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Abstract. It has been found that patterns and inhomogeneities
on the surface of the waveguide used for optical waveguide
lightmode spectroscopy applications can produce broadening
and fine structure in the incoupled light peak spectra. During
cell spreading on the waveguide, a broadening of the incou-
pling peaks is observed, while regular microstructures on the
incoupling grating produce shifts and splitting of the peaks.
A theoretical model, based on the zigzag wave representation
of light propagation in a planar optical waveguide has been
developed in order to understand the physical background
of the observed effects. Numerical results are given for the
different cases observed, and they are compared with the ex-
perimental data. Several possible applications of these effects
are considered.

PACS: 07.07.Df; 42.30.Lr; 42.79.Gn

Optical evanescent wave sensors are widely used for in situ
monitoring of surface processes such as protein adsorption,
bioaffinity interactions, formation of lipid bilayers, or cell at-
tachment and spreading [1–3]. These sensors are based on
the principle that biological adlayers on the sensor surface
alter the resonant behavior of the optical system. Surface
Plasmon Resonance (SPR [4]), Resonant Mirror (RM [5, 6])
and grating-coupler planar waveguides, e.g. Optical Wave-
guide Lightmode Spectroscopy (OWLS [7, 8]) have been de-
veloped to determine quantitatively the amount of adsorbed
biomolecules on the surface. The shift in the resonance angle,
determined with high precision, is often used to calculate ad-
layer thickness or specific coverage, generally based on the
assumption of a homogeneous adlayer. In this paper, we focus
on the use of the OWLS technique for studying surface inho-
mogeneities by demonstrating that the shape of the resonant
peaks (incoupling peaks) carries information about the struc-
tures on the surface in the micron range. Using calculations
based on the zigzag wave model, and treating the waveguide
as a thin-film interferometer [9, 10], we analyze the changes
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in the shape of the resonant peaks observed during meas-
urements with cells present. Well-defined surface structures
(i.e. polymer stamps, PDMS (poly-dimethylsiloxane) for ex-
ample) are used as model systems for comparison of the
experimental observations with theoretical calculations.

In SPR systems, this inhomogeneity effect is well docu-
mented, and a new type of microscopy has been developed
(Surface Plasmon Microscopy [11]), which is suitable for
monitoring samples having extremely low contrast [12]. The
inhomogeneous deformation of a plastic waveguide is the ba-
sis of Optical Force Microscopy [13, 14]. The present work
explores the possibility of obtaining valuable information
about the optical inhomogeneity of the sensor surface with-
out the need for a complex microscope system. The use of
well-defined, structured surfaces revealed that the observed
separation of the peaks can be used for the in situ monitor-
ing of microcontact printing (µCP) or microfluid patterning,
as well as for the optical coding of complicated surface struc-
tures, such as fingerprints.

The model we have developed is based on the work of
Tien and Ulrich [9, 10] and is capable of qualitatively de-
scribing the experimental results within a reasonable com-
putational time. In the works of Morf [15] and Kunz [16],
a rigorous model can be found for a similar problem.

1 Materials and methods

1.1 Materials

Si0.4Ti0.6O2 waveguides (Microvacuum, Hungary) were used
in all of the experiments. HEPES (4-(2-hydroxyethyl)pipera-
zine-1-ethanesulfonic acid) was obtained from Fluka (Switz-
erland). Trypsin-EDTA and Fetal Bovine Serum (FBS)
were obtained from Gibco (UK). The flow-through cu-
vettes used for the experiments with cells were constructed
from PEEK (“Tecapeek”, medical grade, Ensinger, Switzer-
land).The O-ring seals were from Kalrez (Flouro-Elastomer,
Dupont, USA). The tubing was made of PTFE (“Teflon”,
Dupont, USA) and the tissue culture flask was from Nunc
(Denmark).



442

1.2 Cell preparation

MC 3T3-E1 cells (osteogenic cell-line derived from mouse
calvaria [17, 18], Department of Pathophysiology, University
Bern, Switzerland) were cultured in a tissue culture flask in an
alpha MEM Medium (α-MEM) containing 5% fetal bovine
serum (FBS) and incubated at 37 ◦C under 95% air and
5% CO2.

