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Optimization of the Bulk Refractive Index Sensitivity of

Silver NanoPrisms

Géza Szdntd,* Pia Pritzke, Jonas Jakobus Kluitmann, Johann Michael Kohler,
Andrea Csdki, Wolfgang Fritzsche, Istvdn Csarnovics, and Attila Bonydr

The sensitivity and optical properties of silver nanoprisms (triangular plates
with round-truncated corners) are investigated in this paper. Results of
boundary element method simulations are compared with experimental
results and literature data. Based on electron microscopy images of the
synthesized nanoprisms, a single-particle model is set up for simulations with
three running parameters: edge length, thickness, and roundness (defined as
the radius of the circumscribed circle divided by the edge length). These
geometric parameters can be optimized during chemical synthesis to create
sensors with improved sensitivity. The effect of biomolecular layers is also
investigated. As a novel approach to improve the agreement between the
simulated and experimentally measured extinction spectra, the single-particle
model is extended to consider the variation of the prisms’ parameters in the
form of distributions. The resulting extinction cross-section spectra

converters.'!l’ The wuse of plasmonic
nanoparticles could enable the future
realization of novel, label-free, and
cost-effective  sensors for analytical
diagnostics.?l The fundamental physi-
cal effect utilized for sensing in these
nanoscale structures is the occurrence of
the so-called localized surface plasmon
resonance (LSPR), a collective oscillation
of free conduction electrons upon the
interaction of photons of the incident light
with the electrons. The result is strong
absorption and scattering, as well as local
field enhancement around the particles,
which depends on the particles’ material,
shape, and size.>*] These factors can be

correspond well with the experimental data. The calculated bulk refractive
index sensitivity is 670 nm/RIU (RIU stands for refractive index unit) for the
single particle model (length = 150 nm, thickness = 10 nm, and roundness =
0.1), while (690 + 5) nm/RIU for the extended model. The presented model
and obtained relations between sensitivity and geometry can be effectively
used to design and optimize the fabrication technologies for silver

nanoprism-based sensing applications.

1. Introduction

Plasmonic nanostructures, especially noble metal nanoparti-
cles, form the basis of innovative sensors as optical signal

targeted with colloidal chemical synthesis.
It is important to note that the local dielec-
tric environment of metallic nanoparticles
also plays a crucial role in the occurrence
of LSPR. Therefore, nanoparticles can be
utilized to monitor the refractive index of
their environment, which is the ultimate
goal for sensors based on LSPR.
Nanospheres of desired dimensions
and materials can be synthesized by the
reduction of metal salts. Colloidal gold is one of the most com-
mon particle types. It offers high chemical stability and can
be easily bioconjugated or otherwise functionalized for various
applications.’) However, the spectral range of such nanopar-
ticles is quite narrow (~520-580 nm), which could limit the
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applicability. Moreover, as a quantitative indicator for the sensi-
tivity, the plasmon resonance shift per refractive index unit is
not particularly high for gold spheres. Much higher sensitivi-
ties can be achieved with silver as a material.l’ For silver par-
ticles, both the absorption and the scattering cross-sections are
at least one order of magnitude higher than with gold of the
same geometry.l”®] In addition to the material, the geometry of
the nanoparticles plays an important role in sensing.**l The ap-
pearance of corners and edges creates local hot-spots, and addi-
tional electron oscillations are enabled by changing the aspect
ratios. For example, transverse and longitudinal oscillations oc-
cur in nanorods!'®! and in-plane and out-of-plane resonances in
prisms.["!l Meanwhile, a wide variety of particle shapes can be
chemically prepared and are being tested for various sensory ap-
plications. In order to propose more sensitive particle shapes,
theoretical studies of the effects of particle geometry on the ex-
pected sensitivities represent an important field of research. In
addition to rods(!?!3] and prisms,!"*15] nanostars,!'®! cubes, 11
bipyramids, dumbbells, dog bones,!?’l nanocages,?!! and a vari-
ety of their transition forms(??! are chemically accessible.

If plasmonic nanoparticles are to be used in optical biosens-
ing, nanoparticles with the highest sensitivities should be pro-
duced wherever possible.[?**] These play a role in several dif-
ferent types of sensing: in refractive index sensing, more sen-
sitive nanostructures achieve a higher shift in wavelengths,!242]
in surface-enhanced Raman spectroscopy (SERS[?®l) and in en-
hanced fluorescence,[?’] a higher gain factor. In the presented
paper this optimization is in the focus. Therefore, the sensitiv-
ity can be predicted by the potential possibility of influencing the
most important factors, such as material, dimension, and shape,
during the chemical synthesis. Especially the geometric factors
are at the center of attention. Simulations can be performed for
nanoparticles, especially silver nanoprisms, to optimize the nec-
essary geometry for optimal sensing.

