
Extinction ratio and resonant wavelength tuning using
three dimensions of silica microresonators

Song Zhu, Yang Liu, Lei Shi,* Xinbiao Xu, and Xinliang Zhang

Wuhan National Laboratory for Optoelectronics, Huazhong University of Science and Technology,
Wuhan 430074, China

*Corresponding author: lshi@hust.edu.cn

Received June 24, 2016; revised August 10, 2016; accepted August 13, 2016;
posted August 17, 2016 (Doc. ID 269140); published September 16, 2016

In this paper, a multidimensional tuning method of the silica microcapillary resonator (MCR) is proposed and
demonstrated whereby the extinction ratio (ER) as well as the resonant wavelength can be individually controlled.
An ER tuning range of up to 17 dB and a maximum tuning sensitivity of 0.3 dB/μm are realized due to the tapered
profile of the silica optical microfiber (MF) when the MF is adjusted along its axial direction. Compared to direct
tuning of the coupling gap, this method could lower the requirement for the resolution of displacement stage to
micrometers. When the MF is adjusted along the axial direction of the silica microcapillary, a resonance shift of
3.06 nm and maximum tuning sensitivity of 0.01 nm/μm are achieved. This method avoids the use of an applied
external field to control the silica microresonators. Moreover, when air is replaced by ethanol andwater in the core
of the silica microcapillary, a maximum resonance shift of 5.22 nm is also achieved to further enlarge the reso-
nance tuning range. Finally, a microbubble resonator with a higher Q factor is also fabricated to achieve an ER
tuning range of 8.5 dB. Our method fully takes advantage of the unique structure of the MCR to separately and
easily tune its key parameters, and may broaden its applications in optical signal processing and sensing. © 2016
Chinese Laser Press

OCIS codes: (230.5750) Resonators; (230.3990) Micro-optical devices; (170.4520) Optical confinement and
manipulation.
http://dx.doi.org/10.1364/PRJ.4.000191

1. INTRODUCTION
In recent years, whispering-gallery mode (WGM) optical
microresonators have attracted much attention and shown
great potential [1–7]. Due to their highQ factor and sensitivity,
silica whispering-gallery microresonators have been widely
applied in various applications such as lasers [8–12], sensing
[13–18], biomolecular and single nanoparticle detection
[19–21], nonlinear optics [22,23], signal processing [23], and
optomechanics [24–27]. Since the spectrum tunability plays
a significant role in enhancing the flexibility of the silica
whispering-gallery microresonators, the resonance tuning of
the microresonators has been demonstrated. A resonance
tuning of WGMs in the silica microsphere by changing the
exerted electrostatic field strength was demonstrated by
Ioppolo et al. [28], but the tuning range was only tens of pic-
ometers. As a result, other methods of tuning the resonant
wavelength were investigated such as thermally assisted
chemical etching and mechanical stretching [29–33]. In order
to realize a larger tuning range, a microbubble resonator with
wall thickness of 3 μm was fabricated to realize a mechanical
tuning range of about 5.5 nm [34]. Also, by combination with
the stretchable ability of polydimethylsiloxane (PDMS), the
polymeric spherical microresonator was fabricated to tune
the resonant wavelength with a range of 15 nm [35]. Using
the same method, high-Q PDMS microresonators were fabri-
cated to realize a broad strain tuning range of 50 nm [36].
Additionally, based on the photothermal effect, a novel silica
microsphere resonator embedded with iron-oxide nanopar-
ticles, which realized a large tuning range of over 13 nm

and tuning sensitivity of 0.2 nm/mW, was demonstrated in
our previous work [37]. Apart from microsphere resonators,
the silica microcapillary resonator (MCR) has been used as
one kind of WGM microresonator for tuning the resonant
wavelength. In order to achieve practical application, an all-
optical tuning scheme for silica MCRs was reported in another
of our previous works [38], and a tuning range of 3.3 nm and
tuning sensitivity of 0.15 nm/mW were achieved.

