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Microcavities based on asymmetrical Fano resonance have great potential in the application of ultra-sensitive

sensors. In this paper, a very sharp asymmetrical Fano resonance is achieved by indirectly coupled gain—loss
cavities. The sensitivity for detecting temperature can be enhanced up to 107 /K, 8 orders of magnitude greater
than that for two indirectly coupled lossy cavities. The resolution of the thermal sensor reaches 107! K. A thermal
sensing mechanism based on coupled gain—loss optical cavities is investigated theoretically. The integrated struc-

ture shows potential to be an ultra-sensitive temperature microsensor.

© 2017 Optical Society of America
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1. INTRODUCTION

Optical microresonators with high Q factors and small mode vol-
umes for sensing have received considerable attention in recent
years for their potential applications in temperature [1-6], refrac-
tive index [7,8], pressure [9], biosensing [10—12], and rotation
sensing [13—18]. Recent microresonator sensors have been based
on the measurement of resonance frequency or resonance wave-
length shifts due to the change of the environment parameters.
For thermal sensor applications, the material properties of the
resonator, such as thermal-optical effect and thermal expansion,
are important for the resonance frequency shifts. Temperature
sensors had previously been demonstrated on silica and silicon
microresonators [1,6], but their sensitivity was limited by the
small thermal-optical effect and thermal expansion. Therefore,
high-Q-factor polydimethylsiloxane (PDMS)-coated microreso-
nators with large thermal effect were used for the thermal sensors,
resulting in sensitivity 1 order of magnitude higher than silica and
silicon sensors [2,4].

Another sensing mechanism is through measuring the output
intensity change with the resonance frequency or wavelength
shifts. When measuring output intensity, Fano resonance is ben-
eficial for improving sensitivity. In particular, Fano resonance
with narrow and sharp asymmetrical line shapes has attracted
attention for use in slow light [19,20], low switching threshold
[21], and high-sensitivity sensors [7,8,22,23], which was first
realized in side-coupled waveguide-cavity systems [24]. Since
then, theoretical and experimental works have investigated
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asymmetric Fano resonance (AFR) in different configurations.
In these experiments, AFR was generated in a single whispering-
gallery microresonator (WGM) [25], and showed great potential
for use in high-sensitivity sensors owing to its simple structure.
Furthermore, dynamic Fano-like resonance in Er’-doped
WGM  microresonators for high-sensitivity sensors has been
demonstrated by Yang er al. [26], providing experimental evi-
dence of the Fano resonance in active cavities. In addition,
Zhang [23] has realized high-temperature sensors using an
eye-like ring resonator. A refractive index sensor with a two-
lossy-cavity structure was proposed to produce sharp AFR [7],
but the obtained slope of the asymmetric line shape was not
sharp. Recently, the gain and loss engineering in cavities and
waveguides have been investigated in nonlinearity [27,28], laser
[29], and parity-time symmetry [30,31]. Fano resonace with
large slope is obtained in a parity-time-assisted three-cavity con-
figuration, and the slope is enhanced by 10° compared to that
in Ref. [7].

In this paper, we propose an indirectly coupled gain—loss
cavity configuration to generate AFR. The slope of the AFR
is enhanced by 8 orders of magnitude in comparison with
loss—loss coupled cavities, which is crucial to the sensitivity
of temperature sensors. The paper is organized as follows. In
Section 2, we theoretically analyze the reason for AFR forma-
tion in the proposed structure. In Section 3, we demonstrate
the application of the gain—loss structure as an ultra-sensitive
temperature sensor through numerical investigation.


mailto:zsxiao@buaa.edu.cn
mailto:zsxiao@buaa.edu.cn
mailto:zsxiao@buaa.edu.cn
https://doi.org/10.1364/JOSAB.34.001765
https://crossmark.crossref.org/dialog/?doi=10.1364/JOSAB.34.001765&domain=pdf&date_stamp=2017-07-28

1766 Vol. 34, No. 8 / August 2017 / Journal of the Optical Society of America B

Research Article

2. THEORETICAL MODE AND ANALYSIS

The analyzed structure is shown in Fig. 1; it involves two res-
onant cavites with different effective decay rates. They are
strongly coupled through an optical waveguide. As the distance
L between cavityl and cavity2 is much longer than the wave-
length, no directly coupled mode exists among them. In the pro-
posed configuration, the amplitude of the input and output field
in the waveguide are represented by a;, and 4,, respectively. Due
to the backscattering of the cavities, we define the reflection
amplitude 4,, which can be detected in the input port.

