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Abstract: The single-mode limit and bending losses for shallow rib waveguides are stud-
ied using the full vectorial film mode matching method. The maximum rib height for
single-mode waveguides is found to be on the order of 10 nm for a rib width of 2 um and
a wavelength of 785 nm, with the exact value depending on the core thickness and the
polarization. Bending losses are calculated as a function of several geometrical parame-
ters, for both polarizations and for the fundamental and the first order modes. Bending
losses decrease significantly with rib height for single-mode waveguides. For slightly
larger rib heights, giving multimode waveguides, it is found that the bending losses for
the first-order mode are several orders of magnitude larger than for the fundamental
mode. Thus, a small bend can act as an excellent mode filter, making it possible to use
higher ribs giving low bending losses for the fundamental mode, while maintaining the
waveguide practically single-mode. For TM-polarization, leakage loss can be important
and can cause bending losses to increase for larger rib heights (8—80 nm).

Index Terms: Bending loss, single-mode limit, flm mode matching method, integrated
optics, rib waveguides.

1. Introduction

Bending losses are one of the limiting factors for the complexity of integrated optics in general.
For waveguide sensors, shallow rib waveguides have recently emerged as attractive due to high
sensitivity [1], [2]. However, the small rib height can give high bending losses, as will be shown
in this paper. Waveguide sensors offer high sensitivity to a specific physical, chemical or biologi-
cal parameter [1]-[6]. Most of these devices are based on evanescent field sensing: a subtle
change in the refractive index of a layer in contact with the waveguide's evanescent field
changes the effective propagation index of the guided mode and thus gives a phase change.
These sensors typically require a thin core with high refractive index to maximize the evanescent
field and thus obtain high sensitivity [7]. To detect the phase change, the waveguides should be
single mode to realize interferometers with high visibility interference. Furthermore, to integrate
several sensors and more functions on a chip, it is necessary to have low propagation losses
and low bending losses. Shallow rib waveguides are attractive for sensors as they fulfill most of
the requirements. High sensitivity is achieved by using a core with a high refractive index (e.g.,
SigN4 or Tax0s) with a thickness of 60—-300 nm. A shallow rib, which is typically 2-10 nm high,
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gives single mode operation of rather wide waveguides, e.g., 1—4 pum wide [7]. The low height of
the sidewall gives significantly reduced scattering from roughness caused by the etching process
during fabrication. Propagation losses are thus reduced [8], [9]. However, for TM-polarization
the picture is complicated by leakage loss. The modes of rib-waveguides are hybrid, and the
effective refractive index of the fundamental TM-mode (i.e., TM-like) can be lower than the ef-
fective index for TE-polarization for the adjacent slab waveguide. This causes leakage loss for
TM-polarization as the minority field components leak out [10]-[12]. For both polarizations, the
mode confinement decreases as the height of the rib and the sidewall is reduced, causing
bending loss to increase. Shallow rib waveguides thus have significantly higher bending losses
than normal rib or strip waveguides, and it is necessary to find a compromise between propa-
gation losses and bending losses, with leakage losses also present for TM-polarization.

The fabrication process for shallow rib waveguides is based on silicon technology with deposition
of thin films, e.g., with sputtering or chemical vapor deposition (CVD), followed by photolithography
and dry etching [13]. During this fabrication process, some geometrical parameters can be precisely
set, while others will have significant variation from batch to batch and even between chips from the
same wafer. The geometrical parameters are core thickness (H), rib width(W;,) and rib height (h;),
and, for bends, the bend radius (R). The bend radius is precisely fixed by photolithography. That is
also the case for the rib width, although it will change somewhat during fabrication. A deposition pro-
cess determines the core thickness, and some variation can be expected. The most difficult parame-
ter to set is the shallow rib height. A variation of 1-2 nm can be expected from one wafer to the next,
representing a variation of up to 50% of the height. As will be shown, the leakage loss and the bend-
ing loss depend strongly on the rib height. During the design process, it is thus important to take the
rib height variation into account and to know its the influence on the performance of the device.

