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Abstract: The strip and rib waveguides based on silicon-on-insulator (SOI) microring resonator structures
are investigated by the Finite Difference Time Domain (FDTD) method. The theory of microring resonators
used in biosensing was explored. The effects of geometric structure dimension on biosensor sensitivity
were considered and analyzed. It is demonstrated that the sensitivity of strip waveguide is much higher
than that of rib waveguide, which is proved by their mode field distributions, and the sensitivity
coefficients of both strip and rib waveguides have the similar trend with the increase of waveguide width.
Furthermore, the strip waveguide has the highest sensitivity coefficient when the cross section is square,
whereas that of rib waveguide corresponds to a not totally symmetrical geometry. The maximum
sensitivity of strip waveguide is 172.3 nm/RIU when the cross section is fully symmetry.
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0 Introduction

In recent years, silicon optical device, which has
great potential in batch production, has attracted growing
concern and research efforts owing to its compatible
fabrication process with complementary metal-oxide-
semiconductor(CMOS) technology™?. Microring resonator
is one of the most common and important structures
among silicon devices, and has played a key role in
the development of silicon photonics research®. A typical
SOI —based microring resonator consists of a ring
waveguide and a bus waveguide, which are very close
to each other™. Due to the high refractive index difference
between the silicon core (3.5) and silica substrate
(1.45), the physical dimension of the microring can
be reduced to a submicron level, so that the ultra-
compact silicon photonic integration could be achieved
on a SOI chip™.

Microring biosensors

resonators based optical

possess wide applications in biomedical research
because of the characteristics of label free detection
and high sensitivity©®. The detection principle is that
the effective refractive index of the waveguide will
change when different samples bind on the waveguide
surface, which will further affect the transmission
spectrum at the output side of the bus waveguide .
To enhance the biosensing performance, many
research efforts have been poured into improving the
sensitivity of the device. Generally speaking, there are
two ways to improve the sensitivity of the sensor
based on microring resonator. One is to reduce the
area of the cross section, because smaller cross section
makes a stronger evanescent field outside the
waveguide for sensing ", However, as the dimension
of waveguide cross section decreases, the difficulty of

etching process increases significantly ™. Furthermore,

Xk

BR%E;, HMA®

the surface roughness of waveguide will also become
larger, thus further influencing the performance and
integration of sensors"™. The other method is to optimize
the structure of mirroring resonator!™!, of which the
design of cross section is a crucial point.

In this paper, the theory of biosensing utilizing
SOI microring structures is analyzed, and a brief
introduction of the processing technology is provided.
Then, two

geometry designs of the microring

structures (cross section) strip and rib waveguides,
are investigated. For each design, different sets of the
design parameters (e.g. width and thickness of the
waveguides) are analyzed and optimum parameters are
FDTD

revealed based on the simulation results.

Furthermore, for specific values of cross-sectional
area, the highest sensitivities of the two SOI microring
sensors are obtained, respectively. Finally, the
comparisons of sensitivity, mode field distributions and
other characteristics between the two structures are

presented.

1 Theory and analysis

The strip waveguide and the rib waveguide are
very favorable in microring resonator devices, because
their large surface areas are apt for specific modification
and can be used for the binding of events™!. For
comparison, the slot waveguide, however, has the similar
dimension structure ! but little sensing performance
difference to the strip and rib waveguides. Moreover,
without controlling the slot width accurately, the
etching process of strip or rib waveguide is relatively
simple than slot waveguide. Additionally, in sensor
applications, the sidewall roughness of waveguide
caused by etching™' can be reduced by electron beam
lithography (EBL), inductively coupled plasma (ICP)

etching techniques and hydrogen annealing process. In
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terms of EBL, the electron beam (EB) scanning step,
layout design, exposure dose can be chosen properly
to further smooth the waveguide sidewall. For the
ICP, the

increasing the ratio of physical and chemical etching

roughness can also be decreased by

6]
And the waveguide roughness can also be removed by
annealing in hydrogen under high temperature within
certain time""". Hence, in order to improve the perfor-
mance of sensors, apart from taking the above factors
into consideration, the designs of cross sections of the
waveguides, including rib and strip, are essential, and
their performance in sensing needs to be compared
and optimized. The designs of the rib and strip
waveguides are schematically shown in Fig.1(a) and (b),
respectively, where h; is the ridge height of the rib
waveguide, Ky, is the thickness of the strip waveguide,
w is the core width of the rib waveguide and strip
waveguide. The cumbersome calculation is simplified

