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In this paper, a detailed theoretical study on the characteristics of cone-shaped inwall capillary-based microsphere
resonators is described and demonstrated for sensing applications. The maximum, minimum, slope, contrast, and
width of the Fano resonance are analyzed. As the transmission coefficient of the capillary resonator increases, the
absolute value of the slope of Fano resonances increases to reach its maximum, which is useful for sensors with an
ultra-high sensitivity. There occurs another phenomenon of electromagnetically induced transparency when the
reflectivity at the capillary–environment interface is close to 100%. We also experimentally demonstrated its
capability for temperature and refractive index sensing, with a sensitivity of 10.9 pm∕°C and 431 dB∕RIU based
on the Fano resonance and the Lorentzian line shape, respectively. © 2017 Chinese Laser Press
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1. INTRODUCTION

The underlying physics of whispering gallery modes (WGMs) is
that the electromagnetic waves are trapped by the continuous in-
ner total reflection and circle along the wall of the microcavity [1].
Because of the extremely high Q-factors and small mode volume
of the WGMs, WGM microcavities have been widely investi-
gated and demonstrated for various applications [2–8]. The typ-
ical spectrum ofWGMmicrocavities is the symmetric Lorentzian
line shape. Under special configurations, the Lorentzian shaped
resonances can transform into asymmetric Fano-like resonances,
which generally have large slopes for sensing and switching ap-
plications. In 2002, Fan designed a structure in which an optical
microresonator was side-coupled to a Fabry–Perot cavity em-
bedded in a waveguide, and asymmetric Fano-like resonance line
shapes in the transmission spectra were observed [9]. From then
on, asymmetric Fano-like resonance line shapes have been ob-
served in a wide variety of configurations of WGMmicrocavities,
such as a WGM microcavity coupled with a Fabry–Perot cavity
[9,10], two directly coupled WGM microcavities [11,12], two
indirectly coupled WGMmicrocavities [13–15], a WGMmicro-
resonator in an aqueous environment [16], a WGM microcavity
coupled with a grating [17], a two-mode polymer coated micro-
cavity [18], and a deformed microcavity [19].

Recently, we proposed a novel and simple cone-shaped
inwall capillary-based microsphere resonator to produce Fano

resonances [20]. The structure is composed of a single-mode
fiber (SMF), a barium titanite glass microsphere, and a capillary
with the end face as a reflector. The light reflected from the re-
flector transforms the symmetric Lorentzian line shapes into
Fano resonances. Generally, there are two reflectors in the
Fano-resonance-based structures of WGM microcavities, such
as those in Refs. [9,10], resulting in an envelope of a Fabry–
Perot cavity in the spectrum, which does not exist in our struc-
ture. After a long and sharp cone-shaped inwall is obtained by
chemical etching, an extremely high coupling efficiency between
the optical fiber and capillary can be produced. Moreover, the
proposed structure is alignment-free, mechanically robust, and
operates in a reflection mode, making it very attractive in many
applications. Our previous work has focused on the proof-of-
concept of this structure. In this paper, we systematically
investigate the characteristics of the structure by simulation and
experiment, including analyzing the effects of various factors on
Fano resonances by simulation, and experimentally demonstrating
the characteristics for temperature and refractive index sensing.

2. THEORETICAL ANALYSES

Figure 1(a) shows the cone-shaped inwall capillary based micro-
sphere resonator, of which the structure, model, and fabrication
have been described in Ref. [20], with the normalized reflection
PR given by
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where t and k are the transmission coefficient and coupling
coefficient, respectively, of the capillary resonator satisfying
the equation k2 � t2 � 1, under the condition of lossless cou-
pling. τ is the round-trip resonator transmission coefficient. p is
halfway phase factor satisfying p � exp�iθ∕2�. θ is the normal-
ized frequency satisfying θ � 4π2neffR∕λ. neff is the effective
index of the microsphere. R is the radius of the microsphere.
λ is the optical wavelength in vacuum. δ and L are the phase
difference and distance from the capillary resonator coupling
region to the front end face of the capillary, respectively,
with δ � βL, where β as the propagation constant. r is the
reflectivity at the capillary–environment interface satisfying
r � �ncap − nenv�∕�ncap � nenv�, with ncap and nenv as the re-
fractive indices of capillary and environment (air, solution,
or other coated materials), respectively. Figure 1(b) shows a typ-
ical Fano resonance with the definitions of relevant parameters.
The width of the Fano resonance Δθ is the difference of
the abscissa values of the maximum and minimum. The con-
trast of the Fano resonance is the difference of the ordinate
values of the maximum and minimum, while the slope of
the Fano resonance is the slope of the midpoint between
the maximum and minimum.

