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Abstract The localized surface plasmon resonance (LSPR)
spectrum of noble metal nanoparticles is studied by quasi-
static approximation. Taking the sensitivity of LSPR shape
to the size and shape of nanoparticle along with surround-
ing refractive index, parameters like refractive index
sensitivity and sensing figure of merit have been deter-
mined. In the present analysis from the sensing relevant
parameters, it is concluded that Ag represents a better
sensing behavior than Au and Cu over the entire visible to
infrared regime of EM spectrum.

Keywords Localized surface plasmon resonance - Prolate -
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Introduction

Novel metal nanoparticle (much smaller than the wave-
length of light) shows remarkable optical properties due to
collective excitation of conduction electrons [1]. Light
incident on the nanoparticle induces the conduction
electrons to oscillate collectively with a resonant frequency/
wavelength called localized surface plasmon resonance
(LSPR) frequency/wavelength. The shape of the nanoparticle
extinction spectra, i.e., the LSPR wavelength (1 ,.,), and
resonant line width (full width half maxima, FWHM) depend
on nanoparticle material, size, shape, and surrounding
medium refractive index [2-5]. Support LSPR varied over
the entire visible to infrared region of EM spectrum. The
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LSPR wavelength generally shifts toward higher wavelength
as the refractive index of surrounding medium increases.
This LSPR wavelength dependence on the surrounding
refractive index forms the basis of plasmonic bio/chemical
sensors [1, 4-10].

Au nanoparticles are most commonly used due to their
high stability and easy fabrication, but recently other
plasmonic material nanoparticles, viz., Ag and Cu have
also attracted considerable attention for plasmonic sensing
[4-11]. These materials have absorbing oxide layers that
strongly dampen the LSPR, which must be removed by
glacial acetic acid to restore a narrow resonance line width
[L1]. The refractive index sensitivity (S) of nanoparticles is
a key factor in determining their usefulness for bio/chemo
sensors. Further improvement in the index sensitivity of
metal nanoparticles requires the identification of critical
structural and plasmonic parameters. Since FWHM affects
the sensitivity of such type of sensors, therefore, to check
their general performance, a figure of merit (FOM) defined
as the ratio of refractive index sensitivity (S) to resonant
line width has been proposed [5, 10, 12, 13]. Different
experimental and theoretical studies [5, 9, 10] have been
carried out to optimize the structure and their dimension for
optical sensing. Although many experimental studies has
been carried out for the synthesization of Ag and Cu
nanoparticles [9, 14—17] but as per our knowledge, no work
to study the sensing behavior and their optimization for
FOM performance has yet been reported.

In the present quasi-static approximation, Mie theory and
Gans theory have been used to model the extinction
spectrum of Ag, Au, and Cu for their nanosphere and
prolate shapes, respectively. The refractive index sensitivity
calculations are carried out in order to use these materials in
plasmonic sensing applications. Moreover, nanoparticle
structure and material optimization are reported from
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FOM viewpoint, from visible to infrared region of EM
spectrum, and simulated FOM behavior is explained on the
basis of quality factor (Q).

Modeling

In the present study, simulations for LSPR are made by
using Mie calculations, performed by “MiePlotv4.1” (http://
philiplaven.com/MiePlot.htm) for spherical particles. The
algorithm of this software is based on the Mie scattering
calculations from a sphere. Scattering of light by particles is
described by aggregate of materials that constitute a region
with refractive index (7n,,), which differs from the
refractive index of its surrounding medium (7,,). According
to Mie calculations [8], scattering and absorption cross
sections are expressed as

0w =5 0 n 1) ((anf 4104 F) (1)

{Re(a,,) lan|? + Re (by) — |bw |}

(2)

and the extinction (scattering+absorption) cross section is
given by

Oext = 2 §

where, a,, and b,, are Mie coefficients and are given below
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here, x = 2”"]&@, r is the sphere radius, A is the wavelength

of incident light, and v and ¢ are Riccati—Bessel functions.
When the size of nanoparticle is much smaller than the
wavelength of incident light (in quasi-static approximation),
only dipole term (first term) is important in Eq. 3 and

1
B ZHVE;%n (L?>62 ()
- E —
(51 + IZ—f’sm) + &3

where L; “is an added geometrical factor whose value L,=1/
3” or less than “1/3” for spherical or prolate (depending on
the aspect ratio) particles, respectively. The depolarization
factor [5, 14] (also called screening parameter) along the
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long axis of ellipsoid is

;o] AR AR + VAR® — | .
AR’ -1 \2VAR —1 AR - VAR -1
(7)

where, “AR = 4 represents the aspect ratio of prolate. It is
clear that the op‘ucal properties of nanoparticle depends on the
dielectric constant of the medium e,,(w), aspect ratio “AR,”
and surrounding medium dielectric constant &,,, but not on the
size of prolate. The long and short axes of the ellipsoid are
represented by @ and b, respectively with long axis along X-
axis. Thus, to tune the extinction (i.e., absorption and scattering)
lines of the prolate, we have changed the aspect ratio and
surrounding medium dielectric constant, but not the size.
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Fig. 1 Dielectric constant comparison of Au, Ag, and Cu from
Johnson and Christy [18] between 300 to 1,200 nm, a negative real
part and b positive imaginary part
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Fig. 2 Calculated LSPR wavelength of noble metal nanoparticles; a
spherical nanoparticles with radius from 20 to 80 nm and b prolated
shape nanoparticle from aspect ratios 2 to 8

