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Abstract

Besides aspect ratio (AR) and localized surface plasmon resonance (LSPR) peak wavelength, the cross-section shape of
individual Au nanorod sensors is also crucial factors controlling their plasmon sensitivities. These three effects have not been
investigated simultaneously till now. In this paper, we numerically investigate nanorods’ cross-section-dependent responses
both of refractive index sensitivity factor S and corresponding figure of merit FOM to their AR and LSPR peak wavelengths
by discrete dipole approximation. The cross-section shapes are demonstrated to affect the values of S and FOM although it
does not destroy the overall response tendency of S/FOM to LSPR peak wavelengths and AR. Their optimal LSPR spectral
regions and AR are unveiled, which are revealed to be cross-section shape-dependent and independent, respectively. The
triangular Au nanocolumn is revealed to provide good candidate for Au LSPR-based biological sensing and detection, whose

optimal LSPR peak wavelength falls in the second near-infrared window.

1 Introduction

Individual nanoparticles, such as Au nanorods have found
wide applications in surface-enhanced Raman scattering
(SERS), optical sensing and detection, etc. [1-8]. This attrib-
utes to the resonant excitation of their localized surface plas-
mon resonances (LSPRs), known as the collective oscillating
of free electrons of the rod responding to the incident light.
Their optical spectra, including peak of the dipole LSPR
and the corresponding peak width show wide tunability by
their refractive indexes of surrounding mediums and the rod
detailed geometries, such as cross-section shapes, and AR.
This serves as the basement for their applications in LSPR-
based refractive index sensing and detection, which depend
on the excitation light wavelength and the rod detailed geom-
etry. The parameters of refractive index sensitivity factor S
[9] and figure of merit FOM [10] have been introduced to
estimate their sensitivity performances, which are accessible
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by their optical spectra, such as scattering spectra. Accord-
ingly, to identify the optimal LSPR spectral region and AR
for their plasmonic sensitivity applications of individual Au
rod-like nanoparticles are significant, which may or may
not be cross-section shape-dependent. Hence, it needs to be
clarified. It is noted that investigations in literature [11-21]
to optimize LSPR sensitivity either focus on to optimize the
LSPR spectral region [15-18] or AR [19-21] separately and
no reports devoted to simultaneously optimize LSPR spec-
tral region and rod AR. To clarify the relationship between
the optimized LSPR spectral region and AR is interesting
accordingly. Additionally, the related reports mainly discuss
S and/or FOM of non-rod nanoparticles, such as plate-like
nanoparticles and nanowires [17, 21] while limited reports
about nanorods and/or nanocylinders focus on nanrods with
circular cross sections [19-21]. Yet, with fabrication tech-
nology development, other cross-section-shaped nanorods,
may experimentally be met with, similar to semiconductor
nanorods normally do [22, 23]. It is sorry that there are still
no reports devoted to the optimized AR, neither optimized
LSPR spectral region investigations for non-circular cross-
section-shaped nanorods in literature to the best of knowl-
edge. The different cross-section shapes are anticipated to
affect both S and FOM response to AR and LSPR peak wave-
lengths of Au nanorod sensors as that of Au nanoplates [16].
Hence, different S, different optimal FOM, AR, and LSPR
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spectral region are expected, which needs to be clarified as
well and is possibly cross-section shape dependent.

Accordingly, optical scattering spectra of individual Au
rod-like nanosensors with different cross section (including
triangle, square, pentagon, hexagon, and circular) shapes
are numerically calculated by discrete dipole approxima-
tion (DDA) [24, 25] to investigate their cross-section-shape-
dependent responses of S and FOM to LSPR peak wave-
lengths and AR simultaneously. It is revealed that under the
same AR, the rod with triangle cross-section gets the largest
S. Yet, regardless of their different cross-section shapes,
their S is demonstrated to follow the same increasing trend
with LSPR peak wavelengths. Meanwhile, their FOM is
shown to get maximum ~ 10 RIU™! at a broad optimal LSPR
spectral region, which corresponds to an optimal AR region
locating around 3.0 for all the concerned nanorods. These
responses of § and FOM are analytically elucidated in terms
of their dipole LSPR condition well.