Among the large number of available options, the boundary el-
ement method (BEM) was selected.[?*-3% Other numerical meth-
ods used for plasmonics (a non-exhaustive list): finite-difference
time-domain (FDTD),3! discrete dipole approximation (DDA),
finite element method (FEM). BEM outperforms all items on
this list in terms of simulation speed. In contrast to other tech-
niques, the boundary element method requires only the dis-
cretization of the particle’s surface rather than its entire volume.
For the same reason, the method is characterized by low compu-
tational and storage demand. The complex parameterization of
the boundary elements could represent a disadvantage, but only
for complicated particle shapes.!?>3)1 BEM approaches are suit-
able for near- and far-field simulations. The implementation used
in the toolbox differs from the usual field-based approach, and
utilizes the scalar and vector potentials to solve the full Maxwell’s
equations.32!

In this paper, a theoretical study of the sensing capabilities of
silver nanoprisms is presented. The effect of edge length, thick-
ness, and roundness of the silver prisms on their sensitivity is
investigated and compared with experimental data from the lit-
erature.

The purpose of this study is twofold: On the one hand, it in-
vestigates which models and assumptions can be used to model
the experimental spectrum of nanoprisms. On the other hand, it
investigates tendencies from the results of the simulations, e.g.,
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Figure 1. The BEM model with the applied mesh for the default particle in
a tilted view. (I = 150 nm, thickness: t = 10 nm, roundness: y = 0.1).

the relationship between the main geometric parameters and ex-
tinction peak position and sensitivity, which characteristics may
help in the optimization of fabrication technologies, considering
sensing applications.

2. Results and Discussion

2.1. Nanoprism Simulations Based on Experimental Data

The optical properties of the nanoparticles were examined as a
function of three parameters: edge length (J), thickness (t), and
roundness (y = r/l, where r is the initial radius of the rounded
corners). The edge length is defined as the distance between the
vertices of the rounded corners.

The steps of creating a particle are the following: 1) creating
a regular (non-truncated) 2D triangle with a side length of J; 2)
rounding the corners with a radius of r (i.e., the edge length is
shortened), which yields y = r/l; 3) enlarging the triangle to regain
the original edge length of | (the final radius is larger than r); 4)
extruding a 3D particle with a thickness of ¢.

Based on scanning electron micrographs of the experimen-
tally synthesized nanoparticles (with parameters presented in
Section 2.2), the median values of the geometric parameters for
the prism-shaped particles in the sample (referred to as “default
particle” from now on) are the following: edge length: I =150 nm,
thickness: t = 10 nm, roundness: y = 0.1 (Figure 1). Based on the
SEM images, which showed particles very similar to each other,
only a range slightly different from the parameters of the default
particle was examined.

To map the excitable modes, the averaged spectrum obtained
by many random rotations of the default particle was first exam-
ined, as presented in Figure 2. In all cases, the particles were ly-
ing on the XY plane, and a linearly polarized propagating wave in
the Z (normal) dimension was used to illuminate them. Figure 2
compares the averaged extinction spectrum yielded by random
orientations with the spectrum of a particle illuminated with a
polarization vector pointing toward one of the tips of the trian-
gle. The fact that the two spectra coincide means that modes ex-
cited beyond the primary mode on the three tips contribute in-
significantly to the averaged spectrum. The bulk refractive index
sensitivity obtained for the primary mode is the same as for the
rotation averaged case: 670 nm/RIU. Since there is only a tenth of
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Figure 2. Shift of the resonance peak due to refractive index change from
1.00 (blue) to 1.33 (orange). Note that the spectra for rotation averaged
(solid line) and not rotated ones (dashed line) overlap almost completely
in both cases.

anm difference between the results, the effect of particle rotation
can be neglected for further calculations concerning sensitivity.

By comparing the simulation result with the experimen-
tal spectra, only a moderate qualitative agreement is observed
(Figure 3). The shapes of the spectra are similar, but the exper-
imental spectra have much broader peaks. There is a 42 nm dif-
ference between the position of the main peaks: for n = 1.33, the
experimental peak position is at 1000 nm, while the simulation
resulted in 958 nm.

