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Abstract: In this paper, a microdisk resonator with two whispering-gallery modes (WGMs)
is proposed for label-free biochemical sensing. According to the transmission responses of
the two WGMs with different coupling gaps, there is the critical coupling status for the WGM
(0, 36) while there is no critical coupling status for the WGM (1, 28). For the WGMs (0, 36)
and (1, 28), the refractive index (RI) sensitivities of 45.8821 and 72.9402 nm/RIU are ob-
tained, and the corresponding RI detection limits (DLs) of 8.5902 x 10~* and 1.9228 x 103
RIU are achieved, respectively. Moreover, the proposed sensor also has the temperature
sensitivities of 0.0730 and 0.0703 nm/K, which correspond to the temperature DLs of 0.1631
and 0.6263 K, respectively. By constructing a characteristic matrix, it is demonstrated that
simultaneous measurement of the Rl and temperature can be achieved.

Index Terms: Microdisk resonator, whispering-gallery mode, refractive index (RI),
temperature.

1. Introduction

Label-free biomedical sensors can provide real-time quantitative information on the progress of
the biochemical reaction. In particular, optical micro-resonators based on silicon-on-insulator (SOI)
have attractive characteristics for label-free sensing applications. Compared with the sensors based
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on straight waveguide, the sensors based on micro-resonators have a reduced size but without
reducing detection limit (DL) due to the high quality (Q) factor of micro-resonators. In addition, the
micro-resonators based biochemical sensors have interesting advantages including high sensitivity,
compactness, simple fabrication, surface functionalization, and multiplexing analysis capability.
Different micro-resonators, such as microring [1], microdisk [2], micro-racetrack [3], and microsphere
[4], have been utilized for label-free sensing applications. Among the reported micro-resonator
structures, microdisk resonators have attracted great attention because of their potential sensing
applications and easy fabrication [5].

As demonstrated in previous works [6], the micro-resonators based on SOI have a vulnerability to
the temperature change. Moreover, the high thermo-optic coefficient of silicon and the wavelength
selectivity of micro-resonators make them susceptible to the temperature fluctuation. Due to the
sensitivity to the temperature, the micro-resonators can be proposed as the temperature sensors
[71-19], but the sensitivity to the temperature is a disadvantage for some other optical devices, for
example, the refractive index (RI) sensors based on the micro-resonator.

In order to eliminate the temperature effect, the sensing schemes [10], [11] have been proposed
by introducing a reference microring. Another sensing scheme, where a ring resonator is combined
with a Mach-Zehnder interferometer [12], [13], have been also used to eliminate the influence
of environment temperature. Besides, dual-microring scheme with resonance splitting [14] has
been employed to reduce the temperature dependence of the micro-resonators. However, these
additional reference configurations increase the size of the devices, which are not beneficial to
the device integration. In addition, the temperature control devices [15], [16] used for temperature
compensation require the integrated heaters and photodetectors, which give rise to the power
consumption.

At present, some materials with negative thermal-optic coefficients (TOCs) [17]-[21] are used for
compensating the positive TOCs of sensing devices, but it requires to precisely control the thickness
of the negative TOCs layer. Measurement of temperature during the sensing process is another
approach to remove the temperature influence. Microring resonators with dual polarization or two
WGMs are proposed for simultaneous measurement of the refractive index (RI) and temperature
[22], [28]. However, these proposed microrings with a big radius (>20 pum) increase the device
size and reduce the free spectral range (FSR). Recently, a single wavelength reflective microring
along with a distributed Bragg reflector (DBR) [24] is designed to measure the Rl and TOC of
the waveguide core (silicon nitride) and cladding (silica). However, it is not used as a sensor
for simultaneous measurement of the surrounding Rl and temperature. Surface plasmon polaritons
(SPPs) refractive index sensor based on metal-insulator-metal (MIM) waveguides [25] for measuring
the surrounding Rl and temperature are demonstrated. This sensor can obtain very high sensitivities
(S), but the Q factor and DL are low due to the ohmic loss of metal materials.

