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Abstract: The analysis reported in this paper shows that the homogeneous sensitivity of both funda-
mental rib waveguide modes, HEyy and EHy, can slightly exceed the sensitivity of the optimized
parent slab waveguide. The most crucial difference in the behavior of these two polarizations is that
the sensitivity of the HEyy mode is the maximum for strip waveguides. In contrast, the sensitivity of
the EHyp mode can either decrease monotonically or not-monotonically with increasing rib height or
behave like a homogeneous sensitivity characteristic of the slab waveguide’s EHy mode. The second
important conclusion comes from comparing the sensitivity characteristics with the distributions of
the fundamental mode’s optical power. Namely, the homogeneous sensitivity of the rib waveguide is
at the maximum if, due to a slight variance in the cover refractive index, a variation in the weighted
optical power carried by the mode is the maximum.
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1. Introduction

Rib waveguides play a fundamental role in planar integrated optical circuits (PICs)
fabricated based on key material systems which include SOI (silicon on insulator) [1],
InP/InGaAsP [2], AlGaAs-on-insulator [3], SizNy4/SiO, [4], a-Al,O3/SiO, [5], SiO,-TiO, /
BK7 glass [6,7], and Ge-on-insulator [8]. This work concerns the silica-titania material
platform. It is composed of SiO,-TiO, waveguide films deposited on BK7 glass substrates.
This platform has several advantages over mainstream material platforms and related
technologies (i.e., SOI, Si3Ny, and InP). They are discussed in the papers [9-11], where
designs of integrated optics devices using the silica-titania material platform are proposed
and discussed. Let us consider PICs used in constructing optical chemical and biochemical
sensors [12] that rely on the principle of evanescent wave spectroscopy [13]. They include
evanescent wave transducers. If those transducers integrate planar interferometers [14,15],
specific requirements regarding the rib waveguides involved in their design can be for-
mulated. In particular, rib waveguides should be in single mode to achieve high inter-
ferometric contrast [16] and have high homogeneous sensitivity. The latter quantity is a
metric for measuring variations of guided mode effective refractive indices rendered by
slight variations of the refractive index of a medium covering the waveguide [17]. The
magnitude of homogeneous sensitivity depends on the magnitude and uniformity of the
waveguide’s refractive index and morphological parameters. It is well-established that
the homogeneous sensitivity of slab waveguides, for a given polarization, has a single
maximum if considered a function of the waveguide film thickness [17]. The paper [18]
demonstrated that waveguides characterized by uniform refractive index profiles have
higher homogeneous sensitivity than those with gradient-index refractive index profiles.
Moreover, homogeneous sensitivity increases with increased refractive index contrast on
an interface between the waveguide and the cover. Assuming, therefore, that refractive
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indices of the rib waveguide and the substrate are determined by the given material system,
the homogeneous sensitivity can be maximized by the careful selection of rib waveguide
morphological parameters, namely: a parent slab thickness H, rib width w, and rib height
t. Given this, one can see that for a given polarization, there is only one parent slab of
optimum thickness H,;,, which can serve as a reference for a whole family of rib waveguides
described by H, w, and t. Their homogeneous sensitivity values can be normalized by
dividing them by the sensitivity of the optimized parent slab.

The influence of morphological parameters of rib waveguides on their homogeneous
sensitivity is discussed in papers [19,20]. However, the analysis presented in those papers
concerns SOI, SiOxNy (silicon oxynitride), and Si3Ny rib waveguides and does not consider
the single-mode operation range. Moreover, it was carried in a limited range of morpho-
logical parameters, where the results obtained using the FEM (finite element method) and
the EIM (effective index method) are compatible. These papers calculated homogeneous
sensitivity from the waveguiding film’s mode power flux and analytical equations derived
from the EIM. The EIM only allows the correct derivation of modal field distributions if the
mode is strongly confined to the rib [21]. In this respect, it is to be noted that such a mode
is weakly sensitive to variations of the cover refractive index.

