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A refractive index (RI) based corrosion sensor that could measure the oxidation of iron metal to iron-oxide

was numerically investigated with a finite element method. The sensor is based on an optical microring

resonator with periodically arranged iron nanodisks (NDs) in a ring waveguide (WG). The microring

resonator showed a linear resonance frequency shift as iron was oxidized due to RI variation and back

scattered light, as compared to conditions with no ND ring. The resonance wavelength shift depended

on the number of NDs and the spacing between the NDs. Free spectral range and sensor sensitivity were

40 nm and 517 nm RIU�1 with 10 NDs with 50 nm spacing. Optimization of the sensor parameters

allowed a two-fold improvement in sensitivity and achieved a quality factor of 188. The sensitivity and Q-

factor showed a linear relationship with increasing ND numbers and spacing. The microring resonator

based optical corrosion sensor will find applications in real-time, label-free corrosion quantification.
1. Introduction

Iron (Fe) is a chemically reactive metal, which corrodes through
oxidization in moist conditions to create iron oxide. Corrosion
is a continuous process in the life cycle of buildings, bridges
and infrastructures, costing billions every year in the form of
damage, prevention and replacement costs. While the most
common reason for corrosion is a gusty environment,1 other
factors also contribute, such as the air and moisture; salty,
distilled, fresh and mine water; mineral and organic acids;
steam and gases like chlorine (Cl2), ammonia and hydrogen
sulfate; and fossil fuels.1,2 In particular, chloride ions (Cl�)
break downmetal layers and corrode the surface. Galvanizing or
electrochemical processes are used to coat metal surfaces with
different zinc-iron alloy layers or amino alcohol and lithium
nitrite inhibitors to prevent corrosion.3–5 Additionally, corrosion
can be a self-accelerating process without corrosion inhibi-
tors.6,7 The detection of the level of corrosion before infra-
structure failure is of utmost importance for public safety.

Commercial corrosion sensors are based on measurement of
the resistivity of the metal, where an increase in resistivity
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indicates the amount of corrosion.8,9 The main limitation of
resistivity-based sensors is a lengthy response time, which
strongly depends on the correction rate and percentage of
correction needed to produce accurate results.7 Other corrosion
sensing methods are based on electrochemical processes such
as self-potential, AC impedance and linear polarization
measurements.10 The main limitations of this type of corrosion
sensors include being bulky, being inuenced by electromag-
netic interference and nally inaccurate results. Compared to
electrochemical sensors, optical sensors (i) are low-cost, (ii) can
be miniaturized, (iii) have immunity to electromagnetic inter-
ference, and (iv) are highly sensitive.11

Optical ber based sensors have been recently developed to
measure corrosion.11–14 Their sensing process is based on a ber
Bragg grating (FBG) and its back scattering of reected light.
When the volume of the iron layer is increased due to corrosion,
this changes the lattice spacing in the FBG and alters the re-
ected light spectrum. FBG sensors also have some limitations.
The sensing layer (generally Fe–C alloy lm) is outside the ber,
which has limited physical contact with the FBG. Additionally,
the lattice spacing of the grating is affected by changes in
environmental stimuli such as the temperature and pressure,
which produces inaccurate results.

Microresonators have been utilized in optical lters, lasers
and sensors for applications in diagnostics, security, and envi-
ronmental monitoring.15,16 In particular, microring resonators
have high quality factors and narrow-band resonance peaks,
which enable highly sensitive label-free sensing. A resonance
frequency shi due to a subtle change in the RI allows the
sensing of trace amount of analytes.17 However, if an individual
resonance shi is larger than the free spectral range (FSR) of the
RSC Adv., 2016, 6, 56127–56133 | 56127
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resonator, which affects the minimum detection limit, then
trace amounts of analytes become indistinguishable due to
background noise. Therefore, a microring resonator with a large
FSR is required for detecting analytes with high sensitivity. By
engineering a WG dispersion with metal NDs in a ring WG, the
FSR value can be enhanced. A microring resonator with periodic
iron NDs on a Si ring waveguide will act as a second order Bragg-
grating (m ¼ 2), mlres ¼ neffL, where lres is the resonance
wavelength, L is the period of the iron NDs, and neff is the
effective RI of the microring in the resonance mode. Light
coupled from the bus to the ring WG interacts with the NDs and
produces a Bragg reected wave. This reected wave interferes
with the incident wave and is back scattered. A microring
resonator with periodic iron NDs on a Si ring waveguide will
also increase neighboring mode spacing and improve the FSR
value of the sensor.18

