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Drift compensation using a multichannel slot waveguide
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Polymeric integrated Young interferometer sensor chips utilizing a slot waveguide have demonstrated to be sensitive, to work at visible
wavelengths, to be manufacturable by simple process, and to have a reduced sensitivity to temperature fluctuations. Although slot
waveguide Young interferometers have these desirable features for low-cost rapid diagnostics, the sensor readout is disturbed by mechanical
drifts of the sensing system. In this paper we demonstrate that mechanical drifts of the readout system can be compensated by using a
multichannel slot waveguide Young interferometer having two reference waveguides and applying a drift compensation method based on
the analysis of the spatial shifts of the interferogram fringes. The applicability of the drift compensation method was studied by conducting
experiments with undisturbed and with mechanically disturbed setup to measure the phase changes induced by the changes of the bulk
refractive index. By applying the drift compensation method, the sample induced phase change responses were extracted from up to
18 times larger measured phase changes in the disturbed experiments proving the applicability of the method with multichannel slot
waveguide Young interferometers.
[DOI: http://dx.doi.org/10.2971/jeos.2015.15053]
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1 INTRODUCTION

Integrated Young interferometers (YI) have been demon-
strated to be a sensitive label free sensor platform being
able to detect bulk refractive index (RI) differences in the
level of 10−5–10−8 refractive index units (RIU) [1]–[3]. Sensor
chips have been implemented as silicon, glass, TaO5 and
polymeric devices based on slab, planar, ridge, inverted ridge
and slot waveguides [1]–[7]. Integrated YI sensors have been
demonstrated to be compatible with multi-analyte sensing
and detection from complex sample matrices [8]. The label
free detection technique enables simpler assays reducing the
complexity and cost of the analysis.

Polymeric integrated YI sensor chips utilizing a slot wave-
guide have been demonstrated to work at visible wavelengths
and to measure bulk RI differences down to level of 10−6 RIU
[7]. Slot waveguide enables a sensor layout where measure-
ment and reference waveguides are similarly exposed to sam-
ples, which has been shown to significantly reduce the sen-
sor sensitivity to temperature fluctuations [7]. These proper-
ties make the slot waveguide YI sensor platform interesting
for rapid diagnostic applications where low-cost and sensor
disposability are key properties as well as the robustness of
the measurement.

Although slot waveguide based YI chips have many desirable

features, the interferometric sensing method is disturbed by
the mechanical drifts of the readout system. One solution is to
isolate the readout system from external disturbances [9], but
this is not easily implementable with low-cost portable read-
ers. Another approach is based on multichannel chip layouts
where two reference waveguides provide signal for the cal-
culation of the drift compensated signal. Idea has been intro-
duced and demonstrated to be applicable for the compensa-
tion of intrinsic drifts of the measurement system [10]. Au-
thors have presented a theory for this approach where spa-
tial shifts of the interferogram fringes are used to calculate the
drift compensation [11]. It was also demonstrated by using
a polymeric multichannel inverted ridge waveguide YI chip
that the compensation method is capable to quantitatively ex-
tract sample induced bulk RI changes even though the mea-
surement setup was deliberately mechanically disturbed.

In this paper we study whether mechanical drifts of the read-
out system can be compensated by using a multichannel slot
waveguide Young interferometer having two reference wave-
guides and the drift compensation method based on the anal-
ysis of the spatial shifts of the interferogram fringes. For this
purpose, two sets of measurements were done: the first set
was conducted with an undisturbed setup, and the second
set with a mechanically disturbed setup. During the measure-

Received October 02, 2015; Ms. accepted October 22, 2015; published November 20, 2015 ISSN 1990-2573

http://dx.doi.org/10.2971/jeos.2015.15053


J. Eur. Opt. Soc.-Rapid 10, 15053 (2015) S. Aikio, et al.

ments, the chip was exposed to sample solutions, i.e., aque-
ous glucose solutions with various concentrations, to mod-
ify the bulk RI and induce phase change responses. The re-
sponses were calculated from the phase change curves of the
undisturbed measurements and from the drift compensated
phase change curves of the disturbed measurements. The ob-
tained response values of the undisturbed and disturbed ex-
periments were compared to analyse the applicability of the
compensation method.