In this paper, an optical microdisk resonator with two WGM resonance peaks is proposed to
measure the changes of the surrounding Rl and temperature simultaneously. The mode charac-
teristics and transmission responses of the two WGMs are simulated by the 3-D finite element
method (3D-FEM). Q factor and extinction ratio (ER) of the two WGM resonance peaks are studied
with different coupling media and gaps. Manufacturing tolerances of the microdisk resonator are
also discussed to demonstrate the accuracy and stability of the proposed sensor. For the sensing
performances, both the Rl and temperature changes can be obtained by simultaneously measuring
the resonance wavelength shifts of the two WGMs.

2. Theoretical Model and Analysis

Fig. 1 shows the schematic diagram of the microdisk resonator and the cross-section at the input
port. The SOI wafer is used as the waveguide material where a 220 nm Si layer (ns; = 3.48) is
the device layer on a 2 um SiO» insulator layer (nsio, = 1.44) along with the air cladding (n; = 1).
Structural parameters of the microdisk resonator are labelled in Fig. 1. The radius (R) of the
microdisk resonator is 2 um. Wy, is the coupling gap between the bus waveguide and the microdisk
resonator. The bus waveguide width and thickness are labelled as w and h, respectively. Here, h
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Fig. 1. Schematic of a microdisk resonator based on SOI and the cross-section of the bus waveguide
at the input port.

is 220 nm, and Wgyap and w are optimized. Accoring to the radius of the microdisk resonator, the
device dimension is about 5 pm x 5 um.

As shown in Fig. 1, the coupling light between the bus waveguide and microdisk resonator can
be described as [26]

E3 = 'L’E1 + |kE2

. (1)
Es = ikE1 + tE>

where t and kare the amplitude coefficient of transmission field and the coupling coefficient between
the microdisk and bus waveguide, respectively. For the lossless coupling condition, 2 + k* = 1.
The electric field amplitudes E; (j = 1, 2, 3, 4) are defined with respect to the red arrow positions,
as shown in Fig. 1. E4 can be described as

Es = a€E, )

where « and ¢ are the amplitude transmission coefficient and the phase shift with a single round
trip along the microdisk. From (1) and (2), the intensity transmission factor can be given as

Es
E;

The 3D-FEM is used to simulate the propagation characteristics and the sensing performance
of the micodisk resonator. The mode at the input port is calculated by analyzing the boundary
mode which is injected into the bus waveguide. Subsequently, the WGMs in microdisk are also
achieved by frequency domain analysis method. The intensity transmission factor of microdisk can
be calculated by using Sy

2 2_2rrcos¢g+a?

T= = .
1 — 27 COS ¢ + 0?12

3)

S31(dB) = 101g (’%) @)

where P; and P, are the powers at the input and output ports of the bus waveguide, respectively.

3. Performance of the Microdisk Resonator
3.1. Mode Characteristics

The effective refractive indices of different modes, which are supported in the bus waveguide,
are calculated as functions of w, as shown in Fig. 2. Here, the wavelength is set as 1550 nm.
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Fig. 2. Effective refractive indices of the supported modes in the bus waveguide as functions of w, the
insets showing the corresponding mode distributions.

The number of modes in the bus waveguide increases when w increases. In order to ensure the
single-mode propagation (only quasi-TEp¢), w is chosen as 400 nm. The corresponding mode
distributions are also shown in the insets of Fig. 2.

3.2. Transmission Responses

With the injection of quasi-TEg4 at the input port of the bus waveguide, the transmission spectra with
different Wyqap are shown in Fig. 3(a). According to the coupled-mode theory (CMT) [27] and hybrid
coupled mode theory (HCMT) [28], there are only two lowest WGMs supported in the proposed
microdisk resonator with small radii of 5 and 7.5 um, respectively. Here, the radius of the designed
microdisk is chosen as 2 um for only two lowest WGMs supported in the microdisk resonator. The
transmission spectra with Wg,, of 0 and 200 nm within the wavelength range from 1480 to 1640 nm
are shown in Fig. 3(b). For Wy, of 200 nm, there is only one group of dominated WGMs, and their
FSR is ~60 nm. However, there are two groups of remarkable WGMs for Wg,, of 0 nm, and their
corresponding FSRs are ~63 and ~70 nm, respectively. A notation WGM (/, m) [28] is used
to characterize the WGMs, and /and m are the number of radial minima and angular wavenumber,
respectively. Hence, the two WGMs in the microdisk resonator can be represented by the WGM
(0, 36) at the wavelength of ~1537 nm and WGM (1, 28) at the wavelength of ~1550 nm, and the
corresponding mode distributions are shown in Fig. 3(c) and (d), respectively.

