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Abstract 

Planar waveguide surface plasmon resonance sensors have great potential for use in the field of environmental monitoring. In 
this paper we present a rigorous model for the optical power transmittance of this type of sensor. This model is used to determine 
the change in transmitted power when a thin layer is adsorbed to the metal-clad region of the sensor, as a function of the 
waveguide and metal film parameters. Design curves for sensors based upon glass waveguides coated with thin gold films 
immersed in water are presented. Experimentally determined changes in the output power of a waveguide surface plasmon sensor, 
as a function of the length of the gold fih-n, are presented and compared to theory. 
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1. Introduction 

The exploitation of the potential of  guided-wave 
optical biosensors for environmental monitoring is be- 
coming more widespread. In particular, planar wave- 
guide technologies offer the possibility of  producing 
compact,  monolithic, multisensor devices which may be 
connected to instrumentation using optical fibres, al- 
lowing remote operation. Optical evanescent field-sens- 
ing techniques presently under investigation include 
grating couplers [1], waveguide interferometers [2,3] and 
surface plasmon resonance (SPR) sensors [4]. In the 
latter case, the surface plasmon is generally excited 
using a 'bulk '  optical component  such as a prism, and 
equipment using this technique is now commercially 
available for the laboratory environment [5]. One po- 
tential advantage of the SPR technique is that the metal 
film which supports the surface plasmon may also be 
used as an electrode for electrochemical control of  
sensing reactions [6]. Also a gold-coated SPR device 
provides an alternative surface for immunoassay. How- 
ever, recent reports have indicated that the 'bulk '  SPR 
devices may not ultimately be as sensitive as fully 
guided-wave approaches such as the Mach Zehnder 
interferometer [7]. An alternative to the 'bulk '  SPR 
devices which has recently emerged is the use of  dis- 
tributed coupling between a dielectric waveguide and 
the surface plasmon mode in a metal-coated waveguide 
[8]. This has the advantage of combining greater design 
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flexibility and the potential for monolithic integration, 
with the well-established technique of SPR. At present 
no adequate model for the performance of these devices 
exists. 

In this paper we present a rigorous model for the 
optical power transmittance through waveguide SPR 
sensors based upon a step-index slab waveguide ap- 
proximation. The general configuration of the device 
modelled is detailed in Fig. 1. The performance of such 
devices requires analysis of  the waveguide modes sup- 
ported by the metal-clad waveguide, of  their excitation 
by an input waveguide and of the resultant power 
coupled into an output waveguide. The number of  
modes in the structure and their complex effective 
indices which yield modal velocity and attenuation are 
first numerically evaluated using the argument principle 
method (APM) [9]. The coupling of power from a 
monomode  input waveguide across a step discontinuity 
into each mode of the metal-clad region is determined 
using appropriate overlap integrals [10]. The modes are 
then allowed to propagate over the length of the metal- 
clad region, incurring losses due to the imaginary parts 
of their effective indices. Finally, the total power cou- 
pled from these modes into the output waveguide is 
determined to yield the input/output characteristic of  
the sensor. 

The model allows the determination of the modula- 
tion in output power of the sensor due to the adsorp- 
tion of a thin organic layer to the sensor surface, which 
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in turn leads to a measure of sensitivity. The sensitivity 
of these devices may be optimized by adjusting the 
composite waveguide design, and design curves for 
sensors based upon glass waveguides coated with thin 
gold films, for use in the aqueous environment, are 
presented. Practical, sensitive, waveguide surface plas- 
mon sensors for an aqueous environment, optimized for 
specific sensing films, are predicted. 

A vital part of the sensor design process is to vali- 
date experimentally the theoretical predictions of device 
performance created using the model reported here. In 
Section 4 of this paper we present experimentally deter- 
mined changes in the output power of a basic planar 
waveguide SPR sensor as a function of the metal film 
length and compare the results with theory. The devices 
were tested using TM and TE modes with air, and 
subsequently water, as the superstrate material of the 
metal-clad regions of the structures. 

