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Hybrid metallic ion-exchanged waveguides for SPR biological sensing

S. de Bonnault®, D. Bucci®, P.J. Zermatten®, P. G. Charette °, J.E. Broquin *
*Univ. Grenoble Alpes, CNRS, IMEP-LAHC, F-38000 Grenoble, France; ®Université de
Sherbrooke, Bat. P2- 31T, 3000 blvd de I’Université, JIK OAS Sherbrooke (Qc).

ABSTRACT

Glass substrates have been used for decades to create biosensors due to their biocompatibility, low thermal conductivity,
and limited fluorescence. Among the different types of sensors, those based on surface plasmon resonance (SPR) allow
exploitation of the sensing lightwave at the vicinity of the sensor surface where small entities such as DNA or proteins
are located. In this paper, ion-exchanged waveguides and SPR are combined to create a multianalyte optical sensor
integrated onto glass. First the principle of operation is introduced, then the theoretical analysis and design of the sensing
element. Simulations have been carried out using the Aperiodic Fourier Modal Method (AFMM) and a custom software
that handles ion-exchange index-profiles. Fabrication and characterization processes are also presented. Finally the first
experimental spectra are displayed and discussed. The sensor presents a bulk sensibility of S000nm/RIU.

Keywords: Biosensors, surface plasmon resonance, ion exchanged waveguides, multi analyte detection

1. INTRODUCTION

Integrated biosensors have been investigated for a few decades because of the numerous advantages they have
concerning detection of chemical and biological entities. Indeed, cumbersome and expensive machineries can be
nowadays replaced by biochips which reduce the number of steps and the quantities of reagents in the detection
procedure'. Among the many different technologies that have been proposed, glass integrated optics is very popular in
biology because it yields good sensitivities as well as easy implementations of multianalyte detection. More and more of
these devices are including the light source and part of the signal processing unit in addition to the detection zone . Such
devices are self-sufficient and thus extremely useful for rapid and accurate studies. Using glass as a substrate also brings
biocompatibility and low optical losses. lon-exchange is a technique which enables one to locally increase the refractive
index of the glass substrate in order to create a waveguide. This increase is brought by the insertion of ions in the glass
matrix when the substrate is heated to a certain temperature. This method has already been used in biosensing as it
enables, in addition to the numerous advantages of glass, the integration of efficient optical functions like interferometers
or monochromators’. To further improve sensitivity, integrated optics can be combined with Surface Plasmon Resonance
(SPR), which is a well-known label-free method in the biomedical field and particularly adapted to small entities
detection®. A plasmon is a solution of Maxwell’s equations which exists at the interface between a metal and a dielectric
only if the real part of the permittivity of the metal €, is negative. As &, depends on the wavelength, this condition is
fulfilled in the visible and VIS-IR spectrum only for specific metals such as Gold and Silver. When excited, its presence
can be assessed by a resonance, whose existing condition depends on the nature of the dielectric, in this case the analyte.
Because the plasmon is localized in the vicinity of the metal, it enables detection of small entities (under 1um in size).

Biodetection combining integrated optics and SPR has been studied since the 90’s, often presenting a channel waveguide
with a single central gold layer™®. However, most biological and chemical studies request several measurements and
require investigating different entities in parallel. Some studies have proposed multianalyte system based on a prism’ or
waveguides®. Of these studies, almost none of them propose an integrated version that is easily realizable and extendable
to more than two detections at a time.

This paper presents the design, fabrication and characterization of the building block of a multianalyte system combining
SPR with integrated optics on glass while providing a spectral detection. The principle of operation is first presented,
followed by the design of the single detection zone. The fabrication and characterization are then exposed and finally the
experimental results are displayed and discussed. The article closes with some perspectives and a conclusion.
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2. PRINCIPLE OF OPERATION

The proposed multianalyte device shown in Fig. 1 consists of a single waveguide on which several gold blocks are
deposited to define the different detection zones, including an additional block for the reference measurement. A
broadband source is used to scan the detection zone and collect the resonance spectra. Having the blocks in series instead
of parallel allows a single spectrum recording unit.

Broadband Mutlianalyte Spectrum
detection zone Recording

g

In order to properly design the multianalyte detection zone, it is necessary to first study a single zone as indicated in
Fig. 2, consisting of an ion-exchanged waveguide on glass and a thin layer of gold deposited on top of it.