To analyze the behavior of this configuration, we use the
coupled mode theory [7,8,32,33]
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where the internal amplitudes in each cavity are represented by
¢; and ¢y, w; (i = 1, 2) is the resonance frequency of each cavity,
and k; and k;; are external and intrinsic decay rates, respectively.
In cavityl, the effective intrinsic decay rate k; = k7 - g is re-
duced by the pump gain g [8], which can be provided by the
rare-earth ions Er*™ or quantum dots [34,35]. For simplicity,
we assume that the gain in cavityl is ¢ = &kj. Therefore,
the effective decay rate is k; = (1 - £)k;;, which means that
£>1 and £ <1 correspond to the gain and loss conditions,
respectively, in cavityl. The effective interaction parameter
g = € \/Kg1Kg, between the two cavities is dependent on
the cavity—waveguide coupling rate kg; (i = 1, 2) and the propa-
gating phase @ = kL, where k is the propagation constant [7,8].
Experimentally, using the fiber taper to couple, the resonator can
change the coupling coefficient kz by adjusting the gap between
the fiber and the cavity. For control of the propagation phase 6,
we can prepare a fabricated and free cavity, and the distance L
between them can be adjusted arbitrarily by a translation stage
[36]. Using the steady-state condition dc¢;/dt = -icwc; in
Egs. (1) and (2), with the input light at the frequency w, we
can obtain the internal mode of each cavity:
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Fig. 1. Schematic of the coupled gain—loss cavities.

Where bl = ZAa)l - Kg| — K1/2, bz = ZAa)z - Kgp — K12/2, and
Aw; = @ - w; is the frequency detuning. With the input and
output relations [27]

a, = JKgic1 + €i9«/K52f2; (5)
4, = (@, + J/Kpie1) e + Kprer, (6)

the transmission and reflection rates can be derived as
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As can be seen from Eq. (7), the added cavity2 introduces
backward-propagating lights perturbing the phase of the trans-
mission spectra and results in complex interference with the
light transmission in the common waveguide [8,32], which
is the reason for the AFR formation in this configuration.
Assume that the parameters of the two cavities are identical,
ie., W, = w,, kK] = Kp, and kp; = kg, = 20k, [8]. To
demonstrate the characteristics of this coupled system, we dis-
play in Fig. 2 the transmission and reflection spectra of the two
indirectly coupled cavities when the two cavities’ resonance
®; = @, and both spectra exhibit AFR with large slope.
The gain—loss coupled cavities realize a sharper line shape than
configuration with two lossy coupled cavities, that is, the inter-
ference of light radiated by both resonators with the pump light
gives rise to a sharper AFR, which may have very steep fre-
quency dependence. Physically, the gain in cavityl compensates
the loss of the coupled system and narrow-resonance line width,
causing rapid changes in transmission and reflection spectra in
very narrow frequency ranges. In practice, Er’*-doped micro-
resonators have become a mature technology to generate
the gain, and there exists a minimum Er?* concentration to
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Fig. 2. (a) and (b) show transmission and reflection spectra, respec-
tively, of the indirectly coupled cavities. Blue and red curves correspond
to the loss—loss and gain—loss coupled conditions, respectively. (c) and
(d) show slope of (a) and (b), respectively. Here, k;; = kp,,
Kg1 = Kgy = 20k;;, and € = /8.



Research Article

Vol. 34, No. 8 / August 2017 / Journal of the Optical Society of America B 1767

S0
‘5 0.8
206
04
o
100
L 6=0
—o0=n/8
Al ——0=2n/8
——0=3n/8
—0=4n/8
g 1.4 —6=57/8
212 0=6m/8
008 ——0=Tn/8
£ 82 0=n
@03
)
Emo
0 &=
Ay 1
100, 05 oin

Fig. 3. Transmission spectra versus different propagation phase fac-
tors, where m = 0, 1, 2, 3, 4, 5, 6, 7, 8). (a) and (b) are transmission
spectra of loss—loss and gain—loss coupled cavities, respectively. Here,
Ky = Kpp, Kpy = Kgp = 20K,

produce enough gain to compensate the roundtrip loss for a
fixed cavity Q factor. By changing the Er’T concentration
and the pump power, we can realize the gain variation. In
[26,34,37], gain has been accurately controlled to compensate
for the loss of the cavity.