Since there is a weak Kerr effect and a lack of plasma
dispersion effect in silica, it is difficult to realize the tunability
of WGMs in the silica microresonators. The hollow core of
the silica microcapillary has been used as one dimension
for achieving the tuning of the MCRs. However, the previous
work [38] only focused on this dimension to control the
resonant wavelength, excluding the other parameters by
using relatively complex procedures. In this work, a three-
dimensional tuning method of the silica MCRs is proposed
and demonstrated. Here, the silica microcapillaries and opti-
cal microfibers (MFs) we fabricated both possess tapered
profiles.

A schematic view of the device and operation principle is
illustrated in Fig. 1. The tapered profiles open up new tuning
dimensions to control the silica MCRs. The extinction ratio
(ER) tuning can be achieved when the microcapillary couples
with the MF at different spots along the gradient profile of the
MF, which can be utilized to realize the application in signal
process such as order-tunable photonic differentiator and fil-
ters. Besides, there is also a tapered profile on the drawn silica
microcapillary; thus, it can be used to realize resonant wave-
length tuning when the coupling spot moves along the axial
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direction of the microcapillary. We also predict that the res-
onance tunability can be achieved by changing the liquid re-
fractive index (RI) within the core of the silica microcapillary,
which can further enlarge the wavelength tuning range, which
can then be used in applications including the tunable filter.
This tuning method sufficiently makes use of the unique struc-
ture of the MCR to separately and easily tune its main param-
eters and realize a relatively large tuning range and high
tuning sensitivity.

2. DEVICE FABRICATION
A bare silica microcapillary has an outer diameter of 140 μm
and inner diameter of 100 μm. In order to get a silica micro-
capillary with a tapered profile and thinner wall, it is neces-
sary to treat it carefully. Since there were polyimide coatings
on the outer surface of the silica microcapillary, the coatings
were stripped by a hydrogen flame heating technology. After
the bare silica microcapillary was heated by the flame, a
syringe was used to pump air into the core of the microcapil-
lary. Then a microcapillary with a minimum outer diameter of
about 53 μm was drawn from the original microcapillary with
an outer diameter of 140 μm. The wall thickness of the drawn
silica microcapillary was about 2.5 μm. Since there were res-
idues of the polyimide coatings on the outer surface of the
silica microcapillary, ethanol was used to clean the residues.

Silica optical MFs were fabricated from standard single-
mode fibers (SMFs), and an improved flame-heated technique
was adopted to draw the SMFs into MFs [38,39]. The tapered
profile of the MF could be used to tune the ER of the trans-
mission spectrum of the silica MCR.

3. EXPERIMENTAL RESULTS AND
DISCUSSION
The ER is determined by the coupling efficiency between the
MF and the silica microcapillary. The coupling efficiency can
be influenced not only by the gap between the MF and the
silica microcapillary, but also the diameter of the MF. Direct
accurate tuning of the coupling gap requires a high-resolution
displacement stage. The resolution of our displacement stage
is 1 μm, and thus it can’t meet the requirement of direct

accurate adjustment of the gap. In this work, a new ER tuning
method is proposed. The MF is deposited perpendicularly to
and keeps in touch with the silica microcapillary to excite the
WGMs of the silica MCR. We can find that the coupled MF
possesses a tapered profile which provides a gradient in ra-
dius. The gradient of the MF radius indicates a gradient in cou-
pling coefficient between the MF and the silica microcapillary
because variant taper radius is related to the evanescent light
field. Therefore, the tapered profile indicates that the coupling
efficiency can be tuned by just slightly adjusting the silica
MF along its axial direction. This is analyzed by numerical cal-
culation according to previous theory [40], as illustrated in
Fig. 2(a). When the diameter of the MF increases, the evanes-
cent light field outside the MF decreases, and so the coupling
efficiency tends to decrease. Accordingly, it can be predicted
that this method can accurately control the ER of the trans-
mission spectrum almost without resonant wavelength shift.