For sensing application, S and DL are the main parameters for evaluating the sensing capability
of the device. In order to enhance Sand DL, it is necessary to investigate Q factor and ER. Q factor
can be calculated as the ratio of resonance wavelength (1o) and full width at half maximum (FWHM)
of the resonant peak in the transmission spectrum [29]

Q= FWHM ®)
ERis defined as [30]
Po
ER = —10lg <ﬁ). (6)

The coupling loss induced is a main factor which affects the Q factor. The coupling loss is greatly
dependent on Wg,,. The dependences of Q factor and ER of the resonance peaks at the WGM
(0, 36) and WGM (1, 28) on Wya, are shown in Fig. 3(e) and (f), respectively. For the WGM (0, 36),
the changes of Q factor and ER with the increase of Wy, are similar to those of the conventional
microring. There is a critical coupling status when Wy, is ~120 nm. Qfactor monotonically increases
with the increase of Wga, from 0 to 300 nm. However, ER firstly increases to the maximum value
at Wgap of ~120 nm and then decreases. In general, high Q factor resonators are beneficial to
reduce the spectral noise of the sensor and improve DL. Therefore, Wgya, of 200 nm is chosen for
higher Q factor (~8 x 10%), and the corresponding ER is ~4.50 dB. For the WGM (1, 28), there is
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Fig. 3. (a) Transmission spectra of the microdisk resonator with different Wgqp, (b) transmission spectra
with Wgap of 0 and 200 nm within the wavelength range from 1480 to 1640 nm, field distributions of
(c) WGM (0, 36) and (d) WGM (1, 28), and Q factor and ER of (¢) WGM (0, 36) at ~1537 nm and
(f) WGM (1, 28) at ~1550 nm as a function of Wgap, and (g) resonance wavelength difference siwgm
between the two WGMs as a function of Wgqp.

not the critical coupling status. Q factor monotonically increases with the increase of Wy, and ER
monotonically decreases. As seen from Fig. 3(f), there is a trade-off between Q and ER. A larger
Wgap will result in higher Q factor but smaller ER. The resonance wavelength difference siwgm
between the two WGMs as a function of Wg,, is also shown in Fig. 3(g). With the increase of Wyqp,
Siwanm decreases sharply when Wy, is close to 0 nm and then changes slowly.

Because most of the biochemical analytes are the aqueous solutions, it is necessary to evaluate
the transmission characteristics of the microdisk resonator with the water cladding (n. = 1.33)
instead of the air one. Comparing with the air cladding, the water cladding results in the increase
of the effective RI of the waveguide. Then, the resonant wavelength of the micodisk resonator has
a red-shift for both the WGM (0, 36) and WGM (1, 28). Q factor and ER of the microdisk resonator
with the air and water cladding are presented in Fig. 4. With Wya, of 200 nm, Q factor and ER of
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200 nm. (c) Q factor and (d) ER of the microdisk resonator with the air and water cladding for Wgap
of 0 nm.
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Fig. 5. Normalized electric field energy along the x axis of the micordisk resonator for (a) Wgap 0f 200 nm
and (b) Wgqap of 0 nm. (c) Top view of the proposed microdisk resonator.

the microdisk resonator with the air and water cladding are shown in Fig. 4(a) and (b), respectively.
For the water cladding, Q factors of the two WGMs decrease. However, ER increases for the WGM
(0, 36) and decrease for the WGM (1, 28). As shown in Fig. 4(b), the resonance peak of the WGM
(0, 36) is the dominant peak in the microdisk resonator. With Wy, of 0 nm, Q factor and ER of the
microdisk resonator with the air and water cladding are shown in Fig. 4(c) and (d), respectively. It
can be seen from Fig. 4(c) and (d) that Q factor and ER of the microdisk resonator with the water
cladding decrease for the WGM (0, 36) but increase for the WGM (1, 28). The resonance peak of
the WGM (1, 28) can be compared to that of the WGM (0, 36), as shown in Fig. 4(d).

