Consequence of shape elongation on emission asymmetry
for colloidal CdSe/CdS nanoplatelets
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ABSTRACT

In this paper, we demonstrate that for colloidal CdSe/CdS nanoplatelets, a
rectangular shape induces emission asymmetry, in terms of both polarization

and emission patterns. Polarimetry and emission pattern analyses are combined
to provide information on the orientation of the transition dipoles involved
in the nanoplatelet emission. It is shown that for rectangular nanoplatelets,
the emission is polarized and the emission patterns are anisotropic, whereas
they remain nonpolarized and isotropic for square nanoplatelets. This can be
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appropriately described by the dielectric antenna effect induced by the elongated
shape of the rectangular platelet.

1 Introduction

Understanding the photophysics of fluorescent semi-
conductor nanostructures is of crucial importance for
their integration in lighting, displays, or photovoltaic
devices. Their fluorescent emission usually exhibits a
degree of polarization, whose enhancement is crucial
for many devices. Polarization depends on three
characteristics: the dielectric environment of the emitter,
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the orientation of the emitter, and the symmetry of
the emitting states. Some fluorescent nanoemitters
behave as single linear dipoles, often referred to
as “one-dimensional (1D) dipoles”. However, the
emission in many such nanoemitters originates from
the degenerate states of different symmetries. Referred
to as “two-dimensional (2D) dipoles” they behave as
an incoherent sum of two orthogonal linear dipoles
with the same oscillator strengths [1]. In both cases,



polarized emission can be observed, with the degree
of polarization depending of their orientation (with
polarization degree higher for 1D dipoles). Analyses
using polarimetric methods, sometimes combined with
defocused imaging or decay curves, have demonstrated
2D-dipole behavior for spherical core-shell quantum
dots [1-4] and dot-in-plate structures [5], and 1D-
dipole behavior for nanorods [6] and dot-in-rods [7],
with intermediate 1D+2D behavior for some structures
[8, 9]. These studies have found dipolar nature (1D or 2D)
to be related both to the symmetry and degeneracy of
the electron-hole transition dipole, and also to the
shape of the nano-object, even when the Bohr radius
of the exciton is smaller than the size of the nano-
object, a size difference that should made the dipolar
transition insensitive to spatial confinement. A
relationship between shape and polarized radiation
has been shown, in particular, for colloidal dot-in-rods,
and has sometimes been interpreted as a dielectric
antenna effect of the rod-like shell [7, 9-12]. This has
also been observed for nanowires [13] and porous
silicon [14].

Researchers have recently synthesized flat colloidal
CdSe nanoplatelets of a few atomic monolayers
arranged in a zinc blende structure [15, 16]. These
nanoplatelets exhibit behavior analogous to semi-
conductor quantum wells [17]. Their synthesis is
controlled with atomic precision, and they exhibit a
fluorescence emission line width close to kzT at room
temperature [18-20]. The overgrowth of a shell
(typically of a wider band gap such as CdS or ZnS
on CdSe) on the core material has been proven as an
efficient way for 1) increasing both the quantum yield
and stability of the emitters, and 2) decreasing their
emission blinking [21-25]. The luminescence dynamics
have been studied, for example, as a function of the
lateral dimensions of the nanoplatelets [26-29], and
partial emission polarization has been found for
elongated platelets [30, 31]. However, the dipolar nature
of these emitters has not yet been investigated.

It will depend on electron-hole quantum confinement,
but also on the platelet dielectric confinement that acts
on electron-hole radiation [32, 33]. Additionally, it
could be modified by ligands, local fluctuations, trap
states, etc. [34].

The objective of this study is to demonstrate how

nanoplatelet shapes can induce anisotropic emission,
which addresses both an increase in the degree of
polarization and asymmetric radiation pattern. To
achieve this, we compare individual square and
rectangular nanoplatelets, and their emission properties
(in terms of polarization and emission patterns). The
dipole characteristics of individual CdSe/CdS nano-
platelets are investigated, and a correlation between
the spatial anisotropy of the nanoplatelets, their
polarized emissions, and the asymmetry of their
radiation patterns is evidenced. By using an appropriate
substrate and analyzing polarization and radiation
patterns, the emitting dipole nature and other charac-
teristics of square and rectangle nanoplatelet emissions
are unambiguously determined.

