific value of Re). Since for a given value of Re our model predicts a maximum attainable degree of polarization, our model
fails to predict Δ values lower than �100 meV.
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of the calculations). We can see that Re ranges from
1.9 to 3.2.

A detailed scheme of the experimental setup is
presented in Figure 3a. A dilute solution of each DR
sample is drop-casted on a glass coverslip to produce a
low density distribution of single DRs, which are ex-
cited one by one using a circularly polarized 405 nm
pulsed laser. After filtering out the laser reflection and
the fluorescence from the glass substrate, the photo-
luminescence (PL) of single DRs is collected using a
confocal microscope with a 100� , NA = 0.95 objective.
The PL is then sent to two single-photon avalanche
photodiodes (APD) in a Hanbury-Brown and Twiss
configuration. Preliminary to any polarization mea-
surements, we can check if the chosen particle is single
or not with an antibunching measurement, as illu-
strated in Figure 3c. If the particle is single, the PL is
sent to a rotating half-wave plate combined with a
polarizing beam splitter to measure the degree of
polarization. For each single particle, we plot the num-
ber of counts detected by theAPDsduring a typical time
window of 100 ms as a function of the half-wave plate
angle, as exemplified in Figure 3b. The noise, mainly

due to the residual fluorescence of the glass substrate,
is taken into account and it is subtracted before fitting
the intensity curve by eq 1. More details about the
experimental setup and the measurement process are
provided in the Methods section.

It can be noticed from Figure 3b that the signal is
not shot-noise limited, because of the PL fast switching
(flickering) between a bright state and a gray, or dark,
state with lower emission efficiency. PL flickering and
blinking are commonly attributed to a photoinduced
charging process.38 Photo charging can affect the
emission polarization; however, it considerably de-
pends on the type of considered nanocrystals and on
the excitation conditions. For example, ref 39 reports
a similar degree of polarization (within 5%) for the
neutral and a charged state with electrons delocalized
into the shell, while a significantly lower degree of
polarization is found for a different charged state with
electronsmore localized around the core, although the
intensity of this state is also much lower. It must be
noted that theDRs in this workwere synthesizedwith a
process24 which is different from ours.21 In another
publication,40 DRs synthesized with the same method

Figure 3. (a) Schemeof the setup for single particle polarization spectroscopy. In a confocalmicroscope, a singleDR is excited
using a circularly polarized picosecond pulsed laser diode at 405 nm. The photoluminescence (PL) is collected through an
objective and directed either to two single-photon avalanche photodiodes (APD) in a Hanbury-Brown and Twiss configura-
tion, or to a combination of a half-wave plate and a polarizing beam splitter for the analysis of the degree of polarization.
(b) An example of single particle polarization measurement. The normalized counts from the APD (blue line) are plotted as a
function of the half-wave plate angle. After subtraction of the average background (red line), the curve is fitted by eq 1 to
derive the degree of linear polarization. (c) An example of the antibunching test which is performed preliminary to the
polarization measurement, in order to check if the chosen particle is single or not. The ratio between the peak at zero delay
and the side peaks is proportional to the autocorrelation function at zero delay g(2) (0).
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as the one presented here and having similar geome-
trical parameters always exhibit a degree of polariza-
tion of the charged state which is exactly the same as
that of the neutral state.

Here, we focus on the fine structure of the neutral
state. For this reason, we choose a lowpumping power,
for which about 0.3�0.5 electron�hole pairs are ex-
cited. We demonstrated that for such pumping levels,
the percentage of photons coming from the charged
state is typically below 10%. Unlike ref 39, in our case
only the neutral states and one charged state are
present most of the time, as confirmed by an analysis
of the lifetimes,6,27 and the charged state has quantum
yield between 30% and 50% of the neutral state.
Therefore, the overall measured degree of polarization
should be equal or very close to that of the neutral
state. Finally, we reject the time traceswhich show long
periods of low intensity, which could be associated
with other rare charged states with very low level of
polarization. For all these reasons, we can safely con-
clude that our data reflect the fine structure of the
neutral exciton.

Figure 4 shows the histogram of polarization for
the different samples studied. The histograms are
obtained after measurements of 35�40 nanocrystals
per sample. Figure 4a presents samples with different
core sizes, while samples with the same core size but
different shell lengths and different thicknesses are
shown in Figure 4b. Table 1 gives the polarization
mean values and standard deviations obtained by
fitting the histograms with a Gaussian distribution for
every sample. Even if our measurements show large
dispersions, it is evident that different samples have
different average values of polarization.

