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Abstract: The 3D orientation of a single gold nano-bipyramid (AuBPs) on a glass substrate is successfully
measured by polarimetric analysis of its scattering. The AuBPs are very attractive due to the presence of hot spots
at their end tips resulting from a strong longitudinal localized surface plasmon resonance. In addition, this
resonance can be modeled as a radiating dipole. To study the 3D orientation, we designed a specific spectroscopic
dark-field microscope with a precise control of the collection angles of the scattering in the Fourier plane. The 3D
angles are resolved by analyzing the polarization of the AuBP scattering. Simulations are used to extract the in-
plane and out-of-plane angles with a very good accuracy of 3 %. In particular, the critical role of the numerical
aperture collection was investigated experimentally by Fourier filtering of the scattering into the back focal plane
of the objective. It reveals a physical insight into the contribution of the evanescence waves and provides a
technical guideline for choosing the collection objective for polarimetric measurements.

Keywords: Localized surface plasmon, Gold bipyramids, Orientation, Polarization, Scattering.

situation of an elongated nanoparticle is in the vicinity
of a substrate [38] where the inclination of the particles
leads to several differences in scattering resonances
since it decides how much the particle is exposed to
the substrate index. Furthermore, the orientation is

1. Introduction

The determination of the orientation of
nanoparticles at the single level is a key point for many
applications in sensing [1, 2], coupling [3-5], and all

interaction effects [6-10]. It comes from the fact that
the optical response of a nano-object is sufficiently
sensitive to its local environments, e.g. refractive
index, that depends on the orientation of the particles.
This dependence is especially significant in the
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also a crucial parameter to optimize the coupling
strength of an emitter inside plasmonic nanocavities.
On these, a strong coupling may be achieved for
emitters that are grafted following the direction of the
local field inside the cavities [10, 11].
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For these applications, the dye molecules,
semiconductor  nanocrystals, and  plasmonic
nanostructures have been widely used thanks to their
excellent optical responses. Otherwise, plasmonic
nanoparticles have a large scattering and absorption
cross-section, and do not suffer from major drawbacks
of the fluorescence emitters such as photoblinking
[12, 13] or instability from biochemical environment
[14, 15]. This comes from the ability to confine the
field at the nanoscale of the noble metallic
nanoparticles that emerges from a phenomenon which
is known as localized surface plasmon resonance
(LSPR) [16-19]. The LSPR effect becomes especially
important for anisotropic plasmonic nanoparticles
where gold bipyramids (AuBPs) stand as a promising
candidate in recent years due to several desirable
properties. The AuBPs have a high aspect ratio as
common elongated plasmonic nanoparticles while
own sharp curvature at the tip ends showing better
local field confinement and enhancement [2].
Therefore, our work in this paper aims to
determine 3D orientation of the AuBPs at the single
particle level.

Various optical methods have been -early
developed such as radiation pattern or polarization
analysis. Among the patterning methods, we can cite
the defocused imaging [20, 21], and Fourier plane
imaging [22-25] which offers the most convenient
implementation. The orientation of the particles can be
deduced from the projection of the radiation pattern on
these planes. However, the angular resolved imaging
usually demands highly sensitive detectors. In
particular, the defocused imaging is also very sensitive
to the alignment and aberrations of the experiment
setup. Despite all of the strict requirements, these
methods cannot be applied to all circumstances. For
example, the orientation of quantum dots on an
absorbing substrate is not resolved by the Fourier
plane imaging [26]. On the other hand, the
polarimetric analysis methods have shown good
precision without rigorous requirements as the
radiation pattern imaging methods [27-35]. One way
is to split the optical response of nanoparticles into two
orthogonal polarization directions to measure the
optical anisotropy [30, 32]. However, the anisotropy
measurement is only effective for the determination of
the in-plane orientation.

In the presented work, we present a method to
retrieve the 3D orientation of single nanoparticles
based on resolved polarimetric scattering spectrum.
The work goes further on investigating the role of the
numerical aperture of the collection since the
polarization states are not similar in different radiation
directions. The developed method is then applied on
gold bipyramid nanoparticles (AuBPs) that is an
interesting model system for single-emitter light
scattering. The AuBPs mainly support a strong
longitudinal localized surface plasmon resonance
owing to its very sharp end tips (other modes with very
low scattering cross-sections can be neglected). This
longitudinal resonance is easily tuned by playing with
the aspect ratio of the particle [22, 23]. In terms of

theoretical calculation, the longitudinal mode of the
AuBPs can be modeled as a linear radiating dipole. In
addition, the AuBPs allow access to out-of-plane
angles without any surface treatment thanks to the
geometry of the bipyramid.

