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ABSTRACT: Technological application of polyhedral plasmonic nanoparticles (NP) is
closely associated with their strong ability of localizing electric field at and near the surface. I
In this study, we calculate the optical properties of most common regular polyhedral Au _Q_
nanoparticles such as the cube, rhombic dodecahedron, pentagonal bipyramid, and <
octahedron and compare with the optical properties of spherical particles to investigate the
plasmonic behavior of metallic nanoparticles due to the breakdown of spherical symmetry.
We demonstrate that the highest electric field enhancement (1 order magnitude higher
than the spherical NP) occurs in octahedral Au NPs as the consequence of strong
localization of incident electromagnetic field, decreasing the diffraction limit of the optical
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microscopies, which depends both on their size and orientation with respect to the

polarization of incident light, increasing the system resolution. Higher order modes (quadrupole, hexapole, octupole, etc.)
appear along the dipole mode as the shape of the NPs deviates from their regular spherical shape, even though their size remains
much smaller than the incident wavelength. Irrespective of their shape, the major contribution of small NPs comes from the
light absorption. Although the scattering efficiency of Au NPs becomes significant with the increase of their size, the NPs with
sharper borders and vertices scatter higher fraction of light than the NPs of spherical shape.

B INTRODUCTION

Electric field enhancement at the nanoscale has become a
subject of intense current research for the technological
applications of plasmonic nanostructures, especially for
improving the sensitivity and response in single molecular
detection, renewable energy transducers, hyperthermia ther-
apy, etc.' > A strong electric field is generated around metallic
nanoparticles when the conduction electrons of the metal
coherently oscillate (plasmon) in resonance with an incoming
electromagnetic (EM) radiation of specific wavelength, known
as localized surface plasmon resonance (LSPR)." The intensity
of the electric field and the resonance wavelength, where the
maximum of the electric field is expected, are mainly
determined by the composition, structure, and shape of the
nanoparticles, along with the nature of medium surrounding
them.>® In principle, one can tune the LSPR, both its position
and intensity, by controlling the aforementioned parameters of
metal nanoparticles. In fact, researchers could fabricate shape-
tuned polyhedral plasmonic nanoparticles to tune the
LSPR,” ™’ demonstrating their improved response in surface-
enhanced Raman spectroscopy (SERS).'”'" For example,
Chen et al. reported a synthesis route to obtain cubic, rhombic
dodecahedral, and octahedral nanoparticles through chemical
reduction of gold ions in N,N-dimethylformamide solution in
the presence of poly(vinyl pyrrolidone), using NaOH solution
as the shape controlling agent.'” On the other hand, Zhang et
al. fabricated octahedral gold nanoparticles by thermal
decomposition of gold salt in block co-polymers (polystyrene-
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block-poly(2-vinylpyridine)) to use them as SERS substrates
for molecular detection."’ The SERS signal detected by their
octahedral gold nanoparticles was seen to be 3 times higher
than the signal detected by spherical Au nanoparticles.
Recently, Kuo et al. have reported the fabrication of Au NPs
of different morphologies such as rhombic dodecahedrons,
cubes, and octahedrons by varying the concentration of Au
precursor."® In fact, there exist a vast number of experimental
and theoretical research reports in the literature on the control
of LSPR of plasmonic nanostructures (Au and Ag, mainly),
dealing their far-field behaviors and their implications in
optical and optoelectronic devices."*™'® On the other hand,
although several research groups have fabricated plasmonic
nanostructures of specific shapes'’~*" and evaluated their near-
field behaviors both experimentally and theoretically,”****
demonstrating the high near-field enhancement in plasmonic
nanostructures of specific shapes, a systematic study on how
the near electric field depends on the shape and size of small
plasmonic nanostructures, affecting their molecular sensing
performance through SERS, is lacking.

Therefore, in the present work, we studied the near electric
field (NEF) enhancement in the most common polyhedral
gold nanoparticles of different sizes to draw the relation
between the developed electric field around their surface,
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which can serve as a guide for the fabrication of gold
nanoparticles with optimum SERS response.