1.3 Optical Waveguide Lightmode Spectroscopy

The OWLS technique is based on the incoupling of He-Ne
laser light into a planar waveguide via a diffraction grat-
ing. For the waveguides used in this study, the incoupling
occurred at only two discrete incident angles, which repre-
sented the two polarization modes (transverse electric, TE,
and transverse magnetic, TM) of the planar waveguide. The
waveguide was mounted onto a rotating goniometer. The in-
coupled light intensity was monitored by photodiodes located
at the side edges of the waveguide [19]. An example of the
dependence of the incoupling intensity on the incident angle

Fig. 1. a The intensity of the incoupled light as a function of the incident
angle. The width of the peaks at half-maximum is about 0.04◦. In this case,
the incoupling angle is 0.8◦ for the transverse magnetic (TM) mode and
3.1◦ for the transverse electric (TE) mode. b PDMS stamp on the surface
of the waveguide with grooves perpendicular to the grating. c PDMS stamp
on the surface of the waveguide with the grooves parallel to the grating

is shown in Fig. 1a for a homogeneous surface. The typical
value of the peak half-width is approximately 0.04◦ and is
determined by the optical uncertainty principle [7]. At the in-
terface, an evanescent wave penetrated into the bulk solution
up to a distance of 100–200 nm. Measuring the change in
the incoupling angle allowed the direct online monitoring of
the change in the effective refractive index at the surface [7].
The refractive index data could then be correlated to interface
processes such as macromolecule adsorption [20, 21] or cell
attachment and spreading [3]. By monitoring the changes of
incoupling angle of the two waveguide modes, the refractive
index changes close to the surface could be followed. Further-
more, a measuring-time resolution of 10 s allowed the online
assessment of adsorption and spreading kinetics.

1.4 Procedure of the cell experiments

The waveguides were exposed for 10 min to HEPES buffer
(10 mM, pH 7.4). Thereafter, the waveguides were coated
with serum by exposure to 100% FBS for 30 min in order to
accelerate the cell attachment. The FBS solution was replaced
by HEPES-buffered (25 mM) cell-culture medium containing
5% FBS (HCCM) for another 10 min. Once a steady-state
OWLS signal was reached, osteoblastic cells in HCCM at
a concentration of 400 000 cells/ml were introduced into the
flow-through cuvette. After 10 min, a constant 1 ml/h flow
of HCCM without cells was initiated and cell spreading was
monitored.

After approximately 100 min, cell spreading reached
a maximum. At this time, a monolayer of cells typically cov-
ered more than 70% of the waveguide surface, resulting in
a steady-state signal.

1.5 Experiments with a PDMS stamp

These experiments were carried out in ambient air at room
temperature. The waveguides were placed in the BIOS-1 in-
strument and the intensity of the incoupled light was recorded
from 0.5◦ to 5◦. Curves similar to Fig. 1a were obtained.
A PDMS stamp with a groove structure of A = 40 µm and
B = 40 µm (Fig. 2) was then placed on the surface of the
waveguide with the grooves perpendicular to the grating and

Fig. 2. The propagation of the laser light in the waveguide under the PDMS
stamp
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the intensity vs. angle curve was recorded again. This proced-
ure was also repeated with the grooves parallel to the grating.

2 Experimental results

2.1 Effect of cells on the peaks

When monitoring the peak width at half-maximum (PWHM)
during the process of cell spreading, we found that the
PWHM increased when the cells started to spread on the sur-
face, reached its maximum at about 50% cell coverage, and
decayed back to the original level afterwards. This showed
that the PWHM could be used as a measure of surface inho-
mogeneity. This PWHM is theoretically maximal if half of
the surface is covered by cells and is minimal when either
no cells are at the surface, or when the surface is completely
covered by spread cells (i.e. at monolayer coverage). This in-
crease and decrease in PWHM throughout the establishment
of the cell monolayer is shown in Fig. 3.