Fano resonance is produced by the two resonances, involv-
ing interference via the optical waveguide, and the new reso-
nant mode in each of the cavities and waveguide coupling
strength are related to the propagating phase 6. This implies
that asymmetric sharp transmission spectra can be produced
by tuning the waveguide distance L between two cavities.
Consequently, the transmission spectra of two lossy indirectly
coupled cavities and gain—loss coupled cavities versus different
0 are shown in the Fig. 3. The transmission spectra exhibit an

I
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Fig. 4. Transmission spectra versus different gain parameters &.
Here, Kj1 = Ky, Ky = Kpp = 20K11.

asymmetric line shape for the properly propagated phase and
realize a sharper line shape in gain—loss configuration with
different propagation phase 6. Obviously, the transmission
and reflection spectra at @ = mm (m is an integer) are symmet-
ric Lorentz line shapes, in that the two resonance modes
calculated by Eqs. (3) and (4) are degenerate. However,
when 6 = 7/8 + mm, an asymmetrical line shape is generated
due to the distinct resonance interference. The reflection and
transmission power at 8 =6, (0, is from 0 to 7) and
6 = 7 - 6, are horizontal mirror symmetric.

The transmission characteristics of the indirectly coupled
structure at different £ are depicted in Fig. 4. Specifically, differ-
ent AFR spectra are obtained by modulating the &. In Fig. 4(a),
a sharp resonance peak in the transmission spectra increases
gradually with increase in & when 6 = 7/8. However, the
transmission increases until it reaches a maximum and then
decreases gradually in Fig. 4(b). By optimizing the propagation
phase 0 and gain parameter &, we can obtain the maximum
slope value of the AFR.

3. TEMPERATURE-SENSING MECHANISAM

Based on the preceding discussion, the sharper AFR causes the
higher sensitivity. Here, the physical mechanism of the indi-
rectly coupled cavity temperature sensors is discussed. When
the coupled cavities come to a steady state, the thermal effect
of the cavities resulting from the temperature changes relies on
the refractive index 7 determined by the materials and diameter
D of the cavities. The change of the resonance wavelength 4
versus 7' in the WGM is [2,4]

4 [1dn 14D
AT~ "°\ndT "~ DAT|
where 4 is the resonance wavelength of the cold cavity and 7
is the effective refractive index; dn/d T is the thermo-optical
coefficient and (1/D)(dD/dT) is the thermal expansion co-

efficient. Hence, for a given input wavelength 4, the derivation
of the normalized transmission signal can be expressed as

AT s 27 [1 dn 1 dD] AT s

T = 7 \ndT T DaT| dw > 10

where ¢ is the light velocity in vacuum. 47, /d T defines the
temperature-detection  sensitivity of the coupled gain—loss
cavities, and the slope is defined as

d Ttrans
do |

According to Egs. (10) and (11), the detection sensitivity is
directly proportional to transmission spectrum slope S, and
larger S means greater temperature-detection sensitivity
AT ans/d T . Figure 5 shows the dependence of the maximum
slope Sy, by varying the values of @ with and without gain
introduced in cavityl. The slope is sensitive to the propagation
phase 8 and the period of the slope is 7, corresponding to the
period of the transmission spectrum. All three curves in Fig. 5
have a minimum value at @ = mzx (where m is an arbitrary in-
teger), which is due to the transmission spectrum’s symmetric
Lorentzian line shape in this condition. The maximum S, of
each curve has been marked in Fig. 5 (see black arrows). As can
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Fig. 5. Maximum slope S, with various propagating phase factors

0/r. The green solid triangle, blue solid quadrate, and red solid dot

correspond to the loss—loss (§ = 0), critical (£ = 1), and gain—loss bal-

ance (¢ = 2) conditions, respectively. kg; = kz; = 20K;;.

be seen, the gain—loss coupled structure (red curve) provides
3 orders of magnitude slope enhancement in comparison with
the two lossy coupled cavities (green curve) at 6, =
+0.017z + ma. When 6 approaches 6,, the slope increases rap-
idly and reaches 10? in the gain-loss coupled condition.

