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Abstract

We consider the design methods and principles of operation of a fast-response
integrated optical sensor for temperature measurement. The sensitive element
consists of a microring resonator based on the double-slot waveguide made
from Si;N, and coated on a SiO, buffer layer, which is disposed on a silicon
substrate. The nematic 5CB liquid crystal (LC) fills the slots of the ring
waveguide. The sensor uses only the optical radiation, and the electrical
current is not supplied to the measured matter. That allows applying such
sensor for measuring the temperature of highly inflammable liquids and gases.
The use of the microresonators based on the double-slot waveguides
considerably (more than one order of magnitude) increases the sensor
sensitivity. The operating speed of the device is defined by the time of
establishing the steady-state regime in the ring microresonator and equals to
tens of nanoseconds. The measuring device can consist of a large number of
such sensing elements that allows simultaneously controlling the temperature
in different points of the fluid flow or the matter volume. The sensor has a
micrometer size and can be produced by using routine integrated technologies.

1. Introduction

The wide use of automated control and executive systems, application of new technological
processes, conversion to flexible manufacturing systems stimulate the development of measuring
and sensor devices. Sensors also are important elements of fire alarm and disaster protection
systems. In addition to high metrological characteristics sensors have to possess a high reliability,
durability, stability, small size, mass and power consumption, compatibility with microelectronic
information processing devices [1]. Fiber and integrated optical devices fulfill these requirements
in a maximal degree [2].

Waveguide microring resonators are quite challenging candidates for measuiring the
temperature variation with high sensitivity [3-8]. In [3] the method of on-line monitoring the
variation of the temperature of remote physical objects on the base of waveguide ring
microresonators and its schematic structure is proposed. The temperature range measured by the
proposed sensor can be as wide as 500 °C for resonators with radius 8 pm. In order to increase the
reliability of data communications the sensor output optical signal is converted into digital form.
In [4] an approach to the simultaneous measurement of refractive-index and temperature changes
using liquid-core silica optical ring resonators is proposed and theoretically demonstrated. The
silicon-based optical ring resonator devices that can resolve temperature differences of 1 mK using
the traditional wavelength scanning methodology is presented in [5]. Xuhui Yu et al. [6]
demonstrate a sensitive birefringent thermometer based on a SiO, waveguide ring resonator. The
precision of the sensor is improved by a factor of more than 3, compared to the two-beam

Journal of Electromagnetic Optics, v.2, no.1 (2014)

1.1



1. Goncharenko, M. Marciniak : Enhancing the circular waveguide microresonator temperature
measurement sensitivity and accuracy by using liquid crystal gap filling

polarization interferometer, benefiting from the enhanced birefringence effect from the resonances
of two polarization modes in the waveguide ring resonator. A surface plasmon polaritons
temperature sensor with temperature sensitivity of 1.36nm/°C is described in [7]. The sensor
consists of two metal-insulator-metal waveguides coupled to each other by a ring resonator. The
transmission properties are numerically simulated by finite element method. The sensing
characteristics of such structure are systematically analyzed by investigating the transmission
spectrum. The original device for strain sensing was proposed in [8]. The device constitutes an
optical resonator formed by inserting a Fiber Bragg Grating in a closed fiber loop. This peculiar
feature allows to perform cavity-enhanced, local strain measurements with a reduced sensitivity to
environmental perturbations. Because both the strain and temperature variations result in the
change of the grating period, this device also could be used for temparature measurements.

An interesting design for sensing purpose is the slot waveguide, which consists of two strips
of a high-index material separated by a sub-wavelength low-index (slot) region [9]. By using the
electric field discontinuity at the interface between high-index-contrast materials, increased optical
intensity concentration in the slot low-index region can be obtained [10]. The unique feature of a
slot waveguide combined with a microring resonator has shown a great potential for sensing
applications [11,12]. The slot in such waveguide can be filled with a substance, which is sensitive
to a defined parameter, thus increasing the sensor sensitivity [13]. In last years waveguides with
double-slot have been proposed for sensing applications. It has been shown that microrings on the
base of such waveguide can tolerate larger fabrication errors than single-slot ones [14,15].

Refractive indices of a liquid crystal (LC) are fundamentally interesting and practically useful
parameters. In addition to the molecular constituents and wavelength, the temperature is the most
important factor affecting the LC refractive indices. As the operating temperature changes, the LC
refractive indices change considerably [16,17].

In the paper we consider the operation principle of an optical sensor for temperature
measurement on the base of ring microresonator made of double-slot waveguides with LC filling
and optimization of the sensor structure for the higher sensitivity and accuracy.

