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Abstract

We describe the realization of a symmetric integrated channel waveguide Mach-Zehnder sensor which uses the evanescent field
to detect small refractive-index changes (2~n~n ~ 1 x 10 -4) near the guiding-layer surface. This guiding layer consists of ridge
structures with a height of 3 nm and a width of 4 gm made in SisN4. This layer has a thickness of I00 nm. The sensor device
has been tested with glucose solutions of different bulk refractive indices. Results of a slab-model calculation are in good
agreement with obtained experimental results. The feasibility of applying this sensor for immunosensing, detecting directly the
binding of antigen to an antibody receptor surface, is shown with antibody-antigen binding experiments. © 1997 Elsevier Science
S.A.
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1. Introduction

Optical evanescent-wave sensors based on the
M a c h - Z e h n d e r principle show a very high sensitivity
for the detection of refractive-index changes on a
waveguide surface within the evanescent field of the
waveguide. Due to this high sensitivity, this type of
sensor is suitable for direct detection of antigen binding to antibody receptor molecules immobilized on
the waveguide surface. With a direct detection measurement the number of preparation steps in an ianmunoassay is smaller than in indirect detection, and
also on-line measurements will become possible.
Heideman et al. [1] have shown that with a slab
waveguide M a c h - Z e h n d e r sensor, a bulk refractiveindex change of ~ 4 x 10 -6 could be detected, which
is equivalent to a protein surface coverage of approxi-
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mately 1 pg m m - 2 . However, a disadvantage of this
earlier M a c h - Z e h n d e r sensor is its 'bulky' construction, making it more complex in operation than, for
example, surface plasmon resonance (SPR)-based
evanescent-wave sensors: Also the development of future muttichannel sensors is impossible when this concept is used. In this paper we shall demonstrate that
with silicon technology more integrated and, therefore, less complex M a c h - Z e h n d e r sensors can be
made. It will be shown that w i t h S i 3 N 4 waveguiding
channels, consisting of 3 nm ridges, immunoreactions
can be monitored. Channel waveguide interferometer
sensors have earlier been used as gas sensors [2,3].
However, those sensors are less suitable as immunosensors. They were made with ion-exchanged
channel waveguides which will show less surface sensitivity for detection of immunobinding reactions than
Si3N 4 channel waveguides. The M a c h - Z e h n d e r device
presented here could be the forerunner of a new generation of immunosensors capable of sensitive multichannei operation.
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2. Principle

Here we shall only give a very short description of
the mode behaviour in a channel waveguide. For a
more detailed discussion we refer to the review by Syms
and Cozens [4].
In our device light with a transverse field distribution
E = E ( x , y ) is transported by a channel waveguide, see
Fig. 1. This light enters a Y junction where it is split
into two parts, E~(x,y) and E2(x,y), both dependent on
the field distribution E(x,y) before the splitter:
Etot(X,y) = E l ( x , y ) + Ez(x,y)
= aE(x + S/2,y) + bE(x - S/2,y)

(1)

Here S is the distance between the two arms, see Fig.
1. In the case of monomode channels a and b are
constants; when there are no losses in the Y junction
then a z + b 2 = 1.
When after the Y junction one of the beams interacts
with an analyte, a phase shift ~b between both beams
will occur. If we have monomode channels we may
write in this case for the overall field distribution E ( x , y )
and the phase difference ~b, after the interaction area:
Etot(X,y ) = a E ( x + S/2,y)exp j~b + b E ( x - S / 2 , y )

(2)

with
(3)

0 = (2rc/2)AN~frL

Here 2 is the wavelength, AN~ff is the effective refractive-index difference between both channels as a result
of the analyte interaction, and L is the interaction
length (length of the sensor interface).
In the M a c h - Z e h n d e r sensor both light beams are
recombined in a second Y junction. When these light
beams are out of phase, higher-order modes will be
excited. In a monomode channel these higher-order
modes cannot exist and the light will be radiated out of
the channel. In this case the light intensity of the
resulting waveguide mode is related to the phase difference ~b according to:
I = A + B cos(~b)

with B _< A

(4)

The optimal visibility V = (A -- B ) / ( A + B) is found
when B = A. This is the case when the Y junctions are
completely symmetric (a = b).

