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A new scheme of variable thickness ladder-like stepped metal film for simultaneous excitation of
surface plasmon resonance (SPR) with different wavelength based on modified three layer
Kretschmann configuration has been proposed. Metal thickness has been optimized for four different wavelengths ranging from visible to near infrared. The thickness has also been optimized for
different substrates as well as different metal films in order to show the dependency of the substrate
and metal layers on the ultimate performance of the plasmonic structure. A new concept of
Reflectance Constrained Dynamic Range has been employed and its value has been calculated
numerically and graphically for each SPR structure under consideration and for each wavelength
considering water as reference sample and using the optimized metal thickness. Electric field
enhancement has been evaluated for different structures and the full width half maximum has also
been calculated for four working wavelengths in order to study the field confinement and measurement accuracy. Longer wavelength provides larger dynamic range and better measurement precision, which is desirable for biochemical sensing. Moreover, this multi-channel ladder-like stepped
C 2015
metallic structure can also be utilized for simultaneous sensing of different samples. V
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4915085]

I. INTRODUCTION

Surface plasmons (SPs) are the free electron oscillation
that occurs at the interface between thin plasmon generating
metal film and dielectric layer. Surface plasmon waves propagate along the interface of metal film and dielectric medium
with real dielectric constants of opposite signs and exponentially decay along the transverse direction of propagation.
Surface plasmon resonance (SPR) occurs by satisfying phase
matching condition in attenuated total internal reflection coupler method. At a specific angle greater than critical angle,
when wave vector of the surface plasmon matches with that
of the incident p-polarized light, then phase matching condition is satisfied, as a result total energy of incident light gets
transferred to the surface plasmon, and reflectance drops to
zero in contrast to the expected maximum reflectance associated with total internal reflection. Kretschmann-Raether1 and
Otto2 are the two well known prism coupling based SPR
configurations.
Kretschmann-Raether configuration is more feasible for
experimental purpose. Reflectivity, phase and field enhancement can be theoretically calculated by using Fresnel and
Maxwell equations.3 Change in refractive index of the
dielectric medium in the vicinity of the plasmon generating
metal film can be measured accurately by SPR technique.4–6
It is possible to maintain a high sensitivity and accuracy over
a large dynamic range by simultaneously using multiple
wavelengths in SPR imaging.7
Drude model8 is widely used for understanding the
behavior of the motion of free electron in metal. An optimum
a)
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thickness is always associated with plasmon generating
metal film, which gives minimum reflectivity as well as maximum evanescent field enhancement in order to utilize the
SPR phenomenon efficiently for the sensing purpose.9 In our
earlier work,10 we have already discussed about the resonance parameters like reflectance, phase, complex amplitude
reflectance Argand diagram (CARAD) for simultaneous
angular and wavelength interrogation for conventional
Kretschmann configuration and also compared it with the
bimetallic configuration with different samples. The analysis
showed that bimetallic configuration offers better measurement precision than the conventional one. Direct imaging of
differential phase using Mach-Zender interferometric technique provides certain advantages over the conventional
SPR based interferometric technique. Moreover, a simple
and cost-effective scheme for SPR modulated interference
imaging using radially sheared beam with the help of a birefringent lens (BL) has been experimentally demonstrated
along with its substrate-sample dependency.11 Proposed
technique seems advantageous compared to other conventional interferometric phase imaging techniques as regarding
ease of operation and simultaneous observation of p-and spolarized interference images at the CCD output using a
Wollaston prism.
Though noble metals like silver and gold can excite SPs,
gold is more suitable as it is chemically stable. Silver provides sharper resonance curve than gold, but it is very much
oxidation prone. In order to incorporate both the advantages
of Ag and Au, the concept of bimetallic film came. Recently,
coupled plasmonic concept is widely analyzed as it provides
better measurement precision as a result of coupling of
waveguide mode and surface plasmon mode. It can be used
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for multiple bio-sensing, simultaneous measurement of thinfilm thickness and refractive index, and for other nanophotonics applications.12 Recently, Au nano-particle decorated Molybdenum di-Sulfide (MoS2) has been widely used
for plasmonic enhancement of photo-current in field-effecttransistor.13,14 Bimetallic loaded dielectric-surface plasmon
polariton (BMLD-SPP) provides better measurement accuracy
as it can simultaneously produce the symmetric surface plasmon (S-SP) or long range surface plasmon (LRSPR) and antisymmetric surface plasmon (A-SP) or short range surface
plasmon (LRSPR) modes. Modulation of symmetric and antisymmetric modes realized by a special layered geometry provides equi- and non-equi-reflectance modes, which can be
used for plasmonic trinary logic using binary di-bit images.15
Angular piece-wise investigation of different modes excited in
homo and hetero waveguide coupled surface plasmon resonance (WCSPR) structures has been studied numerically.16
Modified coupled plasmonic structure as well as phase
measurement technique provides higher resolution. But optimized choice of metal layer thickness, substrate, and wavelength also play significant role in case of sensitivity and
detection accuracy of SPR sensor. Different SPR sensors
with different metals in Kretschmann structure show best resolution for particular wavelength range; Al shows low resolution in UV regions, whereas Ag and Au show best
resolution in visible regions.17 Realization of SPR is possible
in multiple wavelengths provided SPR coupling metals and
substrates are properly chosen. Sensitivity increases with
increasing wavelength, whereas spatial resolution decreases
with increasing wavelength. It is important to choose that
wavelength region for which high sensitivity is maintained.
Dual wavelength SPR measurement scheme18 provides some
advantages over the single wavelength scheme as it increases
the signal to noise ratio. During imaging, a slight deviation
in the incident angle from the resonance angle significantly
affects the resonance curve and can be overcome by a feedback mechanism in double wavelength technique. Use of
two lasers of different wavelengths instead of a single tunable laser makes it more practical. Alternate approach to
increase sensitivity and dynamic range is to use a rampshaped metal layer based SPR structure for multiple excitations. It is seen that high sensitivity can be achieved by
considering sharp phase change due to change in refractive
index of the sample.19 Wavelength division multiplexed SPR
sensor can detect multiple samples simultaneously instead of
using parallel channel structure.20
In this paper, a novel multi-channel scheme has been
presented for simultaneous excitation of SPR using multiple
wavelengths. Metal thickness is individually optimized by
numerical simulations for Ag, Au, and Al metallic layer in 3layer Kretschmann regime and demonstrated for four discrete wavelengths lying within the visible and near infrared
(NIR) regions. With the increase in wavelength, optimum
thickness is found to decrease. This structure can be fabricated as integrated sensor arrays in the visible and near infrared, in which individual metal thickness can be arranged in a
ladder-like steps with corresponding discrete values of thickness. The optimization of metal thickness has also been carried out for different coupling prism materials. A lower

