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ABSTRACT

Quantifying the optical extinction cross section of a single plasmonic nanoparticle (NP) has recently emerged as a powerful method to
characterize the NP morphometry, i.e., size and shape, with a precision comparable to electron microscopy while using a simple optical
microscope. Here, we enhance the capabilities of extinction microscopy by introducing a high numerical aperture annular illumination
coupled with a radial polarizer to generate a strong axial polarization component. This enables us to probe the NP response to axial polarized
light, and, in turn, to distinguish flat-lying nanoplates from other geometries. Polarization-resolved optical extinction cross sections were
acquired on 219 individual colloidal silver NPs of a nominally triangular nanoplate shape but, in practice, exhibiting heterogeneous morpho-
metries, including decahedrons and non-plate spheroids. An unsupervised machine learning cluster analysis algorithm was developed, which
allowed us to separate NPs into different groups, owing to the measured differences in cross sections. Comparison of the measurements with
a computational model of the absorption and scattering cross section accounting for nanoplates of varying geometries beyond simple trian-
gles provided insight into the NP shape of each group. The results provide a significant improvement of polarization-resolved optical extinc-
tion microscopy to reconstruct NP shapes, further boosting the utility of the method as an alternative to electron microscopy analysis.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0188860

€€:Z1:G1 ¥20Z Ae €0

Metallic nanoparticles (NPs) are attracting increasing attention
owing to their strong light absorption and scattering at localized sur-
face plasmon resonances (LSPRs), with applications ranging from
chemical sensing, via, e.g., surface-enhanced Raman (SERS) scatter-
ing,' to photovoltaics,” and photothermal biomedical therapies.’ Both
gold and silver have been widely investigated since they have a material
permittivity allowing to realize NPs with LSPRs in the visible and near
infrared wavelength range. While gold NPs are more biocompatible
and chemically stable, silver NPs exhibit superior optical properties.
This is a result of lower non-radiative damping owing to a smaller
imaginary part of the permittivity for silver compared to gold, as a
result of lower Drude damping and the absence of interband transi-
tions in the visible range.” In turn, silver NPs show stronger and spec-
trally sharper LSPR optical extinction cross sections and higher local
field enhancement effects for sensing applications.

Using colloidal synthesis, metallic NPs can be fabricated with a
large variety of shapes and sizes. Particularly in the context of SERS
applications, much attention is given to the production of tip-shaped
NPs, owing to the formation of high local fields near sharp tips. To
that end, silver triangular nanoplates have been extensively investi-
gated.”” One of the challenges in the fabrication of these nano-
triangles is the control of their size and shape distribution,” which, in
turn, requires reliable morphometric analysis techniques.

Complementing electron microscopy, which is costly and time-
consuming, significant effort has been devoted to developing NP anal-
ysis techniques using optical microscopy methods.” '’ For example,
polarization and spectrally resolved dark-field microscopy has been
used to analyze the in-plane anisotropy of various plasmonic NPs.”
The length and diameter of gold nanorods have been determined from
the LSPR position and width in scattering spectra."'* Quantitative
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techniques able to provide optical cross sections'”'* or the complex

polarizability'” of a NP are particularly attractive, as these physical
quantities can be linked to the NP size and shape. In that context, we
have recently demonstrated a rapid and quantitative method for NP
morphometric analysis based on measuring the polarization-resolved
wavelength-dependent optical extinction cross section of single NPs.'®
Notably, while single particle analysis methods overcome the limita-
tions of ensemble averaged approaches, they need to be implemented
in a high throughput fashion to provide statistically relevant informa-
tion on size and shape distributions, especially for heterogeneous pop-
ulations of NPs. Our method offers this key capability, as it is based on
wide-field transmission microscopy with hundreds of individual NPs
simultaneously imaged in the field of view. To date, we have applied
this polarization-resolved optical extinction micro-spectroscopy analy-
sis to gold NPs having quasi-spherical or rod-like shapes in 3D and rel-
atively narrow size and shape distributions.'*'”