B THEORETICAL CONSIDERATIONS

A finite differences time domain (FDTD)-based simulation
software (MEEP)** was used in this work to calculate the
optical properties of Au NPs in the far- and near-field regions.
Five different morphologies (polyhedral) of Au NPs, each of
four sizes, were considered, as shown in Table S1. The
morphologies considered were sphere (Sph), cube (Cub),
octahedron (Oct), pentagonal bipyramide (PBp), and rhombic
dodecahedron (RhD); which are the most-frequent exper-
imentally reported shapes of Au nanostructures.' "’ ~>"*°

To compare the optical properties of the Au NPs of different
morphologies, the size of the particles was established in
relation to the equivalent volume of the sphere, expressed by
equivalent sphere radius (R, Table S1), covering the size
range from 10 to 50 nm, which is the most usual size range of
Au NPs fabricated experimentally. For example, a Sph Au NP
of R,y = § nm has a volume of 523.6 nm®. So, the other
polyhedrons of equal volume will be considered equivalent to
this spherical NP. For simulation, the refractive index of gold
was taken from ref 26, and water was taken as the surrounding
medium (n,, = 1.333).

The size of the FDTD computational cell was determined as
4 times the size of the analyzed nano-object, using a perfectly
matched layer of S0 nm thickness as the boundary condition of
the cell. The values of the two most important parameters used
to simulate the electrodynamic systems with FDTD, the spatial
resolution (A,), and the Courant number (¢ =A,/A,) are
specified for each nano-object in Table S1. As the spatial
resolution was reduced intentionally for the bigger NPs to
reduce the computation time (the established time to compute
the optical response for each NP was from 1 to 2 weeks,
without compromising the reliability of the results), the
Courant number was also varied depending on the resolution
(A, < cA)).

The incident EM wave (Gaussian source) was chosen to
propagate in the z-direction with the polarized electric field in
the x-direction with the wavelength range from 400 to 800 nm
and unitary amplitude. Table S1 shows schematically the
shapes of the Au NPs considered (first column, left side) and
the position of the polyhedral NPs with respect to the incident
EM wave (first column, right side). Electromagnetic monitors
were used to calculate the scattering (C,.,) and the absorption
(Cyps) cross-sections and the NEF. The extinction cross-section
was calculated as the sum of the aforementioned cross-
sections, i.e, Co = Cus + Cy, The efficiency factors were
determined dividing the optical cross-sections with the physical
cross-section of the specific nano-object (using the equivalent
radius, e.g., Q. = Cext/ﬂReqz). The simulations were
terminated when the field intensity in the simulation was
decayed by 1 X 107'° times of the initial amplitude. Finally,
electric charge density was calculated from the Maxwell
equation p = div(D), where p is the charge density and div(D)
is the divergence of the electric displacement field.

B RESULTS AND DISCUSSION

As it has been well established (see e.g., refs 4 and §), the
extinction spectra of spherical gold nanoparticles can be tuned
in the visible wavelength region by tuning their size and the
surrounding medium, and this is not an exception when the

shape of the nanoparticle is changed from the simplest
spherical to other. Figure S1 (Supporting Information) shows
the calculated extinction efficiency factors for the considered
morphologies of Au-NP: sphere, rhombic dodecahedron, cube,
octahedron, and pentagonal bipyramid, for four equivalent
radii (Table S1): 5, 15, 35, and 50 nm. For all of the
nanoparticles, the position and the bandwidth of LSPR
increased with the increase of size, regardless of their
morphology, mainly because of the retardation effect of the
plasmon, i.e., the energy dispersion probability of the
oscillating electrons (due to collisions) increases with the
nanoparticle size.’

Figure 1 shows the extinction efficiency factors of Au NPs of
different shapes for R, = S nm, in which the band associated to
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Figure 1. Extinction efficiency factors of gold nanoparticles of
different shapes: sphere (Sph), rhombic dodecahedron (RhD), cube
(Cub), octahedron (Oct), and pentagonal bipyramid (PBp) of S nm
equivalent radius (Req).