J. Appl. Phys. 117, 113102 (2015)

refractive index prism corresponds to larger value of optimum thickness of the metal. Instead of the conventional
dynamic range parameter, we have introduced a modified parameter called Reflectance Constrained Dynamic Range
(RCDR), which has been demonstrated numerically and
graphically for each SPR structure and for each wavelength
with water as reference using the optimized metal thickness.
It is seen that RCDR increases with increasing wavelength.
In addition, the proposed wavelength selective set-up can be
utilized for multi channel SPR operation.
II. DESCRIPTION OF MULTI-SPECTRAL-MULTITHICKNESS (MSMT) STRUCTURE

A new SPR structure named MSMT structure has been
shown in Fig. 1(a) for simultaneous excitation of SPR using
multiple wavelengths considering modified Kretschmann
configuration. Transverse magnetic (TM) polarized beam via
four different wavelengths is incident on the coupling glass
prism. A ladder shaped multi-thickness metal layer is deposited on the prism and the sensing medium is in contact with
this stepped metal layer. Multichannel SPR sensor has significant importance in biosensing.21 Recently, wavelength division multiplexing of sensing channel is widely used for multi
sample detection.22
There are many approaches to excite SPs in prism-based
systems by the incident light of different wavelengths such
as by using tunable laser, laser diodes, dispersing prism, etc.
Our approach for selecting four different wavelengths is
based on the use of multilayer dielectric thin film filters as
shown in Fig. 1(b). Multiple layers of thin dielectric films
are situated on glass substrate, which act as cascade of complex Fabry-Perot filters. When the polychromatic light is
incident on such Fabry-Perot filters, light with different
wavelengths can be separated and further incident on coupling prism simultaneously.
The narrowness of the reflectivity versus angle curves
leads to greater contrast in NIR. SPR images compared to
the same features have also been examined with excitation
by visible light. NIR-SPR measurements can become useful
when there is a strong absorption in the monolayer film at
visible wavelengths.23 In view of this, the working wavelength in the present study ranges from visible to near infrared. For the simplicity of operation and convenience of
analysis, we have chosen four discrete wavelengths but the
methodology is equally applicable to other wavelengths.
According to the Drude model, the dielectric function
(em) of any metal can be written as
em ðkÞ ¼ emr þ emi ¼ 1 