For waveguide sensors, a common design criterion is to have minimal bending losses while
keeping the waveguide single mode. Before considering bending losses, we thus find the values
of the geometrical parameters that ensure single mode waveguides. For this, we have used the
full vectorial film mode matching method (FMM) [10]. Subsequently, we use the same method to
find the dependency of the leakage losses and the bending losses on the geometrical parame-
ters. The results provide necessary information for the design of waveguide devices using shal-
low rib waveguides. Particular attention is given to the variation in performance with rib height.
Previous works have investigated waveguides with relatively thick ribs, finding the maximum rib
height giving single-mode waveguides [14], [15] and calculating the bending losses [16], [17].
The rib heights considered in this paper are on the order of 10 nm, which have not been investi-
gated previously regarding bending losses. Polarization can influence the bending losses con-
siderably and leakage losses are only present for TM-polarization. We have thus done
simulations for both TE- and TM-polarization regarding several parameters. It is most common
to simulate bending losses for the fundamental mode only. However, a waveguide might be-
come multimode due to fabrication errors, especially for the small rib heights considered here. It
is thus of interest to study the bending loss of the first order mode. It will be shown that these
can be very high if the waveguide is close to the single-mode limit.

2. Waveguide Geometry and Simulation Method

In the simulations we have chosen a waveguide geometry that is suitable for an evanescent
field waveguide sensor. The waveguide geometry is shown in Fig. 1. The refractive index of the
core is set to nyg = 2.05, corresponding to silicon nitride, which is commonly used for sensing
applications [13], [18].

The refractive index of silica (n = 1.46) was used for the substrate (ng,) and, if not otherwise
noted, for the superstrate (ns,,) as well. In the simulations, the rib width is w, = 2 m unless other-
wise noted. This is a width that can readily be obtained with standard photolithography, while it is
narrow enough to give single-mode waveguides, as will be demonstrated. For the wavelength, we
have chosen 785 nm as inexpensive diode lasers are available and silicon photodetectors have high
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Fig. 1. Geometrical outline of bent shallow rib waveguide showing (a) cross-section and (b) top view.

sensitivity for this wavelength. For sensors, visible and near-infrared wavelengths (i.e., < 1000 nm)
are commonly used, rather than the telecommunication wavelengths of 1300 and 1550 nm.

The simulations were performed with the commercial software Fimmwave (Photon Design,
Oxford, U.K.). The single-mode limit was found using transparent boundary conditions and full-
vectorial calculations, and also using semi-vectorial calculations. The single-mode limit was
taken as the largest rib-height h, not giving a solution for the first-order mode, for a given core
thickness H, rib width W, and polarization. For TE-polarization, the full-vectorial and the semi-
vectorial methods give the same results. TM-modes always exhibit leakage loss through the
minority field components (Ey, Hy). Since the minority field is not included in semi-vectorial calcu-
lations, there is a small difference between full-vectorial and semi-vectorial results concerning
the single-mode limit. The single-mode limits obtained numerically were also compared to the
analytical expressions proposed by Pogossian et al. [15].

In order to find the bending losses, we calculated the eigenmodes of bent waveguides using
the full-vectorial film mode matching (FMM) method in cylindrical coordinates. In the FMM
method, the waveguide cross-section is represented as a series of vertical slices. Each slice
corresponds to a multi-layer film structure. The mode profile of the waveguide can be repre-
sented as a linear combination of the vertical modes of the different slices; these modes will be
either TE- or TM-polarized. The modes in each slice are the solutions of Maxwell's equations.
The mode amplitude is obtained using the continuity of the tangential fields at the slice inter-
faces and the boundary conditions. A two step process was used to find the bending losses,
with first finding all the modes of the model (both waveguide and slab modes), with perfectly
matched layer (PML) as the boundary condition on both sides of the model. In the second step,
the fundamental mode was selected and the complex propagation constant for the mode found.
Full-vectorial simulations were used because they consider coupling between the polarizations,
which are ignored by semi-vectorial simulations. As noted for straight waveguides, the TM-
modes are leaky due to minority field components and, including the minority field components,
thus gives more accurate results.

