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Abstract: Grating Coupled Interferometry (GCI) using high quality
waveguides with two incoupling and one outcoupling grating areas is
introduced to increase and precisely control the sensing length of the
device; and to make the sensor design suitable for plate-based multiplexing.
In contrast to other interferometric arrangements, the sensor chips are
interrogated with a single expanded laser beam illuminating both incoupling
gratings simultaneously. In order to obtain the interference signal, only half
of the beam is phase modulated using a laterally divided two-cell liquid
crystal modulator. The developed highly symmetrical arrangement of the
interferometric arms increases the stability and at the same time offers
straightforward integration of parallel sensing channels. The device
characteristics are demonstrated for both TE and TM polarized modes.
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1. Introduction

There is an increasing need for cost-effective, reliable and high resolution measurements of
biological and chemical processes in the health, biotechnology and military areas. Measuring
biomolecular or cellular interactions at the nanometer length scale also opens up several
challenging applications in basic biological, chemical and biophysical research with
significant industrial relevance [1-6]. It is especially useful when the processes and
interactions are monitored without the need of any fluorescent or radioactive labelling; by
following, for example, refractive index variations caused by the inherent polarizability of
biomolecules [6—10] or living cells [11-13].

This type of label-free optical detection can be exploited by using optical resonances; such
as surface plasmons [14], whispering gallery modes [15], photonic crystals [16,17], metal-
clad [18,19] and dielectric waveguides [11-13,20-23]. Recently nonlinear optical waveguides
for label-free sensing have also been investigated [24,25]. By avoiding any labeling, the state
of the molecules or cells under investigation is less affected by the measurement [4,12] and
one also decreases the costs associated with a single test. However, today, the above devices
fall behind traditional labelling methods like Enzime Linked Immunosorbent Assay (ELISA)
[26] in terms of sensitivity, straightforward operation and reputation by the wide scientific
and industrial community. In this regard, except the relatively well-known Surface Plasmon
Resonance (SPR) sensors [14], the most sensitive and promising label-free optical
configurations are still in their infancy.

Integrated optical waveguides are promising candidates to be exploited as miniaturized
sensing units. These devices offer higher sensitivity than conventional SPR sensors, especially
when combined with optical interferometry [27,28]. The user’s applications are not limited to
metal surfaces; the waveguides can be coated with almost any type of transparent dielectric
material of interest [22,29,30]. Moreover, integrated optical waveguides can be fabricated
using cost effective polymer fabrication technology [29,31-34]. Using reverse symmetry
waveguides with low refractive index (RI) supports [35], the probing depth of the evanescent
field of the waveguide mode can be fitted to the size of the monitored object, which can range
from nanometer scale molecules to several micrometer large bacterial [36] or mammalian
cells [37]. It is also possible to monitor the deposited biological layers with guided waves
instead of evanescent ones. This type of detection has larger dynamic range and better
sensitivity compared to evanescent wave sensing [38]. Therefore, the waveguide sensor
structure can be tailor made and fitted to a wide range of applications [39]. Moreover, optical
waveguides can support several modes with different polarization and probing depth.
Multimode waveguide were used to monitor optical birefringence in monlayers of
biomolecules [40,41] and to follow refractive index variations in living cells [13].

Several commercial sensors employing planar optical waveguides are already on the
market. For example, Optical Waveguide Lightmode Spectroscopy (OWLS) [42] is a well
known table top research instrument, while the Corning’s EPIC [43] and the SRU’s BIND
[44] systems offer microplate based high throughput screening (HTS) of molecular and
cellular events for industrial applications. The SRU’s technology was also demonstrated in
lab-on-a chip devices [45]. The above systems are based on angular or wavelength
interrogation of grating coupled planar optical waveguides, having lower sensitivities and
more limited dynamic range than what would be offered by waveguide based interferometry
[8,28,46]; like the commercially available table top DPI (Dual Polarization Interferometry)
system [47].