2 SENSOR CHIP

The layout of the multichannel slot waveguide YI sensor chip
is shown in Figure 1(a) with dimensions, and a microscope
image of part of the waveguides in Figure 1(b). The input
ridge waveguide has two Y-junctions splitting it into three
parallel waveguides called channels. The channel numbering
is shown on the waveguides in Figure 1(a). Channel 1 is the
measurement channel containing a slot structure, i.e. a narrow
groove with the width of about 150 nm and the length of 7.5
mm. Channels 2 and 3 are reference channels implemented
as ridge waveguides without slots. Scanning electron micro-
scope (SEM) images of the cross-sections of both waveguide
types are shown in Figure 1(c). The ridge and slot waveguide
regions of channel 1 change abruptly without any taper struc-
ture leading to mode mismatch loss of 1 dB of the two inter-
faces. Due to the larger losses of the measurement channel, it
was designed to have only one Y-junction enabling the cou-
pling of a larger optical power to the slot structure. In princi-
ple, the slot structure could have been placed to any one of the
channels.

The ends of the waveguides were protected by an over-
cladding layer leaving the measurement window open for
the interaction with the sample solutions. Although the over-
cladding layer defines the length of the measurement win-
dow, the sensing length is defined by the length of the slot
structure since it is the only part where the measurement and
reference waveguides differ significantly and react differently
to the samples. The measurement and reference channels also
differ within the measurement window due to the second Y-
junction branching the two reference channels. Anyhow the
length where the measurement and reference channels dif-
fer due to the branching of the channels 2 and 3 is only 100
µm, which is much smaller than the sensing length, and thus
does not have a significant impact to the sensor chip responses
here.

The waveguides were fabricated from UV-curable hybrid
polymer (Ormocore, RI 1.553, Micro resist technology). First,
thinned Ormocore (Ormocore : Ma-T1050, weight ratio 1:7)
was spin coated on a silicon wafer with 2 µm thick thermal ox-
ide layer acting as an undercladding layer for the waveguides.
Thinner (Ma-T1050) was evaporated at 130 ◦C for 10 min-
utes on a hot plate. For the waveguide replication, the trans-
parent mold was stacked up in contact with the Ormocore
coated wafer and pressed together in a nanoimprint equip-
ment (Eitre 6, Obducat) with 10 bar pressure followed by 2
min UV-exposure. After the patterned waveguides were re-
leased from the mold they were hardened by post baking for

a)

b)

c)

d)

FIG. 1 a) Schematic of YI sensor structure with dimensions and channel numbering;

b) Top view microscope image of part of the sensor waveguides; c) Scanning electron

microscope images of the cross-sections of slot and ridge waveguides taken approxi-

mately along the line A-A´shown in b; d) Theoretical TE-mode field profiles of slot and

ridge waveguides.

one hour at 130 ◦C on a hot plate. In order to protect the wave-
guides from the contact with the flow cell, an overcladding
layer (Ormostamp, RI 1.515, Micro resist technology) having a
thickness of 10 µm was processed by using photolithography.
The patterning of the over-cladding layer can be done with
loose positional tolerances, since the sensing length is defined
by the length of the slot structure. The manufacturing of the
chip structures is described in detail in Ref. [7], where a two-
channel slot waveguide YI sensor was analysed.

3 DETECTION PRINCIPLE AND SETUP

In the experiments, laser light was end-fire coupled into the
input waveguide and split into the measurement and refer-
ence channels. In the measurement window, sample inter-
acts with the evanescent wave of the light propagating in the
waveguides, and thus a change of the RI in the measurement
window changes the effective RIs of the waveguides. It has
been shown that the same bulk RI change induces a larger ef-
fective RI change of the slot structure than of the ridge wave-
guide, which changes their mutual optical path length differ-
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ence [7]. The change of the effective RI of the slot structure
is larger because the electric field is confined into the slot, as
shown by the simulated TE-mode field profiles of Figure 1(d),
enhancing the light–sample interaction. Based on the simu-
lations of the slot waveguide geometry covered with water,
5.4% of the optical field intensity is confined into the groove
and in total of 10.4% into the water. With the ridge waveguide
geometry, 5.4% of the optical field intensity is confined into
the surrounding water. Light-sample interaction can be fur-
ther enhanced by applying a high index coating, such as TaO5,
on the waveguide moving the mode outwards and increasing
the confinement of the optical field intensity in the overlying
medium [12, 13]. The difference in the change of the effective
RIs enables a YI sensor chip layout where all the waveguides
are exposed to sample solutions similarly.

