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We report the fabrication and optical characterization of spherical whispering gallery mode (WGM) res-
onators made from ultraviolet (UV)-curable adhesive. The fabricated microspheres have good sphericity
and surface smoothness, and can directly adhere to the tip of half-tapered fibers for easy manipulation.
WGMs are efficiently excited in the microsphere using an evanescent field of the tapered silica optical
fibers. Resonances with quality factors of 1.3×105 are observed. The dependence of wavelength shifts of
WGM resonances on the input light powers shows that the resonant wavelength of the proposed micro-
sphere resonators can be tuned thermo-optically.
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Optical cavities that can circularly confine electromag-
netic oscillation inside a smooth inner surface with a
stable field distribution because of continuous total in-
ternal reflection are called whispering gallery mode res-
onators (WGMRs). The cavity modes are referred to as
morphology-dependent resonances[1], which are a func-
tion of cavity morphological characteristics and dielec-
tric properties. These WGMRs can be realized from a
wide variety of materials (from liquid to solid) in nu-
merous kinds of structures, such as microspheres, micro-
toroids, and microdisks, up to the most exotic structures
(i.e., microbottle and micro-kayak)[2−4]. Spherical dielec-
tric resonators are the simplest three-dimensional (3D)
WGMRs, typically with diameters of tens to hundreds
of micrometers. They have elicited increasing research
attention over the past few decades because of their
exceptionally high-quality factors (Q-factor), ease of fab-
rication, and small mode volume[5,6].

WGM resonances were initially observed in light
scattering from spherical dielectric particles in liquid
resonators[7]. Lasers were originally implemented in
these microdroplets[8]. Microdroplets were also used in
studies of cavity-enhanced spectroscopy[9], dye-doped
liquid lasing, fluorescence[10,11], and stimulated Raman
scattering[12]. Unfortunately, applications of micro-
droplet WGMRs are greatly limited by their short evap-
orative lifetime, mechanical instabilities, and difficulties
in manipulation. One of the most common production
techniques is to solidify droplets of molten silica into solid
microspheres[13]. This widely used technique produces
microspheres with the desired diameter by heating the
tip of a tapered optical fiber in the focused beam of a
CO2 laser. The preparation of silica microspheres with
CO2 laser not only requires glass in the form of a rod or a
fiber and permits the fabrication of only one microsphere
at a time, but also requires a complex setup involving a
high-power CO2 laser. Polydimethylsiloxane (PDMS) is

a material of high light transmittance, distinct thermal
response, and large thermal nonlinearity. PDMS is exten-
sively used to fabricate microspheres[14] and investigate
electromagnetically induced, transparency-like effect and
thermal sensing of the microcavities[15−17]. However,
the cure time of a PDMS microsphere is over a period
of 4 or 5 days at room temperature. Other polymer
microspheres can be prepared by melting–solidifying or
heterogeneous polymerization methods with polymethyl
methacrylate[18] and dye-doped polymer[19]. Neverthe-
less, the surface smoothness and Q-factor of these micro-
spheres may be restricted to a certain degree because of
uneven heating and introduction of other impurities.

In this letter, we demonstrate a simple, reliable, and
time-saving method to fabricate high-quality microsphere
WGMRs in low-loss, ultraviolet (UV)-curable adhesive
with a low-cost UV lamp. The fabricated microspheres
possess good sphericity and surface smoothness, and
directly adhere to the tip of half-tapered fibers for easy

Fig. 1. Microscope images of three half-tapered fibers with
waist diameters of (a) 3.2 µm, (b) 8.6 µm, and (c) 20 µm
under a 40× microscope objective.
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Fig. 2. (a–e) Fabrication process for obtaining UV-curable
adhesive microspheres. Inset: microscope image of a UV-
curable adhesive microsphere with diameter D ∼ 81.4 µm
under a 10× microscope objective.

manipulation. Meanwhile, using UV-curable photopoly-
mers with a UV lamp allows parallel fabrication of sev-
eral spheres at a time, and the preparation time is less
than half an hour. The WGM resonances of the UV-
curable adhesive microspheres have been characterized
using evanescent coupling from tapered silica optical
fibers. High Q-factors of the resonances at wavelengths
near 1.55 µm have been observed. The dependence of
the wavelength shift of WGM resonances on input light
power has also been studied, and results show thermo-
optically controllable resonance of UV-curable adhesive
microsphere WGMRs.