Grating Coupled Interferometry (GCI) is a label-free optical sensing concept introduced
by us recently [48,49] and related products will be commercialized by Creoptix GmbH [50].
The innovation combines the cost-effectiveness, simplicity and reliability of grating coupled
planar optical waveguides with the excellent resolution of interferometric measurements. In
the configuration originally proposed, a planar optical waveguide with an ion-implanted
incoupling grating was placed into a Mach-Zehnder type interferometric arrangement. In the
previous GCI arrangement [49], two parallel and coherent laser beams were coupled into the
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waveguide using a single grating coupler. This way the beams were combined in the
waveguide itself creating an interference signal, which was picked up by a suitable detector.In
order to phase modulate one of the arms of the interferometer a liquid crystal cell was used.
Effective refractive index changes in the waveguide between (and also on) the two incoupling
regions were followed by monitoring characteristic changes in the measured interference
signal [48,49].

In the present contribution, we demonstrate the great potential in the GCI concept to
obtain miniaturized sensor units with remarkable sensitivity in a simple and cost effective
way. First, we use waveguides with excellent guiding characteristics in order to increase the
sensing length of the device. Moreover, the new waveguide design have two well separated
incoupling gratings followed by an outcoupling grating area in order to precisely control the
sample interaction length and to completely avoid the need for butt-end detection of GCI
signals. Secondly, a novel, simple and reliable interferometric arrangement is also introduced.
In this, instead of two separated and parallel beams - which are rather difficult to align - we
simply apply a single expanded beam illuminating both incoupling gratings simultaneously. A
two-cell liquid crystal modulator is placed in the path of the beam to modulate its phase.This
arrangement is not only highly symmetrical, reducing the interferometer’s free space noise,
but due to the large homogeneously illuminated grating areas makes the integration of parallel
sensing channels straightforward. This feature is demonstrated by placing a two-channel
cuvette on top of the waveguide and measuring bulk refractive index variations and protein
adsorption at the various sensing channels. The performances of TE and TM polarized modes
were also compared, both theoretically and experimentally.

All of the above developments make the introduced GCI configuration ideal for plate
based, cost-effective label-free sensor array development in miniaturized analytical systems
and in industrial High Throughput Screening (HTS) applications; especially where the
excellent sensitivity is crucial. Based on the recent improvements, a commercial sensor
instrument is being developed by Creoptix.

2. Materials and methods
2.1 Waveguide sensor design

The cross section of the fabricated waveguide sensors (Optics Balzers, Liechtenstein) is
schematically shown in Fig. 1(a). The waveguide support is a 1 mm thick glass substrate with
refractive index n; = 1.52 (at 633 nm). In order to fabricate the GCI chips, first, three surface
relief gratings were etched into the substrate with approximately 300 nm periodicities.
Second, the substrate was covered with a highly compact Ta,Os film with thickness dr in the
range of 130-150 nm and refractive index np = 2.12. The role of the 1st and 2nd gratings is to
couple the light into the Ta,Os waveguide, while the 3rd grating couples the waveguide mode
into free space (see Fig. 1(a)).The second grating acts as miniaturized beam combiner and is
therefore shorter by design in order to transmit a significant fraction of the guided mode. In
the present GCI configuration, the sample interacts with the modes of the waveguide between
the two incoupling grating areas. The whole waveguide surface - except a 5 mm long area
between the two incoupling gratings - was covered with a relatively thick layer of SiO, (see
Fig. (1a)). The thickness of the SiO, film was chosen to be thicker than the penetration depth
of the mode in the SiO, layer. This way the incoupling and outcoupling angles are not
affected by sample RI variations, and the sample interaction length (sensing window of the
device) is precisely controlled. The evanescent field of the propagating waveguide mode
interacts with the sample at the above mentioned 5 mm long area. Refractive index variation
inside the SiO, opening shifts the phase of the measuring light (which is incoupled at the 1st
grating) relative to the phase of the reference light (coupled into the waveguide at the 2nd
grating) (see Fig. 1(a)). In this way the measuring and the reference beams of the
interferometer are joined in the waveguide itself after the 2nd incoupling grating, creating the
interference signal. This intensity signal is coupled into an optical fiber placed under the
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outcoupling grating and measured by a suitable detector (see Fig. 1(a)). In a GCI arrangement
the measuring light is usually phase modulated (see details later).

