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ABSTRACT: Gold bipyramids (AuBPs) attract significant attention due to the large
enhancement of the electric field around their sharp tips and well-defined tunability of their
plasmon resonances. Excitation patterns of single AuBPs are recorded using raster-scanning
confocal microscopy combined with radially and azimuthally polarized laser beams.
Photoluminescence spectra (PL) and excitation patterns of the same AuBP are acquired with
three different excitation wavelengths. The isotropic excitation patterns suggest that the AuBPs
are mainly excited by interband transitions with 488/530 nm radiation, while excitation patterns
created with a 633 nm laser exhibit a double lobed shape that indicates a single dipole excitation
process associated with the longitudinal plasmon resonance mode. We are able to determine the
three-dimensional orientation of single AuBPs nonperturbatively by comparing experimental
patterns with theoretical simulations. The asymmetric patterns show that the AuBPs are lying on

the substrate with an out-of-plane tilt angle of around 10°to 15°.
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INTRODUCTION

Noble metal nanostructures have been widely studied in the last decades, since they are ideally
suited to confine incident light to volumes much smaller than the optical wavelength.!™ The
same effect can be utilized for increasing the efficiency of light emission from nanostructures.’
The ability to confine light into an intense near-field is due to localized plasmon resonances
(LPR), which are a coherent oscillation of the conduction band electrons in these structures. The
LPR are tunable over a large wavelength range since they sensitively depend on the size, shape,
material composition, and surrounding dielectric medium of the nanostructures.>® Hence,
tunable plasmonic nanostructures play an important role for a variety of applications. For
example, surface enhanced Raman spectroscopy (SERS) relies on the large amplification of the

1011 6r nanoantennas®>

local electromagnetic field through sharp protrusions and small gaps,
which are designed for capturing and localizing energy from radiation into small subwavelength

volumes or directional emission from the near-field to the far-field based on their structural
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anisotropy. Other applications, such as nano-light sources and nonlinear optics, can
benefit from both enhanced absorption and emission processes.

Anisotropic gold nanoparticles, such as nanorods, are especially interesting due to the simple
structure with high tunability of their plasmonic properties, hence they have been the subject of
many studies.*!®2° Another anisotropic nanoparticle shape, the gold nanobipyramid (AuBP), is
drawing growing attention for different possible applications.>!?> A review highlights the

fascinating plasmonic properties, growth methods and plasmonic applications of AuBPs can be

found in [23]. The tunability of the optical properties of a AuBP is similar to a nanorod,?* while



offering larger localized field enhancement due to sharper tips compared to nanorods. Compared
to nanorods, AuBPs possess narrower plasmonic resonances,” higher shape uniformity, larger
local field enhancement and instinctive asymmetric configuration on the supporting surface.??’
Despite the synthesis difficulty, new methods have enabled us to produce AuBPs with number
percentages approaching 100%.27?® Fascinating applications, such as a prototyped biological
application of a single molecule immunoassay* and a general experimental methodology®* for
single-molecule SERS, heavily rely on the large near-field enhancements located at the sharp tips
of the AuBPs. Thus, it is important to characterize the scattering and photoluminescence
properties of the AuBPs nonperturbatively and relate them to their orientation and the location of
the tips.

In most cases, white light scattering is used to characterize the plasmonic properties of
nanostructures. Scattering-based methods, such as defocused dark-field imaging,*® back focal

3233 and direct phase mapping®* are

plane imaging' interferometric scattering microscopy
utilized to distinguish the geometrical properties of nanoparticles. However, scattering methods
suffer from a scattering background that originates from impurities and interfaces, which is
especially problematic in biological applications. The scattering background can be

1835 which is based on absorption of the

circumvented by photothermal microscopy,
nanoparticles. Nevertheless, thermal reshaping and melting is problematic, particularly for small
nanostructure features due to their high surface energies. Surface plasmon enhanced
photoluminescence (PL)>!*3637 offers an alternative way to probe the properties of nanoparticles.

