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Abstract

A kind of photonic crystal (PC) micro-cavity sensor based on magnetic fluid
(MF) filling is designed with simulation model. Generally, many sensors’ de-
signs are based on a universal temperature in the whole structure. However,
strong photothermal effect in high Q micro-cavities will lead to different
temperatures between cavities and environment inevitably. In many theoret-
ical PC sensor designs, researchers neglected the different temperature be-
tween environment and cavities. This simple hypothesis will probably lead to
failure of sensor design and get wrong temperature. Moreover, few theoretical
or experimental works have been done to study optical cavity’s heating
process and temperature. We propose that researchers should take seriously
about this point. Here, the designed cascaded micro-cavity structure has three
spectral lines and a reversible sensitivity matrix, which can simultaneously
detect magnetic field, ambient temperature and MF micro-cavity tempera-
ture. It can solve the magnetic field and temperature cross-sensitivity prob-
lem, and further, distinguish the different temperatures of environment and
magnetic fluid cavities. The influence of hole radius and slab thickness on the
depth and Q value of the resonant spectral line are also studied. Responses of
three dips to magnetic field, ambient temperature and MF micro-cavity tem-
perature are simulated, respectively, where dip 1 belongs to MF cavity 1, dip 2
and dip 3 belong to MF cavity 2. The obtained magnetic field sensitivities are
2.89 pm/QOe, 4.57 pm/Oe, and 5.14 pm/Qe, respectively; the ambient temper-
ature sensitivities are 65.51 pm/K, 50.94 pm/K, and 58.98 pm/K, respectively;
and the MF micro-cavity temperature sensitivities are —14.41 pm/K, —17.06
pm/K, and —18.81 pm/K, respectively.
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Temperature Sensing

1. Introduction

Magnetic fluid (MF) is a kind of special functional material, which is formed by
magnetic particles wrapped with surfactant evenly and distributed in carrier flu-
id [1]. It has the properties of magnetic materials and fluid. MF has versatile
optical properties, such as magnetic refractive index (RI) tunability [2] [3], bire-
fringence [4], and circular dichroism [5]. As a new kind of artificial material,
photonic crystal (PC) has been widely investigated in recent decades [6]. By in-
tegrating waveguide and micro-cavity into a PC slab through introducing de-
fects, various functions can be realized, such as slow light [7], filters [8], optical
switches [9], logic gates [10], mode converters [11], and chiral light [12]. Many
researchers are devoted to design various PC slab sensors [13]-[18].

Zhao et al. proposed a magnetic field and temperature sensor by using two
different types of MF-infiltrated PC cavities [19]. In their work, the temperature
affects the RI of MFs, and the RI of Si slab is constant. Liu et al designed a sin-
gle-mode double-cavity PC sensor for simultaneous detection of ambient RI and
temperature, in which the temperature affects the RI of Si slab [20].

PC micro-cavity has a high Q factor and a strong local field effect. As MF has
a large absorptive coefficient, for the MF-filled PC, the strong light in the mi-
cro-cavity will heat the filled MF, which will cause the temperature of mi-
cro-cavity to be higher than that of the surrounding environment [21]. Yao et al.
experimentally studied the temperature effect of light on Fabry-Perot (FP) cavity
filled with MF [21]. To solve the temperature cross sensitivity problem of the
sensors and monitor the temperature stability of MF in real time, it is necessary
to measure the temperature of MF cavity. In this work, a PC slab sensor was de-
signed by infiltrating two different kinds of MFs into a two-mode cavity and a
one-mode cavity, respectively. The magnetic field, ambient temperature and
temperature in the high-Q MF cavities can be measured simultaneously. It can
solve the magnetic field and temperature cross-sensitivity problem, and for the
first time, distinguish the different temperatures of environment and MF cavi-

ties.

