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Spectral Behaviour of Planar Optical Waveguides and Microchannels
in Cascade: Theoretical Evaluation

José R. Garcia®™ and Adridn F. Gavela

Abstract—This paper presents an extension and update of a theoretical procedure developed by the
authors for the determination of the electromagnetic waves scattering at interfaces between dielectric
waveguides in cascade. The theoretical core of the problem is based on the generalized scattering
matrix concept, together with the generalized telegraphist equations formulism and modal matching
technique. The new version includes the following updates: a) possibility of using any material as
waveguide cover, b) inclusion of alternating microchannels with optical waveguides, and c) possibility
of analyzing periodic structures of segmented optical waveguides for sensing applications. The spectral
results obtained for modulus and phase of the reflection and transmission coefficients have shown the
potentiality of the new proposal in the scientific topics of photonic crystals, refractive index sensors and
optical biosensors.

1. INTRODUCTION

Multiple discontinuities in dielectric waveguides, waveguide gratings and waveguide photonic crystals
are widely studied in order to design, improve and optimize the flow of light as well as its applications
in the design of microwave and integrated photonic devices. At microwave and optical frequencies,
an extensive list of integrated devices were designed by using periodic structures: power dividers
and filters, electromagnetic and photonic band gaps structures, optical switches and optical resonant
microcavities as well as optical sensors and quantum dot lasers are typical examples [1-26]. On the
other hand, segmented optical waveguides are periodic mediums which were widely studied, both from
the electromagnetic propagation point of view [27-32] as well as their technological applications [33-37].

In a previous paper [1], a theoretical procedure that allows to know the electromagnetic behaviour
of arbitrary dielectric waveguides connected both abruptly and gradually was described in detail. The
electromagnetic scattering properties of cascade discontinuities between dielectric waveguides were
obtained by using the Generalized Scattering Matrix (GSM) concept, together with the Generalized
Telegraphist Equations (GTE) formulism and the Modal Matching Technique (MMT). The efficiency of
the theoretical development was confirmed by the experimental results, both at microwave and optical
frequencies.

In the present work, we focus our attention on the design of integrated optical periodic devices
for sensing applications. For this reason, the theoretical algorithm described in [1] was extended and
modified in order to make possible both the inclusion of any material as cover of the optical waveguides
in cascade and the inclusion of microchannels as part of the complete device. In this way, the fact of
being able to use any type of material (solid, fluid or gas) as cover in the waveguides as well as engraved
microchannels, allows not only the design of optical refractive index sensors, but also the design of
biosensors based in the presence of two simultaneous phenomenon: the cover evanescent field and the
electromagnetic scattering at the periodic optical waveguides interfaces.
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The new algorithm was applied to compute the generalized scattering coefficients (modulus and
phase) which give the spectral performance of the device. Planar waveguide photonic crystals, with
different cover materials and including local defects, and optical waveguide sensors with a variable
number of microchannels were analysed. The obtained results show that multiple photonic band gaps
can be obtained for the same photonic crystal configuration so that the introduction of a lattice defect
creates an optical microcavity in each band gap. Besides, the cover refraction index influences the
wavelength intervals where the different band gaps appear. Finally, the computed spectral results have
shown the potentiality of this proposal in the subject of refractive index sensors and optical biosensors
implemented with integrated optical waveguides and engraved microchannels.

2. THEORY

The first mathematical formulation of the problem was presented in [1], where the cover of the planar and
channel optical waveguides was restricted to air. In the present work and in order to analyze in depth
the influence of the cover refraction index, the procedure was reformulated. This new consideration
is very important in order to analyze optical sensors based both on evanescent field interaction and
electromagnetic field scattering. Consequently, in the new algorithm, the refraction index profile of an
integrated planar optical waveguide (1-D), as shown in Figure 1(a), is written in the form:

Ne, cover
n(y)=1 ns+An-f (—%) , core (1)
ng, substrate

In Equation (1), ns represents the refractive index of the optical waveguide substrate; An refers to
the maximum refractive index increment in the core region; f is the refraction index function along y
direction, and h is the diffusion depth. Notice that, in this occasion, the refraction index of the cover,
ne, can take arbitrary values, unlike before algorithm where n, = 1.