Here, we present a periodic iron ND with a Si-microring
resonator as a potential optical corrosion sensor. A computa-
tionalmodel of optical corrosion sensing was used to analyze the
sensitivity and early stage changes on the metal surface, A36
carbon steel, which is mostly used in bridge and construction
structures.7 The RI of iron and its oxides are reported in the
literature.19 The sensing principle is analogous to that of optical
RI measurements. The change in RI (Fe to Fe2O3) shis the
resonance wavelength, which can be correlated with the amount
of corrosion in a given sample. We show numerical analyses of
the RI variation, and the inuence of the number of iron NDs in
the ring WG on the sensor response. Resonance wavelength
dependency on the radius and spacing of the NDs is also taken
into consideration. Finally, the sensor performance is analyzed
to report theoretical sensitivity, S, and Q-factors with respect to
the number of iron NDs and their spacing in the ring WG.
2. Microring resonator-based optical
corrosion sensing
2.1. Microring resonator theory

A microring resonator is an optical component to conne light
by total internal reection (TIR), which can be created by micro/
nano fabrication techniques. A ring resonator consists of a bus
WG and ring WG. The dimensions of the ring WG and bus WG
can vary based on symmetric or asymmetric coupling. Fig. 1
Fig. 1 All pass ring resonator.

56128 | RSC Adv., 2016, 6, 56127–56133
shows a simple all pass ring resonator, and the relationship
between the input (P0, Q0) and output (P, Q) is:�

P

Q

�
¼ R

�
P0

Q0

�
P ¼ ð1� gÞ1=2½P0 cosðklÞ � jQ0 sinðklÞ�
Q ¼ ð1� gÞ1=2½P0 cosðklÞ � jQ0 sinðklÞ�
R ¼

�
t jk

jk* t*

� (1)

where k, l and g are the mode coupling coefficient, coupling
length and loss co-efficient.

The amplitude transmission and coupling strongly depend
on transmission and coupling coefficients. The transmission
and coupling intensities as a function of wavelength are:

TðlÞ ¼ ð1� gÞ
"

a2 � 2at cosðlÞ þ t2

1� 2at cosðlÞ þ ðatÞ2
#

(2)

CðlÞ ¼ 1� ð1� gÞ
"

a2 � 2at cosðlÞ þ t2

1� 2at cosðlÞ þ ðatÞ2
#
¼ 1� TðlÞ (3)

where a is the single round trip amplitude transmission and t is
the transmission co-efficient, and for a lossless case, t2 + a2 ¼ 1.
Fig. 2 shows transmission and coupled power as a function of
wavelength. The transmission and coupled power varies with
a and t variation. With the commercial soware (Opti-FDTD or
JCMwave), WG dimensions (widths and length) were changed to
vary the propagation constants. Moreover, the transmission or
coupling power also depends on coupling length, Lc ¼ p/2k. In
critical coupling a ¼ t or 1 � a2 ¼ k2, the transmitted power
equals the loss in the ring.

Fig. 2a and b show the normalized transmission as a function
wavelength. In Fig. 2a, the transmission coefficient, t, is varied
with a constant (a¼ 0.95) round trip amplitude transmission. As
t increases, the extraction ratio ER (ratio between maximum,
Tmax, and minimum, Tmin, transmission) decreases. The sharp-
ness, S, of the transmission increases as t increases. Therefore,
the 3 dB band width (BW) of the transmission curve decreased.
Fig. 2b shows the normalized transmission under critical
coupling conditions (a ¼ t). As the value of a ¼ t increased, Tmax

and S increased and the 3 dB BWdecreased, respectively. The ER
is innite under critical coupling conditions as Tmin is zero.