This article presents the results of the study on the relation between a rib waveguide
single-mode operation regime and their homogeneous sensitivity in terms of characteristics
of effective indices and homogeneous sensitivity as a function of their morphological
parameters: H, w, and t. This work continues the analysis presented in our previous
conference paper [22]. Nevertheless, we believe the results presented here are novel in
two aspects. First, the research in this paper was carried out concerning the complete
single-mode propagation condition described in the work [23]. Secondly, characteristics of
homogeneous sensitivity are discussed concerning the distribution of waveguide mode
optical power among a substrate, cover, and waveguide film. The literature has a well-
established view that homogeneous sensitivity is the maximum if the fraction of optical
power carried in the cover is maximized [19,24]. The presented results show that this
is not the case considering rib waveguides. Based on the calculated characteristics of
homogeneous sensitivity as a function of rib height, we have shown that homogeneous
sensitivity is the maximum if the difference of weighted optical power carried by the
mode is the maximum. The weights are refractive indices of the rib waveguide’s cover,
waveguide film, and substrate. The magnitude of the effective refractive index increases
if the fraction of optical power carried in a medium having the highest refractive index
increases. Typically, the waveguide film is such a medium. Given that the magnitude of
the homogeneous sensitivity depends on the variation of the effective refractive index, our
assumption is proper. That is because, due to the change in the cover refractive index,
the distribution of the modal field changes, resulting in a modified distribution of optical
power among the cover, waveguide film, and substrate, which have different refractive
indices. A similar approach was adopted for the calculation of the rib waveguide’s effective
refractive indices by P.C. Kendall [25], who proposed weighting a value of the effective
refractive indices by the magnitude of optical power in the rib waveguide’s layers—a
substrate, waveguide film, and cover.

2. Structure and Methods

Schematic diagrams of the structures being investigated in this work are presented
in Figure 1. The slab waveguide comprises a silica-titania film deposited on a BK7 glass
substrate. This film considered infinite along the axis x is characterized by a thickness of
d. Except for a strip area, the rib waveguide is fabricated from the parent slab through its
partial or full thinning. As a result, a rib is formed. It is assumed that the rib’s walls are
vertical. A rib is characterized by width w and height ¢. An analysis was carried out for the
wavelength A = 635 nm. However, in the case of the slab waveguides, the analysis was also
carried out for A = 1550 nm. This was carried out to compare the homogenous sensitivity
of slab waveguides based on the S5iO,-TiO, /BK7 material platform to those based on the
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SOI and Si3N4/SiO; platforms. The equations describing the refractive index chromatic
dispersion of Si, SiO, and Si3Ny can be found in [26-28], respectively. The refractive indices
of the silica-titania film ng, BK7 glass substrate 75, and cover 7. for A = 635 nm are the same
as those assumed in our paper on the single mode condition [19]. They are: n; = 1.8186,
ng = 1.5150, and n, = 1.3320. Their values for A = 1550 nm are ng=1.7595, ns = 1.5006, and
ne = 1.3160.

slab waveguide rib waveguide
—1 H+dg+d; : B
cover: * cover: H,O (ambient), n,
H,0O (ambient), 1, U0 g1 W
« « side H+d, - g mmmmmnne -
i v lab \l—--- — _Ut_
waveguide film: S HI| !
Si0,-TiO,, ne y ' h dg waveguide film: SiOZ-TiO?_, L \_ parent
s{’r{lbstrate' 5 B - — slab
- bstrate: BK7 glass,
BK? glass, 1, . X substrate glass, ng

Figure 1. Schematic view of investigated slab and rib waveguides. Description of symbols: d—slab
waveguide thickness, d. and d;—substrate and cover layer thickness in a computational window,
ws—the distance between rib sidewalls and vertical boundaries of the computational window,
H—parent slab thickness, h—side-slab thickness, w—rib width, t—rib height, nf—refractive index of
the waveguide film, s and n.—refractive indices of the substrate and cover, and ¥, y, z—coordinate
system axes.

The characteristics of homogeneous sensitivity were derived based on the analysis of
effective index (modal) characteristics of rib and slab waveguides. Homogeneous sensitivity
is defined by the equation [17]:

_ negy

S = n. @
where 7.5 is an effective index of a given mode. The derivative (1) was approximated by a
difference quotient, assuming that the increase of the cover refractive index is An. = 0.001.
The effective index characteristics and optical power density, associated with fundamental
rib waveguide modes, were calculated using the film mode matching method (FMM) [29]
implemented in the FIMMWAVE 6.3 solver from Photon Design®. FMM is a rigorous
and semi-analytical method that gives accurate results when applied to vertically walled
rib waveguides. The Dirichlet boundary conditions were set on the boundaries of the
computational domain, the size of which was selected so that the principal components of
HEp; modes (Ex and Hy) and EHp; modes (E, and Hy) were vanishing at those boundaries.
The following values determining that size were adopted: ds = 3 um, d. = 1 um, and
w, =4 um. The value of the parameter (1d)nmode was set to 60.

