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Abstract: A novel approach is proposed to decouple the surface and bulk effects in
surface plasmon resonance (SPR) biosensors. This method is based on a metallic-
grating-based SPR in which a sensor is efficiently optimized to excite three surface
plasmon waves at two different wavelengths. Decoupling surface and bulk effects can
be realized using this technique by tracing the resonance angle variations corresponding
to each excited mode. To optimize the sensor, a genetic algorithm is applied, and finally,
the performance of the sensor is compared with the conventional single-interface SPR
biosensor.

Index Terms: Plasmonics, gratings, sensors, spectroscopy, biosensors.

1. Introduction

For several decades, surface plasmon resonance sensors have become a leading technology
in the field of biosensors, mainly due to their high sensitivity. However their performance suffers
from one of their main inherent limitations called sensitivity to interfering effects [1]. This limita-
tion is due to the fact that surface plasmon resonance (SPR) mode extends beyond the adlayer
(bio-molecular layer to be detected) and interacts with the fluid (bulk) above the metal surface.
Any variations in the properties of the adlayer (thickness and index) or the bulk fluid index (np)
can affect the propagation constant of the SPR wave and, hence, the output signal. Therefore,
single SPR spectroscopy cannot differentiate between refractive index changes in the bulk fluid
and the binding-induced refractive index changes at the sensing surface.

The most common method to remove the interfering effects is to increase the number of inde-
pendent measurements. Multi-channel SPR sensors have been implemented to increase the
number of simultaneous measurements by adding a reference channel beside the sensing
channel [2]. Although decoupling the surface effects from the bulk index variations is achievable
through this approach, decoupling adlayer thickness (d;) and index (n,) from the output signal
is still not possible. In addition, to cancel out the interfering effects, an ideal reference channel
should be exactly identical to the sensing channel in all aspects, with the exception of the one
measurand being measured. This is a requirement which is not easy to meet in practice.
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Several methods have been proposed to extract two different parameters from the output signal
(e.g., the refractive index and thickness of the adlayer). These methods can be summarized into
six categories: I) measurements at two different fluid indices [3], Il) angular spectroscopy at two
different wavelengths [4], Ill) wavelength spectroscopy at two different angles [5], IV) multi-
mode SPR spectroscopy [6], V) dual polarization spectroscopy [7], and VI) SPR spectrum anal-
ysis using a multilayer Fresnel theory [8].

Three-plasmon spectroscopy is one possible method to extract all the interfering effects
(na, dq, np) from the output signal. In this regard, Homola et al. [9], have proposed a new
approach to deconvolve the aforementioned interfering effects. This technique is based on mea-
surements at three different wavelengths using wavelength modulation. Since this platform
requires direct excitation of a multi-diffractive grating through a flow cell with transparent top, the
interaction between the external light and the fluid materials can create errors in measurement.

We have recently reported a new approach to overcome the cross sensitivity to the interfering
surface and bulk effects using a dielectric grating based SPR sensor [10] which enables
three-mode spectroscopy at two different polarizations. In this work, a novel approach for SPR
biosensing using a metallic grating based SPR sensor (MGSPR) is proposed. This approach
benefits from one of the unique features of the grating, which is splitting the incoming light into
several diffraction orders, for SPR sensing in Kretschmann configuration. The rigorous coupled-
wave analysis (RCWA) method is applied to study the effect of the grating on the performance
of the sensor. A metallic grating is optimized so that three SPR waves at two different wave-
lengths are excited. Thus, the adlayer properties (d; and n;) can be determined and differenti-
ated from the bulk index (np) variations by dual wavelength measurements. Finally, the
optimum design along with a method to decouple the interfering effects is presented.

2. Metallic Grating Based SPR Sensor

One of the most common techniques to excite the SPR wave in biosensing is the Kretschmann
configuration [11]. In this method, a prism with higher index of refraction than the top dielectric
layer is used to excite the surface plasmon wave. The dispersion relation between the incident
light frequency (w) and the surface plasmon wavevector (Kspg) is shown as

w EmEs .
Kspr = — 4 | ———— = kgnpsin(6 1
SPR C‘/8m+€s 0NpSiN(fspr) (1)

where Ospr, €m, €s, w, €, Np, and Ky represent the angle of incident at the resonance, metal
permittivity, solution permittivity, incident light angular frequency, speed of light, prism index of
refraction, and the incident light wavevector.

In order to improve the performance of the SPR based biosensors, metallic gratings have
been widely used [12]. The main use of the metallic grating in prism based SPR sensors is
improving the sensitivity by creating local field enhancement and increasing sensing surface
area [13]. Assuming that the dispersion properties of SPR wave is not disturbed by the grating,
the momentum conservation between the free space light and the SPR wave in MGSPR sensor
can be expressed as [14]

E€mEs
Em+Es

+

= npsin(dser) +m @)
where m, A\, and A represent the diffraction orders, incident light wavelength and the period of
the grating. In (2), the incident light wavevector is distorted by the grating which generates
series of diffracted beams directed away from the corrugated surface [see Fig. 1(a)]. Sign “+”
and sign “—” in (2) correspond to positive (m > 0) and negative (m < 0) diffracted orders. The
diffraction orders (m) which satisfy (2) can excite SPR wave and create a resonance dip in the
reflectance spectrum. In this work, the possibility of SPR spectroscopy at a fixed wavelength
with more than one diffracted order is investigated. Fig. 1(b) shows a 2-D cross section view of
the MGSPR sensor along with the grating parameters.
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Fig. 1. (a) Three-dimensional schematic of a MGSPR sensor. (b) 2-D cross section of the MGSPR
sensor. Gold nanowires of a rectangular profile are assumed to be infinite in length with periodicity
of A, thickness of h and a filling factor of w/A.