Fig. 2c shows the normalized transmission and coupling
power as a function of wavelength for both critical (a ¼ t ¼ 0.95
for t2 and c2) and non-critical (a¼ 0.95 and t¼ 0.85 for t1 and c1)
conditions, respectively. Under critical coupling conditions, the
transmitted and coupled power show a maximum value for Tmin

and Tmax, respectively. In Fig. 2a–c, the free spectral range, FSR
(peak-to-peak distance, ¼l2/ngL), was xed due to constant WG
dimensions. Fig. 2d shows the FSR as a function of round trip
length. The FSR value strongly depends on WG width. This is
due to the reason that the group index, ng (¼neff � l(dneff/dl)),
value changes with WG width variation (inset in Fig. 2d).20

Moreover, due to an increase of L, the FSR value will decrease.
Therefore, a small ring resonator will increase the FSR, but this
increases the fabrication complexity. Therefore, a tradeoff is
required between the device geometry and performance.
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Microring resonator transmission and coupling properties. (a–b) Normalized transmission as a function of wavelength. (c) Normalized
transmission and coupled power as a function of wavelength. (d) FSR as a function of roundtrip length. The operating wavelength, l (¼1.55 nm), is
constant and the group index, ng, is varied for differentWG dimensions. The inset shows the group index, ng, as a function of waveguide width for
the fundamental TE00 mode.
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2.2. Computational modeling of optical corrosion sensing

Fig. 3a shows a schematic of the modeled sensing mechanism.
The schematic in Fig. 3a has similarity to reported optical ber
based corrosion sensing techniques with a concrete specimen
and a sensor in a cement mortar arrangement.11–14 A microring
Fig. 3 Microring resonator-based optical sensing. (a) Schematic of the se
coupled wave without iron NDs, while dashed arrow 2 indicates the b
resonance for the ring resonator without iron NDs. (d) Back scattered elec
iron NDs. Here, the x-axis indicates width and the z-axis indicates the lig

This journal is © The Royal Society of Chemistry 2016
resonator with periodic iron NDs in the ring WG is proposed for
optical corrosion sensing. Light from the source is launched
into the bus waveguide through an input port (IN), coupled with
the ring waveguide and nally a counter propagating wave is
decoupled to the bus waveguide. The reected counter-
nsing mechanism. (b) Ring resonator with iron NDs. Arrow 1 shows the
ack scattered wave with iron NDs. (c) Electric field, Ey, distribution at
tric field, Ey, distribution at resonance for the ring resonator containing
ht propagation direction.

RSC Adv., 2016, 6, 56127–56133 | 56129
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propagating wave passes through a circulator and is received by
an optical analyzer/detector. The output light is measured/
detected with an optical spectrum analyzer (OSA)/
photodetector at the output port (OUT). For measuring the
resonance shi, the setup is generally a wavelength-tunable
laser combined with a photodetector, or a broadband light
source and an OSA. Light propagation to the bus WG or
collection from the bus WG is based on a grating coupler.21

Using the output spectra, the sensing response curve is analyzed
based on a reference peak (without the presence of iron NDs). It
shis to shorter wavelengths (blue) or longer wavelengths (red)
in the presence of iron NDs in the ring WG, indicating the level
of iron oxidation.