nanometres from the surface). These refractive-index
changes can be caused by the physical adsorption of
proteins to the surface [1,5,6], or for example immunobinding reactions of antigen to antibodies, where
the antibodies or the antigen are the receptor molecules
that have been immobilized on the surface [1,5,6].
A slab waveguide can be described as a channel
waveguide o f which the effective refractive index in the
channel (N~m) is the same as that in the surroundings
of the channel (Ne~T2), see Fig. 1. In our design the
effective refractive-index difference between channel
and surroundings is kept low. For this reason we expect
that we can use a slab-waveguide model to predict the
properties of the waveguides used in the present paper.
The dependence of the effective refractive index (N~fr)
on variations in the thickness tr of an adsorbing layer
has been previously calculated [7,8] in such a slab
waveguide model. With the help of Eqs. (2), (3) and (4),
the differential sensitivity can now be calculated:
dl

dI

dtf

d~bdAN~rr

dO

(5)

dANen.

dtf

In immunosensing experiments the average thickness
of the layer grown on the surface as a result of the
immunobinding reaction is related to the fraction of
occupied receptor sites (F), which is dependent on the
concentration (C) of the analyte molecules in the sample solution [4], on the density of receptor molecules on
the surface (~), and on the molecular weight (M) of the
analyte molecules [5]:
(6)

t r = f (r ( C),c~,M)

Z
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3. Sensitivity as an immunosensor

In a waveguide M a c h - Z e h n d e r interferometer a sensor area can be made by partly removing the cladding
on the waveguide layer surface. Then this device is
capable of sensing refractive-index changes at this surface within the evanescent-field volume of the waveguide mode (typically within a few hundreds of

B

(b)
Fig. 1. Channel waveguide Mach-Zehnder sensor: (a) top view; (b)
cross sections at A and B, respectively. For explanation of symbols,
see text. In (b) the electric-fieldprofile is indicated.
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Fig. 2. Design of the integrated Mach-Zehnder sensor, for details see text: (a) top view; (b) cross section at A.
4. Device structure and manufacture
The design of the M a c h - Z e h n d e r device (:an be seen
in Fig. 2. It has been realized in Si technology for
operation with a 632.8 nm HeNe laser. A 1.5 mm
thermally oxidized SiO2 layer with a refractive index of
1.46 is used as the lower cladding layer. On this SiO2
layer a high-index LPCVD Si3N 4 waveguide layer with
a refractive index of 2.0, and a 1.5 gm PECVD SiO2
cladding layer with a refractive index of 1.46 are deposited. The high refractive-index contrast between
waveguide layer and cladding is chosen to obtain a
maximum sensitivity [7,8]. This is especially needed for
immunosensing experiments where the average thickness of the layer grown on the surface will be smaller
than 1 nm [5]. For a TE0 mode in a slab waveguide the
highest sensitivity is found at a waveguide layer thickness of around 100 nm [1]. Three batches of channel
waveguides were manufactured, with waveguide layer
thickness of 100 (I), 200 (II) and 400 (III) nm, respectively.
The realization of channel waveguides in this structure is not straightforward, in view of the very small
ridge height of a few nanometres required for
monomode operation [8]. With reactive ion etching
(RIE) technology it turned out to be possible realize a
ridge hight of ~ 3 _+ 1 nm in Si3N4, as measured by
atomic force microscopy. The error is completely determined by tile roughness of Si3N 4. In this way semimonomode waveguide channels, which are monomode
in the y direction but still bimodal in the x direction
could be realized. These channel waveguides have a
width (W) of 4.0 _+ 0.5 btm in the x direction.
The Y junction splitter and combiner are designed
with S-bend structures. As noted by Syms [4], for a
reasonable light confinement within channels the bend
radius of an S-bend structure should be more than 10
mm. In our design radii (R) of 50 or 100 mm were
used. With these bend radii no extra light losses due to
the bending were observed. The total length of the Y
junction splitter and combiner is kept at 30 mm. With

this length the light is split into two branches that are
50 or 100 nun separated from each another. No differences in operation of these two devices were observed.
For this reason they were used interchangeably.
On both branches of the interferometer a sensor area
is created with a length (L) of 5 ram. This is done by
removing the SiO2 cladding in an H F etching step. Due
to the fact that the H F etching rate of SiOz is 200 times
faster than that of Si3N4, a good sensor window can be
made in this way. A sensor area is created on both
branches of the interferometric device to keep the optical differences between the branches as small as possible. In this way temperature drifts that normally limit
the performance of a M a c h - Z e h n d e r sensor are kept
small.

