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Abstract A theoretical study on the design of surface
plasmon resonance (SPR) based sensor by admittance loci
method has been reported in this paper with the main
emphasis being given to the effect of the prism material in
a conventional Kretschmann structure in attenuated total
internal reflection (ATIR) mode. Several sensing media
such as water, acetone, methanol etc have been investi-
gated using different types of prism materials to study their
effect on SPR sensing and validated by corresponding
admittance loci plots as well as respective SPR curves. The
performance of the sensor based on choice of the prism
material has been discussed with the help of sensitivity
plots giving due to the importance of dynamic range of the
designed sensor. Simulations have been carried out in
MATLAB 7.1 environment.

Keywords admittance loci method, surface plasmon
resonance (SPR), thin film, sensors, multilayer structure

1 Introduction

Surface plasmon resonance (SPR) phenomenon is the
surface charge density oscillation at a metal-dielectric
interface due to p-polarized incident light. The basic prism
based configurations of SPR device were proposed before
for observing SPR [1,2]. It has been widely applied for
sensing various samples. The first application of SPR
phenomenon as a sensing tool was observed in gas
detection and biosensing [3]. SPR was also used for
sensing of different chemical and biological samples [4,5].
Experimental observation of SPR using various geome-
trical configurations of metal-dielectrical interface has
been reported earlier [6—8]. Admittance loci method has
been used in thin film modeling [9] and design of SPR
based devices [10—13]. Some studies related to sensing
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application of admittance loci method have been reported
[14-16]. Chen et al. has worked on localized SPR sensor
[17]. An improved sensitivity using high refractive-index
ceramic substrate for surface plasmon sensing has also
been reported [18]. Moreover, there are lots of different
approaches to define the sensitivity parameter depending
upon the method of interrogation as well as the application
concerned.

This paper first describes the well-established admit-
tance loci method and then its subsequent use to study
substrate (glass prism) dependency of a sensor comprising
of a multilayer structure based on SPR phenomenon.
Sensitivity issues regarding the use of different glass
materials are also discussed with a somewhat different
approach to qualitatively visualize this dependency.

2 Mathematical background

Based on the approach of Macleod [9], we present a
multilayer structure consisting of incident medium (glass
prism), metal film and sample as shown in Fig. 1. The
interfaces among the film, the incident medium and the
sample are denoted by the symbols a and b respectively. z
is the normal to film boundaries. 7, 1y, and ngmpc are the
refractive indices of incident medium (glass prism), metal
film and sample respectively. Admittance of a multilayer
structure starts from sample and ends at front surface of the
multilayer structure.
For absorbing metal layer, the phase is given by

2
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where n,,, k;,, and d,,, are the real and imaginary part of the
complex refractive index and thickness of the absorbing
metal layer respectively and 4 is the wavelength of incident
light.

The tangential components of electric (£) and magnetic
(H) fields at the interface a and b are related by a
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Fig. 1 Multilayer structure consisting of incident medium (glass

prism), metal film and sample

characteristics matrix as given by
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So we can write the admittance of the multilayer
structure as
H, C ﬂsamplecosam + 1, Sind,,

Y = — = — = N . B 3
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where B and C are the normalized electric and magnetic
fields at the interface a, using which the properties of the
thin film can be evaluated.

The reflectance of a multilayer structure (R) is given by
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where #7,, #m, #sample are the admittances of incident
medium (glass prism), metal film and sample respectively
and “*’ denotes the complex conjugate.

A way to describe the performance of the SPR based
structure is to plot isoreflectance contours in the
admittance diagram. Isoreflectance contours are the circles
with centers on real axis, centers and radii being given by

(np(l +R)/(1-R), 0) and 277, (R)"/? /(1 R), where 1, is
the admittance of the incident medium (glass prism) and R
is the reflectance.

At oblique incidence, the modified optical admittances
are given by

For dielectric samples:
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Where Ysample = Msample)s 18 the optical admittance and yy is
the admittance of free space and its value is unity in
Gaussian units.

For absorbing metal film:
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where the superscripts s and p denote polarization states of
the incident light, 6; is the angle of incidence and Oy 18
the angle corresponding to sample layer.