As shown in [1], the electromagnetic behaviour of periodical configurations in dielectric waveguides
can be found through the following protocol:

a) Optical waveguides proper modes analysis: GTE formulation provides surface, fast and evanescent
proper modes solutions.

b) GSM evaluation of single and multiple discontinuities: MMT procedure and a matrix connection
algorithm provide the GSM of the complete structure.

Figure 1(a) is a side view of an abrupt discontinuity between two dielectric waveguides enclosed by
perfectly conducting boundaries. The shielded dielectric waveguides, a and b, are located at z < 0 and
z > 0, respectively, of the abrupt discontinuity, at z = 0.

The application of the MMT requires the previous evaluation of the planar optical waveguides
proper modes. Slab and planar optical waveguides (1-D) propagate TE and TM proper modes [1].
Assuming optical waveguides free from losses, small variations of the index of refraction and propagation
along the z axis of the form exp[j(wt — (z)], the following two dimensional Helmholtz’s equation
describes the propagation of the electromagnetic field in the planar optical waveguide and in terms
of the vector electric field E: ~ L

ViE+ [kgn® (y) = ] E =0 2)
where kg represents the free space wavenumber, § the phase constant in the propagation direction z,
and n(y) the refraction index profile. We assume z and y as the horizontal and vertical coordinates,
respectively.

As we are interested in 1-D dielectric waveguides, there is no variation in the x direction, and
perfectly conducting parallel plates are used as shielding. To simulate the refractive index profile
functions, the dielectric waveguide cross section is modelled by a mesh of pixels with different refractive
index values, as shown in Figure 1(b). Arbitrary fine meshes can be used in order to optimize the
refractive index function. As explained in [1], the method can be applied successfully to 1-D and 2-D
optical waveguides proper modes analysis as well as the study of any dielectric configuration modelled
as a cascaded set of abrupt discontinuities.
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Figure 1. (a) Side view of two shielded planar optical waveguides connected by an abrupt transition.
(b) Cross section of a shielded planar optical waveguide modelled by a grid of pixels with different
refractive indices.
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Figure 2. General representation of a cascaded set of N abrupt discontinuities in shielded dielectric
waveguides.

Figure 2 shows a scheme of multiple cascaded discontinuities. The labels a,b,c...n + 1 denote
optical waveguides order, and the number of waveguide proper modes is labeled by M, N, P, ... U,
whereas the waveguide lengths are [; (i =1, 2, 3, ..., n—1). As we can see, n+ 1 interconnected optical
waveguides provide n cascade discontinuities. Once the proper modes of each individual planar optical
waveguide were evaluated and selected [1], the application of the MMT strategy to each discontinuity to
obtain its GSM is possible [1]. Finally, the total GSM, [S7], of the cascaded set of abrupt discontinuities
can be obtained by joining the N GSM’s, resulting:

[STL (M x M)] [ST, (M x U)]

T __
[$7] = (ST (U x M)]  [SE, (U x U)]

(3)
where [SZ (1 = 1,2; j = 1,2) are complex submatrices, whereas subscripts i and j represent the
reception proper modes and the incidence proper modes, respectively. The complex elements of the GSM
are the reflection and transmission coefficients (modulus and phase) between proper modes and they
give the electromagnetic behaviour of the complete structure under analysis. To perform the spectral

analysis, the reformulated algorithm was implemented in the updated software package Telcont. The
general flow diagram of the Telcont software package is shown in Appendix A.

3. RESULTS

As mentioned, any refractive index function can be assigned in the optical waveguide cover. This
modification makes possible not only the evaluation of evanescent field optical sensors designed in
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periodical structures, but also the inclusion of microchannels arrays for constituting segmented optical
waveguides applied in optical sensing.