This difference may be partly due to the capping agents on
the real silver nanoparticles. However, the most significant effect
is likely due to the size and shape distribution of the particles.
Both of the possible options will be analyzed in detail below. The
synthesized particles and their distribution are illustrated in the
SEM image of Figure 4. A histogram for these particles’ height
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Figure 3. Comparison of the experimental extinction spectrum with a the-
oretical one, obtained from the synthesized particles, single-particle model
atn=1.33 condition (edge length /=150 nm, thickness: t = 10 nm, round-
ness:y =0.1).
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Figure 4. SEM-image of the chemically synthesized nanoprisms with a di-
mensionof [ = 152+ 19nm,t=11+ 1.6 nm.

and edge length can be found in the Supporting Information
(Figure S2, Supporting Information).

The most important observable differences between the
single-particle model and the experimentally synthesized parti-
cles are:

1) The size distribution of the particles most likely follows a
distribution that is not considered in the simple model dis-
cussed so far. The size of the particles may follow a lognormal
distribution,[****] which can be well approximated by a Gaus-
sian distribution in the case of a small standard deviation.

2) The synthesis of shape-anisotropic nanoparticles is far more
complex than that of spherical nanoparticles, which is why
other geometries are also represented in the final product be-
sides the desired prisms. (Their effect is also neglected in the
following sections.)

3) Slightly larger particles than average (which have an extinc-
tion peak at a longer wavelength) are approximately in compa-
rable numbers as slightly smaller ones (peak at shorter wave-
lengths). However, the larger particles dominate the spectrum
because they have more intense extinction cross-sections.
Overall, the peak of the averaged spectrum of particles follow-
ing a Gaussian distribution is located at a higher wavelength
than the peak of the spectrum of the average-sized particle.

It can be assumed that the size distribution may be respon-
sible for almost the entire deviation between the experimental
spectrum and the simulation results. Before delving into the de-
tails of size distribution (Section 3.5), it is important to under-
stand the impact of geometrical parameters on the results of the
single-particle model.

2.2. Refractive Index Sensitivity

2.2.1. Extinction Spectrum and Sensitivity as a Function of (I, t, y)
Parameters

This section examines the effect of |, t, and y on the bulk refractive
index sensitivity of a single particle. Although these parameters
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Figure 5. a) Position of the peak in airn = 1.00 (dashed line) and in water n = 1.33 (solid line) for multiple (I) side lengths (¢ = 10 nm, y = 0.1) b)
Bulk refractive index sensitivity as a function of the edge length (with a linear fit).

may not be entirely independent of each other, they were set in-
dependently in the simulation for systematic study.

The default edge length of 150 nm, thickness of 10 nm, and
y = 0.1 were used in all cases unless otherwise specified. The
sensitivity was calculated from the simulated data in water (n =
1.33) and air (n = 1.00) media.

For the first two parameters, further examination was per-
formed around the default values (! = 150 nm, ¢ = 10 nm).
Thereby, (—20%, —10%, 0%, 10%, 20%) were examined.

In addition to the sensitivities presented in the main text,
the dependence of the extinction peak wavelength on geomet-
ric parameters (in water medium) is presented in the Supple-
mentary Information, together with all data for the linear fits
(Figures S3-S8, Supporting Information).

2.2.2. Edge Length

As the edge length increases, so does the location and intensity
of the peak (Figure 5a). Thus, a standard deviation of particle size
of A 1= (15-20)% can cause a deviation in peak position in sim-
ulations compared to experiments.

In this limited range, the sensitivity is directly proportional to
size, with good accuracy (Figure 5b). The same is observed for
the peak position.

2.2.3. Thickness

The position of the peak shifts toward smaller wavelengths as
the thickness increases (Figure 6a). The standard deviation of the
thickness has no significant effect on the intensity of the peak
and has less of an effect on the position of the peak than the edge
length. The effect of thickness variation may manifest in increas-
ing the peak width. A similar proportion of thickness change has
less effect than a change in edge length.

Higher thickness is associated with lower sensitivity; the linear
fitagain provides a good approximation of the investigated range.
(Figure 6D).

Adv. Optical Mater. 2024, 2302967 2302967 (4 O‘FTl)

2.2.4. y (Roundness)

The largest possible cut-off radius is the radius of the circle in-
scribed in the triangle (the truncated triangle becomes a circle).
The value of y, in this case, can be derived from Heron’s for-

mula: y,,,, = ﬁ} ~ 0.289. The triangles, which are the bases of

the prisms, were examined from the very pointed (y = 0) to the
very blunt y ~ 0.2 (illustration in Figure 7).