5. Experimental
The set-up consists of a 2.5 m W 632.8 nm polarized
HeNe laser, an end-fire in- and outcoupling construction with two 40 × , NA = 0.65 microscope objectives, a
photodiode and a sensor chip made in silicon, as shown
in Fig. 3. Light is coupled into the sensor chip with the
first microscope objective by focusing the laser beam
perpendicularly onto the polished end-face of the
device. The incoupled light travels through the device
and is out-coupled and projected onto the photodiode.
This photodiode is shielded for scattered light with a
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Fig: 3. The Mach-Zehnder set-up with cuvette.
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diaphragm. On top of the sensor chip a delrin cuvette
can be positioned. The sensor areas on the chip are
designed in such a way that it is possible to position the
cuvette without the help of a dedicated micropositioning tool (see Fig. 3). After this it is possible to apply the
analyte sample to one of the sensor areas keeping a
reference sample (without analyte molecules) on the
other sensor area during a measurement.
To calibrate the sensor chip a number of solutions
were prepared with different glucose concentrations,
with refractive indices in the range (1.3358 - 1.3451) _+
2 × 10 -4, as determined by an Abbe refractometer,
operating at t = 20°C.
Immunosensing experiments were performed with
anti human chorionic gonadotropin (anti-hCG, tool.
wt. = 150 kD and human chorionic gonadotropin
(hCG, mol. wt..~ 42 kD) provided by Organon International (Netherlands), and bovine serum albumin (BSA,
tool. wt. ~ 65 kD) bought from Sigma Chemical Co.
(USA). All immunosensing experiments were done in
phosphate buffered saline (PBS) with a pH of 7.35 at
room temperature (20°C).

6. Results and discussion
6. I. M o d e l verification

The M a c h - Z e h n d e r sensor as an immunosensor detects the binding of analyte molecules to receptor
molecules immobilized on the sensor surface. The effect
of binding is comparable to a change of the bulk
refractive index of the analyte medium itself [3]. Therefore, to verify the applicability of model calculations to
the sensor response, the use of solutions with different
bulk refractive indices is practical. To this end, solutions with different concentrations of glucose in water
were used. The response of the M a c h - Z e h n d e r sensor
to these solutions is measured and compared with the
model expectations.
Batches I - I I I were analysed for TE-mode operation:
as already mentioned, batch I corresponds to an expected maximum sensitivity; batch II is still monomode
in the y direction, and batch III has a lossy confinement
of the higher-order mode in the y direction.
First, the response of these sensors to a bulk refractive-index step of 9.5 x t 0 - 3 was determined. The results of these measurements can be found in Table 1.
As expected, the biggest response is measured with
batch I. For batch II a three times lower response is
measured, and for batch III even a 20 times lower
response is found. As we can see in the Table, the
measured values are in reasonable agreement with the
slab-guide model calculations. The visibility of these
measured interference signals varied between 0.50 and
0.01 for the various batches; it appeared to be corre-

Table t
Sensitivityof three differentMach-Zehnder sensors for a bulk refractive-index step of 9.5 x 10.3
Batch

Waveguide layer
thickness
(nm)

Calculated
phase change
( x 2~)

Measured
phasechange
( x 2~r)

I

100
200
400

I2.1 ± 0.3
4.5 +_0.l
1.I _+0.02

14.0 + 0.3
4.5 +__0.3
0.5 +_0.5

II
III

lated to the quality of the Y junctions of the devices,
dependent on the lithography during manufacture. Subsequently the response of batch I was subjected to a
more severe test by measuring the phase change as a
function of the refractive index, using the glucose solutions. The results of these measurements are depicted in
Fig. 4. The line in this graph gives the theoretical
response following from the slab-guide model. As can
be seen, the measured phase change is in all situations
comparable to the model calculations. This shows again
that our devices work as expected and that a 'simple'
slab-waveguide model can be used to calculate the
sensitivity. These measurements also provide a calibration for the device that was used for immunoexperiments (see next section). The differential sensitivity
d ~ / d n of this device, calculated from a least-square fit
on the experimental data, was found to be (1.4_+
0.1)103 x 2re. The two-fold higher sensitivity previously
found in the planar M a c h - Z e h n d e r device [1] can be
fully accounted for by the longer interaction length in
this device. From Fig. 4 it can also be inferred that it is
possible to measure a bulk refractive-index change of
2 × 10 - 3 . From calculations presented earlier [1] we
can conclude from this that it is easily possible to detect
an average protein layer growth of 1 rim.
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Fig. 4. Response of the Mach-Zehnder sensor as a function of bulk
refractive index. The waveguide layer thickness is 100 nm.
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Fig. 5. Physical adsorption of 1 x 10 - 6 M anti-hCO antibodies on the sensor Surface as a function of time. The inset shows the response if we
measure the number of fringes that pass during the adsorption process.