2 Simulation structures and methods

Figure 1 schematically shows the structure diagram of the
investigated different nanorods. For comparison, we have set
the radius of the circumcircle of each rod being 10 nm in our
simulations. The rod lengths are varied from ~20 to 100 nm
to get different AR, which is defined as the ratio between
rod lengths to their corresponding circumcircle diameters.
The optical constants of Au are referred to the tabulated
complex refractive indexes of Au in Ref. [26]. The scatter-
ing efficiency spectra of Au nanorods are then calculated by
DDA on a cubic grid with a lattice constant equal to 1 nm,
which unveil peak positions A; gpg of their dipole LSPR
modes and the corresponding peak widths of full width at
half maximum (FWHM). Then, S of their dipole LSPR mode
is calculated, which has been defined as the derivative of
Arspr bY 1, [91. As shown in the supporting information,
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Fig.1 The structure diagram of the investigated different nanorods,
whose x—y cross sections being triangle (a), square (b), pentagon (c),
hexagon (d), circle (e) and circle-2 (f), respectively

@ Springer

it is accessed by linear fitting of their corresponding A; gpr
responding to n,,,, the refractive index of the rods’ surround-
ing medium. Starting from the data of § and FWHM, their
FOM is then calculated, which refers to the ratio between
their S to FWHM.

3 Results and discussions

Figure 2 shows that the scattering spectra of each con-
cerned nanorods are sensitive to the refractive index
n,, of their surrounding mediums, in which A;gpr red
shifts from 1014/872/824/813/776/724 nm in water to
1142/981/922/908/865/803 nm in surrounding mediums
with n,,=1.53 for nanorods with triangle/square/pentagon/
hexagon/circle/circle-2 cross section (perpendicular to the
incident light polarization). Even at the same AR and n_,,
their scattering spectra also differ, reflecting their different
geometry, i.e., cross-section shape effects. The different
Argpr at the same AR and n,, also reveals that the smaller
area of the rods’ cross section, the larger red-shift of 4; pg
compared to that of rod with circular cross section. These
spectra characters originate from their n,,, and cross-section
shape-dependent electromagnetic field distributions while the
inset of Fig. 2 and Fig. S1 of the supporting information show
their typical electromagnetic near-field (|E|) distributions at
their corresponding A; gpr as some examples by setting the
amplitude of the electric field of the incident light to be unit.
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m

Fig.2 The DDA calculated scattering efficiency spectra of the inves-
tigated Au nanorods under different n, (linearly increasing from 1.33
to 1.53) with each AR being set to 3.0. The inset shows the near-field
(|E]) distributions at their corresponding dipole A; qpg. a—f Corre-
sponds to (a—f) Au nanorods in Fig. 1, respectively
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Fig.3 The DDA calculated responses of S to AR of the inves-
tigated individual Au nanorods. The calculated data are
noted to fall into an empirical quadratic prediction band of
S = —11.65AR? + 215.4AR — 44.39 with maximum 59% prediction
error. a—f Corresponds to (a—f) Au nanorods in Fig. 1, respectively.
The data of hollow square, diamond, triangle, and circle refer to ref
[14], [30], [31] and [32], respectively

Starting from the n -dependent spectra of Fig. 2, S of
different nanorods are then calculated by linear fitting the
data of their A; gpg versus n,, (see Fig. S2 of the support-
ing information). The obtained results are shown as Fig. 3,
which are sensitive to rod’s AR. Figure 3 demonstrates that
S increases steadily with AR for different nanorods with dif-
ferent cross-section shapes, confirming that AR is the key
geometry parameter controlling S [21]. Yet, at the same AR,
S of different rods are shown to be different, reflecting their
different cross-section shape effect. For example, the rod
with hemisphere capping and the rod with triangle cross
section exhibit the smallest and largest S, respectively. This
comes from their corresponding smallest and largest 4; ¢pg
at the same AR, which originates from their smallest and
largest |E|max as demonstrated by the near-field |E| distri-
butions in the inset of Fig. 2. Moreover, it implies that Au
nanorod with the less instead of more tips, hence smaller
instead of larger areas of cross-sections, such as triangle rod,
instead of pentagon and hexagon rods, gets larger |E|max.
then larger A; gpr and S. It is also noted that the increasing
behavior of § with AR agrees with other available experi-
mental data well [14, 30-32] as shown as hollow symbols in
Fig. 3. Yet, experiments therein [14, 30-32] focuses on rods
with circular cross sections while experimental data for rods
with other cross sections, such as triangle cross sections are
hence desired in the future. To further implore the surface
(of the cross section of the rod perpendicular to the incident
light polarization) area impact, S as a function of the sur-
face area is plotted as Fig. S3 of the supporting information.
It demonstrates that under the same AR, S increases with
the surface area. Hence, smaller surface area is favoured to
obtain higher S for LSPR-based nanosensors.