The peak appears at longer wavelengths (Figure 8a), and the
sensitivity is also higher for pointed particles than for rounded
ones (Figure 8b). Despite the significant change in the shape be-
tween y = 0.03 and y = 0.20, the results are not as sensitive to
this parameter as to the edge length.

Unlike the other two variables, the sensitivity and peak posi-
tions do not exhibit a clear linear dependence on y. As roundness
has little effect on sensitivity, its significance in the model is re-
duced. Therefore, assuming a linear relationship for the sake of
simplification also has little effect on the final result. A unique
feature of the y parameter is that increasing it has an inverse ef-
fect on the primary and secondary peaks. For rounder particles,
the two peaks are closer together in the spectrum.

2.2.5. Varying Multiple Parameters

The established relationship between sensitivity (and peak posi-
tion) and geometric parameters is also true, even if several pa-
rameters change simultaneously. Only the constant y = 0.1 case
is included here (Table 1). However, the Supplementary Mate-
rial section (Table S1, Supporting Information) contains the other
raw data.

2.3. Surface Sensitivity
The results described so far assumed that the surface of the

nanoparticle is not covered by a dielectric layer. However, in real
scenarios, e.g., directly after synthesis or biofunctionalization,

© 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 6. a) Position of the peak in air n = 1.00 (dashed line) and in water n = 1.33 (solid line) for multiple (t) thicknesses (/ = 150 nm, y = 0.1) b)

Sensitivity as a function of thickness (with a linear fit).

the surface is covered with a thin molecular layer. To investigate
the effect of this capping, a simulation of particles surrounded
by a dielectric layer with a refractive index of 1.5 RIU was also
performed. Even a thin layer can have a significant effect on both
peak position (Figure 9a) and sensitivity (Figure 9b). The dielec-
tric environment close to the particle, where the evanescent field
is intensive, is more significant in sensing, as the evanescent
field decays exponentially with increasing distance from the parti-
cle. So, the significance of that part of space filled with dielectric
decreases similarly. Like a high refractive index bulk medium,
a high refractive index capping causes the peak to shift toward
longer wavelengths. Further thickening the capping causes less

! ~=0.05 ! ~=0.1
! v=0.15 ! ~=0.2
( ) pa-

Figure 7. Nanoprisms from the top view at different y (roundness
rameters.
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and less incremental change, and in the limit, it returns the bulk
(n = n.) value, where n_ is the refractive index of the capping.

The peak shift caused by capping also illustrates what happens
to the sensitivity when the change in refractive index is localized
near the particle (binding events). In this case, i.e., when the peak
shift is caused by a dielectric layer on the surface (and not by
a change in the refractive index of the bulk environment), the
sensitivity is called surface sensitivity.

If the particle is capped, this has a negative effect on the bulk
sensitivity. Just as a few 10 nm capping causes a significant peak
shift, such a thin layer also significantly degrades the bulk sensi-
tivity.

2.4. Discussion and Experimental Relevance

The results of the simulations were compared with the data found
in the literature (Table 2). In most cases, the reported sensitiv-
ity values are somewhat smaller than what would be estimated
based on our numerical simulations (see Figure 10 for a compar-
ison), but there are some exceptions. The highest sensitivity was
measured not on pure silver particles but on gold-coated edged
composites.*>! Tt is also emphasized that the highest sensitivity
was measured not on a single particle but on an ensemble of par-
ticles. Coupled plasmon resonance occurs on particles that are
in close proximity to each other. This can increase the sensitivity
compared to the single-particle case. The combination of coupled
resonance and gold-coated edges resulted in a sensitivity of S ~
1800 nm/RIU.

The work of Charles et al. investigates a set of geometric pa-
rameters (as presented in Figure 10). The sensitivity trend aligns
well with our simulation results, although slightly lower values
were measured, except for nanoparticles with the highest aspect
ratios, where they measured exceptionally high sensitivities.[*®]
Their results were also supported by DDA simulation.

© 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 8. a) Position of the peak in air n = 1.00 (dashed line) and in aqueous medium n = 1.33 (solid line) for multiple y values (/=150 nm, t = 10 nm)

b) Sensitivity as a function of y (mismatched linear fit) for the simulations.

Interestingly, —many articles wuse the NSL tech-
nique (nanosphere lithography) to fabricate triangular
nanoparticles.*** This approach uses a mask of densely
packed polymer particles on a substrate for a subsequent metal
deposition step. The removal of the sacrificial polymer particle
monolayer results in triangular structures. Although these
nanostructures resemble nanoprisms, they differ significantly
from the chemically synthesized nanoparticles (e.g., different
crystal structure, lack of molecular capping, attached to a solid
support sometimes with metallic adhesion layers etc.). Thus,
comparing them with colloidal particles or simulation results is
not straightforward.