k2 kc
;
k2p ðkc þ ikÞ

(1)

where kp denotes the plasma wavelength and kc denotes the
collision wavelength,24,25 whose values for different metals
are as tabulated in Fig. 1(c).
Conventional Kretschmann configuration consists of
coupling prism followed by a thin plasmon generating metallic film (Ag, Au, or Al) with complex dielectric constant and
a sensing medium. The refractive index of the prism material
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FIG. 1. (a) Schematic diagram of MSMT structure for simultaneous plasmonic excitation using multiple wavelengths. (b) Wavelength demultiplexer using
multilayer dielectric thin-film filters, constants of the (c) Drude formula for different metals and (d) Sellmeier’s dispersion equation for different prism
materials.

varies with wavelength according to the Sellmeier’s dispersion formula,
n2 ðkÞ ¼ 1 þ

B1 k2
B2 k2
B3 k2
þ
þ
;
k2  C1 k2  C2 k2  C3

(2)

where the coefficients B1, B2, B3, C1, C2, and C3 have certain
numeric values characteristic of prism material as shown in
the table26 of Fig. 1(d) and k depicts the wavelength in lm.
The refractive indices for any wavelength within the range
between 0.2483 lm and 2.3254 lm can be calculated with
the help of these specified constants.
Generally for the fabrication of 2D and 3D metallodielectric nanopatterns, electron beam lithography (EBL)
and ion beam focusing (IBF) milling are used.27,28 Recently,
another technique termed as nano-sphere photolithography
(NSP) is utilized for the fabrication of subwavelength nanostructures over a large area on a standard photoresist.29
Sequential implementation of these techniques with proper
masking can be used to materialize the fabrication of our ladder like stepped multi-channel SPR structure. A simple schematic diagram of the proposed fabrication procedure has
been demonstrated in Fig. 2 for experimental realization of
such a scheme.
III. NUMERICAL APPROACH

Theoretical calculation is based on attenuated total
reflection (ATR) coupler method. The resonance conditions
and the reflectance curves can be determined by considering
multi layer structure. Plasmon generating thin metal film is
sandwiched between coupling prism and dielectric layer.

The x and z components of the wave vector in the prism are
given by
x
pﬃﬃﬃﬃﬃﬃ x
epr sin hpr ¼ npr sin hpr ;
c
c
x
x
ﬃﬃﬃﬃﬃ
ﬃ
p
kzpr ¼ epr cos hpr ¼ npr cos hpr :
c
c
kxpr ¼

(3)
(4)

To excite SPs, the component of the incident wavevector along the metal-dielectric interface must phase match to
the SP wavevector. Therefore, the resonance condition of the
light in the prism (pr) with the surface plasmon (sp) at metal/
dielectric interface (Kretschmann-Raether configuration) is
kxpr ¼ kxsp ;
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
e1 e2 x
pﬃﬃﬃﬃﬃﬃ x
;
epr sin hpr ¼
e1 þ e2 c
c

(5)
(6)

where epr, e1, and e2 are the dielectric permittivity of prism,
metal, and dielectric layer, respectively, and hpr is the incident angle in the prism.
A. General solution of N-layer model using characteristic transfer matrix method

We have used the transfer matrix method to investigate
the optical characteristics of multilayers with metal film
thickness comparable to the wavelength of incident light.30
The reflectance and transmittance of generalized N-layer
model can be computed by solving the Maxwell’s equation
and Fresnel reflection and transmission coefficient.31 Our
approach is based on characteristic transfer matrix method.

[This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
149.150.51.237 On: Tue, 28 Apr 2015 09:18:01

113102-4

Banerjee, Bera, and Ray

J. Appl. Phys. 117, 113102 (2015)

FIG. 2. Flowchart for the realization of
ladder like stepped metallic layer.