Initially and for evaluating the good performance of the extended and updated algorithm, the
behaviour of the planar waveguide photonic crystal analyzed in [1] was verified in a wider band of
wavelengths. Figure 3 shows the pattern waveguide photonic crystal, consisting of 11 planar optical
waveguides connected abruptly. As in the former case, the common physical parameters were as follows:
conducting walls cross section dimensions, (axb): (25x60) um; basic modes number: 130; proper modes
number: M = N = P = ... = 15; maximum index increments: An = 0.01; diffusion depths (pm):
h = 5; wavelength: A = 1 pum; index profile functions of planar waveguides: exponential; waveguide
lengths (um): I; (i = 2,3,4,...,10) = [. The substrate refraction index, ng, is used as lattice periodic
parameter, whereas the waveguide lengths, [, are the lattice constant. All optical waveguides are
strongly monomode. We assign, as substrate refractive index, nse = 2.0 for odd order waveguides, while
nso = 4.0 is assumed for even order waveguides. Now, the optical waveguide cover index, n., can be
chosen as desired. The analyzed wavelength interval was (0.87-1.35) pm. Figure 4 shows the modulus
and phase of the reflection, R, and transmission, 7', coefficients for the fundamental proper mode, when
lattice constant [ = 1.08 pm. The shaded areas indicated in Figures 4(a), (b) correspond to the results
obtained in the first version of the method, which are perfectly reproduced by the current version.

Figure 4 shows four Photonic Band Gaps (PBGs) in the wavelength intervals: (0.915-0.935) pm;
(0.99-1.01) um; (1.155-1.195) pm; (1.275-1.33) pum. In these wavelength regions all the power is
reflected, so the periodical structure works as a quadruple photonic mirror (off states) in these
intervals. However, for wavelengths in the intervals (0.944-0.977) pm and (1.21-1.265) pm all the power
is transmitted; so, the structure performs as a double photonic window (on states). The phase results
for the reflection coefficient, R, are included in Figure 4(b) to verify its monotone variation inside the
PBGs, unlike it happens outside of PBGs, where phase changes abruptly.

When a defect breaks the periodicity of the structure, on states can be induced in the photonic
mirror zones [1]. For example, a single defect can be created by modifying the length or/and the
refractive index of an optical waveguide. In both cases, the optical path length is modified, making
possible the rupture of the PBG. In order to verify the new version of the algorithm, a local defect was
introduced by changing de length of waveguide number 6 in the periodical structure of the Figure 3, so
that lg = 1.5147 pm.
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Figure 3. Waveguide photonic crystal in planar optical waveguide, as in [1] but including an arbitrary
refractive index, neoper, in the cover region.

Figure 5 shows the creation of one state in each PBG, for wavelengths (um): A; = 0.934, A\ = 1,
A3 = 1.202 and Ay = 1.314. In these wavelengths, the optical power is totally transmitted, and
the structure behaves as an optical microcavity. Again, the phase results, are included. We can see
its monotone variation inside the PBGs, except at the wavelength where each PBG breaks. As in
Figure 4, the area indicated in Figure 5 matches to the results in [1], ratifying the goodness of the new
algorithm. As explained, a similar behaviour can be found modifying the substrate refractive index of
the waveguide. This can be seen in Figure 6, for the same structure analyzed in Figure 5, but using
the substrate refractive index of waveguide number 6 as parameter. The exploration is focused in the
second PBG wavelength region (0.99-1.01) pm. We can see that only a wavelength of the PBG is
transmitted for each substrate refractive index, so that this wavelength increases when the substrate
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Figure 4. Power (a) and phase (b) for the reflected, R, and transmitted, T, coefficients, versus
wavelength, for the fundamental proper mode when lattice constant [ = 1.08 um. The shaded areas
compare the new results with the obtained in [1].
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Figure 5. Power (a) and phase (b) for the reflected, R, and transmitted, 7', coefficients, versus
wavelength, for the fundamental proper mode in the waveguide photonic crystal when a local defect is

introduced in waveguide number 6 (lg = 1.5147 pm).

refractive index, ngg, does it. These results confirm the possibility of using these periodical structures
for refractive index sensors design, as it was advanced in [1].

