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1. Introduction ‘

The use of vpucal waveguides in optical sensors ofiers numerous advantageous features such
as small size. ruggedness, potential for realising various opiical functions on a single chip
(ntegration with other optical components), multichamie! sensing ere. The first imegrated
optical sensors based on the principle of a surface plasmon resonance (SPR) have been
described in late eighties {1, 2]. Since then, integrated optical SPR sensors have been
intensively studied and SPR sensing devices using slab waveguides, channel waveguides and
even more camplex channel waveguide structures have been developed (3, 4, 5, 6, 7). As the
cxcitation of surface plasmons in guided-wave struciures is more complicated than in bulk-
optic configurations such as attenuated total reflection method, more sophisticated modelling
tools are required for the design and optimisation of SPR integrated-optical sensing structures.
For modelling properties of integrated-optical waveguide SPR sensing devices, various
methods based on the analysis of properties of waveguide modes have been recenty used
which differ mainly in the assumed complexity of the interaction arnong surface plasmon

waves (SPW) and waveguide modes.

This is the purpose of this paper to analyse the phenomenon of excitation of SPW’s in a
simple integrated-optical waveguide structure, and also w0 compare the performance of
existing modelling approaches. We compare here methods developed independently at four
Jaboratories actively working in this field: MESA Research Institute of the Universitv of
Twente (UT), the Opiical Rescarch Centre of the University of Southsmpton (ORC), the
Institute of Radio Engincering and Electronics of the Academy of Sciences of the Czech
Republic, (IRFE;. and the General Physics Institute of the Russian Academy of Sciences
tGPD. In the first stage, the process of  excitation of a SPW in a waveguide structure is
descinbed yualitatively, based on the analysis of modal propenties of waveguide modes and
SPW's. Then. « rigorous approach to analysis of light propagation through a waveguide
structure with @ metal overlayer supporting SPW’s is formulated, as an application of a bi-
directional mode expansion propagation mcthod [8]. As the back-reflections in the struciure
are found 1o be very weak and most of optical power is transmitied by only a limited nwnber
of modes of the sensing structure, the methed can be considerably simplified.

2. Surface plasmons

A surfuce plasmon wave (SPWy s a strongly localised electromagnetic surfuce wave that
propagates  along the planar fiterface between the metallic and  diclecizic media Its
propagation constant may be expressed as
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where k; = 27/4 is the angular repetency (the wave numbcr) A is the free space wavelength,

(1)

£, are relative permittivities of the dielectric and inetal, respectively. The
permittivity of metal is generally complex, £, = £, +ic],. The surface plasmon may exist if
the real part of the permittivity of the metal is negative and €, < —£,. The surface plasinon
wave is a TM-polarised (or p-polarised) wave. If the Cartesian co-ordinate system is
inroduced in which x-axis is perpendicular to the interface and the wave propagates in the z-
dircction. vnly the electromagnetic ficld componenis £, K., and H are non-zero. The

and &4,

eleciromapnetic ficld decreases exponentially with the distance from lhc Interface, with the
penetration depths of

;= —l—Rc{/m+£d}, [ =L Re ML 2)
kufd -

into the dicleciric and metal, respectively. It is this sirong localisution of energy of the SPW
that makes its application for optical sensing atuaciive.