Generalized formula for the characteristic matrix for kth
layer of a multilayer nanoplasmonic structure is given by32


i sin bk =qk
cos bk
Mk ¼
;
(7)
cos bk
iqk sin bk
where qk for TM and transverse electric (TE) incident light
are given by,
s
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

pﬃﬃﬃﬃ
1
TM
cos hk and qTE
ek cos hk :
(8)
qk ¼
k ¼
ek
Phase factor
 
2p
nk cos hk ðzk  zk1 Þ;
bk ¼
k

where

ððM11 þ M12 qN Þq1  ðM21 þ M22 qN ÞÞ
;
ððM11 þ M12 qN Þq1 þ ðM21 þ M22 qN ÞÞ

N1

P Mk

k¼2



ij

; i; j ¼ 1; 2;

(9)

(10)

(11)

where i, j denote row and column indices and k denotes the
layer index. q1 and qN are calculated for incident (prism) and
the final medium (analyte).
Now the reflectance of a multilayer system is given by
R ¼ jrj2 ¼ rr  ;

(12)

where * denotes the complex conjugate.
Complex amplitude reflection coefficient
r ¼ R1=2 ei/r ;

where (zk-zk1) denotes the thickness of the kth layer.
The reflection co-efficient for multilayer nanoplasmonic
structure is given by
r¼

Mij ¼



(13)

which can also be written as,
r ¼ jrjðk; h; n; dÞei/r ðk;h;n;dÞ ;

(14)

where k, h, n, d are the working wavelength, incident angle,
refractive index, and thickness of the layers of the plasmonic
structure, respectively, and ur is the phase shift of the
reflected wave


1 Imðr Þ
:
(15)
/r ¼ argðrÞ ¼ tan
ReðrÞ

FIG. 3. Reflectance curves for different thickness of silver in SPR configuration with BK7 glass prism and water
as analyte for incident wavelength of
(a) 550 nm, (b) 750 nm, (c) 950 nm,
and (d) 1250 nm showing "coarse"
metal thickness optimization.
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FIG. 4. Reflectance curves for different thickness of silver in SPR configuration with BK7 glass prism and water
as analyte for incident wavelength of
(a) 550 nm, (b) 750 nm, (c) 950 nm,
and (d) 1250 nm showing "finer" metal
thickness optimization. Inset shows the
magnified view of the selected region
for each plot.

When r goes through the point r ¼ 0 in the complex
plane, the parameter d passes through its optimum value and
the reflectance of the multilayer structure possesses its minimum value (zero) with a phase jump at that point. Thus,
when the reflectance R has its lowest value, the intensity of
the electromagnetic field reaches its maximum at the metaldielectric interface. Thus, the electric or magnetic field
enhancement factor is the ratio of the field intensity at the
metal-dielectric interface and the incident field intensity in
the prism. Therefore, the transmission coefficient for magnetic field is
tH ¼

2q1
;
ðM11 þ M12 qN Þq1 þ ðM21 þ M22 qN Þ

(16)

and corresponding transmittance or magnetic field enhancement factor is
TH ¼ FH ¼ jtH j2 :

(17)

Similarly, the transmission co-efficient for electric field is
tE ¼

lN n1
tH :
l1 nN

(18)

n1
tH :
nN

(19)

Here, lN ¼ l1 ﬃ 1.
Therefore,
tE ¼

M ¼ M1  M2 ;

where M1 and M2 are the characteristic matrix for the upper
and the lower metal layer.
Using this characteristic matrix and calculating qk and
bk for their corresponding layers, the reflectance, transmittance as well as phase can be numerically computed for plasmonic structures using mono and bimetallic nanofilm.
IV. METAL THICKNESS OPTIMIZATION FOR
DIFFERENT WAVELENGTHS OF INCIDENT LIGHT

Metal thickness optimization has been performed in
order to design an efficient SPR sensor. There is only one optimum thickness for which the wave vector of the incident
light in the coupling glass prism, phase matched to the wave
vector of the SPs at the metal-dielectric interface. At that optimum thickness, the energy of the incident beam gets totally
transferred to the surface plasmons. In order to design our
ladder-shaped metal thickness for simultaneous excitation of
SPs for different wavelengths, it is necessary to perform the
thickness optimization of the metal film for the different
wavelengths considered here. Moreover, the full width half
maximum (FWHM) of the resonance curves is also dependent on the refractive index of the substrate. Higher refractive
index substrates produce narrower resonance curve, hence,
TABLE I. Optimized thickness (coarse) for SF5/Au/water and SF11/Al/
water for four different wavelengths.