When a refractive index different to the air is used as optical waveguides cover, the global
behaviour of the periodical structure remains almost unchangeable but displaced in wavelength. This
is demonstrated in Figure 7 for the same planar waveguide photonic crystal analyzed in Figure 4, but
using the refractive index of the cover, n., as a parameter. As the n. increases, the PBGs tends to move
to lower wavelengths.

The results obtained lead us to analyze the possibility of designing optical sensors combining planar
optical waveguides in cascade with microchannels engraved in the same substrate. Different designs can
be proposed. We present here the results obtained for the structure shown in Figure 8: planar optical
waveguides separated by microchannels. In order to seal the microchannels and to make possible the
use of different waveguide covers, a material of refractive index n. is placed in the top of the periodical
structure. From the electromagnetic propagation point of view, this proposal can be asimilated to the
case of a segmented planar optical waveguide. As it is known, a segmented optical waveguide can be
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Figure 7. Reflected, R, and transmitted, T,
power, versus wavelength, for the fundamental
proper mode in the planar waveguide photonic
crystal of Figure 3, and using as parameter the
refractive index, n., of the waveguide covers.
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Figure 8. Top (above) and side (below) views of planar optical waveguides separated by microchannels
in cascade.

taken as equivalent to an optical waveguide with an average refractive index [30]. In the present case, an
analyte flows trough the microchannels in order to know its refractive index by evaluating the scattered
light, reflected and transmitted, by the complete structure.

In Figure 8, ng, ny, n. and n, represent the refractive index in substrate, core, cover and analyte
inside the microchannels, respectively, whereas l.;, and A are the width and period of the microchannels.
Initially and in order to explore the electromagnetic behaviour of these structures, two configurations
of segmented optical planar waveguides with microchannels were designed. In both cases, the substrate
and cover materials were glass (soda lime) and polymer (PDMS), since they are materials commonly
used in optics, with well-known physical properties. On the one hand, and with the aim of working
with monomode optical planar waveguides, the assigned values to the physical parameters were as
follows: ng = 1.512, An = 0.01, refractive index function of guiding region: exponential, h = 2 um and
ne=1.40. On the other hand, [, = 50 um and A = 100 wm, whereas the analyte refractive indices were:
ng = 1.24,1.32,1.40 (An, = 0.08). Figures 9 and 10 show the reflected, R, and transmitted, 7', powers,
versus wavelength, for the fundamental proper mode when using 3 and 15 microchannels, respectively.
In both cases, A\ = 0.01 pum was assigned as lambda increment in the mathematical simulation.
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Figure 9. Reflected, R, and transmitted, 7', Figure 10. Reflected, R, and transmitted, T,
power, versus wavelength, for the fundamental  power, versus wavelength, for the fundamental

proper mode in the optical waveguide sensor, proper mode in the optical waveguide sensor,
using 3 microchannels and the refractive index of  using 15 microchannels and the refractive index
the analyte, n,, as parameter. of the analyte, n,, as parameter.

The results in Figure 9 show that increasing the refractive index of the microchannels, the
transmission is clearly improved at certain wavelengths. In this case, it is specially remarkable at
A = 0.57 um, where the structure is specially sensitivy. This behaviour can be explained because as the
microchannel index increases, the discontinuity between the optical waveguides and the microchannels
is reduced, leading to an increase in the transmitted power. In Figure 10, we can see how the effect
of increasing the number of microchannels influences the behaviour of the device. As in Figure 9, and
at A = 0.57 um, the structure presents very interesting results. Again, the transmission improves when
increasing the refractive index of the microchannels but, in this case of 15 microchannels, the transmitted
power is strongly reduced respect to the previous case. This is due to the strong increment of the
number of the abrupt discontinuities, which reduces transmission and increases reflection. Notice that
in all cases, the power conservation is excellent. These results show that planar waveguides segmented
with microchanels could be used for sensing applications, as for example refractive index sensors and
biosensors.