the LSPR is modified depending on the morphology. The Sph,
RhD, and Cub nanoparticles present only one LSPR band
associated (at first sight) to the dipole mode, with a gradual
red shift in peak position following the order, for all of the
considered sizes (see Figure S1). A similar observation has also
been reported for these particular shaped Au NPs in their
corresponding absorption spectra.””*® On the contrary, the
Oct and PBp NPs present multipolar mode bands, even though
they are in the quasi-static regime (the NP size is much smaller
than the applied light wavelength). As has been observed by Li
et al.”” for their synthetized Oct Au NPs of sharp edges with
R, less than 50 nm, we observed two LPSR bands for Oct Au
NPs (Figure S1). Very similar observation has also been made
for the PBp NPs; however, the multiple polar mode bands are
overlapped due to their lesser sharp edges, as confirmed by
Zhang et al.*°

To determine the nature of the polar modes for all of the
resonances showed in Figure 1, electric charge density (p)
distribution in the xy plane was calculated for the five NPs with
R, = 5 nm (Figure S2), where the red and blue colors
represent the positive and negative charge distributions,
respectively (represented by + and — symbols). The dipole
mode is clearly visible in the Sph NP (Figure S2a), where the
positive and negative charges form two symmetrical halves of
the NP polarized along the direction of the incident electric
field. The polar mode is not visibly clear in the case of RhD
and Cub NPs (Figure S2b,c) as the plasmon is divided into
two region pairs (at the bottom and top of the NPs separated
by the region in the middle with almost zero charge).
Nevertheless, both the region pairs have same polarization
(same phase, — + and — +), and consequently, it is considered
a dipole mode (RhD NP presents two more small region pairs
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Figure 2. Extinction (Q,y, black lines), absorption (Q,p, blue lines), and scattering (Q,,, red lines) efficiency factors of gold nanoparticles of (a)
sphere, (b) rhombic dodecahedron, (c) cube, (d) octahedron, and (e) pentagonal bipyramid shapes for equivalent radius (Req) of 15 nm (solid
lines) and SO nm (dashed lines). Since Q. = Q. for Reqg =15 nm (Qsea ~ 0), so the black solid line hides the blue one.

with opposite polarization, but we consider their contribution
negligible; conversely, the mode would be hexapole). In the
case of the Oct NP, the dipolar nature of the largest resonant
wavelength (710 nm) is also clear, where the positive and
negative charges are concentrated at the vertices along the
applied electric field direction (Figure S2d). The charge
distribution for the second mode (605 nm) shows three
dominant region pairs of charges (+ —, — +, and + —); two
pairs with same polarization at the bottom and top of the
image and one at the middle with different polarizations,
concluding that the polar mode is hexapole. Finally, the PBp
NP shows the dipole (— +), quadrupole (— + and + —), and
octupole (+ —, — +, + —, and — +) modes since it has one,
two, and four region pairs for each resonance with alternating
polarizations (Figure S2e).

Although there exists no theory which relates the
morphology of metallic NPs to the characteristics of their
LSPR bands, we can see from Figures 1 and S1 that more
similar is the shape of the NPs to a sphere, its LSPR band is
closer to that of a spherical NP.>' For example, the shape of an
icosahedral NP (regular polyhedron consisting of 20 triangular
faces, not considered in the present work) is too close to that
of a spherical NP, and hence the optical properties of an
icosahedral NP are very similar to that of a spherical NP."*
Therefore, as the shape of a NP approaches to a sphere, the
bands of higher order modes overlap with the dipole one, and
the LSPR position is blue shifted, as shown in Figures 1 and
SL.

The light extinction by metallic nanoparticles is the result of
light absorption and scattering. The major contribution in the
extinction efficiency of small NPs comes from the absorption
(Figure 2). On the other hand, the contribution of scattering
on the extinction efficiency factor increases as the size increases
(Figure 2). However, the two phenomena are independent,
regardless of the shape of the small (zero-dimensional)
nanoparticles. Nevertheless, the relative intensities of absorp-
tion and scattering efficiency factors depend on NP
morphology, when their size is relatively large. In the case of
larger Sph, RhD, and Cub NPs, the light scattering is more
intense than the light absorption (Figure 2a—c, respectively).
Conversely, light absorption is more intense than scattering in
Oct NPs (Figure 2d), and the absorption and scattering are
similar in PBp NPs for the same spectral range (Figure 2e).