and corresponding transmittance or electric field enhancement factor is
TE ¼ FE ¼ jtE j2 :

(20)

Here also 3- and 4-layer structures have been investigated using generalized N-layer model. The characteristic
matrix for such a model of a 4-layer structure is given by

(21)

Optimized metal
thickness (coarse) in nm
for four different wavelengths (nm)
SPR configurations

550

750

950

1250

SF5/Au/water
SF11/Al/water

50
40

50
40

40
30

40
30
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increase the measurement precision. Thus, the substrate dependency has been investigated for four different wavelengths (550 nm, 750 nm, 950 nm, and 1250 nm) as well as
for three different metals (Ag, Au, and Al).
A. Analysis of substrate dependency on metal
thickness optimization

Initially to estimate the optimum thickness of metal film
situated on BK7 substrate, metal thicknesses are varied from
30 nm to 60 nm for each wavelength in angular interrogation
for silver (Ag) metal film as shown in Fig. 3. Shape of the reflectance curve changes with the variation of the thickness of

J. Appl. Phys. 117, 113102 (2015)

the metal film. For efficient coupling of incident energy to
surface plasmons, the reflectance curve acquires its minimum value. Thus, the optimum thicknesses for 550 nm,
750 nm, and 950 nm come around 50 nm, whereas for
1250 nm wavelength it is 40 nm. For this variation of metal
thickness from 30 to 60 nm, the step size is "10 nm," which
is quite large; hence, such a procedure can be termed as
"coarse" optimization.
In order to have more correct and precise optimum
thicknesses for different wavelengths, smaller step size
("1 nm") has been considered and is termed as "finer" optimization. Finer metal thickness optimization has been demonstrated for three layer SPR configuration with Ag as shown

FIG. 5. Reflectance curves for different thickness of Au and Al in SPR configuration with SF5 and SF 11 glass
prism and water as analyte for (a) and
(e) 550 nm, (b) and (f) 750 nm, (c) and
(g) 950 nm, and (d) and (h) 1250 nm
for finer metal thickness optimization,
respectively. Inset shows the magnified
view of the selected region for each
plot.
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in Fig. 4. Metal thickness is varied in the neighborhood of
50 nm chosen from the coarse optimization for 550, 750, and
950 nm wavelength and around 40 nm for 1250 nm wavelength. After performing finer optimization, the optimum
thicknesses are 52 nm, 50 nm, 46 nm, and 41 nm for 550 nm,
750 nm, 950 nm, and 1250 nm, respectively. From the plot, it
is evident that optimum thickness decreases as working
wavelength increases.
To study the substrate dependency on thickness optimization, different substrates are considered for each metal.
Thickness of gold and aluminum (Al) film is optimized for SPR
structure with SF5 and SF11 glass prism, respectively, for coarse
optimization as demonstrated in Table I. After performing
coarse optimization, the optimum metal layer thicknesses of Au
in SPR configuration are 50 nm, 50 nm, 40 nm, and 40 nm for
wavelengths 550 nm, 750 nm, 950 nm, and 1250 nm, respectively. Similarly, for the SPR configuration with Al as the metal
layer on SF11 glass prism, the optimum thicknesses are 40 nm,
40 nm, 30 nm, and 30 nm for the same four wavelengths.

J. Appl. Phys. 117, 113102 (2015)

For finer optimization, the thickness of the Au metal
layer situated on SF5 glass substrate has been varied from
48–51 nm, 47–50 nm, 43–46 nm, and 35–38 nm for wavelengths 550 nm, 750 nm, 950 nm, and 1250 nm, respectively,
as shown in Figs. 5(a)–5(d). The final optimum thicknesses
are 50 nm, 48 nm, 44 nm, and 37 nm for the above mentioned
four wavelengths.
Similarly, finer optimization of Al metallic film on SF11
substrate has been demonstrated with the variation of thickness of metal layer in the neighborhood of coarse optimized
thickness with a smaller step size as shown in Figs. 5(e)–5(h)
for our four working wavelengths. The values related to the
final optimum thicknesses are 41 nm, 37 nm, 33 nm, and
28 nm for those four working wavelengths. Inset of Fig. 5
demonstrates the zoomed portions of the resonance curves at
the point where it acquires the minimum reflectance value. It
is evident from the above analysis that Al produces narrowest resonance curve with lowest FWHM among all the
metals.