A schematic diagram presenting successive stages of the reported analysis is shown in
Figure 2. Modal characteristics of slab and rib waveguides were calculated as a function of
d and t, respectively. A single mode propagation range for the investigated rib waveguides
was determined based on the characteristics of two kinds of specific rib height values: f;
and {7 Namely, basic effective index characteristics of the HEy; and EHp modes may, at
tsst, intersect the corresponding side-slab waveguide characteristics of the modes HEj and
EHy, respectively. If such an intersection occurs, the given first-order rib waveguide mode
leaks to the side slab for ¢ < t, rendering the rib waveguide single mode in this interval.
The second mechanism leading to single-mode propagation is to cut-off first-order modes.
For t > t g, an effective index of the given first-order rib waveguide mode is less than the
substrate refractive index. The procedure for determining the single-mode propagation
range based on the characteristics of #s5(w) and f (w) is described in detail in our previous
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paper [19]. Effective index characteristics of slab waveguides were calculated using the
Effective Index Solver, also implemented in the FIMMWAVE solver.

determination of the rib waveguide distribution of:
basic effective index characteristics single mode operation range 1. optical power density I'j
parent-slab  ——3» 1,5 (d) Fost(@), t g () o & 22‘;11:]*; g‘;/fzrgﬁ;?\f{ AT
rib waveguide o (8) * maximum 3. wei.ghted dif'ferencg of .
side-slab } of basic homogeneous sensitivity characteristics| 1- local: O<t<H optical power density AT
N =150 points slab — Sy(d) > Sy, 2} f%ge: f= 00 *
H, w are constant waveguide + ; ;H or sst characteristics of ma>fim}1m
> homogeneous sensitivity
rib waveguide — S, (t) ¥ S}(1) Siy(w), S{y(riu)

Figure 2. Schematic diagram of the analysis process. Description of symbols used in this fig-
ure: neﬁ—effective refractive index, ts; and tcﬁ—characteristic values of the rib height, Siy and
S#—absolute and normalized homogeneous sensitivity, Sy,,—homogeneous sensitivity of the op-
timized parent slab waveguide, and r and u—effective rib width and height. A description of the
morphological parameters is given in the caption of Figure 1.

The range of the rib waveguide’s morphological parameter values in which the analy-
sis was carried out is shown in Table 1.

Table 1. The range of morphological parameter values over which the analysis was carried out.
Symbols H, w and ¢ are explained in the caption to Figure 1.

Parameter Name Polarization
HE EH
H [nm] 105, 120, 135, 140, 145, 150, 135, 140, 145, 150, 155, 160,
155, 160, 165, 170, 175, 180, 165, 170, 170, 180, 185, 195,
185, 195, 200, 210, 225, 240 200, 210, 225, 240, 270, 300, 330
w [pm] From 1.0 to 2.0 with a step size of 0.02
t [nm] N =150 equidistant values in the interval t € (0, H)

Each basic homogeneous sensitivity characteristic Sy(f) was calculated from a pair
of n4(t) characteristics. The second characteristic in each pair was calculated for a value
of the cover refractive index increased by a factor of An, = 0.001. Those characteristics
were grouped into sets according to a value of the parent slab thickness H and searched
for the presence of maximum values. Such a maximum can be located at the beginning of
the interval <0, H>, (f = 0 — parent slab), at its end (t = H), and in the middle of it (local
peak). Here, care must be taken if EH modes are being considered. This is because if H is
sufficiently low, the EHyy mode can leak from the rib into the side slab (See Figure 1) for ¢
lower than some non-zero t% value [23]. In that case, t% is the left boundary of a search
interval. The maximum sensitivity values are presented as sets of characteristics. They
are functions of rib width w or a parameter defined as the ratio between dimensionless
side-slab thickness r and dimensionless rib width u. The parameters u and r, introduced

in [30], are given by the following equations:

—-1/2
v w+27c[k2(”5}_”2)] o)
N H+q
I+
"TH +Z; &
—-1/2 —-1/2
=17 —n2)] "+ sk (nF - n3)] (4)
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where the parameter 7y depends on polarization, s = 1 for HE,; modes, y¢s = (11¢s/ nf)2
for EHp; modes, and k = 2mt/A where A is a wavelength. The sensitivity values were
normalized to the sensitivity of the optimized parent slab because, for each polarization,
there is only one value of slab waveguide thickness for which homogeneous sensitivity
reaches its maximum.