Figure 10 compares the simulation results with the available
literature data. As shown, the simulation typically overestimates
the sensitivity, but the deviation remains roughly constant, except
for the experimental data of Charles et al. measured at the highest
wavelengths. The main explanation for the systematic deviation
can be the presence of dielectric capping. The capping can be in-
duced by contamination or corrosion of the nanoparticles. As a
result of corrosion, not only does a respective layer appear, but
also the shape of the nanoparticles changes, which may also play
arole in the systematic difference between the literature and sim-
ulation results.l**! The capping reduces the sensitivity and shifts

Table 1. Refractive index sensitivity [nm/RIU] of the nanoprisms in the
function of varied edge length and thickness at y = 0.1.

Thickness, t [nm]

Length, | [nm] 8 9 10 11 12
120 630 603 582 566 550
135 675 650 625 606 590
150 720 694 671 652 635
165 758 736 708 687 674
180 803 773 752 731 711

Adv. Optical Mater. 2024, 2302967 2302967 (6 O‘FTl)

the peak to a higher wavelength (Figure 9), while as a result of the
size distribution — as will be presented below -, both the position
of the peak and sensitivity increase, but the latter only to a lesser
extent. Further differences may occur because of multiparticle
interactions, irregularly shaped particles, or neglected quantum
mechanical effects. However, discussion of these possibilities is
beyond the scope of this manuscript.

2.5. Modeling Particle Distributions

As mentioned in Section 3.1, the most significant difference be-
tween the simulation and the experimental results is that only
particles with discrete parameters can be investigated in the sim-
ulation, while the experimental samples contain a considerable
number of particles that are not perfectly identical. A simple so-
lution to the problem is presented in this chapter. For the sake
of simplicity, the effect of a capping on the particle is neglected
in this extended model. The extinction spectrum often exhibits
a Lorentzian line shape.’’-%% Recognizing that this description
accurately represents the single-particle spectra of the simulated
prisms was crucial to creating a more realistic model. The main
peak of the extinction spectrum (and also the other significant
peaks) obtained as a result of the simulation can be approximated
and fitted by a Lorentzian function, as in Equation (1):

P
(A=p)" +ps

Oext ()') ~

1)

The equation is written as a function of the wavelength in vac-
uum, like the other extinction spectra in this article, and not as a
function of energy as is usual in spectroscopy.

The parameters corresponding to the properties of the vertex:
P, =4q; =4, givesthelocation, p,/ p; =¢q, =0,,,, givesthe max-
imum extinction value and |/p; = q; = T gives the half-width
of the peak. Considering only the most significant k peaks, the
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Figure 9. a) Position of the peak (calculated by simulation) as a function of dielectric shell (n. = 1.5) thickness (the bulk dielectric environment is water

(n = 1.33) b) The bulk refractive index sensitivity of a particle with the same dielectric capping.

Table 2. Performance of silver nanoprisms surveyed based on the literature.

Ref. Edge length  Thickness  Peak (air) Peak (water) Sensitivity Coating Analyte/Medium
[nm] [nm] [nm] [nm] [nm/RIU]

Xuel36] 83 24 - ~630 413 - glycerol

Shahjamalil®’] (>34) - - 687 402 - (and Au edge) sucrose

Charles!33] max. 197 14 - 1093 max. 1096 - sucrose

Takahashil39] ~120 10 - ~900 35449 Ag@Au, (Ag@Au@TiO,)  water, acetonitrile, hexane,
chloroform

Haesl0l 100 30 - 561.4 191 SAM streptavidin

Haesl*!l 130.8 34.8 - 663.9 - ADDL ADDL

Haesl#2] 90 25 - - ~200 (ref) Anti-ADDL ADDL

Halll43] 100 80 - ~674 ~241 SAM Ca?*

Mal#4] 115 42 626 - - -(and PMMA) chloroform (vapor)

Brigol*°] ~100 55 639 - - -(and Aryl-PSQ) aromatic hydrocarbons

Xial#] 70+10 - 755 - - glucose

Zhang!3] max. 200 7+1 - pure Ag: 1167, max. 1816 (ensemble) Au capping on the edge C-reactive protein

Au edge: 1185

Martinsson!47] 30-40 - - ~650 ~425 Au capping on the edge bulk: sucrose, surface:
bilayers of PAH/PSS and
BSA adsorption