In order to investigate the change of Q factors in Fig. 4, the normalized electric field energy along
the x axis are shown in Fig. 5(a) and (b). The top view of the proposed microdisk resonator is shown
in Fig. 5(c). As seen from Fig. 5(a), for Wgap of 200 nm, Q factor of the WGM (0, 36) with the water
cladding decreases compared to that with the air cladding due to the increasing of the radiation
energy as shown in the inset of Fig. 5(a). Q factor of the WGM (1, 28) with the water cladding
decreases compared to that with the air cladding because the stored energy in the microdisk
resonator decreases. As shown in Fig. 5(b), for Wg,p of 0 nm, Q factor of the WGM (0, 36) with the
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Fig. 6. Effects of structure dimensional deviations of the microdisk resonator on its performance.
(a) AQ and deviation in % from the calculated nominal value of 3.05 x 10* for the WGM (0, 36)
and (b) AER and deviation in % from the calculated nominal value of 6.87 dB for the WGM (0, 36). Both
graphs are plotted over the tolerances of Aw, Ah, AR, and AWgqp.

water cladding decreases due to the decreasing of the stored energy in the microdisk resonator.
However, for the WGM (1, 28), Qfactor still increases even if the radiation energy increases because
the stored energy is increased more than the radiation energy.

3.3. Manufacturing Tolerance

In order to study the accuracy and stability of the proposed microdisk, it is necessary to discuss the
effects of the structure dimensional deviations on the performance of the microdisk resonator. The
effects of waveguide profile angle and surface roughness on the performance of micro-resonators
have already been discussed [31]-[33]. Here, the influence of the deviations of w, h, R, and
Wgyap on Q factor and ER of the microdisk resonator will be demonstrated. The specific structural
parameters w of 400 nm, h of 220 nm, and R of 2 um are chosen. Meanwhile, the dimensional
deviations are changed from —20 to +20 nm [34]. For Wy, of 200 nm, the effect of WGM (1, 28) on
the transmission characteristic can be neglected because its ER is much smaller than that of the
WGM (0, 36), as shown in Fig. 4(b). The cladding Rl is set as 1.33. Then the calculated nominal
values of Q factor and ER are ~3.05 x 10* and 6.87 dB for the WGM (0, 36), respectively. The
simulation results are shown in Fig. 6(a) and (b), respectively. AQ and AER are the changes of
Q factor and ER, which vary with the structure dimensional deviations (Aw, Ah, AR, and AWgap).
The relative deviations from the nominal values in % are also shown in Fig. 6(a) and (b). Here, Q
factor of the microdisk resonator is very stable with respect to the change of Aw compared to the
other structure dimensional deviations. Meanwhile, the effect of AR on ER is less than the other
tolerances. Both Q factor and ER are greatly affected by the variation of Ah.

For Wgap = Onm, it is necessary to discuss the effect of the WGM (1, 28) on the transmission
characteristic because its ER becomes comparable to that of the WGM (0, 36), as shown in Fig. 4(d).
The nominal values of Q factor and ER are calculated as ~1.02 x 10° and 3.21 dB for the WGM
(0, 36), and 268.58 and 6.25 dB for the WGM (1, 28), respectively. The effects of dimensional
deviations of the microdisk resonator on its performance for the WGM (0, 36) and WGM (1, 28)
are shown in Figs. 7 and 8, respectively. From Figs. 7(a) and 8(a), Q factor increases sharply by
a maximum of 90% with positive change of the coupling gap change AWgap, which is much bigger
than the other tolerances. However, for the negative changes of AWg,p, Q factor change slowly. It
can be seen from Figs. 7(b) and 8(b) that ER is significantly influenced by Aw and AWg,, compared
to the other two tolerances.