Fig. 3b shows the model for the simulation of a microring
resonator with iron NDs. A 2D nite difference time domain
(FDTD) simulation was performed for the TE mode.22 Materials
were dened with a popular Drude–Lorentz model and incor-
porated in the simulation as a function of wavelength. The
computational area was divided into sections using a mesh grid
with triangular elements. The mesh size was one tenth of the
operating wavelength for mesh optimization and computa-
tional accuracy.23 The simulation model in Fig. 3b consists of
a silicon-on-insulator (SOI) microring resonator with an outer
and an inner radii of 3.45 mm and 2.95 mm respectively, and
a height of 250 nm. The bus waveguide is 500 nm wide and 250
nm in height. The distance (air gap) between the ring and the
bus waveguide is 100 nm. Analogous ring and bus WG dimen-
sion fabrication has been previously reported.24 A larger wave-
guide width reduces the fabrication complexity and light loss.
However, a larger WG width produces multiple modes to be
excited in the same WG.25 Therefore, designing couplers for
obtaining the correct modes from the bus to the ring WG is
challenging. In the present work, we have chosen 500 nm bus
and ringWGs so that only fundamental modes exist in theWGs.
An array of equally spaced iron NDs is bound to the top of the
ring. The NDs have 100 nm radii and a 30 nm depth. The ring
resonator is assumed to be operating in air. Numerical analyses
of the modeled corrosion sensor were performed with reference
to amicroring resonator (a) without iron NDs, (b) with iron NDs,
and (c) with iron-oxide NDs.

The electric eld distributions, Ey, were analyzed with/
without iron NDs. The ring without iron NDs shows that light
is coupled from the bus waveguide to the ring waveguide,
making a clockwise rotation (arrow 1), and decoupled at the
OUT with the same input phase (Fig. 3c). Therefore, an
increased intensity is shown at the other tip of the WG as
compared to the input. A reverse result is evident for the ring
with iron NDs (Fig. 3d). Light coupled to the ring waveguide is
back scattered due to the iron NDs. Coupling of light to the ring
waveguide is suppressed by the iron NDs, due to the excitation
of a localized mode.26 The light propagates counterclockwise
(arrow 2) inside the ring waveguide and couples to the WG with
subtle differences to the input phase. Therefore, the intensity of
the input is increased slightly compared to the output. Similar
results were also found with iron-oxide NDs, but with low
intensity. The optical eld intensity inside the ring WG is lower
compared to the bus WG. This is due to the critical coupling at
56130 | RSC Adv., 2016, 6, 56127–56133
the transmitted power in the bus WG. Light coupling in the ring
WG depends on the coupler length, WG width, WG separations,
coupling coefficient, and loss co-efficient.25 The connement of
the light intensity is inversely related to sensor sensitivity. The
sensitivity of the ring resonator sensor depends on the shi of
the resonance wavelength. This shi in resonance is due to the
presence of iron NDs in the ring waveguide and change of its RI
caused by the oxidation of iron. The sensitivity is primarily
related to effective RI changes. The relationship between reso-
nance wavelength shis and the effective RI is:

Dlres ¼
�
DneffL

m

�
; m ¼ 1; 2; 3. (4)

where m is the resonance mode, L (¼2pr) is the circumference
of the ring waveguide, and neff is the effective RI of the wave-
guide inuenced by the surrounding sensing medium.27 Due to
the presence of the iron NDs (ni), the change in the effective RI
(neff) shis the position of the Bragg peak (lshi):

Dlres ¼

��
vneff

vni

�
Dni þ

�
vneff

vl

�
l

�
m

L (5)

and

S ¼ Dlres
Dni

¼
l
vneff

vni
ng

(6)

where S indicates the sensitivity of the ring resonator. The
evanescent elds are modied by the dielectric constant of the
surrounding medium, which determines the system sensitivity.
The RI of the upper cladding can be changed homogeneously to
alter the bulk RI. In the case of surface sensitivity, the index or
thickness is changed.27 In the present work, the surface sensi-
tivity (nm RIU�1) with a changing RI of the iron NDs is
considered. The surface that is in contact with the ring WG is
used for sensitivity computation. Another sensor performance
parameter is the Q-factor, which is calculated from the band-
width relative to the resonance frequency (lres),