Ranjit(48] 50 - 636 (func) ~752 - SAM Concanavalin A

Hedgel*] 35-50 - - ~800 sol.: 465, 461, immob: - glucose and glycerol

193, 204

Condorellil>0] 130 (and 40) 8-10 - ~800 max. 269 - sucrose

Scardacil®"] 70-80 10-20 - ~500 >216 - sucrose

Compagninil>2] 1704100 1543 - max. ~1000 max. ~#450 - sucrose

Potaral®3] 115-123 11+2 - 618 387 chitosan glycerol

Condorellil>4 200 16 - 669 374 - sucrose

Scardacil®’] 175 25 - ~900 460 - sucrose

Charles!33] 150 15 - 950-1100 ~700 - sucrose
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Figure 10. Sensitivity as a function of extinction peak wavelength (linear
fit based on simulation and experimental data from literature sources:
Charles,[*8] Compagnini,[>2] Condorellil>]).

spectrum can be approximated as in Equation (2).

peak .2
ok ‘J3 k

Oxt mono (l, t, 7) ~ [ ——
-1 (A- %k)z + qﬁk

peak

Z maxk Y)Fi (lrt:Y)
A’ AOk l ))2 + Fi (lr t, },)

(2)

The re-parameterization is advantageous because it can be as-
sumed, to a good approximation, that these new parameters de-
pend linearly on the variables (I, t, y). (The linearity of these pa-
rameters is similar to the results presented in the description of
the sensitivity of prisms (Figures 5, 6, and 8). In the case of (I,
t), this approximation is still good, while for y this assumption
is used only for the sake of simplicity, which, however, does not
cause a significant difference in terms of the final result.) Thus,
a k peak can be characterized by position, height, and half-width
parameters, which can be described in Equations (3) and (4).

Gy (Lt 7) = Cio + Cigl+ Cypt + Ciizy
3
= 2 Cim*,, Whereie {1,2,3} (3)
m=0
and
Xp=Lx=lLx=tx=y (4)

Using the fitted coefficients, the extinction spectrum of any
particle within the linearity range can be generated.

For a particle in solution, it is assumed that the size distribu-
tion can be described by a Gaussian distribution. Thus, a multi-
variate Gaussian distribution was assumed, with expected values
that correspond roughly to the parameters of the default particle.
The standard deviations should be set to values corresponding to
areal particle arrangement. The distribution was randomly sam-
pled at 100 000 points. After summing and normalizing the sam-
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Figure 11. Comparison of experimental and modeled extinction spectra
(n = 1.33). The five fitted curves correspond with the parameters pre-
sented in Table 3 (#1-#5).

pled spectra, an extinction peak can be obtained, which already
considers the fact that many different particles are present in a
solution at the same time.

The model considered only the three main peaks with the high-
est intensities. To calculate sensitivity, the presented algorithm
was also run for n = 1 refractive index in addition ton = 1.33
(aqueous medium).

To generate multivariate normal random numbers, and thus a
spectrum of randomly parameterized prisms, three types of input
data must be specified. In addition to the mean (y, u, ,u,) and
standard deviation (e, 6, ,0,) values belonging to the variables I,
tand y, the correlation coefficients Ry, R, ,R,, are also needed.

The new multivariate Gaussian distribution approach im-
proves the agreement between simulated and experimentally
measured extinction spectra compared to the previous single par-
ticle model. As before, for the single-particle case (Figure 3), the
generated spectra were compared with the experimentally mea-
sured extinction cross-section. The results are shown in Figure 11
and in Table 3.

As seen in the figure, with all the listed parameters, an almost
equally good fit can be achieved. First (#1), it was investigated
how much agreement could be obtained for the default particle
case, leaving only the standard deviations as free parameters, and
taking the correlation coefficients as 0. It was found that by tun-
ing u;, 1, between the realistic values, it is not possible to improve
the fit. However, by tuning u, (#2), the position of the secondary
peak can also be obtained. (This is due to the fact that by adjusting
v, the positions of the main and secondary peaks can be shifted
in different directions, as described in Section 3.2.4.) No signif-
icant improvement was obtained by tuning the correlation coef-
ficients (#3, #5). The correlation coefficients could be inferred
based on the kinetics of particle formation (which is beyond the
scope of this article), but it was only assumed that these are posi-
tive numbers (and less than one). Unfortunately, due to the many
free parameters, no information on their values can be obtained
from the fittings. Fine-tuning g; parameters (#4) or free-tuning
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Table 3. The parameters of the displayed modeling results, as presented in Figure 11.

