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Abstract The refractive-index sensitivities of sensors of
individual Ag nanoparticles (including nanodisks, nano-
cubes, and nanoprisms) and nanoparticle clusters are inves-
tigated numerically and analytically. It is demonstrated that
the refractive-index sensitivities are a nonlinear function of
the peak positions of localized surface plasmon resonances
(LSPRs) with fixed surrounding mediums and metal materi-
als at optical wavelengths. Moreover, this nonlinear function
is independent of Ag nanoparticle geometries and near-field
couplings between components within nanoparticle clusters.
In addition, the discrepancies between our results and those
of literatures are also discussed. The present work facilitates
choosing appropriate peak positions of LSPRs for plasmonic
sensing and detections by only analytically calculating with
an equation under LSPR condition.

Keywords Localized surface plasmon resonance -
Plasmonic sensors - Refractive index sensitivity - Discrete
dipole approximation

1 Introduction

Noble metal nanoparticles support localized surface plas-
mon resonances (LSPRs) at optical wavelengths, which peak
positions are noticed to be greatly sensitive to the refrac-
tive index (RI) of their surrounding mediums [1-4]. This
serves as the base for their rich applications in optical and

P< ChaoLing Du
cldu@nuaa.edu.cn

College of Science, Nanjing University
of Aeronautics and Astronautics, Nanjing 211100,
People’s Republic of China

bio/chemical sensing and detections [5—17]. Therein, the RI
sensitivity S has been defined as the ratio of shifts in the cor-
responding LSPRs, normally the dipolar LSPRs, peak posi-
tions (4, ¢pp) to changes in the RI (n,,) of the nanoparticles’
surrounding mediums.

Recently, investigations to explore what parameters
controlling the RI sensitivities of plasmonic sensors have
attracted increasing attentions [5-10]. By a quasi-static
approximation, the RI sensitivities of Au nanowires have
been analytically demonstrated to be governed only by 4; ¢pr
once the RI of their surrounding mediums is fixed [9]. That
is, the function of S (vs. A, ¢pg) is independent of the detailed
nanowire geometries, including nanowire cross-sections,
sizes, and shapes. Then, this is able to extend to individual
Ag nanoparticle sensors, which is interesting to be clarified.
It is promising for their applications in sensing and detec-
tions, where only appropriate A, ¢pr needs to be considered
regardless of nanoparticles’ detailed geometries. In addi-
tion, near-field coupling effects between components within
nanoparticle clusters on S have not been reported to the best
of our knowledge. It is significant for their future plasmonic
sensor designing and applications while numerical calcula-
tion provides an efficient way to deliver this. Meanwhile,
the changing tendency of § with A; ¢py is revealed to be lin-
ear or nonlinear, even at the same wavelength range [5-9].
Moreover, an inflexion has been observed for S at ~800 or
1000 nm for some Ag nanoparticles in experiment [7, 8],
which also needs to be confirmed and/or explained, from
theoretical point of view.

Therefore, in this paper, the geometry of individual Ag
nanoparticles (including nanodisks, nanocubes, and nano-
prisms) and near-field couplings between components within
Ag nanoparticle clusters on the relationship between S and
Arspr are numerically investigated by discrete dipole approx-
imation (DDA) [18-23] and finite element method (FEM)
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[24]. It is revealed that the geometry and near-field couplings
do not affect such relationship although they affect A; ¢pp of
Ag nanoparticle sensors. In addition, values of S are demon-
strated to increase nonlinearly with 4, ¢pp at our whole wave-
length range considered while a nearly negligible inflexion
at ~800 nm is observed. These are analytically explained
well in terms of the dielectric response of the metal nano-
particle and the dipolar LSPR condition. The present work
is significant for choosing appropriate exciting wavelength
in plasmonic sensing/detection applications.