The experimental result is shown in Figs. 2(b)–2(d). From
Fig. 2(b), we note that there is only one evident dip in the free
spectral range (FSR). Resonance dip 1, 2, and 3 denote the
fundamental WGMs of the silica MCR, whereas the higher-
order WGMs are almost negligible. Additionally, there exists
one split for the resonance at around 1560 nm due to the in-
terference between the fundamental mode and the higher-
order mode [41,42]. In contrast to the fundamental WGMs,
the evanescent field of the higher-order modes penetrates
more into the core of the microcapillary so that the higher-
order modes undergo larger bending loss and absorption loss
than those of the fundamental WGMs. Moreover, the drawn
silica microcapillary has a smaller diameter and thinner wall
compared to a bare one. This leads to greater loss of the
higher-order WGMs and consequently smoother transmission
spectra. A fundamental WGM around 1550 nm was selected
with the maximum ER of about 25 dB. In this work, the ER
tuning range of up to 17 dB is achieved as the MF is moved
along its axial direction. In Fig. 2(c), the minimum ER is about
8 dB. According to Fig. 2(a), we predict that the ER will tend
to zero when the MF is adjusted to the coupling spot where the
taper diameter of the MF is large enough.

Fig. 1. Schematic diagram of the multidimensional tuning method.
The waist of the MF is about 1 μm and the minimum outer diameter
of the silica microcapillary is about 53 μm with a wall thickness of
about 2.5 μm.

Fig. 2. (a) Coupling efficiency as a function of the fiber taper diam-
eter. (b) Transmission spectra of the silica MCR at different coupling
spots along the gradient profile of the MF (moving distance S is 0, 10,
30, 50, 70, 90, 120, 150, and 170 μm, respectively, from high to low ER).
(c) Transmission spectra of the silica MCR at around 1550 nm. (d) ER
tuning as a function of the moving distance S.
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According to our requirement, the MF moving direction
should be perpendicular to the axial direction of the silica
microcapillary. There is no displacement along the axial direc-
tion of the silica microcapillary when the MF is adjusted along
its axial direction. It is a prerequisite that there be no wave-
length shift while the ER varies. In Fig. 2(c), as the ER
changes, the resonant wavelength experiences a very slight
shift at around 1550 nm. At the same time, the bandwidth
(δλ) decreases with the decreasing of the ER, and thus the
Q factor increases moderately with the increase of moving
distance (S), because it is in the process from overcoupling
to undercoupling. Furthermore, according to Fig. 2(b), the
MF moving distance S is 170 μm and corresponding continu-
ous tuning range is 17 dB. The maximum tuning sensitivity
of 0.3 dB/μm is achieved—that is to say, when the MF moves
a distance of 1 μm, a tuning resolution of 0.3 dB can be
achieved. High-resolution ER tuning is impossible to achieve
by tuning the gap directly based on our 1 μm resolution dis-
placement stage. Besides, according to Fig. 2(d), the slope
varies at different moving distances because the slope of the
taper is not uniform along the axial direction of the MF.
Moreover, according to Fig. 2(a), with the increase of the
MF taper diameter, the coupling efficiency decreases more
and more slowly. We predict that the resolution of the ER
tuning tends to be higher when the tapered profile of the
MF becomes flatter.

Apart from the ER tuning, the resonance of the WGMs in
the silica microresonator has been studied a lot in previous
work. Here, a simple resonance-tuning method is demon-
strated, as shown in Fig. 1. After the silica microcapillary is
drawn from the outer diameter of 140 to 53 μm, the tapered
silica microcapillary possesses a gradient profile in radius.
The resonance of the WGMs in the silica microcapillary is ap-
proximately described as 2πR · neff � mλ, where R is the outer
radius of the silica microcapillary at the coupling spot, neff is
the effective RI, λ is the resonant wavelength in vacuum, and
m is the angular number as an integer. When the MF moves
along the axial direction of the silica microcapillary, the cou-
pling spot between the MF and the silica microcapillary
changes. Because of the tapered profile of the silica microca-
pillary, R varies with the coupling spot. Here, moving distance
(L) of the MF along the axial direction of the silica microca-
pillary is considered as the foremost influencing factor on R.
Thus, the relation between L, R, and the resonance shift Δλ
can be described by

Δλ � λ

R
·
∂R
∂L

· ΔL: (1)

Equation (1) reflects that the resonance shift Δλ can be con-
trolled by the moving distance L. It can be seen that λ will
increase with the moving distance L of the MF along the axial
direction of the silica microcapillary; it is consistent with the
results of experiments presented in Fig. 3.