In the present work, we enhance the capabilities of the extinction
microscopy method to investigate a heterogeneous population of silver
triangular nanoplates. Nominally, these NPs have 40 nm diameter and
10 nm thickness, but, in practice, exhibit a variety of shapes and sizes as
observed in transmission electron microscopy (TEM). Notably, in our
published method,"® a set of linear excitation polarizations was used to
provide information on the in-plane polarization dependence of the NP
extinction. However, the axial polarization component, which facilitates
examination of the NP polarizability in the axial direction, was small
and not changing within the set. This shortcoming was recognized in
the analysis of the three-dimensional orientation and shape of quasi-
spherical gold NPs'® but is even more relevant for nanoplates, which
present a strongly different response for light polarization normal to the
plate. Considering that plates are preferentially lying flat on a planar
substrate, the axial polarization direction is important to identify the
plate morphology. Therefore, in addition to the linear excitation polar-
izations, we introduce here a configuration consisting of a high numeri-
cal aperture (NA) annular ring illumination coupled with a radial
polarizer to generate a strong axial polarization component.

Polarization-resolved optical extinction cross sections were
acquired on 219 individual NPs, and an unsupervised machine learn-
ing cluster analysis algorithm was developed and applied to the data,
which allowed us to separate NPs into different groups, owing to the
measured differences in wavelength and polarization dependent cross
sections. Notably, while unsupervised cluster analysis approaches have
been reported in the literature for TEM data,'®"” their application to
optical extinction microscopy has not been shown to date. A compre-
hensive framework of numerical simulations was then developed for
the cross-section spectra of nanoplates with varying geometries, going
beyond previous models,”*’ and providing the characteristic sizes and
shapes within the nanoplate groups.

A sketch of the microscope setup and sample geometry is shown
in Fig. 1, and more details are given in the supplementary material,
Sec. S3. Measurements were performed on a Nikon Ti-U inverted
microscope using illumination wavelengths A covering the range
from 500 to 750 nm in 50 nm steps. The light polarization was con-
trolled, either by a rotatable linear polarizer at an angle y, using an
illumination numerical aperture NA of 1.34, or by a radial polarizer
(see Sec. S3 ii) using an annular NA of 1.00-1.34 (see Sec. S3 iii) to
increase the axial polarization component of the illumination. The
sample position was controlled by a piezoelectric stage, and the trans-
mitted light was imaged onto a camera.
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FIG. 1. Sketch of the microscope setup and investigated sample. (a) Under Kohler
illumination of a selectable wavelength range, the sample is imaged onto a camera,
using a 1.34 NA condenser and a 1.45NA objective. (b) In the illumination, a rotat-
able linear polarizer or a radial polarizer with a light stop in the back focal plane of
the condenser is used; the latter generating a significant axially polarized illumina-
tion component in the focal plane. The sample consists of individual silver nano-
plates deposited onto a glass coverslip, surrounded by silicone oil index matched to
glass. (c) Example transmission electron microscopy (TEM) image illustrating the
variety of nanoplate sizes and shapes in the sample. (d) Nanoplates deposited on
the glass coverslip measured with AFM, showing statistics of measured heights and
two examples of AFM topographies.
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We investigated nominally triangular silver nanoplates
(nanoComposix) protected by a polyvinylpyrrolidone (PVP) capping
polymer to increase steric stability in 5mM sodium borate buffer.
Choosing an appropriate dilution from the stock, NPs were deposited
onto a cleaned glass coverslip by a wet casting method (see Sec. S1).
The deposition resulted in an average particle distance of a few micro-
meters on the surface, well above the diffraction limited spatial resolu-
tion in the microscope, such that individual NPs were separated in the
field of view (see Fig. S8). NPs were surrounded by silicone oil match-
ing the refractive index of glass (n = 1.52), covered with a glass slide
and sealed by nail varnish (see Fig. S1).