Raster-scanning confocal microscopy combined with the use of higher order laser beams has

been used to characterize the scattering®®**° or PL37* signal of individual nanoparticles. In

contrast to a linear polarized Gaussian beam, higher order laser beams offer symmetric electric



focus fields in all spatial directions, enabling to excite nanoparticles with any spatial orientation.
This symmetry of the out-of-plane and in-plane components of the excitation field allows easy
interpretation of the results. Furthermore, this approach allows to distinguish between different
particle shapes, such as nanosphere, nanorod, or nanotriangles® due to different scattering
patterns for each structure. The variation of excitation patterns has been correlated with three-
dimensional orientation of a single nanorod fixed in a polymer matrix with an uncertainty of
50 41

In this work, we report a detailed characterization of the scattering and PL properties of AuBPs
deposited on an indium tin oxide (ITO) substrate on the single particle level. Raster-scanning
confocal microscopy combined with azimuthally or radially polarized doughnut modes is used to
map the three-dimensional orientation of single AuBPs. Additionally, taking advantage of the
wavelength dependence of the optical properties of AuBPs allows us to investigate the origin of
the PL in AuBPs. The isotropic excitation patterns suggest that the AuBPs are mainly excited by
interband transitions with 488/530 nm radiation, while excitation patterns created with a 633 nm
laser exhibit a double lobed shape that indicates a single dipole excitation process associated
with the longitudinal plasmon resonance mode.

METHODS

AuBP preparation. AuBPs are synthesized using a seed-mediated growth method, described
in detail in [26]. The first synthetic step is the growth of the gold seeds. HAuCls is reduced using
a basic NaBH4 solution in the presence of citric acid, all in an aqueous CTAC solution. The
second synthetic step is the growth of the bipyramids, where a more concentrated HAuCl4
solution is added to an aqueous CTAB solution with AgNOs3. 8-hydroxyquinoline (HQL) is then

added to this solution and is rapidly stirred for one minute. After this, a variable amount of the



Au seeds is then added, which determines the aspect ratio of the resultant bipyramids. This
reaction was left in a 30°C water bath for two hours. This solution was centrifuged twice at 8000
rpm for 10 minutes to remove excess surfactant and was redispersed in milliQ (18.2 MOhm)
water to obtain a diluted solution. 3 puL of the dilution was drop-cast on a cleaned ITO glass. The
glass was rinsed after 15 minutes with water then ethanol, and dried under nitrogen flow.

AFM and SEM measurements. The morphologies of AuBPs were imaged using a Scanning
Electron Microscope (SEM, Hitachi SU-8030) under an accelerating voltage of 2 kV to avoid
sample damage. The AuBP were also characterized by atomic force microscopy (AFM) with the
Bruker Dimension Icon in Peak Force tapping mode using standard SCANASYST-AIR silicon
nitride tips.

Darkfield scattering. Darkfield (DF) spectra were measured with a commercial inverted
microscope (IX71, Olympus) coupled to a spectrometer (Shamrock SR-303i with iDus CCD
camera). White light from a halogen lamp is focused on the sample using a variable NA (0.7—
0.9) darkfield condenser, and scattered light is collected using a 40 x 0.6 NA objective.
Alignment of the isolated single AuBP is carried out by first aligning the center of the AuBP
with the entrance slit of the spectrometer and then narrowing the slit until the detection area only
contains the AuBP of interest. Multi-track mode was used to achieve spectral measurements of
the individual bipyramids.

Photoluminescence measurements. PL excitation patterns and spectra were measured with a
home built scanning confocal microscope’’ with different excitation wavelengths (488 nm,
pulsed, D-C-485, PicoQuant; 530 nm, pulsed/CW, LDH-P-FA-530L, PicoQuant; 633 nm, CW).
The formation and use of azimuthally (APDM) and radially polarized (RPDM) doughnut modes

and their inhomogeneous field intensity distribution and polarization in the focal volume of a



high numerical aperture lens are described in ref. [42]. The practical advantage of APDM and
RPDM for confocal single nanoparticle imaging and spectroscopy is that the polarization in the
focal field has strict cylindrical symmetry and provides excitation patterns that directly reveal the
three-dimensional orientation of the polarizability axes or transition dipole moment of a
nanoparticle or single molecule. In short for an APDM the electric field is transversal and forms
an azimuthally polarized doughnut shaped intensity pattern around the optical axis. For an
RPDM the center part of the focal field is oriented along the optical axis (it is longitudinally
polarized). It is surrounded by a radially polarized doughnut shaped field. The APDM and
RPDM are generated by a commercial mode converter (polarization converter, Arcoptix). The
excitation laser was focused on the sample by a high numerical aperture (NA = 1.46, 100x, Carl
Zeiss) oil objective lens. The fluorescence signal was collected by the same objective lens and
sent to avalanche photodiodes (APDs) or a spectrometer (Acton SP-2500i, Princeton
Instruments). The sample is carefully fixed on a piezo stage (P-527.3CL, Physik Instruments) via
a magnet to avoid spatial drift. The angular dependence of PL signal is obtained with a linearly
polarized excitation laser (633 nm) by rotating a linear polarizer placed in front of the detector.

