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Abstract: A theoretical study on a novel planar waveguide surface Plasmon
Biosensor is presented in this paper. The proposed biosensor has a
configuration similar to the Otto excitation mechanism for surface Plasmon
polaritons. The performance of the device with respect to key system
parameters such as gap - width and device length is investigated using an
eigenmode solver with perfectly matched layers (PML). Device resolution
of 2.3x10° RIU has been demonstrated for an aqueous analyte.
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1. Introduction

The concept of Surface Plasmon Resonance (SPR) has been increasingly exploited for
development of optical biosensors. SPR biosensors have found extensive application in the
analysis of biomolecular interactions (BIA) and detection of chemical and biological analytes
[1], where they provide benefits of real-time, sensitive and label-free technology. They have
been used for detection of various chemical and biological compounds in areas such as
environmental protection [2], food safety [3], [4] and medical diagnostics [5].

Currently, most commercial SPR biosensors are generally based on the traditional prism-
coupled SPR configuration, which is simple, robust and highly sensitive. However, they are
not amenable to miniaturization and integration [6]. There has been a growing interest in the
development of robust, portable and highly sensitive SPR sensing devices capable of out of
laboratory measurements. Recent progress in sensitive fiber and waveguide SPR, SPR on
silicon material and multi — analyte SPR systems present options for miniaturisation and
integration of SPR sensor systems [6].

Waveguide based SPR sensors aim to provide highly integrated, multichannel and robust
sensing devices [6]. They have the ability to accommodate multiple sensing elements on a
single platform or substrate, as these structures may be micro-fabricated in parallel or in series
where wavelength division multiplexing techniques can be used to extract the signal from the
different sensing elements [6]. This allows the integration of a reference signal which allows
the effect of environmental changes (temperature changes, noise source) to be nullified [6,7].

Early development in fiber optic SPR sensors include a plastic-clad silica fiber with partly
removed cladding [8,9], a side-polished optical fiber [10], a tapered single-mode fiber [11]
and a tip-polished fiber [12]. Some recent advances include photonic crystal fiber and
waveguide SPR sensors [13], lapped D-shaped fiber sensors [14] and tapered fibre optic
sensors [15].In addition, concepts such as multi-pass interferometry in phase-sensitive SPR
sensors [16] and the development of sensors based on chalcogenide prism and aluminum,
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provide options in realization of high performance SPR biosensors [17]. However, the
integration of fiber - SPR to other biosensor components raises some design issues. Among
these issues include the high precision requirement for the insertion of the fiber into a planar
substrate containing fluidic circuit and chambers and the requirement of additional optical
components to achieve efficient coupling of light in and out of the fiber [6].

The proposed alternative approach to fiber-based SPR has been the planar optical
waveguide structure. Thin-film technologies have long been used to develop planar optical
waveguides consisting of a multilayer structure of varying optical refractive index that can
support a propagating light mode.

Regarding recent trends in integration and miniaturisation of SPR biosensors, Debackere
et al [15] proposed a highly integrated and sensitive SPR interferometer sensor based on
silicon — on — insulator technology [18]. The basic element of that sensor was a Surface
Plasmon interferometer consisting of a thin layer of gold embedded in a silicon membrane. It
was demonstrated that the sensor could achieve a resolution of 1x10°RIU. The reported
sensitivity was however obtained by intensity modulation, which has been proved to be less
robust to environmental noise [1]. In the same paper, it was also demonstrated that the device
could achieve a sensitivity of 463.5nm / RIU with regards to wavelength interrogation [15].

X

L Gold Layer Analyte
y
: v :
n=145 v __| 1 ! n=145
Input Output
—> i i Waveguide n =1.46 | —>
I [ T
! n=145 :
Section (I) i Section (IT) i Section (III)
I LSPR I

Fig. 1. Cross section of the proposed waveguide SPR sensor showing various sections.

In this paper, we propose a novel planar waveguide SPR sensor based on the Otto [19]
configuration. The proposed waveguide SPR sensor as shown in Fig. 1, has the analyte placed
between the core and gold layer. The configuration of this sensor does not require any
matching layer and therefore, makes the design very simple. We intend to demonstrate that
the proposed sensor, can achieve a high sensitivity of 4300 nm / RIU. Recent advances in
microfabrication and thin — film technology makes the fabrication of our proposed sensor
design feasible.

A brief theory regarding waveguide SPR sensors is given in the next section, which will
be followed by the discussion of simulation results and finally conclusions and future work
presented in the last section.