2. 3D Orientation M easurement
of a Single Gold Bipyramid

2.1. Theoretical Calculation of Polarization
Analysis

Theoretical calculation is described in our previous work
[26]. In this, the nanoparticle is modeled as a dipole radiating
through an air-glass interface that is then collected by an
objective. A polarizer with rotating angle o is placed on the
detection pathway. The detected intensity oscillates between
a maximum (I, 4,.) and a minimum (I,,,;;,) values with the
variation of the angle a, following the Malus’s law:

1) = Lin + (Ipax — Imin)5052(¢ - a) (1

For the linear dipole (1D), the I, is retrieved when
the polarizer in the parallel direction to the dipole axis
while for the orthogonal direction, the intensity is
minimum. From the Eq. (1), the in — plane angle ¢ is
directly retrieved.

It is important to note that the calculation has taken
into account parameters of the local environment as
well as the numerical aperture of the objective. At a
fixed numerical aperture (NA) of a collection
objective, the out — of — plane angle ©® is determined
using the measured degree of polarization (DOP) b,
obtained as:

By = it )

2.2. Numerical Investigation of Scattering
of Single Gold Bipyramid

The scattering spectrum of the AuBPs are
investigated numerically by finite element methods
(COMSOL, 5.2 software). The sizes of the AuBPs are
100 nm long and 30 nm in width (square base). The
tips are slightly truncated with a square basis of 3 nm
width. The geometry size of the AuBPs is deduced
from the size distribution measured by scanning
electron microscope (SEM). In the simulation, the
AuBP is placed glass substrate with an angle of 15°
and excited by a plane wave in normal incidence
(Fig. 1). Under a plane wave excitation, the charges
are mainly distributed at the two end tips of the AuBP
results in a strong scattering resonance at 740 nm.
Thus, this mode behaves like a linear radiating dipole.
The two very weak modes at lower wavelength are
respectively quadrupolar mode and transverse mode of
the charge oscillation that are neglected in
our measurement.
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Fig. 1. Numerical simulations of the AuBP optical
properties. Scattering spectrum together with, in insert,
the charge distribution associated at the main
resonance (740 nm).

The longitudinal surface plasmon mode of the
AuBPs has dipolar nature that is spatially modified by
the local environment [35], particularly in this case is
the glass substrate. Therefore, we make a calculation
of the scattering diagram of an AuBP in a vicinity of
the glass substrate. In the calculation, the particle is
modelled as a linear dipole. The far-field radiation of
the dipole is collected in the semi-infinite medium of
the glass (n = 1.5) by an oil matching index objective.
Herein, the objective is approximately simulated as a
reference sphere that converts the light into a
collimated beam with a planar wave front. The
emission diagram is presented as the angular
distribution of the intensities radiating from the dipole
1(6, @) on the Fourier plane of the objective. Due to
the planar symmetry, the radiated electric field is
presented in terms of p and s polarizations. The
angular distribution of the radiating intensity (6, ¢)is
express as [24]:

1
1(6,9,0, q’)"’m-(ES.ES + Ep.Ep) 3)

In which, (1/cos 6) is the apodization factor which is the
result of the sine condition and the energy conservation
when a focused beam passing through an objective. The
electric field components p and s are also functions of dipole
orientation (®, @) and observation angles (0, ¢) (Fig. 2a),
their expressions are given as:

Es(6,9) = al(HéT(p).SinQ. sin(p — P), @)
Ep(6,9) = E;¥(6,9) + E37(6,9)
with
E,’,"”(H, @) = a,(6,¢).sin@.cos(p — D),
E,i’“r(e. @) = as3(0,¢).cosO.sin 0