When light couples out from the chip, the diverging beams
overlap and interfere forming an interferogram that is a su-
perposition of the three two-beam sub-interferograms formed
by all the possible channel pairs, i.e. channel pairs 1 and 2, 1
and 3, and 2 and 3. An example of an interferogram is shown
in Figure 2(b). The interferogram fringes shift when the mu-
tual optical path length difference between the measurement
and the reference channels changes due to the sample solu-
tions.

Schematic of the measurement setup is shown in Figure 2(a).
In the experiments, frequency stabilized laser light (wave-
length 633 nm, HRS015, Thorlabs) was coupled into the input
waveguide by using a focusing lens (C230TM-B, Thorlabs).
In addition, an optical isolator was used to prevent the back-
reflections into the laser, and a quarter wave plate and a polar-
izer to select the TE-polarization state of the incoupled light.
A beam expander was used to reduce the spot size produced
by the focusing lens to enhance the in-coupling efficiency and
to reduce the stray light. Interferogram was imaged onto a
camera detector (PL-E425CU, PixeLink) by using a 40× micro-
scope objective (NA 0.65, Micro Plan, Edmund Optics) with
the image interval of 10 s. To form the interferogram, the
microscope objective was mounted onto a translational stage
equipped with a micrometer drive enabling the controlled ad-
justment of the separation between the microscope objective
and the chip. The interferogram was formed by first imaging
the out-coupling end of the chip to the camera and then mov-
ing the microscope objective ∼800 µm away from the chip.
For the mechanically disturbed experiments, the microscope
objective was mounted onto a piezo actuated XYZ-translation
stage and the microscope objective was moved in the direction
shown by the arrow in Figure 2(a). The direction of the mi-
croscope objective movement was chosen to maximise the in-
duced disturbance by mechanically moving the fringes on the
camera detector along the same direction as they are shifted
by the sample induced RI changes.

4 CALCULATION OF THE DRIFT
COMPENSATED SIGNAL

Discrete Fourier transform was used to analyze the captured
interferograms yielding the phases and the spatial frequencies
of the sub-interferogram fringes. Since all the channel pairs

a)

b)

c)

FIG. 2 a) Schematic of the optical setup. In the disturbed measurements, the mi-

croscope objective was moved in the direction indicated by the arrow; b) Captured

interferogram; c) Amplitude spectrum of an interferogram. The spatial frequencies,

kij, related to the sub-interferogram of channel pair i and j, stand out as a spikes.

had a unique separation at the outcoupling end, every sub-
interferogram had an own spatial frequency, as shown in Fig-
ure 2(c), and thus their phases could be monitored separately
in the experiments. If the separation of any two channel pairs
would be same, then their spatial frequencies would be co-
located in the amplitude spectrum and their phase changes
could not be monitored separately. The phase change of the
channel pair i and j, ∆φij, at time t was calculated as a differ-
ence of the phase value φij at time t and at the beginning of
the experiment, t0, i.e. ∆φij (t) = φij (t)− φij (t0).

Phase changes are a combination of the phase changes caused
by the RI changes in the measurement window of the chip and
the drifts of the system. Drifts are related either to the internal
changes of the chip, caused for example by temperature varia-
tions, or to changes of the measurement setup, such as the me-
chanical movement of the components. Phase changes caused
by the chip internal drifts can be assumed to be small since all
the channels are integrated into a single chip and are exposed
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similarly to the samples. It can be also assumed that all the
channels see the changes of the measurement setup similarly
since they are sharing the optical components.

Since channels 2 and 3 are both reference channels, RI change
in the measurement window does not induce any phase
change into their sub-interferogram, and thus the phase
changes are caused by the drifts that are dominated by the
changes of the setup. Based on this, the phase changes of
the channel pair 2 and 3 can be used to calculate the drift
compensated phase changes of the channel pairs 1 and 2, and
1 and 3. Anyhow, the phase changes of the channel pair 2 and
3 cannot be directly subtracted from the phase changes of the
channel pairs 1 and 2, and 1 and 3 since a change of the setup
induces a different phase change between different channel
pairs. Instead the drift compensation has to be calculated
from the spatial shifts of the interferogram fringes since a
change of the setup induces the same spatial shift of the
fringes in all the sub-interferograms.

Now, the drift compensated sample induced spatial shift of
the channel pair 1 and 3, ∆ss

13, can be calculated as

∆ss
13(t) ≈ ∆s13(t)− ∆s23(t), (1)

where ∆s13 and ∆s23 are the spatial shifts of the sub-
interferogram fringes of the channel pairs 1 and 3, and 2 and
3, respectively. Eq. (1) is an approximation since the internal
changes of the chip are not taken into account and are ignored
in this paper. The spatial shift of the channel pair i and j can
be calculated from the phase change by using a relation

∆sij (t) =
∆φij(t)
2πkij

, (2)

where kij is the spatial frequency of the sub-interferogram of
the channel pair.