Now let us address the optical properties of the considered
polyhedral nanoparticles in the near-field region. Figure 3
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Figure 3. Spatial distribution maps of a near electric field for the
spherical gold nanoparticles in the xy plane (see inserted image) for
R4 of (i) § nm, (ii) 15 nm, (iii) 35 nm, and (iv) 50 nm.

shows the spatial distribution of the near electric field intensity
(IEI/IEyl) in the xy plane for the Sph NP excited by the
maximum of LSPR wavelength (A gpp). As can be noticed
(Figure 3), the NEF corresponds to dipole mode (as we
explained earlier with the p map, Figure S2a) for all of the four
sizes intensify at the NP surface, in parallel to the x-axis
(perpendicular to the direction of excitation), with maximum
intensities 3.5—6 times higher than the incident electric field.
The value of |EI/IEy| increases progressively with the increase
of the size of the NP (Sph). The electric field decays quickly
from t?ze surface to a few nanometers, at the rate proportional
to r >,

In the case of a RhD gold NP (Figure 4), the near electric
field is concentrated at the vertexes (and partly in the edges) of
the NP. Such a confinement of the plasma is known as hot spot
since the electric field in these regions strongly confines the
incident field, compared to the smoother surfaces. The field
enhancement, in this case, is up to 15 times of the incident
field; which is about 2 times that of a Sph NP of similar size.
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Figure 4. Spatial distribution maps of a near electric field for the
rhombic dodecahedral gold nanoparticles in the xy plane (see inserted
image) for the sizes: (i) Req =5 nm, (ii) Ry =15 nm, (iii) Ryq=3S
nm, and (iv) R, = S0 nm

Again, the electric field intensity increases as the size increases,
however, up to R,, = 35 nm, beyond which it decreases. The
observed initial increase of NEF is due to higher absorption of
light by bigger NPs, which is maximum for the NP of R, = 35
nm (Figure S3). The decrease of NEF for the larger NPs is due
to their greater light scattering abilities. Although a
considerable fraction of the absorbed light by metallic NPs is
transformed into an evanescent and nonpropagatmg near
electric field, characteristic for small NPs,*' a good fraction of
the absorbed light in larger NPs is reradiated to the far-field
region as scattered (propagating) light.

The near electric field in a Cub NP is mainly localized at the
faces parallel to the direction of E-polarization, although the
hot spots are located at their edges (Figure S), just as in the
case of RhD NP. The intensity of |EIl/IE,| increases up to 8 as
the size of Cub NP increases up to R, = 35 nm, and then
decreases following the same trend as for the absorption
efficiency factor (Figure S3). However, the IEI/IEj| is less
intense for Cub NP than that of RhD NP, even though the
absorption efficiency factor of the former NP is greater than
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Figure S. Spatial distribution maps of a near electric field in the xy
plane (see the inserted image) for the cubic gold nanoparticles of R,
(i) § nm, (ii) 15 nm, (iii) 35 nm, and (iv) 50 nm.

that of the later. This is because the electric field is more
localized at the vertices of the RhD NP than in the case of the
Cub NP, for these specific orientations of the NPs with respect
to the incident electric polarization, which is more convenient
for the RhD NP. The oscillating electrons in the case of the
Cub NP are not spread at its vertices, but along its edges,
resulting in a low electric field localization. Nevertheless, the
incident field induces more intense hot spots in the Cub NPs if
they are oriented in such a way that the incident electric field is
polarized along the Cub NP diagonals, confining a greater
number of electrons in a smaller volume at the vertices of the
cubes.

In Figure 6, we show the near electric field maps for the
aforementioned case, where the position of the cube was
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Figure 6. Spatial distribution maps of a near electric field in the xy
plane (see the inserted image) for the cubic gold nanoparticles rotated
by 45° (with respect to Figure S) of Ry (i) 5 nm, (ii) 15 nm, (iii) 35
nm, and (iv) SO nm.