2. Waveguide design tool 

The planar SPR waveguide sensor shown in Fig. 1 
must be broken down into two parts to be fully 
analysed by the waveguide design tool. Region (i) is 
considered to be a lossless single-moded single-layer 
input and output waveguide. This region of the sensor 
is solely employed to couple light into and out of the 
multilayer region of the device. The multilayer metal- 
clad part of the device forms region (ii) of the sensor 
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Fig. 1. (a) Schematic drawing of a waveguide SPR sensor incorporat- 
ing a buffer layer. (b) The lower drawing ilIustrates the different 
regions of the sensor and the relevant field profiles. 

and acts as the interaction zone with the test sample. 
The first step taken in calculating the power trans- 

mitted through the sensor is to analyse the modes of the 
multilayer region of the sensor, region (ii). Absorbing 
multilayer waveguide structures have been investigated 
for many years, and devices in which the absorption is 
provided by the presence of a metal film are of particu- 
lar interest [11 13]. The theoretical approaches to 
studying multilayer waveguides are very varied. All of 
these techniques revolve around the need to form the 
characteristic eigenvalue equation of the system under 
consideration [14,15], and then locate the roots of this 
equation. In order to study general multilayer struc- 
tures it is necessary to employ a transfer matrix ap- 
proach [16 18]. 

The waveguide design tool described here utilizes a 
system transfer matrix approach to evaluate numeri- 
cally the eigenvalue equation of a given multilayer 
waveguide stack. A system transfer matrix characterizes 
the behaviour of a multilayer waveguide by relating the 
electromagnetic fields in the substrate of the multilayer 
region to those in the superstrate {16]. The matrix is 
formed from the product of each of the layer matrices 
which define the properties of each individual layer in 
the waveguide stack. The guidance condition for the 
waveguide results from the requirement that there is no 
exponentially growing field in the substrate or the su- 
perstrate of the multilayer stack, leading to the charac- 
teristic eigenvalue equation [19]. 

Once the characteristic eigenvalue equation has been 
determined from the system transfer matrix the wave- 
guide design tool employs the APM to count rigorously 
and locate the roots to the TE and TM modal eigen- 
value equation {9,19]. The APM relates the number of 
zeros of an analytical function to the contour integral 
in the complex plane. In this case the analytical func- 
tion is the eigenvalue equation and the complex plane is 
that of modal dispersion and absorption. When the 
number of roots to the eigenvalue equation is known. 
the waveguide design tool locates them using Mtiller's 
complex root finding technique {20]. 

The waveguide design tool described here does not 
analyse the leaky modes of a given waveguide system. 
This is justifiable if the coupling into leaky modes in the 
multilayer region of the sensor is minimized by using 
small step discontinuities between regions (i) and (ii) of 
Fig. 1. Also, light coupling into a leaky mode will, 
generally, propagate away from the waveguide very 
rapidly and be lost from the interaction region. 

Fig. 2 illustrates the change in loss of a TM mode in 
the metal-clad multilayer waveguide with the parame- 
ters given, as a function of the superstrate index. It 
serves to indicate how a metal-clad system can be 
considered as a coupled mode structure. The coupling 
can be seen to be between a waveguide mode and a 
surface plasmon mode formed at the interface between 
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Fig. 2. Var ia t ion  in (a) loss and  (b) effective index of a TM mode  in 

a mu]t i layer  gold-coated  waveguide,  wi thou t  a buffer layer, as a 
funct ion of  the supers t ra te  index. System parameters :  guide  index, 

1.52; guide depth,  2 gm; subs t ra te  index, 1 .512:2  = 858 nm. 

the metal and the adjacent dielectric. The losses of the 
mode peak when it is phase matched to, and hence 
couples with, the surface plasmon mode. In this in- 
stance the electromagnetic fields of the mode are con- 
centrated in the metal film of the device and 
consequently undergo strong absorption. This situation 
is accompanied by a perturbation in the real part of the 
effective index of the mode, analogous to a classical 
damped oscillator, as also shown in Fig. 2. At this 
phase-matched point the electromagnetic fields of the 
mode are almost evenly balanced between the wave- 
guide and the surface of the metal film. 

The second step taken in calculating the power 
transmitted through the structure of Fig. 1 is to analyse 
the modal coupling between regions (i) and (ii). Here 
the multilayer part of the sensor, region (ii), is being 
excited from a monomode input waveguide, resulting in 
a step discontinuity between the two regions. The out- 
put waveguide is then excited across a similar disconti- 
nuity. The discontinuity in the waveguide will produce 
a reflected guided mode and forward and backward 
travelling radiation modes, as well as the guided mode 
transmitted in the multilayer structure [21]. Due to the 
use of small discontinuities in the sensor design the 
scattering into the forward radiation modes is small 
and therefore not calculated. 