2.2 Effect of PDMS patterns on the peaks

When a PDMS stamp with groove structures of A = 40 µm
and B = 40 µm was placed at the surface of the waveguide,

Fig. 3. a The change in the TM peak width at half-maximum (PWHM)
resulting from the cell attachment. The maximum value for PWHM is ob-
served at the time corresponding to approximately 50% surface coverage
(note that the maximum effective refractive index change refers to about
75% surface coverage, see (b)). b The PWHM as a function of surface
coverage due to cell attachment for both polarizations

Fig. 4. Effect of fingerprints on the peaks

with the grooves perpendicular to the grating, a splitting of
the peaks was observed (Fig. 1b). The refractive index was
higher in the areas where the PDMS stamp touched the sur-
face, due to the shift in incoupling in these regions to higher
angles. From the difference between the original and the new
incoupling angles it was possible to calculate the refractive
index of the PDMS stamp. It was found to be 1.4055, as cal-
culated from the TM peak shift. Although the ratio of PDMS-
covered area to non-covered was formally one, the intensities
of the peaks coupled from these areas were different. This is
a consequence of the decrease in coupling efficiency when the
refractive index difference between the cover media and the
waveguide decreases.

When placing the same PDMS stamp on the surface of
the waveguide with the grooves parallel to the grating, a more
complex phenomenon was observed, with the appearance of
several peaks with different intensities (Fig. 1c). Correspond-
ing theoretical calculations are discussed in Sect. 3.

2.3 Effect of fingerprints

Experiments to monitor the effect of fingerprints on wave-
guides were conducted with a home-developed OWLS instru-
ment [22]. A fingerprint was applied to the grating region of
a standard waveguide chip (ASI-2400). Even if only a small
part of the whole fingerprint was on the illuminated grating
(size about 1 mm2), the fine structure of both peaks could be
clearly seen (Fig. 4). The result is preliminary, but this experi-
ment demonstrates a new possibility for the optical coding of
complicated surface structures.

3 Theory and numerical analysis

3.1 Coupling model for homogenous surface

Theoretical explanations for the observed effects are given
in these sections, based on the zigzag wave model [9]. The
guided modes propagate in the planar waveguide by total in-
ternal reflection (Fig. 5a). After having passed a full zigzag,
the phase difference between the ordinary wave and the
twice-reflected wave is given by:

Φ ≡ 2dF

√
k2n2

F −β2 +ΦF,C +ΦF,S . (1)
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Fig. 5. a Light propagation in the planar optical waveguide by zigzag waves.
b Coupling into the waveguide with zigzag waves

The phase shifts, after total internal reflection at the film–
cover (ΦF,C) and at the film–substrate (ΦF,S) interfaces are
given by (2):

ΦF,J = −2 arctan


(

nF

n J

)2p

√
β2 − k2n2

J√
k2n2

J −β2


 (2)

where J = S, C (S, Substrate, or Support; C, Cover).
Here k = 2π/λ, where λ is the wavelength of the applied

laser light in vacuum, nF , nS and nC are the refractive indices
of the film, substrate (support) and cover medium, respec-
tively, and β is the x component of the wave-vector of the
light in the film. The mode propagation direction in the wave-
guide is x (Fig. 5a) and 	 denotes the polarization of the light:
	 = 0 for TE and 	 = 1 for the TM polarization modes. For
a given waveguide structure and fixed polarization and wave-
length, Φ is a function of β only. The mode equation of the
planar waveguide thus becomes:

Φ(βm) = 2πm, m = 0, 1, 2... (3)

Here m is the mode index of the mth-guided mode. In the
zigzag wave model, the mode equation is determined by
self-consistency criteria: the phase shift between the ordi-
nary wave and the twice-reflected wave must be 2πm (m =
0, 1, 2...). From this equation it is possible to calculate
numerically βm , the β value of the mth guided mode in the
given waveguide.

In the zigzag wave model, each ray represents a plane
wave [9, 10]. If the light is coupled into the waveguide, it is
only necessary to consider the coupling at those points where
the zigzag wave strikes the film surface, and at these points
simple ray optics can be used [9].

