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Abstract: We propose a novel configuration for a highly integrated and
highly sensitive optical biosensor. The basic element ef sknsor is a
surface plasmon interferometer consisting of a thin layegyotd embedded

in a silicon membrane. We investigate the performance of shesor
by simulation using eigenmode expansion. We calculate itbfactive
index changes in the order of 19 RIU should be easily detectable for
a component of length 1fim. Moreover, we illustrate that the operation
wavelength of the sensor can be easily tuned to a desiredevaik for a
wide range of environmental refractive indices, making @evice suitable
for chemo- and biosensing.
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1. Introduction

The use of surface plasmon resonance (SPR) for biologichthamical sensing is well es-
tablished [1]. The high sensitivity of this technique tofase phenomena makes it ideal for
use in real-time and label-free biosensors where very sshaliges in refractive index must be
detected. Driven by the vision of a laboratory on a chip asidhifpact in numerous applications
such as detection, biosensing, kinetic and binding stuahesoint-of-care diagnostics, exten-
sive work has been done to miniaturize SPR biosensors. Ipastedecade, several integrated
optical SPR sensors have been demonstrated [2, 3, 4], ifHiicgold films serving as a plat-
form for the attachment of sensing films are deposited ontap mtegrated optical waveguide
system. However, all integrated SPR sensors that have beestigated so far are fabricated in
a material system with a low refractive index contrast [24,35], keeping typical dimensions
of waveguides and optical components too large for minizdtion and consequent lab on chip
applications. Working with a high refractive index matésgstem such as silicon-on-insulator
is a more straight-forward approach to meet the requiresnfemthigh-level integration and
high-throughput fabrication.

A high index contrast material system puts fundamentalt$ing the resonant excitation of
surface plasmons at a gold-water surface. Phase-matchiggided waveguide modes with
surface plasmon modes can be obtained, but only for modésaniteffective index that is
much lower than the refractive index of the waveguide. Meegegthe operating spectral range
of such a device will be limited and set by the conditions foage-matching, as is the case in
conventional SPR waveguide sensors.

In this paper, we propose a novel configuration for a bioseinssilicon-on-insulator (SOI)
[6]. The basic element of our sensor is a surface plasmorfénteneter consisting of a thin
layer of gold embedded in the silicon membrane. The workitgciple of this interferometer
will be outlined in detail in Section 2. In Section 3, we shdvatt our sensor has a highly
customizable behavior. We define a set of design paramétarsfiow to tune the operation
of our sensor to a desired wavelength range and/or to a desirge of analyte refractive
indices. Finally, in Section 4, we investigate the senigjtiof our sensor for bulk refractive
index changes and for the addition of thin dielectric filmgressentative of protein layers.

2. Theory

Using interference as a a means to detect refractive indemgds is not new, and integrated
sensors using this principle have been realized in lowxifidand high-index material systems
[8]. Their working principle is based on the fact that refiee index variations induce a phase-
shift in one of the arms of the Mach-Zehnder interferomef&Z1j, this phase-shift results in
an intensity variation in the output waveguide.

| O[1+V cogAg)] (1)
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whereAp = (@ — @) is the phase shift between guided modes in the sensing arthanefer-
ence arm. The visibility factoM) gives the contrast between the maximum and the minimum
transmitted intensity and depends on the coupling factahefdivisor and the propagation
losses of guided modes in the interferometer arms.

The same principles can be applied to a surface plasmorfiaraareter. A sketch of our de-
vice is depicted in Fig. 1. The interferometer consists obll dayer (refractive index taken
from [9]) embedded into the silicon membrame= 3.45) on top of a supporting silica layer
(n= 1.45), all dimensions and length scales are depicted in thegfigine high degree of asym-
metry associated with the gold layer (top interfade 1.33, bottom interface = 3.45) assures
that the surface plasmon modes associated with the uppeloaed of the metal-dielectric
interfaces will never be able to couple, their wavevectdfferdtoo much. So the gold layer
possesses two distinct surface-plasmon modes which paigé#yough the structure without
influencing each-other. Exciting these modes is done byfieadoupling from a regular SOI
waveguide with the transverse-magnetic ground mode [10Sblone can see that this device
is in fact an interferometer. Two independently propagpsiarface plasmon modes are excited
at the beginning of the gold layer, they propagate indepethgddrough the structure, the phase
of the top surface plasmon mode is influenced by the refraativex of the environment, while
the phase of the bottom surface plasmon mode is insengitigey refractive index changes.
At the end of the gold layer both surface plasmon mode exb#egtound mode of the SOI
waveguide, depending on the relative phase of the surfasenan modes their contributions
to the ground mode will interfere constructively or destiedy.
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Fig. 1. Schematical setup of the proposed structure, all dimensign®in