rotated 45° with respect to the initial position, and the NEF
were calculated at the plane of incidence (xz plane). We can
see now that the |El/|Ey| is around 30 and it is more localized at
the vertices, in addition to a lower |EI/IEy| of approximately 15
along the edges of the cubes. Therefore, the enhancement of
the electric field depends greatly on the orientation of the NP
for a nonspherical NP. The NEF enhancement of a spherical
NP is invariant with respect to polarization and direction of the
incident light due to the continuous rotational symmetry of the
sphere, the enhancement of nonspherical NPs is orientation
dependent because of their discrete rotational symmetry, as
can been seen from the electric field maps of the Cub NP with
two different orientations presented in Figures S and 6. It is
well known that the NEFs around elongated—spherical NPs
and nanorods are not only dependent of particle orientation
but also their aspect ratios, with higher intensities than that for
nonelongated nanoparticles.'* This is very significant in
nanostructured materials, where the position and orientation
of individual NPs are well controlled to give optical anisotropy
to the system for improving their performance in devices. For
example, supercrystals and superlattices have been fabricated
through self-assembly of polyhedral nanoparticles,33'34 to
amplifying the NEF and use them in SERS, observing higher
enhancement factors for RhD NPs in comparison to the
enhancement factors obtained using Cub or Oct NPs.** Also,
the self-assembly of anisotropic nanoparticles (e.g., nanorods)
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in an ordered superlattice has demonstrated to have different
SERS responses, depending on the lattice types (cubic,
tetragonal, etc.).*®

We can also see that the LSPR wavelength has been shifted
by 4—20 nm (depending on the size of the NP) as a
consequence of reorientation, as the electrons oscillate now
over a larger distance (along the cubic diagonal), increasing the
retardation effect, ie., more kinetic energy of the oscillating
electrons is lost due to collision, transforming lesser energy to
electric field. It has also been observed in elongated
nanoparticles, such as nanorods, where two plasmons
(longitudinal and transverse modes) could be excited with
radiations of different wavelengths, depending on the polar-
ization of the incident light.*”

Figure 7 shows near electric field enhancement by an Oct
NP excited at the dipole mode resonance. As can be seen, the
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Figure 7. Spatial distribution maps of a near electric field in
octahedral gold nanoparticles in the xy plane (see inserted image) for
equivalent radius (Req) of (i) S nm, (ii) 15 nm, (iii) 35 nm, and (iv)
50 nm, under excitation at a corresponding dipole mode resonance.

NEF in this case is more intense than the NEFs of all of the
previous particles (Sph, RhD, and Cub NPs), as the electrons
are more localized in the vertex of the octahedron and,
therefore, confined in a more reduced space (more intense hot
spots).

For the first LSPR band of Oct NP (see Figure S1d)
associated to the hexapole mode, the NEF enhancement maps
(Figure S4) show a weaker localization of the electric field for
each of the four sizes compared with the cases of exciting the
NPs at the dipole mode (Figure 7). As can be seen, due to this
delocalization of the near electric field, greater amplification
(40 times of the incident electric field) is resulted at the dipole
mode than for the hexapole mode (30 times).

Although the Oct NPs of R, in between S and 35 nm
revealed two resonance modes, the dipole and hexapole, the
Oct NPs of R,y = SO nm manifest one additional plasmon
resonance attributed to the decapole mode (see Figure SSa),
demonstrating that at this size (and shape), the Oct NP can
support all of the three modes.

The NEF maps of the 50 nm Oct NP excited at the three
modes (decapole, hexapole, and dipole) are presented in
Figure S6. It can be seen that the electric field is more intense
and localized at the vertices (which are along the direction of
the polarization of the incident electric field) when the

wavelength is varied from the decapole mode to the dipole
mode, because the electrons at the decapole mode are
oscillating in more than one direction than in the case of the
dipole mode, in which they oscillate in just one direction
(along the x-axis) and, therefore, the electric field is more
delocalized for the former case.

As it can be noticed from Figures 7, S4, and S6, the near
electric field of the Oct NPs is localized mainly at the vertices,
irrespective of their size and the nature of the mode
(plasmonic) of excitation, as the vertices of the Oct NP are
oriented along the polarization direction of the incident
electric field. Thanks to this orientation and the sharper
borders, the Oct NP has greater NEF enhancement (up to 40
times) than the other three types of NPs mentioned before
(Sph, RhD, and Cub NPs).