The responses of their S to 4; gpg of Fig. 4 demonstrate
that S increases with A; gpr from visible to near-infrared,
which does not depend on their different geometries. Fig-
ure 4 also reveals that at the same A; qpg, S of different
nanorods are approximate to each other. It indicates that the
effect of rods’ cross sections (perpendicular to the incident
polarization) on S responses to A; gpg is negligible. Accord-
ingly, A; gpr provides the more general parameter governing
S than that of AR while 4, qpy is further determined by the
detailed geometry of the nanorods, including AR and cross
sections as demonstrated by Fig. 3. A closer check of Fig. 4
reveals that S increases with A; ¢pg linearly at visible region
but increases with 4; gpg non-linearly at near-infrared region.
This agrees well with reports elsewhere [16] obtained from
extinction spectra, which have been attributed to the optical
response of the real part of Au dielectric constant €,(Au)
[16]. It applies to the results obtained from scattering spectra
herein, too. As shown in the inset of Fig. 4, €,,(Au) responses
to the incident light linearly &,,(Au) = A’ + B’ 4 and quad-
raticly €,.,(Au) = A + BA + CA? at visible and near-infrared
regions (~760-1400 nm), respectively, with A, B, C A’, and
B’ being fitting parameters. It contributes to the correspond-
ing two different S expressions of the following Egs. (1) and
(2) of noble metal nanoparticles at visible and near-infrared
regions, respectively.
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Fig.4 The DDA calculated responses of S to the corresponding
Apspr Of the investigated Au nanorods. a—f Corresponds to (a—f) Au
nanorods in Fig. 1, respectively. The dashed and solid lines plotted
the analytical results by Eqgs. (1) and (2), respectively, while the inset
dashed and solid line plotted the linear and nonlinear fitted £ (Au) to
the experimental €, (Au) data [28]
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These two equations are noted to agree with that of Ref.
[15] and [27], respectively, which predicts S obtained from
DDA calculated scattering spectra well at visible and near-
infrared regions, respectively. The analytical results along
with DDA calculated data indicate that to obtain high S,
large excitation wavelength is preferred. Therefore, Figs. 3
and 4 demonstrate that among the concerned nanorods with
the same AR, the rod with triangle cross section provides the
best candidate for LSPR-based bio/chemical sensor, whose
S is further able improved by increasing its A; gpg through
increasing its AR.

Figure 5 presents the corresponding DDA-calculated
FOM responses to the rod AR to identify their optimal AR,
and then further to check the cross-section shape effect.
Each set of the obtained FOM is shown to increase with
AR initially till gets maximum, and then it decreases after
surpassing their maximum, respectively. The optimal AR
is revealed to be 3.0, 3.0, 2.5, 3.0, 3.0, 3.0, and 3.5 for
the studied rod with triangle, square, pentagon, hexagon,
circle, and circle-2 cross section, respectively, while the
optimal AR for rod with circular cross-section (and with
semi-sphere capping) matches well with available literate
reports elsewhere [20, 27]. It is also noted that the optimal
AR of all the concerned rods is approximate to each other,
which all fall in~3.0 + 0.5. This optimal AR region agrees
with other available experimental report elsewhere [31,
32] as shown as hollow symbols in Fig. 5. Yet, experi-
ments therein mainly focus on rods with circular cross
sections while experimental data for non-circular cross-
section rods are hence desired in the future. Figure 5 also
reveals that the rods with triangle cross-section does not
exhibit the largest FOM although it gets the largest S of all
the rods. This attributes to the larger FWHM as revealed
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Fig.5 The DDA calculated responses of FOM to AR of the investi-
gated Au nanorods while the square labels the optimal AR region. a—f
Corresponds to (a—f) Au nanorods in Fig. 1, respectively. The data of
hollow Square and Diamond refer to ref [30] and [31], respectively.
The dashed and solid lines present the analytical results at visible and
near-infrared regions, respectively
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Fig.6 The DDA calculated responses of FOM to the corresponding
Apspr Of the investigated Au nanorods while the inset shows the DDA
calculated responses of their corresponding FWHM to 4 gpr. a—f
Corresponds to (a—f) Au nanorods in Fig. 1, respectively. The dashed
and solid lines present the analytical results at visible and near-infra-
red regions, respectively