2.1.  Surfacc plusmon waves supported by a thin metal layer

Solutien of the eigenmode cquation for a thin metal layer surrounded by two dielectric
materials (see insert in Fig. 1} leads to two guided cigenmodes, If the metal layer thickness is
large compared 10 1, these eigenmodes are basically the two SPW's localised at the
boundarics of the metal layer propagating with the propagation constants given by (1). If the
the metal layer is rather thin, the two SPW’s supported by a single interface become mutually
coupled , and therefore the eigenmodes supporied by a thin metal layer depart from the
isoated SPW's and exhibit more complex properties of their propagation constants and field
distributions. If the dielectrics on both sides of the meial layer are identical, the field
distribution of these eigenmodes is symmelric and antisvmimetric. Unlike the case of modes
guided by a diclectric slab waveguide, the propagation constant of the anitsymmeiric SPW
eigenmode s larger in both real and imaginary part than that of the symmerric SPW
cipenmode. The antisymmeuric mmode is sometimes referred as a “shorl-range™ SP, and the
symmetric one as a “long-range” SP. In a more general case of different diclectrics at both
sides, thesce properties are essentially preserved, which makes it plausible 10 use the terms
“antisymetric” and “synunetric” SP in a wider sense even for asynvuettic structures.
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Fig. 1. Propsgation and loss constants of SPW's supported by a thin gold layer. f3i and Ps. or bl and bs
correspond to long-range(* syiruuelic”), and short-renge (Cantisvimmeiric”) SPW's, respectively. The wavelenglh
is 633 un,
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The transversal distribution of the module of the transversal component of the magnelic vector

[HV (,x‘)] of bouth antisymmetric and symmetric plasions (in this wider sensc) supported by a

gold film 50 nmy thick is illusyated in Fig. 2.
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Fig. 2. Magaetic ficld distribution of shott-range and long-range surface plasmons propagating along a gold tilm
50 nm thick surrounded with dielectrics of refractive indices ng = 1.478 and na = 1.40. Left - real part, right —
inaginary part (note the difference in vertical scales). The wavelength is A = 633 nim.

Let us note that when gradually reducing the mewl Jayer thicknesses, the symmetric SPW
ceascs to exist as a guided wave bound to the metal layer. This criticul imetal layer thickness is
the larger the greater 1s the asymmetry of the structure.2.2. Modes supported by a dielectric
waveguide with a thin metal overlayer
As a model waveguiding system we will anaiyse a simple waveguide configuration (Fig.
3) consisting of a (single-mode) thin-film planar waveguide with a thin metal overlayer.
Fi s F;

analyte, n,
metal, ny = 0.197+/.3.466

guiding fiilm, 2 pm, n, = 1.478

aubslrate, n; = 1.471

L=2mm !
_—
Fig. 3. Basic structure of 2 waveguide SPR sensor, £ ave the input and oulput singlc-mode filtn waveguides, S is
the sensing scction supporting the SPW’s,

First the principle of the sensor will be elucidated in a qulitative way, afler that the
performance will be caleulated, applying miethods well known from integrated optics for
telecommunication components. The light is entering the system froin the left as a guided
mode of the monomodal section ;. Having approached the transition 10 the sensor section S,
the way the light will continue propagating will change, because the field of the incoming
mode 15 no more an ciganmode of the sensor sechion. What happens Is that this incoming
made is decomposed inio all guided and radiation modes of the sensing section S, power
distribution among these modes being dependent on the field profiles of all modes involved in
the decomposition and thus on the physical siruciure of both sections. At the abrupt
waveguide transition, a continuwn of radiation modes can be excited, too, but the power
transferred to thein will be relatively Jow. Power distribution among the modes as well as their
attenuation arc strongly dependent on the value of the parameter to be sensed, which is in this
case the refractive index of the analyte. Arriving 10 the next transition S—F», power of these
modes is partially transferred to the guided mode of the output section Fj. It s this output
power of the device that bears the information on the refractive index of the analyte.

Los
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Fig. 4. Modified SPR waveguide structure enclosed between magnetic walls.

The eigenmodes of the sensing section of the waveguide SPR sensor (Fig. 3, section S)
can be accurately determined using a transfer matrix approach |9, 10]. A complication can
arise when a part of the power of the radistion modes arriving at the sccond transition should
be transfuired to the guided mode of the output section, too. This transfer can hardly be
accounted for in an exact way. A good and handsome approximation of the real situation can
be obtained by enclosing the waveguide structure by two “magnctic walls™ that force 10 be
zero there. It is a standard procedure used to discreilse the continuous spectrum of modes of
open dielectric waveguides [11]. In this way we also cxclude leaky modes that are
unimportant in our application. In order to suppress the reflections of the waves from the
magnetic wall at the subsirate side, strongly absorbing layers as shown in Fig. 4 can be used.
The reflection from the magnetic wall at the side of an analyte is nepligible as the field is very
weak there (see Fig. 5.). Strictly speaking. a// modes of the modified structure in Fig. 4 are
gutded in the nigorous sense of the word. However, in the following we will use the term
“guided modes™ only for modes that are guided by the open waveguide structwe in Fig. 3, ie,
thosc localised close to the waveguide fayer,

