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Optical Waveguide Lightmode Spectroscopy (OWLS) is widely applied to monitor protein adsorption, polymer self-assembly, and
living cells on the surface of the sensor in a label-free manner. Typically, to determine the optogeometrical parameters of the analyte
layer (adlayer), the homogeneous and isotropic thin adlayer model is used to analyze the recorded OWLS data. However, in most
practical situations, the analyte layer is neither homogeneous nor isotropic. Therefore, the measurement with two waveguide modes
and the applied model cannot supply enough information about the parameters of the possible adlayer inhomogeneity and
anisotropy. Only the so-called quasihomogeneous adlayer refractive index, layer thickness, and surface mass can be determined.
In the present work, we construct an inhomogeneous adlayer model. In our model, the adlayer covers the waveguide surface
only partially and it has a given refractive index profile perpendicular to the surface of the sensor. Using analytical and
numerical model calculations, the step-index and exponential refractive index profiles are investigated with varying surface
coverages from 0 to 100%. The relevant equations are summarized and three typically employed waveguide sensor structures are
studied in detail. We predict the errors in the calculated optogeometrical parameters of the adlayer by simulating the OWLS
measurement on an assumed inhomogeneous adlayer. We found that the surface coverage has negligible influence on the
calculated refractive index below film thicknesses of 5 nm; the calculated refractive index is close to the refractive index of the
adlayer islands. But the determined quasihomogeneous adlayer refractive index and surface mass are always underrated; the
calculated quasihomogeneous thickness is heavily influenced by the surface coverage. Depending on the refractive index profile,
waveguide geometry, and surface coverage, the thickness obtained from the homogeneous and isotropic modeling can even take
negative and largely overestimated values, too. Therefore, experimentally obtained unrealistic adlayer values, which were
dismissed previously, might be important indicators of layer structure.

1. Introduction

Evanescent field-based optical techniques are popular in
surface sensitive chemicals and biosensors. The intensity
of this evanescent wave is the highest at the sensing surface
and is exponentially decaying in the media above the sen-
sor. Typical examples of these techniques are the surface
plasmon resonance [1-3] and planar optical waveguide-
based techniques [4-9]. Usually, the latter have higher
sensitivities, especially when combined with optical inter-
ferometry [10]. These techniques can also be combined
with absorption spectroscopy [11-13]. Nowadays, these

methods are well established and also available in high-
throughput format [8, 9, 14-16].

Among waveguide-based sensors, Optical Waveguide
Lightmode Spectroscopy (OWLS) is one of the oldest and
most popular methods, realized in reliable commercial
devices [6]. The basic sensing effect was discovered and
theoretically explained by Tiefenthaler and Lukosz [17].
They realized that the resonant angle of the coupled light into
a grating coupled planar optical waveguide shifts upon
changing the optical parameters of the media covering the
grating area [17]. The technique is completely label-free
and has been used so far for gas sensing [18], monitoring of
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F1GURE 1: The structure of the modeled OWLS waveguide chips with inhomogeneous adlayer. The modeled multilayered assembly consists of
4 layers: substrate, waveguide film, adlayer, and cover (see inset c). The adlayer covers the waveguide film surface in a certain percent (see inset
b) and it has n,(z) vertical refractive index distribution: step-index and exponential distribution (see inset a). This vertical distribution is
realized in our model calculations by dividing the adlayer into 150 sublayers (not shown in figure) which has the appropriate refractive
index of the selected distribution. These layers are implemented in the transfer matrix method where U and D are the amplitudes of the
upward and downward propagating electromagnetic waves (see inset ¢ and equation (4)).

protein adsorption [6], live cell adhesion [19], examining
protein-DNA interaction [20], lipid bilayers [21], polyelec-
trolyte multilayers [22], and nanoparticle self-assembly [23].

One drawback of the traditional OWLS technique is that
it does not have imaging capabilities, like imaging ellipsome-
try, imaging SPR [15, 16], or the recently introduced reso-
nant waveguide gratings [8, 14, 23]. However, an important
advantage of OWLS is that it can measure the effective refrac-
tive indices of two optical resonances, corresponding to the
zeroth order transverse electric (TE) and transverse magnetic
(TM) modes. By applying these two independent quantities,
the thickness and refractive index of the deposited adlayer
can be calculated. Typically, the homogeneous and isotro-
pic thin adlayer model is used to evaluate the OWLS data.
But, in most applications, the analyte layer is neither
homogeneous nor isotropic. Still, by employing the homoge-
neous and isotropic thin adlayer model, even if it predicts
highly unrealistic values, important information about
optical anisotropy in the analyte layer can be obtained [24].