Q ¼ lres

FWHM
(7)

where FWHM is the full width at half maximum, which indi-
cates a 3 dB bandwidth of the lres. The physical meaning of the
Q-factor is that it describes the number of roundtrips of the
light through the ring waveguide before reduction of the
intensity due to interaction with the iron NDs. Therefore, a large
Q-factor of the sensor is desired to achieve longer resonance
wavelengths, lres, or narrow-band resonance peaks at a 3 dB
bandwidth of lres. The Q-factor also increases with a larger ring
radius or round trip length (L).
3. Results analysis

Ring resonators with iron metal NDs behave like a second order
Bragg grating. The resonance peaks and amount of trans-
mission intensity change depending on the effective RI of the
ring WG. Therefore, an analysis of normalized transmission
This journal is © The Royal Society of Chemistry 2016
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spectra has been performed with effective refractive index and
band gap variation induced by the Bragg grating for the three
operating states: (a) ring without NDs, (b) with iron NDs, and (c)
with iron oxide NDs. The normalized transmission intensity
(with respect to the input) curves in Fig. 4a show multiple
modes at different operation states and narrow-band dips at the
resonance wavelengths. The resonance dip, which was origi-
nally at 1707 nmwithout NDs, blue shied to 1683 nm with iron
NDs due to a decrease in the effective RI of the WG. The
normalized transmission, which was originally �69 dB without
NDs, become �56 dB with iron NDs. Due to oxidation of the
iron, with iron oxide NDs the effective RI of the WG is lower
than for the ring WG with iron NDs. The resonance minimum,
which was originally at 1683 nm for iron NDs, again blue shied
to 1663 nm for iron-oxide NDs. The normalized transmission,
which was originally �56 dB with iron NDs, become �53 dB
with iron-oxide NDs. Therefore, the shis of the resonance dips
and the transmission intensity allow quantication of iron
oxidation.

The addition of NDs increased the number of resonance
dips. Symmetrical superposition of the counter-propagating
waves increased the back scattering into the WG (Fig. 3d).
This feature is different compared to the ring without metal
NDs. The counter-propagating wave with a metal ND ring
broadened the minimum widths and reduced the intensities of
Fig. 4 Microring resonator as an optical sensor. (a) Transmission
spectra without NDs, with iron NDs and with iron oxide NDs. (b)
Resonance wavelength variation, Dlres, with respect to the RI variation,
Dni, of the iron NDs.

This journal is © The Royal Society of Chemistry 2016
the resonance dips, which could result in applications in
narrow-band light formation with a microring resonator.28

The modeled sensor response has also been analyzed to
evaluate RI changes, Dneff, due to iron oxidation. Fig. 4b shows
a subtle change in RI, which shis the resonance peaks. The RI
values for iron and iron-oxides have been previously reported in
literature.19 The RI value for iron (n ¼ 3.62) is higher than for
iron-oxides at the operating wavelength of l ¼ 1.55 mm. For the
x-axis of Fig. 4b, we have considered the variation between iron
and iron-oxide (Dneff) and measured the shi of the resonance
wavelength, Dlres. A higher resonance shi is obtained with
increasing RI variation. A linear t (R2 ¼ 90) curve was found for
the RI variation which indicates that the sensor’s narrow-band
response correlated with the RI variation.

The sensitivity and Q-factor of the sensor are also obtainable
from the response curve of the resonance wavelength shi with
RI variation. When the minimum transmission intensity
decreases, the resonance wavelength shis to longer wave-
lengths, which also increases the sensitivity and the Q-factor of
the sensor. When the NDs are smaller and have less depth, the
reected light intensity decreases. The optimized depth of the
NDs was found to be �30 nm.