According to Fig. 3, when the moving distance L is 560 μm,
the corresponding resonance shift is 3.06 nm with a small
change of the ER, realizing a relatively large tuning range and
maximum tuning sensitivity of 0.01 nm/μm. Apart from that,
when the MF moves along the tapered profile of the silica mi-
crocapillary, the wavelength tuning rate varies because there
is a trend that the diameter of the microcapillary at different
coupling spots increases more and more quickly. We predict

that the resonant wavelength can shift at a higher resolution,
as the silica microcapillary exhibits flatter tapered profile
along the axial direction. In addition, the FSR gets slightly
smaller in the process of the resonance tuning with increasing
microcapillary diameter.

The resonance tuning range in the scheme just discussed
is not large enough compared to the FSR. As shown in
Fig. 1, the silica MCR has a natural fluidic channel. According
to 2πR · neff � mλ, as the evanescent light field of the WGMs
can experience the change in the RI induced by different
liquid, the resonant wavelength can be tuned by replacing
the liquid which flows through the core of the silica microca-
pillary. Therefore, the fluidic channel can be used as another
dimension to enlarge the resonance tuning range. In order to
analyze the extent of the interaction between fluid andWGMs,
the distribution of the WGMs in the MCR ought to be pre-
sented. The electromagnetic waves inside a microcapillary
can be described by solving the Helmholtz equation in cylin-
drical coordinates. The radial distribution of the WGM of an
MCR can be described as [1]

Em;l�r� �

8>><
>>:

AJm�k�l�0 n1r� �r ≤ r1�
BJm�k�l�0 n2r��CH�1�

m �k�l�0 n2r� �r1 < r ≤ r2�
DH�1�

m �k�l�0 n3r� �r > r2�
; (2)

where Jm and H�1�
m are the Bessel and Hankel functions of the

first kind, respectively, with mth. The RIs of the core, wall,
and medium outside are described by n1, n2, and n3. r1 and
r2 represent the inner and outer radius of the microcapillary,
respectively. k�l�0 represents the amplitude of the resonance
wave vector in vacuum with order l. A, B, C, and D are deter-
mined by the boundary conditions. The extent to which the
WGM interacts with the fluid within the core depends on the
wall thickness and the order of the WGMs. The fundamental
WGM is considered in this work and the method for decreas-
ing the wall thickness is adopted to improve the fluidic tuning
performance. The modes of WGM structures can be deter-
mined using COMSOL. Figures 4(a)–4(d) show the mode dis-
tributions of the MCR with wall thickness of 20 and 2.5 μm,
respectively. We observe that the WGM in the MCR with
smaller wall thickness has larger overlap with fluid within
the core, and the percentage of the WGM in the core was
found by integrating the field in the core and wall of the
microcapillary, as shown in Fig. 4(e). We find that the energy
percentage of the WGMs in the core increases with the de-
creasing of the wall thickness. As a result, the extent of the

Fig. 3. (a) Transmission spectra of the silica MCR at different cou-
pling spots along the gradient profile of the silica microcapillary
(the moving distance L is 0, 400, 500, and 560 μm, respectively).
(b) Resonance tuning as a function of the moving distance L.
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interaction between the mode and the fluid in the core is
larger, leading to greater tuning range and higher sensitivity.

Experiments were carried out to test the feasibility of
the resonance tuning by changing the RI within the silica
microcapillary. The original silica microcapillary has a wall
thickness of 20 μm. According to Fig. 4(e), when the WGMs
circulate in the wall, the vast majority of the light is confined
within the wall and the evanescent field penetrating into the
core is very small; thus, it is indispensable to decrease the wall
thickness. According to the method we just mentioned, the
wall thickness could be decreased to about 2.5 μm. Here,
ethanol was utilized to replace air with the help of a syringe.
The RI of ethanol is 1.36 at 1550 nm. The relation between
neff , ncore, and the resonance shift Δλ can be described as