Source

Figure 1. Structure of the integrated multianalyte device

Each zone is divided into three parts: injection, detection, and collection. The injection region guides the optical signal
from the broadband source into the detection zone, where the gold layer is deposited. Once the optical signal passes
through the detection zone, a plasmon mode can be excited depending on the injected wavelength, creating high losses in
the waveguide mode. The spectral response is then measured at the output of the collection section.

Analyte n

n.«(plasmon)

| Nenlguide)

> Guide

(

Substrate

%

Gold ¢

P

Figure 2. Structure of the integrated optical waveguide combined with SPR.

The plasmon is a surface mode characterized by its propagation constant 3,, depending on the wavelength A and the
permittivity of the metal &, and the dielectric &,.°

(D

The excitation of the plasmon by a guided mode in the second zone can be described at first approximation by a coupling
mode theory which describes the energy transfer between two structures with overlapping modes. This model shows that
the maximum energy is transferred from one mode to the other if the propagation constants (or effective indices) of both
overlapping modes are equal (phase matching condition). The fulfillment of this condition triggers a resonance.
It must be noted here that the coupling theory usually applies to waveguides separated by a low refractive index, and
whose modes are not as close as the modes from the plasmonic structure. It describes a weak coupling theory, which is
not exactly the case here but can be still considered as a good approximation.

As the effective indices ng of the guided mode and the plasmon are related to the wavelength A, the resonance can be
found by plotting the effective indices for each mode of the two separate structures. The choice of the structure
decomposition and the corresponding n.g; =f(A) curves are presented in Fig. 3 (left). The gold is present in each sub-
structure as it corresponds to the connecting medium between both modes.
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Figure 3. Structures used for the phase matching technique and corresponding curves.

Once the resonance is triggered (Fig. 3 Right) for a wavelength A, if the analyte refractive index varies from na, to na,,
the resonance will be shifted from A, to A,, making it the basis of SPR detection.

3. DEVICE DESIGN
3.1 Modeling the waveguide

The graded index profile of the exchanged waveguide is simulated with a finite difference based software which solves
the diffusion equation'® presented in (2). First the concentration profile of the doping ions is calculated for a given
exchange time t through a diffusion aperture W. The index profile is then extracted with the linear relation (3) with ngy,
the substrate index and An,,,,, the maximum difference between the substrate and the core refractive indices.

% =V(D(c)Ve) @)

The refractive index map is then put in a finite difference mode solver in order to obtain the field profile and the effective
index of the fundamental mode as a function of the wavelength.

A%
<>

Figure 4. Typical index profile of a surface exchanged waveguide.

3.2 Designing the waveguide

The design of the waveguide is based on one criterion: it must permit analyte detection for refractive indices between
1.33 and 1.43 to provide further multianalyte detection. The selected substrate is a borosilicate glass (BF33 from Shott)
whose refractive index is approximately 1.465 in the near-infrared range. The substrate presents the advantages of high
chemical and mechanical resistance while maintaining a low-cost. The exchange is directed with Ag+ ions replacing the
Na+ ions present in the glass matrix. The effective index of the waveguide will therefore vary between 1.465 and the
highest value possible for the graded-index core which is 1.485. The phase-matching condition is used to design the
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waveguide parameters t and W. Fig. 5 presents the results of simulation. The effective indices of the plasmons for
analyte refractive indices form 1.33 to 1.43 are plotted over the wavelength.
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Figure 5. Phase matching technique to design the waveguide: effective indices as function of A.

The selected 2D waveguide permits to verify the condition, as its effective index equals that of the desired plasmons for
different wavelengths. It corresponds to an exchange time t of 30 min and an opening W of 0.8 um.

3.3 Modeling sensor response

The sensor response is obtained by calculating the transmission of the structure presented in Fig. 6. This calculation
requires to consider now the hybrid modes (or supermodes) of the structure. The injected mode couples power at the
interface (a) into the three main supermodes W; created with the excitation of the plasmon. These modes then propagate
over a distance L and recouple at the interface (b) into the output mode ®gyr.

Analyte : :
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Figure 6. Structure for the transmission calculation.