The photo of the waveguide chip is shown in Fig. 1(b), demonstrating the excellent
guiding characteristics of the fabricated waveguides. It is seen that during the mode
propagation from the 2nd incoupling grating to the outcoupling grating no mode damping can
be visually observed. This is an improvement over the previously applied waveguides [48,49],
where the modes damped in 3-4 mm due to the relatively lower waveguiding quality and the
application of a single grating.

Ist 2nd 3rd grating

SiO

Substrate

Measuring light Reference light Optical fiber
(a) to detector

(b)

Fig. 1. (a) Cross section of the waveguide sensor. The measuring light is coupled into the
waveguide through the first grating. The reference light is incoupled at the second grating. The
interfrence signal is outcoupled at the third grating and picked up by a fiber coupled optical
detector. The 5 mm long opening in the SiO, layer represents the sensing window of the
device. (b) Photo of the waveguide chip showing mode propagation between the second
incoupling grating and the third outcoupling grating.

2.2 Single beam interferometric configuration

The above described waveguide was placed into the optical arrangement schematically shown
in Fig. 2. In this, a 0.8 mm wide He-Ne laser beam (633nm, 5SmW, Lasos Lasertechnik
GmbH.) was expanded to 1.5 cm using a 30x microscope objective and a suitable collimator
lens (see Fig. 2(a)). The resulting beam illuminated the GCI chip through a two-cell liquid
crystal modulator (LCM). The expanded beam is wide enough to illuminate both incoupling
gratings simultaneously. In order to fulfil the incoupling condition [21,29] at the gratings the
waveguide was slightly tilted relative to the beam using a suitable chip holder (not shown in
Fig. 2(a), but visible in Fig. 2(b)).
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Fig. 2. (a) Schematic drawing of the optical setup. (b) (left) Photo of the waveguide sensor chip
holder and the dual channel flow through cuvette before assembly. The waveguide sensor chip
with the three gratings, the O-rings of the fluidic channels and the optical fibers are clearly
seen. (right) Top view of the assembled unit. The two fluidic channels are connected in series.

The above arrangement has many advantages over traditional two beam interferometers.
First, the application of two parallel beams illuminating the two incoupling gratings is
completely avoided. In the new setup, the lower and upper part of the expanded beam
(illuminating the 1st and 2nd gratings, respectively) should be considered as the beginning of
the two arms of the interferometer (see Fig. 2(a)).This way, the “beams” illuminating the
gratings are perfectly parallel without any lengthy alignment, making especially easy to set up
the device. Secondly, the developed interferometric arrangement is highly symmetrical. The
light waves propagating in the two interferometric arms are passing through the same liquid
crystal modulator and travel approximately the same distance in free space. The small
difference is caused by the slight tilt of the waveguide (see Fig. 2(a)), which is necessary to
satisfy the coupling conditions at the gratings.Therefore, thermal fluctuations and vibrations
causing common phase variations in the interferometer are well compensated. Moreover,
since the LCM has two separately addressable cells the two arms of the interferometer can be
individually phase modulated. In the application presented here the lower half of the beam -
which illuminates the 1st incoupling grating in Fig. 2(a) - was phase modulated.

It should be noted that those parts of the expanded beam which do not impinge on any
gratings are not coupled into the waveguide, causing some loss of laser power. We found
however, that optimizing the width of the expanded Gaussian beam using the separation
distance and coupling length of the two incoupling gratings this loss can be minimized,
resulting in strong enough interference signals at the photodetector.