Results and Discussion

Regarding the size and shape of nanoparticle, we first
consider the sphere of radius () ranging from 20 to 80 nm.
The simulation results are obtained by Mie Plot with
different radius of sphere having medium like Au, Ag, and
Cu and surrounding medium refractive index. The chosen

surrounding mediums are water, ethanol, chloroform, and
benzene with refractive indices 1.33, 1.36, 1.45, and 1.50,
respectively. Simulation results show a red shift in LSPR
with increase in the radius of sphere and its surrounding
refractive index. This resonance condition for the LSPR is
fulfilled if [3]

1-L;

L Em (8)

g1 =
where, ¢ is real part of dielectric constant of the material
shown in Fig. 1 which is obtained from the experimental
data [18] and L, is the depolarization factor for a particular
axis 7 of the prolate. The resonance wavelength can thus be
determined from this condition. The value of “L;=1/3” or
less than “1/3” for spherical or prolate (depending on the
aspect ratio) particles, respectively. The shift in LSPR with
radius is exponential in nature and is shown in Fig. 2a. The
exponential fit to the data is given by equation

M=o +Aexp () 9)

The constant y, A, and ¢ are given in Table 1. The LSPR
maxima is found in the order Cu>Au>Ag. In case of
prolate, AR is varied from 2 to 8 by keeping the width fixed
at 20 nm and altering the length in the steps of 20 nm in the
same manner as in Becker et al. [10]. The increase in aspect
ratio results a linear rise in the LSPR wavelength for all the
three plasmonic materials as shown in Fig. 2b. The
obtained linear fit equation is

Ao =x0+d x AR (10)

The parameters x( and d are constants given in Table 2.
The order of LSPR maxima for prolate nanoparticles
shown in Fig. 2b is Au>Cu>Ag, whereas for aspect ratio
2 only, the order continues same as for spherical particle.
The answerable parameter for initial mismatching is the
real part of the dielectric constant of Au and Cu medium
(Fig. 1a) because at this aspect ratio the LSPR position
lies approximately below 600 nm for both, and in this
region, the real part of dielectric function of Cu exhibits
higher value than Au. Hence, the resonance condition
described by Eq. 8 is satisfied at higher wavelength for
Cu than Au.

With the increasing surrounding medium refractive
index, we get the increased extinction cross section, and

Table 1 Values of parameters defined in Eq. 9 with errors indicated in parenthesis

Nanosphere medium Yo A t Regression coefficient Chi-square
Au 465.02 (£36.94) 38.87 (+28.14) 52.51 (+18.26) 0.99696 25.42
Ag 305.81 (+10.31) 60.75 (£7.49) 47.49 (£2.70) 0.99991 2.77
Cu 526.77 (£2.60) 15.11 (£1.56) 36.78 (£1.45) 0.99993 0.46
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Table 2 Values of parameters

defined in Eq. 10 with errors Nanorod medium  xo

d Regression coefficient Standard deviation

indicated in parenthesis

Au 367.48 (£19.49)  102.08 (+3.62) 0.99687 19.16
Cu 388.60 (£13.06)  95.10 (+2.42) 0.99838 12.83
Ag 26773 (45.62)  103.72 (£1.04) 0.99975 5.52

spectrum shifts toward higher wavelength region.
Figure 3a shows the oscillation in refractive index
sensitivity of different size nanosphere of Au, Ag, and
Cu. The refractive index sensitivity of nanoparticles
increases as the radius of particle increases. Interestingly,
spherical particles over the whole range of the radius,
studied here shows the index sensitivity order as
Ag>Au>Cu. Hence, the use of plasmonic material towards
the refractive sensing applications is useful in this order
only for spherical nanostructures. The average refractive
index sensitivities of Ag, Au, and Cu nanospheres are
237.18, 191.01, and 153.14 nm per refractive index unit
(RIU), respectively.

In Fig. 3b, the refractive index sensitivity results are
quite exciting. From aspect ratios 2 to 5, the order is
Ag>Au>Cu; however, at aspect ratios 6, 7, and 8, the
results are different. The average (for 2-8 aspect ratio
range) refractive index sensitivities of Ag, Cu, and Au
prolates are 530.97, 494.56, 448.68 nm/RIU, respectively.
Hence, the observed variation in refractive index sensitivity
order for noble metal nanoparticle geometry shows that the
shape of nanoparticle plays a very crucial role in plasmonic
index sensitivity. Plasmonic prolate exhibits two to three
times higher sensitivity than the sphere.