The maximum value of slope S, versus gain parameter & is
depicted in Fig. 6. For a fixed propagating phase 6, when &
increases, S, increases slowly at first and then increases
sharply, reaching the maximum value. All maximum values
of sensitivity Sp,,, are located at the region £ > 1 (i.e., gain—
loss coupled condition) and, with increasing propagating phase
0, the higher gain must be introduced to improve the slope of
AFR. The slope gets a significant enhancement at £ = 2.35,
£ =346, and £ =7.74 when 0 =1x/32, 6 = /16, and
0 = n/8, respectively. It is essential to fix the gain at a specific
value and, as a result, this will affect the functionality of the sensor
dramatically, as shown in Fig. 7. As mentioned earlier, the gain
variation is tuned by changing the Er** concentration and pump
power. Furthermore, the method in Ref. [38] can accurately ad-
just and fix the gain coefficient, with an additional loss induced
on the gain resonator, by a Cr-coated silica-nanofiber tip.

It is worth noting that the preceding analysis is based on the
identical resonance frequency @, = @,, at which resonators are
coupled at same environment and neglect the nonlinear effect.
However, the two cavities have a detuning w;, = @; - @, in

0 2 4 6 8 10

Fig. 6. Maximum slope S,,,, with various gain parameters £. £ < 1
and & > 1 correspond to the loss—loss and gain—loss coupled condi-
tions, respectively. k;; = Ky, kg = Kgy = 20K;1.
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practice. Both the slopes of the transmission spectra and the
resonance peak intensity will decrease when two cavities have
frequency difference w;,, while the detection sensitivity will
not degrade significantly when the two cavities have a fre-
quency detuning @, shown in the inset of the Fig. 7(b).
We also optimize the maximum slope of the AFR at detuning
@1, = 3k;; and find that the slope is 10°. In addition, the cav-
ity mode can be modulated by the electric-optical modulation
or chemical etching [39], through which the detuning @, will
be optimized to achieve the maximum slope.

Considering the actual parameters—input wavelength 4 =
1550 nm, thermal-optical coefficient dn/d T =1.8x 1074, ther-
mal expansion coefficient (1/D)(dD/dT) = -2.7 x 1074,
effective refractive index 7 = 1.37, quality factor Q = 100,
and intrinsic decay rate k;; = 27w/Q—from Ref. [4], we
can numerically calculate the detection sensitivity & T o0 /d T
through the transmission spectra. The detection sensitivity
AT s /d T in gain—loss coupled cavities can be numerically cal-
culated as approaching 1.43 x 107 /K from the highest value in
Fig. 7, which means the transmitted spectrum will change 1.43
when the temperature changes 10~ K. Thus, the gain introduc-
tion plays a key role in sensitivity of the temperature sensor based
on microcavities.

In addition to sensitivity, minimum detectable signal with
respect to noise is another important feature of the sensors.
Either electrical or optical pumps will generate thermal noise
and spontaneous emission noise (SPN) when we provide the
gain in the resonator. Supposing the instrument can detect
the power at the resolution of (AP),;,, the minimum mea-
sured temperature is obtained as

(A T) _ (Ap)min _ (AP)min (1 2)
min - >
APJAT ~ PydT . /dT
1.4 0.7,
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Fig. 7. (a) Transmission spectra in gain—loss coupled cavities when
the two cavities have a detuning @;,. (b) Slopes of (a); inset shows
maximum slope as a function of @;,. (c) Maximum slope S,,,, with
various gain parameters & at detuning w;, = 3k;.
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Table 1. Formula of Noise Source [40]

Noise Source

Formula
Shot noise of detector I3, =2B.e(l, + Iy)
. = 4ky T 3B,/R
]szp—sp = (n]sp)ZBe(ZBO - Be)/B%

Ixz—sp = 4157]215;)35/80

Thermal noise of detector
Spontaneous emission noise

Signal-SPN beat noise

Table 2. List of Simulation Parameters [25,40]