2 Experimental

The CdSe/CdS core-shell nanoplatelets studied here
are nanoparticles that have perfectly defined and
controlled thicknesses, but whose lateral sizes can be
tuned [35]. This allows rectangular and square core/shell
nanoplatelets to be synthetized (this synthesis is
described in the Electronic Supplementary Material
(ESM)).

Figure 1(a) shows transmission electron microscopy
(TEM) images of two samples of interest. Both are flat
nanoplatelets with a central CdSe layer (1.2 nm thick-
ness) sandwiched between two shell CdS layers (0.4 nm
thickness) for a total thickness of 2 nm. For the first
sample, the platelets are squares of typical lateral
dimensions of 16 nm x 16 nm (+/— 2 nm). For the second
sample, the platelets are rectangles with typical lateral
dimensions of 15nm x 20nm (+/- 3nm). A spatial
length 1+7
width 1-7
factor 7 ranges between 0 (square platelet) and 1 (very

anisotropy factor 7 is defined as This

elongated rectangle). The values extracted from the
TEM images (Fig. 1(b)) are very low for the square
platelets (between 0 and 0.08), corresponding to very
slight elongation for these structures. For the rectangle
sample, on the other hand, the shape anisotropy r
values range between 0.1 and 0.25, indicating a clear
rectangular shape.

A microphotoluminescence setup has been used to
analyze the fluorescence from individual nanoplatelets
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Figure 1 (a) TEM images of the square and rectangle nanoplatelets. (b) Histogram of anisotropic factor 7 for square and rectangle

nanoplatelets.

deposited on a gold-silica substrate (see the ESM).
We excite each single nano-object at a wavelength of
450 nm, very far from the gap wavelength at room
temperature. Therefore, different emitting transitions
will be considered to be incoherent. For each emitter,
we apply two complementary emission analyses: a
polarimetry analysis and an angular distribution
measurement (radiation pattern). As we describe
below, it is necessary to combine these two methods
in order to unambiguously determine the following
characteristics: 1) the 1D or 2D nature of the emitting
dipole and 2) its orientation (®, @) (in spherical
coordinates, with the main axis being normal to the
substrate). In the case of 2D dipoles, for CdSe/CdS,
the two incoherent o+ and o- transitions will be
described, by a change of basis, as the sum of two
linear orthogonal incoherent emitting dipoles. The
orientation (©, @) of the 2D dipole is then normal
to the plane containing the two orthogonal linear
transitions (or the two ¢* and o- transitions). As
described in [4, 7, 36], a linear polarization analysis
allows us to retrieve information regarding the nature
and orientation of the emitting dipole.

For a 1D dipole, in a polarimetry emission analysis
[4], the intensity of the emission transmitted by a
rotating polarizer along angle a can be expressed
as I(a) = Inin + (Imax = Imin)cos*(®@ — a) (Eq. (1)). The
value of @ yields the azimuthal (in-plane) orientation
of the dipole. The degree of polarization is defined as
& = (Imax
on the measurement conditions (substrate index,

— Lnin)/(Imax * Irnin), With its value depending

objective numerical aperture...) and on the zenithal
(out-of-plane) orientation ©® of the dipole. Such a
relationship can also be demonstrated in the case
of a 2D dipole (see the ESM). Figure 2(c) shows the

calculated 6(©) for 1D and 2D dipoles placed inside
a homogeneous medium of index 1.45 at a distance
of 50 nm from a 200 nm thick layer of gold, the
emission being collected by an oil objective with a
numerical aperture of 1.4. The theoretical value of &
is a bijective function of ®, making it possible to pre-
cisely determine © from the value of &, provided that
it is known a priori whether the dipole is 1D or 2D.