The expression of the transmission can be written as follows:

) 2
Toyr(A) = z CiejﬂiL (4) )
i=0

Where C; is the coupling coefficient related to the mode W, L is the gold length to be determined and p; is the complex
propagation constant of the mode i which contains the real and imaginary parts of each mode’s effective index.

The study logic is here for one wavelength A to find the mode profiles and their effective indices, then calculate the
coupling coefficient and finally the transmission Toyt. Several iterations over the wavelength enable at last to obtain the
transmission spectrum for the device.
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The modal analysis of the detection zone is carried out with a custom full-vectorial mode solver based on the Aperiodic
Fourier Modal Method (AFMM). This technique, proposed by Lalanne and Silberstein'' applies the Rigorous Coupled
Wave Method (RCWA) to waveguides, which is normally used to study diffraction gratings. With some refinements this
method indicates positive results for SPR structures and more generally, any devices based on waveguides.

The structures can be implemented using the AFMM which outputs the effective index and field profile of any mode it
can find.

Refractive indices of gold varying with wavelength are taken from E.D. Palik’s Handbook of Optical Constants of
Solids'?. The indices of the analyte n, and the substrate n, are considered constant over A, as their variation is negligible
compared to the gold one. Fig. 7 shows the field profile as a function of the wavelength for the three main hybrid modes
found in the detection zone. The first one, called TMO is a mode with both a very high effective index and attenuation
(>3.10" dB/cm). Injected light is hardly coupled in this mode which profile is barely overlapping with the injected mode.
The resonance will mainly be governed by the two other supermodes TM1 and TM2. Looking at the mode profiles it can
be deduced that the injected mode will essentially couple into the TM2 mode at short wavelengths and into the TM1
mode as the wavelength increases and TM2 reaches cut-off.

Figure 7. Field profiles of the three main hybrid modes of the detection zone and the injection mode, over the wavelength.

Once the field profiles and effective indices are obtained with the AFMM mode solver, the coupling coefficients have to
be calculated. The standard method considers the modes as orthogonal and therefore gives an independent expression for
each coefficient (Eq. (5)) .

(U EH, *Adxdyx.U E.H ;dedy)
(” E H, dxdy“ _[ E H xodxdy)

However, as the metal brings high losses, the modes are actually non orthogonal. In that case, the coefficients are related
and their expressions have to be extracted from a linear system of three equations presented in Eq. (6). The subscript “0”
corresponds to the injection mode and “1”, “2” and “3” to the three TM modes.

C Orth

)

”Eyonldxdy Z”CN”"O"h E H, dxdy)

<[ Bt dxdy = Z(‘; [[crmor (a1 dxay) (©)
=

L ” EyoH;dXdy = io J.J- Cj]-vonorth .(EyjH;dxdy)
=

These values have then to be determined for several wavelengths in order to get the final response.
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Fig. 8 presents the transmission with an analyte index n, = 1.41, and different length L (250 um, 500 pm and 1 mm). The
transmission is calculated with Eq. (4) with the C; calculated with the linear system in Eq. (6).
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Figure 8. Result of simulation with W = 0.8 um, t = 30 min, ng = 1.465, n, = 1.41 and different L.

It can be seen that the resonance is deeper and larger as the gold length increases. For L = 1000 um, the minimum
transmission occurs for A = 790 nm. To ensure a deep enough resonance, the experimental length L is fixed to 1100 pm.

3.4 Device sensitivity

The device sensitivity is calculated by measuring the resonance wavelength shift when the analyte refractive index varies
from 0.01 RIU. Fig. 9 shows the theoretical sensitivity for the refractive index increasing from 1.41 to 1.42.
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Figure 9. Shift of the resonance for two different analyte refractive indices (1.41 and 1.42).

The sensitivity corresponds to difference between the resonances wavelength taken at the minimum transmission of each
curve. It is equal to 790 nm for a refractive index of 1.41 and 850 nm for a refractive index of 1.42, that is to say a 60 nm
shift for a 0.01 RIU difference. The value obtained is 6000 nm/RIU, which is close to the values presented in the
literature'*.
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4. FABRICATION AND CHARACTERIZATION
4.1 Fabrication

The BF33 contains 4.5% of sodium oxide. The fabrication process presented on Fig. 10 begins with a thin aluminum
oxide layer deposited onto the cleaned substrate.