6.2. hnmunosensing experhnents
According to Heideman et al. [1] the binding of hCG
to an anti-hCG receptor surface, prepared by physical
adsorption, results in an average layer growth of at
most ~ 0.3 nm. According to our calibration experiments, this results in a phase change ~ 2rc. This phase
change should be detectable.
The preparation of the receptor surface by physical
adsorption of 1 x 10 .6 M anti-hCG to a plasma-02cleaned surface is measured and can be seen in Fig. 5.
Before application of the antibody solution the phase
drift of the sensor is < 0.5~ h - 1. This is probably due
to the combined effect of temperature drift ( < 0.5°C)
and instability of the receptor surface. As can be seen in
Fig. 5, the effect of an adsorption process :in the same
time span is much more pronounced. Tke complete
phase change after a 2 h adsorption is ~ 10 × 2~. The
slight increase in average intensity level during the
adsorption is ascribed to increased roughness as a result
of protein adsorption [9]. As expected, the phase
change is fastest in the first period of the process. It can
also be seen that after a PBS washing step the phase
drift again becomes < 0.57: h - l , comparable with the
initial phase drift before the adsorption process.
Before the adsorption experiments were clone it was
not sure if after a coating process the channels would
still work properly. The ridge thickness of these channels is ~ 3 rim. Adsorbing antibodies have the same
dimensions, and thus they could increase the roughness
of the surface to such a level that the channels disappear in the roughness.

Fortunately this did not take place. It was only found
that in the beginning of the adsorption process, when
the intensity modulation is most prominent, the visibility is somewhat smaller, possibly as a result of increased
surface roughness due to the adsorption process.
After the preparation of the anti-hCG receptor surface the specificity of this surface for the immunosensing of hCG is tested. This is done by adding a
concentration of BSA to the surface. Adding 1 × 10 .6
M BSA gives no response. After this specificity test,
hCG is added at the same temperature in concentrations ranging from 10 - s to 10 .7 M. In Fig. 6 we see
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T i m e [s]
Fig. 6. Immunosensing experiment with the integrated M a c h - Z e h n der sensor. The sensor surface is coated with anti-hCG, h C G is added
at the indicated instants at concentrations shown below the arrows.
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the familiar binding curves, well known from previous
reports. Both the addition of 3 x 10 . 8 M and, subsequently, 6 x 10 . 8 M result in an immunoresponse.
Addition of 6 x 10 - s M antigen almost saturates the
receptor layer, as is seen by the subsequent addition of
8 x 10 . 8 M of antigen, where almost no response is
found any more. This behaviour is completely in line
with earlier results [1].
These experiments show that it is feasible to use the
integrated M a c h - Z e h n d e r sensor as an immunosensor
for the direct detection of the binding of antigen to
antibodies on the sensor surface.

7. Conclusions
We have demonstrated that it is possible to manufacture sensitive monomode channel waveguides by etching a small ridge of ,~ 3 nm in Si3N4 waveguide layers.
These waveguide layers have an optimized thickness of
100 nm. Also after adsorption of antibodies on these
channel waveguides the mode character in the channels
remains unchanged, which makes them attractive for
immunosensor applications.
For glucose solutions with different refractive indices
it has been shown that the M a c h - Z e h n d e r devices
work as anticipated and that the sensitivity of these
devices can be calculated with a simple slab-waveguide
model. The feasibility of these devices as immunosensors for the direct detection of antigen binding to an
antibody receptor surface has been shown with hCG/
anti-hCG measurements.
The compact and simple design of the sensor opens
possibilities for future development of multichannel
devices, which are difficult to realize with slab-waveguide-based M a c h - Z e h n d e r sensors.
For a further improvement of the sensor system two
main aspects deserve further attention: (1) If it is possible to construct narrower channels with a uniform
width, the resulting optical behaviour will become really monomodal. Consequently the visibility will be
much improved, resulting in a more sensitive response.
(2) For the direct detection of the immunobinding of
low concentrations of antigen to an antibody receptor
surface, where the expected phase change is much
smaller than 2re, fringe counting, which is appropriate
for the detection of adsorption processes, is not accurate enough. A measurement of a phase change smaller
than 2n based on direct measurement of the change in
the intensity of the outcoupled light beam is also highly
non-linear and dependent on the initial phase difference
between reference and signal beam. Only a phase-tuning system can adequately address these shortcomings
of the current fringe-counting method. Work on these
points is in progress.
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