From the analysis above, it is known that the effect of structure dimensional deviations during the
fabrication process plays an important role in the performances of the SOI microdisk resonator. In
order to reduce the effect of structure dimensional deviations, itis necessary to improve the precision
of the fabrication process. By using the micro-nano manufacturing technology, the precision can be
improved to a few nanometres. In addition, the simulation results for deviations in Q factor and ER
indicate that the different tolerances could compensate each other.
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Fig. 8. Effects of structure dimensional deviations of the microdisk resonator on its performance for the
WGM (1, 28). (a) AQ and deviation in % from the calculated nominal value of 268.58 and (b) AER and

deviation in % from the calculated nominal value of 6.25 dB. Both graphs are plotted over the tolerances
of Aw, Ah, AR, and AWggap.

4. Sensing Performance

The microdisk resonator can be used for the biochemical sensing by measuring the surrounding RI
change which is induced by biological material and/or chemical concentration changes. The optical
field of the mcirodisk resonator interacts with the surrounding analytes, and then the resonance
wavelength shift can be obtained with the read-out system. Here, the Rl sensitivity (S,;) and temper-
ature sensitivity (Sr) are respectively defined as the resonant wavelength shift (Aies) versus the
RI change (Ang) and temperature change (AT) of the analytes detected [30]

AA AA

Sn = . and ST = E (7)

The DL characterizes the smallest change of the Rl, which can be described as [35]

DL — Ry _ 30 _ 3FWHM ®)
S 8§ 45(SNR)°%5s
where R, is the sensor resolution which describes the measurable smallest spectral shift, o is the
standard deviation of the total noise of the system, and SNR is the signal-noise ratio for sensor
system and considered as the linear units (e.g., 60 dB = 10°). The SNR of 60 dB is good for a
typical photonic link.

First, the wavelength shift of the WGM (0, 36) resonant peak with Wga, of 200 nm is used for
the Rl sensing. In the following, the microdisk resonator based sensor is covered by the solutions
with different concentrations instead of the air. For example, the Rls of sodium chloride and cell
solutions with different concentrations are changed from 1.33 to 1.4. Thus, n. is chosen from 1.33
to 1.4 with a step of 0.01. The transmission spectra of the mcirodisk resonator in response to n.
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Fig. 9. (a) Transmission spectra of the sensor with different n; from 1.33 to 1.4 with a step of 0.01
using the WGM (0, 36) resonance peak and wavelength shift and Q factor as functions of (b) An; and
(c) AT. The red-solid lines are the linear fits of the wavelength shift.

are shown in Fig. 9(a). By using the Lorentz fits of the transmission spectra, the calculated Q of
the microdisk resonator with different n. is shown in Fig. 9(b). and Q decreases with the increase
of Ang. The wavelength shifts with the increasing of An; and the corresponding linear fit are also
shown in Fig. 9(b). It can be seen that the resonance wavelength shifts toward the longer wavelength
side with the increasing of n.. The slope and its standard error (SE) of the fitted line is 42.5211
and 0.2267 nm/RIU, respectively. The SE is the standard deviation of the sampling distribution of
a statistic based on the wavelength shifts with different An;. The slope of the linear fit is the RI
sensitivity of the proposed sensor. For a SE of 0.0006 nm, Apwnm Of 0.0509 nm can be achieved
from the transmission spectrum at n. of 1.33. According to (8), the RI DL of 2.5236 x 10~° RIU can
be achieved.

In order to simulate the temperature influence on the sensing performance, the TOCs are used
to calculate the RI changes of waveguides caused by the temperature change. At temperature
of 295 K and wavelength of 1550 nm, the TOCs of Si, SiO,, and water are about 1.8 x 1074/K,
2.8 x 1075/K, and —9.9 x 107%/K, respectively [36]. Fig. 9(c) shows the wavelength shift of the
WGM (0, 36) resonant peak as a function of AT when the waveguide cladding is the pure water.
According to the linear fit, Sy is 0.0710 nm/K with a SE of 0.0004 nm/K, and the temperature DL of
0.1511 K can be achieved.