To illustrate the evolution of Fano resonances as functions
of the phase difference δ, we set t, τ, and r as 0.95, 0.95, and
20%, respectively. From Eq. (1), we can see that the spectrum is
periodic within a period of π and asymmetrical in a period, as
shown in Fig. 2(a). The progresses of PR as a function of the
phase difference in four different quadrants (π∕4 each) are plot-
ted in Figs. 2(b)–2(e). Although the resonance depth varies, the
maxima and minima occur at about the same locations. This
suggests that the phase difference affects mainly the shapes of
the spectra, including the traditional Lorentzian line shape and
Fano resonances, which can be controlled through the length
from the capillary end face to the coupling point.

To study the coupling between the capillary and resonator
and its impact on the resonator system, we set the phase differ-
ence δ and the reflectivity at the capillary–air interface r as 0.3π
and 20%, respectively, and the round-trip resonator transmis-
sion coefficient τ to be 0.9, 0.95, and 0.99. We choose the
transmission coefficient of the capillary resonator t to vary from
0.880 to 1.0 to investigate the characteristics of the Fano res-
onances, noting that there is no resonator, and PR � jrj2 when
t equals 1. From Figs. 3(a)–3(c), we find that the maximum
becomes smaller and its location does not change regardless

of the value of τ. Meanwhile, the slope changed nonlinearly,
as shown in Fig. 3(d). For example, the absolute value of
the slope reaches its maximum at about t � 0.98 for
τ � 0.9. This suggests that the slope can be optimized accord-
ing to the relation between the resonator loss and the coupling,
similar to the critical coupling for the maximal contrast in a
traditional taper coupled resonator system.

Figure 3 also indicates that the maximum and minimum
values of the Fano resonance change at different conditions.
The detailed changing processes are shown in Fig. 4. In
Fig. 4(a), the maximum values decrease versus the transmission
coefficient t at all values of τ. Moreover, the intensity decreases,

1-1 0
/

0

-35

-70

P
R
(d

B
)

Width

Contrast

Maximum

Minimum

Slope

(b)(a)

Reflector

Microsphere 

Cone-shaped inwall capillary

Fig. 1. (a) Schematic of the cone-shaped inwall capillary-based
microsphere resonator. (b) A typical Fano resonance and relevant
parameter definitions.
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Fig. 2. (a) Simulation of Fano resonances versus normalized fre-
quency and δ (the reflection is normalized). (b)–(e) are the progression
of PR as a function of δ in four quadrants of π∕4 each.
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Fig. 3. (a)–(c) Simulations when τ are 0.9, 0.95, and 0.99,
respectively. (d) Illustration of the changing process of slope.
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with τ decreasing as a result of the increasing loss of the res-
onator. In contrast, the minimum values generally increase
versus t regardless of the value of τ, as shown in Fig. 4(b), while
the intensity increases when τ decreases.

As t increases from 0.880 to 0.999, the width of Fano res-
onance Δθ decreases nearly linearly regardless of the value of τ.
Moreover, the intensity decreases as τ increases, as shown in
Fig. 5(a). This is similar to the mode splitting in the system
of multiple resonators [21], due to the interactions of light
trapped in the resonator and reflected from the capillary front
end face. Similarly, the contrast generally also decreases as t in-
creases from 0.880 to 0.999, but not linearly, regardless of the
value of τ except for τ � 0.99, as shown in Fig. 5(b). On the
contrary, the intensity of the contrast increases due to the de-
creasing of the resonator loss.

