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Numerical analysis of planar multimode
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In the paper, numerical studies of the model of an optical sensor, based on interference of modes
in a planar one-dimensional step-index configuration, are presented. Calculations are performed
using the method of mode field analysis. The structure consists of the single-mode input waveguide,
the multimode waveguide that guides only a few modes and the single-mode output waveguide.
The structure is covered by a nanometer active sensor layer of a high refractive index, which chang-
es its optical properties in contact with the measured external surrounding. The refractive index
variation of an active sensor layer affects the modal properties of the multimode waveguide and
the output optical field distribution. By the proper selection of the active layer, the considered con-
figuration can be used for gas detection.
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1. Introduction

The interference of modes in multimode waveguides depends on their propagation con-
stants difference, which can be changed by variations of the propagation conditions of
light. This effect can be used in multimode optical sensor technology. In most cases,
the multimode interference (MMI) section is covered with a layer whose optical pa-
rameters change when they are exposed to a measured medium or physical fields. There
are different possibilities of material selection of the cover. It can be a simple dielectric
medium [1, 2] which changes its refractive index. Specific modification of this con-
figuration uses the additional thin buffer layer of a high refractive index placed between
the dielectric sensing layer and the gradient core of the MMI section. The buffer layer
aims to focus the field energy close to the sensor layer and thus to increase the impact
of parameters of the cladding on the signal [3]. The MMI structures used in sensors
technology can be step-index [1] or gradient index made by ion exchange in glass [4].
The operation characteristics of the sensors depend on the geometry and size of
MMI structures. Generally, 2D configurations of waveguides are used which are sin-
gle-mode in the direction perpendicular to the substrate and multimode in a parallel
direction.

In this paper, the model of a simple optical sensor in a one-dimensional step-index
configuration has been proposed, involving vertical interference of modes. The exam-



378 M. BLAHUT

ined structure consists of single-mode input and output waveguides and multimode
waveguide between them, covered by a nanometer active layer of a high refractive in-
dex. The refractive index of the active sensor layer, substantially higher than the re-
fractive index of MMI section, is the reason for the concentration of wave propagation
energy in the sensor layer area and its vicinity. The impact of geometrical and optical
parameters of the optical structure on the operating characteristics of the sensor is dis-
cussed. The material configuration refers to the SU-8 polymer waveguide on SiO, sub-
strate. SU-8 is suitable as a waveguide layer since it possesses a low optical absorption
and the fabrication process is fast and easy technologically [5, 6]. However, results ob-
tained can be easily adapted for other step-index material configurations with similar
refractive indices, e.g., for SION on SiO, substrate [7].

2. Configuration of examined optical sensor

Optical configuration of the examined optical structure is shown in Fig. 1. It consists
of single-mode input and output waveguides and MMI section. The MMI section is
covered by a nanometer active sensing layer, which changes its optical properties in con-
tact with the measured external surrounding. The refractive index variation of an active
sensor layer affects the modal properties of the multimode waveguide and the output
optical field distribution.

Single-mode output waveguide registers the field variations. Material parameters,
shown in Fig. 1, concern the polymer SU-8 waveguide (refractive index nypq = 1.595 [5])
on SiO, substrate (n, = 1.466) for the wavelength A = 633 nm. The thickness of the
input waveguide for a single-mode operation amounts to 400 nm, and the thickness of
a few-mode multimode section is 800 nm. It is assumed that the length of single-mode
input and single-mode output waveguides, as well as the length Ly of analyzed
MMI section, is equal to 1 cm.

The presented configuration is addressed to the gas detection. Metal oxides (SnO,,
ZnO, TiO,, and WO;) are generally used in gas sensors as sensing layers [8]. These
materials are characterized by high sensitivity to CO, H,, NO,, CO,, Os, and hydro-
carbons. Their refractive indices are much higher than an SU-8 refractive index.