but representative maintained.
Cladding A

B
w

Sio,

Si
(a) (b)
Fig.1 Cross section of a rib waveguide and a strip waveguide

In this paper, we monitored the shift of resonant
wavelength in biosensing. As light couples into the
microring and interferes in the coupling region, a
series of resonance dips can be observed at the output
spectrum™. When some biomolecules(refractive index=
n,) are bound on the cladding of the microring, the
effective refractive index of microring becomes ng. As
shown in Eq. (1), the resonant wavelength A is

dependent on the effective refractive index of
microring s,

27 Rn.g=mA (D)
where R is the bending radius of the microring, and
m is the interference order™”.

For single ring structure, according to Eq.(1), the
shift of the resonant peak AA due to the change of

the effective refractive index of microring n. can be

expressed as:

Ar=Anar ) @)

Hefi
In this sensing theory, the microring sensitivity is
given by Eq.(3)™:

_AX
Ancff

S 3)

2 Results and discussion

In this study, the FDTD method is used to
investigate the changes of the effective refractive
index of two different geometric structures of
waveguides (i.e., the rib and strip waveguides) as the
ambient refractive index varies. The refractive indices
for the Si core and SiO, insulator layer used in this
paper are 3.42 and 1.46,

simulations are based on TE mode and the thickness

respectively. All the

of SiO, insulator is 1 wm. The incident light is at a
wavelength around 1.55 pm. Figure 2 shows the effective
refractive index change Ang as a function of the
ambient refractive index n, of the two waveguides. It
can be seen that, for the two waveguides, An.; increases
with n, linearly, which agrees well with previous
studies”!. As inspired by the previous study'!, the
sensitivity of the sensor is expressed by the sensitivity

coefficient

e

where An, is the change of ambient refractive index.
For a specific design, K is a constant depending on

the waveguide structure.
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Fig.2 Changes of the effective refractive index as the ambient

refractive index increases for the strip and rib waveguides

structures, w=hg;=N,=500 nm
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For each kind of waveguide, the optimization of
design parameters is carried out firstly. To study the
effects of the geometry dimension of waveguide on
the sensitivity, the cross-sectional area of the

waveguide, which can also affect the sensitivity,
should be kept constant. The core width dependent
sensitivity coefficient K of the strip waveguide in the
same cross-sectional area is plotted in Fig.3(a). It is
shown that the K values of the three curves are very
low when their widths are relatively narrow (their
thickness are relatively high at the same time). The K
values increase as the widths become larger, and then
they all reach their maximum values, of which the
width and thickness of the waveguides are (333 nm,
333 nm), (400 nm, 400 nm) and (500 nm, 500 nm) for
0.1 pm?, 0.16 pm? and 0.25 wm? curves. That means
when the widths are equal to the thicknesses (i.e., w=
hyi, the cross sections are square), the maximum K
can be achieved. This indicates that a more
symmetrical structure has a better K. And the K
values tend to decline as the widths increase further

(i.e., the waveguide becomes flatter).
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Fig.3 Change of sensitivity coefficient K as the core width

increases for (a) strip waveguide (b) rib waveguide

Similarly, Figure 3(b) contoured the K value as a

function of the core width of rib waveguide under the
constant cross—sectional area condition. The curves for
rib waveguide show the similar trend as those for strip
waveguide. When the waveguide is relatively narrow,
the K value is around 0.03 for these three curves.
After that, as the width increases (the thickness drops
correspondingly), each curve presents a peak. However,
compared with the symmetrical structures under which
condition strip waveguide can get preferable
performances, these peaks correspond to specific not
fully symmetrical structures. Furthermore, it is obvious
that strip waveguide with a higher K value performs
better than rib waveguide. After the maximum point,
the K value falls with the increase of width.