in the inset of Fig. 6. However, its optimal FOM still fall
in the same region ~ 10 + 2 RIU™! similar to the other rods.
Hence, the cross-section shapes only have negligible effect
on their optimal AR and FOM. Figure S4 of the supporting
information shows the FOM responses of the concerned
nanorods to the surface (of the cross section of the rod per-
pendicular to the incident light polarization) area at several
typical AR. It reveals that at the same AR, the surface area
impact on FOM of the nanorods is not obvious.

The obtained optimal AR and FOM are proposed to cor-
respond to some specific A; gpg Of the different rods, which
provides significant information about the optimal LSPR
spectral region, accordingly. The responses of FOM to
Argpr are plotted as Fig. 6, which shows that FOM initially
increases with A; qpg for each the concerned rods regardless
of their cross-section differences and then decreases with
Apspr increasing further after surpassing maximum. This is
reasonable considering the variation of FWHM versus 4; gpr
and the increase of § with A; gpr. The inset of Fig. 6 shows
that FWHM of the dipole LSPR mode initially decreases
with 4; gpr and gets minimum at ~ 700 nm, then it increases
with A; gpr fast after surpassing the minimum FWHM. This
variation and the increase of § with 4; gpr as presented in
Fig. 4 together contribute to the response of FOM of Fig. 6.
Additionally, The maximum FOM is noted to locate at~
1010/875/760/880/780/785 nm for studied rod with trian-
gle, square, pentagon, hexagon, circle, and circle-2 cross
section, respectively, showing cross-section dependence.
Their optimal FOM is noted to fall in the broad region ~ 885
+ 125 nm. The large difference between the optimal A; gpg
position for FOM is acceptable as the optimal AR for the
concerned rods is approximate, which is approximate to each
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other and contributes to the different A; gpr for the different
cross-section-shaped rods. Hence, the different rod cross
section leads to different surface scattering, further contrib-
utes to different 4; gpg, hence different optimal 4; pg position
for FOM. 1t is also noted that the LSPR peak wavelength of
the optimal FOM is some larger than that of FWHM, which
owns to the offset effect of the increasing behavior of S with
ALspr- The rod with triangle cross section is noted to get the
smallest optimal FOM owing to its largest FWHM although
it gets the largest S. Yet, its A; gpg 1S noted to fall in the sec-
ond window of near-infrared. Hence, it is more favoured
than the other concerned rods for biological applications as
it still keeps high optimal FOM ~ 10 RIU™!.

Near A; gpg, FWHM of small noble metal nanoparticles
(compared to the incident wavelength), including rods under
investigation herein has been shown to follow [28].

FWHM = 2¢,|; spr /

3

de,
a |Lspr

The analytical results by Eq. (3) have also been plotted in
the inset of Fig. 6, which predicts nearly the same FWHM
variation character, which gets minimum at~700 nm, in
agreement with our DDA calculations. It comes from the
negligible variation of %% and the initial decrease till an
minimum, then the increase with A of €;. Then, FOM is ana-
lytically inferred to [10].

