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We report the fabrication and characterization of a lead-silicate glass microsphere resonator. We
show that at the wavelengths near 1555 nm high Q modes can be efficiently excited from a 109 m
diameter lead-silicate glass microsphere via evanescent coupling using a tapered silica fiber with a
waist diameter of 2 m. Resonances with Q-factors as high as 0.9⫻ 107 were observed. This is very
close to the theoretical material-limited Q-factor and is the highest Q-factor reported so far from a
nonlinear glass microsphere. © 2011 American Institute of Physics. 关doi:10.1063/1.3586771兴
Over the last few decades whispering gallery mode
共WGM兲 microsphere resonators have increasingly attracted
interest because of their very high quality factors
共Q-factors兲,1,2 the ease with which they can be manufactured
and their versatility in terms of materials and dopants for a
variety of passive and active devices. Furthermore, microsphere resonators have the potential to add significant functionality to planar lightwave circuits providing wavelength
filtering, delay and low-power switching, and laser functions
to waveguides.3 The design of such photonic circuits requires
precise coupling between spheres and waveguides to allow
for the control of the Q-factor and hence of the stored energy
and resonator bandwidth.3–6 To date, most studies on microsphere resonators have utilized silica microspheres fabricated
by melting the tip of an optical fiber with the resulting stem
used as a tool to position the sphere while it is being
characterized.1
Lead-silicate 共SiO2 – PbO兲 glass, especially the ones with
a high content of lead-oxide, has the nonlinear refractive
index n2 that can be as high as 20 times that of silica.7
Glasses with high nonlinearity are of immense importance
for devices performing optical switching and frequency
comb generation.8,9 Thus a lead silicate glass based microsphere resonator with high Q-factor is promising for realizing such nonlinear processes with very low-threshold power.
In this letter we report the fabrication of high Q lead-silicate
glass microspheres using resistive heating method and the
excitation of WGMs with Q factors up to 0.9⫻ 107. This is
the highest Q factor for a microsphere resonator based on
nonlinear glass material reported to date.10–12
A single-mode high-index lead-silicate fiber was fabricated in house. Two commercial Schott glasses 共Mainz, Germany兲, SF57 and SF6, with the refractive index n of 1.80 and
1.76 at 1550 nm respectively, were used as the core and the
cladding of the fiber. The outer diameter 共OD兲 and the core
diameter of the fiber were measured to be 175 m and
2.4 m, respectively. The nonlinear refractive index n2 of
the core and the cladding glasses are 41⫻ 10−20 m2 / W and
22⫻ 10−20 m2 / W at 1.55 m, respectively.13 The effective
nonlinearity ␥ 共=2n2 / 共Aef f 兲兲 at 1.55 m of the fiber was
a兲
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therefore estimated to be 225 W−1 km−1, which is 225 times
higher than that of the conventional silica fiber 共SMF28兲.
The propagation loss in the fiber core was measured to be 5
dB/m at 1550 nm using cutback method. And the propagation of the cladding was thus estimated to be 3 dB/m at the
same wavelength, due to the shorter thermal history of the
cladding than the core in the fabrication process.
To fabricate a microsphere with the diameter further
smaller than the fiber OD, the lead-silicate glass fiber was
first elongated. As shown in Fig. 1共b兲, a small region of the
fiber is heated by a resistive microheater with a “⍀” shape at
a temperature of circa 500 ° C. The microheater was scanned
along the fiber and the fiber was simultaneously pulled by
two computer-controlled translation stages each with submicron precision. Tapers with an extremely uniform waist diameter 共d ⬍ 10 m兲 and taper transitions of well defined
length and shape were then made.14 After the tapering, the
uniform waist region 共⬃4 mm long兲 was then cut in the
center, as shown in Fig. 1共c兲. The tip of the taper was then
heated to about 900 ° C, which is significantly higher than
the softening point 共540 ° C兲 of the cladding 共SF6兲 glass,15
and the surface tension of the softened lead-silicate glass
molds the tip into a spherical shape. Note that during this
process, the tapered fiber needs to be rotated slowly to ensure
that the tip of the taper can be heated uniformly and the stem
does not bend.
Figure 2 shows the experimental apparatus used to observe the WGM resonances. A tapered silica fiber with a