In which, the functions a, (6, @), a,(6, ), and
a3(0, ) related to the transmission coefficient of the
air/glass interface. The expressions of these functions
can be found in the reference [24].
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The spatial distribution of intensity 1(6, ¢)on the
Fourier plane of the objective is represented in terms
of the wavevectors, denoted as k, = n.siné.cose
and k, = n.sind.sing. Fig. 2b shows an emission
diagram on the Fourier plane I(ky, k,) of a dipole
inclined an angle of ® = 15° to the glass substrate. As
the numerical aperture of the objective NA = n. sinf,
the radius of the emission diagram is limited by this
parameter. In this case, the modelled objective has
NA = 1.49. It is worth noting that since the dipole
radiating through the air/glass interface, the solid
angle corresponding to NA = 1 is the critical angle
defined by refractive indices of these media. The
emission diagram shows that the radiation is strongly
modified by the presence of the interface toward the
higher index medium (glass). Especially, the interface
redistributed the radiation mainly into the evanescent
regime corresponding to NA = [1, 1.49]. Besides, the
influence of the out-of-plane orientation ® = 15° is
observed as the contrast of the intensities along the
dipole axis.

(a)

z Dipole orientation (©,)

(b)

o N A O @

ks

Fig.2. (a) Schematic of the spherical coordinates
defining the orientation of the dipole (®, @) and the direction
of the observation (0, ¢); (b) Simulated emission diagram
on the Fourier plane of the objective of a dipole inclined 15°
to the substrate.

2.3. Experiment Set Up

Fig. 3 illustrates the experimental set up which
combines dark-field imaging and Fourier filtering.

The AuBPs are deposited on a glass substrate and
excited by a white lamp focused by a low numerical
aperture (NA) objective and then both direct
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illumination and scattered light are collected by an oil
objective with NA = 1.49. A beam blocker is placed at
the Fourier-plane position (F’.P’) to effectively block
the overwhelming illumination and retain only the
scattering. At the same time, a diaphragm is also set at
this position to control the scattering collection NA. It
is worth mentioning that the primary Fourier plane of
the oil objective is usually inside or very near the
objective pupil. Therefore, a conjugated lens system is
used to displace the Fourier plane to a convenient
position for collection manipulation. The polarization
analysis of the scattered light is then conducted by
combining a rotating half-wave plate (A/2) and a fixed
polarizer (P).

FP P

g

Fig. 3. Schematic of the experimental set up. F.P: the
primary Fourier plane, F’.P’: the image of the Fourier
plane, A/2: the rotating half-wave plate,
and P: the fixed polarizer.

3. Resaultsand Discussion

3.1. Dark-field Imaging

Fig. 4a shows a dark-field image of the AuBPs
deposited on the glass substrate that was measured by
the experiment setup in Fig. 3.

(a)

10um
(b)
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Fig. 4. (a) Dark-field image of the AuBPs deposited
on the glass substrate; (b) Scattering spectrum of a single
selected AuBP.

The bright spots come from the scattering of the
nanoparticles while the dark background proves that
the overwhelming illumination was sufficiently
filtered out. Especially, the AuBPs are very well
separated from each other allowing to measure
scattering at the single level.

A scattering spectrum of a selected AuBP is
presented in Fig. 4b where the resonance wavelength
is located around 700 nm associated with the
longitudinal mode. Besides, the width of the spectrum
is narrow, around 50 nm, which is usually an optical
response achieved from a single nano-object at the
ambition condition.

3.2. 3D Orientation of the AuBPs

The polarimetric measurements are performed on
the high quality AuBPs with average length of 100 nm
and aspect ratio around 3.3 supporting a well — defined
longitudinal resonance between 650 - 750 nm. The
synthesis protocol can be found in [2]. Fig. 5 plots the
obtained results of orientation measurement.

80

intensity {a.u.)

Imin

90 180 270 360
analysis angle o (°)

Fig. 5. Detected intensity (red dots) as a function
of analysis angle a fit with the Eq. (1) (blue curve).

The evolution of the intensity as a function of the
analysis angle o follows very well the Eq. (1). From
the fit, three parameters are extracted: the in-plane
angle @, the maximum, and the minimum intensities
(Imax and Imin). In which, the in-plane angle is defined
as analysis angle at the first maximum value of the
detected intensity. We find for this AuBP, an in-plane
angle @ = 30° and a DOP 6 = 0.72 with 3 % of
precision. From the Eq. (2), we deduce out-of-plane
angle ® = 75°.