2 Simulation structures and methods

The dotted circle, square, and triangle in the upper insets of
Fig. 1 show the schematic cross section of the concerned
individual nanodisks, nanocubes and nanoprisms, respec-
tively; three types of normally encountered nanoparticles
in experiments [7, 8, 10]. Their diameters, diagonals, and
triangular heights vary from 10 to 100 nm while the corre-
sponding nanoparticle heights are kept as 5 nm, 5 and 10 nm
(or 4 nm), respectively. Aspect ratios R are defined as the
ratios between disk’s diameter, cube’s diagonal and triangu-
lar height to nanoparticle heights, respectively. The incident
light is illuminated perpendicular to the text and along nano-
particles’ heights. E in Fig. 1 illustrates the incident polari-
zation direction. Then, their corresponding extinction effi-
ciencies are calculated numerically by DDA on a cubic grid
with a lattice constant 1 nm [18-23]. The complex refractive
indexes of Ag are taken from experiments [26] after size
correction [1]. Data of 4, ¢pp of the concerned nanoparticles
are measured from their calculated extinction spectra. Then,
values of S of their 4, ¢pg responding to the RI of surrounding
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Fig. 1 Typical extinction efficiency spectra of the concerned indi-
vidual Ag nanoparticle sensors with n,, = 1.33. Each aspect ratio and
height of the three nanoparticles herein are 4 and 5 nm, respectively.
The upper insets show the near-field ((E|) distributions at their cor-
responding A; gpp
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mediums are obtained by S = 004
Those of the dimer counterparts of the concerned nanopar-
ticles and plane Ag nanosphere (NSP) clusters (including
NSP monomers, dimers, trimers, pentamers, and heptamers)
are also calculated by DDA and FEM [25, 27-30], respec-
tively, to explore near-field coupling effects between their
component nanoparticles. Herein, values of 4; ¢p, have been
limited below ~1400 nm considering the absorption limit of
water and chemical/biological molecules.

3 Results and discussions

Figure 1 presents the typical extinction efficiency spectra of
the concerned three types of Ag nanoparticles. It reveals that
with the same aspect ratio and RI, the concerned three dif-
ferent nanoparticles get different spectra shapes. This origi-
nates from their different near-electromagnetic (EM)-field
distributions owing to different nanoparticle shapes, which
further leads to their different extinction efficiencies, then
different extinction spectra shapes and A; ¢pg. For illustra-
tion, typical near-field (| E]) distributions at their correspond-
ing A; ¢pp have been presented in the upper insets of Fig. 1,
which are revealed to be shape dependent. The |E| distribu-
tions are also nanoparticle R, hence size dependent, which
contributes to the size-dependent 4, ¢pr as shown in Fig. 2.
Figure 2 demonstrates that A, ¢pp increases linearly with R
regardless of nanoparticle shapes. The nanoprism is revealed
to get the largest intercept and slope while the nanodisk gets
the smallest ones. Compared with their extinction spectra at
other n,, and with even larger R (results not shown), 4; ¢pp is
revealed to be RI, nanoparticle shape, and size dependent,
which agrees well with reports elsewhere [7, 8, 10].
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Fig. 2 Aspect ratio-dependent A; gpr of the concerned individual Ag
nanoparticle sensors with n,, = 1.33. The solid curves present the lin-
ear fitting results
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Fig. 3 The function of RI sensitivity S versus A, ¢pr of DDA calcu-
lated results (solid symbols), analytical results (solid curve) by Eq. 3,
and those of experimental data (hollow symbols) of the concerned
individual Ag nanoparticle sensors with n,, = 1.33. The dashed curve
presents the linear fitting results

According to our DDA calculations for each type nano-
particle concerned, it demonstrates that the corresponding
Ay spg 18 tunable from visible to infrared by the nanoparticle
aspect ratios for different specific n,,. This means that at
a specific n,,, values of A;¢py of the different shape nano-
particles are able to be tuned by their aspect ratios to be
comparable and even equal. Then, starting from § defini-
tion and the calculated A;gpp, the RI sensitivities of the
concerned nanoparticles in water are obtained and plotted
as a function of their 4, py in Fig. 3, along with their avail-
able experimental data. It shows that our DDA-calculated
S of Ag nanocubes merge well with that of experimental
results [10] while those of nanoprisms and nanodisks are a
bit larger than their corresponding measured results [7, 8].
These discrepancies are acceptable as theoretical RI sensi-
tivities provide upper limits for individual nanoparticle sen-
sors while ensemble nanoparticles are normally adopted in
experiments [7, 8, 10]. Figure 3 demonstrates that at nearly
the same A; pg, values of S of different shape nanoparticles
are almost the same, regardless of nanoparticles’ detailed
geometries. This indicates that § is a function of 4, ¢pp and
the function is independent of nanoparticles’ detailed geom-
etries, such as shapes and aspect ratios, hence sizes. It agrees
well with predications elsewhere for Au nanowires at optical
wavelengths [9]. Figure 3 also demonstrates that S increases
with A; ¢pp below 800 nm, but experiences an inflexion at
~800 nm, that is, S drops at ~800 nm and increases with
Arspr again from the dropping point, regardless of the nan-
oparticle shapes and aspect ratios. Additionally, S data in
Fig. 3 below 800 nm are able to be fitted quite well both
linearly and nonlinearly with the dashed and solid curves,
respectively. The linearity agrees well with experiments of
Charles et al. [7] and the simulations by Miller et al. [5, 6],