It appears that for a given core size, both the shell
length and its thickness play a role in defining the
degree of polarization as it is clear in Figure 4b: a longer
shell increases the degree of polarization while a
thicker shell decreases the degree of polarization.

The effect of the core size is illustrated in Figure 4a:
in this case all the geometrical parameters are chan-
ging, nevertheless we can see that samples with larger
cores (in particular DR4) show a higher polarization
degree, even though the aspect ratio of the shell is
decreasing. It is worth to notice that small cores
naturally promote the growth of a thin and long shell.
Conversely large cores seed the growth of shell with
lower aspect ratios.

For ensemble measurements in solution, we can
find in literature average values of emission polariza-
tion p of DR samples in the same range of values as for
our measurements. References 25 and 41 present
measurements on various samples, values of p from
0.5 up to 0.7 are found. The conclusion of ref 41 is that
the degree of polarization depends on the ratio of the
core diameter over the shell thickness. Our measure-
ments are compatible with this statement when com-
paring DR2 and DR3.1 that have the same geometrical
parameters except their thicknesses. However, in our
case the core diameter itself seems to play a major role
in defining the polarization, and this fact has never
been pointed out in literature before. We can see in
Table 1 that DR4 has a small ratio between core
diameter and shell thickness compared to DR1, but it
has a much higher average polarization degree.

It can be noticed that our measurements show
rather large dispersions. Let us point out that the
experimental error in the assessment of the degree
of polarization is about 5%, mainly attributed to in-
homogeneities in the background (we subtract the
same average value to all the curves) and to fitting
errors, especially for particles with higher flickering of
the emission. Ensemble measurements25,41 show low
dispersion, since in this case the polarization is natu-
rally averaged. Single particle measurements with
polarization degree (p = 0.75) and dispersion compar-
able to those herein presented (although slightly
lower) are reported in the literature.26 This indicates

Figure 4. Histogram of the degree of linear polarization. (a) Blue, DR1; green, DR3.1; red, DR4. Different core diameters,
lengths, and thicknesses. (b) Green, DR3.1; violet, DR3.3; pink, DR2. Same cores, DR3.1 and DR3.3, same thicknesses and
different lengths; DR3.1 and DR2, same length and different thicknesses.
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that for a given sample the degree of polarization may
fluctuate significantly fromdot to dot. This is consistent
with our finding that the emission polarization is
strongly dependent on the details of the fine structure.
Small changes of the core shape or different levels of
strain between the core and the shell can always be
present, even within a sample with a low dispersion
(between 5 and 10%) of the geometrical parameters.
The core shape and the core/shell strain are precisely
the main contributions to the net-splitting Δ in eq 8,
which is a decisive parameter to determine the emis-
sion polarization p, as illustrated in Figure 2.

Fine Structure. We now use the model presented
above and the polarization measurements of different
DR samples to estimate their fine structures. By doing
so, we elucidate why and how the contributions of the
1D and 2D dipoles to the polarization degree strongly
depend on the ordering of the levels and on their
spacing, which is mainly given by the net-splitting Δ.
Finally, we interpret the dependence of Δ on the
geometrical parameters in terms of contributions from
the shape of the core Δsh and from the strain between
the core and the shell Δstrain.

From the simulations of Figure 2, for a given Re and
a measured average value of p, we have a set of values
of (η,Δ). Let us first consider the case of DR1 shown in
Figure 2c. Since the polarization degree is not high,
p < 0.5, it can be seen that the p value does not depend
on η and Δ can be determined easily. For p = 0.41, we
obtain ΔDR1 = 4.5 meV. In all other samples, since the
core is larger and the shell thicker, we can consider
η j 1 meV so that Δ is almost in a one-to-one relation
with p, as illustrated in Figure 2b.