The resonance wavelength shis also depend on the number
of NDs in the ring WG. Fig. 5a shows resonance peak wave-
lengths as a function of the number of NDs. Longer resonance
wavelengths were achieved with a small number of NDs in the
ring WG. With an increased number of NDs, enhanced inter-
action of light and a resonance wavelength shi to shorter
wavelengths were indicated. This blue shi due to the 2nd order
Bragg grating period is to lower values. Therefore, the resonance
wavelength of the sensor is able to be tuned using the number
of NDs in the ring WG.

The resonance frequency shiing also depends on the radius
of the NDs. The resonance wavelength shied to shorter wave-
lengths as the radii of the iron NDs increased. Fig. 5b shows the
resonance peak wavelengths as a function of the iron ND radius.
A larger wavelength shi was found for a smaller radius of the
iron NDs. This red shi is due to the period of the 2nd order
Bragg grating being increased. Therefore, both the number of
iron NDs and their spacing could be used to tune the sensor’s
resonance wavelength under the desired operating conditions.

The number of iron NDs and their spacing in the ring WG
also inuence the sensor performance. Fig. 6 shows the sensor
sensitivity and Q-factor as a function of ND number and ND
spacing in the ring WG. A lower sensitivity was found with
a larger number of NDs. The sensor sensitivity, which was
originally 550 nm RIU�1 for 10 NDs, shied from 500 to 113 nm
RIU�1 as the number of the NDs was increased from 12 to 28,
while the radii of the NDs were constant (50 nm). With a smaller
number of NDs in the ring WG, a longer resonance wavelength
shi was indicated due to increase of the period of the 2nd order
Bragg grating. A higher number of NDs also results in increased
scattering and a resonance wavelength shi to shorter wave-
lengths. As the resonance wavelength shi is linearly propor-
tional to the sensor sensitivity, a small number of NDs ensures
higher sensitivity.
RSC Adv., 2016, 6, 56127–56133 | 56131
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Fig. 5 Resonance peak wavelength variation, lres, with (a) the number of iron NDs and (b) their radius in the ring WG.

Fig. 6 Modeled sensor response curve: sensitivity and Q-factor as
a function of the number of iron NDs and their spacing.
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Analyses have been performed to optimize the Q-factor of the
sensor as a function of the ND spacing. Higher Q-factor values
were found for the larger ND intervals (Fig. 6). The Q-factor,
which was originally 112 for a spacing of 517 nm, shied to
187.61 as the spacing of the NDs increased from 572 to 1809
nm, while the number of NDs (n ¼ 10) and their radii (50 nm)
were kept constant. A larger ND spacing in the ring WG
produces a larger resonance wavelength shi due to the period
of the 2nd order Bragg grating being increased. Therefore, an
optimized sensor sensitivity and Q-factor were achieved with
variation of the number of NDs, the ND radius and the spacing.
4. Discussion

We havemodeled amicro-ring resonator with periodic iron NDs
to act as a corrosion sensor. This sensing method is analogous
to other ring resonator based biosensors that operate via
changes in resonance wavelength shis. The change of the RI
on going from iron NDs to iron oxide shis the wavelength. The
amount of shi is correlated with the corrosion amount. We
56132 | RSC Adv., 2016, 6, 56127–56133
have studied previously a microring resonator to detect Au
nano-particles for bio-medical applications.29 Similarly, semi-
triangular microring resonators have also been recently
studied by our group for multi-analyte detection.25,30 Periodic Au
NDs on a ring WG also have been reported for sensing appli-
cations.18 Our modeled periodic iron NDs in the ring waveguide
act as a 2nd order Bragg grating. The counter-propagating and
scattering wave raises the intensity maxima between the NDs.
An analogous approach is applicable for NDs in a ring wave-
guide to act as a 1st order Bragg grating. In this case, only
a counter-propagating wave is found and it has lower efficiency
compared to the rst approach (2nd order Bragg grating).18 The
sensor can be modeled based on variable sensing environments
by measuring the resonance frequency shis with RI variation
(bulk sensing). Moreover, the number of resonance dips
increased as the NDs in the ring waveguide increased. In the
simulation, we have xed ring/bus WG parameters (ring radius,
waveguide width, and spacing or air gap). However, the sensing
performance (resonance wavelength shi) changed as these
parameters were varied.29