FIG. 6. Optimum metal thickness variation with the four working wavelengths for different three layer SPR configurations with (a) BK7, (b) SF5, and (c)
SF11 glass prism.

[This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
149.150.51.237 On: Tue, 28 Apr 2015 09:18:01

113102-8

Banerjee, Bera, and Ray

J. Appl. Phys. 117, 113102 (2015)

FIG. 7. E-field enhancement for the three metals Al, Ag, and Au using three different substrates (a) BK7, (b) SF5, (c) SF11 at 750 nm wavelength. (d)
Comparison of FWHM for SF11/Al/water configuration with the variation of four working wavelengths. (e) E-field enhancement contour plot with simultaneous interrogation of angle and wavelength for SF11/Al/water configuration.

FIG. 8. Reflectance curves for samples indicated by their refractive indices in the legends to show (a) sample dependency in terms of RCDR for different
wavelengths and (b) wavelength dependency considering two fixed samples.
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B. Comparative study of metal thickness optimization
for different substrates

Coarse and finer optimization have also been done for
gold (Au), silver (Ag), and aluminum (Al) metals for the
three different substrates and for the four working wavelengths in a manner discussed in Subsection IV A. Related
optimum metal thickness obtained for the three metal films
(Ag, Au, and Al) is plotted with the variation of the four
working wavelengths for each substrate material along with
respective polynomial fit as shown in Fig. 6. It can be concluded from these plots that for a particular wavelength, Ag
needs maximum thickness, whereas optimum thickness of Al
is minimum. In addition, the optimum thickness decreases as
wavelength increases for a particular metal with a particular
substrate. The optimum thickness of silver for a particular
substrate is greater than that for other two metals for the
entire wavelength range under consideration as can be seen
from Fig. 6. For each metal, optimum thickness is greater in
lower index substrate BK7 compared to the other two
substrates.

J. Appl. Phys. 117, 113102 (2015)

Electric (E) field enhancement has been demonstrated
in angular interrogation for different metals as well as for
different substrates at a fixed wavelength of 750 nm as
shown in Figs. 7(a)–7(c). From these plots, it is evident
that Al provides higher enhancement than Au and Ag for
each of the substrate. Moreover, higher index substrate
provides higher value of E-field enhancement. In order to
demonstrate the effect of wavelength on resonance curves,
the SPR structure chosen is SF11/Al/water as higher index
substrate (SF11) and Al layer provides higher value of Efield enhancement. The bar diagram in Fig. 7(d) demonstrates the FWHM of the resonance curves with the variation of four working wavelengths. As the wavelength
increases the FWHM decreases, thus at higher wavelength
resonance curves provides better measurement precision.
Simultaneous interrogation of angle and wavelength for Efield enhancement has been demonstrated in the form of a
contour map in Fig. 7(e) for SF11/Al/water configuration
as it provides better field confinement as well as higher
resolution.

FIG. 9. Comparison of RCDR in RIU with the variation of four working wavelengths along with the polynomial fit for different SPR configurations with (a)
BK7, (b) SF5, and (c) SF11 glass prism and water as reference sample.
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V. ANALYSIS BASED ON RCDR

minimum is within 10% are actually the allowable or detectable refractive index for this method. Thus for each
wavelength, samples with maximum refractive index are
shown in the legend of Fig. 8. As the wavelength increases,
maximum limit of detectable refractive index of the sample
also increases, as a result dynamic range also increases.
Moreover, with the increase of wavelength SPR angle
decreases in case of reference medium water (n ¼ 1.332) as
shown by black dotted line in Fig. 8(a). At the same time,
SPR angle increases for samples due to the increase in refractive index of the samples with the increase of wavelength as shown by red solid line in Fig. 8(a). In order to
show the wavelength dependency of a particular sample,
the range of the detectable refractive index has been kept
fixed at 1.332 to 1.3953 as shown in Fig. 8(b). From the figure, it is evident that as the wavelength increases SPR
angle decreases for a particular sample.
RCDR has been calculated for each working wavelength
from Fig. 8. Similarly, RCDR can be calculated for other