FIG. 1. 共Color online兲 Schematic diagram illustrating the fabrication of
microspheres from lead-silicate fiber. 共a兲 A lead-silicate glass fiber with a
microscope image of its cross section 共NA⬃ 0.365, V ⬃ 1.78, core diameter:
2.4 m, cladding OD: 175 m兲; 共b兲 the lead-silicate fiber is tapered to a
waist diameter d ⬍ 10 m over a length of ⬃4 mm by using a microheater
at a temperature of ⬃500 ° C; 共c兲 the tapered lead-silicate fiber is cut in the
middle; 共d兲 a microsphere is formed at the taper tip when the tip approaches
the microheater maintained at about 900 ° C, which is significantly higher
than the softening point of SF6 lead-silicate glass 共approximately 540 ° C兲.
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FIG. 2. 共Color online兲 Experimental apparatus used for microsphere resonance characterization. Light from a narrow-line tunable laser source 共Agilent 81600B, Agilent, Santa Clara, CA, USA兲 emitting 1 mW over the wavelength range 1554–1556 nm was launched into a tapered fiber and coupled
to the microsphere. The throughput signal was collected using an InGaAs
detector. The separation between the microsphere and the tapered fiber was
controlled with a precision nanotranslation stage equipped with piezoelectric
actuators and stepper motors and monitored using a microscope equipped
with a CCD camera.

waist diameter d of ⬃2 m 共fabricated as described above兲
was used to couple light into the microsphere using the wellestablished evanescent field coupling technique.16 The tapered fiber was placed in close proximity to the lead-silicate
microsphere and their relative positions were observed from
the top using a microscope equipped with a charge-coupled
device 共CCD兲 camera. The separation between the microsphere and the coupling tapered fiber and the microsphere
position along the fiber taper were controlled by precision
nanotranslation stages equipped with piezoelectric actuators.
A narrow-line tunable laser source 共Agilent, Santa Clara,
CA, USA兲 delivering 1 mW light over the wavelength range
from 1554 to 1555.9 nm with a tuning resolution of 0.1 pm.
was used to launch light into the tapered silica fiber. The
power transmitted through the tapered optical fiber was measured using an InGaAs detector as shown in Fig. 2. The
tapered fiber stem supporting the microsphere ensured that
the microsphere orientation remained fixed with respect to
the tapered silica coupling fiber as it was translated across
and away from it.
Figures 3共a兲 and 3共b兲 show the top view of the leadsilicate glass microsphere resonators with diameters of 103
and 109 m, in close proximity to tapered silica fibers with

FIG. 3. 共Color online兲 Microscope images of lead-silicate microspheres with
diameters 共a兲 103 m and 共b兲 109 m showing their fiber stems and the
tapered coupling fibers. 共c兲 and 共d兲 show the infrared images of the microsphere when the input laser light is turned off and on, respectively.

FIG. 4. 共a兲 Experimental resonance spectra for wavelengths between 1554
and 1555 nm for the microsphere with diameter 109 m 共b兲 Close-up spectrum in the region 1554.78–1554.80 nm clearly showing the high-Q resonances and 共c兲 a Lorentzian fit to one of the measured tuning-resolution
limited resonance dips used to accurately determine the bandwidth.

waist diameters d of approximately 2 m. Figures 3共c兲 and
3共d兲 show the CCD images when the input light is off and
on, respectively. The CCD camera is sensitive to the 1550
nm radiation and Fig. 3共d兲 clearly shows scattered light from
an excited WGM emanating from the left side of the microsphere. There is also some evidence of leakage into the stem,
possibly due to the wide-spread higher-order angular modes
associated to the ellipticity observed in the microspheres.
Dips in power transmission through the tapered coupling
fiber are observed on the InGaAs detector as a function of
wavelength when good coupling to the microsphere is
achieved. This is because of strong wavelength-dependent
coupling into WGMs, which are inherently lossy due to microsphere curvature. Figure 4 shows resonance spectra of the
microsphere with a diameter of 109 m, over wavelength
ranges of 共a兲 1 nm 共b兲 20 pm and 共c兲 2 pm. It is evident from
the figure that the tapered fiber excitation produces dense
spectral features as experienced in other high index glass
microspheres.10 This is due to the excitation of many higher-
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order radial modes by the low effective index fiber taper and
many non-degenerate higher-order angular modes associated
with microsphere ellipticity. The effective indices of the first
6 radial modes 共n = 1 – 6兲 for a lead-silicate microsphere of
about 100 m diameter at a wavelength of 1550 nm were
calculated to vary from 1.69 to 1.51.17 The effective index of
the fundamental mode in a 2 m tapered fiber at the same
wavelength was approximately 1.35. In this study, we used
silica tapered fiber instead of a phase-matched tapered high
index fiber to excite WGMs, so that any nonlinear effects
from the delivery fiber would be minimized. The planned
construction of a nonlinear device will require the nonlinear
interactions to be localized within resonators and not to be
found in the signal delivery fiber.
The Q of a microsphere resonator can be easily estimated from its WGM spectrum through the relation, Q
=  / ⌬, where ⌬ is the full width at half maximum
共FWHM兲 and  is the resonance central wavelength. Figure
4共b兲 shows the spectrum over a short wavelength range,
showing the high Q nature of the observed resonance dips.
One of the dips is fitted to a Lorentzian function 关Fig. 4共c兲兴
and a FWHM of 0.18 pm 共22 MHz兲 was found, corresponding to a Q factor of 0.86⫻ 107, which we believe to be the
highest Q achieved in a non-silica glass microsphere resonator reported in the literature. This value for Q is very close to
the theoretical limit 共1.0⫻ 107兲 predicted using the equations
reported in Ref. 1 for the transmission loss measured in the
fiber. Indeed, this value is also close to the value for pure
SF6 lead silicate glass using an optical attenuation of 4
⫻ 10−3 cm−1 共1.74 dB/m兲 and a refractive index of n1550
= 1.764 which yields a calculated Q ⬃ 1.78⫻ 107 at a wavelength of  ⬃ 1.55 m.15
In conclusion, the fabrication of lead-silicate glass microspheres has been demonstrated. WGM resonances have
been observed and a Q factor close to 107 was observed at
 ⬃ 1.55 m. We believe that this microsphere will provide
an ideal building-block for several applications including
highly integrated optical switches, modulators, ultrasmall optical filters, microlasers, and optical biosensors. Investigation