1. Aluminium oxide deposition 5. Chromium deposition
[ [
2. Photolithography 6. Gold deposition
1 [ 1 - .
3. Exchange 7. Photolithography
v v ﬁ
4. Removal of Al, 05 layer 8. Metal etching

Figure 10. Process for the device fabrication

Following this, a photolithography is performed which enables the opening of diffusion apertures W in the deposited
layer with sizes ranging from 0.5 pm to 10 um. The substrate is afterwards immersed in a bath of 80% silver nitrate and
20% sodium nitrate at 353°C for 30 minutes. During this period, sodium ions migrate through the apertures in the salt
and silver ions replace them in the glass matrix to form the waveguide. Gold is then sputtered onto the entire surface of
the substrate over a fine layer of chromium used to promote adhesion of the metal on glass. Another photolithography
step is performed in order to pattern the thin gold film. The strip is obtained using a chemical etching process. Finally the
wafer is diced and its facets are polished in order to obtain the chip shown in Fig. 11.

IN ouT

Au+Cr]
Layer

Exchanged waveguides

Figure 11. Layout of the fabricated structure.
4.2 Characterization

The optical bench shown in Fig. 12 has been used to characterize the sensor. It consists of a supercontinuum source
(Leukos SA) providing a broadband light input ranging between 400 nm and 1600 nm. The light is injected into the
device using a HI 1060 fiber and a micro-positioning stage. The output of the waveguide is imaged through a microscope
objective on a spectrometer. A polarizer is inserted between the microscope objective and the OSA in order to select
either the Transverse Magnetic (TM) or Transverse Electric (TE) spectra. As the resonance occurs only in TM, it is
interesting to compare both spectra in real time in order to quickly identify the plasmonic resonance.
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Figure 12. Optical bench used to characterize the device.

The device is tested using drops of different analytes, with refractive index ranging from 1.33 to 1.45. For each analyte,
TE and TM spectra are recorded and normalized with baseline TE and TM spectra of the device in air, with a resolution
of 5 nm.

5. RESULTS AND DISCUSSION

Fig. 13(left) shows the first experimental resonance observed for refractive index of 1.41.
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Figure 13. Experimental result for n,=1.41(left) and for n,=1.33 to 1.42 (right).

The experimental curve presents an absorption peak of 16 dB with an uncertainty about 1 dB due to measurements. The
plateau at -18 dB is due to the OSA noise level which limits the dynamic of the measurement.

Fig. 13(right) presents another set of measurements on the same waveguide with liquids of refractive indices ranging
from 1.33 to 1.42, highlighting the shift of the resonance when the analyte changes. These results demonstrate the
multianalyte potential of the structure for further implementation. As the waveguide length is over 3cm and the
wavelength span is large enough, it will be possible to deposit several gold strips and make parallel measurements in
different refractive index areas. Moreover an experimental sensitivity can be determined by measuring at a fixed
transmission the wavelength shift between two spectra obtained for different analyte refractive indices. It is equal to
4800 nm/RIU if the calculation is made for refractive indices equal to 1.41 and 1.42.

The comparison between the experimental and theoretical results is introduced in Fig. 14.
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Figure 14. Comparison between the experimental resonance and the simulated resonance for n,=1.41.

Although no conclusion can be drawn for the width of the measured resonance because of the signal saturation, its
position is clearly blue-shifted about 40 nm. The first explanation comes from the fact that the broadening of the
waveguide through the photolithographic steps has not been taken into account during the simulation. The waveguide is
wider and thus its effective index higher, leading to a blue-shift.

6. CONCLUSION

In this article an efficient method for designing an integrated optical device combined with SPR is presented. It has been
demonstrated that the approach based on the 2D diffused guide is a good model for creating a resonance for a desired
analyte refractive index range. The realized single detection device has a wavelength operating range between 500 nm
and 900 nm and a can detect refractive indices from 1.33 to 1.43. Its sensitivity is about 5000 nm/RIU around a refractive
index of 1.41.

Preliminary results are encouraging and the next short-term step will therefore be to optimize the optical benches and test
the device with biological material. The mid-term objective will then be to fabricate the multianalyte detection zone. In
the long run, the multianalyte sensor could be implemented with other detection methods such as microcalorimetry or
fluorescence to cross-check or complete the information about the studied chemical or biological reaction.
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