Conventional dynamic range provides maximum angular range for which SPR can occur with increasing refractive
index of samples considering a reference sample. Here, a
modified dynamic range has been defined and used for the
analysis and is reflection constrained in order to consider the
real world coupling of energy from incident beam to surface
plasmons. Minimum allowable reflectance dip value is restricted to 10%, which is termed as RCDR.
Fig. 8(a) shows reflectance curves for BK7-silver configuration in order to have the maximum detectable refractive index range (dynamic range) with water (n ¼ 1.332) as
the reference medium for the four working wavelengths.
For each wavelength, the optimum thickness has been kept
fixed considering water as reference to show the sample dependency on reflectance curve. It is to be noted that as the
refractive index of the sample increases, value of reflectance minimum increases. Samples for which reflectance

FIG. 10. Resonance angle shift for four working wavelengths along with the polynomial fit for different three layer SPR configurations with (a) BK7, (b) SF5,
and (c) SF11 glass prism.
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FIG. 11. Resonance curves with the variation of four different aqueous samples for four working wavelengths (a) 550 nm, (b) 750 nm, (c) 950 nm, and (d)
1250 nm with three layer SPR configuration consists of SF11 glass prism, Al metal, and analyte, where water (n ¼ 1.332) is considered as reference.

TABLE II. Calculation of sensitivity and FOM of different aqueous samples for four working wavelengths.
Wavelength (nm)
550

750

950

1250

Sample

dhres (deg)

dn (RIU)

dh0.5 (deg)

Sn (dhres/ dn) (deg/RIU)

FOM (Sn/dh0.5) (RIU1)

Ethanol
Chloroform
Benzene
Toluene
Ethanol
Chloroform
Benzene
Toluene
Ethanol
Chloroform
Benzene
Toluene
Ethanol
Chloroform
Benzene
Toluene

1.7619
6.9709
10.7739
10.8429
1.416
6.177
9.3
9.375
1.253
5.873
8.747
8.819
1.136
5.686
8.417
8.482

0.0308
0.114
0.1672
0.1681
0.026
0.1071
0.1549
0.156
0.0236
0.1043
0.1498
0.1509
0.0216
0.1023
0.1464
0.1474

0.288
0.398
0.502
0.488
0.2043
0.282
0.346
0.348
0.1709
0.234
0.287
0.288
0.1486
0.204
0.249
0.253

57.2045
61.1482
64.4372
64.5026
54.4615
57.6750
60.0387
60.0961
53.0932
56.3087
58.3911
58.4426
52.5925
55.5816
57.4931
57.544

198.6267
153.6386
128.3609
132.1774
266.5761
204.5212
173.5222
172.6899
310.6682
240.6354
203.4533
202.9256
353.9199
272.4588
230.8959
227.4464
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configurations with different metals (Ag, Au, and Al) and
different substrates (BK7, SF5, and SF11) for the same four
working wavelengths. Comparative study of RCDR demonstrated in Fig. 9 indicates that RCDR increases with increase
of wavelength. Aluminum has largest RCDR among these
three metals, and silver has the smallest. RCDR provides
maximum value for higher refractive index substrate SF11
for each metal at each wavelength than the other two substrates. From this study, it can be concluded that SF11-Al
configuration can provide higher value of RCDR hence
increases the detection limit of the sample.
VI. ANALYSIS OF WAVELENGTH DEPENDENCY OF
RESONANCE ANGLE

It has already been shown in Fig. 8 that resonance curve
is shifted to lower angle due to the increase in wavelength.
Shift in resonance angle is measured and plotted with the
variation of those four wavelengths as shown in Fig. 10.
With reference to water, samples are sensed based on resonance angle shift. It is seen that at higher wavelength, the
shift is minimum.
VII. APPLICATION: AQUEOUS AND GASEOUS
SENSING

The resonance angle is very sensitive to the variation in
the refractive index of the sample. Increase in refractive
index of the dielectric sensing layer increases the resonance
angle. The two important parameters that evaluate the performance of a sensor are sensitivity and detection accuracy.
Sensitivity of a sensor depends on the shift of the resonance
angle (dhres) as a result of change in refractive index (dn) of
the sensing layer. Thus, sensitivity can be defined as
Sn ¼

dhres
:
dn

(22)