3. Numerical Model

One of the most common tools to study periodic nanostructures is the RCWA which is an exact
solution of Maxwell's equations for electromagnetic diffraction by grating and is well explained
by Moharam et al. [15]. In order to improve the convergence rate especially for the TM polariza-
tion, an efficient implementation of RCWA is applied [16].

To simultaneously excite multiple SPR waves in a prism-grating based geometry, several
parameters should be adjusted which are listed here: grating periodicity, grating height, filling
factor, gold thickness, and incident wavelength. Any variations in the aforementioned parame-
ters can alter the propagation constant of the mode. The optimization of these parameters
should be so that each of the excited modes show high sensitivity to the surface or bulk
effects. Therefore defining a proper figure of merit (FoM) is necessary to evaluate the mode's
characteristics.

Finding a suitable FOM is essential to make a qualitative analysis on the sensing perfor-
mance of each mode. In most practical affinity biosensors the minimum detectible amount of
the quantity to be measured, called /imit of detection (LoD), is of interest. The LoD is inversely
proportional to the product of sensor's sensitivity also called sensitivity factor (SF) and sensor
merit (SM)—which is the ratio of the resonance depth over the full width at half maximum
(FWHM). The product of SF and SM is called the combined sensitivity factor (CSF = SF x SM).
The exact definitions of SF and SM for bulk and surface sensing are explained in details in our
previous work [17]. In this work, FoM is defined as the superposition of CSF corresponding to
each mode

FoM = " CSF, i=1,2,... (3)
i

To optimize the proposed biosensor, the genetic algorithm (GA) is considered among other opti-
mization techniques. GA is a promising optimization tool, especially when several design pa-
rameters should be optimized simultaneously.

4. Results and Discussion

Due to the computational intensity of the problem, distributed-memory parallelization is employed
for design optimization. The computations herein were performed on the General Purpose Clus-
ter at the University of Toronto Scinet supercomputer. The MGSPR is first optimized to excite
two modes each highly sensitive to the surface effects. To have a qualitative comparison, single
interface SPR sensor is also optimized with a GA. In the optimization process, BK7 glass is con-
sidered as the substrate and prism material in both structures and 2 nm Ti adhesion layer on the
glass substrate is included in the simulation. Table 1 summarizes the optimized dimensions and
wavelengths for both structures.

The reflected wave diffraction efficiency of the optimized MGSPR at 845 nm wavelength
is shown in Fig. 2(a). There are two resonances in this spectrum corresponding to two
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TABLE 1
Optimized dimensions of SPR and MGSPR sensors for affinity sensing

Wavelength Gold Grating o Fill factor
) . Periodicity (A)
(nm) thickness (t) thickness(h) (w/ N\)
SPR 915 50nm - - -
MGSPR 845 26nm 241nm 325nm 0.7
0.8 (b)
0.8
0.7+
g z
2 5 0.7
2 0.6 S
5 g
-§ ™ = 0.6
Q =
23
§ 0.4 £ 051
a a
0.3 0.4
T T T 1 T |TM3 T T 1
50 55 60 65 70 60 61 62 63 64 65

Angle (degree) Angle (degree)

Fig. 2. Diffraction efficiency of the reflected light with TM polarization for the optimized MGSPR sen-
sor at the incident wavelength of (a) 845 nm (ngk7 = 1.51, nay = 0.19 + 5.54i, ny; = 3.04 + 3.31i, and
Nwater = 1.329) and (b) 970 nm (ngk7 = 1.51, nay = 0.24 + 6.6i, ny; = 3.3 + 3.26i, and Nyater = 1.327).
d, is the adlayer thickness and ny, is the bulk refractive index.

counter-propagating plasmonic modes with different propagation constants. These modes are
highly sensitive to the surface parameters (n,, ds).

The first mode (TM1) with smaller angle of resonance is excited by the first negative diffrac-
tion order (m = —1) and the second mode (TM2) with larger resonance angle is excited by the
zeroth diffraction order (m = 0). Both modes are excited efficiently which can be realized by the
small values of the diffraction efficiency at the resonance angles in Fig. 2(a).

As mentioned earlier, the main goal of this work is to determine three interfering effects by
three-mode spectroscopy. Two of the modes are excited at 845 nm wavelength and the third
mode (TM3) can be generated by using a second wavelength (970 nm) optimized for high sensi-
tivity to the bulk refractive index variations [see Fig. 2(b)]. This mode (TMB3) is also excited by
the zeroth diffraction order of the MGSPR sensor.