2. Device Configuration and Sensing Principle
2.1. Device Configuration

Figure 1 is the schematic structure of the proposed sensor, which is a PC silicon
slab with a defect waveguide and two cascaded cavities. The holes in the slab
form a square lattice. The period of the lattice, the radius of the holes and the
thickness of the slab are denoted by a, r, and A, respectively. The defect wave-
guide is formed by removing a row of holes (W1 waveguide, namely, width of

waveguide is 2a). Two additional holes at each end of W1 waveguide are also
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Figure 1. Schematic of sensor structure configuration.

removed to enhance the coupling efficiency between PC waveguide and stripe
waveguide. One cavity is formed by filling eight holes neighboring the wave-
guide with one kind of MF (i.e. MF1). The filled four holes form a symmetrical
triangular shape. Another cavity is formed by filling eighteen holes neighboring
the waveguide with another kind of MF (Z.e. MF2). The filled nine holes form a 3
x 3 square symmetrically. Two dielectric stripe waveguides are connected to the
incident and outgoing ends of the PC waveguide with width of 2a and thickness
of A. The lattice period was selected as 450 nm so that the device can work at
about 1550 nm wavelength. This type of PC device can be fabricated using elec-
tron beam lithography and electron-cyclotron-resonance ion-stream plasma
etching using SOI substrates. The underlying SiO2 layer can be removed by se-
lective wet etching using hydrofluoric acid to create an air-bridge PC membrane
[22] [23].

2.2. Sensing Principle

As shown in Figure 1, light is launched from the left dielectric stripe waveguide
into the PC waveguide, and the outgoing light is monitored in the right dielectric
stripe waveguide. When the frequency of incident light coincides with the re-
sonance frequency of either of the cavities, light in the PC waveguide will be
coupled into the cavity. Dips will appear in the transmission spectrum at the re-
sonant frequencies. According to perturbation theory, when there is a tiny per-
turbation of cavity’s geometry or RI, the dip wavelength will shift. MF has the
property of magnetically tunable RI [2] [3]. It is supposed that the magnetic field
direction is in the plane of the PC slab and along the PC waveguide. The mag-
netic particles can be considered as magnetic dipoles. When external magnetic
field is applied, the direction of magnetic dipoles will tend to be the same as ex-
ternal magnetic field direction. The magnetic particles will be lined up end to
end, then form magnetic chains along the magnetic field direction [2] [3]. When
magnetic field increases beyond a critical value, the RI of MF increases. When
the temperature of MF increases, the thermal motion of magnetic particles be-
comes violent, which impedes the formation of magnetic chains. Then, the RI of
MEF decreases with temperature. When the ambient temperature increases, the

RI of silicon slab increases (see Table 2 later).
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The effect of RI of single MF cavity on the resonant wavelength is shown in
Figure 2. A, is the resonant wavelength of MF cavity 1. A, and A, are the resonant
wavelengths of MF cavity 2. In Figure 2(a), only the RI of MF cavity 1 is
changed. When the RI of MF cavity 1 increases, the spectral line of MF cavity 1
shifts to long wavelength, while the two spectral lines of cavity 2 keep un-
changed. In Figure 2(b), only the RI of MF cavity 2 is changed. When the RI of
MF cavity 2 increases, the two spectral lines of MF cavity 2 shift to long wave-
length, while the spectral line of cavity 1 keeps unchanged. It can be seen that the
spectral lines of the two cavities are far away enough that they work indepen-
dently without affecting each other.

Figure 3 shows the distribution of electric field at three resonant wavelengths.
The light in the waveguide is coupled into the MF micro-cavity, which forms a
strong electric field distribution within and around the cavity. It is obvious that
the strong electric field is mostly located within the MF holes. The field nodes
occur at silicon material between the MF holes, where light field is weak. There-
fore, it is reasonable to consider that the light heats the MF in the holes. As a
preliminary exploration, we have assumed that the two MF cavities have the
same temperature [19].
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Figure 2. Effect of the refractive index of magnetic fluid cavity on the spectral lines. (a)
The refractive index of MF1 is 1.3385 and 1.3428, respectively, and the refractive index of
MF2 is fixed at 1.4671; (b) the refractive index of MF1 is fixed 1.3428, the refractive index
of MF2 is 1.4635 and 1.4671, respectively (RI data see Table 2 later).