The microsphere is fabricated from a droplet of com-
mercially available Norland Optical Adhesive 61 (NOA
61) transferred onto an already fabricated half-tapered
optical fiber using a heating-and-pulling technique. Fig-
ure 1 shows the half-tapered fiber with waist diameters
of 3.2, 8.6, and 20 µm.

NOA 61 was chosen for microsphere fabrication be-
cause of its extremely broad transparency, good chemical
stability, appropriate viscosity (300 cps at 25 ˚C), high
hardness (after curing), low shrinkage, thermal nonlin-
earity, and excellent curability upon UV irradiation[20].
Its low optical attenuation loss in the range from 400 to
2000 nm is also the basic requirement to obtain high-Q
WGMRs working at optical communication band. The
absorption loss of NOA 61 in the 1550-nm wavelength
band is estimated to be 0.42 dB/cm. The transmission
of NOA 61 was measured using a Lambda 750 UV/VIS
spectrometer.

Figure 2 shows a schematic diagram of the fabrication
process for the UV-curable adhesive microsphere.

Firstly, a half-tapered fiber with a proper length was
fixed onto a fiber clamp that was vertically mounted on a
steel bracket (Fig. 2(a)). We then used a high-precision
dispensing needle to transfer the NOA 61 droplets onto
the taper transition of the half-tapered fiber, forming mi-
crodroplets with diameters of around tens or hundreds of
microns (Fig. 2(b)). The dispensing needles were pri-

marily coated with a certain amount of NOA 61 droplets
and inserted into a syringe to conveniently manipulate
them. Owing to the strong surface tension, the micro-
droplet that stuck to the taper transition possesses per-
fect spherical shape and smooth interface. Next, a rubber
suction bulb was used to blow and slide the microdroplet
from the taper transition to the taper waist (Fig. 2(c)).
Considering that NOA 61 has a particular viscosity, the
liquid microdroplet can maintain its size and spherical
shape during the blowing process. In the taper waist re-
gion, the microdroplet fell slowly under gravity along the
smooth and symmetric microfiber, and then stopped in
the fracture area of the half-tapered fiber (Fig. 2(d)).

An ideal UV spot-curing system (ELC-410) with a UV
intensity output of 90 mW/cm2 at 365 nm was used to
obtain the solid microsphere. The high hardness and low
shrinkage natures of NOA 61 combined with appropriate
UV exposure time ensured that the microdroplets cure
into solid microspheres with almost no deformation (Fig.
2(e)). During the experiment, the exposure time of about
8 to 10 minutes at room temperature has been proven to
be the best time for producing microspheres with excel-
lent sphericity, unchanged geometry, and sufficient hard-
ness. Adequate hardness prevents microsphere damage
caused by the taper fiber in other processes. The micro-
sphere adhered to the tip of the half-tapered fiber that
was used as a stem to position the microsphere. Sev-
eral microspheres were simultaneously fabricated when
we fixed some of the microdroplets that stuck to the half-
tapered fibers on another steel bracket. The inset in Fig.
2 shows a microscope image of an optical adhesive mi-
crosphere with a diameter (D) of 81.4 µm.

The experimental setup to characterize the WGM reso-
nances of the adhesive microsphere is shown in Fig. 3. A
broadband light source of continuous wave (CW) output
centered at 1549 nm and a spectral width of 56.28 nm was
used to excite the WGMs. As described above, a tapered
silica fiber fixed on a U-shaped aluminum sheet and con-
nected to the light source was used to couple light in and
out of the microsphere using the evanescent field cou-
pling technique[21]. The microsphere and its holder were
mounted on a compact fiber-clamping fixture. The posi-
tions of the sphere and the tapered fiber were monitored
from the side and top using microscopes equipped with
charge-coupled device (CCD) cameras. The side and top
views of the microsphere with a diameter of 160.6 µm
are shown in the upper left and right corner of Fig. 3.
The separation between the microsphere and the tapered
fiber was controlled by a precision nanotranslation stage
and