In sections 3.1 and 3.2, the radiation pattern of a
nanoplatelet is calculated by describing it as a point-
like dipole close to an interface and embedded in
a dielectric medium of infinite lateral dimension,
following an analytical approach based on interferences
between the propagating fields directly emitted,
transmitted, or reflected on interfaces [37, 38]. In
the former experimental configuration, the radiation
pattern calculated for 1D and 2D dipoles with ® = 0°
are plotted in Fig. 2(d) as a function of the emission
directions referred to as (6, ¢ ) in the spherical
coordinates. In section 3.3, we will use a full 3D
numerical approach to account for the finite size of
the nanoplatelets.

3 Results and discussion

3.1 Square platelets: symmetric and nonpolarized
emission from a single 2D-dipole

Figure 2(a) plots an experimental polarimetry curve I(a)
for a single square platelet, using the experimental
conditions described in the previous section. This
curve is appropriately fit by Eq. (1) with a polarization
degree of ¢ = 0.02. By repeating this measurement for
20 emitters (Fig. 2(b)), the measured values of ¢ are
distributed about an average of 0.03, with a standard
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Figure 2 (a) Measured emission polarization curve for a square nanoplatelet. (b) Histogram of measured degrees of polarization for 20

different square nanoplatelets. (c) Theoretical curve of emission degree of polarization with respect to dipole orientation @ for 1D and

2D dipoles (dipoles lying on a silica plane surface at a distance of 50 nm from a thick gold layer, embedded in a semi-infinite 1.5 index

medium and emission collected with an oil objective of numerical aperture NA = 1.4); the schematics show the definition of radiation
direction (angles (6, ¢)) and of dipole orientation (angles (€, @) referring to the dipole orientation for a 1D dipole and to the orientation
normal to the dipole plane for a 2D dipole). (d) Calculated radiation pattern in the same configuration for a 1D dipole (left) and 2D
dipole (right) at @ = 0°. (e) Left: measured radiation pattern for an individual square nanoplatelet; right: detailed comparison between

the calculated radiation patterns along orthogonal directions at ¢ = 0° and 90° (black curve) and measured radiation patterns at ¢ = 0°

(blue dots) and ¢ = 90° (green dots).

deviation of 0.02. Therefore, the emission for each
square nanoplatelet are nearly unpolarized, indicating
an emitter with revolution symmetry about the z axis.
The emission from an individual square nanoplatelet
can be described either by a 1D dipole with ® = (°
(vertical dipole), or by a 2D dipole with ® = 0° (two
horizontal dipoles). Both situations are expected to
lead to nonpolarized collected light (6 = 0), as shown
on the theoretical curve 6(®) (Fig. 2(c)). At this point,
polarimetric measurement does not allow for this
ambiguity to be clarified.

To discriminate between 1D and 2D dipoles, the
emission for the same platelet is imaged onto an
EMCCD camera in the Fourier plane, which provides
the radiation pattern of the emitter (see the ESM).
The theoretical radiation patterns (Fig.2(d)) are
significantly different between 1D and 2D dipoles
of orientation @ = 0°. The emission of the 2D dipole
is maximum at the center (6 = 0°), but minimal for
the 1D dipole. This behavior raises the possibility
of determining whether the platelets are 1D or 2D

dipoles. The measured radiation pattern (Fig. 2(e)) is
in qualitative agreement with the calculated radiation
pattern from a 2D dipole at ® = 0°, and significantly
differs from the pattern of a 1D dipole. Figure 2(f)
shows quantitatively excellent agreement between
the measured and calculated radiation patterns. For
all of the individual nanoplatelets, all of the radiation
patterns exhibited the same diagram (see Fig. 54 in the
ESM). This leads to the conclusion that the emission
from a square nanoplatelet is very well described by
a 2D dipole at ©® = 0°, corresponding to a deterministic
deposition of the 2D dipole horizontally on the
substrate.