Δλ � λ

neff
·
∂neff

∂ncore
· Δncore; (3)

where ncore represents the RI in the core of the silica micro-
capillary. With the increase of ncore, neff of the WGM increases
and a redshift happens. The resonance shift of the WGM is
shown in Fig. 5(a). We observe that a resonance shift of
1.42 nm was achieved. At last, in order to further verify the
influence of the decreasing wall thickness and enlarge the
fluidic tuning range, another MCR was fabricated with wall
thickness of about 2 μm. Figure 5(b) shows the resonance
shift when water and ethanol, respectively, were pumped into

the core, with a maximum tuning range up to 5.22 nm. We pre-
dict that the fluidic channel possesses the potential to tune the
resonant wavelength for a large range. Hence, a larger reso-
nance tuning range can be realized using this simple method.

4. PERFORMANCE LIMITATION
The low Q factor mainly results from weak confinement of
WGMs along the axial direction of the MCR, the overcoupling
state between the MF and the MCR, and the residues on the
surface of the microcapillary. Since the coupling regime
between the MF and the MCR is located in the taper area
of the drawn capillary, the WGMs’ light cannot be confined
along the axial direction of the capillary, which will increase
the loss of the WGMs in the resonator and leads to degrada-
tion of theQ factor [13]. Moreover, in order to stably adjust the
coupling MF, the MF is in touch with the MCR, which will lead
to overcoupling and reduction of the Q factor [43–45]. Since
the polyimide coatings on the outer surface of the microcapil-
lary are stripped by a hydrogen flame heating technology, the
residues could induce the scattering loss.

In order to improve theQ factor, the microbubble resonator
is fabricated due to the RI limitation along the axial direction
of it [17], as shown in Fig. 6(a). The transmission spectrum of
the microbubble resonator is measured through the optical
spectrum analyzer with a resolution of 0.02 nm, as shown
in Fig. 6(b). A Q factor of over 5.2 × 104 is realized, which
is close to the resolution of the optical spectrum analyzer.

Fig. 4. Electric field in the MCR with wall thickness of (a), (b) 20 μm
and (c), (d) about 2.5 μm. (e) Energy percentage of the WGM in the
core as a function of the microcapillary wall thickness for the funda-
mental mode.

Fig. 5. Resonance tuning of the silica MCR with wall thickness of
(a) about 2.5 μm and (b) about 2 μm.

Fig. 6. (a) Optical microscopic image of the microbubble resonator.
(b) Transmission spectrum of the microbubble resonator. (c) ER tun-
ing of a resonance around 1560.5 nm (the moving distance S is 0, 40,
90, 120, 180, 210, 270, 330, and 400 μm, respectively, from high to
low ER). (d) ER tuning as a function of the moving distance S.
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The very large mode density results from the strong aspher-
icity of the bottle-like resonator [46], and thus it is difficult to
measure the resonance-tuning range by adjusting the MF with
our present displacement stage. ER tuning with the higher Q
factor of 5.2 × 104 (dip 1) is carried out, as shown in Figs. 6(c)
and 6(d), and a tuning range of 8.5 dB is achieved. Therefore,
high-Q WGMs tuning can be experimentally realized and the
low-Q resonance is utilized to verify the possibility of large
wavelength and ER tuning range.

5. CONCLUSION
In summary, we propose a novel method to control the ER and
resonance individually based on three dimensions of silica
MCRs. By adjusting the MF along its axial direction, an ER
tuning range of 17 dB and maximum tuning sensitivity of
0.3 dB/μm were achieved. At another dimension, a resonant
wavelength shift of 3.06 nmwith a maximum tuning sensitivity
of 0.01 nm/μm was realized, owing to the coupling spot vary-
ing along the axial direction of the silica microcapillary. Apart
from that, another resonance shift of 5.22 nm was obtained by
injecting ethanol into the core in order to further enlarge the
wavelength tuning range. In order to improve the Q factor, the
microbubble resonator was fabricated to realize an ER tuning
range of 8.5 dB with a Q factor of 5.2 × 104. Thus, the multi-
dimensional method can be regarded as a versatile approach
to separately tuning the main parameters of the silica MCRs,
which can be utilized in applications such as tunable filters
and order-tunable photonic differentiators.
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