 

Fig. 3. Experimental setup used for microsphere resonance
characterization.
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Fig. 4. (a) Experimental resonance spectrum for wavelengths
between 1538 and 1562 nm for the microsphere (D ∼ 160.6
µm); (b) calculated results of resonant TE and TM WGMs
with radial order i =1 and angular mode number l = 485–491
compared with experiment results. FSR: free spectral range.

equipped with piezoelectric actuators stepper motors.
The power of the output light transmitted through the ta-
pered fiber was coupled into an optical spectrum analyzer
(OSA), and the transmission spectrum was recorded.

Figure 4(a) shows the resonance spectrum of a micro-
sphere resonator with a diameter of 160.6 µm at the
position of the equatorial plane through a tapered cou-
pling fiber with a waist diameter of 1.6 µm. A clearly
dense spectral in the power transmission was observed.
The emergence of many higher-order radial modes and
nondegenerate, higher-order angular modes is attributed
to the microsphere eccentricity and the refractive index
mismatch between the silica taper and the adhesive mi-
crosphere. The theoretical values of free spectral range
(FSR) can be estimated using

∆λFSR ≈ λ2/(2πna), (1)

where ∆λFSR is the FSR of the two modes with the same
radial order (i) and the same polarization but with the
adjacent angular mode number (l), λ is the wavelength at
which a resonance occurs, and n and a are refractive in-
dex and radius of the microsphere, respectively. λ ∼1.55
µm, a ∼80.3 µm, and the refractive index of NOA61 ad-
hesive microsphere at 1.55 µm is n ∼ 1.542[20]. Thus,
∆λFSR is estimated to be 3.09 nm. The FSR of our fab-
ricated microsphere was measured to be 3.10 nm, which
agrees well with the theoretical estimation.

We theoretically calculated the resonance positions of
the microsphere. When considering a large sphere with
the radial order i=1 and the angular mode number l ≥
1, the positions of the transverse electric (TE) and trans-
verse magnetic (TM) resonance WGMs can be given

asymptotically as[1]

nkl,ia = v + 2−1/3αiv
1/3

−
P

(n2 − 1)1/2
+ o(v−1/3), (2)

where ν=l+1/2, αi is the ith root of the Airy function
[Ai(-z)], k is the wave vector, and

P =

{

n for TE modes
1/n for TM modes.

The values of the resonant TE and TM modes for i=1
and l=485–491 marked in Fig. 4(a) can be determined
by identifying the resonance features with Eq. (2). Com-
parisons between the experimental and theoretical results
show good agreement, as illustrated in Fig. 4(b). The
relative errors of these resonant TE and TM WGMs be-
tween the calculation results and the measurement data
are less than 0.04%.

The normalized transmission intensity as a function of
wavelength is shown in Fig. 5. The highest coupling
efficiency measured in this experiment is about 72.6 %.
This value is lower than the taper-microsphere (silica–
silica) coupling system in Ref. [21], but higher than the
coupling efficiency of the silica optical fiber taper and the
Germanium microsphere in Ref. [22]. According to the
coupled mode theory, the coupling efficiency is strongly
related to the phase-match condition. Modes that have
larger phase-match experience stronger coupling. Dur-
ing the characterization of the WGM resonances, we also
found that the taper easily adheres to the microsphere,
possibly because of the viscosity of NOA 61. As such,
the resonator is overcoupled and the coupling efficiency
may be decreased.

Fig. 5. Normalized transmission in the wavelength interval
from 1553 to 1557 nm. Q: quality factor.

Fig. 6. Resonance peak shift with pump current from 250 to
500 mA.
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Fig. 7. (a) Transmission spectrum of the NOA 61 microsphere
(D ∼ 499.4 µm) under different input energies; (b) resonant
wavelength shift of the four WGM peak positions as a func-
tion of input pump current.