Practical implementation of the sensor can be achieved
using electron beam or focused ion beam lithography or an
economical photolithiography process for the WG fabrication.31

Fabrication can be achieved using PMMA hard mask patterning
through electron beam lithography (EBL) and the WG pattern
can be transferred by dry etching and a li-off process.32,33

Silicon-on-insulator based microring resonator fabrication has
been reported with EBL and a reactive ion etching process.34

The periodic iron metal NDs in the ring WG could be fabricated
with a li-off and transfer process.35 The periodic NDs can also
be fabricated using electrochemical deposition or a hydro-
thermal approach using a Schikorr reaction.36 An alternative
method to fabricate iron NDs on a ring WG may be to use
optical tweezers, which is potentially simple and low-cost for
mass production. By utilizing a sufficiently high optical power
(e.g., �100 mW), the optical force eld around the microring
can serve in optical trapping and immobilize the iron nanodisks
from a uidic environment onto the microring surface. The
nanodisk can be either routed along the microring or
This journal is © The Royal Society of Chemistry 2016
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immobilized on the microring surface, depending on the
strength of the optical gradient force.37 Iron NDs are established
biomedical structures due to their magnetic features combined
with surface effects with potential applications in catalysis,
chemical sensors, and biological assays.36 Therefore, a micror-
ing resonator with iron NDs-based corrosion sensor can be
practically fabricated.

5. Conclusion

Numerical analyses have been performed with periodic iron NDs
in a ring waveguide that act as a corrosion sensor. The sensing
principle is based on RI variation due to oxidation of the iron
NDs, and the performance of the model was analyzed by evalu-
ating shis in the resonance frequency. The resonance frequency
of the sensor was tuned using the number of iron NDs, their radii
and their spacing. The sensor performance with respect to the
sensitivity and Q-factor was also studied. A lower number of NDs,
small ND radius and larger ND spacing increase the 2nd order
Bragg grating spacing, and thereby enhance the sensor sensi-
tivity and Q-factor. These performance parameters can be opti-
mized based on the manufacturing process and desired
operation range. A ring WG with 10 NDs that have a radius of 80
nm and a depth of 30 nm showed a sensor sensitivity and quality
factor of S ¼ 517 nm RIU�1 and Q ¼ 188, respectively. Its free
spectral range and full width at half maximumwere FSR¼ 40 nm
and FWHM ¼ 0.0084 mm, respectively. We anticipate that the
model and the analyses of microring resonators provided in the
present study will allow their optimized fabrication and utiliza-
tion in sensing applications with high Q factors.
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10 M. López, J. Ortega, I. Sánchez and M. Climent, in Durability
of Reinforced Concrete from Composition to Protection,
Springer, 2015, pp. 45–56.

11 P. Yuheng, T. Liu, J. Jiang, K. Liu, S. Wang, P. He and J. Yan,
International Conference on Optical Instruments and
Technology, 2015, p. 962012.
This journal is © The Royal Society of Chemistry 2016
12 L. Peng, S. Song, X. Wang, W. Zhou and Z. Zhang,
International Conference on Optical Instruments and
Technology, 2015, p. 962018.

13 X. Zheng, W. Hu, N. Zhang and M. Gao, Opt. Eng., 2014, 53,
077104.

14 W. Hu, M. Gao, X. Zheng, C. Zhu, D. Guo and M. Yang, Fih
Asia Pacic Optical Sensors Conf., 2015, p. 96553S.

15 K. Kumar, M. Boonstra and K. Loos, RSC Adv., 2015, 5,
33294–33298.

16 T.-C. Chen, T.-J. Liao and M.-C. M. Lee, RSC Adv., 2015, 5,
64918–64924.

17 I. Grimaldi, G. Testa and R. Bernini, RSC Adv., 2015, 5,
70156–70162.
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