The waveguide design tool evaluates the modal 
coupling across the waveguide discontinuities in the 
following manner. The input and output single-layer 
s[ngle-moded waveguides are assumed to be identical 
and lossless. The required TM, or TE, modal index of 
this waveguide is located by using the bisection method 
on the wholly real eigenvalue equation. Once the input 
mode and the modes in the multilayer region of the 
sensor have been located the modal expansion co- 
efficients are calculated using the necessary overlap 
integrals depending on the mode being studied [10]. 
These overlap integrations are carried out within the 
waveguide design tool using Simpson's rule. 

After determining the expansion coefficients of the 
modes in the multilayer region of the device these 
modes are propagated through the length of the metal- 
clad region of the sensor before being coupled into the 
output waveguide and the power transmitted through 
the device calculated. Fig. 3 illustrates the power trans- 
mission properties of a planar waveguide SPR sensor, 
without a buffer layer, as a function of the superstrate 
index. The output power has been normalized with 
respect to the input power. The plot is similar to the 
attenuated total reflection curve observed for a 
Kretschmann configuration 'bulk' SPR device. The 
minimum in the power transmission through the device 
is coincident with the peak modal losses demonstrated 
by Fig. 2. It is clear that the minimum coincides with 
phase matching to a surface plasmon mode in the 
sensor. 

The device described here forms the basis of a 
waveguide SPR sensor. However, designs of sensors are 
required that will allow device operation in water and 
some suitable sensor structures are reported in the next 
section. 
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3. Design of waveguide SPR sensors 

The design process has been carried out with the aim 
of achieving the greatest change, cSP, in the transmitted 
power through the sensor on adsorbing a thin dielectric 
film to the surface of the metal layer in the sensor. 
Designing the sensors for use in an aqueous environ- 
nent has necessarily been of an iterative nature due to 
the numerical procedure employed to study the wave- 
guide designs. The problem is compounded by the wide 
range of device variables that need to be considered and 
which can be studied using the flexibility of  the wave- 
guide design tool. 

The establishment of this waveguide design tool has 
produced a unique opportunity to study the design of 
waveguide SPR sensors with rigour. While all of  the 
material parameters of an absorbing multilayer wave- 
guide may be altered as a program variable, such a 
wide range of possibilities is not compatible with practi- 
cal constraints on material availability. The main mate- 
rial limitations are the substrate material, and 
subsequent waveguide manufacture, the availability of  
practical buffer layer materials, the choice of metal for 
forming the sensor surface and the operating wave- 
length. 

Early investigations into sensor design highlighted 
that the use of  a low index substrate glass allowed for 
the easiest phase matching between waveguide and 
surface plasmon modes in a device when operating in 
water. Using potassium ion exchange to create wave- 
guides in the substrate material offers several clear 
advantages [22-24]. In particular, it results in wave- 
guides with a low index change. This is very useful for 
keeping the effective indices of  the guided TM modes as 
close to the substrate index as possible, and allows 
efficient coupling to optical fibre. 

Another method for altering the phase-matching 
conditions between the surface plasmon and the wave- 
guide modes is to use a low refractive index buffer layer 
inserted between the waveguide and metal, as shown in 
Fig. 1. The buffer layer serves the twin purpose of 
increasing the propagation distance of the surface plas- 
mons [25] and shifting the location of the peak modal 
losses in terms of the refractive index of the superstrate. 
Appropriate  choice of  a buffer layer material allows 
phase matching to occur in water and may increase the 
range of the surface plasmons above 1 cm [25]. Some of 
the most promising materials for use as buffer layers 
are polymers, which have been made into optical qual- 
ity films for some years [26]. Early studies involved 
films with refractive indices in the range 1.486 1.68 and 
are not particularly useful for waveguide SPR sensors. 
Recently, polymers have been fashioned as optical 
quality films with a refractive index of about  1.29. Such 
a material is an ideal candidate for the buffer layer in a 
waveguide SPR sensor. 
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Fig. 4. Performance of a waveguide SPR sensor, without a buffer 
layer, based on a low refractive index substrate glass and operated at 
a wavelength of 633 nm: (a) normalized output  power and (b) change 
in normalized output  power vs. superstrate index. System parameters: 
guide index, 1.47; guide depth, 2 gin; substrate index, 1.46: film 
thickness, 7 nm; film index, 1.47; gold thickness, 88 nm; gold length, 
1.5 ram; ,~ = 633 nm. 