S —_—
FWHM

£y

N

FOM =

“
LSPR
by combining Eq. (3), S definition [9], and the dipole LSPR
condition of £ (Au) = —kn? . Then, FOM is analytically
inferred to be a function of 4; ¢pg. Herein,x is the shape fac-
tor of the concerned different nanorods, which is able to be
calculated using spheroidal approximation. For all the con-
cerned rods, they are proposed to be approximately taken as
prolate nanoellipsoids, respectively. For each rods with non-
circular cross section (perpendicular to the incident light
polarization), its two axis are taken equal to the radius of the
corresponding circumcircle of its above cross section while
the rod length being the other axis. Then, « is determined by
k = (1 — L)/L, which is further determined by AR of each
the nanorods as presented below. The depolarization param-
eter along the incident polarization direction L is able to be
given by the following Eq. (5) [29]. Herein, e* = 1 — # is
the eccentricity of the nanoellipsoid.

1-é2 1 1+e
L= (—1 | )
e? +Zen1—e

&)

For nanorods with AR < 8 under investigated, Eq. (5) is
simplified into [35].

L=(1+AR)"'S. (6)

The analytical results by Eq. (4) have also been plotted
as lines in Fig. 6, which qualitatively capture the DDA cal-
culated changing tendency of FOM for all the concerned
different cross-section-shaped rods. It exhibits initial fast
increase and gets maximum ~ 12 RIU™! at optimal LSPR
spectral region of ~885 + 125 nm. The simple analytic
results by Eq. (4) are independent of the detailed Au nano-
particle (nanorod herein) geometry, which relies only on Au
dielectric response. It further contributes to the comparable
optimal FOM at certain optimal LSPR spectral regions for
all Au nanopartilce LSPR sensors regardless of their detailed
geometries as obtained from DDA calculations. It also ana-
lytically explains why FOM gets maximum at certain AR
for all the considered nanorods. This is owing to that the
optimal A; gpr Of each the nanorods just corresponds to their
corresponding optimal «, hence AR, respectively. Accord-
ingly, FOM is directly a function of AR of each the con-
cerned nanorods, which has been plotted as the solid and
dashed lines in Fig. 5 at visible and near-infrared regions,
respectively. It is demonstrated to capture the main charac-
ters of DDA-calculated response of Au nanorods’ FOM to
AR, which initially increases with AR and then decreases
with increasing AR more after getting only a little higher
maximum FOM ~12 RIU™! than DDA at comparable opti-
mal AR ~ 3.0 (labeled by the square) as that of DDA calcula-
tions. Therefore, as the analytical calculation of Eq. (4) is
independent of the nanorod detailed geometries under the
same circumcircle (hence the same AR), it accounts for the
comparable predicted FOM for all the concerned nanorods
under the same AR and also explains their approximate opti-
mal FOM and optimal AR obtained from DDA calculations.
Yet, the largest enhanced |E|pax and ~ 1010 nm of A; gpr
of the nanorod with triangle cross section is predicted to
provide the best candidate among all the rods concerned for
LSPR-based biological sensing and detection.

4 Conclusions

Our DDA calculations demonstrate that regardless of
nanorods’ different cross-section shapes, their S increases
with 4; gpgr and AR steadily while the corresponding FOM
shows a maximum responding to A; spr and AR, respectively.
Their cross-section shapes are also revealed to neither affect
their optimal AR and optimal FOM, which locates at~3.0
+ 0.5 and 10 + 2 RIU™!, respectively. This analytically
attributes to Au optical responses and the fact that all the
concerned nanorods fit for prolate nanoellipsoid approxima-
tion. However, their cross-section shapes are demonstrated
to capable of reducing S value by increasing the sectional
areas under the same AR. Meanwhile, the optimal LSPR
spectral position for their optimal FOM is revealed to be
cross-section shape dependent. The corresponding position
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of Au triangular nanocolumn is shown to give the largest
optimal LSPR peak wavelength ~ 1010 nm, which falls into
the second near-infrared window, showing strong poten-
tial for future desirable applications in biological sensing
and detection. The present work hold great promise for Au
nanorod LSPR-based sensor designing and applications to
access their optimal AR, spectral region, hence plasmon sen-
sitivities with diverse possible cross-section shapes.
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