2. Theory

A surface plasma wave (SPW) is an electromagnetic wave which propagates along the
boundary between a dielectric and a metal [1]. The propagation constant of an SPW, 3, can be

expressed as:
ﬂ — 2 gMgD (l)
CVewté€on

where w, is the angular frequency, c the speed of light in vacuum, ¢p and &y are the dielectric
functions of the dielectric and metal, respectively [20]. Equation (1) describes a surface
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Plasmon wave if the real part of gy is negative and | em| < | ep | [1]. This condition is fulfilled
by several metals at optical wavelengths, of which gold is most commonly employed in SPR
sensors [1]. The real and imaginary parts of the propagation constant S, represent the spatial
periodicity and attenuation of the SPW in the direction of propagation, respectively [20].

The electromagnetic field of the SPW is confined at the metal — dielectric boundary and
decreases exponentially into both media, with the vast majority of the field concentrated in the
dielectric [1]. This makes the propagation constant of the SPW extremely sensitive to changes
in the refractive index of the dielectric. Surface Plasmon Resonance (SPR) sensors operate on
this basic principle.

In SPR biosensors, an SPW is excited by a light wave, whose wave vector parallel to the
metal surface matches that of the SPW [1]. These biosensors have biomolecular recognition
elements on the surface of the metal, which recognise and capture analyte present in a fluid,
leading to a local increase in the refractive index at the metal surface. This results in an
increase in the propagation constant of the surface plasmon wave (SPW) propagating along
the metal surface. The interaction of the light wave with the SPW can alter the light’s
characteristics such as amplitude, phase, polarisation and spectral distribution. Changes in
these characteristics can be correlated with changes in the propagation constant of the SPW
[1].

One of the requirements for the excitation of an SPW is that the X — component (x-y plane)
of the incident light wave vector (ky), matches that of the SPW (k) [1]. This can be achieved
by means of prism coupling, waveguide coupling and grating coupling [1].

In the prism coupling technique, a light wave passes through a high refractive index prism
and is totally reflected at the prism-metal interface, generating an evanescent wave penetrating
the metal layer. The propagation constant of this wave can be adjusted to match that of the
SPW by controlling the angle of incidence. The wave vector of this evanescent wave is given
by [19]

k, = k&, xsin@ )

where k, = 27”,% is the permittivity of the prism, 6 is the angle of incidence of the light

wave, the wave vector of the SPW is given by
Ky =Ko X Ny 3

In Eq. (3), n, represents the effective index of the SPW.

There are two main configurations with regards to the prism coupling technique. The most
common configuration is the Kretschmann method [21], in which a thin metal film is
evaporated on top of a glass prism. By tuning the angle of incidence of the totally reflected
beam inside the prism to an appropriate value, the surface plasmon resonance condition is
established [19]. In the Kretschmann configuration, the evanescent wave created at the metal
— glass interface has to penetrate the metal layer in order to excite a surface plasmon at the
metal — air interface. If the metal is too thin, the SPW will be strongly damped because of
radiation damping into the glass. On the other hand, if the metal is too thick, the SPW can no
longer be efficiently excited due to absorption in the metal. Hence, the thickness of the metal
plays a critical role in the excitement of SPW [19].

In the Otto configuration, the tail of the evanescent wave at the glass — air interface is
brought into contact with a metal — air interface that supports SPW. For a sufficiently large
gap - width, the evanescent wave is only weakly influenced by the presence of the metal. By
selecting a suitable angle of incidence of the totally reflected beam inside the prism, a surface
plasmon resonance condition is established [19]. For a small gap - width, the resonance is
broadened and shifted due to radiation damping of the SPW whilst a large gap - width leads to
inefficient excitation of SPW or no SPR condition [19]. The surface Plasmon resonance
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condition in both Kretschmann and Otto configurations manifest itself as a minimum in the
reflected light.

The Kretschmann configuration has been the preferred configuration over the years, as the
Otto configuration proved to be experimentally inconvenient due the challenging control of
the tiny air gap between the interfaces [19].

Recent advances in microfabrication and thin — film technology makes the fabrication of
SPR biosensors based on Otto configuration feasible. We believe that it is feasible to fabricate
SPR waveguide sensors based on Otto configuration with typical gap - widths exceeding 100
nm, as presented in this paper, with current microfabrication and thin — film technology.
Among other applications, SPR biosensors based on the Otto configuration will be preferable
in applications where direct contact with the metal surface is undesirable [19].

2.1 Planar Waveguide SPR Biosensors

Planar waveguide technologies offer the possibility of producing compact, monolithic,
multisensory devices which may be connected to instrumentation using optical fibres,
allowing remote operation [22].