The bending loss L was found from the simulated imaginary part of the propagation constant
Bi and normalized to a 90° bend using

Loo- = 107RpBjlogspe  [dB/90°] (1)

with R as the bend radius. In order to compare the leakage loss with bending loss, the leakage
loss was calculated for the length of a 90° bend, i.e., 7/2 x R.

The simulations were performed with sufficiently high resolution and the results were independent
of the model width. In order to verify the model, the single-mode limit and the leakage losses were
also calculated for some cases with a different software (Comsol Multiphysics). The two softwares
gave almost identical results. Bending losses depend on three geometrical parameters and polari-
zation. However, we have chosen to use 2-D-plots rather than 3-D-plots for clarity. The bending and
leakage losses calculated span several decades, and we have used logarithmic scale on the verti-
cal axis of the plots. What appears as a small difference can thus be one order of magnitude.
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Fig. 2. Limit between single-mode and multimode waveguides as function of core thickness. Results
are given for two numerical procedures and according to the analytical expression given by [15].
The rib width is 2 um. (a) TE-polarization and (b) TM-polarization. The error bars represent the
resolution, i.e., the largest rib height that gives a first-order mode and the rib height where such a so-
lution was not found.

3. Results and Discussion

Fig. 2 shows the calculated single-mode limit as function of core thickness. For TE-polarization,
the two numerical methods (full- and semi-vectorial) give the same results. For TM-polarization,
the semi-vectorial method gives slightly different results than the full-vectorial method, as the
semi-vectorial method does not consider the minority field components. As the difference is
small, we conclude that a semi-vectorial simulation gives a good approximation for these shal-
low rib waveguides. However, there is a large difference between the numerical results and the
analytical approximation. For TE-polarization and large core thicknesses H > 250 nm, the ana-
lytical approximation gives a conservative estimate for the single-mode limit, which might be ac-
ceptable. For thin cores, H < 150 nm, the discrepancy is so large that the estimate is of no use.
For TM-polarization, the analytical estimate is of limited or no value for all the core thicknesses
considered here.

A rib height less than 5 nm for TE-polarization and less than 7 nm for TM-polarization will
give single-mode waveguides for all the core thicknesses considered. The minimum values of 5
and 7 nm are found for core thicknesses of 110 and 210 nm, for TE- and TM-polarization, re-
spectively. For thicker cores, the single-mode limit increases with increasing core thickness, as
predicted also by the analytical expression. For sensing applications, maximum sensitivity is
found when the core thickness is approximately 60 nm and 120 nm for TE and TM polarization,
respectively [19]. For these thin cores, the fundamental mode is approaching cut-off for small rib
heights, and with the first-order mode necessarily approaching cut-off faster than the fundamen-
tal mode, the single-mode limit increases. This effect is particularly relevant for TM-polarization,
giving single-mode waveguides for 10 nm high ribs for a core thickness of 100 nm.

In Fig. 3, the single-mode limit is shown for different superstrate materials: air (n,, = 1), water
(Nwater = 1.33), and silica (nsjica = 1.46). Except for core thickness H = 50 nm, the influence of
the superstrate material on the single-mode limit is small. This is important for devices, including
optical sensors, that use different substrate materials along the waveguide, e.g., in the sensing
region. The change in substrate material will thus not influence the mode properties of the
waveguide, but an abrupt change might cause transition losses, which is outside the scope of
this work.