The final material variable in the sensor structure is 
the metal film. The choice of  a metal for use in a 'bulk'  
SPR device has been studied before [27]. However, a 
waveguide SPR sensor for use in the aqueous environ- 
ment is also partly governed by consideration of the 
stability and inertness of the metal film to the external 
environment. If  the optical properties of  the film change 
with time then the performance of the sensor will 
degrade. Gold has been chosen because it is very inert 
and, with suitable treatment of  the glass substrate, can 
be made extremely adhesive. In addition, gold films 
provide excellent electrodes for electrochemical studies. 

The first design goal was to produce a sensor design 
that was capable of  operating in water and was simple 
to manufacture, and investigations centred around find- 
ing a suitable substrate glass and operating wavelength. 
During the design process the waveguides were as- 
sumed to have a depth of 2 ~tm and a surface refractive 
index change of approximately 0.01, compatible with 
the use of  potassium ion exchange. Fig. 4 details the 
structure and performance of a sensor capable of  oper- 
ating in water at a wavelength of 633 nm. The use of  a 
short wavelength lowers the value of the superstrate 
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index at which phase matching to a surface plasmon 
occurs, and Fig. 4 shows that for the given device this 
occurs at an index of 1.346. The wavelength is also 
chosen to be compatible with the availability of simple 
semiconductor sources and the need to operate at a 
frequency below the plasma frequency of gold to ensure 
enough damping to create a surface plasmon. 

Fig. 4 details the variation in the normalized output 
power of  the sensor as a function of the superstrate 
index. The figure also shows the change in the normal- 
ized output power when a thin layer, of thickness 7 nm 
and index 1.47, is adsorbed to the surface of the metal 
film. It is evident that the peak changes in output power 
occur when the rate of  change of the output power with 
the superstrate index is greatest. This corresponds to a 
point approximately half way down the dip of  the curve 
of output power against superstrate index in Fig. 4(a). 
For this design a peak change in normalized output 
power of  8.1% occurs at a superstrate index of 1.330. 
Such a change in output power is readily measurable 
and indicates that the sensor is operable in water. This 
design has been optimized in terms of the thickness of  
the gold film and substrate material, but not in terms of 
the waveguide or the length of the gold film. 

In addition to the large sensitivity at a superstrate 
index of  1.330, Fig. 4(b) shows another region of high 
sensitivity around a superstrate index of 1.352. A sec- 
ond sensor design employs a dielectric buffer layer to 
relocate this peak to a superstrate index close to that of 
water, and increases its magnitude. The structure and 
performance of this sensor are detailed in Fig. 5. This 
device generates a maximum change in output power 
on adsorbing a thin layer of  21.4% at a superstrate 
index of 1.332. It must be emphasized that this is with 
respect to the input power and that this is achieved 
against a background transmission of 26.2% in the 
absence of the thin film. In this instance, the sensor is 
constructed using a gold film 64 nm thick and a buffer 
layer of refractive index 1.29 and thickness 328 nm. 

Fig. 6 displays the TM mode H, magnetic field 
profile for a superstrate index of 1.332, close to that of  
water, at a wavelength of 633 nm [28]. The mode has a 
loss of  38.3 dB c m -  ], indicating that the useable length 
of the device would be several millimetres. Considering 
the two gold/dielectric interfaces in the device, the field 
intensity is greater at the 'outer '  interface between the 
gold and the superstrate material, illustrating why the 
design has high sensitivity. 

4. Waveguide transmissivity experiments 

To validate the waveguide design tool experimentally 
the output powers of  gold-clad potassium ion-ex- 
changed channel waveguides fabricated in soda-lime 
glass were measured as a function of the length of the 
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Fig. 5. Performance of  a waveguide SPR sensor based on a low 
refractive index substrate glass, employing a dielectric buffer layer of 
index 1.29, and operated at a wavelength of  633 nm: (a) normalized 
output  power  and (b) change in normalized output  power  vs. super- 
strate index. System parameters:  guide index, 1.47; guide depth, 2 pm; 
substrate index, 1.46; film thickness, 7 nm; film index, 1.47; gold 
thickness, 88 nm; gold length, 1.5 mm; , / =  633 nm. 

gold film. The substrate glass was chosen for the ease of 
wave-guide fabrication and the low cost of  the unpro- 
cessed slides. The length of the gold film was varied 
from 1.5 to 5.4 mm, in 100 pm steps, over a total of  40 
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waveguides, each with a width of  2 gm. The experiment 
was performed on devices using two superstrate indices, 
namely, those of air and of water. 

