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Abstract

The resonance wavelength of optical ring resonators depend on the index ofthe waveguide cover.

Using silicon nitride guides we demonstrate an index resolution of 5.10-6.

Introduction

There is a strong interest in surface oriented optical methods for biosensing. Among those are the

methods to sense refractive index changes, e. g. surface plasmon resonance [1] sensors, sensors

utilizing fibre [2] or p1anar[3] gratings and interferometric methods. The long interaction length

between the guided modes and the sample volume possible with interferometric sensors is
advantageous for the measurement resolution [4]. In co-operation with Pharmacia Biotech AB, we

have studied the use of integrated optical ring resonators to detect refractive index changes occurring

in the medium covering the waveguide.

Theory

The transmission loss of a straight waveguide weakly coupled to a low-loss ring resonator is large for

the resonance wavelengths ofthe ring, i.e. when

2n·n ff·Re =m
A

(1)

where m is any integer, R is the radius ofthe ring, Ais the vacuum wavelength of the source and neff

is the effective index of the ring guide.

The effective index ofthe ring guide varies with the index of the cover material, i.e. the sensing
region. The effective index is also influenced by index variations caused by temperature variations in

the waveguide materials. This can however be compensated for by comparison with a reference

resonator with a with a known cover.

We have used a wavelength modulated Distributed Bragg Reflector, DBR, laser to repeatedly scan A

over several resonances of both the sensing resonator and reference resonator. The wavelength

positions of the measurement ring resonances with respect to the reference ring resonances is then a
measure of the sample index.

Device design

The sensor was realized with silicon nitride, Si3N4, guides on silicon oxide. The layout is shown in

fig. 1. The input guide is split into two straight guides. To each of these guides, a resonator is
coupled. One of them is the sensing resonator, the other is the reference resonator. The reference

resonator and the straight waveguides have top covers made of silicon rubber. Only the sensing

resonator is exposed to the measurement sample.



(2)

EThH7-2 / 323

ch 1_-=;1*
~*
ch 2

*-o~o
isolator I~ mrr;1

Fig. 1. Resonator chip layout and measurement set-up.

To achieve a high sensitivity, the waveguide has to have a large fraction of the optical energy in the
sample region, outside the guide core. This is achieved with a thin guide core. In our experiments the
silicon nitride guide had a thickness of 0.14 Ilm.

The index resolution is dependent on the resonator fmesse. The waveguide losses in the rings must
therefore be low. An intermediate cover made from Phosphor doped silicon dioxide is used to create a
low loss interface between the high-index core and the sample region.

The weakly guiding character of the guides makes them susceptible to bend losses. This would
indicate the use of resonators with a large radius, R. On the other hand, the necessary sample
volume increases faster than R2. In this work, we have tried several different ring radii and cover
thicknesses. Some conclusions from this will be given below.

Resolution estimation

With 0.7 Ilm of intermediate cover and nsample taken as 1.33, numerical calculations show that the
effect of sample index changes on the effective index of the guide is approximately

[
Oneff ] ;=0.02

Onsample n =133
sample

The reference resonator establishes a number of reference wavelengths. The change in the wave
length position of the measurement resonator curve with respect to one ofthese wavelengths can be
interpreted as a change in m, which is now a real number, where the fractional part represents the
position between the resonator dips. Supposing that we can resolve the position ofthe dip to 2% of
the resonance dip width and that the fmesse of the resonator is 50 we can estimate the index
uncertainty for a resonator with R=l mm using the results from (1) and (2):

(3)

Waveguide Fabrication

A O,141lm silicon nitride layer was plasma deposited on a <111> silicon wafer with 51lm of thermal
oxide. When all silicon nitride outside the waveguide areas was etched away, a layer of Phosphorus
doped LTO silicon dioxide was deposited. The thicknesses of this layer was 0.15 Ilm, O.4llm or 0.7Ilm.
The wafers were then annealed to create a smooth waveguide surface. The most successful annealing
was made for 20 min in 1100°C with N2 atmosphere.

A 20 Ilm layer of Toshiba TFC 7770 silicon rubber was then spun on, patterned with DV and
developed in acetone.
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Fig. 2. Measurement set-up with fibre taper holder on the left and v-groove fibre holder to the right.

Measurement set-up

In our experiments we have used a tuneable 1.55 llm DBR laser, made at our own laboratory, with a
lens-isolator combination [5]. Ordinary singlemode fibre with a polarization controller and a lensed
fibre taper was used to couple the light into the waveguide, cf. fig. 2.

The two waveguide outputs are coupled to multimode fibres in silicon v-grooves. The light from the
fibres is detected by PIN diodes mounted in standard SC fibre connector receptacles. The signals are
then captured by a digital oscilloscope, syncronized to the wavelength scan, and transferred to a PC.

The data from the oscilloscope is processed to find the dips in the two recordings and to compare the
dip positions. With the algorithm used, the measurement dip positions could be determined relative
to the reference dips with a resolution far better than the data-point distance.

Experiments and results

The chip samples with thin oxide cover showed no resonances or broad dips indicating that the losses
were high. Some samples with thin oxide also showed tendencies to degrade after several hours with
water. A possible explanation is that water penetrates into pores in the oxide. The following test were
therefore performed on samples with 0.7 llm oxide.

We found that best results were obtained with TM mode in the rings with 1 mm radius. The best
individuals had a finesse of abut 30 and a contrast of more than 0,9 indicating low waveguide losses
[6]. With TE mode the losses were much higher. Although some rings with 300 llm diameter also
worked, the best resonances were obtained with the larger rings. Apparently, the smaller rings had
excessive bend losses.

With a drop of water applied on the measurement resonator, curves like the one in fig. 3 were
obtained. This result was obtained with a device with 0.7 llm of cover oxide, 3 llm width for the
straight guides and 5 llm width for the rings. Three consecutive resonances for the reference
resonator and two resonances for the measurement resonator are shown.

To test the measurement system, drops of water and 1% sucrose solutions where alternately placed
on the measurement resonator. In addition to a change in m due to the index difference between the
fluids, Llm""0.15, a slow variation due to temperature drift and transients during the removal of fluids
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Fig. 3. Reference signal and measurement signal
with water on the measurement resonator, as
captured by the software.
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Fig. 4. Time curve obtained after data pro
cessing. Dip position indicates the position ofa
measurement resonator dip between two dips in
the reference resonator curve.

can be seen, fig. 4. With an estimated value Llnsample of 10-3, we find that L1nsample!illn is in the order
of 10-2 which is the same order of magnitude as predicted by theory (3).

The random noise in m is estimated to be 5·10-4 with a slow drift at least an order of magnitude
larger. The drift was associated with temperature changes in the lab. With the value Llnsample!illn

from the measurement above, the noise level would correspond to an index equivalent noise of about
5.10-6 which agrees with the value predicted by the calculations, although the finesse of resonators is
not as high as assumed in the calculations.

Discussion

The result confirms that the device works according to the theory, giving a resolution in the order of
5,10-6, It is however evident that the reference resonator does not fully compensate for the influence
of temperature variations. The choice of silicon rubber as reference cover is apparently not optimal.
Ideally, the reference resonator should be covered by the same material as the measurement
resonator, giving a differential measurement system with lower temperature sensitivity.

The use of a thinner intermediate oxide layer and improved data processing would also increase the
resolution. We estimate that it would be possible to reach a noise level of 10-6 .
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