We can determine Δ with even higher accuracy, by
estimating the value of η from measurements of the
dark-bright exciton splitting Δbd given in literature37

(refer to Supporting Information for more details). The
dark-bright exciton splitting Δdb is the difference of
energy between the lowest fine structure level that is
always optically inactive (|(2æ or |0Læ) and the first
optically active level (|(1L) and it can be measured at
cryogenic temperatures. It is related to bothΔ and η by
the relationship:13,36,37

Δdb ¼ EL( 1 � E( 2

¼ 2ηþΔ=2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(2η �Δ)2=4þ 3η2

q
(9)

when Δ > 0 and

Δdb ¼ EL( 1 � EL0

¼ 2η �Δ=2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(2η �Δ)2=4þ 3η2

q
(10)

whenΔ < 0. When |Δ|. η andΔ < 0, eq 10 shows that
η can be approximated as Δdb, and thus it can be
estimated from the data given in literature for all the
samples for which η j 1 meV , |Δ|. With the

knowledge of the precise value of η and the measured
degree of polarization p, the net-splitting Δ can be
determined with better precision. For instance, for
DR3.1 one obtains ηDR3.1 = 0.9 meV, and therefore,
ΔDR3.1 = �22 meV from the polarization map in
Figure 2b.

For DR1Δ > 0 and |Δ| is of the same order as η, so η
cannot be approximated as Δdb. However, in this case,
the value of the net-splitting is uniquely fixed by the
polarizationmeasurement,Δ = 4.5 meV. Therefore, it is
still possible to use Δdb to calculate η by using eq 9
without any approximation. In Table 2 we report the
values of η and the values of Δ determined from the
average degree of polarization measured for each DR
sample.

In Table 2 we also give the calculated oscillator
strengths and populations of the various levels. We
notice that the |(1Læ state has a small oscillator
strength compared to the other states. To qualitatively
understand the polarization properties of the different
samples, we can therefore focus the discussion on a
comparison between the populations and oscillator
strengths of the |(1Uæ and |0Uæ states. Figure 5 shows
the calculated energy levels for the different samples
using the values of η andΔ from Table 2. The |(1Uæ and
|0Uæ levels are highlighted in red. For the specific case
of DR3.1, we presented the fine structure levels calcu-
lated for the sample average value p= 0.5 and for p(σ,
being σ the standard deviation of the experimental
distribution of p values. This underlines the fact that
single particles belonging to the same batch of DRs
and sharing similar geometrical parameters can indeed
display quite different fine structures.

We can also notice that increasing values of p are
associated with the fine structure levels shrinking into
two clusters, separated by Δ. Since the |0Uæ state lies in
the lower energy cluster and the |(1Uæ state is far
above, with an energy difference larger than the
thermal energy kBT, the emission becomes dominated
by the 1D dipole for highly negative values of Δ.
However, the state |(1Læ also lies in the lowest energy
group, and even if its 2D dipole contribution is rather
small, it sets an upper bound to the maximum achiev-
able level of polarization, according to eq 3. Therefore,
our model predicts a maximum achievable degree of
polarization pmax ≈ 82% (the precise limit depends on
the specific value of Re), which is systematically
reached for Δ ∼ �100 meV. This implies that the fine
structure cannot be inferred from the measurement of
the degree of polarization for DRs withΔ∼�100meV.
This is the reason why for samples DR2, DR3.3 and DR4
the lower limit of Δ cannot be determined and it is
arbitrary set to �100 meV, as illustrated in the last
columnof Table 1.Wepoint out thatwe experimentally
found some particles showing p values slightly higher
than pmax. This apparent inconsistency can be assigned
first to the dispersion of Re values from particle to
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particle, whereas pmax is calculated from the average
value for the sample. Second errors in the estimation of
the PL background can easily lead to the overestima-
tion of p, especially for high level of polarization where
the minimum of the intensity Imin is close to the back-
ground level.

Only DR1 displays a spherical-like level ordering
(Δ > 0). Despite the large oscillator strength (61.7%) of
the 1D dipole of the |0Uæ transition (due to the large
dielectric effect: Re = 3.2) the polarization is only of 41%
for this sample because this state is poorly populated
(17.2%) due to the level ordering. For the other
samples, the level ordering is different and the |0Uæ state
has a lower energy than |(1Uæ state (see Figure 5). It has
therefore a larger population (J 40%) and conse-
quently the degree of polarization is higher than for

DR1. The samples displaying the largest negative net-
splitting Δ, DR2 and DR4, have a lower population
(6.5% and 2.5% respectively) for the |(1Uæ and thus
they display a large polarization degree. This explains
why, as can be seen in Figure 2, large negative values of
net-splitting Δ are necessary (together with Re > 1) to
reach high degree of polarization, because this de-
creases the emission from the strong 2D transition |(1Uæ.