Indeed, the 2D dipolar emission is in agreement
with the behavior expected from an ideal thin
quantum well. For such very thin structures, quantum
confinement along the vertical dimension strongly
separates light and heavy holes, so that fluorescence
originates only from the recombination of the heavy
hole with the electron [15]. Electron-heavy-hole pairs
have +1 or #2 angular momentums [39]. Only the



degenerate +1 transitions are optically allowed and
contribute to emission at room temperature [26].
Because an incoherent sum of +1 states is equivalent
to a sum of incoherent orthogonal linear dipoles,
colloidal nanoplatelets can thus be expected to be
pure 2D-dipole emitters, as confirmed by the present
experiment.

3.2 Rectangular nanoplatelets, and asymmetric
and polarized emission from a single asymmetric
2D-dipole

For square nanoplatelets, both the degree of polariza-
tion & and the spatial anisotropy z are close to but
not always strictly equal to 0 (Figs. 1(b) and 2(b)). To
evaluate the relationship between spatial anisotropy
and polarized emission, the same experiments are
performed on the rectangle nanoplatelets, which have
a much larger spatial anisotropy factor than the square
nanoplatelets (Fig. 1(b)).

The degree of polarization ¢ measured for 29
rectangular platelets (Fig. 3(a)), now ranges between
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10% and 30%, which is much higher than the po-
larization for the square nanoplatelets, suggesting a
correlation between the degree of polarization and
the shape anisotropy of the rectangular nanoplatelets.
This relatively high degree of polarization can be
explained by two different hypotheses: (i) for a
horizontal 2D dipole (© = 0), because of the shape
anisotropy, one component of the 2D dipole is
enhanced with respect to the other (asymmetric 2D
dipole), (ii) or the 2D dipole is tilted by an angle @ # 0
(without any dipole asymmetry), possibly because of
the nonuniform distribution of ligands around the
semi-conductor structure.

Hypothesis (i) can be modeled as the emission
of two incoherent dipoles along the horizontal x
and y directions, with different dipole moments d,
and d,. This dipolar asymmetry will be expressed as

2
Z—x =1+—Z, so that the dipole asymmetry factor 7,
y
ranges between 0 (2D dipole) and 1 (resp(-1)) (1D
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Figure 3 (a) Histogram of measured degree of polarization for 29 different rectangular nanoplatelets deposited on gold substrate.
(b) Measured emission polarization curve for a rectangular nanoplatelet. (c) Calculated radiation pattern for a 2D dipole: symmetric
dipole with # = 0 tilted by & = 30° (left), asymmetric dipole with # = 0.2 and @ = 0° (right). (d) Experimental Fourier plane image (left)
and radiation pattern (right) of the same rectangular nanoplatelet, and theoretical radiation pattern in the main directions for a 2D
asymmetric dipole (7 = 0.2 and @ = 0°, d,, with the largest dipole having an orientation making an angle @,,,, in the x direction) in the
former experimental configuration. (¢) Comparison between the dipolar asymmetry # obtained from polarimetry and radiation pattern

measurement.



dipole along x (resp(y)). In that case, for a horizontal
dipole (O = 0°), it can be shown (see the ESM) that the
theoretical degree of polarization is proportional to
the dipolar asymmetry 7.

In the configuration that was just considered (emitter
close to gold interface, embedded in semi-infinite
1.45 index media and oil objective), hypotheses (i)
and (ii) lead to very similar radiation patterns (not
shown here). However, the difference between these
two cases appears clearly (Fig. 3(c)) when the gold-
silica substrate is replaced by a glass substrate, with
the nanoplatelets lying on the air side of the interface,
so that the oil objective collects leakage radiation (see
Fig. S1 in the ESM). In the first case (i) (asymmetric
dipole with 7 =0.2 and © = 0°), the theoretical Fourier
image (Fig. 3(c), right) shows a sharp ring at the air-
glass critical angle, with a symmetric saddle shape
and two opposite lobes. In contrast, in hypothesis (ii)
(tilted dipole, n=0 and © =20°) (Fig. 3(c), left), the ring
is mostly isotropic, but the emission at the critical
angle show a slight dissymmetry. In this configuration,
the radiation pattern raises the possibility of discri-
minating between the two hypotheses: (i) asymmetric
dipole (© =0 and 7 # 0) and (ii) tilt of the 2D dipole
(n=0and O #0).