2.3 Integration of parallel sensing channels - dual channel flow-through cuvette

The developed single beam interferometric approach has another inportant advantage. The
integration of parallel sensing channels is simple and straightforward . This is demonstrated
by placing a chemically and mechanically resistant PEEK (Polyether ether ketone) cuvette
with two parallel elongated shaped O-rings on top of the waveguide sensor (see Fig. 2(a) and
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2(b)). The O-rings not only define the fluidic part of the two sensing channels, but also
strongly damp the waveguide mode propagating underneath the O-rings. Therefore, the two
sensing channels are optically sealed from each other, avoiding channel to channel
interference. The GCI signals of the two channels can be easily picked up by two optical
fibers positioned under the outcoupling grating (see Fig. 2(a) and 2(b)). The fibers are fixed in
the metal chip holder (Fig. 2(b)) and guide the GCI interference signal to two photodetectors.
Using a Peltier based temperature controlling system the metal chip holder was temperature
stabilized at 24 °C.

2.4 Sample materials and chemicals

The various sample solutions were flowed through the cuvettes using a 12 roller peristaltic
pump (Ismatec Reglo Digital) at flow rate of 2ul/s. In the bulk refractive index
measurements various concentrations (0.5%, 1%, 5%) of glycerol (WWR International)
dissolved in ultrapure water were applied. Prior to measurements the refractive indices of the
samples were measured by a Rudolf refractometer and found to be nyaer = 1.33055, ng s, =
1.33115, njo, = 1.33207 and nsy, = 1.33676.For the protein adsorption tests fibrinogen from
bovine plasma (Sigma, F8630-1G) dissolved in phosphate buffered saline (PBS, Sigma,
P4417-100TAB) at a final concentration of 0.1 mg/ml was applied. Fibrinogen has three
protein domains; o chain (63.5 kD), B chain (56 kD) and y chain (47 kD) giving an overall
molecular weight of 166.5 kDa. The corresponding bulk refractive indices were ngp, =
1.33303 and npgs = 1.33301. The used and contaminated waveguides were cleaned in
chromsulfuric acid for 2-3 minutes, rinsed in ultrapure water and after in 0.1 M KOH. The
cleaning procedure was finished by an extensive rinsing in ultrapure water.

3. Results and discussion
3.1 Phase modulation and internal referencing

In order to obtain the GCI interference signals, the measuring beam was phase modulated by
driving the lower cell of the LCM with a periodical square wave voltage shown in Fig. 3(a)
The recorded interference signal during one relaxation period could be well fitted with the
following analytical formula for t.<t (see Fig. 3(b)).

I(ty)=1, +ACOS|:(0LCM6_21M/T ~Prem _¢(t)]’ )

where A is the signal amplitude, I is the offset of the interference signal, ¢ cy is the total
phase shift of the LC modulator, 7 is the time constant of the relaxation process; and ¢(¢) is the
phase difference between the measuring and reference arms at time 7. ¢, is the time variable
during one relaxation period [49].

In the first experiment, both channel one (Ch1l) and channel two (Ch2) were filled up with
ultrapure water. Figure 3(b) shows the interference signals recorded in the two channels. It is
seen that a typical interference signal has two minimas and maximas proving that the total
phase shift at the LCM during the relaxation is above 2m. By periodically recording the
interference signals in the two measuring channels and calculating the phase values using Eq.
(1), the relative phase shifts caused by the sample can be monitored in real time. By using one
of the channels as internal reference, recording only background variations, the performance
of the sensor could be significantly increased. The noise of the recorded phase signals was in
the range of 107" 3x10~ radians depending on the actual waveguide and polarization. It is
important to note that the present setup has a maximum time resolution of 7 ms, making
possible to follow relatively fast processes too.
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Fig. 3. (a) Driving voltage on the active part of the LCM. (b) The measured interference signals
of the two channels (Chl and Ch2) during a typical relaxation period of the LCM. The fits of
Eq. (1) to the recorded data are also shown (solid lines).