Our results thus indicate that there should be a
transition between a spherical-like band-edge exciton
symmetry to a rod-like (prolate) band-edge exciton
symmetry for DRs when increasing the core size from 2
to 3.3 nm. Reference 28 reports a spherical-like band-
edge exciton symmetry for DRs with core diameter of
d = 3.2 nm, shell length l = 39.8( 1.7 nm and thickness
t= 4.3( 0.5 nm. This size is closer to that of DR2 than to

Figure 5. Band edge exciton fine structure deduced from the measured average degree of polarization p and average
dielectric factor Re summarized in Table 1 for samples: (a) DR1, (b) DR4, (c) DR2, (d) DR3.1, and (e) DR3.3. As an example of the
effect of themeasurement dispersion on the estimation ofΔ, we present the fine structure of DR3.1 calculated for the average
p plus or minus one standard deviation. The thermal energy at 290 K is 25meV. It should be noticed that the scale is the same
for (c)�(e) but different scales are used for (a) and (b).

TABLE 2. Fine Structure and Emission Parameters for the Different Samples Investigated, Calculated from theMeasured

Polarization Mean Values Given in Table 1, the Theoretical Model, and Reference 13a

η (meV) Δ (meV) Ref0U N0U 2f(1L N(1L 2f(1U N(1U I1D I2D

DR1 8.1 4.5 61.7% 17.2% 0.2% 63.2% 38.1% 19.5% 59% 41%
DR2 2.6 �49 58.3% 39.4% 7.6% 54.1% 34.1% 6.5% 78% 22%
DR3.1 0.9 �22 52% 39.1% 9.4% 43.6% 38.6% 17.3% 65.4% 34.6%
DR3.3 0.9 �30 60.4% 41% 8.3% 45.7% 31.3% 13.3% 75.7% 24.3%
DR4 0.3 �82 48.7% 48.1% 12.5% 49.8% 38.7% 2.5% 76.9% 23.1%

a From left to right: electron�hole exchange interaction η and net-splittingΔ, oscillator strengths f and populations N of the various emitting levels |0Uæ, |(1Læ and |(1Uæ,
probability of emission of the 1D dipole I1D and probability of emission from the ensemble of 2D dipoles I2D.

A
RTIC

LE



VEZZOLI ET AL. VOL. 9 ’ NO. 8 ’ 7992–8003 ’ 2015

www.acsnano.org

8001

DR1, but the precise size at which the transition
happens might depend also on the core seeds and
synthesis parameters. In any case, this transition is
governed by the change of sign of Δ. Δ decreases
toward negative and larger values for larger cores.
Moreover, from the comparison between DR3.1,
DR3.3 and DR2, we can deduce that |Δ| increases for
thinner and longer shell.

As already stated in eq 8, two phenomena can
explain the variations of net-splitting Δ from sample
to sample. First, the deviation of the core from a perfect
sphere. If the core is elongated along the c-axis
(prolate), the net-splitting decreases.13 Second, the
growth of the anisotropic shell around the core can
induce an anisotropic strain.29

DR1 with a very small core, despite its large aspect
ratio, has a small and positive net-splitting value (ΔDR1 =
4.5 meV), indicating a negligible effect of strain and an
almost spherical shape of the core. DR4, which has the
largest core, shows the largest value of net-splitting:
ΔDR4 = �82 meV. The core of this sample must have a
strong ellipticity, consistently with other works41,42 and
the TEM images presented in Supporting Information,
even if a contribution from strain is also possible. This
suggests that both the strain effects and the shape of
the core depend on the core diameter. The results for
DR2, DR3.1 and DR3.3, showing intermediate values,
are consistent with this picture. Moreover, DR2, DR3.1
and DR3.3 have the same core (they were synthesized
from the same seeds), so they should have the
same ellipticity. Consequently, the net-splittings
ΔDR2, ΔDR3.1 and ΔDR3.3 should only differ because of
the strain effectΔstrain. FromTable 2,wefind thatΔDR2 =
�49 meV, ΔDR3.1 = �22 meV and ΔDR3.3 = �30 meV.
Therefore, we can conclude that, for a given core size,
the strain increases for thinner and longer shell.