Finally, the following parameters were determined to determine how the homoge-
neous sensitivity depends on a distribution of the waveguide mode optical power among
the substrate, cover, and waveguide film: filling factor I'f, its difference AI'}, and its
weighted difference AI'Y. The first two parameters depend on the considered rib waveg-
uide’s region: the superscript a accepts literals ¢ (cover), f (waveguide film), and s (sub-
strate). The weighted difference AT’ measures the change of optical power density for the
hole mode. The equation describes the filling factor:

FIFA _ JJ 4 P=(x,y)dxdy )

Hs P (x,y)dxdy

where A is the surface of a given part of the rib waveguide, S is the surface of the compu-
tational window, and P; is the density of optical power defined by the Poynting vector,
which has units of W/m?2.

Pxy) = (EGo) x Hx) ) o2 ©)

AT% is also defined for a given region of the rib waveguide and is described by
the equation: '
ATt = AT — AT} ()

where I'% is the filling factor in the given region of the rib waveguide after increasing the

cover refractive index from n. = 1.3320 by An. = 0.001. Finally, the weighted difference AT}

has the equation:

1eATS + npATS + AT
ne+ng+ns

AT =

®)

3. Results
3.1. Parent Slab Waveguide

The characteristics of the homogeneous sensitivity for the parent slab as a function of
the waveguide film thickness are presented in Figures 3 and 4. The ones presented in Figures
3b and 4 are for the wavelength A = 1550 nm. It is well known that if a slab waveguide is
single-layered, its characteristics have a single maximum for a specific thickness whose
value depends on polarization (d}1E? and dEH0) [13]. Those values for the fundamental

modes are specified in Table 2.

o - 0.14
slab waveguide ~EHO -~ ==
r O Smax -
0150 cero PN 810, — Ti0/BK7 0.12 4 7max -~
nax h \\ - o g
0.125 [ N HEo 0.10 <
Riiigll. S —— — N . ¢ HEO
GHED H \\\ EHp S ,7\
i _ par
0.100 ] Zmax " A =635 nm 0.08 \
= = /7 slab waveguide
10075 006 / Si0s — TiO2/BKT
/ .
’ HEp
1 ~
0.050 0.04 I’ ==== FHp
! ) 55()
0.025 0.02 ,, A = 155() nm
§ HED EHO HEO EHO
0.000 ‘fl;iﬂ]’ d;rm.\' 0.00 dmm d:mu
100 200 300 100 200 250 300 350 100 150 500
(a) d [nm] (b) dy [um]

Figure 3. Homogeneous sensitivity characteristics of the SiO,-TiO, /BK7 slab waveguides for wave-
lengths A = 635 nm (a) and A = 1550 nm (b).
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Figure 4. Homogeneous sensitivity characteristics of the SizN4/5iO; (a) and SOI (b) slab waveguides
for the wavelength A = 1550 nm.

Table 2. Optimized slab waveguide thickness d;;xy and maximum homogeneous sensitivity Sy of
its fundamental modes for the silica-titania platform for the wavelengths 635 nm and 1550 nm and
the SizNy /SiO, and SOI platforms for the wavelength 1550 nm.

Polarization HE, EH,
material platform: SiO,-TiO, /BK7, A = 635 nm
Amax [Nm] 111 165
S 0.119 0.154
material platform: SiO,-TiO, /BK7, A = 1550 nm
Aax [Nm] 310 443
Smax 0.10 0.13
material platform: Si3sN4/SiO;, A = 1550 nm
Ay [NmM] 148 296
ST 0.21 0.27
material platform: SOI, A = 1550 nm
Ay [Nm] 36 188
Smax 0.31 0.47

The sensitivity values of the fundamental HE and EH rib waveguide modes are
normalized to the maximum sensitivity of the corresponding slab waveguide modes
SHEO and SEHY respectively. The following equations give the normalized homogenous
sensitivity of rib waveguides:

)

- { s
SH -

S} /Sl

As shown in Table 1, the fundamental slab modes became the most sensitive for
significantly different values of the parent slab thickness. For this reason, the characteristics
of the rib waveguide’s homogeneous sensitivity were determined in two separate, although
partly overlapping, ranges of the parent-slab thickness (see Table 1).