No. fit oy [nm] Hy [nm] u, [nm] o) [nm] o, [nm] o, [nm] Ry R, Ry,
#1 150 10 0.1 27.2 1.9 0.004 0 0 0
#2 150 10 0.15 329 0.3 0.007 0 0 0
#3 150 10 0.15 42.9 2.5 0.001 0.70 0.28 0.54
#4 151.9 9.5 0.14 225 2.4 0.006 0 0 0
#5 144.5 9.1 0.13 29.3 2.3 0.016 0.21 0.17 0.76

all parameters (#5), did not produce a significantly better fit than
(#2). Therefore, this method cannot obtain exact data regarding
the distribution of particles in the experimental sample. Due to
the numerous free parameters, a similarly good agreement can
be achieved even with very large, e.g., iy = 170 nm, or small, e.g.
u; = 140 nm particles.

The limitations of the model are indicated by the fact that the
secondary peak (the peak resulting from the merging of the two
non-dominant considered peaks) is less intense than expected
based on the experimental data.

For the shape and position of the dominant peak, which is the
most important for sensing applications, a good fit is obtained
with realistic values of the parameters characterizing the distri-
bution of particles.

An important result is that in all the cases of particles with a
wide variety of distributions, if the spectrum was consistent with
the experimental results, the sensitivity was always very similar:
S = (695 = 5) nm/RIU. This is 25 nm/RIU higher than the result
obtained by single-particle simulation.

The most important effects of considering particle distribu-
tions in the simulations are:

1) Broadening: The weighted sum of single-particle spectra has
a larger full width at half maximum (FWHM) which approxi-
mates the experimental results better.

2) Redshift: It is observed for | and t parameters, that peaks with
longer wavelengths are also more intense. (This is not true
for y, but it has less influence on the peak position than the
other two parameters) Although for a Gaussian distribution
the same amount (and same weight) of blueshifted as red-
shifted spectra contributed to the final result, the peaks of
the latter are more intense, so the resulting peak is also red-
shifted compared to the peak of the default (average) particle.

3) Slight increase in sensitivity: As can be seen in Figure 10,
redshift can be linked to an increase in sensitivity, so this is
also to be expected. (Also note, that other results indicate that
the increase is present only in the case of a sufficiently small
standard deviation, and a decrease is expected in the case of a
larger standard deviation. Furthermore, the slight increase in
sensitivity does not compensate for the strong broadening of
the extinction peak.)

All major discrepancies between simulated and experimental
spectra arising in the single-particle simulation (such as the posi-
tion and width of the main peak) can be explained and corrected
by taking into account the distribution of the prism-shaped par-
ticles. This correction is possible even with the simplified model
presented.

Adv. Optical Mater. 2024, 2302967 2302967 (9 of 1 1)

3. Conclusion

Silver nanoprisms were synthesized and examined using SEM.
Based on the geometric parameters obtained from the SEM im-
ages, a model was constructed, and numerical simulations were
performed to investigate the bulk refractive index sensitivity of
these silver nanoprisms. The effect of their most important geo-
metric parameters, namely the edge length (l), thickness: ¢, and
roundness (y) were studied. The mean parameters of the silver
nanoprisms were: [ = 150 nm, t = 10 nm and y = 0.1. The devi-
ations from these parameters were investigated in the range of
+20% for | and t, and between (0.03-0.2) for y. The extinction
peak wavelength of this default particle in water was 958 nm,
while its sensitivity was 670 nm/RIU. Thinner nanoprisms with
longer edges are preferred based on the simulations. However,
it is important to consider the shift of the extinction peak into
the near-infrared region for such nanoparticles. Sharper particles
have a higher sensitivity, but this parameter was found to be less
important than the other two. The approximately linear relation-
ship between the sensitivity and these parameters is given over a
wide range in the Table S1 (Supporting Information).

Literature data were also studied to compare the experimen-
tally obtained sensitivities with the simulation results. Although
the sensitivity values reported in the experiments were smaller
than those predicted by the simulations, this deviation seemed to
be systematic. The deviation in the results could be due to corro-
sion, sample contamination, or the substrate effect in certain ex-
perimental cases. Chapter 3.3 presented the effect of capping for-
mation, which can cause differences between experimental and
simulated sensitivity, and was illustrated with simulation results.