Subsequently, both the WGM (0, 36) and WGM (1, 28) are considered for simultaneous mea-
surement of the RI and temperature. Wy, is set as 0 nm for the trade-off of ER between the WGM
(0, 36) and WGM (1, 28), as shown in Fig. 4. Here, the aqueous solutions of D-Glucose in pure
water with various concentrations (0~0.2 g/ml) are used as the analyte. The Rlis of the glucose
solutions can be estimated as [37]

Nglucose = nHZO + 1-51509Iucose (9)

where ngucose and np,o are the Rls of the glucose solution and pure water, respectively. Cqucose is the
concentration of glucose solution in g/ml. The cladding Rl is set as ngjucose instead of n¢, and Angiycose
is the RI change of the glucose solutions from the pure water. The wavelength shifts as functions
of Angiycose for the two WGMSs and their linear fits are shown in Fig. 10(a). Sy1 of 45.8821 nm/RIU
with a SE of 0.3754 nm/RIU and S, of 72.9402 nm/RIU with a SE of 0.7685 nm/RIU for the WGM
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Fig. 10. Wavelength shifts as functions of (a) Angycose and (b) AT for the WGM (0, 36) and WGM
(1, 28). The black-solid and red-dash lines are the linear fits of wavelength shift for the WGM (0, 36)
and WGM (1, 28), respectively.

(0, 36) and WGM (1, 28) can be obtained, respectively. The corresponding RI DL of 8.5906 x 10~*
and 1.9228 x 102 RIU can be achieved. At a fixed temperature (AT = 0), the wavelength shifts
Alwem (0, 36) for the WGM (0, 36) and Aiwem (1, 28) for the WGM (1, 28) as functions of the Angiucose
can be given by

AdwaMm (0, 36)| T—0 = Sn1 Anglucose
. . (10)
AdlweM (1, 28) ‘AT:O = Sn2Anqucose

Finally, the temperature measurements by using the two WGMs are also investigated. Fig. 9(b)
shows Aiwawm (0, 35) and Aiwawm 1, 28) as functions of the temperature variations when the waveguide
cladding is water. According to the linear fits, Sry of 0.0730 nm/K with a SE of 0.0022 nm/K and
Sr2 of 0.0703 nm/K with a SE of 0.0021 nm/K are achieved for the WGM (0, 36) and WGM (1, 28),
respectively. The corresponding temperature DL of 0.1631 and 0.6263 K can be achieved. When
there is an ambient temperature change AT at a fixed solution RI (Angucose = 0), AAwam (0,36) @and
Alwam(1,28) can be obtained as

AdwaM (0. 36) | Angueose=0 = STIAT a1
AdwaGM (1, 28)|Anglucosg=0 = S AT .

According to the (10) and (11), AAwam (o, 36) and Aiwem (1, 28) induced by the changes of the Rl
and temperature simultaneously can be described by

LAAWGM o, SS)J _m,. [Anglucose] _ (Sm ST1> |:Anglucose:|
AXIWGM (1, 28) ’ AT Sn2 Sto AT
45.8821 0.0730\ [ Angiucose
B (72.9402 0.0703> [ AT ]
where M, 1 [22], [23] is defined as a characteristic matrix to represent the sensing performance
of the two WGMs. Since the wavelength shifts of Awem 0, 36) and Awem (1, 28) can be independently

measured, the Rl and temperature changes can be simultaneously measured by monitoring the
resonance shifts of the two WGMs as

ANglucose M- AAwGM (0, 36)
= T
AT ! AAWGM (1, 28)

<—o.0335 34.7479 ) LMWGM . 36)J

(12)

(13)

0.0348 —-21.8577 AXWGM (1, 28)
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Fig. 11. Resonance wavelength difference between the two WGMs (8iwawm) as functions of Angycose
and AT. The red-solid and dash lines are the linear fits of siwgm with different Angycose and AT,
respectively.