3.2. Rib Waveguide—Fundamental HE Modes

The selected representative characteristics of the HE(, modes (quasi-TE) normalized
homogeneous sensitivity S¥,(t) are presented in Figure 5. The range of single-mode prop-
agation is distinguished by a bold line format. The character of changes in S}; can be
two-fold. The first can be observed on a set of characteristics for a value of the parent
slab thickness smaller than d;.c. They are presented in Figure 5a. One can see that S}, ()
initially decreases, reaches the local minimum, and finally increases, but the maximum
is not achieved for t = H. For each characteristic corresponding with the given value of
w, the S%; is maximum for ¢ = 0. In the second case, the value of the parent slab thickness
exceeds dyay, S}y (t) increases with t, and reaches its maximum at t = H. The HEyy mode of
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rib waveguides investigated in this paper acquires maximum homogeneous sensitivity for
H, =120 [nm], w, = 1.0 [um], and ¢, = 120 [nm].

1.0075

4 R3
0.99 1.0050
1.0025
0.98
1.0000 R2 3
@ = 09975 R1 )
0.97 :
(L9950 % /
e —___-____________./
0.96 R2 0.9925 —
. R3
——— 0.9900
0 40 60 80 105 0 20 40 60 80 100 120
H =105 [nm] , H=120 [nm)] el
— SMR (] (@) — SMR (] (b)
[P 0.53
0.97 R2 0.52
0.96 / 0.51
= v Rl 5
f’,,"”""”_‘ﬂ_;e—‘“'—*? 0,501
0.95 / - —
- 0.49
e e
_ i
0.94 i 0.48
0 20 40 60 80 100 120 135 0 50 100 150 200 250
H=135 [nm] H =240 [nm)
SMR i {]ml] ((_) SMR { {um] (d)

Figure 5. Normalized homogeneous sensitivity characteristics of HEgy modes for four selected
values of the parent slab thickness H: 105 nm (a), 120 nm (b), 135 nm (c), and 240 nm (d). Marker
symbols: O—w = 1.0 [um], O-w = 1.2 [um], A-w = 1.4 [um], O0—w = 1.6 [um], \y/—w = 1.8 [um], and
+—w = 2.0 [um]. The bold line format indicates the single-mode propagation regime (SMR).

The characteristics of homogeneous sensitivity concerning the rib width w for a
maximum value of the rib height are presented in Figure 6. Here, the bold line format
implies that S}, is the maximum. One can observe that sensitivity reaches the maximum
value almost exclusively if t = H. All characteristics in Figure 6 are plotted using the bold
line format except for the curve for H = 105 nm. It is also apparent that there are no local
maxima of S¥; and except for H = 105 nm, which is smaller than optimized thickness dyqx
for the slab waveguide’s HEy mode, and that Sy is decreasing with the increasing rib
width w.

1.0 1 m—

u]
—\

0.9 H [nm]
— | 105- 0
—

20

120 -
135 -
150 -
165 -
180 -
195 -
210 -

=
———
7_\
\
\
\

»X +d< >0

0.6 1

0 12 14 16 18
w [um]

Figure 6. Normalized homogeneous sensitivity of HEgy modes for t = H. The bold line format is used
if the sensitivity reaches the maximum value.
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Discussing the rib waveguide sensitivity characteristics concerning their morpho-
logical parameters is interesting, given how the optical power is distributed among the
substrate, cover, and waveguide film. Three values of the parent slab thickness H were
selected, and for each of them, the three values of t were chosen from the appropriate S¥,(t)
characteristic. They are designated in Figure 5a—c by symbols R1, R2, and R3, respectively.
Each corresponds to a rib waveguide with a tuple (H, w, t). The selected parameters are
listed in Table 3.

Table 3. Morphological parameters of the rib waveguides selected for the determination of HE
modes I';, AT%, and AT

H [nm] w [um] t [nm]
105 1.0 R1: 20.0 R2: 60.0 R3: 105.0
120 1.0 R1: 20.0 R2: 70.0 R3:120.0
135 1.0 R1: 20.0 R2: 80.0 R3: 135.0

The characteristics of the calculated values of the filling factor and its difference
are presented in Figure 7a,b, respectively. One can observe that I';. is not monotonically
increasing with the homogeneous sensitivity. In all cases, the optical power is transferred

from the substrate to the waveguide film and cover layer—AI';: < 0, AFJ; > 0,and AI'z > 0.