The reflectivity at the capillary–environment interface r can
be tailored by coating specific materials. To investigate the
effect of r, we first set both τ and t to be 0.95 and choose
δ as three typical values: 0, 0.5π, and 0.265π. If the capillary
end is immersed into the index matching oil, the reflectivity r
equals to 0. When δ equals to 0 and 0.5π, respectively, the res-
onances in these two cases at first are both Lorentzian shaped,
and the contrast of them decreases as r increases from 0 to
100%. When r is close to 100% and the capillary end face
is coated with high reflectivity materials such as Au/Ag, the for-
mer is a Lorentzian line shape; however, the latter becomes an
Lorentzian line shape with a peak inside the dip, as shown in
Figs. 6(a) and 6(b). The latter is similar to the previously re-
ported phenomenon named electromagnetically induced trans-
parency (EIT) [11]. When δ is equal to 0.265π, the resonance
is always Fano-resonance shaped, and the absolute value of its
slope increases. Meanwhile, the width of Fano resonances first
decreases and then increases, as shown in Figs. 6(c) and 6(d),

as r increases from 0 to 100%. Therefore, both the slope and
the Fano resonance width can be tailored by the coating
method.
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Fig. 4. Simulation of (a) the maximum and (b) the minimum
versus t, when τ is 0.9, 0.95, and 0.99.
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Fig. 7. (a) Spectra, (b) peak wavelength shifts, and (c) width of a
Fano resonance when temperature increases.
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3. SENSING DEMONSTRATIONS

The capillary with an inner diameter of 5 μm spliced to the
SMF is immersed into hydrofluoric solution, until the thick-
ness of the capillary end wall is etched to 5 μm [20]. Then
a microsphere with a diameter of 45 μm and refractive index
of 1.93 is inserted into the cone via the precision fiber align-
ment stage and fiber taper, which is held firmly by the capillary
with friction. The microsphere resonator is made of barium
titanite glass [20], which is inherently sensitive to temperature
and the surrounding environment. As a result, the device can be
directly used as a temperature and refractive index sensor. We
placed the device into the temperature cabinet and increased
temperature from 0°C to 100°C with an interval of 10°C.
As the temperature increased, the Fano resonance showed a
redshift with a sensitivity of 10.9 pm∕°C, as shown in
Figs. 7(a) and 7(b). Meanwhile, the width of the Fano reso-
nance Δλw (in the unit of nanometer) became larger, as shown
in Fig. 7(c). This is due to the coupling between the resonator
and the capillary increases, because the temperature increase
will induce the microsphere to become slightly larger. This
is also validated by the simulation results in Fig. 5(a), with
smaller t corresponding to a larger coupling. According to
the temperature sensing principle, there occurs the following
relationship between the wavelength shift Δλ0 at the wave-
length λ0 and the temperature variation ΔT [22]:

Δλ0
ΔT

� �α� ξ�λ0; (2)

where α and ξ are the thermo-expansion coefficient and the
thermo-optic coefficient, respectively. As the thermal-expansion
coefficient generally is of the order of 10 times the thermo-optic
coefficient for the glass, the thermal-expansion effect would be
dominant. The theoretical temperature sensitivity is calculated to
be 10.85 pm∕°C, which agrees with the experimental result.

The device can also be used as a refractive index sensor. We
prepared several groups of solutions composed of ethanol and
glycerine, with the refractive index varying from 1.4125 to
1.4365. The device was immersed into the solution and its re-
flection spectrum was taken and analyzed, noting that the micro-
sphere coupling part should be away from the solution to avoid
influencing the resonance condition. If there is no microsphere
in the capillary, the spectrum will be a fairly flat line. Because of
the great decrement of the reflection on the front end face of the
capillary, the Fano resonances transformed into regular WGMs,
as shown in Fig. 8(a). However, the peak wavelengths mainly
stay at the same locations, which confirms that the microsphere
coupling part is not touching the solution. As the refractive index
increases, more light in the capillary wall will enter into the sol-
ution; as a result, the intensity of the resonance peaks decreases
linearly, with a sensitivity of 431 dB∕RIU observed around the
peak at 1529 nm, as shown in Fig. 8(b).

4. CONCLUSION

In summary, we have investigated the characteristics of a cone-
shaped inwall capillary-based microsphere resonator, and dem-
onstrated its capability for temperature and refractive index
sensing. The effects of various parameters on Fano resonances
are studied in detail. It is found that, for the absolute value of
slope, there exists a maximum point, which has great potential
for optical switching and sensing with high performance.
Moreover, we find the phenomenon of EIT when the phase
difference δ is adopted as 0.5π, as long as the reflectivity r
is close to 100%. Finally, we demonstrated the sensing charac-
teristics of the structure by experiments, with a sensitivity of
10.9 pm∕°C for temperature sensing based on the Fano reso-
nance, while it was 431 dB∕RIU for refractive index sensing
based on the Lorentzian line shape.
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