For the same rectangular nanoplatelets, we perform
polarimetric emission pattern experiments. Figure 3(b)
plots a typical I(«) polarimetry curve. The measured
degree of polarization is 0.15, and can indicate
(depending on which hypothesis we make) either
that n =0 and © = 30° (tilted dipole), or that n = 0.2
and © = 0°. Figure 3(d) shows the measured radiation
pattern for the same rectangular nanoplatelet. The
pattern is in qualitative agreement with the theoretical
pattern for an asymmetric dipole, and not with the
pattern for a tilted dipole. The theoretical radiation
pattern along the main axes (¢ = Oy and @ = Oy +
/2 with @, being the in-plane dipole orientation
extracted from polarization measurements, as shown in
Fig. 3(d)) even shows excellent quantitative agreement
with the experimental data by considering a dipolar
asymmetry 1 = 0.2. Therefore, the radiation pattern is
described by an asymmetric dipole, thereby excluding
the tilted dipole hypothesis.

In another set of experiments (Fig. 54 in the ESM),
we use several nanoplatelets to confirm the correlation

between polarized emission and asymmetric emission
patterns, and outline that correlation using the dipolar
asymmetry factor 1. For each nanoplatelet, the value
of 1 can be extracted from the radiation, pattern by
fitting the radiation pattern with the theoretical curve
(©=0° @ = Dpay 1 #0). This value of 7 is compared
to the value obtained from the polarimetry analysis.
As shown in Fig. 3(e), both polarimetry and radiation
pattern measurements produce very similar values,
which confirms the validity of the asymmetric 2D-
dipole model for describing rectangular nanoplatelet
emission. For different rectangular nanoplatelets,
values of 1 ranging from 0.1 to 0.25 are measured.

In conclusion, we demonstrated a correlation bet-
ween nanoplatelet shape anisotropy (7) and dipolar
asymmetry (7). Rectangular nanoplatelets exhibited
polarized emission and asymmetric emission patterns,
whereas square nanoplatelets exhibited nonpolarized
emission and symmetric emission patterns.

3.3 Origins of emission asymmetry for rectangular
platelets

For all fluorescent semiconductor nanostructures, the
emitting dipole reflects the symmetries and oscillator
strengths of the radiating electron-hole pair states
confined inside the structure. These can be modeled
by quantum mechanics calculations. However, for
nanoplatelets at room temperature, lateral confinement
effects are negligible [20], because the lateral confine-
ment energy is much lower than ksT. The electron—
hole states are only confined in the vertical direction,
and their dipolar nature should not be influenced by
the lateral aspect ratio of the platelets. A second effect
that can influence the emission is an optical effect,
because the structures (both core and shell) act as a
dielectric antenna that can modify both radiation
patterns and polarization. This effect is particularly
strong if there is a large contrast between the dielectric
constants and the environment outside the structure, as
is the case here. Electric field modifications can then be
highly nonuniform when a structure is not isotropic,
and there is no simple analytical equation to describe
this effect [33]. Nevertheless, in the former section, we
modeled the emission of rectangular nanoplatelets by
a point-like 2D-asymmetric dipole, without considering
any lateral embedding dielectric media. We have



therefore assumed that the antenna dielectric effect
that enhances the emitted field in a specific direction
can be mimicked by a larger dipolar contribution in
that direction, and therefore to an asymmetric dipole.
In this last section, we discuss the validity of this
assumption, and consider a point-like radiating
dipole embedded in a dielectric structure, with the
dimensions of a platelet and with a dielectric index
corresponding to a bulk CdSe platelet.

For this objective, we compare the radiation pattern
in two cases: a 2D symmetric dipole in a rectangular
nanoplatelet and a 2D asymmetric dipole in a square
nanoplatelet. For this part, in contrast to the previous
analytical simulation of the radiation pattern, we
use a finite element numerical method to simulate
the radiation patterns of a 2D dipole embedded in
a square or rectangular nano-object and having a
dielectric index equal to 2.588. Thus, for emission
pattern simulations, we take into account the lateral
confinement caused by the dielectric contrast between
the nanoplatelet and its environment.