In the present work, we investigate the OWLS signals
when the adlayer covers the waveguide surface only partially
and the adlayer refractive index is inhomogeneous perpen-
dicular to the surface of the sensor. Using analytical and
numerical model calculations, the step-index and exponen-
tial refractive index profiles are investigated with varying

Step-index profile : {

Exponential profile : {

0<z<d, — ny(z)

dy<z— ny(2)
0<z<dy — ny(z)
(

dy<z—ny(z)=n

surface coverages from 0 to 100%. The relevant equations
are summarized and three different typically employed
waveguide sensor structures are studied in detail.

2. Modeled Structures and Methods

2.1. The Modeled Waveguide and Adlayer Structures and the
Applied Algorithms. The structure of the waveguide sensor
and the investigated adlayer models is visualized in
Figure 1. The waveguides consist of an electromagnetically
half-infinite thick substrate with refractive index ng, cov-
ered by a waveguide film with refractive index n, and
thickness dp. In this paper, the monitored adlayer covers
only partially the waveguide film with 0 surface coverage,
and it has d, layer thickness and n,(z) refractive index,
which can depend on the vertical z distance from the wave-
guide layer. The media above the adlayer is an aqueous
solution with refractive index n,=1.33.

During the model calculations, the thickness of the adlayer
was varied between 0 and 500 nm. The adlayer was considered
horizontally inhomogeneous with 0 surface coverage values
from 0% to 100%. We modeled two types of refractive index
distributions by dividing the adlyer covered areas into 150 sub-
layers in the vertical direction with n}/4X = 1.5, the exponential
and step-index refractive index profiles (see Figure 1(a)):
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The step-index profile is a widely applied model for a
compact protein layer [4, 25] and the exponential profile is
reported to characterize adlayers of flexible polymers with
attractive surface-polymer interaction [26-28]. Gaussian,
linear, and power-law distributions could be also treated in
a straightforward manner [29, 30].

The optogeometrical parameters of the planar optical
waveguide structures treated here are summarized in
Table 1. The OW2400 and Ta,O; are monomode wave-
guide sensors, which were designed to monitor molecular
scale adlayers with mode penetration depths of around
80-110nm. In contrast, the modes of the “Reverse” wave-
guide design have larger penetration depths into the
aqueous cover media. This design is more suitable to
monitor living cells [31].

The model calculations performed in the present study
are schematically overviewed in Figure 2 with the previously
modeled waveguide structure (chip type) and the horizon-
tally (surface coverage) and vertically (adlayer refractive
index profiles) inhomogeneous analyte layer. The aim of
the algorithm is identifying the possible errors in the outputs
of the widely used isotropic and homogeneous thin adlayer
model by simply comparing the input parameters and the
obtained quasihomogeneous 1, refractive index, d, layer
thickness, and M surface mass, which all can be obtained
from the examined homogeneous and isotropic model (see
details later). Note that the effect of the horizontal inhomoge-
neity (surface coverage) on the measurement results is also in
the focus of this paper.

2.1.1. Input Parameters. The input parameters of the algo-
rithm are nY4X=1.5 refractive index, n,(z) refractive
index distribution of the adlayer, type of sensor chip, sur-
face coverage, and thickness of the adlayer, which varied
between 0 and 500nm. The surface coverage is labeled
by 0 and it can take values between 0 and I; the latter

means 100% coverage.

2.1.2. Calculating the Effective Refractive Indices Taking the
Surface Coverage into Account. In order to simulate the
isotropic and homogeneous thin adlayer model, Ng(0)
and Npy(0) effective refractive indices of the modeled
structure are needed. The effective refractive index is

defined as

B
N=E, 2)

where k is the vacuum wave number and f is the propa-
gation constant. The effective refractive index values
depend on the covering adlayer. Therefore, two indepen-
dent calculations are needed to obtain N effective indices
for the uncovered areas and N" effective refractive index
for the adlayer covered areas.