L m— S
ol 0,135 N - l':. 0.0006 \“\’_ "
~ 0130 / < goom
0.96 0.97 0.98 (199 1.00 0.96 0.97 0.98 (.99 1.00
sn .
H ‘SH
. L 1T B —
s~ 0.4 C e e —] —~
~ 0.3 : . . < g0z [ —
0.96 (.97 (.98 (.99 1.00 .96 .97 .98 (1L.99 1.00
- ’
St 104 S
wk, 7 = =
L C 7.5 [ =
0.5 =12
— —_— = )
04 —10.0 f___——- .
(.96 0,97 .98 0,99 1.00 (.96 .97 (.98 (.94 1.00
H Ey Sk H Eyg St
(a) € H=105nm] € H=120[nm] & H =135 nm] (b) © =105 nm] & H=120[nm] & H =135 [nm]

Figure 7. Characteristic of HEy) modes’ filling factor I' (a) and its absolute difference AT} (b), both
as a function of the normalized homogeneous sensitivity. The superscript a accepts literals ¢ (cover),
f (waveguide film), and s (substrate).

The characteristic of the weighted absolute difference of the filling factor is presented
in Figure 8. It demonstrates two things. First, they AI'Y can be either positive or negative.
The positive value is obtained for the lowest parent slab thickness H value. This means that
the optical power is predominately transferred from the substrate to the waveguide film
due to the increase in the cover refractive index and a transformation of the HEy; modal
field. For higher values of H, the AT} is negative. It indicates that the optical power more
intensively flows to the cover, which has the lowest refractive index. The other conclusion
derived from the characteristic of AI'Y is that its absolute value monotonously increases
with the normalized homogeneous sensitivity.

3.3. Rib Waveguide—Fundamental HE Modes

The selected representative characteristics of EHpp modes normalized homogeneous
sensitivity S¥(t) are presented in Figure 9. The range of single-mode propagation is
distinguished by a bold line format. One can observe that characteristics behave differently
than those of HEgy modes. As one can observe from Figure 8c,d, they have a single
maximum, for some t inside its range of variability, if the parent slab thickness exceeds the
optimized thickness d;x for the slab waveguide’s EHy mode.
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Figure 8. Characteristic of HEgg modes’ filling factor weighted difference AI'Y as a function of the
normalized homogeneous sensitivity.
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Figure 9. Normalized homogeneous sensitivity characteristics of EHyy modes for four selected values
of the parent slab thickness H: 135 nm (a), 155 nm (b), 175 nm (c), and 330 nm (d). Marker symbols:
O—w = 1.0 [um], O—w = 1.2 [um], A—w = 1.4 [um], O—w = 1.6 [um], y—w = 1.8 [um], and
+—w = 2.0 [um]. The bold line format indicates a single-mode propagation regime (SMR).

The homogeneous sensitivity characteristics of EHyy modes for ¢ = H are presented in
Figure 10a. They behave similarly to those obtained for HEyy) modes (Figure 6). The only
difference is that the rate of S}, (w) decrease is smaller. One can observe that the maximum
sensitivity of EHpp modes is predominately reached inside the range of variability of ¢,
i.e., there is a single local maximum. Local maxima of S} (t) exist only for EHyy modes.
Their characteristics, presented in Figure 10b, concern the dimensionless parameter r/u,
which reflects the transition from a strip waveguide (low r/u) to the structure tending to
the slab waveguide (high 7/u). For the given parent slab, the maxima of S¥; increase as
the rib waveguide structure tends to the slab. The only exception is the characteristic for
H =175 nm on which the global maximum of S}, is obtained. For this value, the maximum
of S% is independent of 7/u. The bold line format in Figure 9b implies that S}, is the
maximum in the whole range of ¢ variability.
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Figure 10. Normalized homogeneous sensitivity of EHyy modes for t = H (a) and its local maximum
concerning dimensionless parameter r/u (b).

The values of T't, AT'%, and AT'f have been calculated by the same process as the one
used for the HEgy modes. The selected morphological parameters are listed in Table 4.

Table 4. Morphological parameters of the rib waveguides selected for the determination of EHyg
modes I't, AT}, and ATE.