Our calculations will concern the performance of the SPR integrated optical systems with
various valucs of the thickness of the metal layer, nammely 30, 40 .50 and 60 nm, and the
refractive indices of the analyte n, varying in the range of 1.3 to }1.45. In this range of
paramclers, the propagation constants and field distributions of “guided modes™ of both
waveguide structures in Fig. 3 and Fig. 4 are nearly indentical.

The analysis shows that three or two guided TM-polarised modes exist in the waveguide
structure, depending on itsparameters. The Jowest mode (denoted as TMy) corresponds to the
antisymmeitric short-range SPW with a very high modal attenuation, and with a considerably
higher effective refractive index than the other guided modes. The next two higher order
modes represent hybrid modes exhibiting both features of guided mode of a diclectric
waveguide and surface plasmon waves. It should be noted that inore synuneiric strauctures and
those with thicker metal layer support two such hybrid modes while more asymmetric
structures and those with thinner metal support only one. More specifically, for the lowest
refractive index of an analyte of 1.30, only the next higher mode TM, is also guided (i.e.,
localised near the guiding layer); for higher refractive index of analyte », of 1.37 and a thicker
gold layer also the third mode TM; is guided: for #, = 1.40 the IM; mode is guided for beth
lower and higher gold thicknesses. With increasing #, the character of the TM,; mode changes
frem that similar to the guided mode of the waveguide to that resembling more the synunetric
SPw.
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Fig. 5. Ficld distribution of the lowest-order TM normal modes of the planar waveguide structure supporting
SPW’s. The parameters are given in the graphs. The TMg muode is shown only for 1, = 1.30 as its character is

ondy very weakly dependent of n,,.

The dependence of the effective refractive indices and loss coefiicients of four lowest-
order modes of the sensing section S of the “enclosed” waveguide structure (Fig. 4) on the
refractive indeX of the analyte n, are plotted in Fig. 6. It is apparent that while the lowest-order
mode — the antisymimetric surface plasmon TM, -—— remains unaffected by the presence of
the waveguide. it is not the case of the higher-order modes. We observe two different types of
behaviour of the guided modes when varying the refractive index of analyie. For rather thin
metal Jayers (see plots for 30nm and 40nm thick gold), as a result of the excitation of SPW,
the waveguide modes undergo modal transformation and are reduced to higher order modes
when decreasing the refractive index of analyte. In structures with rather thick metal lavers the
modes maintain their identity and the interaction with SPW is reflected by resonantly
enhanced losses of the modes. The refractive index at which the modal transformation or
resonant attenuation oceur depends on the metal layer thickness. and is the smaller the higher
is the meta) thickness talling within between 1.39 for 30 nm thick Au layer and 1.36 for 60
nm thick Au layer. This is a consequence of the fact that the propagation constant of the

AV 4]



Do0E S (T e G200 2 SERILzD URE s

symmctric SPW increases with increasing the metal layer thickness and decreases with
decreasing refractive index of analyte so that these two effects may cancel out each other.
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Flg. 6. Modal behaviour of four lowest-order modes of the sensing section S of the waveguide structwre in Tig. 4.