Suppose that a plane wave enters the waveguide film (an
incoming elementary ray or ordinary wave). The x wave vec-
tor component of this wave is β and its amplitude is A0(β).
This wave excites a small wave at point 1 with amplitude
A0(β). After a full zigzag the wave will reach point 2, where
its phase has been shifted by Φ(β) compared to that of the or-
dinary wave. If the phase of this wave equals the phase of the
small wave which is excited in point 2 by the ordinary wave,
then the amplitudes of the two waves are additive, resulting in
a wave with amplitude 2A0(β). This wave, after a full zigzag,
reaches point 3, where its phase has been shifted by 2Φ(β)
compared to the phase of the ordinary wave at this point. If its
phase equals the phase of the small wave excited at point 3,
a wave with an amplitude of 3A0(β) results. This procedure
can be continued through the points 4, 5, 6 etc. (Fig. 5b), re-
sulting in a wave with 4, 5, 6 times the amplitude A0, and with
intensity 16, 25, 36 times higher than the ordinary wave in-
tensity. Tien and Ulrich have illustrated this model for a prism
coupler [10].

From the above-mentioned phase equality criterion, we
arrive at the well-known condition for coupling: The x com-
ponent of the wave number of the generating wave (in our
case the diffracted wave from the grating) must be equal to
the x component of the wave vector of one guided mode
(β = βm).

Provided that the phase shift during one zigzag is Φ(β),
the amplitude of the wave after the nth zigzag, (An(β)), will
be given by a geometrical series:

An(β) = A0(β)

n−1∑
j=0

eijΦ(β) . (4)

(Here and later in this paper i denotes the imaginary unit.)
Using the sum equation, this can be rewritten in the form:

An(β) = A0(β)G(β) (5)

where

G(β) = einΦ(β) −1

eiΦ(β) −1
.

The OWLS technique uses a grating to couple the light into
the waveguide. The coupling length (L) is determined by the
width of the laser beam and by the width of the grating [7].
Assuming that the whole grating length is illuminated, the
coupling length equals the grating length. In that case the total
number, n, of the full zigzags can be calculated:

n =
L
√

k2n2
F −β2

2dFβ
. (6)

The intensity of the coupled light after the nth section (In(β))
is proportional to the absolute square of the amplitude of the
light: In(β) ∼ |G(β)|2. IG(β) = |G(β)|2 is introduced for this
function, which gives narrow peaks at those β values repre-
senting a guided mode, i.e. at βm (m = 0, 1, 2...). For a typical
monomode waveguide, as used in our experiments, IG(β)
gives only one narrow peak at β0. With increasing L, the
width of this peak is decreased.
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Illuminating the grating at angle α0, the waveguide mode
with β0 is generated. The relation between β0 and α0 is the
grating equation:

β0 = knair sin(α0)+ 2π

Λ
(7)

where nair is the refractive index of the air and Λ is the grating
periodicity [7].

Because of the finite width of the grating and the
laser beam, when illuminating the grating under angle
α0 with a plane wave, the diffracted light can be de-
scribed using a plane wave distribution: A(β, α0). The
Id(β, α) = |A(β, α)|2 function gives a peak at β0 with
a PWHM of approximately 2π/L, calculated from the optical
uncertainty principle [7, 21].

In the next step, the coupled light intensity has to be cal-
culated as a function of the incident angle, I(α), which can
also be measured using the OWLS technique. To take into ac-
count the effect of the finite length of the illuminated grating,
I(α) will be approximated in our model with the following
integral:

I(α) ∼
∫

Id(β, α)IG(β)dβ . (8)

For Id(β, α), the simplest approximation of the intensity dis-
tribution of the first-order diffraction was used:

Id(β, α) =
∣∣∣∣∣
sin

(
0.5Lβ −0.5L

(
knair sin(α)+ 2π

Λ

))
β − (

knair sin(α)+ 2π
Λ

)
∣∣∣∣∣
2

. (9)

At a given α, (9) gives a peak at β in agreement with (7) and
the PWHM of this peak is approximately 2π/L. For wave-
guide modes, the allowable β values are between knS and
knF [9]. In numerical calculations, it is sufficient to calcu-
late the integral in (8) only in those regions where IG(β)
is relevant. It was found that the calculated shape and pos-
ition of the incoupling peaks are in very good agreement
with the experimental data. We found that both the calculated
and the experimental curves can be approximated by a Gaus-
sian or Lorentzian function. A Gaussian curve fit was used
to determine the PWHM for all experiments and numerical
calculations.