In short, the transmission and reflection coeflicients of
the waves of the TE and TM modes at each boundary are

TaBLE 1: The structural parameters of the modeled planar optical
waveguide sensors.

np g dp
OW2400 1.77 1.52 200 nm
Ta,04 2.12 1.52 150 nm
Reverse 1.575 1.2 150 nm

determined by using the Maxwell’s equations and the
boundary conditions [32].

_ 2-ky,
Bkt ky,
ke ks
Tkt 3)
b= 2.8k, )
(&3 ki) + (&1 - ky,)

(For notations, see reference [32].) Using these
coefficients by applying the transfer matrix equations,
the following simple formula connects the wave ampli-
tudes in the two layers, which were divided by a given
boundary.

1 1 7"1. Ui . ej'klz'dz Ui+1 . ej‘kiﬂ,z'd[
_ . . . = . 5
ti r; 1 D.. e‘]'kiz'df D'+1 . e_]'kiﬂ,z'd[

i i

where i is the layer index and j is the imaginary unit and
U and D are the amplitudes of the upward and downward
propagating electromagnetic waves in the indexed media
(see Figure 1(c)).

For the whole structure, 2n+3 parameters and 2n
equations are obtained—where n equals to the number of
boundaries. Since we are looking for the solutions of the
bounded modes, D and Uy are equal to 0 and one of the
amplitudes can be fixed to 1, so the above set of equations
can be solved. This results in N, N3, for the uncovered
areas and N'};, N'iy, for the adlayer covered areas. Therefore,
the effective refractive index differences at the covered
and uncovered areas for TE and TM modes can be easily
calculated:

(4)

ANy = N — N, (5)

ANpy =Ny, — Ny, (6)
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FiGUrkg 2: The structure of the developed MATLAB algorithm. The input parameters are the parameters of the chip structure and the
parameters of the modeled adlayer: the refractive index, the layer thickness, the surface coverage, and the vertical refractive index
distribution. The algorithm has two main paths. In the upper one, the real surface mass is calculated with an integral. In the other path,
the effective refractive indices were calculated from the input parameters, then these values were applied in the homogeneous and
isotropic model resulting in quasihomogeneous surface mass, adlayer thickness, and refractive index. The output parameters of the
algorithm are the quasihomogeneous refractive index, the layer thickness, and the ratio of the obtained masses.

The effective refractive indices of the modes with 0
surface coverage were calculated by applying the following
equations [33]:

Npg(6) = Njg +6- ANy, (7)

Ny (0) = NSy + 60 - ANy, (8)

2.1.3. Simulating the Homogeneous and Isotropic Thin
Adlayer Model. Then, the effective refractive indices from
equations (7) and (8) were substituted into the homoge-
neous and isotropic thin adlayer model [17], resulting
in the numerical values of 7, d > and M, where M =
d, - (i, - nc)/(dn/dc)), and in this paper, 7y, d,, and M
are referred as the adlayer parameters that resulted from
the quasihomogeneous analysis.

On the other hand, the surface mass of the adlayer with a
certain 6 surface coverage was also calculated from the
following integral, using the refractive index distribution of
the adlayer:

d
any(z) —ne
M= S ~dz, 9

JO dn/de ©)

where dn/dc is the so-called refractive index increment of the
protein or polymer solution used to deposit the adlayer [4, 6].

At the end of these calculations, the results are the
quasihomogeneous optogeometrical parameters and the

ratio of the two surface masses: 7, d,, and M/M.

2.1.4. Further Analytical Calculations Modeling the Adlayers.
Moreover, we have calculated an averaged adlayer refractive
index and thickness based on the following well-known
equations, too [29, 30].

7= 1o (1(2) - (n(2) ~nc))de
[ (n(2) = nc)dz

>

’ (10)
T 9 (n(z) - ne)dz
4 ny—ne .

The above formulae do not take the possible inhomo-
geneities in adlayer refractive index parallel to the surface
(surface coverage) into consideration. Considering the
surface coverage, the following equation was applied:

n(z)=0-nyu(z)+(1-0)-nc. (11)

After straightforward calculations, we obtained

(@) = 061 (2) + (126) -nc) = (ma(2) ~me)de.

ng ny(z) —nedz

(12)

70 0@ —nodz

iy —Ne

(13)
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3. Results and Discussions

3.1. The Quasihomogeneous Adlayer Refractive Index and
Thickness with Varied Surface Coverage. The results obtained
for the step-index and exponential profiles are summarized
in Figures 3-6. Previous calculations performed for compact
adlayers (100% coverage) concluded that by increasing d,,
the quasihomogeneous 7, underrates the refractive index of
the adlayer (1, = 1.5) more and more [32]. This effect can
also be clearly seen in Figure 3 for both distributions.
Here, the effect of surface coverage on n, is shown. If
d, is increased, 1, is underrated and it even takes values
below 1.33 above 100nm adlayer thicknesses, depending
on the actual waveguide design and surface coverage (see
Figure 3).