3. Modelling transmission through a SPR waveguide sensor

For the design of amplilude waveguide based SPR sensing structures, the dependence of
the total optical power transfer from the input waveguide to the output waveguide on the
refractive index of analyvie needs to be determined. In our modelling we assumed that both the
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input and output waveguide sections (denoted as I in Fig. 3 and Fig. 4) are single-mode and
the input section is excited by its cigenmode. The task is 0 caleulute the dependence of the
outpul power carried by the mode of the output waveguide on the refractive index of the
analyte, n,, for values of the metal (gold) thickness of 30, 40, 50 and 60 un. The length of the
sensing  section s 2 mim, the  permituvity  of  gold is  considered to  be
&= -11.836107 — 1.3577247 at the wavelength of 633 nm.The task was solved independently
at four research laboratories (UT, ORC. IREFE, and GPI). All the groups uscd, in principle, the
saine clgenmode cxpansion and propagation approach in the approximation of which the
multiple reflections in the structure are neglected. In order to checkh the validity of this
approximation, IREE used the rigorous BEP method (8,12] to calculate the total back-
reflection in the enclosed waveguide structure. It was found that the back reflected power was
always below -30dB, typically in the range of —~10dB 10 —60 dB, without observable
interlerences while slightly changing 7, and thus the propagation constants of modes.

Neglecting multiple reflections, the power transfer through the waveguide structure can
be expressed by a simple expression

<
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b i
where a;{0) and @, (L) are the complex amplitudes of the fundamental mode of the input and

output wavcguide ([7), respectively,
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are the couphng coctlicients of the fundamental mode of the input and output section ¥ and
the p-th mode TM, of the sensing section S, Here, Efn.ﬁlj,“(, and Ej/,, H;P arc the

transversal components of the mode fields in the waveguide sections # and S, respectively. If
all modes of the section S are taken into account, it holds

ZCD;}ZI' (5)
r

ORC and GPI used this approach for the simulation of the open structure (Fig. 3) with all (i.e,
cither two or three) localised modes of the sensing section S In the calculations performed at
the U'T the contribution of the asymmeirical surfaceplasmon mode to the power transfer has
been deliberatly neglected becausc they estimated it 1o be relatively small. Also they did not
calculate attenuations over ~60 dB because they were considered 1o be out of the scope of
practical measuveinents. IREE used 135 lowest order modes of the enclosed waveguide (Fig.
4). It was verified that turther increase in the numnber of modes did not lead to notable changes
in the results. The calculated results are plotted in Fig. 7.
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Fig. 7. Dependence of the relative power transfer of the waveguide SPR sensor on the refractive index of the
analyte, 1. ns caleulated by four laboratorices.

4. 4 Discussion an conclusions

It may bc concluded from Fig. 7 that all the methods give esscntially identical results.
Apparently the method used by IREE relying on considering a larger number of modes (of an
“enclosed” structure) differs from the other methods in the resonant regions where the power
transter of about and less than —60 dB was determincd. This difference can be explained by a
very simall power cairicd by higher-order modes that are neglected in other methods. It may be
objccted that residual reflections from the magnetic walls in the “enclosed” structure can
increase the power transfer at the resonance significantly. To investigate this. we repeated the
calculations for scveral different positions of the “walls™ to allow the reflected waves to
combine with different phases. It lead to changes in the order of a few dB in the detailed
shapes of the curves only at the power levels below approximately —60 dB. We can thus
conclude that the results presented in Fig. 7 are accurate up to thas level.

As the resulis of UT does not differ copgnisably from others, it ineans that the
approximation of neglecting the power transfer to the shoit range SPW (TMy) is correct. It is
the consequence of both its very strong attenuation and very low overlap with the guided
modc of the input and output waveguide scctions.

We can thus conclude that in systems like this the power transfer 1o the asymimetrical
mode and to radiation modes can be neglected in a very good approximation, and its sensor
performance can be calculated by taking into account hybrid modes of the sensor section only.
Also somce explicit conclusions can be drawn for the performance of the device. In all sensors
there are two regions where the dynamic range of the output power is =50dB for a refractive
index change of about 0.02 Variation of the metal laycr thickness causes small shifts of these
regions, while also the resolution changes somewhat. Hence the thickness of the metal layer is
alyo one of the paramcters suited for tailoring the device to specific applications.
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