3.2 Theoretical sensitivities of the waveguide modes

In the present section, we calculate the internal sensitivities dN/dn. and dN/dd, of the

fabricated waveguides for the lowest order modes with different polarizations, TE, and TMj,
According to Tiefenthaler and Lukosz [21], N is the effective refractive index of the
waveguide mode, #.is the refractive index of the media covering the film and d, is the

thickness of the adlayer deposited on the sensor. N /dn,. is the refractive index sensitivity
and dN/dd, is the adlayer thickness sensitivity of the mode. In the calculations we use n, =
2.12, ng =152, n. =133 and n, = 1.45 for the refractive index of the waveguide film,
substrate, aqueous cover and thin adlayer, respectively.
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The fabricated waveguides had a Ta,Os film thickness in the range of 130-155 nm. It is
clearly seen that in this range the TM, has the highest sensitivity values and the performance
of the TE, mode is slightly lower (Fig. 4).

Based on the calculated sensitivities of the modes the phase shifts can be determined using
the following equations.

no =N an,. )
on,
oN
Ap=kL—Ad,. 3
9 5 3)

A

where k (k = 2@/A, A = 633 nm wavelength of the measuring light) is the vacuum wave vector,
L is the sensing length (5 mm in the present case).

Taking the maximum theoretical sensitivity values of the TM, mode and the above
measured lowest possible phase noise (107 radians) it can be easily calculated using Eq. (2)
and Eq. (3) that this phase noise corresponds to a sample refractive index change of 107, and
4x107° nm change in adlayer thickness.
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Fig. 4. Theoretical sensitivities of the waveguide sensor structure plotted in the function of
waveguide film thickness. (a) Refractive index sensitivity. (b) Adlayer thickness sensitivity.

3.3Refractive index sensing and lateral homogeneity of the fabricated waveguides

In order to evaluate the performance of the new configuration, the following experiment was
carried out for both polarizations. In this the two fluidic channels were connected in series
(see Fig. 2(b)). First, pure water was pumped into the channels with a constant flow rate,
followed by various glycerol solutions and ultrapure water in between (see Fig. 5). It is clearly
seen that for the same refractive index variation the configuration using TM polarization gave
phase shifts more than three times than that of the TE. Keeping in mind the refractive indices
of the solutions the calculated bulk sensitivity values were 0.2346 for TM and 0.074 for TE,
which is in excellent agreement with the theoretical calculations depicted in Fig. 4 for the
above mentioned thickness range of the waveguides.

The linearity of the sensor and the different bulk refractive index sensitivities of the TE
and TM polarization are further emphasized in Fig. 5(c) where the phase shifts are plotted in
the function of glycerol concentration for the two channels. The responses measured in the
two channels are practically identical, emphasizing the excellent lateral homogeneity of the
fabricated waveguides. Also, note that using a previously reported GCI configuration [49] a
stable 2.1 107" rad/s drift was observed. We believe that the source of the recorded drift was
the interaction of the waveguide material with the aqueous sample. Surface adsorption of ions,
varying chemical group at the surface may slightly change the optogeometrical parameters of
the waveguide film, causing a slowly saturating drift. In the present case, this type of drift is
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eliminated by using a parallel sensing channel and internal referencing (see the difference
signals in Fig. 5(a) and in Fig. 5(b)).
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Fig. 5. Measured phase signals in the two channels when various glycerol solutions were
flowed over the sensing areas. (a) TE polarization. (b) TM polarization. Since the channels are
connected in series, the sample liquid flashes the Ch2 first and only after a short delay it arrives
to Chl. This causes the characteristic peaks and dips in the difference signals. (c) Linearity of
the sensor for both polarizations.

3.4 Surface sensing - fibrinogen adsorption

In the next experiment, we investigated the surface sensitivities of the developed GCI
configuration. In this case, the two fluidic channels were connected in parallel; giving the
possibility to use Chl as an internal reference. First, pure buffer was flowed into both
channels. After some time the pumped liquid was changed to fibrinogen solution in the fluidic
line connected to Ch2. Figure 6 shows the monitored phase signals. The refractive index of
the fibrinogen solution is 2x107° larger than the refractive index of the pure buffer. According
to the sensitivity values earlier presented, this shift in refractive index causes a phase shift in
the order of 0.1 rad. This value is negligible compared to the signals observed in Fig. 6.
Therefore, the saturating signals in Fig. 6 are caused by the saturating protein adsorption on
the surface of the waveguide. Injecting the buffer solution (see arrows in Fig. 6) some of the
surface adsorbed proteins were washed off, decreasing the phase signal. Again, it is clearly
seen that the TM configuration is more sensitive. It has an approximately 1.8 times more
surface sensitivity, which is in good agreement with the calculations in Fig. 4 for the above
mentioned thickness ranges of the waveguides. Taking the previously observed phase noise
and assuming a refractive index of 1.46 for the molecules, the surface sensitivity of the device
is estimated [49] to be below 0.1 pg/mm’.
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Fig. 6. Protein adsorption experiments. The arrows indicate the injection of the protein and
buffer solutions into the fluidic channels. (a) TE polarization. (b) TM polarization.