In our model, the effects of second and higher order re-
flected wave diffraction (i.e. the outcoupling effect) were neg-
lected.

For modeling the inhomogeneity on the grating surface
of the waveguide, the following two different situations were
studied.

3.2 Coupling model with surface inhomogeneities: grooves
perpendicular to the grating

In the first case, the effect of a line pattern on top of the
grating is calculated for grooves oriented perpendicularly to
the grating lines. If the grooves are much wider than the
wavelength, the light diffraction in the y direction can be neg-
lected. The effect of this groove structure is a phase shift
at the film–cover medium interface after a total internal re-
flection, which is different under the covered and uncovered
regions for a wave with a given β. This results in a IG(β)

function that is different for the covered and uncovered areas,
denoted as IGc(β) and IGuc(β), respectively. I(α) can be ap-
proximated by the following expression:

I(α) ∼ Ac

∫
Id(β, α)IGc(β)dβ + Auc

∫
Id(β, α)IGuc(β)dβ

(10)

where Ac and Auc correspond to the total areas of the cov-
ered and uncovered surface. The total coupled light intensity
is split into a peak corresponding to the pure chip and a sec-
ond peak corresponding to the homogeneously covered chip,
similar to the measured peaks given in Fig. 1b.

3.3 Coupling model with surface inhomogeneities: grooves
parallel to the grating

The second case refers to a periodic line structure with the
lines parallel to the grating with the assumption that the peri-
odicity of the line pattern is much larger than the wavelength.
The resulting phase shift after a total zigzag is periodically
different in the waveguide film. We index the different sec-
tions with j . The phase shift after a total zigzag is Φj under
the section j (Fig. 6).

Using the notation defined in (11) and (12):

Gj(β) = einj Φj (β) −1

eiΦj (β) −1
(11)

Pj(β) = einj Φj (β) (12)

where nj is the number of total zigzags under the section j ,
the amplitude of the resultant wave after the Mth section can
be calculated:

AM(β) = A0(β)


M−1∑

j=1


Gj(β)

M∏
l= j+1

Pl(β)


+ GM(β)




(13)

where M is the number of sections in the coupling region.
In the following, the effect of alternating sections, i.e.

assuming that every second section is the same, will be ex-
amined. If j is an odd number: Gj = G1, Pj = P1; if j is
even: Gj = G2, Pj = P2. Suppose that M ≥ 2 and it is even,
N = M/2 and P12 = P1 P2. In this case one arrives at:

AM(β) = A0(β)G1,2(β) (14)

Fig. 6. The phase shifts after one total zigzag under different sections of the
waveguide
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where

G1,2(β) =
[
(G1(β)P2(β)+ G2(β))

(
PN

12(β)−1

P12(β)−1

)]
.

For a generator wave with β and amplitude A0(β), the inten-
sity of the resultant wave after the Mth section is proportional
to |G1,2(β)|2. This function is denoted by IG1,2(β). To calcu-
late the total incoupled intensity as a function of illumination
angle, α, we follow the same method as during the calculation
of (8) with IG1,2(β). In this case, the total coupled light inten-
sity is split into several peaks giving a complex peak structure
(Fig. 1c).

3.4 Changes in the shape of the incoupling peaks, numerical
results

To demonstrate theoretically the effect of the inhomogene-
ity on the grating surface of the waveguide, the results of the
calculations are presented for two situations. In all calcula-
tions the following parameters have been used: L = 0.8 mm,
nS = 1.525781, dF = 186 nm, nF = 1.7605, Λ = 416.15 nm,
λ = 632.816 nm.