Both the nano-objects and dipoles lie on the air
side of a glass—air interface (© = 0°). The dipolar
emission is collected in the glass half-space. The
symmetric dipole (n = 0) is embedded within a
rectangular nano-object of dimensions 20 nm x 15 nm x
2 nm, as measured by TEM on the rectangular platelets
(Fig. 4(b)), whereas the 2D asymmetric dipole (1 = 0.2)
is inside a square nano-object (15 nm x 15 nm x 2 nm)
(Fig. 4(a)).

For the asymmetric dipole in the square nano-
platelet, the stronger dipole along the X-axis (@ =0°)

induces stronger emission in the Y direction (¢ = 90°,
see Fig. 3(d)). With respect to the symmetric dipole
in a rectangular nanoplatelet (Fig. 4(b)), the dielectric
antenna effect from the elongated shape along the X
axis of the nanoplatelet induces a field distribution
inside the nanoplatelet along the X axis, as well as
the additional confinement of the Y axis. Therefore,
in the far field, emission is enhanced in the Y
direction.

Emission asymmetries are very similar in the two
cases, leading to the conclusion that the asymmetric
emission of a rectangular nanoplatelet can be modeled
with excellent quantitative agreement, either as an
asymmetric 2D dipole (d, # d,) without considering
any embedding medium (as stated in the beginning
of the paper), or as a 2D symmetric dipole within
a rectangular nano-object of finite size. However,
because the lateral size of the nanoplatelets is much
larger than the dimensions for lateral electron-hole
confinement, the 2D dipole is not sensitive to lateral
nanoplatelets size, and must be considered as a 2D
symmetric dipole. Therefore, emission asymmetry
can be appropriately described quantitatively by the
dielectric antenna effect induced by the elongated
shape of a rectangular nano-object.

Finally, we performed similar numerical simulations
(Figs. 52 and S3 in the ESM) with different platelet
dielectric constants and lengths. We found that by
increasing rectangular platelet length while maintaining
width at 15 nm, emission asymmetry in the radiation
pattern increases. Emission asymmetry is also found
to increase as a function of the platelet index.

20nmXx 15 nmx2 nm
=i,

g8

Figure 4 Simulated radiation patterns for emission along x direction ¢ = 0° (red curve) and y-direction ¢ = 90° (blue curve). The index
of the nanoplatelets is taken equal to 2.588 (a) 2D asymmetric dipole with factor # = 0.2 (d, > d,) in a square nanoplatelet; (b) 2D

symmetric dipole in a rectangular nanoplatelet.



4 Conclusion

In conclusion, we demonstrate in this study that
rectangular nanoplatelets exhibit asymmetric emission
behavior (polarization and radiation patterns), while
the emission of square nanoplatelets remains isotropic.
We characterize the dipolar nature of the emission
by combining polarimetry and radiation pattern
measurements, and by choosing different substrates, to
emphasize the different effects that will be analyzed.
We showed that the emission of individual square
nanoplatelets is nonpolarized and well described
by a 2D dipole, which always lies horizontally on
the substrate. In contrast, a rectangular nanoplatelet
exhibits more polarized emission, and its radiation
patterns become asymmetric. Both aspects can be
modeled in a first step with good quantitative
agreement by mimicking rectangular nanoplatelets
as asymmetric 2D dipoles (d, # d,) whose dipolar
asymmetry factors (17 values) range from 0.1 to 0.2. In
a second step, numerical simulations show that this
emission asymmetry can be well explained by the
anisotropic shape of the platelet, which acts as a
dielectric nanoantenna for the emission of a symmetric
2D dipole. A correlation is thus evidenced between
the geometric aspect ratio of colloidal nanoplatelets
and the asymmetric properties of their fluorescence
emission.

The combination of radiation pattern and polarimetry
analyses is a powerful characterization method for
studying the dipolar nature of single objects, which
allows for a detailed understanding of fluorescent
nanostructures, and illustrates the different con-
tributions of electron-hole confinement and dielectric
antenna effects on overall emission properties.
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