To have a good interferometer both ‘arms’ should be singldeneaveguides. Only two dif-
ferent modes should be allowed to propagate through thetste) the sensing surface plasmon
mode at the top and the reference surface plasmon mode atttbenbFor the upper path it is
evident that the surface plasmon mode at the gold-diete@trithis case: water-) interface is
the only guided mode that is supported. For the lower pathishiess evident. However, one
should take into account that the presence of the gold lafkrences the cut-off properties
of the silicon slab waveguide. Figure 2 plots the effectivéices of all guided TM modes of
a silicon membrane slab waveguide with and without a thin 80gold layer on top. While
the unclad waveguide has an index-guided mode for all tléskes considered in this plot, the
gold-clad waveguide has a cutoff thickness for index-gdidedes of about 236m. For all
thicknesses below this value, only the internal surfacemta mode remains. So if we chose
the thickness of the silicon layer lower than 230 nm, the éwlty modes that exist in the gold-
clad waveguide section are the internal and the externéciplasmon wave, ensuring that
both ‘arms’ of the interferometer are monomode.

A second important contribution to the visibiliyy is the coupling between the incoming
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waveguide mode and the modes that propagate in both ‘armeur case this means that we
have to calculate the coupling efficiency of the fundamehtaimode in the silicon waveguide
to the two surface plasmon modes at the upper and lower gtédfaces. Coupling losses
between the two regions were calculated by evaluating teelagy integrals of the modes in
guestion. The coupling losses are plotted in Fig. 3 for diffe configurations of the sensing
section. When the gold layer is not embedded but simply pubprof the silicon membrane,
the coupling efficiency to the upper and lower surface plasmodes differ strongly. However,
by embedding the gold layer into the silicon membrane, thupliog efficiency can be adjusted
over a very large range. Although it is possible to divide itgut light equally over both
branches of the interferometer, due to the difference ipagation loss of both surface plasmon
modes this is not desirable.

Dispersion guided modes as a function of Si thickness

3,7

ot
P -
oo

w
o

o Internal Surface Plasmon Mode
o Guided mode gold-clad waveguide
©  Guided mode unclad waveguide

— — Lightline silica

)
9

Effective index

\
i

hY
k

s T o
o000 — ——

0.16 021 0.26 031 0.36
Thickness Si layer [pm]

Fig. 2. Dispersion of the effective indices of the guided modes as aifunaf the waveg-
uide thickness. The presence of the gold layer on top of the waveguiftiethl effective
index of the index-guided mode to lower values. For a waveguide thiskofez30 nm the
effective index of this mode is smaller than the refractive inde®i@ so that this mode
starts to radiate into the silica. For thicknesses below 230 nm the gol&Sclaaveguide
has no index-guided modes.

Figure 4 illustrates the interferometric nature of our deviFor a sensing section of length
10 um, the transmitted intensity of the fundamental TM mode efgliicon slab waveguide is
plotted as a function of refractive index of the sample medi&or this simulation, we have
chosen a wavelength of 1.58n, which is in the near-infrared region and suitable for biasng
applications. When the upper and lower surface plasmon nardes in phase at the end of the
sensing section, constructive interference leads to mebtimnsmission. However, for certain
values of the sample refractive index, the phase differémteeen the two modes equats
resulting into destructive interference and a minimum mtfansmission curve.

Although the theory as outlined above has been presenteditrea fixed wavelength and
variable refractive index of the sample medium, there iscise, and perhaps more useful,
method of using this device. As outlined above, the first metis to use a monochromatic
input mode and monitor the output power as a function of tifiacéve index of the sample.
This detection approach is commonly called ‘intensity nieasient mode’ [12]. The second
mode of operation uses a broadband input mode and as a fuctioe refractive index of the
sample medium we monitor the position of the spectral mirimthe transmission curve. This
approach has been called ‘wavelength interrogation maudie literature [12]
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Coupling Loss as a function of Si thickness
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Fig. 3. Coupling loss to surface plasmon modes as a function of the wiaeethickness.
The input waveguide has a thickness of 220 nm, the thickness of theeBidapporting
the gold layer varies from 220 nm (Si layer is equally thick as the Si layeranrtput
waveguide) to 0 nm (Au layer is on top of tis0, layer).