CONCLUSIONS

In this paper, we have presented for the first time
a method to determine the fine structure of the

band-edge exciton of CdSe/CdS DRs, throughmeasure-
ments of the emission polarization of single particles at
room temperature. By modeling the emission as a
superposition of contributions from 1D and 2D dipoles,
corresponding to different optically active energy levels
of thefinestructures,wehave founda strong correlation
between the measured degree of polarization and the
splitting of the fine structure levels.
Our study also has the fundamental interest of

revealing the physical origin of the different behavior
of spherical core�shell nanocrystals and DRs. We have
demonstrated that the dielectric effect, despite being
necessary to enhance the 1D dipole contribution,
cannot aloneexplain thedifferencebetweenDR samples,
since it is basically omnipresent in all the samples
studied. The emission polarization in DRs thus requires
a full understanding of the exciton fine structure. By
studying different samples, the effect of the relevant
geometrical parameters;core size and shell thickness
and length;on the emission polarization, and thus on
the fine structure, has been elucidated. We find that an
increasing size of the core causes a swapping of the
energy levels respectively responsible for the 1D and
the 2D dipole emission. This is a primary requirement
to reach a high degree of linear polarization, and we
demonstrated that this is caused by a change of the
core shape with the dimension. A thin and long shell
can further enhance the degree of polarization, by
acting on the spacing between the levels through a
strain effect between the core and the shell.
Apart from the fundamental interest, our work re-

presents a step toward a better control and engineer-
ing of the optical properties of CdSe/CdSDRswhich are
strongly dependent on their fine structure, such as the
emission polarization or the lifetime. A fine-tuning of
these properties, through a suitable choice of the
nanocrystal geometrical parameters, as exemplified
in the present work, is crucial in nanophotonics appli-
cations such as coupling of single quantum emitter to
nano- and microcavities, nanolasers or nanospasers.

METHODS
Synthesis of CdSe/Cds Dot-in-Rod Samples. All syntheses are car-

ried out under air-free conditions using a standard Schlenk line
setup. All chemicals are used as received and all solvents used
are anhydrous and of analytical grade.

Synthesis of CdSe Nanodots. A total of 3.700 g of trioctylpho-
sphine oxide (TOPO 99% from STREM), 0.280 g of octadecylpho-
sphonic acid (ODPA 99%, Polycarbon Industries), and 0.060 g of
cadmium oxide (CdO 99.99%, Sigma-Aldrich) are stirred in a
50 mL flask, heated to 150 �C and exposed to vacuum for 1 h.
Afterward, the solution is heated to 300 �C while flushing the
flask with N2 until it turns transparent and colorless. At this
point, the growth temperature is set to 370 �C and 1.5 g of
trioctylphosphine (TOP 99%, STREM) is injected. After the
temperature has recovered the set value, a selenium-TOP
solution (0.063 g Se, 100 mesh 99.5%, Sigma-Aldrich þ 0.575 g
TOP) is at-once injected and the growth is allowed to proceed
for 10 s for the seeds of sample DR1 (see Figure S1a in the

Supporting Information); 1 min for the seeds of samples DR2,
DR3.1, and DR3.3 (see Figure S1b); and 2.30 min for the seeds of
sample DR4 (see Figure S1c) before definitely removing the
heating mantle. Each CdSe nanodot solution is then transferred
into a drybox and twice purified by sequential precipitation and
resolubilization with methanol and anhydrous toluene, respec-
tively. Finally, the nanodots are dissolved in TOP in a final CdSe
dots concentration of 7.5 � 10�4 M (calculated according to
ref 43). See Figure S1 for band-edge absorption, photolumines-
cence details and TEM analysis.