Higher value of sensitivity corresponds to larger shift of
the resonance angle. The detection accuracy on the other
hand depends on the width (FWHM ¼ dh0.5) of the SPR

curve. The narrower the resonance curve, the higher is the
detection accuracy. Detection accuracy increases as FWHM
decreases. Sensitivity and detection accuracy both are
equally important for an efficient sensor; so another parameter is generally defined as figure of merit (FOM), which is
the ratio of sensitivity and FWHM of resonance curve in
angular interrogation for a particular wavelength. Four different aqueous samples are sensed by SPR structure with
SF11 glass prism and Al metal (this structure is suitable for
sensing as discussed in Subsection IV B) for four working
wavelengths as shown in Fig. 11. It is seen that ethanol has
lowest resonance angle due to its lowest refractive index.
From the resonance curves, shift in resonance angles and
corresponding FWHM are calculated and all the parameters
related to sensing are calculated with reference to water and
shown in Table II.
It is seen that FOM increases with wavelength as dh0.5
(FWHM) decreases with wavelength for a particular sample.
Similarly, different gaseous samples can be sensed with reference to air. Table III shows the parameters for evaluating
the performance of sensor for four gaseous samples helium,
nitrogen, oxygen, and carbon di-oxide. Though minimum detectable refractive index change has been achieved up to
106 RIU by three layer SPR configuration or plasmonic metallic grating,33 SPR based phase sensitive microscopic SPR
sensor provides the resolution up to 107 RIU.34,35 But in
our configuration we have demonstrated the shift in angle
and related sensitivity calculation for the change of the refractive index of the order of 102 RIU and 104 RIU for
aqueous and gaseous samples, respectively. We are sure that
those changes in refractive indices are quite easily detectable
and realizable in practical situations. Higher wavelength and
higher index substrates may provide better accuracy incorporating the more advantageous SPR based phase measurement
as well as differential phase measurement techniques.
FOM increases with wavelengths for both aqueous (Fig.
12(a)) and gaseous samples (Fig. 12(b)). Gaseous samples
have FOM one order greater than aqueous samples. Ethanol
provides highest FOM among all aqueous samples in IR-

TABLE III. Calculation of sensitivity and FOM of different gaseous samples for four working wavelengths.
Wavelength (nm)
550

750

950

1250

Sample

dhres (deg)

dn (RIU)

dh0.5 (deg)

Sn (dhres/ dn) (deg/RIU)

FOM (Sn/dh0.5) (RIU1)

He
N2
O2
CO2
He
N2
O2
CO2
He
N2
O2
CO2
He
N2
O2
CO2

0.002
0.013
0.011
0.019
0.002
0.013
0.011
0.019
0.002
0.012
0.01
0.018
0.003
0.012
0.01
0.018

0.00003495
0.0002991
0.0002528
0.0004502
0.00003482
0.0002966
0.0002500
0.0004453
0.00003476
0.0002955
0.0002488
0.0004429
0.00003473
0.0002948
0.0002480
0.0004404

0.077
0.08
0.079
0.079
0.0557
0.0557
0.055
0.056
0.046
0.047
0.0465
0.0465
0.0407
0.041
0.041
0.0405

57.2246
43.4637
43.5126
42.2034
57.4382
43.83
44
42.6678
57.5373
40.6091
40.1929
40.6412
86.3806
40.7055
40.3225
40.8441

743.176
543.2962
550.7924
534.2202
1031.2064
786.8940
800
761.925
1250.8108
864.0234
864.363
874.0043
2122.37
992.817
983.4756
878.3677
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FIG. 12. FOM curves with the variation of wavelengths for (a) aqueous
samples and (b) gaseous samples with
SPR configuration consists of SF11
glass prism, Al metallic film.

wavelength range particularly as it has lowest refractive
index, i.e., close to water, similarly helium provides highest
FOM among all gaseous samples in entire wavelength range
as it has lowest refractive index, i.e., close to air.
VIII. CONCLUSIONS

Simultaneous multiple wavelength ladder like stepped
multi-channel SPR scheme has been proposed. The structure is
optimized by varying different parameters like substrate materials, metal material and thickness, and wavelength. Higher
index substrate and higher wavelength provide better field
enhancement as well as better measurement precision.
Moreover, a modified dynamic range termed as RCDR with a
slight compromise of reflectance value has been defined and
evaluated for different structures using multiple wavelengths.
This analysis can be further utilized for the detection of optical
properties of aqueous and gaseous samples in the wavelength
range varying from visible to NIR. Though the present work
reports about four spectral channels only for the simplicity, it
can be easily extended to more channels depending upon the
size of the prism and also keeping in mind the ease of different
sample holding arrangement within each separate channel.
Future work may deal with the photonic integration of the proposed configuration for the multi-spectral biological studies.
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