which comes from the linear response of the real part of
the dielectric functions of noble metal nanoparticles in the
corresponding 4, ¢pi range. Yet, the upper A; ¢pp limit of the
linearity is smaller than that of Liu GL et al. (~1000 nm).
Therein, only several experimental data locating at larger
Arspgr than 800 nm are provided [8]. The observed drop at
~800 nm in Fig. 3 is calculated to be small. S decreases only
from ~573 nm/RIU (558 and 548 nm/RIU) at 809 nm (800
and 813 nm) to ~565 nm/RIU (536, and 525 nm/RIU) at
831 nm (833 and 841 nm) for Ag nanodisks (nanocubes, and
nanoprisms). The observed inflexion is verified by Charles’s
experimental data [7], which drops at nearly the same 4, ¢pp.
Hence, both our calculations and experimental data imply
that S of individual Ag nanoparticle sensors exhibits one
same function versus 4; ¢pp.

To explore the origin of such inflexion further, we calcu-
lated the RI sensitivities of the concerned nanoparticles at
n,, = 1.60. The results (Fig. 4) show that S increases with
Arspg till to ~800 nm, and then exhibits a small inflexion at
~800 nm. Calculations for S of individual Au nanoparticle
sensors also reveal a small flexion at ~800 nm (results not
shown herein). However, the value of S still shows a general
increasing tendency versus 4, ¢pp if we neglect such small
inflexions. Values of S in Figs. 3 and 4 still exhibit small
fluctuations around the solid curve as A; ¢pp deviates from
the flexion point. This may come from the calculation limit
as small deviation of 4, ¢ppleads to large discrepancies of
Apspr(11, +0.02)— 41 gpp (1,

S owing to § = m 002 However, S data
herein show good repeatability by FEM and by a different
DDA user to perform the simulations. It indicates that the
observed inflexion is not owing to our calculation limit as
it appears regardless of the metal types, refractive indexes,
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Fig. 4 The function of RI sensitivity S versus A;gpr of DDA calcu-
lated results (solid symbols), and analytical results (solid curve) by
Eq. 3 of the concerned individual Ag nanoparticle sensors with
n,, = 1.60. The lower right inset shows the quadratic fitting results
(solid curve) by Eq. 1 to the experimental data of €,,,(Ag)
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and simulation methods. The inflexion position is revealed to
coincide with or little larger than the starting point of infra-
red light. Then, it is plausible to correlate closely with the
energy band structure of the concerned nanoparticles as inter-
band absorption begins to have contributions to the dielectric
responses of noble metals just from infrared light [26].

It is noted that in optical sensing and detection experi-
ments, a general tendency of S versus A;pz in the whole
Apspg range is preferred. This is significant to provide a theo-
retical guideline for their plasmonic sensor/detector design-
ing to choose appropriate A; ¢pr. Therefore, we will try to
develop a general nonlinear function of S (vs. 4, ¢pg) at our
concerned wavelength range while neglecting the above-
mentioned small fluctuations and inflexions in what follows.

We adopt the following Eq. 1 as Ref [9]. did for Au
nanowires to fit the real part of Ag dielectric constant ¢,,,.

£, =AN +Bl+C 1)

Herein, A, B and C are fitting parameters while A is the
incident light wavelength. The fitting results are shown
in the lower right inset of Fig. 4, which merge well with
reference data [26] and show fitting goodness larger than
99.9%. Under the dipolar LSPR condition, a shape factor of
x = (1 —L)/2L is normally introduced with L being geo-
metrical parameter. Then, we have

ErellLspr = —22M° (2)

According to S definition [5, 6], S of individual Ag nano-
particle sensors is analytically deduced to follow Eq. 3,
which has been used in Figs. 3 and 4.

C B?
dArspr 1 B A aAr
§=Tuser _ 1 (/1 —)
dn, tspRY 50 ) (/1 N E) 3)
Lspr + 31

The expression of Eq. 3 is the same as that of Au nanow-
ires except with different fitting parameter values [26]. The
good agreement of the results between our DDA calcula-
tions and Eq. 3 in Figs. 3 and 4 indicates that Eq. 3 applies
to Ag nanoparticles well under dipolar LSPR condition. It
demonstrates that at the whole 4, ¢pp concerned, S is a non-
linear function of 4; ¢pp, Which is independent of the detailed
nanoparticle shapes and sizes. In addition, the RI sensitivity
of individual Ag nanoparticle sensors is determined only by
A spr once the RI of surrounding mediums and metal type is
fixed. Equation 3 also facilitates choosing appropriate 4; ¢pg
for plasmonic sensing/detections by analytically calculation
with Eq. 3 directly. Moreover, the increasing behavior of
S with A; ¢pp €ncourages researchers to get larger 4; ¢pp to
access larger S under fixed surrounding mediums.