3.4.1 Changes in the peak width at half-maximum (PWHM).
The waveguide was homogeneously covered by a medium
with nc0 = 1.330, and we began to cover the grating sur-
face with a material of nc = 1.334 (cells). The shape of the
incoupling peaks was calculated for the two different polar-
ization modes in those cases where the grating surface was
covered homogeneously with nc0 and partly covered (10, 20,
30, 40 ... 100% of the grating area in the x direction) with
nc. Figure 7a shows the calculated incoupling peaks for TM
polarization, and Fig. 7b shows the dependence of PWHM of
the calculated peaks as a function of the covered area for both
polarizations. In the calculations, (8) and N = 1 were used.
The PWHM were determined by fitting a Gaussian curve to
the peaks. The PWHM of the TM mode was observed to be
more sensitive to surface inhomogeneities than that of the TE
mode. Even with this simplified model, using homogeneous
coverage for the modeling of random cell distribution, good
agreement with the cell measurements was achieved (com-
pare Figs. 7b with 3b.)

The calculated values for the PWHM of the peaks turned
out to be smaller than those determined in the experiments.
This can, in part, be explained by the fact that the calcula-
tions were made assuming a plane wave illumination and not
taking into account the effect of the Gaussian profile of the
laser beam. The unavoidable variations in the waveguide film
thickness and refractive index are expected to lead to further
increases in the experimental PWHM values.

3.4.2 Peak splitting due to surface structures. In order to
demonstrate that a structure on the grating surface of the
waveguide can cause multiple peaks, the grating surface was
covered by a periodic groove structure with nc = 1.4055 and
nc0 = 1.00026. The periodicity of these grooves was 80 µm
(Fig. 2). In Fig. 8, the calculated peak structures for the two
polarization modes are shown with N = 10 in (8). In this case,
both a shift and splitting of the peaks resulted. The result
from the model calculation (Fig. 8) qualitatively describes

Fig. 7. a Calculated TM peaks from left to right: 0, 30, 50, 70, 100% cov-
erage of the grating region. b Calculated width at half-maximum of the TM
and TE peaks as a function of the covered area

Fig. 8. The calculated peak structure (TE and TM) with the 40 micron
grooves parallel to the grating lines

the experimental data (Fig. 1c). The differences can be at-
tributed partly to some experimental uncertainties: contact of
the PDMS with the film surface, and parallelism between the
grooves and the grating lines. In the amplitude distribution of
the peaks, differences are also expected as the model calcula-
tions do not take into account the dependence of incoupling
efficiency on the cover medium refractive index (Fig. 1b), the
effect of the Gaussian profile of the laser beam and the un-
avoidable effects of variation in the waveguide film thickness
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and refractive index on the fine structure of the incoupling
peaks.

4 Conclusion

This work is a first attempt to take into account the effect of
inhomogeneities on waveguide performance in some specific,
but applicable, situations. Surface inhomogeneities cause dif-
ferent effects on the incoupling peaks in OWLS experiments.
Our results prove that not only the incoupling angle but also
the shape and the structure of the peaks carry valuable infor-
mation about the surface being analyzed. We found that in-
homogeneities can generate two different effects: peak broad-
ening and peak splitting. We have presented examples where
one of these effects is the dominating factor.

Surface inhomogeneities, which do not strongly perturb
the cover medium refractive index, mainly show up in the
shape of the incoupling peaks. We found that the TM peak is
more sensitive than the TE peak. Our model calculations give
a theoretical explanation for the observed peak-broadening
effect. On this basis, precise measurements (monitoring the
line-shape variation and the PWHM) can give valuable infor-
mation about the microstructure of the adlayer on the wave-
guide film.

Regular patterns on a larger scale (
 laser wavelengths)
and stronger perturbation in the cover medium refractive in-
dex can result in the splitting of the incoupling peaks. These
effects can be adequately described by the extended zigzag
representation of light propagation in the optical waveguide.
If linear patterns (e.g. grooves) are arranged in the y direction
(perpendicular to the light propagation, Fig. 5a), the TM and
TE peaks split (Fig. 1b), corresponding to the different cover
medium refractive indices, in accordance with our model. In
this case, the lines give separate channels for waveguiding,
without cross talk, which can be useful in some applications
such as the monitoring of microcontact printing or microfluid
patterning. Linear patterns in the x direction (parallel to the

light propagation in the film, Fig. 5a) result in a complex
peak structure, which could be described qualitatively with
our model (Figs. 1c and 8).

Large-scale irregular inhomogeneities can also produce
complex peak structures, which could be a potential basis for
the optical encoding of fingerprints (Fig. 4).
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