The number of modes of the multimode waveguide and their wave functions dis-
tribution depend on the active layer depth and its refractive index. It is assumed that
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Fig. 1. The geometry of one-dimensional MMI structure in step-index configuration with the active sensor
layer (a) and refractive index distribution for the multimode waveguide region (b).
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the refractive index of the layer is about 1.9, which corresponds to WO material [9].
WO; nanolayer seems a promising material, which provides detection of several gas
types, i.e., NO,, H,, NH; [10, 11]. The fundamental technological problem to solve in
designing of MMI interference sensor with WO; nanolayer is the selection of the prop-
er nanolayer thickness. It is assumed in the work that its depth changes in the limit
from 0 to 200 nm.

It is important for the practical realization of the proposed sensing structure to estab-
lish the method of its excitation at the input and signal detection at the output. The sim-
plest way is to use prism couplers at the input and the output of the single-mode
waveguide. This is a good solution for the testing. Finally, grating couplers can be used,
made at the input and the end of SU-8 single mode waveguides. Technology of such
structures, on the base of SU-8 platform, is described in [12].

3. Modal fields analysis

The modal field analysis is a useful method for determining the operation principle of
examined optical structure. It is convenient in a planar configuration, especially when
MMI section guides only a few modes. The wave function ¢((x) of the single-mode
waveguide describes the field £;, at the input of MMI section,

Ein = 9o(x) (1

This field introduced to the interference section is decomposed into the wave fields
of all modes of multimode waveguide:

N-1
Ey(x,0) = ¥ ¢, 0}'(x) 2)
1=0
where go}w(x) are the wave functions of MMI section of an order / with propagation
constants f; and excitation coefficients c; are defined by overlap integrals:

+00

e = 9i(x) 0)'(x) dx 3)

—00

where ¢ (x) is a conjugated wave function, with assumed normalized conditions for
M
9, (x):

+00 2
[ o)l dx =1 4)
Figure 2 presents the numerically calculated wave functions of MMI sections of
the thickness of 800 nm for different active layer depths d. The gog/l wave function ap-
pears for the active layer depth near 165 nm. The wave functions distributions of the
multimode waveguide are compared with the wave function ¢, of a single-mode input/
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Fig. 2. The wave function (0?4 distributions of multimode waveguide for the active nanometer layer of
the thickness: 25 nm (a), 50 nm (b), 75 nm (c), 100 nm (d), 150 nm (e), and 200 nm (f) compared with

wave function ¢, distribution of the single-mode input/output waveguide.
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output waveguide. Vertical lines describe the multimode waveguide dimension and the
sensor layer thickness.

The field at the distance z is a superposition of all modal fields with different phase
shifts:

N-1
Ey(x,2) = 3" ;9] (x) exp(-jf2) (5)
=0

Each mode of multimode waveguide propagates with different phase velocity and
hence an interference pattern is produced along the waveguide section.

In the next step of the propagation, the field from the end of MMI section excites the
output single-mode waveguide. The field at the output of the analyzed structure £,
can be expressed by:

Eout = CO goo(x) exp(—jﬂoz) (6)

where f, is the propagation constant of single-mode waveguide and ¢, describes the
overlap integral:

co = [ En(e Ly g (n)dx ©)

where Ly 1s the multimode section length.
Taking into account Egs. (5)—(7), the output power P, can be easily determined:

) oo N-1 . 2
P~ ool = || 050 3 0'(x) exp (58 Lypar) dx ®)
- 1=0

4. Output signal analysis

Power at the output of the sensor is described by Eq. (8). This dependence has been
examined for different sensor layer geometry and its refractive index. In order to fa-
cilitate further discussion, phase shifts of modes at the end of the sensor are expressed
in relation to the phase shift of the highest order mode,

e

2
Pout |CO|

2

oo N-1
= o8y Ly [ 0500 Y e} () exp[ (B~ By )Ly dx
- =0

+00 2

N-1
=1 0s) S o exp[JCB — By )Ly d
« 1=0

)
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Let us introduce to Eq. (9) the beating length (BL) of (n, m) modes, defined as:

2n
L = ——— n<m (10)
. B n- s m
on the base of it, the output signal can be determined by the beating lengths of several
pairs of modes:

- 2

+oo N-2 i2nL
" M M J MMI
Py = .[ po(x) | ey oy (x) + Z c; 97 (x)exp| — | |dx
. Ly
i =0 :
_ 2
+00 . M N=-2 o
= [ oi|ev oN @+ S ol (exp(2nR, ) |dx
- L 1=0
(11)
where
L
Ry i = LM—MI (12)
LN-1

is the beating length number of (/, N — 1) modes.