RESULTS AND DISCUSSION

Figure 1a) shows a typical AFM image of an AuBP. A topography cross-section profile along
the white dashed line and a SEM image of the same particle are presented on the right side of
Figure 1a). From the cross-section profile, it is evident that the AuBP is not lying flat on the
substrate, but is slightly tilted with an angle ~10° with respect to the substrate plane. The
boundary line of the AuBP obtained from the SEM image is overlapped with the AFM
topography cross-section profile as a guide to the eye. The good fit of the two profiles indicates

the high rotational symmetry of the AuBP. The size distribution obtained from SEM images of



the short (green) and long (red) axes of 100 AuBPs are shown in Figure 1b). The average length
of the AuBP is 116.6+4.45 nm and 46.8+4.10 nm for the width of the AuBP. Inset in Fig. 1b)
shows a representative dark field scattering spectrum for a single AuBP. Two distinct plasmonic
modes at 556 nm and 717 nm are assigned to the short and long axis plasmon resonance, also
known as the transversal plasmon resonance (TPR) and longitudinal plasmon resonance (LPR),
respectively (in agreement with plane wave excited scattering and electric field computations,

shown in Figure S1 and Figure S2).
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Figure.1 a) AFM image of a single gold nanobipyramid (AuBP) with a scanning range of 330 nm
X330 nm. The arrows indicate the in-plane direction of long (red) and short (green) axis. The
right side shows a topography cross-section profile along the white dashed line and a SEM image
of the same AuBP. The SEM boundary line of the AuBP is overlapped with an AFM topography

cross-section profile. b) Size distribution of 100 AuBPs analyzed from SEM images. The



average length of the AuBP is 116.6+4.45 nm and 46.8+4.10 nm for the width of the AuBP. c) A
scheme defining the orientation of the AuBP, the green and red arrows indicate the orientation of
transverse plasmon resonance (TPR) and longitudinal plasmon resonance (LPR) with the
respective polarizabilities Pa, Py and Pc. The in-plane angle and out-of-plane angle are ¢ and 6,
respectively. d) Theoretical excitation patterns calculated for a single AuBP with different out-

of-plane angles raster scanned through the field intensity distribution of a tightly focused

azimuthally polarized (APDM) and radially polarized (RPDM) laser beam. The three different

features correspond to the LPR excited at 633 nm, the TPR excited at 530 nm and the interband

transitions excited at 488 nm.

For the interpretation of the measured spectral patterns obtained by scanning a single AuBP
through the highly confined field intensity distribution in the focal plane of an azimuthally or
radially polarized doughnut mode (APDM and RPDM), we start our analysis with the theoretical
excitation patterns.*!**>** The PL intensity is proportional to the square of the polarizability
tensor & times the amplitude of the electric field component of the excitation field E . and can
be described as,®

I'o<|@- Eoyc|?.

Analogous to nanorods,>!?34647 the polarizability tensor @ of the AuBP can be modeled by
three orthogonal dipole components P,, P, and P. aligned along the main axes of the AuBP as
shown in Fig. 1c), where P,, Py, are proportional to the polarizabilities of the short axes and
describe the TPR and P. describes the LPR. The interband transitions*® can also be included by
introducing an extra term into the diagonal elements of @. The white-light scattering spectrum

(Fig. 1b)) serves as a good characterization of the polarizability of the TPR and the LPR.?® Due
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to their spectral separation, TPR and LPR can be excited individually, while interband transition
must be excited with shorter wavelength (488 nm and 530 nm) radiation. Fig. 1d) shows
simulated excitation patterns of AuBPs with different out-of-plane angles excited with APDM
and RPDM laser beams. Clear differences in the pattern shapes allow to distinguish between PL
caused by the plasmon resonances or by the interband transition. The symmetry of the excitation
patterns associated with the interband transition is caused by the isotropic polarizability tensor.
We note that the out-of-plane orientation of a single AuBP can be unambiguously determined via

RPDM excitation.
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excitation wavelengths. The excitation lasers power was set to 25 uW in front of the objective.