of the nonlinear optical properties of these lead-silicate microspheres is underway.
P. Wang is funded by the Irish Research Council for
Science, Engineering and Technology, co-funded by the
Marie-Curie Actions under FP7. Q. Wu gratefully acknowledges the support of Science Foundation Ireland under Grant
no. 07/SK/I1200, G. Brambilla gratefully acknowledges the
Royal Society 共London兲 for his research fellowship. Authors
P. Wang and G. S. Murugan contributed equally to this paper.
1

M. L. Gorodetsky, A. A. Savchenkov, and V. S. Ilchenko, Opt. Lett. 21,
453 共1996兲.
2
A. B. Matsko and V. S. Ilchenko, IEEE J. Sel. Top. Quantum Electron. 12,
3 共2006兲.
3
G. S. Murugan, M. N. Zervas, Y. Panitchob, and J. S. Wilkinson, Opt. Lett.
36, 73 共2011兲.
4
E. J. Tull, P. N. Bartlett, G. Senthil Murugan, and J. S. Wilkinson, Langmuir 25, 1872 共2009兲.
5
G. Senthil Murugan, Y. Panitchob, E. J. Tull, P. N. Bartlett, D. W. Hewak,
M. N. Zervas, and J. S. Wilkinson, J. Appl. Phys. 107, 053105 共2010兲.
6
B. E. Little, J. P. Laine, D. R. Lim, H. A. Haus, L. C. Kimerling, and S. T.
Chu, Opt. Lett. 25, 73 共2000兲.
7
M. J. Weber, Handbook of Optical Materials 共CRC Press, Boca Raton, FL,
2003兲, p. 279.
8
P. Del’Haye, A. Schliesser, O. Arcizet, T. Wilken, R. Holzwarth, and T. J.
Kippenberg, Nature 共London兲 450, 1214 共2007兲.
9
I. H. Agha, Y. Okawachi, M. A. Foster, J. E. Sharping, and A. L. Gaeta,
Phys. Rev. A 76, 043837 共2007兲.
10
G. R. Elliott, D. W. Hewak, G. Senthil Murugan, and J. S. Wilkinson, Opt.
Express 15, 17542 共2007兲.
11
C. Grillet, S. Bian, E. Magi, and B. Eggleton Fiber taper coupling to
chalcogenide microsphere modes, Appl. Phys. Lett. 92, 171109 共2008兲.
12
D. H. Broaddus, M. A. Foster, I. H. Agha, J. T. Robinson, M. Lipson, and
A. L. Gaeta, Opt. Express 17, 5998 共2009兲.
13
X. Feng, F. Poletti, A. Camerlingo, F. Parmigiani, P. Petropoulos, P.
Horak, G. M. Ponzo, M. Petrovich, J. Shi, W. H. Loh, and D. J. Richardson, Opt. Fiber Technol. 16, 378 共2010兲.
14
T. A. Birks and Y. W. Li, J. Lightwave Technol. 10, 432 共1992兲.
15
Schott Optical Glass Catalogue–Version 1.8 e, 2009, 具http://
www.schott.com/advanced_optics/english/download/
schott_optical_glass_catalogue_v18e_2009_en.pdf典.
16
J. C. Knight, G. Cheung, F. Jacques, and T. A. Birks, Opt. Lett. 22, 1129
共1997兲.
17
B. E. Little, J. P. Laine, and H. A. Haus, J. Lightwave Technol. 17, 704
共1999兲.

Downloaded 12 Nov 2012 to 147.252.40.143. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