TABLE 1
Comparisons of Sensing Performance of Several Optical Micro-Resonators

Optical Variables  Radius Modes Wavelength S, (hm/ DL of RI (RIU) St DL of tem- Ref.
resonator (um) width between  RIU) (pm/K) perature
two modes (nm) (K)
microring RI, 50 WGM (1, 569) ~20 nm 2.9 ~10~7 3.5 ~1073 22
(SQl) Temperature
WGM (2, 550) 29 1.0 56x1073
166  WGM (36, 707) 1479 22x105 -6.9
WGM (37, 700) 636.1 —56.9
Microring RI, 20 WGMs (TEp) ~1.5nm 104 1.2 x 10~* 78.7 0.5 23
(SQl) Temperature
WGMs (TMo) 319 38x10% 341 1.1
DBR microring  RI, TOC 30 WGMs (TE) — 316 — 16.81 - 24
(SizN4/SiO2)
46.7 578 14.55 -
WGMs (TM) 265 - 16.47 -
WGMs (TE) 545 - 13.99 -
WGMs (TM) -
micoring RI, 0.17 surface ~800 nm 732.92 - 290 - 25
(MIM) Temperature plasmon
polaritons
(SPPs)

1476.25 580 -
microdisk RI, 2 WGM (0, 36) ~18 nm 45.8821 8.5906 x 73.0 0.1631  our
(SOl) Temperature 104 work

WGM (1, 28) 72.9402 1.92283 X 70.3 0.6263
10~

The resonance wavelength differences (§Awam) between the two WGMs with different Angjucose
and AT and their linear fits are shown in Fig. 11. SAwgwm increases at a rate of ~27.3604 nm/RIU
(with a SE of 0.7316 nm/RIU) with the increase of Angucose, and decreases at a rate of 0.0028 nm/K
(with a SE of 0.0002 nm/K) with the increase of AT. The Rl sensitivity is less than that (45.8821 or
72.9402 nm/RIU) by monitoring the wavelength shift of a single WGM and is close to the experi-
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ment one (20 nm/RIU) of the WGMs-based sensor in [38]. The temperature sensitivity by monitoring
Siwawm is about one 26th of that by monitoring the wavelength shift of the WGM (0, 36) or WGM
(1, 28). Hence, siwem affected by temperature is much less than ngucose cOmpared with the wave-
length shift of a single WGM. By monitoring dAwem, the measurement of Rl can be achieved with
less temperature influence with the compromising Rl sensitivity.

In Table 1, comparisons of the sensing performance of several optical micro-resonators for
simultaneous measurement of the Rl and temperature are given. The operating wavelengths are
considered within the visible or near-infrared spectral regions. From Table 1, the proposed microdisk
resonator in our work has smaller radius except for that demonstrated in [25]. Due to the smaller
radius, a wider FSR can be achieved to enlarge the measurement range [39]. In the case of
silicon photonics, low-loss waveguides (<1 dB/cm) have been demonstrated at the wavelength
of 1550 nm [40] for a small radius. Meanwhile, the small device size is easy of integration on a
chip for applications of portable instruments. It can also be seen from Table 1 that the wavelength
interval between the two WGMs in our work of ~18 nm is much smaller than that of the microring
based on MIM, which can effectively reduce the wavelength scanning range. Moreover, compared
to [22]-[24], the proposed microdisk resonator has higher temperature sensitivity of 0.0730 nm/K
and lower temperature DL of 0.1631 K for the two WGMs used.

5. Conclusion

In conclusion, simultaneous measurement of surrounding Rl and temperature changes can be
achieved by using two WGMs. The transmission responses of the WGM (1, 28) and WGM (0,36) with
different Wg,,, indicate their different coupling status. The Rl and temperature sensing performances
by monitoring the resonance wavelengths of a single WGM and two WGMs are investigated. The
results show that the Rl sensitivity by only monitoring the resonance wavelength shift of the WGM (1,
28) is 72.9402 nm/RIU, which is higher than that (42.5211 or 45.8821 nm/RIU for different W) of
the WGM (0, 36). However, the approximate temperature sensitivities of 0.0730 and 0.0703 nm/K for
WGM (0, 36) and WGM (1, 28) are respectively achieved by monitoring different WGMs. Thus, the
Rl and temperature changes are simultaneously measured by monitoring the resonance shifts of the
two WGMs with a character matrix. In other words, the measurement of Rl with less temperature
influence is achieved by monitoring éAwagm with the compromising RI sensitivity. The proposed
sensor has a potential application in simultaneous measurement of multi-variables, such as Rl,
temperature, humidity, stress, etc., by using more WGMs and is easy to integrate with other SOI
devices.
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