Electric field distribution at A 1 Electric field distribution at A2
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Figure 3. Electric field distribution at resonant wavelength A, (a), A, (b), and A, (c),
respectively.
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The RI variations of the two MF cavities and Si slab can be described as [2]
[3].
Anmfl Ky 0 KTmfl AH

An,e, | =| Ky 0 Ky || AT, (1
Ang, 0 Ky 0 AT,,

where An, , An,,, and Ang are the RI variations of the two MF cavities
and Si slab, respectively. AH , AT,, and AT,  are the change of magnetic
field, Si slab temperature and MF temperature, respectively. K,, and K,,
are the magneto-optical coefficients of the two kinds of MF, respectively. K,
Ki,y2> and K, are the thermo-optical coefficients of the two kinds of MF
and Si slab, respectively. When the ambient temperature changes, the RI of sili-
con slab and air holes changes (see Table 2 later). Considering the very small
thermo-optical coefficient of air, the influence of ambient temperature on the RI
of air is ignored and only the influence of ambient temperature on the RI of sili-
con slab is considered. Then, the shift of resonant wavelength can be described
as [2] [3]

A4 K, 0 K;|l An,
AL 1| 0 K,, K| An,,
A4, 0 Ky, Kyl Ang
K, 0 Kj| Ky 0 Ko || AH
=| 0 K, Kyl Ky 0 KTmfZ AT, 2)
| 0 K;, K 0 K 0 AT,

K Ky, K13KSI'TL, KIIKTmfl AH |
=| KKy, K23KSiTC KzzKTmfz AT,

c

_K32KH2 K33KSiT, K32KTmf2 AT'"/'_

where A/, is the wavelength shift of cavity 1 (filled with MF1). A4, and AZ,
are the wavelength shifts of the two modes of cavity 2 (filled with MF2), respec-
tively. K,,, K,;, K, , K,, K;,, and K,; are wavelength sensitivities of

three dips responding to RI variations.

3. Modeling Methodology and Material Data
3.1. Modeling Methodology

Some reported works use the constant effective RI of silicon slab for two-dimensional
(2D) calculation [19] [24]. In fact, the effective RI of silicon slab varies with wa-
velength. The variational finite-difference time-domain (varFDTD) method can
be used to calculate the effective RI of silicon slab with wavelength [25]. It is
faster than 3D-FDTD method. The varFDTD method is based on collapsing a
3D geometry into a 2D set of effective RlIs that can be solved with 2D-FDTD.
The lattice constant a = 450 nm, the radius of normal air holes is r = 0.38a. The
thickness of the PC slab is 4 = 0.7a. The simulation area is truncated with a per-
fectly matched layer to prevent leakage of light reflection. The PC waveguide
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port is connected with rectangular silicon dielectric waveguide. Simulation was
implemented using MODE SOLUTIONS of Lumerical [26].

3.2. Material Data

The RI of the silicon slab is 3.47809 at temperature of 295 K and wavelength of
1550 nm [27]. The thermo-optical coefficient of silicon is almost constant at
around 300 K, ie 1.8 x 107*/K [28]. The RIs of two types of MFs at different
magnetic fields and temperatures can be found in [19]. The material data used in
the simulations are shown in Table 1 and Table 2. The effects of error of RI
from [19] were tested, and it was found the shifts of dips were so little that soft-

ware can’t distinguish them, so error of RI was ignored in simulations.

4. Influence of Hole’s Radius and Slab Thickness
4.1. Influence of Silicon Slab Hole’s Radius

Equation (2) indicates that the sensitivity of the sensor depends on the ther-
mo-optical coefficients of MF and silicon slab, magneto-optical coefficient of
MF, sensitivity of spectral line to the RI change. The sensitivity of spectral lines
to RI change depends on the structure of the cavity, the coupling between wave-
guide and cavity, and the structure of the silicon slab. In this work, the radius of
holes and thickness of silicon slab are changed to investigate their influence on
the three spectral lines. When the radius of holes [29] [30] or the thickness

Table 1. Refractive index of two types of MFs at different magnetic fields at 296.3 K [19].

H (Oe) MF1 MF2
50 1.3420 1.4623
75 1.3424 1.4628
100 1.3428 1.4633
125 1.3432 1.4638
150 1.3436 1.4643
175 1.3440 1.4648
200 1.3444 1.4653

Table 2. Refractive index of two types of MFs and Si at different temperatures [19] [27]
[28].