For the strip waveguide and rib waveguide with
the same core thickness (/y,=h,=200 nm), Figure 4
shows the K value as a function of the core width of
these two waveguides, respectively. According to the
curves, the sensitivity coefficients of both the strip and
rib waveguides decreases with the increase of core
width, during which the amplitude change of the strip
waveguide is more dramatic. Furthermore, the maximum
value of K for the strip waveguide can reach 0.141,
while that for the rib waveguide can only be 0.031.
As the curve of the strip waveguide is always above
the rib waveguide curve, it can be concluded that the
demonstrates a  better

strip  waveguide sensing

performance than the rib waveguide when their

dimensions are the same.
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Fig.4 K values as a function of the core width of the strip

waveguide and rib waveguide

As analyzed above, there is a wide range of

factors related to sensitivity for microring resonator
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sensors with different cross sections, even if their
dimensions are similar. The higher sensitivity could be
achieved if the area of cross section with the same
width is smaller for strip waveguide. However, state-
of-the-art limits the minimum of the area of cross
section, so the effective way is to optimize the device
structure to improve the sensitivity. Assuming the
processing limit of micro-fabrication is 300 nm, the
sensitivities of both structures with similar cross-
sectional areas are calculated in Fig.5. For the rib
structure, the sensitivity of sensor is only 22.3 nm/RIU.
For strip structure with the same cross-sectional area,
this value could be 121.8 nm/RIU, 5.47 times better
than the rib structure. If the strip waveguide is more
symmetrical, which means the width is equal to the
thickness (i.e., the cross section is square), the
sensitivity can reach 172.3 nm/RIU. Therefore, the
sensing performance of the strip waveguide is more

desirable than the rib waveguide.

1.2
' S
—a—w=300nm,%,,,, =300 nm wa\(/l:ga:iede
g —e—w=340nm,A,;, =300 nm
i ——w=300nm,%,=300 nm
0.8
&=
S
"ED Strip‘
% 0.4+ waveguide
> .
3 Rib
= waveguide
0 1 1
1.000 1.002 1.004 1.006

Ambient refractive index n,

Fig.5 Sensitivities of the microring sensors for strip and

rib structures

The reason why the sensing performance of strip
waveguide is better than that of rib waveguide can be
explained through their mode field distributions. For
silicon waveguide with a submicrometer size, there
exists strong evanescent wave at the surface of the
waveguide, which interacts with the analyte outside
the waveguide. When used as a biosensor, the
strength of the evanescent field is a crucial indicator
for the sensing performance of micro-ring based
sensors. The higher the evanescent field strength is,

the stronger the interaction between the light and the

analyte is, thus the sensitivity is higher ™. The mode
field distributions of strip and rib waveguides with
different dimensions are illustrated in Fig.6. For strip
and rib waveguides, it can be seen that the optical
confinement becomes weaker with the decrease of the
waveguides” dimensions within certain range, on the
the evanescent field becomes

confrary, stronger.

Furthermore, by comparing the mode field

distributions of the strip and rib waveguides in Fig.6,
it"s obvious that the evanescent fields at the surface
of strip waveguides are stronger than those of rib
waveguides in each set of dimensions, which agrees

well with the results mentioned before.
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Fig.6 Mode field distributions of the strip and rib waveguides
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Apart from sensitivity, the optical losses (insert
losses and propagation losses) of strip waveguide are
higher than those of rib waveguide. The losses are
mainly caused by strong light scattering on the sidewall
roughness due to the processing, which could be
reduced by the processing technology mentioned before.
For submicron dimensions, the strip waveguide is very
favorable, its advantage is the strong mode confinement,
very sharp bends and needless to care about single
mode operation. However, the rib waveguide is still of
great importance, for unique mode characteristics, low

losses and functional flexibility.
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3 Conclusion

In this paper, the effects of the cross section
geometry and dimension of the waveguides on the
sensing performance were investigated in detail. Two
kinds of waveguides including rib and strip
waveguides were analyzed. Firstly, the cross section
dimensions of both waveguides were simulated and
The

demonstrated that sensitivity strongly depends on the

optimized, respectively. simulation  results
geometry and dimension of the cross section. For strip
waveguide, the maximum sensitivity 172.3 nm/RIU is
achieved when the waveguide is fully symmetrical in
case of the same cross-sectional area. However, the
rib waveguide'’s peak occurs when its geometry is not
completely symmetrical. Comparatively, the strip
waveguide demonstrated a better sensing performance
than the rib waveguide when their dimensions were
mode field

sensing performance

the same, which is due to their

distributions. Furthermore, the
can be enhanced by improving processing technology.
It is revealed that the full-symmetrical structures have

great potential to improve the performance of

microring resonator sensors in the future.
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