By using the relation of Eq. (2), the drift compensated sample
induced phase change of the channel pair 1 and 3, ∆φs

13, can
be calculated as

∆φs
13 (t) = 2πk13∆ss

13 (t) (3)

By substituting Eq. (1) into Eq. (3) and using the relation of
Eq. (2), a compact expression for ∆φs

13 is obtained:

∆φs
13 (t) = ∆φ13 (t)−

k13

k23
∆φ23(t), (4)

which is the form used in this paper to calculate the drift com-
pensation.

The drift compensated sample induced phase change of the
channel pair 1 and 2 can be calculated similarly. This approach
can be applied to chips with more than one measurement
channel by analysing each measurement channel separately.
A more detailed discussion of the calculation of the drift com-
pensation is presented in Ref. [11].

5 SAMPLE SOLUTIONS

To modify the bulk RI in the measurement window, aqueous
glucose solutions with the concentrations of 0.01, 0.02, 0.05,

0.1 and 0.2 weight percent (wt. %) were prepared in ultra-pure
water (MilliQ Academic, Merck Millipore). The RI differences
of the solutions to pure water were calculated by using a poly-
nomial [11] fitted to the tabulated values [14] yielding the fol-
lowing values from smallest to highest glucose concentration:
1.4×10−5, 2.8×10−5, 7.0×10−5, 1.4×10−4 and 2.8×10−4 RIU.
Glucose solutions were stored in the room temperature to
equalize their temperature with the setup.

A flow cell was assembled onto the YI chip to enable actua-
tion of solutions. The inlet of the flow cell was connected to
the sample vial and the outlet to a syringe pump (Nexus 3000,
Chemyx), which was driven in withdraw mode with the con-
stant flow rate of 100 µl/min. The flow cell was assembled
onto the chip and filled with water at least a day before the
experiments to reduce the effect of water absorption into the
polymeric waveguides during the measurements [6].

6 RESULTS

To study the applicability of the drift compensation with mul-
tichannel slot waveguide YI, experiments to sense bulk RI
changes were conducted with undisturbed and with mechan-
ically disturbed setup. In this section, the results of the undis-
turbed experiments are discussed first followed by the discus-
sion of the mechanically disturbed experiments. To facilitate
the comparison of the results between these two experiment
types, the phase change curves and sensor responses of undis-
turbed and disturbed experiments are presented side by side
in Figure 3 and Figure 4.

6.1 Undisturbed experiments

Responses of the sensor chip to the bulk RI changes were first
determined with an undisturbed setup by exposing the sensor
chip to 500 µl pulses of glucose solutions followed by flushing
with water. The concentrations of 0.01, 0.05 and 0.2 wt. % were
measured once, and the concentrations of 0.02, and 0.1 wt. %
three times. The approximate timing of the glucose solutions
in the flow cell is indicated in Figure 3(a).

The measured phase change curves of all the channel pairs are
shown in the lower row of Figure 3(a), and the compensated
phase change curves of the channel pairs 1 and 3, and 1 and 2
in the upper row. For clarity, only one set of curves per concen-
tration is shown. It can be seen, that the phase change curves
show clear responses to the bulk RI changes at all glucose con-
centrations. It can be also seen that the phase change curves
of the reference channels, ∆φ23, seem to react to the glucose
solutions at the concentrations of 0.1 and 0.2 wt.% showing
small negative and positive phase changes, respectively. These
phase changes are not anyhow direct reactions to RI changes,
but caused by the cross-talk between the channel pairs which
is a known phenomenon in multichannel YI sensors [15]. Also
the different signs of these phase changes provide a further
proof of the cross-talk induced phase changes instead of real
sensor responses.

Sensor responses were determined from the phase change
curves by subtracting the mean value within 1.2-1.5 min from
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FIG. 3 Phase change curves of a) undisturbed experiments; and b) disturbed experiments. The upper row in the figures shows the compensated and the lower row the measured

phase change curves. RI differences, ∆n, to pure water and the concentrations of the glucose solutions are displayed above the curves. The background colour indicates the

timing of the solutions in the flow cell.

the mean value within 4.8-5.2 min. The sensor responses are
shown in Figure 4(a) and Figure 4(b) for the channel pair 1 and
3, and 1 and 2, respectively, with and without the compensa-
tion. It can be seen that, in overall, the responses increase with
the increasing glucose concentration in all of the cases, as ex-
pected. Anyhow, it can be also seen that there is some ambi-
guity in the quantification since some of the response values
of different concentrations are overlapping or are very close
to each other, and thus the sensor readout is closer to semi-
quantitative than quantitative.