2. Structural diagram and principle of operation of the sensor

Figurel shows the structure of double-slot waveguide ring microresonator. Ring microresonator

LC lilling

-

Figure 1. Structure of double-slot waveguide ring microresonator and waveguide mode transverse
electric field distribution.

consists of a round optical waveguide with bending radius of the order of tens of microns. Straight
optical waveguides coupled with the ring resonator waveguide through evanescent fields are used
for input and output of optical signals. The slots of the ring waveguide are filled by liquid crystal.
Microresonator is characterized by a set of resonance wavelengths. An input signal on the
wavelength coinciding with one of the resonance wavelengths couples into the ring waveguide and
passes through it to the output. Any variation of the resonator optical length L-n.g, where L is the
geometric resonator length, n.q is waveguide mode effective index, leads to shifting its resonance
wavelength. As a result the intensity of the output signal on the carrier wavelength coinciding with
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the resonance wavelength of the unperturbed resonator changes. The operation principle of the
sensor is based on changing the waveguide properties of the slot waveguide and consequently the
resonance conditions of the microresonator in dependence on index of the LC filling the slot.

We consider waveguides made from Si;N4 and coated on a SiO, buffer layer, which is
disposed on a silicon substrate. The use of Si; Ny for the slot-waveguide strips permits a larger slot
region to facilitate LC filling of the slot volume [11]. The nematic SCB liquid crystal fills the slot
of the ring waveguide. Microresonator radius is 32 or 16 um and coupling coefficients between the
straight and ring waveguides equal to 0.5. A time of establishing a steady-state condition in the
microresonator with such parameters is about 50 ps [18]. This time is one of the aspect that defines
the operating speed of the sensor.

The total width of all dielectric strips in the double-slot waveguides is equal 1000 nm. The
width of the left G, and right G, slots is varied from 50 to 150 nm. The sensitivity of the double-
slot waveguide sensors depends on a relative size of its parts [9], thus we calculated double-slot
waveguides with a different ratio between the widths of the side and middle strips. The width of
the middle strip W, varies from 200 to 600 nm. Consequently, the width of the side strips W, and
W, changes from 400 to 200 nm. The height of all strips is 300 nm. The optical radiation
wavelength is 1550 nm.

As the radiation source a semiconductor laser can be optimally used, for instance, Mitsubishi
Electric Corporation FU-68PDF-V510M61B 1.55 um DFB-LD module with a polarization
maintaining fiber pigtail. The laser output optical power equals to 15 mW and relative intensity
noise is —155 dB/Hz. The optical radiation at the output of the ring resonator is measured by a
photodetector, for instance, Hamamatsu Corporation G6742-003 InGaAs pin photodiode on a
ceramic substrate with a 0.3mm active area [19]. The photodiode sensitivity on the peak sensitivity
wavelength 1550 nm is equal to 0.95 A/W and the dark current is 1.5 nA.

3. Calculating the mode fields and optimizing the sensor design

We used the algorithm based on the Method of Lines [20] modified for the structure under
investigation for calculation of the mode field distribution and effective index n.y of the bent
double-slot waveguides with LC filling.

The temperature variation of n, and n, LC indices can be expressed as [16]:
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where #; is the index of LC in isotropic state, 7 is the clearing point (clearing temperature), 3 is a
material parameter depending on the LC molecular structure, G, , are proportionality constants for
the corresponding waves. For SCB LC these parameters are: n;=1.5865, T.=309.3K,
B=0.1375, G, =0.1914, G, = 0.1942 [16]. The imaginary part k of the refractive index of 5CB is
smaller than 0.02 and does not exhibit appreciable anisotropy [21]. The real and imagenery parts
of the refractive index of Siz;Ny equal to 2.55 and 0.001, respectively. The same parameters for
SiO, are 1.45 and less than 0.0004 at 20 °C. Thus, the calculated propagation loss in the double-
slot LC-filled ring waveguide with bend radius 32 pm is approximatelly 2.16 dB.

Figure 2 shows the transformation of transverse field distribution of the modes polarized along
the substrate plane in bent double-slot waveguides with LC filling under changes of the slot
separation W,,. Width of the slots is equal to 100 nm. Bend radius is 32 um. The transverse mode
field distribution in bent double-slot waveguides with limiting large (600 nm, curve 3) and small
(200 nm, curve 1) slot separations and specific intermediate (320 nm, curve 2) slot separation is
shown in figure 3. It follows from the figures that mode field distribution in double-slot waveguide
with large slot separation (W,, > 400 nm, W, = W, <300 nm) looks like a field of a conventional
strip waveguide, because the mode is mostly concentrated in wide middle strip of the double-slot
waveguide. At that the mode amplitude in the slot regions is small. The mode field distribution of
the double-slot waveguide with a moderate specific slot separation (W, =320 nm,
W;= W, = 340 nm) looks similar to the supermode of three coupled waveguides, because the all
three strips have approximately the same width. At that the mode amplitude in the slot regions is
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substantially high. For a small slot separation (W,, <300 nm, W, = W, > 350 nm) the mode field
distribution corresponds to the field of two coupled waveguides but with substantial field
amplitude in the slot regions. In this case the waveguide mode is concentrated in side strips, which

are wider than the middle strip.
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Figure 2. The dependence of the transverse mode field distribution in the bent double-slot
waveguides on the slot separation W,,.