H [nm] w [um] t [nm]
135 1.0 R1: 20.0 R2:70.0 R3: 135.0
155 1.0 R1: 20.0 R2:90.0 R3: 155.0
175 1.0 R1: 20.0 R2: 84.4 R3:175.0

The characteristics of the calculated values of the filling factor and its difference are
presented in Figure 11a,b, respectively. As one can see, similarly as is the case for HE
modes, I';. is not monotonically increasing with the homogeneous sensitivity, and in all
cases, the optical power is transferred from the substrate to the waveguide film and cover

layer-AT%. < 0, AT} > 0,and ATS > 0.
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Figure 11. Characteristics of EHgg modes’ filling factor I'?. (a) and its absolute difference AI'f- (b), both
as a function of the normalized homogeneous sensitivity. The superscript a accepts literals c (cover),
f (waveguide film), and s (substrate).

The characteristic of the weighted absolute difference of the filling factor is presented
in Figure 12. Contrary to the situation observed for HEy) modes (Figure 7), the AT'Y is
positive for all considered values of the parent slab thickness. As one can observe, AT'Y
monotonously increases with the homogeneous sensitivity.
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Figure 12. Characteristic of the weighted difference AF’E’ as a function of the normalized homogeneous
sensitivity of EHyy modes.

Regardless of the fabrication technology of rib waveguides, their final opto-geometrical
parameters are more or less different than originally assumed. In order to assess how
strongly variations of opto-geometrical parameters will influence the homogeneous sen-
sitivity, the following procedure was adapted. One rib waveguide was selected for each
fundamental mode. Their parameters are listed in Table 5. For theme, values of base

homogeneous sensitivities, Sg) were calculated. Subsequently these parameters were

individually increased by p percent. This way, the second value Sg) was obtained for rib

waveguides having one parameter increased. The relative change 6Sy was calculated using
the equation below:

H o,
S(iHl) (%] (10)

s sy

Sy = 100

Table 5. Opto-geometrical parameters and homogeneous sensitivity of rib waveguides selected for
assessment of the §Sy.

H [nm] t [nm] w [um] Sy
HEy 120.0 100.0 1.0 0.1194
EHyg 175.0 100.0 1.0 0.1543

The characteristic Sy(p) are presented in Figure 13.

— HEwm
=== Efmp

H-(1+ )

w i

0.5 1.0

2.0 4.0

— HEw
=== EHy

¢ w-(1+)
O ¢t (1+47)

r
100

=
II
=

o)

—— HEw
=== FEHpy
A ng-(1+ )

20 v 10 0.5 1.0 2.0
p ¥ (b) p %]

Figure 13. Characteristics of the relative change of rib waveguide’s homogeneous sensitivity resulting
from variations of opto-geometrical parameters: H, w, and t (a) and n¢ (b). The description of the rib
waveguide’s parameters is given in the caption of Figure 1.



Photonics 2023, 10, 1065

12 of 14

(a)

0.11955

0.11950

0.11945

0.11940

0.11935

The question remains about the uncertainty of homogeneous sensitivity values calcu-
lated using a pair of n.(t) characteristics. The following treatment was applied because the
uncertainty of effective refractive indices is unknown. Let us consider two characteristic
neﬁ(t), one for cover refractive index 7, and the second for n, + An,. By increasing f tiny, the
values of Ang may be the same, even though both characteristics n.4(t), are monotonously
decreasing, and should also give varying characteristics of An,y. However, there are vari-
ances between the two levels due to limitations to the accuracy of the 1.4 values of Sy. This
can be observed in the characteristics presented in Figure 14. The uncertainty of Sy read
from these characteristics is ASy = 1.2x 104

P 0.15438
0.15436
ASy = 0.00012
0.15434
Y nmr R TCT——————— | & 015432
3 ASy = 0.00012
- EH,
. 0.15430 o
) HEm H =175 [nm]
L g = =120 |
ASy =0.00012 H = ]‘—["J;'f“ﬂ 015428 w=1 |‘;m|
w pim] A =635 [nm]
A= 635 fom)
0.15426 | Yop o

100.0

100.5 101.0 101.5 102.0 100.0 100.5 101.0 101.5 102.0
t [nm)] (b) t [nm]

Figure 14. Homogeneous sensitivity of the rib waveguide’s modes HEy (a) and EHy (b) in the
limited variability range of t. Parameters H and w are given in Table 5.