The leakage loss for the fundamental TM mode is shown in Fig. 4. For some specific rib
widths, the leakage loss is small for all rib heights. This is due to an interference effect for the
minority field component, which cancels the leakage. A thorough treatment of the leakage loss
for rib waveguides can be found in [10]. The mode profile for two rib widths, giving high and low
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Fig. 4. Leakage loss of the fundamental TM mode versus rib width for five rib heights.

leakage loss respectively, is shown in Fig. 5. The majority field component is in both cases well
guided, while the minority field component (Ey) is not guided when the leakage loss is high, see
Fig. 5(a). A well-guided minority field component is shown in Fig. 5(b) for a rib width which gives
cancellation of leakage due to interference. For the rib heights considered in Fig. 4, the leakage
loss increases with rib height. This is the case up to a certain rib height, as will be showed
when comparing bending and leakage losses.

Bending losses are strongly dependent on the bend radius R. We start by exploring the depen-
dency on radius, before considering the other geometrical parameters. Fig. 6 shows simulated
losses versus radius for TE-polarization and three values of rib width and rib height. All the combi-
nations give single-mode waveguides. The bending losses are exponentially decreasing with ra-
dius, and increasing the radius from 1 mm to 3 mm can change the losses with several orders of
magnitude. The bending losses decrease with increasing rib width and rib height, as the funda-
mental mode becomes better guided and the waveguide approaches the Ilimit of
becoming multimode. Note that for a rib height of 7 nm and R > 3500 pm, numerical noise is
larger than the bending losses. In the following, we use bend radius R = 1 mm and rib width 2 um
for the simulations. This gives a starting point for choosing geometrical parameters for
a waveguide bend, and by going back to Fig. 6, it can be found how the losses change with radius.
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(a) Ex

i

Fig. 5. Field distribution for fundamental, hybrid TM-mode for two rib widths giving (a) large and
(b) small leakage loss for the minority field component (E), while the majority field component (E)
is well guided for both cases [(c) and (d)]. Core thickness 150 nm, rib height 3 nm, rib width W, =
2 umin (a) and (c), and W, = 1.2 um in (b) and (d). The fields are normalized, and a large aspect
ratio has been used to show the waveguide thickness.
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Fig. 6. Bending loss as function of radius and for TE-polarization for (a) three rib widths, with rib
height and core thickness fixed to 5 nm and 150 nm, respectively, and for (b) three rib heights, with
rib width and core thickness fixed to 2 ;x m and 150 nm, respectively.

As was shown in Fig. 3, the refractive index of the superstrate has limited influence on the
single-mode limit. Fig. 7 shows that the refractive index of the superstrate can change the bend-
ing losses with 1—2 orders of magnitude. It is thus necessary to take more precautions when
changing the superstrate for a bent waveguide than for a straight waveguide. The bending
losses increase with increasing refractive index of the superstrate, which is expected as this
gives weaker guiding.

It was shown in Fig. 4 that leakage loss for TM-polarization depends strongly on the rib width
and also on the rib height for straight waveguides. It is thus interesting to see how leakage loss
contributes to loss in waveguide bends. In Fig. 8, the leakage loss and the bending loss is shown
as function of the rib height for a core thickness of 180 nm. The leakage loss is calculated for a
straight waveguide with length 7/2 x R and can thus be compared directly with the bending loss
for a 90° bend. For small rib heights and thus single-mode waveguides, the bending loss de-
creases fast with increasing rib height, while the leakage loss increases with rib height. At a rib
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Fig. 7. Bending loss as function of radius for air, water, and silica as the superstrate, for core thick-
ness 150 nm, rib height 5 nm, rib width 2 yum, and TE-polarization.
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Fig. 8. Bending loss and leakage loss of the fundamental TM mode versus rib height for a core
thickness of 180 nm. The full range from 1 nm rib height to strip waveguide (rib height =
core height) is shown in (a), while (b) shows the results for shallow rib waveguides only. The bend
radius is 1 mm, and the rib width is 2 &t m.