Interestingly, the surface coverage has almost no influ-
ence on the obtained #, value in the case of the Ta,O, and
OW2400 waveguide designs. The dependence of surface
coverage somehow appears in case of the reverse waveguide
design only. With increasing surface coverage, 1, is increas-
ing too. However, for very thin adlayers (below 5nm), this
effect is completely missing even for the reverse waveguide
design. But, this type of behavior can be elegantly predicted
by analytical calculations. Simply, we apply the linearized
mode equations for thin adlayers [17] and equations (7)
and (8). The following set of equations can be obtained after
straightforward calculations. From the equations for TE
mode, we obtain

(g =nc)-dy=0-(ny—nc)-dy, (14)
and from the equations for TM mode, we get

N. N
( ™ , VTV
ne My

) =n)-d,

=0. (Nﬂ+ Nﬂ_1> o) -d, (15)

ne ny

By solving equations (14) and (15), one can calculate
the quasi-isotropic thickness and refractive index of the
adlayer:

i’lA = }’lA,

~ (16)
dA=0‘dA.

Therefore, for thin adlayers, the quasihomogeneous
adlayer refractive index equals the refractive index of
the modeled adlayer islands, independent of the surface
coverage. The quasihomogeneous adlayer thickness line-
arly depends on the surface coverage.

It is also important to note that when 7, is below ng,

negative d, values were obtained in all cases. This is the rea-
son why there are singularities in the “surface coverage-d ,”
curves (see Figure 4). When the value of 71, exceeds the value
of n¢, the value of d,, changes from negative to positive. It is
important to note that the surface coverage has negligible
influence on the obtained 7, value for the Ta,O chip. That

is why we hardly get any singularities in this case. These
singularities are more frequent for the OW2400 and the
reverse waveguide designs because the effect of the surface
coverage is more specified for the OW2400 and the reverse
optical waveguide geometry.

3.2. Conditions of Singularity in the Quasihomogeneous
Adlayer Thickness. As pointed out, when 7, has values below

ne, negative d, values were obtained in all cases. When

1, = ne, a singularity appears in the “surface coverage-d,”
graphs (see insets in Figure 4). The exact appearance of these
singularities is plotted in Figure 5. For example, using the
reverse chip in case of an adlayer film with d, =200 nm
and step-index distribution, its quasihomogeneous 7, has
the value of n- at around 40% surface coverage. At that exact
point, d,, value changes its sign, a singularity appears.

For simplicity, in Figure 5, the lines mark those condi-
tions when d,,/d, value exceeds 20. The singularity is appear-
ing only for larger thicknesses in the case of the reverse
waveguide design. It is also important to note that the
appearance of the singularity when the surface coverages
are tuned is most specified for the reverse waveguide design.
Therefore, the reverse waveguide design is worth investi-
gating with varying the surface coverages.

It is important to emphasize that the negative adlayer
thickness has no physical meaning, as it originates from the
application of a wrong model. But, for a complicated adlayer,
which is characterized by more than two independent
parameters, the two independent modes (TE, TM) and the
isotropic and homogeneous adlayer model, which are applied
in OWLS experiments, do not give enough independent
equations to calculate all of the parameters of the adlayer.
Based on the presented results, however, the properties of
the complicated adlayer can be deduced in some circum-
stances from the nonphysical adlayer parameters. For
example, if the Ta,O; sensor chip is used and negative quasi-
homogeneous adlayer thicknesses are obtained, it is a clear
indication that the adlayer has a step-index profile and its
thickness is larger than 50 nm, or it has an exponential profile
with a thickness above 80 nm. Importantly, the calculations
also show that the surface coverage has practically no role
in modifying these parameters (see Figures 5(a) and 5(b)).
Another example is the reverse chip with negative quasiho-
mogeneous adlayer thickness with step-index distribution.
In this case, one can state that the surface coverage is less
than 60% (see Figure 5(e)). Similar statements can be made
for the other two chip types, too. This type of analysis can
also be especially useful when the deposition of the adlayer
is followed in real time and the surface coverage is continu-
ously increasing or the surface coverage is constant, but the
thickness is increasing (protein aggregation [34], polyelectro-
lyte layer deposition [26, 27, 35, 36]).