Most planar waveguide sensors have three major sections. These are the input, multilayer
and output sections. The input and output sections are employed to couple light into and out of
the multilayer region of the device. The multilayer metal — clad part of the device acts as the
interaction zone with the analyte.

There are several structural variables to optimise in order to design a planar waveguide
SPR biosensor. However, there are some practical constraints regarding the substrate material,
and subsequent waveguide manufacture, the availability of practical buffer layer materials and
metal for the sensor surface [22]. It has been demonstrated that the use of a low index
substrate glass offers the easiest phase matching between waveguide and surface Plasmon
modes in a device when operating in water [23,24].

Another method for altering the phase-matching conditions is to insert a low refractive
index buffer layer between the waveguide and metal. This serves a dual purpose of increasing
the propagation distance of the surface plasmons [23] and shifting the location of the peak
modal losses with respect to the refractive index of superstrate (analyte) [23]. The final
material variable is the metal film. The choice of metal for use in SPR devices has been
discussed in [25]. The stability and inertness of the metal film to aqueous environment is of
paramount importance when designing sensors for such an environment [22]. It is for this
reason that most SPR sensors use gold for the metallic layer.

In addition to the material variables, the dimension of the components is also very
important. Specifically, the metal thickness, the length of the multi — layer section, buffer
thickness and a host of other dimensional variables influence the operation of the sensor.
Optimisation of these variables has been extensively discussed in [26,22,27,28].

3. Simulation Results

Figure 1 shows the schematic of the proposed waveguide SPR biosensor. Similar to the
conventional waveguide SPR sensors, the proposed design has an input (1) and output (111)
waveguide sections with a multilayer (1) section in the middle.

The input and output sections (I and Ill) consist of core and cladding with refractive
indices of 1.46 and 1.45 respectively. The thickness of the core and cladding are fixed at 1um
and 2pm respectively, to ensure single mode operation [27]. In the SPR section (1) of the
proposed device, the analyte is sandwiched between the gold and core layers as shown in Fig.
2, similar to the Otto configuration. The length of the SPR section is denoted as Lspg Whilst
the thickness of the analyte layer is given as t.

Simulations were carried out using CAMFR, an eigenmode solver with perfectly matched
layers (PML) [29]. This ensures the absorption of waves travelling towards the walls, without
the introduction of additional reflections, regardless of wavelength, incidence angle or
polarisation of the incident wave [29]. The simulation results obtained by CAMFR were
verified by benchmarking them against results from a commercial Finite Element software
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package [30], [31], and [32]. The relatively high memory requirement and longer computation
time of FEM for analysis of the proposed sensor resulted in the choice of CAMFR as the
computation tool.

Each section of the sensor is modelled as a multilayer system and CAMFR is used to solve
eigenmodes supported therein. The optical power transmitted through the structure in Fig. 1 is
calculated by analysing the modal coupling between the various sections of the sensor.
Sections (1) and (Ill) are assumed to be identical and lossless. The modal expansion
coefficients are calculated using the necessary overlap integrals after the modes in Sections (1)
and (1) are located [33]. These modes are then propagated through the length of Section (1)
of the sensor before being coupled into Section (111), enabling the power transmitted to be
calculated. The permittivity of gold was modelled using data from Johnson and Christy [34].

A broadband (550nm — 850nm) TM polarized light is applied at the input section of the
sensor, and the transmission characteristics of the entire system are observed for variation in
Lspr and tg. The refractive index of the analyte (Nanaye) iS assumed to be 1.33 (aqueous
environment).

We begin the analysis by investigating the effects of the gap - width (t;) on the
performance of the sensor. The gap - width (tg) is varied from 175nm to 300nm, whilst that of
the SPR section (Lspr) is kept constant at 100 pm. The transmission response of the proposed
waveguide SPR sensor for various values of t; is shown in Fig. 2.

0
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=300 nin

a0 b

Transmission (dB)

t;=175nm
20 f;=225nm
B S
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R Il P 1 R | 1 R
550 600 650 700 750 800 850
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Fig. 2. Transmission properties of the proposed waveguide SPR sensor for various t; values.
Nanalyte = 1.33 and Lspg = 100pm.