height of 8 nm, leakage loss becomes the dominating factor and the bending loss increases
as the rib height increases further up to 80 nm. For a rib height of 80 nm, leakage loss ceases to
exist as the minority field component is now guided. As a consequence, bending losses de-
crease very sharply to the numerical noise level. For a rib height of more than 80 nm, the wave-
guide thus behaves as a strip waveguide. Fig. 8 also shows the bending loss calculated with the
semi-vectorial method, which does not take leakage loss into account. Thus, the bending loss
found with the semi-vectorial method is correct for rib heights less than 8 nm and larger than 80
nm, when leakage loss is not dominating. However, from 8 nm to 80 nm rib height, the semi-vec-
torial method does not work for TM-polarization as leakage loss is the dominating factor.

In Fig. 9, bending losses are shown as function of core thickness for TE- and TM-polarization
and for three rib heights, again for fixed radius and rib width. Some of the combinations of core
thickness and rib height in the graph will give multimode waveguides according to Fig. 2. The
bending losses have a minimum for a core thickness of approximately 90 nm and 180 nm for
TE- and TM-polarization, respectively. For small core thicknesses, the waveguides are ap-
proaching cut-off and bending losses increase. For large core thickness, the rib height relative
to the core thickness, h./H, decrease, again making bending losses increase. The sum of
these effects thus have a minima for 90 and 180 nm. The bending losses decrease fast with
increasing rib height, as expected as the mode gets better guided. The dependency on rib
height is particularly pronounced for the core thicknesses giving minimum losses, i.e., 90 nm
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giving single mode waveguides for the given core thickness (see Fig. 2).

and 180 nm for TE- and TM-polarizations, respectively. Note that for the rib heights considered
in Fig. 9, leakage loss is not the dominating factor for TM-polarization according to Fig. 8.

The dependency of bending losses on rib height is further explored in Fig. 10. The bending
losses are shown (black lines) for a rib height equal to the single-mode limit given in Fig. 2. This is
thus the maximum rib height, giving the best guiding, that maintains the waveguide single-mode for
a given core thickness and polarization. For comparison, bending losses for a fixed rib height of
5 nm are included. The picture given by the maximum rib heights is somewhat different from that
given by fixed rib heights. Bending losses decrease relatively slowly with decreasing core thickness
down to 50 nm core thickness. The decrease is less pronounced than expected from Fig. 9 and the
decrease continues to smaller core thicknesses than the 90 and 180 nm found above. Also, the
losses for TE- and TM-polarization show no significant differences. From Fig. 10, it can be con-
cluded that low bending losses can be obtained for the core thicknesses considered (50-300 nm)
by optimizing the rib height to the maximum value giving a single-mode waveguide. The improve-
ment in losses between using a fixed rib height and the maximum value can be several orders of
magnitude. In the design process, the core thickness and the polarization should thus be decided
before the rib height is chosen, with the disadvantage that the waveguide will be optimized for one
polarization only. If polarization independent losses are desired, this can be obtained for some
combinations of rib height and core thickness, e.g., 5 nm and 155 nm, respectively, according to
Fig. 10. Also, a polarization filter that transmits only TE-polarization can be made by choosing a
combination giving high bending losses for TM-polarization and low for TE-polarization, e.g., 7 nm
rib height and 80 nm core thickness according to Fig. 9. In Fig. 10(b), the leakage loss is also
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rib heights for (a) TE-polarization and (b) TM-polarization. The bend radius and the rib width are
1 mm and 2 um, respectively.

shown, again for a length of /2 x R. For a core thickness of 150 nm or less, leakage loss domi-
nates the bending losses, while for larger core thicknesses its contribution decreases.