The coefficient R; | determines the number of the BL of (/, N — 1) modes in the
MMl section length. This number depends on the refractive index changes of the active
layer. On the base of the experimental results of optical properties of the WO; nanolayer
from the paper [9], it is assumed that the refractive index of the active layer has to be
changed within the limit 1.900-1.905. Because the beating length number is huge for
the considered length of the multimode section, the relative coefficient of BL number:

AR y_1(ng) =Ry y_1(ng) —R; y_1(1.9) (13)

is introduced to describe the output power dependence on refractive index changes of
the active sensor layer. The output signal as a function of an active layer thickness is
discussed for different limits of AR; .

4.1. The case of AR, _(n) <0

First, the active layer thickness within the limit of 20-83 nm is considered. It is the
case of two-mode MMI section, which is determined by the AR, relative coefficient
of BL number. As can be seen from Fig. 3, the relative coefficient AR, has a negative
value in that range of layer thickness, which means that the beating length number de-
creases with increasing refractive index.

The relative coefficient of BL number AR (n,) decreases quickly with the increase
of the refractive index, reaching the minimum value for the layer thickness near 60 nm
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Fig. 3. Relative AR, coefficient as a function of the refractive index of the active layer for different layer
thicknesses in the limit 20—83 nm.

(solid lines) and then it grows fast to the values close to zero for the nanolayer thickness
near 85 nm (dashed lines).

The rate of AR, variations influences the measurement range and sensitivity of the
sensor. The sensitivity S characterizes the rate of normalized output power P, changes
with the refractive index of the sensor layer variations according to the expression:

oP
§ = (14)
on

C

The unit of such defined sensitivity is 1/RIU (RIU —refractive index unit). In Fig. 4,
output powers and sensitivities of the structures are presented as a function of the re-
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Fig. 4. The out power (solid line) and sensitivity (dashed line) as a function of the refractive index of the
active layer, for the different layer thickness: 30 nm (a), 40 nm (b), 50 nm (c¢), 60 nm (d), 75 nm (e), and
80 nm (f).
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Fig. 4. Continued.

fractive index of the active layer, for different nanolayer thickness. One can see that
the rate of P, changes increases with the layer thickness reaching the maximum at
the value about 60 nm and then it falls similarly as the AR, variations.

The range of P, variation is almost constant in the thickness limit from 20 to 60 nm,
which means that amplitudes of modes and excitation coefficients do not change with
the refractive index of the nanolayer. Then it decreases slightly because the p)! wave
function, as can be seen from Fig. 2, moves towards the sensor layer, decreasing ¢, ex-
citations coefficient.

Figure 5 presents the maximum value of the sensitivity S, ,, as a function of the
active layer thickness. The function achieves maximum at 60 nm.

Due to the periodic nature of the output signals, only the parts of the presented op-
erating characteristics can be used for sensor applications, depending on the assumed
resolution and the measurement range of the output signal. The examples of such de-
pendences shown in Figs. 6a and 6b are limited to the range of refractive indices of the
active layer Ang for which the sensitivity values reach 20% of the maximum value S, ..
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Fig. 6. The out power (solid line) and sensitivity (dashed line) for the layer thicknesses 30 nm (a) and
60 nm (b) as a function of the refractive index of the active layer, within the limits for which the sensitivity
values reach 20% of their maximum.

The characteristics show monotonous nearly linear growth and their measurement
range Ang and sensitivity strongly depend on the layer thickness.

4.2. The case of AR, n_4(n) >0

Within the limit of the active layer thickness equal to 85—160 nm, the MMI section is
still two-mode and its properties can be determined by the R, coefficient. As can be seen
from Fig. 7, in that range of layer thickness the difference coefficient AR, is positive.
The beating length number grows very fast with the increase of the refractive index.
It results from the course of wave functions in the analyzed range of nanolayer
thickness, shown in Fig. 2. Wave functions move towards the active layer, increasing
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its impact on the output power, especially for the nanolayer thickness above 100 nm.
Field distribution of wave function ¢! of the fundamental mode then concentrates
very close to a nanolayer of a high refractive index, which increases its propagation
constant. The propagation constant of the first order mode changes much slower.