To further investigate the properties of the excited modes, dispersion curves can be used. An
indirect method to extract the dispersion relation is to calculate the reflection or transmission
spectrum for a range of incident angles and wavelengths. In this paper, RCWA is used to calcu-
late the dispersion curve of the MGSPR sensor by finding the reflected light diffraction efficiency
for a range of wavelengths as is shown in Fig. 3(a). Fig. 3(b) shows a dispersion curve which is
analytically derived from (2). The two dominants reflectance minimums in Fig. 3(a) are origi-
nated by the same diffracted orders shown in Fig. 3(b). The small mismatch between these two
dispersion curves is hidden in the fact that the dispersion equation is derived based on the
assumption that the single interface SPR wave propagation constant is not disturbed by the
presence of the grating.

The performance characteristics of each mode to the variations in surface and bulk parame-
ters are shown in Table 2 in which the calculated values of the CSF with respect to the adlayer
thickness (CSFinick), adlayer index (CSFingex), and the bulk index (CSFyuk) for both MGSPR
and SPR sensors are summarized.

The optimized SPR sensor has large values of CSF for both the surface and bulk effects.
This causes more cross-sensitivity to the interfering surface and bulk effects which is not
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Fig. 3. (a) Dispersion relation of the MGSPR sensor calculating using RCWA. (b) Analytically calcu-
lated dispersion relation of the SPR wave in the optimized MGSPR sensor using (2).

TABLE 2
Optimized performance characteristics for single interface SPR and MGSPR sensors

First Mode (TM1) Second Mode (TM2) Third Mode (TM3)
CSFinick CSFindex CSFouk  CSFihick CSFingex CSFbuk  CSFinick CSFingex CSFpuk

Sensor -1 -1 -1 -1 -1 -1 -1 -1 -1
m"  RUY R®UY)  mY)  R®RUY) RUY  m) RIUY)  RIUT

SPR 0.05 0.7 96 - - - - - -
MGSPR  0.04 0.6 42 0.04 0.54 44 0.02 0.29 369

possible to decouple with single mode spectroscopy. However, the MGSPR sensor has two
modes (TM1, TM2) each highly sensitive to the surface effects and a third mode (TM3) with
large sensitivity to the bulk effect. Therefore, by measuring the variations of the resonance an-
gles at two different wavelengths in the MGSPR sensor, determining two surface and one bulk
effects is possible.

In order to extract the variation in surface and bulk effects from multimode spectroscopy, we
assume that the resonance angles of the modes are linearly related to the changes in the solu-
tion refractive index and to the properties of adlayer [18]. Therefore, the variations in the interfer-
ing effects can be expressed as

WBmi(M)  Omi(M)  Im1 (M)

Ady AbOp1 (M) —od, ona onb
Ang | =8 x [ Adwp(M) |, S= [ Paedel Kl Znet) (4)
Ang AOyz(A2) Mmz(X2)  ms(X2)  9Oms(N2)

od; ong onp

where Ad,, Ang,, and An, are the variations in adlayer thickness, adlayer refractive index and
bulk refractive index, respectively. The S matrix contains the sensitivity of each mode to the in-
terfering surface or bulk effects. The parameters which can be measured from the experiment
are the resonance angle shifts and the bulk and surface sensitivities (S matrix). Equation (4)
can be solved for Ad,;, Ang, and Ang, only if S is not singular. The calculated S matrix corre-
sponding to the MGSPR structure shown in Table 1 is presented as

0.065 1.026 71.84
S=10075 1.066 86.85 | — |S|=0.56. (5)
0.005 0.057 82.89

The determinant value confirms that the S matrix is not singular.
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To estimate how much the solutions of (4) can change in proportion to small changes in the
input argument (shifts in resonance angle), a condition number for the S matrix should be cal-
culated. Before calculating the condition number, each elements of the S matrix should be
normalized to a typical value of its quantity to make the elements dimensionless. The calcu-
lated condition number for the S matrix is 44 which corresponds to one digit of maximum inac-
curacy on top of what would be lost in the numerical method. This small condition number
confirms that the S matrix is a well-conditioned matrix and the interfering effects can be calcu-
lated with enough accuracy. Therefore dual wavelength measurement with MGSPR sensor
enables us to decouple the interfering surface (Ad,, Any) and bulk (Any) effects from the out-
put signals.

5. Conclusion

A novel approach to solve one of the major shortcomings of the SPR biosensors which is sensi-
tivity to the interfering surface and bulk effects was investigated. The proposed solution was
based on three-mode spectroscopy using metallic grating based SPR platform. For this pur-
pose, two diffracted waves of a metallic grating were utilized to excite two surface plasmon
waves each with high affinity to surface effects. The second wavelength was optimized in order
to excite a third mode with high sensitivity to the bulk fluid index variations. Finally, it was shown
that determining the variations in adlayer thickness, adlayer index, and bulk fluid index is possi-
ble with enough accuracy. Therefore improving the biosensor functionality by extracting more
information from the sensor is the key advantage of this approach.
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