4. Discussion

As has already been mentioned, the nature of variation of slab waveguide’s homoge-
nous sensitivity Sy with the thickness of the waveguide film is well known. Each polar-
ization has one value of the waveguide film thickness maximizing Sy. The comparison
of maximum achievable homogeneous sensitivities for slab waveguides based on SOI,
Si3Ny/SiO,, and SiO,-TiO, /BK7 reveals that SOI waveguides are the most sensitive to
variations of n.. This results from the fact that the refractive index of silicon ng=3.4764is
the highest compared to silicon nitride ny = 1.9963 and SiO,-TiO; 1y = 1.7595. However,
considering the HEj) mode, one can observe in Figure 4b and read from Table 2 that its
maximum sensitivity is reached for a waveguide film with a thickness of only d; = 36 nm.
Typically, SOI wafers come with epitaxial Si layers of thickness ranging from 200 to 300 nm.
The homogeneous sensitivity of the HEy mode in this range is lower than 0.05.

Considering the variation of rib waveguides Sy with the parent slab thickness, it
generally has the same character as the slab waveguides. Modes EHy have a single local
maximum, as shown in Figure 10b. In most cases, the subsequent characteristics sharing
the same H are well separated. The separation is smaller only for those corresponding with
parent slab thickness close to dyzx = 165 nm (H = 160 and 175 nm). In the case of the HE(
mode, which does not acquire the maximum for some intermediate rib height t € (0, H],
the best thing is to look at the dependence on H when t = H. Considering the variation of
Sy with £, it can be noted that for rib waveguides whose parent slab thickness is smaller
than the thickness of the optimized slab waveguide (H < dj4y), an increase in t results in a
decrease in Sp. The difference between the behavior of HEyy and EHyy modes shows up
when the variation of Sy with ¢ is considered for H > d,4c. The sensitivity of HEyy modes is
the maximum for strip waveguides, whereas, in the case of EHyy modes, the maximum is
obtained for ¢ € (0, H].

Comparing the characteristics presented in Figures 6 and 10a, we conclude that the
character of the relation between the rib’s width and the homogenous sensitivity of the
strip waveguide depends on the relation between H and d;4¢. The Sy increases with w if
H < dyjax and decreases if H > dyx. This relationship is stronger for the HEy, mode.

Homogeneous sensitivity Sy is a derivative of the effective refractive index n,5 con-
cerning the refractive index of the cover #, (1). Assuming the increase of . is small and
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constant, homogeneous sensitivity increases with the rise in 1,54 The magnitude of 7y
increases with an increasing share of the optical power in the waveguide film, which has
the highest refractive index. For this reason, we proposed building a relationship between
the weighted filling factor AI'Y given by (8) and Sy. As one can observe, the characteristics
AT¥(Sh), presented in Figures 7 and 11, agree with the assumption that Sy is the maximum
if a weighted difference of the filling factor is the maximum. As a result of a small increase
in An,, for both polarizations, the optical power flows from the substrate to the waveguide
film and cover (AI'y < 0). The magnitude of homogenous sensitivity depends on how
much optical power is drawn out from the substrate and how it is further divided between
the waveguide film and the cover.

The characteristics of homogenous sensitivity relative change, Sy, resulting from
variations of rib waveguide’s opto-geometrical parameters, reveal that JSy; is greater than
the uncertainty of Sy for ng. The rib waveguide’s geometrical parameters shift the results
in more minor Sy changes. From the point of view of the mentioned material platforms,
it poses a challenge for those platforms using multi-compound waveguide films, such as
5i0,-TiO,. That is because the refractive index of such films depends on the environmental
conditions prevailing during the fabrication process, e.g., humidity.

5. Conclusions

A rib waveguide’s fundamental modes of polarizations, HE and EH, can have higher
homogenous sensitivity than the optimized slab waveguide. The values of the maximum
increase over relevant sensitivity values for the optimized slab are minimal. And so, in the
case of HEj and HEyy modes, the homogeneous sensitivities of the optimized parent slab
and rib waveguide are 0.119 and 0.120, respectively. In the case of the EHy and HE(y modes,
itis 0.154 and 0.155, respectively. The important difference between the magnitude of the
response of the HEgy and EHgp mode to a variation of the cover’s refractive index is that the
HEy) mode is most sensitive if the rib waveguide becomes a strip waveguide. Suppose the
magnitude of Sy is essential for the design of some integrated optics structure, which, for
other reasons, should be based on strip waveguides. In that case, the HEy) mode may have
higher sensitivity. Structures comprising strongly bent waveguides, e.g., ring resonators,
may serve as an example. This is because the presence of a sacrificial layer results in high
bending losses.
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