T (K) MF1 MF2 Si
280 1.3428 1.4671 3.475390
287 1.3423 1.4663 3.476650

296.3 1.3415 1.4655 3.478324
306 1.3407 1.4648 3.480070
314 1.3401 1.4642 3.481510
324 1.3393 1.4639 3.483310
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[29]-[35] of Si slab changes, the effective refractive index of Si slab will change,
then the guided mode and cavity modes will change accordingly. Qualitatively,
the coupling strength between cavity modes and guided mode, and then the
deepness of dips and Q factors will change accordingly. The depth of spectral
line and Q factor are taken as the evaluation index. First, the radius of the hole
increases from 0.36a to 0.39a with a step 0.005a. The corresponding changes of
the three spectral lines are shown in Figure 4. Figure 4(a) shows that the spec-
tral line blue-shifts with the radius increase, which can be explained by the varia-
tional principle [6]. When radius increases, the effective RI of silicon slab de-
creases and then the resonant frequency increases. Moreover, three spectral lines
are gradually deepening, especially at A, and A,, which is much clear as shown in
Figure 4(b). Finally, the Q value is calculated by using Lorentz fitting of the
spectral lines, which is shown in Figure 4(c). Q=A1/AA, where AZ is ful
width at half-maximum (FWHM) and A is resonant wavelength. At A,, Q value is
relatively small and gets maximum value at 0.37a. Q value is almost constant at

A,. Qvalue decreases as the radius increases at A,.
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Figure 4. (a) Influence of hole’s radius on the transmission lines; (b) Transmittance of
three dips at different radiuses; (c) Q factor of three dips at different radiuses.
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4.2, Influence of Silicon Slab Thickness

The thickness of PC slab is critical to its properties, such as band gap [30]-[35],
guided mode [31] [33] and Q factor [29] [35]. For optimizing the silicon slab
thickness, the hole radius ris kept at 0.38a, and the slab thickness increases from
0.4ato a. The change of three spectral lines is shown in Figure 5(a). Figure 5(a)
displays that the spectral line redshifts with the slab thickness, which can be ex-
plained by the variational principle [6]. As the slab thickness increases, the effec-
tive RI of silicon slab increases and then the resonant frequency decreases. Fur-
thermore, the three spectral lines gradually deepen. The explicit result is shown
in Figure 5(b). Finally, the Q value is calculated by using Lorentz fitting and the
results are shown in Figure 5(c). Q value decreases as slab thickness increases at
A,. At A, the Qvalue reaches the maximum when the thickness is 0.5a. At A, the
Qvalue reaches the maximum when the thickness is 0.6a.

5. Results and Discussion

Considering that the depth of resonant dips in real experiments becomes very
shallow due to various reasons such as fabrication errors and attenuation, we

prefer to make the dips deeper in our design. When the radius is 0.38a and the
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Figure 5. (a) Influence of PC slab’s thickness on the transmission lines; (b) Transmittance
of three dips at different thicknesses; (c) Q factor of three dips at different thicknesses.
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thickness is 0.7a, the transmittance is less than 10%. On the other hand, the
higher the Q value is, the higher the resolution of the resonant dips is. As can be
seen from Figure 4(c) and Figure 5(c), when the radius is larger than 0.38a2 and
the thickness is larger than 0.7a, the Q value basically decreases (except A, in
Figure 4(c)), so radius of 0.38a and thickness of 0.7a were chosen in the follow-
ing simulations. To investigate the effect of magnetic field on the three spectral
lines, the temperature is assumed to be 296.3 K (room temperature). The RIs of
two types of MFs at different magnetic field intensities are listed in Table 1.
Figure 6 shows the shift of three resonant wavelengths with magnetic field, am-
bient temperature and MF cavity’s temperature. The corresponding explicit re-
sults are plotted in Figure 7. Figure 6 indicates that the influence of magnetic
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Figure 6. Shifts of three resonant wavelengths. (a) Magnetic field increases from 50 to
200 Oe, MF cavities’ temperature and ambient temperature are fixed at 296.3 K; (b)
ambient temperature increases from 280 to 324 K, MF cavities’ temperature is fixed at
296.3 K, without magnetic field applied; (c) MF cavities’ temperature increases from 280
to 324 K, ambient temperature is fixed at 296.3 K, without magnetic field applied.
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Figure 7. Resonant wavelengths as functions of (a) magnetic field (MF cavities’
temperature and ambient temperature are fixed at 296.3 K); (b) ambient temperature (MF
cavities’ temperature is fixed at 296.3 K, without magnetic field applied); and (c) MF
cavities’ temperature (ambient temperature is fixed at 296.3, without magnetic field
applied).

field and temperature on Q values is very small, so the Q factors’ evolution is not
shown here. Figure 6(a) and Figure 7(a) displays that the spectral lines shift to
long wavelength with the increase of magnetic field, and the relationship be-
tween the wavelength shift and magnetic field is almost linear. It can be ex-
plained by the variational principle [6]. As the magnetic field increases, the RI of
MF increases and then the resonant frequency decreases, namely, the resonant
wavelength increases. The achieved magnetic field sensitivities are 2.89 pm/Qe,
4.57 pm/Oe, and 5.14 pm/Oe, respectively.