The degree of polarization and deduced out-of-
plane angle measurement are then repeated for 30
other AuBPs (Fig. 6). We found that the AuBPs
possess distributed out-of-plane angles between 60°
and 90°, in which the 70-80° orientations are
dominant. This distribution is consistent with the
shape and the size of the AuBPs deduced from the
electronic microscope measurement. There are
considerable numbers of AuBPs paralleled with the
substrate that might be induced from ligands
surrounding the particle.
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Fig. 6. Histogram of (a) degree of polarization
and (b) out-of-plane orientation of 30 AuBPs measured by
polarization analysis.

3.3. Roleof Collection Numerical Aperture

The simulation indicates that the strong
longitudinal surface plasmon resonance mode of the
AuBPs behaves like a linear radiating dipole. When
they are near an air/glass interface, the scattering is
mainly radiated in the forbidden region above the
critical angle [39]. Fig. 7 simulates the 3D radiation
pattern of a dipole placed in air and near a glass
substrate that is strongly redistributed toward the
higher index medium.

The Fourier plane is the projection of the radiation
pattern where each point on the Fourier plane
corresponds to one direction of the radiation. Herein,
the polarization states of different radiation directions
have been presented (blue arrows). It is clear that the
polarization states are not homogeneous on the entire
Fourier plane. They become more complicated with
the increase of numerical aperture, especially near the
critical region around NA = 1. In other words, the
polarization states are also strongly redistributed.
Thus, in terms of the experiment, the collected NA of
the objective plays an important role on the orientation
measurements. In order to illustrate this dependence,
we performed the polarization measurements with
angular filtering. The results are displayed in Fig. 8.

Fig. 8 presents the DOP as a function of NA which
is artificial changed from 0.45 — 1.49 by Fourier
filtering (Fig. 3). We see that at low NA, 6 nearly
reaches unity but when the diaphragm is larger, it
drops by 30 %, and more significantly around NA = 1.
When the NA increases, the scattering is collected into
different  directions which possess  specific
polarization angles result in the decrease of the DOP.
It is worth noting that the detected intensities also
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strongly depend on the NA collection, therefore, the
choice of an optimal objective is a compromise
between a fast variation of the 8(®) and an effective
collection efficiency.

Projection of
polarization

Fourier
plane

NA

Fig. 7. Simulation of the 3D radiation pattern
and the Fourier plane image of a dipole near air/glass
interface. The projection of polarizations on the Fourier
plane is showed as blue arrows.
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Fig. 8. DOP (red) and Imax (black) as functions of collection
NA. Dots: experimental values. Curves: simulation.

3.4. Microscope Objectivefor the
Polarimetric M easur ement

As the DOP is strongly influenced by the collected
NA, the choice of the objective for the polarimetric
measurements is crucial. Fig. 9 shows the evolution of
the degree of polarization (DOP) & as the function of
the out — of — plane orientation ® with different
collection: NA = 1.15 and NA = 1.49 represent for oil
objectives, while NA = 0.5 and NA = 0.9 stand for
air objectives.

The theoretical calculation on Fig. 9a has taken
into account the experimental parameters with the
presence of the beam stop 0.45NA. There is a minor
difference compared to the case of collection in a full
solid angle (Fig. 9b) because some polarization
directions below the solid angle NAc =0.45 are cut —
off by the beam stop. In the grey zones, the d is nearly
constant with collection in the large NA while its
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variation is bigger in the case of collection in the small
NA. In the opposite, when the dipole is nearly in the
plane of the substrate (® = 70 — 90°), it is difficult to
measure variations of & for objectives with small NA.

0,84 ; -~ _
0.6 TS o
0,44

o2t/ /S

0,0 b=, .
0 30 60 90

Fig. 9. Theoretical calculations of the DOP as a function
of the dipole orientation ® for two configurations of
collection: (a) with the beam stop limiting NA = 0.45, and
(b) for a full collection. Four different objective numerical
apertures are evaluated for each configuration. The grey
zones correspond to dipoles which are oriented nearly
vertical (@ =0 — 10°).

4. Conclusions

In conclusion, we showed that the complete
orientation of the AuBPs has been successfully
resolved by the scattering polarimetry spectroscopy.
Most of the particles exhibited the out-of-plane
orientation on the substrate which is consistent with
their geometry. The crucial role of the collection
numerical aperture has been addressed, both
experimentally and theoretically. We also show that
depending on the orientation, the choice of the
microscope objective NA is crucial. Our original
method to obtain the direct dependence of the
polarization on the objective NA may be
applied for more complex systems with different
radiation pattern.
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