Figure 8 shows the output power and sensitivity dependence on the refractive index
of the active layer for different layer thicknesses. Due to the high rate of the output
signal changes for the thicknesses from 110 to 150 nm, the range of refractive index
changes is restricted to the limit 1.900—1.902.

As can be seen from Fig. 9, the sensitivity, as in the previous case, strongly depends
on the sensor layer thickness and it reaches the maximum for the layer thickness near
110 nm.
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Fig. 8. The out power (solid line) and sensitivity (dashed line) as a function of the refractive index of the
active layer, for different layer thickness: 85 nm (a), 90 nm (b), 100 nm (¢), 110 nm (d), 120 nm (e), and
140 nm (f).
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The characteristic feature of the presented output signals is the decreasing depth of
the modulation. The range of output power variations decreases to the value below 0.1.
It is in close connection with wave function characteristics. The p) wave function
moves towards the external surface with the increasing thickness of the sensor layer.
Its distribution restricts to the area of the nanolayer and its vicinity. This effect de-
creases the overlap integral described by Eq. (3) and the value of ¢, excitation coeffi-
cient. The gM distribution changes to a lesser extent and the ¢, value only slightly
increases. As can be seen from Fig. 10, the difference between the values ¢, and ¢, in-
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creases with the active layer thickness and the interfering modes have significantly dif-
ferent amplitudes. It affects the depth of signal modulation.

4.3. The case of the three-mode MMI section

The MMI section is three-mode for the active layer thickness over 165 nm, and the
Ry, and R, BL number coefficients determine its properties. Figure 11 presents the
properties of the structure with the 170 nm active layer. The AR, and AR, relative
coefficients of BL number have entirely different ranges of variations — AR, are very
close to zero within the limit (0, 0.02) and AR, changes from 0 to 52. The output power
is for that reasons the composition of fast varying function connected with AR, with
a small amplitude of modulation, which amounts to 0.1 and a slowly varying envelope
connected with AR;,. The optical structure is characterized by a small range of the out-
put signal variations and little sensitivity whose maximum value amounts to 400. It is
caused by significant mismatching of the ¢} distribution to the single-mode input and
output wave function.

5. Conclusions

The work presents detailed examinations of a one-dimensional multimode waveguide
structure with a thin active sensor nanolayer, which properties correspond to WO;,
a promising material for the detection of several gas types. It is assumed that the re-
fractive index of the layer is about 1.9 and its depth changes in the limit from 0 to
200 nm. The results show the strong dependence of the examined structure properties
on the nanolayer thickness. The number of the beat length of modes in the MMI section
length and excitations coefficients of modes determines the output characteristics of
the sensor.

For the small thicknesses of the active layer, for the assumed material parameters
within the limit of 20—-85 nm, MMI section is two-mode. The beat length of modes in
the MMI section length decreases with the refractive index of the active layer, and the
excitations coefficients change slightly. The sensitivity strongly depends on the layer
thickness, achieving maximum at 60 nm. The range of output power variations is al-
most constant in this thickness limit. From the characteristics, it is possible to deter-
mine the refractive index variations of the sensor nanolayer below 107>.

For the larger thicknesses of the active layer, the MMI section is still two-mode,
but the beat length of modes in the MMI section length increases with the refractive
index of the active layer. The difference between the values of excitations coefficients
increases with the active layer thickness and the interfering modes have significantly
different amplitudes. It affects the depth of signal modulation, which tends to 0.1.

The MMI section is three-mode for the active layer thickness over 165 nm. The op-
tical structure is characterized by a small range of the output signal variations and a little
sensitivity. It is connected with the significant mismatching of the distribution of the
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fundamental mode of the multimode waveguide to the single-mode input and output
wave function. The dynamic range and resolution of the signal restrict the possibility
of sensor applications.
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