The Q-factor of a microsphere resonator can be eas-
ily estimated by the resonance linewidth of the WGM
spectrum, expressed as Q=λ/δλ, where λ is the central
resonance wavelength and δλ is the full-width at half-
maximum (FWHM). By using the Lorentzian fit of the
experimental data acquired from OSA, a FWHM of 11.6
pm at a central resonance wavelength of 1554.43 nm was
found. The resonance Q-factor of the microsphere res-
onator is estimated to be 1.3×105. This measured value
is limited by the OSA’s resolution (0.01 nm), whereas the
real Q-factor is likely to be higher. The real linewidth
should be narrower than the resolution of the OSA, and
the dip depth of resonance may be lower than the mea-
surements. The coupling efficiency might also be higher.

In the experiment, a resonance peak experienced a blue
shift of 0.69 nm when the pump current of the broadband
light source was set to hop from 250 to 500 mA (Fig. 6).
The thermal drift of resonance WGMs in a microsphere
resonator results from the thermal-optic effects and ther-
mal expansion of the microsphere material. The resonant
wavelength shift ∆λ can be estimated as[23]

∆λ = λ
( 1

D

dD

dT
+

1

n

dn

dT

)

∆T, (3)

where λ is the resonance wavelength, D = 2πa, ∆T is
the temperature variation of NOA 61 microsphere, and
(1/D)(dD/dT ) and dn/dT are the thermal expansion co-
efficient and thermal refraction coefficient respectively.

Given that the NOA 61 optical adhesive is a material
of negative thermal expansion and thermo-optic coeffi-
cients, a temperature rise will decrease both the refractive
index and the size. Therefore, the resonant wavelength
will shift to a shorter wavelength according to Eq. (3).

Experiments were carried out on a larger microsphere
to further demonstrate the phenomenon of WGM reso-
nances of a NOA 61 microsphere blue shifting with in-
creasing input light power. This microsphere had a di-
ameter of 499.4 µm coupled with a tapered optical fiber
of 3-µm waist diameter. A blue shift of the overall reso-
nance WGMs by changing the input light power (ranging
from 100 to 500 mA of the pump current, with a single
step increment of 50 mA) can be clearly seen in Fig.
7(a). The resonant wavelength shifts of the four WGM
peak positions are depicted in Fig. 7(b). The experiment
data can be fitted by four linear decreasing lines, and
the wavelength shifts of these four WGM peak positions
can be calculated using the four linear-fitting formulas.
When the input pump power increases from 250 to 500
mA, the computed peak position shifts are about 0.07,
0.069, 0.053, and 0.06 nm. These values are less than the
wavelength shift of 0.69 nm in Fig. 6. The reason for
this result is that the temperature change (∆T ) of the
microsphere scales is ∆T ∝ 1/l2, whereas l2 is propor-
tional to the surface area of the microsphere[24]. Consid-
ering the negative thermal expansion and thermo-optic
coefficients of NOA 61, the resonant wavelength shifts
is inversely proportional to the surface areas of the mi-
crospheres. In our experiment, the ratio of the resonant
wavelength shifts and the ratio of surface areas of the two
aforementioned microspheres with diameters of 160.6 and
499.4 µm are about 0.1 and 9.7 respectively. These values
are almost exactly inversely proportional to each other.
The results demonstrate a potential application of the
UV-curable adhesive microsphere in thermal sensing and
frequency tuning.

In conclusion, fabrication and characterization of UV-
curable adhesive microspheres are demonstrated. Optical
microspheres are produced with almost perfect spheric-
ity by curing the liquid microdroplets of the optical ad-
hesive (NOA 61) that adhere to the tip of half-tapered
fibers using a 365-nm UV spot-curing system. WGMs of
a microsphere are characterized experimentally and an-
alyzed theoretically. Q-factors exceeding 105 near 1550
nm are observed. The WGM resonance shows a blue shift
with increasing light power and temperature caused by
the negative thermo-optic and thermal expansion effects
of the material. These microspheres also have the advan-
tages of low optical attenuation, low cost, and processing
flexibility, which make them good alternatives for fab-
ricating high-Q WGMRs and promising candidates for
thermo-optic sensing and frequency tuning.
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