Finally, the NEF distributions in PBp Au NPs of different
sizes are depicted in Figure 8. As can be observed, the
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Figure 8. Spatial distribution maps of a near electric field for the
pentagonal bipyramidal (PBp) gold nanoparticles of different sizes in
the xy plane (see inserted image): (1) R, = S nm, (i) Ryq = 15 nm,
(iii) Req =35 nm, and (iv) Rq = 50 nm, under dipole mode resonance
excitation.

maximum NEF accumulation occurs in the NP of 35 nm
equivalent radius, which is about 20 times of the incident
electric field intensity. The maximum NEF of this NP is
located just at the edges that share the two pentagonal
pyramids (see the inserted image), in a very small region. The
field in this NP is strongly localized and therefore more intense
than in the cases of the Shp, RhD, Cub NPs. Although the field
is highly localized in the present case, it is not as localized as in
an Oct NP or Cub NP (rotated 45°). A very similar
distribution of the electric field is observed for the band
associated to its quadrupole mode (Figure S7), but it is less
intense than its dipole mode as the electrons, in this case, are
more dispersed over the bigger region, as discussed earlier (see
the discussion for Oct NP).

From the results obtained for the five analyzed polyhedral
NPs, the octahedral NP presents the greater enhancement of
the near electric field (40 times), followed by cube (30 times),
pentagonal bipyramid (20 times), rhombic dodecahedron (15
times), and the sphere (6 times). As the shape of the metal NP
differs from highly symmetric and smooth spherical shape to a
shape with less symmetries and rough surface, the electron
cloud of the metal NP becomes localized in smaller regions,
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resulting in the enhancement of the near electric field. The
intensity of the electric field depends also on the orientation of
the NP, with respect to the incident field polarization (as it
happens in the case of spheroids NP).** Moreover, in the
nonspherical NPs with sharp borders and/or vertices, the
electron cloud remains confined in those narrow regions,
forming strong electric hot spots. Therefore, the intensity of
the enhanced field depends on the orientation of the NP
(which also depends on the shape of the NP) and the nature of
exciting polar mode (which is related to the size of the NP).
An important consequence of this characteristic is that regular
polyhedral NPs could be used as building blocks of photonic
superlattices to give them anisotropy-dependent optical
properties, as has been reported earlier.”*°

The enhanced response of plasmonic NP in SERS-based
molecular sensing and other agplications has already been
demonstrated experimentally.”” Higher SERS signal for
nonspherical NPs, which is proportional to the number of
hot spots around the NPs, has also been demonstrated. The
signal enhancement also depends on the intensity of these hot
spots, ie., the extent of the electric field localization. As an
example, experimentally Zhang et al.'' have detected 3 times
higher SERS signal for the thin film made of octahedral gold
nanoparticles in comparison with their thin films made of
spherical Au NPs prepared by citrate-mediated reduction.

However, the results obtained by our theoretical calculation
indicate that the signal enhancement for octahedral Au NPs
should be around 7 times that of spherical Au NPs. The lower
signal enhancement detected experimentally might be due to
the presence of remained polymer that the authors'' use to
synthetize their Oct NPs, which prevented the efficient
interaction between the analytes and the NPs. Moreover, the
NPs in their thin films are randomly oriented, reducing the
intensity of the hot spots around each of the NPs and,
therefore, reducing the total enhancement of a near electric
field that they could generate.

B CONCLUSIONS

In summary, we demonstrate that the enhancement of a near
electric field around Au nanoparticles strongly depends on
their morphology. The more localized are the electrons (or the
plasmon), the greater the intensity of the near electric field,
and hence the brighter hot spots. Among polyhedral Au NPs
studied in this investigation, the highest increase in the electric
field occurs for the Oct NPs. However, the region where the
electric field is concentrated is very small compared to the
intense NEF space of other morphologies. Therefore, for SERS
application (for example) of Oct NPs, the analytes must be
placed carefully near the faceted areas of the NPs. The more
the NPs differ from the spherical shape, the greater their
absorption width and dispersion (covering a large range of
wavelength). This indicates that polyhedral Au NPs are highly
suitable for applications such as in solar cells, where a greater
interaction between Au NPs and solar radiation is sought for
the wider range of the solar spectrum. In addition, the
controlled arrangement of polyhedral NP in a superlattice
could give rise to anisotropic optical properties.
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