Up to this point, we have only considered the bending losses of the fundamental mode, which
is most common when studying bending losses [16], [17]. In Fig. 11, bending losses are shown
for rib heights giving multimode waveguides, with bending losses plotted both for the fundamen-
tal mode and the first order mode. For TE-polarization, the bending losses are as much as five
orders of magnitude larger for the first order mode than for the fundamental mode. A 90° bend
can thus be used as an excellent mode filter, transmitting only the fundamental mode. Also,
bending losses for the fundamental mode are decreased by several orders of magnitude by
using a rib height giving a multimode waveguide. If a 90° or larger bend is present in the design,
it is thus an advantage to use a larger rib height than the single-mode limit shown in Fig. 2, as
quasi single-mode operation will still be obtained. For TM-polarization, a similar trend as for
TE-polarization is apparent up to a rib height of 9 nm, with significantly smaller losses for the
fundamental mode than for the first order mode. For rib heights of 15 and 20 nm, bending loss is
dominated by leakage loss according to Fig. 8. As a consequence, the bending loss of the funda-
mental mode is larger for 15 and 20 nm than for 9 nm in Fig. 11(b), for core thicknesses of 100 to
250 nm. For the same range of core thicknesses, the bending loss of the fundamental and the
first order modes are comparable for a rib height of 20 nm. This again demonstrates that leakage
loss is an important factor for rib waveguides when using TM-polarization.

4. Conclusion

In this work we have investigated bending losses for shallow rib waveguides. Rib waveguides
can be made single-mode by reducing the rib height and the maximum rib height for single-
mode waveguides was found as function of the core thickness. The single-mode limit deviates
considerably from the standard analytical expression given by [15]. Semi-vectorial and full
vectorial methods gave almost identical results for the single-mode limit, both for TE- and TM-
polarization. The modes are hybrid and for TM-polarization the minority field components
(Ex, Hy) are not guided. This causes leakage loss, which the semi-vectorial method does not
take into account. It was shown that leakage loss cancels out for some rib widths and increases
with rib height, up to a rib height of 80 nm, whereafter the minority field components are guided
and the leakage stops.

The small rib height of shallow rib waveguides can reduce propagation losses, but comes at
the expense of higher bending losses. The bending losses of a shallow rib waveguide are due to
light leaking from the rib and into the adjacent slab waveguide. As leakage loss is present even
for straight waveguides for TM-polarization, it is important to use full vectorial simulations except
for the smallest rib heights (< 8 nm). We used full vectorial simulations with perfectly matched
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layers for all calculations of bending losses. The simulated bending losses increased exponen-
tially with the bend radius, as expected. The influence of the core thickness was found to be
more complicated. For a fixed rib height, the bending loss had a minimum for a core thickness of
approximately 90 nm and 180 nm for TE- and TM-polarization, respectively. By increasing the rib
height to the single-mode limit, the bending losses are in general reduced and relatively low
losses can be obtained for both polarizations and all core thickness considered (50-300 nm).
The single-mode limit and the bending losses depend on the polarization. A waveguide can thus
have low losses and be single-mode for one polarization, while losses are high for the other po-
larization. Alternatively, it can have low losses for both polarizations, but be multimode for one
polarization. By increasing the rib height beyond the single-mode limit, with the waveguide thus
becoming multimode, the bending losses are reduced further for the fundamental TE-mode,
while the bending losses for the first order mode are high. For TM-polarization, leakage loss is
the dominating factor for larger rib heights and bending losses can increase for rib heights larger
than about 8 nm (core thickness 180 nm). For a rib height adapted to the core thickness and po-
larization, a bend can be used as a mode filter transmitting only the fundamental mode. If a large
bend is present in the design, e.g., a 90° bend, it may be advantageous to increase the rib height
to get lower bending losses for the fundamental mode, while maintaining quasi single-mode op-
eration. As the rib height is the geometrical parameter with largest variation due to the fabrication
process of the waveguide, the large losses for the first order mode can also be used as a safety
margin. If the rib height is designed to be equal to the single-mode limit but turns out to be higher
after it is made, the waveguide will still behave as a single-mode waveguide if large bends are
present and if the fabrication error is small.
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