Given that geometric parameters are not discrete but can be
approximated by Gaussian distributions, a novel extended sim-
ulation was performed. The first step was to fit the extinction
peaks of individual prisms with Lorentzian functions. The sub-
sequent objective was to investigate the dependence of the three
parameters that define a Lorentzian function, namely peak posi-
tion, intensity, and half-width, on I, t, and y, respectively. A lin-
ear relationship was observed over the investigated range. By fol-
lowing these steps, it is possible to obtain the spectrum of an
arbitrary prism quickly, without the need for further simulation.
This method enables the inference of optical properties of sys-
tems with a size distribution by sampling a large number of
individual cases. This method was used to calculate the extinc-
tion spectra and sensitivities of nanoprism systems. The calcu-
lations were performed for various mean values, standard devia-
tions, and correlation coefficients, assuming a multivariate Gaus-
sian distribution. The extended model resulted in a significantly
improved match with the experimental extinction spectrum. It
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accounts for the broadening and shifting of the extinction peak
and predicts a slightly increased sensitivity of (695+5 nm/RIU).
The presented model and data could be useful in designing
and optimizing the geometric parameters of silver nanoprisms,
which show a lot of promise for many emerging application areas
connected to plasmonics.

4. Experimental Section

Chemicals and Materials: ~ All chemicals were used as received from the
following suppliers. Silver nitrate (Rotimetic 6N, 99.9999%, Roth KG, Karl-
sruhe, Germany), sodium borohydride (fine granular for synthesis, Merck
KGaA, Darmstadt, Germany), poly(sodium styrenesulphonate) (PSSS, av-
erage M,, ~ 1000 000, Sigma-Aldrich, Taufkirchen, Germany), and sodium
citrate dihydrate (pro analysis, Merck) were used for the synthesis of the
Ag seed nanoparticles. For the growth step, ascorbic acid (99+9%, Alfa Ae-
sar, Karlsruhe, Germany) was used as a reducing agent.

Synthesis Parameters: Silver nanoprisms were synthesized using a
two-step method based on Aherne et al.['] with minor modifications. The
process of synthesis is illustrated in the Figure S1 (Supporting Informa-
tion). Silver seed nanoparticles were synthesized following the original
procedure. Briefly, 4.865 ml water, 0.5 ml of 25 mm trisodium citrate, 125 ul
of 1 g/l PSSS, and 60 pl of 50 mm freshly prepared sodium borohydride
were mixed in a well-agitated 20 ml glass vial. 5 ml of 0.5 mm silver ni-
trate solution was added with a syringe pump at a flow rate of 2 ml min='.
The final particles were synthesized by mixing 4.97 ml water and 21 pl of
40 mm ascorbic acid in a well-agitated 20 ml glass vial. Ten microliter of
the as-prepared seed solution was added, and after 15 s, a solution of 3 ml
0.5 mm silver was added at a flow rate of 1 ml min~". Thirty seconds after
the addition was finished, 0.5 ml of 25 mm trisodium citrate was added to
stabilize the particles.

The resulting particles were characterized using scanning electron mi-
croscopy (SEM, S-4800, Hitachi Europe, Diisseldorf, Germany) and UV—
vis spectroscopy (Specord 200, Analytik Jena, Jena, Germany). For the SEM
measurements, the particles were centrifuged and dropped onto a silicon
chip. After drying the particles in air, the chip was washed multiple times
with water before the measurements.

BEM Simulation Details: The simulations were performed using the
MNPBEM toolbox, which is an implementation of the boundary ele-
ment method (BEM) in MATLAB specifically designed for plasmonics
applications.[?8] The simulated particles were thin triangular plates with
rounded corners. An essential input parameter for the simulations is the
wavelength-dependent refractive index table of the nanoparticle material.
The dielectric function of silver was taken from McPeak’s results.[?] Plane
wave excitation was applied as excitation, and the retarded solver (solving
Maxwell’s full equations) was selected for more accurate results. The re-
sult of a single simulation is the extinction cross-section of the given par-
ticle. Depending on the refractive index of the medium surrounding the
nanoparticle, the extinction peak shifts. The shift can be used to calculate
the bulk refractive index sensitivity, which is the most common benchmark
of nanoparticle sensors.[63] Bulk refractive index sensitivity is defined as
the wavelength shift of the extinction peak per unit change in the refractive
index of the surrounding bulk medium.[%4] Media with refractive indices of
n=1.00 (air) and n = 1.33 (water) were used to calculate this sensitivity.

Since the simulations were carried out, the more advanced NANOBEM
toolbox has superseded the MNPBEM toolbox.[%°] The descendant is also
a BEM approach, but it is based on the Galerkin schemel326667] instead
of the collocation approach for the electrodynamic potentials used by
MNPBEM.[68]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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