4 —— T L . %

08 [—200 nm separation
320 nm separation
0.8 ——&00 nm separation

05

Fields Amplitudes, a.u.

4 08 06 04 02 0 02 04 08 08 4
Waveguide width, um

Figure 3. The transverse mode field distribution in the bent double-slot waveguides with LC
filling with different slot separation.

The specific slot separation corresponds to the case when all three strips have approximately
equal width. In order to check this assumption we have calculated the dependence of the mode
field distribution on the slot separation in a double-slot waveguide with a constant width of the
side strips. For W, =W, =300 nm the specific slot separation equals approximately to 300 nm,
whereas for W; = W, = 400 nm the specific slot separation is achieved with W¥,, = 400 nm.

Our calculation shows that the variation of the slot width doesn’t influence substantially the
mode field distribution in the waveguide regions outside the slots. The slot widening leads only to
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increasing the part of the optical power in the slot regions. Therefore, one can expect that
waveguide with wider slots will be more sensitive to the temperature variation.

Figure 4 shows the optical signal power on the output of the ring resonator with bend radius
32 um based on double-slot waveguides with a different slot separation. Dashed line 4 presents the
optical power on the output of the ring microresonator with bend radius 16 um based on double-
slot waveguide with W, = 320 nm. It follows from the figure that the ring resonator on the base of
double-slot waveguides with the specific medium slot separation (W,= W, ~ W,,) is the most
sensitive to the temperature. At that, the ring resonator with a larger bend radius shows the higher
sensitivity to the temperature variation.
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Figure 4. The temperature dependence of optical signal power on the output of ring resonator
based on the double-slot waveguides with the slot width G, = G, = 100 nm and slot separation W,
equal to 200 (1), 320 (2,4) and 600 (3) nm. Waveguide bend radius is 32 (1-3) and 16 (4) um.

Using the data from the figure 4 we can estimate the sensor sensitivity to temperature
variation. For the laser output optical power 15 mW, photodiode sensitivity 0.95 A/W, 3 dB
input/output loss and propagation loss 2 dB, the sensitivity of the sensor based on the waveguide
with bend radius 16 pm is equal to 0.14 mA/K in the temperature region from 250 to 270 K and it
is 0.04 mA/K for the temperature ranging from 275 to 308 K. The device based on the resonator
with radius of 32 um has the sensitivity to temperature of the order of 0.34 mA/K in temperature
range from 245 to 255 K, and only 0.01 mA/K for the temperature from 270 to 295 K.

The operating speed of the device is defined by the time of establishing the steady-state
regime in the ring microresonator and the time of response of the sensing element on the
temperature variation. The time of establishing the steady-state regime in the ring microresonators
with bend radii 8—128 pum is of the order of tens picosecond [18]. The response time of the sensor
element T = C/G, where C is the microresonator thermal capacity, G = kS, is the heat transfer
between resonator and substrate, k is the heat transfer coefficient, S, is the area of contact between
resonator and substrate [22]. Thermal capacity of Si;N4 microresonator with bend radius 32 pum,
waveguide width 1 um and thickness 0.3 um C ~ 0.128-10™ x-K'. Heat transfer coefficient for
silicon nitride & = 20 W-m 2K ' [23]. Thus for microresonator with bend radius 32 pm and
waveguide width 1 um the heat transfer between resonator and substrate G is approximately equal
to 4.02-10° W K'. Therefore, the characteristic time defining the time of response of the device
on the temperature variation 7 is equal to 0.032 s.

The measurement range and sensitivity of the temperature sensor on the base of the slot and
double-slot waveguide ring microresonator can also be changed by modifying the microresonator
parameters, i.e. the ring radius, coupling coefficients, etc. [3,24].
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4. Conclusion

We have investigated the structural diagram and the operation principles of an integrated optical
temperature sensor. The sensor uses only the optical radiation, and the electrical current is not
supplied to the measured matter. That allows to apply such sensor for measuring the temperature
of highly inflammable liquids and gases. The use of the microresonators based on the double-slot
waveguides considerably (more than one order of magnitude) increases the sensor sensitivity. The
operating speed of the device equals to 0.03 s.

The mode field distribution in the double-slot waveguide with an LC filling with a small slot
separation is similar to the fields of two coupled waveguides. However the amplitude value in the
region of slots is sufficiently large. When the slot separation increases the mode field distribution
fluently transforms first to the field of three coupled waveguides, and then converts into the fields
of a conventional strip waveguide. It turns out that the largest field amplitude in the slot region
corresponds to a moderate slot separation when all three strips of the double-slot waveguide have
approximately equal width (the case of three coupled waveguides). As a result, such waveguide is
found to be the most sensitive to the temperature changes.
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