An example of the size and shape of the investigated NP type is
shown in the TEM image in Fig. 1(c) (additional TEM images are
shown in Fig. S2). While specified as triangular plates of 40 nm diame-
ter and 10nm thickness, a variety of sizes and shapes are observed,
including hexagonal and tip-truncated triangular plates, decahedra,
and spheroids. Atomic force microscopy images of nanoplates depos-
ited on the coverslip are given in Fig. 1(d). They show a height
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distribution centered around 11 nm and hence an average silver thick-
ness of 5-9nm taking into account a 1-3nm thick PVP surfactant
layer”' on both sides. The ensemble average optical absorbance spec-
trum of the stock (see Fig. S4) has a main LSPR centered at 660 nm of
175 nm full-width at half maximum (FWHM), a weaker band around
400-450 nm, and an even weaker peak at 340 nm. By comparison with
literature,”>”” the main LSPR peak can be attributed to the in-plane
dipole mode, the 400-450 nm band to the in-plane quadrupole mode,
and the 340nm peak to the out-of-plane dipole mode. The large
FWHM of the main LSPR is consistent with the NP size and shape dis-
tribution, as the in-plane dipole resonance wavelength redshifts with
increasing triangle edge length and decreasing plate thickness.” Small
quasi-spherical silver NPs exhibit an LSPR around 410 nm in water,”*
contributing to the 400-450 nm band.

Exemplar optical extinction cross-section spectra of single NPs
are shown in Fig. 2. The method to quantitatively extract an extinction
cross section ¢ from the measured wide-field transmission image was
described in our previous works'®*” and is detailed in Sec. S3 iv. We
use a shifted reference technique, whereby two transmission images
are taken with the sample laterally moved by a small distance and one
is referenced to the other. Resulting extinction contrast images A; for a
selected NP are shown in Fig. 2(a) for linear and radial polarizations
(see Fig. S8 for a full field of view), showing a bright spot at one NP
position and a dark spot at the other. A marked reduction of contrast
from linear to radial polarization is observed. The spectra of ¢ of the
NPs were measured for linear polarization at y, = 0°,45°,90°, 135°
and for radial polarization. Figure 2(b) shows the results for the
selected NP, indicating a negligible dipolar in-plane asymmetry (no
significant differences are observed vs yp), a main LSPR at 650 nm,
and a reduction of ¢ by about a factor of 2 from linear to radial polar-
izer. The spectra of another NP with a markedly different behavior are

a) 1p=0° f

radial ® +0.027

-0.027

3
—o— 1350 c) 7=500nm
O— 1,=90°
—O— y,=45°

[—O—71,=0°

| o, = 1847 £ 30 nm?
@=039+0.028

0 L L L 1
0 45 90 135

polariser vy, (deg)

cross section ¢ (1000 nm?) &

0 " 1 R 1 Jd ool 1
500 600 700 500 600 700

wavelength(nm) wavelength (nm)

FIG. 2. (a) Optical extinction contrast image A; of a selected individual NP,
acquired at 4 =650 nm using the linear polarizer at yp = 0° or the radial polarizer,
as indicated. (b) Extinction cross-section spectra for the NP in (a), at different linear
polarizer angles and with the radial polarizer, as indicated. (c) Extinction cross-
section spectra as in (b) but for a different NP. The inset shows the cross section at
/4 =500nm vs yp, with a sinusoidal fit providing parameters as indicated.
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shown in Fig. 2(c), having an LSPR below 500 nm, a clear dependence
on yp and comparable values for linear and radial polarizers. In the
inset of Fig. 2(c), the dependence on y, at A =500 nm is shown and fit-
ted using the function a1(1 4 o cos(2(yp — 7))). The corresponding
fit parameters are indicated, with errors taking into account the mea-
surement noise, as discussed in Ref. 16.

The observed differences are due to the different morphometry of
the two NPs. The spectra in Fig. 2(b) are consistent with a small thin
triangular nanoplate, while the spectra in Fig. 2(c) suggest a spheroidal
NP which has in-plane dipolar asymmetry. Regarding the measured
changes from linear to radial polarization in Fig. 2(b), calculations™
show that the absorption cross-section spectrum of a thin nanoplate in
the wavelength range of the main dipole LSPR mode is negligible for
axially polarized light. Under the excitation conditions used, we have
determined the relative intensity of the illumination components on
the sample which are in-plane (I, I, ) and axially (1) polarized, as dis-
cussed in Ref. 16. Using the linear polarizer and 0 to 1.34 NA, we find
Iy = 0.825, I, 1 = 0.007, I = 0.168, where || indicates the direc-
tion along the polarizer axis and L orthogonal to it. Conversely, with
the radial polarizer and annular illumination from 1.00 to 1.34NA, we
obtain Ijg = I; g = 0.209 and I, g = 0.582. We also note that the
data are affected by the long shadow effect,”® providing a correction
factor for the measured optical cross sections of about 1.25 for
0-1.34 NA and about 1.6 for 1.00-1.34 NA. This implies that the mea-
sured oy to gy, ratio carries a factor of 1.28.