Light from a 10 mW linearly polarized He Ne laser 
operating at 632.8 nm was passed through a polarizer 
and end-fire coupled into the waveguide under test. The 
coupling was then optimized for the waveguide under 
investigation. The output from the given waveguide was 
focused onto an optical power meter and readings were 
taken for each of the 40 waveguides in turn. Air was 
used as the first superstrate material; subsequently, a 
silica cell was mounted over the gold film and filled 
with deionized water. This procedure was sufficient to 
create a water superstrate over the gold film. The 
measurements were then repeated on each of the 40 
waveguides. 

The experiment was carried out for three devices 
with different thicknesses of gold films, namely, 45,. 60 
and 76 nm, respectively. The variation in the thickness 
of each gold film was determined to be _+ 10% of the 
quoted thicknesses over the area of each of the gold 
films. 

Logarithmic plots of output power against gold film 
length were then generated. Least-squares-fit regression 
lines were fitted to each plot and the slope of the lines 
and their standard errors determined. In each case, data 
from damaged or high loss waveguides were ignored. 
An example plot, including device parameters, is shown 
in Fig. 7. Each curve is labelled with the device super- 
strate index. The remaining data are given in Table 1 
with theoretical predictions for comparison. 

Logarithmic plots of the transmission of the wave- 
guides are linear, as would be expected, and have a high 
degree of correlation. The TE modal results show the 

Table 1 
Experimental and theoretical rates of change in transmission through 
gold-coated waveguide SPR devices as a function of  the length of the 
gold film 

Gold Superstrate Mode Experimental Theoretical 
thickness index slope slope 
(nm) (dBmm - t )  (dBmm i) 

45 1.000 TE -0 .40  + 0.08 -0 .35  
TM -2.41 +0.08 -2 .92  

1.332 TE -0 .42  _+ 0. I0 -0 .36  
TM - 8.75 _+ 0.44 - 6.54 

60 1.000 TM -2 .14  + 0.08 -2 .68 
1.332 TM -4 .07  _+ 0.12 -4 .68 

76 1.000 TM -2 .59  _+ 0.14 -2 .53 
1.332 TM -4.25_+0.14 -3.31 

least correlation due to the small change in transmis- 
sion through the waveguides with gold length. This is 
because the TE modes will not form a surface plasmon 
and do not strongly interact with the gold film. Whilst 
each curve contains the coupling and waveguide losses, 
these are unimportant as it is the slope of each curve 
which is compared to the theory. It is clear that the 
slopes of  the curves are greater with water than with air 
as a superstrate, as predicted. An exact comparison 
with the theoretical data produced by the waveguide 
design tool and the experimental data listed here is 
difficult to make, due to some uncertainty in the mod- 
elling data. Specifically the true waveguide parameters, 
the optical constants of the gold films and the super- 
strate index are not perfectly known. A systematic error 
will also be introduced into the theoretical predictions 
by the use of the step-index slab waveguide approxima- 
tion of the waveguide design tool. However, in general, 
the experimental results are in good agreement with 
theory and are encouraging for future work. 

5. Conclusions 

A rigorous waveguide design tool which predicts the 
behaviour of metal-clad planar waveguide SPR sensors 
has been established. The model describes the excitation 
and the propagation of modes in the metal-clad region, 
resulting in the determination of the device transmis- 
sion in the presence of sensing films. Two sensor de- 
signs for aqueous analytes, operating at around 
633 nm, have been generated and similar sensors may 
be designed for semiconductor sources operating near 
this wavelength. One design is extremely simple and 
may be used where optimum sensitivity is not required; 
the other design incorporates a low-index buffer layer 
and offers greater sensitivity. Simple planar waveguide 
SPR devices have been fabricated and tested against the 
model and agreement with theory is generally good. 
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Further optimization of these devices, particularly in 
respect of the waveguide parameters, gold film length 
and detection system is in progress. It is expected that 
utilization of this model will lead to the design and 
realization of waveguide SPR sensors applied to 
monitoring low concentrations of organic pollutants in 
water. 
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