3.3. The Errors in Adlayer Mass with Varied Surface
Coverage. In Figure 6, we investigate the errors introduced
in the obtained mass by applying the quasi-isotropic adlayer
model for partially covered surfaces. By increasing d ,, M/M
ratio deviates from the value 1 more and more, and the
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F1GURE 3: The quasihomogeneous adlayer refractive index in the function of surface coverage for seven different adlayer film thicknesses. The
dashed line represents the average value of the refractive index, 71, (), calculated from equation (12).

quasihomogeneous analysis underrates the mass in all
cases. It is important to emphasize that the surface cover-
age has negligible influence, expect for the reverse geom-
etry. Using the reverse chip in the case of an adlayer with

d,>100nm and step-index distribution, the M/M ratio
curves have an arc. In that case with d, =500nm, the
M/M ratio has ~0.45 and ~0.55 values at 0% and 100%
surface coverages.
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The singularities are shown in the insets.

4. Conclusions the adlayer refractive index is inhomogeneous perpendicular

to the surface of the sensor. Using analytical and numerical
In the present work, we investigated the OWLS signals when ~ model calculations, the step-index and exponential refractive
the adlayer covers the waveguide surface only partially and  index profiles were investigated by varying surface coverages



Step index
500
400 -
~ 300+
g
£
<
=200 4
100 A
0 T - " .
0 20 40 60 80 100
Surface coverage (%)
(a)
500
400 -
~ 300+
=)
RS)
<
=200
100 A
0 ; ; ; ;
0 20 40 60 80 100
Surface coverage (%)
(c)
0 T - : .
0 20 40 60 80 100

Surface coverage (%)

(e)

Journal of Sensors

Exponential

500

400 -

Ta,05

0 20 40 60 80 100

Surface coverage (%)

(b)

500

400 -

OW2400

100 1

0 20 40 60 80 100

Surface coverage (%)

(d)
500

400 -

Reverse

100 -

0 20 40 60 80 100

Surface coverage (%)

()

FiGURre 5: The lines of the adlayer thickness-surface coverage pairs where the singularities appear.

from 0 to 100%. The relevant equations were summarized
and three different typically applied waveguide sensor struc-
tures were studied in detail. We concluded that the surface
coverage has negligible influence on the obtained quasiho-
mogeneous adlayer refractive index for thin adlayers; the
obtained index equals the refractive index of the adlayer
islands. A simple analytical calculation supported the find-
ing of the numerical simulations. The quasihomogeneous

adlayer refractive index is always underrated for thicker
adlayers, independent of surface coverage, waveguide sensor
type, and refractive index profile. In special cases, the quasi-
homogeneous refractive index of the adlayer can be equal
to the refractive index of the cover media. In this case, a sin-
gularity appears in the quasihomogeneous thickness. The
obtained thickness can also be negative around the singula-
rity. The conditions when the singularity appears were
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FIGURE 6: The ratio of the obtained masses in the function of the surface coverage for seven different adlayer film thicknesses.

analyzed in detail. This behavior is very similar to what was
obtained for positively birefringent adlayers [24]. Therefore,
our worKk is a strong evidence that overestimated quasihomo-
geneous adlayer refractive index cannot originate from par-
tial coverage and vertically exponential refractive index
profile. In this case, the deposited adlayer is most probably
negatively birefringent [24]. Note, in a recent study, an

unrealistically large 2.1 quasihomogeneous adlayer refractive
index was measured for polymer films [37]. Moreover, we
found a very strong dependence of the measured quasihomo-
geneous adlayer refractive index on the surface coverage
when the reverse waveguide design was employed. Therefore,
in experiments where micron scale adlayer islands are
formed, we suggest to use the reverse waveguide design. In
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summary, our work supplies important additional informa-
tion for analyzing OWLS data, especially in those cases when
the measured optogeometrical parameters of the adlayer
were considered incorrect and not acceptable in previous
experiments.
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