In order to explore in depth the behaviour of these devices, new results were obtained for segmented
structures designed with 7 and 15 microchannels. The simulation was performed in the wavelength range
(0.54-0.58) pm, but using as lambda increment, A\ = 0.001 pm. In both cases, the physical parameters
were: ng, = 1.512, An = 0.01, refractive index function of guiding region: exrponential, h = 2 um,
len = 50um, A = 100 um and n, = 1.24. Figures 11 and 12 show the obtained results. In both
cases, the reflection and transmission peaks appear at the same wavelengths; however, for the case of
15 microchannels the reflection and transmission are strongly increased and reduced, respectively, with
respect to the device with 7 microchannels. This can be seen at some discrete wavelengths, for example:
A = 0.545 um, A = 0.555 um, etc. Hence, the number of microchannels mainly influences the magnitude
of R and T', without modifying the wavelengths in which these coefficients show a significative behaviour
with respect to the rest of wavelengths.

In order to investigate both the efficiency of the algorithm as well as the behaviour and sensitivity
of these periodical configurations, when very small changes of the refractive index are introduced, new
simulations were carried out. For this purpose, planar segmented waveguides with 15 microchannels
were analyzed for two different refractive indexes of the analyte: n, = 1.20 and n, = 1.24. Figure 13
shows the obtained results. As mentioned, when the number of microchannels is increased, the number
of refused wavelengths increases as well as the modulus of the reflected power. In this situation, and
according with the power conservation, the transmission is reduced.

Electromagnetic windows and mirrors appear periodically located at specific wavelengths, as shown
in Figure 13. When the refraction index of the analyte is increased, the number of wavelengths with high
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Figure 13. Reflected power percentages comparison, for the fundamental proper mode in the segmented
optical waveguide, with 15 microchannels and using the refractive index of the analyte, n,, as parameter.

reflection is reduced, being suppresed some of them. In the present case, there are ten wavelengths with
R > 80% when n, = 1.20, whereas only five wavelengths with R > 80% are obtained when n, = 1.24.
These results are in agreement with the fact that by increasing the refractive index of the analyte, there
is a better adaptation of the refractive indexes at the succesive abrupt optical waveguide-microchannel

interfaces.

4. CONCLUSION

The new scattering matrix procedure is a powerful tool in order to analyze the spectral behaviour of
integrated optical waveguides in cascade and with arbitrary refractive index in the cover. The inclusion
of different optical waveguide cover mediums, as well as engraved microchannels, open the possibility to
design refractive index optical sensors and biosensors in the search for future applications and benefits.
Multiple photonic band gaps can be obtained for planar waveguide photonic crystals properly designed.
The introduction of a defect can create an optical microcavity inside each band gap, allowing total
transmission for a specific wavelength. The possibility of being able to use any refractive index of the
cover in the algorithm leads to important conclusions. On the one hand, significant shifts of all the
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PBG occur for certain values of the refractive index of the cover. On the other hand, the possibility
of designing, for the first time, optical sensors based on the simultaneous action of the evanescent field
and electromagnetic scattering at the interfaces, in order to increase sensitivity, was confirmed. To do
this, a new optical device performed with planar optical waveguides and microchannels in cascade was
proposed. The module and the phase of the reflection and transmission coefficients were obtained for
several structures, as a function of the wavelength, and using as parameters the optical waveguides and
microchannels number, as well as the analyte refractive index. In all cases the power conservation was
excellent, and the potential of these structures is highly remarkable for future designs of high sensitivity
optical sensors.

APPENDIX A.

Physical and geometrical parameters of the complete
structure under analysis
) Selection of basic modes and GTE formulation: it provides the
Teldis . ; ;
optical waveguides proper modes solutions

M Proper modes solutions for all optical waveguides in cascade

. Selection of proper modes and MMT formulation: it provides
Discont . : .
de Generalized Scattering Matrix

M Generalized Scattering Matrix

Figure A1l. Main modules and flow diagram of the Telcont software package.
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