Synthesis of CdSe/CdS Dot-in-Rods. All synthesis of core/shell
CdSe/CdS dot-in-rods were carried out under N2 atmosphere
using a seeded-growth approach elsewhere described.6,21 In a
typical synthetic stage, 0.085 g of CdO ismixed up in a flask with
3.000 g of TOPO, 0.285 g of ODPA and 0.080 g of hexylpho-
sphonic acid (HPA 99%, Polycarbon Industries). The flask is
pumped to vacuum for almost 1 h at 150 �C and then, under
inert gas flow, the solution is heated separately to 350 �C in the
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case of samples DR1, DR2, DR3.1, DR3.3 (see Figure S2 in
Supporting Information) or to 360 �C in the case of DR4 (see
Figure S2. At this point, 1.5 g of TOP is injected. After the
temperature has newly gained the set value, a solution of S
precursor-TOP-CdSe nanodots is swiftly injected into the flask.
This solution is prepared by dissolving 0.120 g of sulfur
(S 99.998%, Sigma-Aldrich) in 1.5 g of TOP and adding 100 μL
of a solution of CdSe dots dissolved in TOP (7.5 � 10�4 M). The
three different solutions of CdSe nanodots described in the
previous paragraph were employed to produce different DR
samples. After the injection, the dark red CdSe/CdS nanocrystal
solution is allowed to grow respectively for 8 min in the case of
sample DR1, DR2, DR4, and 20 min for sample DR3.1. The
reaction is then stopped by removing the heating mantle.
When the solution temperature cools down to about 70 �C,
the nanoparticles are transferred into a glovebox and twice
purified by precipitation with anhydrous methanol and resolu-
bilization in anhydrous toluene thus producing CdSe/CdS dot-
in-rod solutions diluted to a concentration of 10�10 M. In the
case of sample DR3.3, after the injection of the S-TOP-CdSe dots
solution, the system is left to grow for 15 min, then a Cd2þ�and
S2��rich stock solution dropwise is injected at rate 300 μL/min.
After the injection, the system is again left to grow for further
10 min before definitely interrupting the reaction. The whole
nanocrystals growth time results to be 40 min. To prepare the
Cd2þ�and S2��rich stock solution, 0.180 g of CdO, 0.850 g of
ODPA, 0.250 g of HPA and 3.000 g of TOPO are stirred in a 50mL
flask, heated to 150 �C and exposed to vacuum for 1 h. After-
ward, the solution is heated to 300 �C while flushing the flask
with N2 until it turns transparent and colorless. The reaction is
then stopped and the solution left to reach the room tempera-
ture. To this mixture, a second solution prepared by dissolving
0.360 g of S in 8.5 g of TOP is added at room temperature.

Optical and Morphological Characterization. Absorption measure-
ments were carried out using a Cary 5000UV�vis spectrophoto-
meter, whereas photoluminescence spectra were recorded in
cuvette by using a Cary Eclipse fluorescence spectrophoto-
meter. Low-magnification transmission electron microscopy
(TEM) analysis was performed on a Jeol JEM-1011 electron
microscope operating at 100 kV, equipped with a CCD camera
ORIUS 831 from Gatan. TEM samples were prepared by drop-
casting toluene-diluted nanocomposite solutions onto carbon
coated copper grids. Afterward, the deposited samples were
allowed to completely dry at 60 �C for one night before
examination. See Figure S2 in Supporting Information for
band-edge absorption and photoluminescence details and
TEM analysis.

Single Particle Polarization Microscopy. A detailed scheme of the
experimental setup for single particle polarizationmicroscopy is
presented in Figure 3a. For each sample, a dilute solution is
drop-casted on a microscope glass coverslip to produce a low
density of single DRs (2 to 5 DRs per 5 μm2 area) . A single DR can
be chosen and excited using a picosecond (ps) pulsed laser
diode with a small excitation spot of 1 μm2. The ps pulsed laser
operates at a wavelength of 405 nm to excite the highly
absorptive shell21 and it is circularly polarized, which ensures
a reproducible efficiency of the excitation. The photolumines-
cence (PL) is collected using a confocal microscope with a high
numerical aperture objective (100� NA = 0.95) mounted on a
piezoelectric, after filtering out the laser reflection and the
fluorescence from the glass substrate by means of a combina-
tion of a spectral long-pass filter and of a pinhole, acting as a
spatial filter. The PL is then sent to two single-photon avalanche
photodiodes (APD) in a Hanbury-Brown and Twiss configura-
tion. The signals from the photodiodes are recorded by a Time-
Correlated Single Photon Counting (TCSPC) data acquisition
card triggered by each laser pulse, enabling the recording of the
PL autocorrelation function for each DR. After the antibunching
test, the PL is sent to a rotating half-wave plate combinedwith a
polarizing beam splitter to measure the degree of polarization.
We verify that the optical system does not introduce any
polarization bias, by sending a linearly polarized laser beam at
633 nm through the same optical path followed by the light
emitted by the single nanocrystals.
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