The solid black curves are Lorentzian fits. The darkfield scattering spectrum is also plotted as the

solid yellow line. b) Time series of PL spectra of AuBP 1 acquired with 530 nm excitation. c) PL

excitation patterns of single AuBPs excited at 530 nm (top row) and 633 nm (bottom row) using

APDM and RPDM laser beams. Inset figures are simulated patterns. d) SEM image of same

AuBPs.
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Figure 2a) shows PL spectra of the same single AuBP excited at three different wavelengths
(488 nm blue line, 530 nm green line, 633 nm red line). One pronounced peak around 710 nm
appears for all excitation wavelengths (700 nm for 488 nm excitation, 703 nm for 530 nm
excitation, and 714 nm for 633 nm excitation) and is assigned to LPR-induced emission. There is
a blue-shift (~10 nm) of the LPR-induced emission relative to the DF scattering spectra (yellow
line) when excited with 488 nm and 530 nm, while the PL spectrum obtained for 633 nm
excitation overlaps with scattering spectra. This blue shift can be explained by the larger free
electron densities available for the interband transitions'®#*? excited with 488 nm and 530 nm
excitation. A second peak can be observed around 550 nm for 488 nm and 530 nm excitation
wavelengths and can be assigned to TPR induced emission. The third peak around 522 nm
appears for excitation at 488 nm and is caused by interband radiative relaxation near the L
symmetry point.*®>! The agreement between the PL excited at 633 nm with dark field scattering
spectrum also proves that the AuBP doesn’t reshape or is partially melted during the
measurement. Figure 2b) is a time series of PL spectra of AuBP 1 acquired with 530 nm
excitation over a time period of 50 s. The intensity of the spectra is stable over a long time
period, while the peak of PL spectra blue-shifts from 704 nm to 700 nm according to Lorentzian
fits. This slight blue shift could be a thermal effect due to the change of the refractive index
caused by continued laser excitation.’” The thermal effect or damage to the AuBP is unlikely to
be responsible for the ~10 nm difference between dark field scattering and LPR induced
emission excited at 488 nm and 530 nm, however, as the PL spectrum using 633 nm excitation is
acquired after the short wavelength excitation.

Photoluminescence of gold is in general very low with a quantum yield on the order of 107!°

and was first reported by Mooradian in 1968,% and interpreted as the radiative recombination of
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free electrons in the sp-conduction band with excited d-band holes caused by interband
transitions. This is different for gold nanoparticles compared to films since the plasmon-

mediated photoluminescence is one of the important emission routes>36:43:46

as shown by the
pronounced peaks observed in PL in Figure 2a) and the quantum yield can increase by several
orders of magnitude.!*> Electron-hole pairs can be converted into plasmonic oscillations after a

fast dephasing (~1 ps) process,%’54

which can subsequently radiatively relax. Altogether, these
emission processes lead to an emission spectrum, which is dominated by the plasmon modes as
illustrated in Figure 2a) using 488 nm and 530 nm excitation.

Figure 2c) shows excitation patterns of the single AuBPs shown in Figure 2d) excited at
530 nm (top row) and 633 nm (bottom row) using APDM and RPDM laser beams. The pattern
shape strongly depends on the excitation wavelength and excitation doughnut mode. Even
though both TPR mode and interband transitions can be excited by 530 nm photons, we can
exclude that TPR excitation significantly contributes to the PL emission, since the pattern shapes
indicate an isotropic excitation and reflecting the electric field distribution of the focused beam.>®
One might argue that LPR could also be excited directly by the 530 nm laser and thus cause an
isotropic excitation pattern. However, it can be excluded by the fact that excitation patterns
acquired with only red channel (634 nm long pass) remain isotropic (see Figure 3c¢)). If the LPR
is, at least partially, directly excited, the pattern shape in the red channel should be anisotropic.
The isotropic excitation process suggests that the AuBPs are mainly excited by interband
transitions, which give symmetric ring like patterns as can be seen in Figure 1d). The fast
dephasing time’’ of the TPR mode may explain the weak contribution of TPR excitation to the

PL. Excitation patterns using the 633 nm laser always have a double lobed shape, which is a

proof of a single dipole excitation process showing that only the LPR mode is excited. Inset
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figures are the theoretical fits of the excitation patterns. The orientation of the double lobes using
the APDM correlates with the in-plane orientation of the AuBP, which perfectly agrees with the
SEM image in Figure 2d). Asymmetric patterns acquired with RPDM show that the AuBPs are
lying on the substrate with an out-plane angle around 10°to 15°, which is in agreement with the

AFM cross-sectional profile in Figure 1a).