Transmission as a Function of Refractive Index
Refractive Index
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Fig. 4. Transmission of the structure depicted in Fig. 1. The length of thetste is 10
um

In Fig. 5 we have simulated the response of the structure shiowrig. 1 to a broadband
incoming waveguide mode. The refractive index of the sanmpéglium is fixed at a value
of 1.33. This behavior can also be explained by comparing theeptidierence between the
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internal and the external surface plasmon modes as can hénstbe bottom of Fig. 5.

Transmission as a Function of Wavelength
Wavelength [pm]

Transmission [dB]

Phase [rad]

- 1 1 -

Wavelength [pim]

Fig. 5. Transmission of the structure as a function of the wavelength

In both modes of operation a sensor length of approxima@|yrh should suffice, which is
two orders of magnitudes smaller than current integratefdce plasmon sensors.

3. Design Principles

The resonance wavelength or resonance refractive indeRRfsgnsors can be tuned to some
extent by using buffer layers between the dielectric waidgylayer and the gold layer or by
choosing the appropriate metal[2, 4, 5, 13]. The fact thatdmvice is based on interference
rather than phase-matching allows one to tune the respdribe device much more easily.
There is no need for additional buffer layers, or a diffenemgtal to achieve the appropriate
behavior, one simply has to modify the geometry of the device

As will be shown below the device is characterized by thregartant design parameters. In
the following section we will describe the design parangter establish some design rules for
this device.

The first, and perhaps most important design parameter igtiggh of the sensing region.
By varying the length one can tune the visibility and the position of the peaks. However, as
will be shown below, the length of the device has to satisfy tifferent equations.

The wavelength ,or refractive index of the sample-mediwn,which the transmission is

minimal are completely determined by the following equatio
‘((Pf(intern,in) =+ @orop,intern + (pr(in,intern))_ @)
(@r (extern,in) + Borop.edern + @r (inecern) )| = TT,

where @r intern,in) is the phase difference due to the coupling of the incomitigosi waveg-
uide mode to the internal plasmon mo@gqp intern iS the phase due to the propagation of the
internal plasmon mode along the sensing region, &g ern) is the phase difference due to
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the coupling of this internal plasmon mode to the silicon @gude mode. Because of reci-
Procity @r (intern,in) = @r(iniintern)- Similar definitions hold for the external plasmonmode.ndsi
this equation one can easily tune the position of minimaidnaission to a desired frequency or
refractive index range.

To achieve total destructive interference the losses ad@uty path should be the same, so
that at the end both interacting modes carry the same ambpaot@r. These conditions ensure
that the visibilityV will be maximal. Depending on the wavelength or refractiveex for which
one would want the transmission to reach a minimum, it isegsiitaightforward to prove that
the optimal length is given by

- 1 1 \T(intern,in)|2
L — k?([ernal _kiintel’nal |Oge|og <|T(extern,in)|2 ’ (3)

wherek™ema and k®end are the imaginary parts of tHevector of the internal and the
external plasmonmodd,(intern,in) andT (extern,in) are the transmission coefficients of the
incoming dielectric mode to the internal and the externabpion modes at the chosen fre-
qguency or refractive index for which the transmission stidad minimal.

Equation 2 provides us with a multitude of possible lengthisesponding to the order of
the interference effect, equation 3 only provides us with single possible length. By varying
only the length of the device it is impossible to satisfy betuations at the same time. This
automatically brings us to the other two design parametensiely the coupling sections and
the thickness of the gold layer.

For a given wavelength or refractive index, one can see frgnaton 3 that it is possible to
change the length for which the power along both paths isdheesIn order to do so we have
to change the values ¢ (extern,in)|?, and|T (intern,in)|, which can be done by reducing
the thickness of the silicon layer in the sensing region éashe seen on Fig. 3). This provides
us with an extra design parameter, which allows us to sabisfly equations more accurately.

Enhancing the coupling to the external plasmon mode, andiimgdso minimizing the ratio

Y
% results in other significant benefits, such as a smallersdaisgth, an increased

sensitivity of the sensor, and an overall higher transmoissi

There is one fundamental limit however. Since the innermt@asmode is propagating in a
high index region its intrinsic loss will always be higheaththe loss of the external plasmon
mode (for a wavelength of.85 um, and a refractive index of.2, the loss of the external
plasmon mode is equal ta@ dB/um while the loss of the internal plasmon mode equals
1.79dB/um). Because of this the coupling to the inner mode should aveaygreater than the
coupling to the outer mode. However, simulations show thiatis not a major drawback as the
sensitivity of the structure is up to par with current seasseven though only half the incoming
power is affected by refractive index changes.

If the above mentioned equations are not yet fully satisfieccan also change the thickness
of the gold layer. The effects of changing the thickness efgbld layer are relatively small
compared to the effect of other design parameters, but tfeyasge enough to allow us to
satisfy both equations.