Parameter Symbol Value Unit
Er’* emission lifetime 751 6 ms
Er>* emission cross section 0y 6.33x10°% m?
Plank constant h 6.626 x 10734 J-S
Boltzmann constant kg 1.38 x 1072 /K
Electric charge e 1.6x 107" C
Temperature T o 298.15 K
Quantum efficiency n 0.6813

Electrical bandwidth B, 10 Hz
Load resistance Ry 500 Q

where Py is the input power. The smallest detectable power
changing is limited by the detector noises. The signal-to-
noise ratio (SNR) of the thermal sensor can be expressed
by SNR =//I,, in which I, = enP, /v and I,=

\/ A +15+1 :2_5[, + 7 Szp denote the detected signal and

shot

noise current [40], respectively, and all the terms of 7, shown
in Table 1.

In the equations of Table 1, 7y, = enP,/hv is spontaneous
emission noise current, P, is the spontaneous emission noise
power (for details see Appendix A), B, denotes the optical
bandwidth, B, is the electrical bandwidth, # is the quantum
efficiency, and R; and 7 4 are the resistance and temperature
of the detector, respectively. All the values of the parameters are
given in Table 2. When SNR =1, the smallest detectable
temperature under the noise limit is

\/[szhot + ]fh + ]A’Z-SP + [52P
(en//ﬂ/)POthrans/dT

(A 7")min = (1 3)

The total spontaneous emission noise current we calculate is
4.91 x 10784 (for details see Appendix A), which is far less

-
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—Thermal noise

1012k
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o -
(-] o

0.6

0.4

0.2

Detection limit (AT) .

Pol nw

Fig. 8. Detection limit of the thermal sensor.
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than the shot and thermal noise current. Therefore, we can
neglect the influence of spontaneous emission noise on the
temperature resolution. Figure 8 plots the influence of the
noises on the detection limit. The thermal noise is dominant
and the smallest detectable temperature change is mainly lim-
ited by it. The detection limit of the thermal sensor can be
obtained as (A7), = 1013 K.

min

4. CONCLUSIONS

In summary, we theoretically investigated the evolution of the
AFR in two configurations of gain—loss coupled cavities. Our
results show that the gain—loss condition can greatly enhance
the slope of the AFR, which gives larger transmission spectrum
variation at a fixed resonance frequency than two lossy coupled
cavities. This in turn shows such coupled microresonators to be
promising thermal sensors with high sensitivity (107 /K) and
resolution (10713 K). The investigated structure will enable
ultra-high sensitivity and compact integrated microresonator
sensors to become more feasible in practice.

APPENDIX A

To deal with the optical gain introduced in a resonator and the
noise it generates, the typical coupled mode equation can be
written as

d 1 1
da(t) _ (—z’A +-+ —> a(t) - ipay, - ios(t), (A1)
dt T, T,

where A = @ - @y, and «(z) and s(¢) designate the amplitude
of the resonant mode and the slowly varying amplitude of the
noise, respectively. y is the resonator-waveguide coupling

strength and is equal to y/1/7,. The effective decay rate
is 1/7; = 1/1,-1/7;.

We assume the gain introduced in the resonator through
Est doping in the resonator. For simplicity, we consider
the Er** two-level systems. V| and IV, are the density of the
etbium ions in the states 47 ; /o and s /2> tespectively, and V;

is almost zero. Subsequently, a population inversion between
the two states is formed to provide optical gain. The need
to compensate the intrinsic loss 7, in the cavity calls for the
minimum population density for the upper level

Ny =2 (A2)
€017,
where 6,, is the emission cross-section of erbium ions and 7,
represents the cavity decay time calculated by 7, = Lug/
[1 - exp(-ajpL)]e, in which L represents the perimeter of
the cavity and propagation loss is a;,, = 7.4 /c Q..

Then we can derive an equation for accumulating sponta-
neous emission based on the theory from Refs. [40,41].
Through Egs. (A1) and (A2), the spontaneous emission power
noise power of the resonator can be obtained as

PSP = %wz ! N2 Bo, (A3a)
w8 (E2))
Rsp = NZ VcaV/TZI’ (A3b)
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where B, is the optical bandwidth of the resonator, Ry, is the
rate of spontaneous emission, V,, is the cavity mode volume,
and 7,; denotes the spontaneous emission time from the state

4 4
Iy 10 s ).
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