4. Conclusions

In conclusion, a simple, low cost interferometric measurement configuration was developed
for multichannel label-free sensing. The measurement arm of a conventional Mach-Zehnder
interferometer was significantly miniaturized by replacing it with an integrated optical
waveguide having two incoupling gratings. Refractive index variations close to the waveguide
surface and between the incoupling gratings shift the phase in the measurement arm. Using a
liquid crystal modulator at the free-space arm of the interferometer this phase shift was
monitored in real time with excellent time resolution. In order to precisely control the mode
interaction length and to optically seal the three grating regions from the sample the whole
waveguide surface - except a 5 mm long area between the two incoupling gratings - was
covered with a relatively thick layer of SiO,.

As a further development, the interferometric signal is coupled out from the waveguide
into the direction of the substrate at a 3rd grating area. The resulted measurement geometry is
well suited for a wide range of applications; since it places the sample and fluidics above the
waveguide sensor and all of the optics and interrogation units are positioned below the
waveguide. The geometry is an excellent candidate for plate based multipoint screening (see
refs. 43, 44) or lab on a chip applications, where parallel sensing units have to be miniaturized
and space is critical (for example in handheld sensor devices)

The interrogation of the sensor was also performed in a novel way. Instead of illuminating
the incoupling gratings with two parallel and coherent laser beams (as it is the case in
conventional interferometry) an expanded laser beam was applied illuminating both
incoupling gratings simultaneously. Using a two-cell LC modulator half of the beam was
phase modulated in order to obtain the GCI signals. Thereby an alignment of the illuminating
beams could be completely avoided and the interferometer became highly symmetrical,
reducing its noise.

Another future advantage of the configuration is that the introduction of parallel sensing
units is straightforward and easy. This was demonstrated by placing a two channel cuvette on
top of the waveguide. Since the whole surface of the chip was homogeneously illuminated the
channel O-rings not only defined the fluidic path, but at the same time created the sensing
channels and effectively sealed one from another. This simplicity has especially great
potential in miniaturized systems.

It was demonstrated that both TE and TM polarized waveguide modes can be applied in
the new configuration. Their performances were compared both theoretically and
experimentally. The resulting device was tested with liquid samples having different
refractive indices and was applied for on-line monitoring the surface adsorption of fibrinogen.
In the first set of experiments the two fluidic channels were connected in series, therefore
channel to channel variations could be investigated. It was concluded that the sensor is
capable of monitoring RI variations below 107’ and without detectable discrepancy between
the two channels. The later is due to the homogeneous illumination and proves that the
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fabricated waveguides have excellent quality with very high lateral homogeneity. During the
protein adsorption experiments the channels connected in parallel, using one of the channels
for internal referencing, increasing the stability of the sensor. A protein surface coverage
sensitivity of 0.1 pg/mm’ was demonstrated. It is important to note that comparing this value
with existing grating coupled optical waveguide technologies the sensitivity is two orders of
magnitude better than of the widely used table top instrument using angular interrogation [22]
or the compact wavelength interrogated sensor recently demonstrated [S1].

The recent improvements demonstrate the suitability of the GCI system for highly
sensitive label-free biochemical measurements. Based on the results obtained with the present
configuration, a commercial instrument for highly sensitive monitoring of molecular
interactions is being developed by Creoptix. Future potential applications include low cost
point-of-care handheld testing devices for the areas of health, environmental or food.
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