The minimum in the various curves shown in Fig. 2 indicate the surface plasmon
resonance condition in the respective curves. The resonant wavelengths for each curve can be
located at the minimum of the respective curves. The minimum in the received light at
resonance condition can be attributed to the fact that a portion of the input light is converted to
SPW travelling at the gold — analyte interface, such that its energy is totally dissipated before
reaching the output section of the sensor. The minimum can also be thought of as being due to
destructive interference between the input light and that of the SPW due to radiation damping.
It can therefore be established that the magnitude of the dip in the received power is
influenced by the efficiency of the SPW conversion, which is dependent on the gap - width, t.
This explains the dependency of the transmission on the gap — width (t;) of the sensor at a
fixed Lspr. Comparing the various plots in Fig. 2 reveals that gap - widths (ty) of 225 nm, 250
nm, 175 nm and 150 nm lead to comparably high dips in the received power. Since the gap —
width (ty), is filled with the analyte, it has an influence on the phase - matching conditions
between the waveguide and surface plasmon modes. This implies a change in the gap — width
(ty), leads to a corresponding change in the phase — matching conditions, specifically the
resonant wavelength (4.s). Figure 2 illustrates this property where a shift in the resonant
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wavelength is observed for a change in the gap — width (tg). This property is very important
for the design of the device at a specified resonant wavelength.

The performance of SPR sensors can be characterised by three main parameters:
sensitivity, resolution and FWHM. The sensitivity (S,) of a SPR sensor with spectral
interrogation is defined as [1]

S, = —e 4
! 5nanalyte ( )

where &n, .. is the change in analyte refractive index and &4, is the corresponding shift in

resonance wavelength. This relation has been used to calculate the sensitivities of the
proposed SPR sensor for different values of t; as shown in Fig. 3. The sensitivity was
calculated based on the change in refractive index of the analyte (Nanaiye) from 1.33 to 1.34.

3500

(3 w~
th =
= =
= =

3
=
=
=1

Sensitivity (nm/RI1U)

1500 -

L1 I 1 1 L
200 250 300 350 400 450 500
t, (nm)

Fig. 3. Sensitivity of the proposed SPR sensor for various t; values. Lspr = 100pm.

It can be observed that the sensitivity of the proposed sensor varies from a peak value of 3750
nm/RIU at ty; = 175 nm and decreases with increase in tg . This behavior can be attributed to
the inefficient excitation of the SPW as the gap — width (tg) is increased [19].

The resolution of an SPR sensor can be determined by [1]:

s, x4, (5)

where 54, is the sensitivity of the device used to measure the shift in resonant wavelength of
the sensor (typically 0.01nm). The full width at half maximum power (FWHM), determines
how accurately 64, can be determined. A large FWHM value decreases the accuracy in the

measurement of the SPR wavelength (54, ). Figure 4 shows the variation in FWHM of the
proposed SPR sensor with regards to t,.
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Fig. 4. FWHM of the proposed SPR sensor for various ty values. Lspr = 100pm and Napaiyte =
1.33.

It can be observed that for a fixed Lgpr, the FWHM varies inversely proportionally to t,.
By combining results from Fig. 3 and 4, optimal structural parameters can be obtained for a
fixed Lspr Value depending on whether high sensitivity or low FWHM value is the priority of
the design objective. In most cases, however, a compromise must be reached such that the
sensitivity is maximised whilst minimising the FWHM.

An optimum length of the SPR section of the device will ensure that the SPW will have
enough travel distance to dissipate into the gold metal before reaching the detector at the
output [26,22,27]. Hence, it is important to investigate the effect of the length of the SPR
(Lspr) section on the performance of the proposed sensor. In this regard, ty is fixed at different
specific values whilst that of Lspg is varied from 100 pm to 500 pm. The response of the
device to variation in Lgpg for t; = 250 nm is shown in Fig. 5.

Lspr = 100pum

Lspr = 125um

Lspr = 150um

Transmission (dB)
'

Lgpgr = 175um

Lgpr = 200um

DT T T

| 1 P 1 PRI I
600 650 700 750 800 850
Wavelength (nm)

Fig. 5. Transmission characteristics of the proposed SPR sensor for different Lspr values (t; =
250 nm).

It can be observed that the dip in the various curves increase with an increase in Lspr. This
could be attributed to increase in the attenuation of the SPW in the gold layer and that of the
light wave in the waveguide. Another observation worth noting is that of the constant position
of the resonant wavelength regardless of Lspr. If 0ne considers the resonance wavelength to be
the point of phase matching between the waveguide mode and the surface-plasmon wave then
it is expected to be independent of Lspr. This explains the phenomenon of constant resonant
wavevength irrespective of Lspr as shown in Fig. 5. This behavior is very important for the
design of short length sensors.
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Next, the effect of Lspr 0on the sensitivity of the proposed sensor is investigated for
different values of ty. Figure 6 shows the particular case for t; = 175 nm and 225 nm.