The spectra in Fig. 2(b) show that ¢ at the LSPR peak at
A=650nm is decreased using the radial polarizer to about 44% of the
value for the linear polarizer. This is consistent with having a nano-
plate lying flat on the substrate and, therefore, exhibiting a negligible
extinction at the LSPR for axial polarization. For the NP in Fig. 2(c)
instead, the cross section using radial and linear polarizations are simi-
lar, indicating a spheroidal NP of similar size in axial and in-plane
directions.

Measurements of ¢ vs 4, both with linear polarization at four y,
and with the radial polarization as in Fig. 2 were carried out in multiple
sample regions providing a total of 219 analyzed individual NPs, and
an overview of the results is shown in Fig. 9. We observe a widely dis-
tributed behavior, reflecting the variety of shapes and sizes in the sam-
ple seen in TEM. Owing to the rich information available from the
measurements, we applied an unsupervised cluster analysis to separate
NPs into groups representing distinct particle morphometries. For the
analysis, each NP is described by a 18-dimensional predictor given by
the wavelength-resolved values of 61, 206, and &g, where G, and G
are the cross sections for linear and radial polarization normalized to
the mean & of all cross sections measured for the NP across wave-
lengths and polarizations. This normalization removes the absolute
cross-sectional information which mainly encodes for particle size
rather than shape. A hierarchical cluster analysis (HCA) using a cosine
metric and average linkage was used. We show here the results for
nine groups as they provide a separation of nanoplates of different
LSPR wavelength ranges. In Fig. 3(a), the values of the first two com-
ponents of a principal component analysis (PCA) of the predictors
over the NP ensemble are shown, with the groups identified by colors.
The corresponding dendrogram is shown in Fig. S12 and a histogram
of ¢ in each group is shown in Fig. S10. The groups sort the NPs into
adjacent regions, indicating a rather continuous distribution of shapes.
Clustering results using different number of groups, metrics, and
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are provided for illustration.

linkages are provided in Sec. S4. Notably, in the principal components
excluding the radial polarizer data [Fig. 3(b)], the groups partially over-
lap, and also repeating the HCA excluding the radial polarizer data
results in a poorer separation of the plate-like NPs (see Fig. SI15).
Introducing the magnitude of the measured cross section as a predictor
does not improve the separation of the groups as shown in Fig. S16.

The average spectra of the predictors for each group given in
Fig. 3(c) show distinctive features reporting the corresponding NP
properties. Clusters 2, 1, and 7 have a dominant 61, with a small o,
around 0.2, and G about half of Gy, indicating flat lying nanoplates.
The difference between these groups is the LSPR wavelength, moving
from a center of 750 nm in group 2 to 670 nm in group 1, and to
600 nm in group 7. These three nanoplate groups represent the major-
ity of NPs, 72% of the ensemble, and are called large, medium, and
small plates in the following. This is consistent with about 70% of NPs
found to be plates in TEM (see Sec. S2 i).

Group 9 has LSPRs around 500 nm and shows a large oy, around
one, while 6y is only slightly lower than .. This group, thus, contains
particles elongated in-plane, e.g., bipyramids or decahedra lying tilted
on the surface,”” and it is called rods in the following. Cluster 5 is simi-
lar to group 9, but with LSPRs further shifted to the blue, below
500nm, outside of the measured range, indicating a quasi-spherical
shape, and is called spheroids in the following. Notably, G is some-
what larger than 61, and oy, is reduced to around 0.5, which could
indicate close to hexagonal pillars, i.e., plates thicker than wide, stand-
ing upright, similar to the about 25 nm diameter one seen in the TEM
in Fig. 1, or spheroids with a longer axis out-of-plane. The long
shadow effect mentioned before allows for 6 being 28% larger than
61, for a spherical NP.

Cluster 8 instead shows a different behavior—a nearly isotropic
cross section (small o, and o similar to 1), and no LSPR but a
slowly increasing cross section with decreasing wavelength. This points
toward absorbing dielectric particles, possibly Ag,S, which is the pre-
dominant product of silver decomposition (also known as tarnish), or
air bubbles in the oil medium. The group is called dielectric in the fol-
lowing. More discussion is given in Sec. S5.