Then, the influence of ambient temperature on three spectral lines is studied.
When the ambient temperature increases, the RI of silicon slab increases. At 295
K, the RI of silicon is 3.47809 at 1550 nm. The thermal expansion coefficient of
silicon is very small, and the influence of temperature on the size of silicon slab
is ignored. The RI of silicon slab at different temperatures is listed in Table 2.
Because the thermo-optical coefficient of air is smaller compared to that of sili-
con, the influence of temperature on the RI of air is ignored in the simulation.
Figure 6(b) and Figure 7(b) displays the shift of spectral lines with ambient
temperature. With the increase of ambient temperature, the spectral line shifts to
long wavelength, and the relationship between the wavelength shift and ambient
temperature is almost linear. The obtained ambient temperature sensitivity is
65.51 pm/K, 50.94 pm/K and 58.98 pm /K, respectively.
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Finally, the influence of MF temperature on three spectral lines is investigated.
The simulation results are shown in Figure 6(c) and Figure 7(c). When the
temperature of MF increases, the RI of MF decreases (see Table 2). As the tem-
perature of MF increases, the spectral line blue-shifts. The three transmission
valleys shift linearly with the MF temperature, and the corresponding sensitivity
is —14.41 pm/K, -17.06 pm/K, and —18.81 pm/K, respectively.

Based on the above results, the sensitivity matrix is obtained as

A% ] [2.89pm/Oe 6551pm/K -14.41pm/K || AH
A4, |=|4.57 pm/Oe 50.94 pm/K -17.06 pm/K || AT,
A | |5.14pm/Oe 5898 pm/K —18.81pm/K || AT,

Then, the strength of magnetic field, ambient temperature and MF cavity

temperature can be written as

AH -0.56 Oe/pm —4.50¢/pm 4.510¢/pm |[ A4
AT, |=| 0.02K/pm -023K/pm 0.2K/pm || A4,
AT, -0.09K/pm -1.96K/pm 1.79 K/pm || A4,

In real experiments, it is difficult to let one parameter change and other para-
meters fixed, which is a drawback of some sensor designs requiring additional
design of thermostatic system. But in theoretical simulation, the effect of each
parameter can be studied using variable control method, then effect of several
parameters can be derived from superposition of contribution from each para-
meter. Several parameters change simultaneously in real world, but the effect of
single parameter can be known by theoretical study, then each parameter can be
measured according to the reversibility of sensitivity matrix. In this way, by
measuring the shift of three spectral lines, the cross-sensitivity problem can be
solved and the magnetic field, ambient temperature and temperature of the MF
cavity can be measured simultaneously. Here the RI-H data and RI-T data of the
two kinds of MFs are the values at fixed temperature and magnetic field
strength, respectively. In practice, it is necessary to measure massive data and
establish refractive index database of RI-H and RI-T with changing temperature
and magnetic field. However, it was confirmed that the change of ambient tem-
perature and MF temperature can be inferred from the inverse matrix based on
the data of changing both ambient temperature and MF temperature. In this
work, we focus on realization of measuring three parameters by infiltrating MFs,
and especially distinguishing MF cavity temperature and ambient temperature,
sensitivities are not necessarily superior to other works [19] [24] [36]. In order
to further improve the sensitivity of the sensor, MFs with larger RI responsivity
to magnetic field can be employed. On the other hand, the Q value of the mi-
cro-cavity can be further optimized and the area of the micro-cavity filled with

MEF can be increased as much as possible.

6. Conclusion

A cascaded PC cavity magnetic field sensor is proposed, which can measure the
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magnetic field, ambient temperature and MF cavity temperature simultaneously.
The influence of the radius of hole and slab thickness on the depth and Q value
of the resonant spectral line are studied. The moderate radius 0.382 and thick-
ness 0.7a are employed for investigating the sensing properties. The advantages
of the designed magnetic field sensor lie in small size (compared with fi-
ber-based sensors) and unnecessary temperature compensation structure. Also,
the structure is simple and has no complex multi-round hole radius design,

which can become a “programmable” device with great freedom of post-design.
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