Theoretical sensor responses were calculated by using a finite-
element method of commercial software (Fimmwave, Photon
Design). Simulations were conducted by first determining the
waveguide dimensions from the SEM images (Figure 1(c)) and
then calculating the effective RIs of the waveguides with vari-
ous ambient RI values corresponding to the glucose solutions
yielding the theoretical sensitivity of the sensor chip. The the-
oretical response is shown in Figure 4(a) and Figure 4(b), and
is in good agreement with the measured values. Anyhow, the
sensor response seems to saturate at the highest concentration
that is attributed to the flow and diffusion dynamics of the
glucose molecules within the narrow slot structure.

6.2 Disturbed experiments

During the mechanically disturbed experiments, the micro-
scope objective was moved while the glucose solutions were
used to change the bulk RI in the measurement window sim-
ilarly as in the undisturbed experiments. The microscope ob-
jective was moved by manually controlling the piezo actua-
tor, and the direction of the movement was reversed during
each measurement. The rate of the movement varied between
measurements, as well as the maximum displacement of the
microscope objective being within 6-11 µm. The concentration
of 0.05 wt. % was measured twice and the concentrations of 0.1
and 0.2 wt. % once.

The measured phase change curves of all the channel pairs are
shown in the lower row of Figure 3(b) and the compensated
phase change curves of channel pairs 1 and 3, and 1 and 2
in the upper row. The shapes of the drift compensated phase
change curves of the two highest concentrations (i.e. 0.1 and
0.2 wt. %,) are similar than the ones obtained in the undis-
turbed experiments although they show more fluctuations. At
the smallest concentration (0.05 wt. %), the sample induced
phase changes and the signal fluctuations are at the same
range, and thus the method cannot be considered to be able
to extract the bulk RI changes at this level (7.0 × 10−5 RIU)
anymore. The fluctuations of the compensated signal are at-
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a)

b)

FIG. 4 Responses calculated from undisturbed measured, undisturbed compensated

and disturbed compensated phase change curves of a) channel pair 1 and 3; and b)

channel pair 1 and 2. The maximum range of the response values of undisturbed mea-

sured (black text) and of undisturbed compensated (red text) data sets are indicated

next to the related data points.

tributed to the cross-talk between the channel pairs, which
was already seen with the undisturbed experiments.

The responses of the compensated phase change curves for
the concentrations of 0.1 and 0.2 wt. % were calculated sim-
ilarly as in the undisturbed measurements and are included
into Figure 4(a) and Figure 4(b). The calculated responses are
in agreement with the values of the undisturbed experiments
for both channel pairs proving the applicability of the drift
compensation method with the multichannel slot waveguide
YI sensor. The drift compensation method was thus capable to
extract sample induced phase change responses from 18 times
larger measured phase changes with the bulk RI difference of
1.4 × 10−4 RIU.

7 CONCLUSIONS

In this work we demonstrated that mechanical drifts of the
measurement setup can be compensated by using a polymeric
multichannel slot waveguide YI sensor having two reference
channels and the analysis of the spatial shifts of the interfer-
ogram fringes. Experiments were conducted with an undis-
turbed and with a mechanically disturbed measurement setup
while the bulk RI in the measurement window was modified
by aqueous glucose solutions with various concentrations.

The sensor responses calculated from the phase change curves

of the undisturbed measurements and from the compensated
phase change curves of disturbed measurements were in good
agreement. This demonstrates the applicability of the drift
compensation method with the multichannel slot waveguide
YI sensor. Based on the mechanically disturbed experiments,
the drift compensation method was able to extract the sample
induced phase changes caused by the bulk RI difference of
1.4 × 10−4 RIU from 18 times larger measured phase change
signal. At the smaller bulk RI difference, the drift compen-
sation method was not capable to differentiate the sample
induced phase change from the overall signal fluctuations.
The fluctuations were attributed to the cross-talk between the
channel pairs limiting the utilization of the drift compensation
method. The applicability of the drift compensation method
further improves the compatibility of the polymer slot wave-
guide YI sensors for low-cost rapid diagnostic applications by
enhancing the robustness of the platform.
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