Using these simple rules we have optimized the sensor @gjiitfig. 1 so that the transmis-
sion would be minimal for a refractive index of the sample medof 1.33, and a wavelength
of 1.55 um. In the optimized design the thickness of the silicon meméiia equal to 10hm,
and the length of the device is equal t®@B5 um. Simulation results for this device are shown
in Fig. 6.
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Transmission as a function of Refractive index
Refractive index
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Fig. 6. Simulation results for the optimized structure

4. Sensitivity
4.1. Smulation

We investigated the sensitivity of our sensor to bulk refv@dndex changes and its sensitivity
to the addition of a thin dielectric film representative of ratpin layer. For all our simula-
tions, we used CAMFR [14], an in house-developed eigenmoteis[15]. The calculation
algorithm consists of two steps. A Fourier Modal Method attpon, which was recently im-
proved by incorporating adaptive spatial resolution inrttethod[16, 17], generates estimates.
These estimates are then refined using the mode-matchimgjgee. The reference data for the
refractive index of gold was taken from [9]

4.2. Sensitivity

If we take the intensity measurement approach to deteetatdfe index changes we can calcu-
late that the sensitivity for this device reaches value000DdB/RIU (refractive index unit).

In conjunction with an optoelectronic system which can meagshanges in the optical power
of 0.01dB, variations in the refractive index as small as 48an be measured. Prism coupled
SPR sensors with detection limits o&110-° have been demonstrated , value taken from [12]),
while grating coupled sensors typically have a detectiamitlof 5 x 107° RIU. Integrated
sensors based on the MZI configuration display measuredtaetdimits of 7x 106 RIU
[8], while integrated surface plasmon resonance sensdo®/imdex contrast material systems
achieve measured values of 200B/RIU, this corresponds to a detection limit of&10~®
RIU [4]. However, the dimensions of our device are two oragmnagnitude smaller than the
aforementioned devices. This means that the smallest arobarcertain molecule that can be
detected will also be two orders of magnitude smaller tharecu integrated surface plasmon
Sensors.

Taking the wavelength interrogation approach, sensgjtigilefined as the shift of the wave-
length for which transmission is minimal as a function of th&active index of the sample
medium QA /RIU). The value of the sensitivity can be derived from Fig. 7.

From Fig. 7 one can see that the shift of the wavelength foclviriansmission is minimal
as a function of the refractive index of the sample mediungisaéto 4635 nm per refractive
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Transmission minimum as a function of bulk refractive index
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Fig. 7. Shift of the wavelength for which transmission is minimal as a functibthe
refractive index of the sample medium

Transmission minimum as a function of layer thickness

1,5404 b
1,5399 1
1,539%4 1
1,5389 1
1,5384 1
1,5379 1§
1,5374 1

1,5369 1

Wavelength at transmission minimum [ptm]

1,5364 1

02 04 06 038 1 12 14

Layer Thickness [wm)]
Fig. 8. Shift of the wavelength for which transmission is minimal as a functibthe
thickness of the absorbed layer

index unit. According to [12] a prism based sensors has aatif3800 nm per refractive index
unit at 850 nm, an a grating based device has a value of 630 nrefpactive index unit.

In order to demonstrate that our proposed device can detegthin dielectric layers repre-
sentative of thin protein layers, we have determined thit ghthe wavelength for which the
transmission is minimal as a function of the thickness of @soebed layer at th&u-sample
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medium interface. In Fig. 8 the adsorbed layer thicknesagges from 1 to 400bm and has
a refractive index of B4. By inspection of the slope of the curve we can estimatel#pen-
dence of the peak position on the layer thickness to be appetgly equal to m/nm. This
demonstrates that our device can be used to measure lagkndbses of abso rbed protein
layers.

5. Conclusions

We have presented in this paper a novel concept for a bi@bgénsor using surface plasmon
waves. The new device was described from a theoretical pbwiew, and simulation results
show its potential for sensing applications. We have laygdset of theoretical design param-
eters and have shown that the performance of this device eameatly improved following
these design parameters.

Due to its different working principle as compared to othevides, this device has a number
of interesting benefits. Firstly, the device is two ordersnaignitude smaller than conventional
surface plasmon waveguide sensors, due to the integratioraihigh-index contrast material
system. Secondly the device is highly tunable, making aele candidate for a vast number
of applications.Thirdly, the sensitivity of this devicedsmparable with that of state of the art
biological sensors.

The authors believe this novel concept to be an importamt &eard a fully integrated
surface plasmon lab-on-chip solution.
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