We then employed plane Ag NSP clusters (including
NSP dimers, trimers, pentamers, and heptamers) to check
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whether the near-field couplings between component NSPs
will affect the relationship between S and A; ¢pg. The gap
distances between components and radius of NSPs are set to
2 and 10 nm, respectively. Figure 5 presents the comparison
between their numerically calculated S by FEM [25, 27]
and those of analytical results by Eq. 3 along with the cor-
responding results of individual Ag NSP monomers [27].
Both the two dipolar LSPR modes of trimer and heptameter
are presented, which have been labeled as trimer/heptam-
eter 1 and 2 [25], respectively, in Fig. 5. Numerical results
show excellent agreement with our analytical calculations by
Eq. 3. It indicates that near-field couplings between compo-
nent NSPs within a specific cluster sensor only has negligi-
ble effect on the relationship between S and 4; gpr. The solid
curve in the lower-right inset of Fig. 5 is noted to be a line.
It confirms that S varies linearly with A; ¢pp at visible wave-
lengths, similar to our results of individual Ag nanodisks,
nanocubes, and nanoprisms and reports elsewhere [5-7],
originating from the linear response of ¢,,,(Ag). The near-
field coupling independence of the quadratic coefficients of
the function of A; ¢pp (vs. 1,,,) [25] may make their function
of S (vs. 4;¢pg) be independent of such near-field couplings.

To simultaneously explore nanoparticle shape and near-
field coupling effects on the relationship between S and
Arspg» the results of individual Ag dimer counterparts of
our concerned three types of nanoparticles with different
orientations are calculated by DDA as well. The aspect ratio
of each component is set as 6, 8, and 9 (or 10) for the nano-
disk, nanocube, and nanoprism dimers, respectively, while
the height of each component is 5 nm for all the dimers. Dif-
ferent dimers with different orientations are revealed to get
different A; gpp, reflecting their different near-field couplings.

750 -

550

Heptamer 2
Heptamer 1 __

Trimer 2
{ Trimer 1

350 -

S (nm/RIV)
Se
’0

/<>

O,

150| 2

490
400 600 800 1000

ZLSPR (nm)

Fig. 5 The function of RI sensitivity S versus A; ¢pp of the calculated
results (solid symbols), and analytical results (solid curve) by Eq. 3
of Ag nanoparticle cluster sensors (including plane Ag NSP clusters
and dimer counterparts of the concerned three types of nanoparticles)
with n,, = 1.33. The upper-left inset and hollow symbols show the
configurations of the incident light and nanoparticle dimers, respec-
tively
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The obtained S are also plotted in Fig. 5. As expected, all the
calculated data, regardless of dimer orientations and nano-
particle shapes of dimer components, fall on the same solid
curve predicted by Eq. 3. It demonstrates that nanoparticle
shapes, dimer orientations, and near-field couplings between
components do not affect the relationship between S and
A spr- Accordingly, the linear/quadratic response of €,,,(Ag)
at visible/optical wavelengths contributes to the linear/non-
linear responses of S to A; gpg- The analytical developed Eq. 3
herein provides a direct and easy-to-use method to predict
S of individual Ag nanoparticle sensors regardless of the
detailed geometry of the sensor, and the fact that the LSPR
sensor is composed by only a single nanoparticle or several
neighboring nanoparticles.

4 Conclusions

In this paper, we have studied the relationship between the
RI sensitivities and peak positions of LSPRs of Ag nano-
particle sensors (including individual nanoparticles and
nanoparticle clusters) numerically and analytically. The
relationship is demonstrated to be nonlinear, and independ-
ence of the nanoparticle geometry and near-field couplings
between components within nanoparticle clusters. This
originates from the quadratic response of €,,,(Ag) from vis-
ible to infrared wavelengths. In addition, the small inflexion
of RI sensitivities at ~800 nm is revealed to come from the
inter-band absorption effect of the nanoparticles. Moreover,
the analytically obtained nonlinear increasing behavior of RI
sensitivities encourages researchers to get larger peak posi-
tions of LSPRs to access larger RI sensitivities with fixed
surrounding mediums. It is believed to hold great promise
for the future development of LSPR based nano-devices for
use in optical and bio/chemical sensing and detections.
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