APDM RPDM APDM RPDM
a) b)
488 nm 488 nm
red green
emission| emission
APDM RPDM
c) d)
530 nm
red

emission|

Figure.3 a-c) PL excitation patterns of single AuBP excited at 488 nm (a/b) and 530 nm (c) using

APDM and RPDM laser beams. Emission was separated into emission below (green channel)
and above (red channel) 633 nm to distinguish the emission from LPR, TPR and interband

transitions. (d) SEM image of the same area is shown in a-c).

To further confirm that interband transitions are accountable for the isotropic excitation
patterns, we scanned AuBP 4-6 at 488 nm using APDM and RPDM laser beams, which mainly
excites interband transitions. When performing simulations for interband transitions in Figure
1d), we have assumed that emission polarization is not related to the excitation polarization, i.e.

interband transitions created free electron hole pairs undergo a fast dephasing process, then can
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go through interband, TPR or LPR radiative relaxation. To address this, LPR and TPR induced
emission are separated into a green and red channel by different filters (634 nm long pass,
633 nm short pass). If relaxation path is related to specified excitation polarization, pattern
shapes in the red and green channel should be different. As shown in Figure 3, excitation patterns
of AuBP 4-6 remain isotropic for both green and red channel, showing that the excitation process
is isotropic regardless of the detected emission wavelength. This shows that excitation of
electron hole pairs is dominant and that they decay radiatively or excite plasmons.

APDM RPDM

b)

650 700 750 800
Wavelength (nm)

Figure.4 a-b) PL excitation patterns of a single gold nanorod (particle 7) and AuBP (particle 8),
excited at 633 nm using APDM and RPDM laser beam. ¢) SEM image of the same area. The in-

plane angle of AuBP and nanorod shows excellent agreement between excitation patterns and the
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SEM image. d) Angular dependence of PL for AuBP and gold nanorod using 633 nm linear
polarized excitation. e) PL spectra of single gold nanorod (particle 7) and AuBP (particle 8) that

were excited at 633 nm. The solid black curves are Lorentzian fits.

We also compare the excitation patterns of an AuBP with a gold nanorod. In Figure 4a), both
nanoparticles show symmetric double lobe patterns excited with APDM at 633 nm. The in-plane
orientations of the double-lobed patterns perfectly agree with the SEM image in Figure 4c).
Asymmetric patterns of an AuBP excited with the RPDM in Figure 4b) reveals an out-of-plane
tilt, while the gold nanorod lies flat on the substrate and produces a symmetric excitation pattern.
The difference of PL intensity is caused by the spectral peak positions of the LPR of the nanorod.
It is closer to the excitation wavelength of 633 nm, as can be seen by the PL spectra in Figure
4e), hence the nanorod has a stronger resonance enhancement. The PL polarization of both
nanostructures, acquired by rotating a linear polarizer in front of the detector, exhibits dipole-like
character using 633 nm linear polarized excitation, and emission dipoles are in the same
direction as excitation dipoles. This result again suggests that only the LPR is involved with
633 nm excitation.

CONCLUSIONS

In summary, we show how to determine the three-dimensional orientation of a single AuBP
using 633 nm APDM and RPDM excitation, which is highly consistent with the results from
SEM and AFM techniques. The origin of PL generated by a single AuBP can be unambiguously
revealed using higher order laser modes (APDM and RPDM) excitation at different wavelengths.
Compared with theoretical simulations, we demonstrated that interband transitions dominate PL

signals when using 488 and 530 nm excitation sources. This distinction between excitation
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sources and resultant PL signals is due to the differences in emission pathways. For the 633 nm
excitation the main excitation process is a direct excitation of the LPR, whereas the interband
transition dominates for the 488 and 530 nm excitation sources. Both excitation and emission
processes of a single AuBP with 633 nm laser excitation can be well modeled as a single LPR
dipole. Raster scanning confocal microscopy combined with higher order laser modes provides
an effective tool to probe the three-dimensional orientation of nanoparticles and, thus, the
orientation of tightly confined hot-spots. This is important for all applications that rely on large
local field enhancement, and suggests potential for future applications in biology and materials

science.
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