As proposed by Homola et al. [5], the propagation
constant of a surface plasmon wave (SPW) at the interface
between metal and dielectric sample can be written as

2
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The real part of propagation constant of a SPW wave is
given by

2
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The coupling condition is given by

2
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where &, is the dielectric constant of the metal (absorbing
in nature), &, is the real part of dielectric constant of the
mentioned metal, &y is the free space wave number and
Ospr 1s the SPR angle.

The sensitivity (S) of an SPR sensor in angular
interrogation mode is defined as the ratio of the shift in
SPR angle (dfgpr) to the change in refractive index of the
sample (dngmple) and is given by Ref. [5].
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3 Results and discussion

In this work, the admittance loci method has been used to
design and analyze the multilayer structure concerned with
SPR based sensing with the emphasis on the role of the
prism material. To investigate the effect of glass material in
such structures, different glass prism materials have been
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used in a basic three-layer Kretschmann structure consist-
ing of glass prism|gold film (~50nm)jsample. The
MATLAB simulations have been carried out with three
samples, namely water, acetone, methanol and few more
samples where water was taken as a reference sample.
Figure 2(a) shows the admittance loci plot with isore-
flectance contours for BK7 glass prism as an incident
medium and water as sample. Simulated admittance loci
plots demonstrate that the starting admittance for the gold
film is on the imaginary axis. It also shows near zero
reflectance at a particular angle of incidence and metal
thickness. In this case, the locus point moves from the
value of 0.832i (gold film thickness = Onm) on the
imaginary axis and ends at the value of 1.492 (gold film
thickness = 50 nm) on the real axis (which is quite close to
npek7 = 1.51508) for an angle of incidence 73.96°.
Similarly as shown in Fig. 2(b), as an incident medium is
SF10 glass prism, the locus point moves from value of
1.5361 on imaginary axis and ends at value of 1.643 (quite
close to npspio = 1.72312) on real axis for an angle of
incidence 58.18°. If we could have made this locus to

intercept the real axis of the admittance diagram at the
refractive index of the incident medium depending upon
the glass prism type we are using (e.g., BK7, SF10), the
excitation of the surface plasmon would have been
achieved with maximum efficiency. Figure 2(c) shows
admittance loci plot of the SPR based structure for BK7
prism and water as a sample for three different gold metal
film thicknesses of 45, 50 and 55 nm, respectively. It can
be seen from the plot that starting imaginary admittance
values are 0.85281, 0.832i, 0.81021 and end real admittance
values are 1.571, 1.492 (close to the value of refractive
index of BK7 prism, which is 1.51508), 1.172 for 45, 50
and 55nm gold film thicknesses at incident angles of
73.69°, 73.96°, 74.25°, respectively. From these results, it
can be concluded that 50 nm is the ideal thickness to
achieve efficient plasmonic excitation.

Many more similar simulated results using admittance
loci method for three glass prism materials, like, BK7, SF5
and SF11, with water as sample have been shown in
Figs. 3(a). Same procedures have been repeated with
methanol and acetone samples respectively as shown in
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Fig. 2 Admittance loci plot of 3-layer structure with isoreflectance contours for glass prisms (a) BK7; (b) SF10; and (c) BK7 (without
isoreflectance contours) for gold film thicknesses of 45, 50 and 55 nm, respectively
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Fig. 3 Admittance loci plot of 3-layer structure for BK7, SF5 and SF11 glass prisms with (a) water; (b) methanol and (c) acetone as

samples

Figs. 3(b) and 3(c). The values of starting and ending
admittance and angle of incidence using gold metal film
with fixed thickness of 50 nm, for water, acetone and
methanol as samples are presented in Table 1, where the
working wavelength is 633 nm. Table 2 shows the values
of refractive indices (real part and imaginary part) of
different materials used in the SPR based structure.

In all these cases, we have optimized the angle of
incidence and fixed the gold film thickness at 50 nm for
each prism material, so as to ensure that the respective loci
end with real admittance close to the value of refractive
index of the prism as far as possible, which in turn ensures
the most efficient excitation of surface plasmon.