Spectra of selected NPs from the nanoplate groups are shown in
Fig. 4. To provide a quantitative comparison of the measured cross-
sectional spectra with theoretical expectations, we have simulated the
scattering and absorption spectra of silver nanoplates using the finite
element solver COMSOL. A flexible geometrical model was developed
including edge and corner radii, thickness, and separate distances of all
six edges from the center of the plate, allowing us to describe general
asymmetric hexagons, as detailed in Sec. S6. Here, we compare the cal-
culated cross sections of nanoplates of a given geometry with selected
NPs. An edge rounding of 2nm and a corner rounding of 5nm was
used throughout. For group 2, the selected NP has an LSPR around
710 nm with a small polarization splitting and a rather large peak cross
section around 6000 nm’. The simulated spectra show good agreement
with the measurements for both linear and radial polarizers, assuming
a nearly hexagonal nanoplate of 6.3 nm height and center-to-edge dis-
tances of 24 nm along x and 23 nm for the other distances. For group
1, two NPs were selected. NP #1 shows no polarization splitting of the
LSPR at 650 nm, agreeing with simulated spectra of a hexagonal nano-
plate of 5.4 nm height and 16.5 nm center to edge distance. A triangu-
lar geometry can also model the spectra (see Fig. S22), albeit with
somewhat worse agreement at 500 nm. NP #2 instead shows a strong
polarization splitting of the LSPR with peaks at 710 and 610 nm,
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FIG. 4. Cross-section spectra of selected NPs from groups attributed to large, medium, and small plates, as labeled. Measured spectra for linear polarization at four angles yp
(circles) and for the radial polarizer (squares). Simulated spectra (dotted lines) for geometries chosen to approximate the measured spectra are shown, together with their
geometries (for details and NP parameters, see text and Sec. S6). Spectra are shown for the linear polarizer along the longer wavelength LSPR axis x (red), the shorter wave-

length LSPR axis y (green), and for the radial polarizer (black).

indicating an elongated plate. The simulated spectra of a nanoplate of
5nm height, 18 nm center-to-edge distance along x and 14 nm for the
other distances show good agreement with the measurements. For
group 7, the selected NP exhibits no polarization splitting of the LSPR
at 650 nm and agrees with simulated spectra of a triangular nanoplate
of 6.1 nm height and alternating 10 and 14 nm center to edge distances.
An hexagonal geometry can also model the spectra, but with a thick-
ness below 5nm. More information, including scattering and absorp-
tion spectra and local field distributions, are given in Sec. S6. Notably,
the sizes of the simulated plates between 24 and 47 nm are consistent
with the size distribution of plates found by TEM shown in Fig. S3.

In conclusion, we have demonstrated a quantitative extinction
micro-spectroscopy analysis, which combines wavelength-resolved
radially and linearly polarized illumination as a powerful tool to distin-
guish silver nanoplates from other shapes. We examined a heteroge-
neous population of individual silver NPs and showed that the
measured 18 dimensional cross-sectional data enabled the application
of an unsupervised cluster analysis to separate NPs into morphometri-
cally distinct groups. A computational model of the absorption and
scattering cross section of nanoplates was developed, covering a wide
range of possible shapes. The quantitative comparison between calcu-
lated and measured cross sections then provided useful insight into
consistent nanoplate shapes. Owing to the simplicity of optical extinc-
tion micro-spectroscopy, the method provides an interesting alterna-
tive to taxing electron microscopy for single particle morphometric
analysis.

See the supplementary material for details regarding the sample
preparation (Sec. S1) and additional sample characterization (Sec.
S2); details on the extinction microscopy, including the optical setup,
the linear and radial polarizer, the dark-field disk, and the data
acquisition and analysis (Sec. S3); details and further results concern-
ing the cluster analysis, including group separation, dendrograms,
different number of groups, linkages, metrics, removing radial polar-
izer descriptors and including a magnitude term (Sec. $4); modeling
of dielectric NPs (Sec. S5); and details of the modeling of the

nanoplate extinction, covering the geometry, the electromagnetic
model, and showing additional results including spectra along the
transition from hexagonal to triangular shape, and polarization
resolved spectra for selected geometries with corresponding spatial
field distributions (Sec. S6).
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