The increasing size of the nanosphere or aspect ratio of
the prolate increases the FWHM also, which may restrict
the sensing resolution of plasmonic materials. For spherical
particles, Fig. 4a illustrates the variation in FWHM. The
FWHM (1) can be determined from [4]

de
T ~ 252/(1—6; (11)

Equation 3 indicates that smaller the imaginary dielectric
constant of the metal and steeper gradient of real part with
frequency would give the narrow FWHM. The bulk
dielectric function of Ag, Au, and Cu used in this calculation
is obtained from the experimental data (http://philiplaven.
com/MiePlot.htm) and is shown in Fig. 1. The imaginary
part of Ag exhibits lower value over the entire visible to
infrared region of EM spectrum as compared to Au and Cu
(in Fig. 1a). Hence, from Eq. 3, it is understandable that Ag
may exhibit narrower LSPR extinction spectrum.

In general, the trend in FWHM is in the order of
Ag>Au>Cu. The importance of this statement may be
considered, as the sensing resolution may be better for Cu in
comparison to Au and Ag. These results are same as reported
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by Chan et al. [19] triangular metal nanoparticles. In Fig. 4b,
the prolate experiences the order of FWHM over the entire
range of aspect ratio as Cu>Au>Ag. To use these material
nanoparticles as nanosensors, we need the separable LSPR
peak with a slight change in the surrounding medium
refractive index, which may be affected by FWHM.
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Fig. 3 Calculated refractive index sensitivity (S) of Au, Ag, and Cu; a
spherical nanoparticles and b prolate shape
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Therefore, the sensing figure of merit (FOM) is calculated as

S (Rity)

FOM = FViiM(nm)

(12)

Fascinatingly, the order for FOM in spherical particles is
Ag>Au>Cu. The optimized radius in this simulation is
approximately 20 nm for Ag. Au shows the FOM maxima
near 40-nm radius, whereas for Cu, the optimized radius lies
between 40 to 60 nm. In general, Fig. 5a displays better FOM
over the entire radius range of spheres for Ag. In average, the
FOM for Ag, Au, and Cu nanospheres are 3.07, 1.02, and
0.86, respectively. Further, for aspect ratios 2, 3, 6, and 8, the
FOM value is almost same for the Au and Cu prolates, i.e.,
at some aspect ratios, the plasmonic nanosensors made from
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Fig. 4 FWHM a vs. radius of nanosphere and b vs. aspect ratio of
prolate

Au and Cu show same sensing performance (Fig. 5b).
However, FOM performance is better for Au at aspect ratios
4, 5, and 7 than Cu. Therefore, for prolate at a particular
aspect ratio, Cu may be a better plasmonic material choice
for sensing applications in comparison to Au due to its low
cost. Ag prolate shows the better FOM performance over the
whole range of aspect ratio except at 5. Thus, Ag prolate, in
general, is much better than the gold because is exhibit larger
FOM value in comparison to Au and is cheaper. In average,
the FOM are 96.16, 15.64, and 7.12 for Ag, Au, and Cu,
respectively. In general, Ag shows 6 and 14 times higher
FOM performance in comparison to Au and Cu, respectively.
Hence, in the case of spherical and prolate shaped particles,
Ag exhibits much better FOM than Au and Cu if it can be
protected from the oxidization.
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Fig. 5 Comparison of calculated FOM for noble metal nanoparticles;
a nanosphere and b prolate
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To understand the described sensing behavior of plas-
monic nanoparticles, the quality factor [5, 10] defined as
the resonance energy divided by the resonant line width has
also been calculated. Figure 6a, b shows the quality factor
variation with the size of nanosphere and aspect ratio of
prolate, respectively. Evidently, there is a good similarity
between the variation of FOM and quality factor with
respect to both size and aspect ratio (Figs. 5 and 6). Hence,
the key explanation for the sensing behavior is quality
factor under the similar conditions. Thus, in quasi-static and
electrodynamic studies [5], quality factor clearly explains
the sensing behavior of noble metal nanoparticles. Fasci-
natingly, the Ag nanosphere exhibit higher FOM over the
EM spectrum range of 400 to 600 nm (in Fig. 7a). The
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Fig. 6 The quality factor a vs. sphere radius of Ag, Au, and Cu and b
vs. aspect ratio of Ag, Au, and Cu prolates
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prolate shape of Ag shows higher FOM over the visible to
infrared region of EM spectrum, (Fig. 7b) which is of
particular interest for plasmonic sensing applications.

Conclusions

In conclusion, the plasmonic properties of noble metal
nanoparticles (Au, Ag, and Cu) have been examined under
quasi-static approximation. It is found that the LSPR of
each metal particle is highly sensitive to even a small
change in surrounding refractive index and that the shape of
nanoparticle affects the sensitivity. Therefore, development
of highly sensitive bio/chemo sensors based on plasmonic
nanoparticles may be possible with due consideration given
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to the particle shape and its material nature. From FOM
viewpoint over the entire visible to infrared region of EM
spectrum, the optimized material is Ag with its prolate
shape.
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