Resonance curves are based on the simulation using
conventional characteristics transfer matrix formalism
based on Fresnel reflection coefficient for multilayer
stack. Theoretical values of SPR angle, at which the
reflectance is the minimum, can be obtained from
respective resonance curves. Simulations have been done
in MATLAB 7.1 environment. Figure 4(a) depicts the
resonance curves for three prism materials BK7, SF5 and
SF11 with samples, such as water, acetone and methanol.
Figure 4(b) shows the resonance curves for all the prism

materials under consideration with water as the reference
sample. Gold film thickness is kept at 50 nm throughout
the simulations.

The sensitivity as given by Eq. (12) can be theoretically
evaluated using the simulated plots. Moreover, full width
half maximum (FWHM) is also an important factor to be
considered for the actual design of a sensor. Based on the
data denoted in Table 3, we obtained the changes of
FWHM, SPR angle, angular shift for water-acetone and
water-methanol combinations with corresponding glass
prism refractive index as indicated in Figs. 5(a)-5(c).
Water is taken as a reference sample in both cases. The
sensor parameters, namely FWHM, SPR angle and angular
shift, are found to decrease with increase in glass prism
refractive index values. Table 4 shows the SPR angle,
angular shift and sensitivity data of the sensor. Figures 5(d)
and 5(e) show the plot of SPR angle vs. sample refractive
index and the variation of sensitivity with sample refractive
index for three glass prism materials, namely BK7, SF5,
SF11. Here for these calculations, the sample refractive
index is varied from 1.33 to 1.38. From both the plots, it
can be concluded that SPR angle and sensitivity both
increase with increase in sample refractive index values.



Kaushik BRAHMACHARI et al. Effect of prism material on design of surface plasmon resonance sensor 189

Table 1 Values of admittance and angle of incidence for different samples and prism materials

glass prism samples
water acetone methanol
Msi Mer Hi si Mer ei Msi Ner ei
BK7 0.832i 1.492, 73.96 0.58551 1.249, 78.91 0.8749i 1.525, 73.09
—0.03742i —-0.2538i —-0.008716i
BAKI1 1.092i 1.528, 68.38 0.9277i 1.492, 71.85 1.123i 1.544, 67.72
0.096691 0.002443i1 0.1094i
BAF10 1.407i 1.663, 61.32 1.2961 1.67, 63.81 1.425i 1.606, 60.87
0.1348i 0.09242i 0.1358i
SF5 1.409i 1.64, 61.25 1.2971 1.624, 63.75 1.429i 1.617, 60.78
0.1331i 0.09427i 0.137i
SF10 1.536i 1.643, 58.18 1.442i 1.662, 60.37 1.555i 1.64, 57.75
0.1264i 0.1012i 0.1303i
SF11 1.649i 1.705, 55.44 1.563i 1.695, 57.43 1.67i 1.762, 55.02
0.1243i 0.09822i 0.1402i

Notes: 1) Gold film thickness is 50 nm for all the samples

2) n; and 7, represent the starting imaginary admittance values and ending admittance values respectively. 6, is the corresponding angle of incidence in degrees

Table 2 Refractive indices of different materials

materials refractive index
BK?7 glass 1.51508
BAKI1 glass 1.5704
BAF10 glass 1.66707
SF5 glass 1.66846
SF10 glass 1.72312
SF11 glass 1.77858
gold (Au) 0.16172 + 3.21182i
water 1.33168
methanol 1.32634
acetone 1.35781

Also, the values of SPR angle and sensitivity are higher for
lower index glass (BK7) and lower for higher index glass
(SF11). The dynamic range is an important feature of an
SPR sensor. The dynamic range is defined as the range of
dielectric samples, which can be sensed and governed by
plasmon resonance condition. The maximum value of the
refractive index of the sample that can be sensed for a
particular sensor structure can be obtained using Eq. (11),
for which sinflgpy is just less than 1. For a BK7 glass prism
(nppk7 = 1.51508), the sample refractive index for which
fOspr = 90° was calculated to be (ngmpie)max = 1.3700,
beyond which it is not possible to detect the sample. So,
with BK7 glass prism, all the dielectric samples with
refractive indices less than 1.3700 are detectable. Simi-
larly, for SF5 and SF11 glass prisms, these limits are
1.4802 and 1.5555 respectively, which shows that the
dynamic range of the sensor is reduced by using the prism
with lower refractive index (BK7) compared to higher