5000 |-
4500
4000 F

g w 15
= th
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Sensitivity (nm/RIU)
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=

7o =175 nm

1500

1000 &= I 1 1 1 I 1 1
100 150 200 250 300 350 400 450 500

Lgpr(num)

Fig. 6. Variation in sensitivity of the proposed SPR sensor for varying Lgpr Values. The thick
line and dashes correspond to ty values of 175 nm and 225 nm respectively.

It is shown in Fig. 6 that the sensitivity of the sensor is dependent on Lgpg . In the case of t,
= 175 nm, the sensitivity varies from a value of 3700 nm/RIU to 5000 nm/RIU. Similar
sensitivity variation can be observed for the scenario of t; = 225 nm. When a guided mode
enters the active region of the sensor, it is decomposed into guided and radiation modes of the
region, the power distribution among these modes being dependent on the field profiles of the
modes and thus the physical structure of the active section [19,26]. At relatively small gap —
width (ty) values, the structure of the active region permits the existence of more complex
modes such that the sensitivity of the sensor is highly dependent on Lgspr as shown in Fig. 5.
However, as the gap — width (t) is increased, the dependency decreases and the sensitivity
curve becomes more flattened. This property is illustrated in Fig. 5 where the degree of
dependency for the case of t; = 225nm is relatively smaller as compared to that of 175 nm.

The next step involves investigating the effects of the Lgpr on the FWHM of the proposed
SPR sensor. This is illustrated in Fig. 7.
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Fig. 7. Variation in FWHM of the proposed SPR sensor for varying Lspr values (Nanayyie = 1.33.).

The results presented so far, give a good understanding of the effects of the structural
parameters on the performance of the proposed sensor. One can choose a combination of
structural parameters to optimise the sensor given specific requirements such high sensitivity,
low FWHM or both. In our particular case, we intend to optimise the sensor to operate in an
aqueous environment with the best possible sensitivity and an acceptable FWHM value.

It can be observed from Fig. 7 that the scenarios depicted in thick continuous lines (t; =
250nm, 275nm and 300nm) lead to low FWHM values as compared to those in dashes (t; =
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175nm, 200nm and 225 nm). Despite their comparatively low FWHM values, they vyield
relatively low sensitivities. Based on our design objectives, the optimal parameters for
maximum sensitivity and minimum FWHM in aqueous environment are t; = 175 nm and Lgpr
=175 pm.

The next step investigates the resonant wavelength (i) as a function of naaye Of the
optimised device. The results are shown in Fig. 8.
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Fig. 8. Variation in the resonant wavelength with respect to Nanaye (t; = 175nm, Lspr = 175um).

The maximum slope of the curve in Fig. 8 represents the sensitivity of the device, which is
found to be 4300 nm/RIU with a resolution of 2.3x10°RIU. The FWHM is calculated to be
approximately 213 nm.

Figure 9 illustrates the shift in resonant wavelength for a small change in analyte refractive
index of the proposed sensor. The sensitivity of the sensor can also be computed using Fig. 9
and this leads to a value of 4300 nm/RIU, which is in agreement with that of Fig. 8.
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Fig. 9. Shift in resonant wavelength with respect to Nanaye (tg = 175 nm, Lspr = 175um).

4, Conclusion

The design and optimisation of a novel waveguide SPR biosensor based on the Otto
configuration, has been presented in this paper. The structure is very simple in nature and does
not require any buffer layer. It has been shown that by selecting appropriate structural

parameters, the sensor can achieve a sensitivity of 4300 nm/RIU (resolution of 2.3x10°RIU
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with regards to wavelength interrogation) and a FWHM of 213 nm. With regards to
sensitivity, the performance of the proposed sensor is comparable to [8-11] in addition to the
waveguide SPR sensors reviewed in [6]. Furthermore, the sensitivity of the proposed sensor is
comparatively higher than the spectral interrogation sensitivity reported in [18], which is
based on silicon — on insulator technology.

Regarding fabrication issues, we believe that it is feasible to fabricate the proposed SPR
waveguide sensor since gap - widths (t,) exceed 150 nm, which is large enough to be
fabricated with current microfabrication and thin — film technology. In addition, Gauvreau et
al proposed and fabricated a waveguide SPR sensor based on photonic bandgap. Since the
fabrication of the sensor in [35] with a more complicated design was feasible, we are very
optimistic that our simple design should be even more feasible.

Among other applications, SPR biosensors based on the Otto configuration will be
preferable in applications where direct contact with the metal surface is undesirable [19].
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