refractive index (SF11). These results are in good
agreement with those shown in Ref. [19]. So, one should
choose the prism material depending on the application
concerned with a compromise between the sensitivity and
the dynamic range. For sensing broad range of samples, it
is not preferable to reduce the refractive index of the prism.
However, if the ranges of samples are fixed and known, we
can use low index prism.

4 Conclusions

We have reported the glass prism material dependency of a
SPR sensor with a multilayer structure using admittance
loci method. In this work, we have used different glass
materials for prisms in order to see the effect of these
glasses on admittance loci plots of the multilayer structure
considered and also on SPR sensing, keeping the sample
layer same. We have also used different samples like water,
acetone, methanol and few more samples to study various
parameters of SPR sensing, namely FWHM, SPR angle,
angular shift, sensitivity, etc. The parameters are found to
be greatly influenced by index of the glass prisms used. It is
also evident from the simulation curves that the glass of
higher refractive index material gives very sharp resonance
curves in comparison to the lower refractive index glasses,
which may provide greater measurement precision in
sensing applications. However, values of FWHM, SPR
angle, angular shift and sensitivity are larger for lower
index glass material compared to higher one at the visible
wavelength concerned. Our sensitivity plot suggests to
select low index glass material instead of higher index
glass while operating the sensor at 633 nm wavelength due
to its higher sensitivity. But using low refractive index
prisms reduces the dynamic range of the sensor and also
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Fig. 4 SPR curves for (a) BK7, SF5 and SF11, each with three samples indicated in the legend and (b) all prism materials with water as
the reference sample

Table 3  Values of SPR angle, angular shift and FWHM for different glass materials for three samples

glass prism samples
water acetone methanol
SPR angle/(° ) angular shift/ FWHM/(°) SPR angle/(°) angular shift/ FWHM/(°) SPR angle/(°) angular shifY FWHM/(°)
(°) w.r.t water (°) w.r.t water (°) w.r.t water

BK7 73.99 0 6.91 78.91 4.92 7.92 73.11 0.88 6.72
BAKI 68.34 0 5.95 71.78 3.44 6.71 67.69 0.65 5.8
BAF10 61.32 0 4.83 63.81 2.49 5.33 60.84 0.48 4.72
SF5 61.24 0 4.83 63.72 2.48 5.34 60.76 0.48 4.73
SF10 58.14 0 437 60.34 22 4.81 57.71 0.43 432
SF11 55.42 0 4.02 57.39 1.97 4.43 55.02 0.4 3.94

Note: Gold film thickness is 50 nm for all samples used here
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Table 4 Values of SPR angle, angular shift and sensitivity for three glass materials for different samples

sample glass prisms
Arefractwe BK7 SF5 SF11
index

SPR angle/(° ) angular shift  sensitivity ~SPR angle/(°) angular shift  sensitivity ~SPR angle/(°) angular shift  sensitivity

) /((°)-RIU Y ) AC)-RIUY) ) A )-RIU Y

1.33 73.68 0 0 61.09 0 0 55.3 0 0
1.34 75.4 1.72 172 62.01 0.92 92 56.04 0.74 74
1.35 77.25 3.57 357 62.96 1.87 187 56.78 1.48 148
1.36 79.43 5.75 575 63.94 2.85 285 57.57 227 227
1.37 81.95 8.27 827 64.97 3.88 388 58.37 3.07 307
1.38 84.68 11 1100 66.01 4.92 492 59.19 3.89 389

Note: Gold film thickness is 50 nm for all samples used here

increases the FWHM of the SPR curve. So, one can
conclude that low index prism material is preferable for the
applications, where higher sensitivity is required and range
of sample refractive indices is narrow. The choice of prism
material must be in accordance with the application
concerned keeping in mind the optimized trade-off
between the sensitivity and dynamic range requirements.
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