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Abstract: The fabrication and characterization of a bismuth-silicate glass microsphere
resonator has been demonstrated. At wavelengths near 1550 nm, high-Q modes can be
efficiently excited in a 179 pm diameter bismuth-silicate glass microsphere via
evanescent coupling using a tapered silica fiber with a waist diameter of circa 2 um.
Resonances with Q-factors as high as 0.6x10” were observed. The dependence of the
spectral response on variations in the input power level was studied in detail to gain
an insight into power-dependent thermal resonance shifts. Because of their high
nonlinearity and high-Q factors, bismuth-silicate glass microspheres offer the

potential for robustly assembled fully integrated all-optical switching devices.
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1. Introduction

Over the last few decades, microsphere resonators have increasingly attracted interest
because they have the potential to become key components in a variety of active and
passive photonic circuit devices, offering a range of significant functionalities to planar
lightwave circuits such as feedback, wavelength selectivity, energy storage to allow
dispersion control, enhanced nonlinearity, resonant filtering, and ultralow threshold
lasing [1]. The use of glass microsphere resonators in photonic circuit devices offers
great flexiblity in terms of material composition and properties such as nonlinearity and

gain.

Nonlinear optical materials have been exploited for the direct implementation of
several key functions such as wavelength conversion, optical switching and signal
regeneration, which have the potential to radically transform future optical
communication networks. 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 [2]. Microresonators
realized from highly nonlinear chalcogenide glasses have recently been studied because
of their high optical nonlinearity [3,4]. We have recently fabricated a nonlinear
lead-silicate fiber-based microsphere resonator and showed that the supported

ultra-high Q WGMs have properties close to their theoretical limit [5].

Bismuth-silicate (Si0,-Bi,03) glass has a nonlinear refractive index 7, that can be
as high as 17 times that of conventional silica [6]. Compared with other highly
nonlinear compound glasses, bismuth glasses do not contain toxic elements such as Pb,
As, Se, Te [7]; and most importantly nonlinear fibers made from bismuth silicate glass
can be fusion-spliced to silica fibers [8], which allows for easy integration with
conventional silica fiber based optical systems. Furthermore, bismuth silicate fibers
exhibit good mechanical, chemical and thermal stability, low-loss and high nonlinearity,

allowing for the observation of strong nonlinear effects, including supercontinuum



generation [9,10], four wave mixing [11], switching [12-14] and parametric
amplification. In this paper, a nonlinear glass microsphere resonator is fabricated from
a bismuth-silicate fiber using resistive heating; whispering-gallery modes with Q
factors up to 0.6x10” are observed and the dependence of the spectral response of the
whispering-gallery modes upon input power is studied to clarify the effects of thermal

nonlinearity.

2. Theoretical analysis of bismuth silicate glass microspheres

coupled with a silica fiber taper

Based on the comprehensive theoretical investigation for analyzing microsphere
resonator excitation presented in Ref. [15], Fig. 1 compares the effective index (ny)
of the 1550 nm fundamental HE;; mode of the fiber taper with those of microsphere
WGMs for different sphere sizes, showing the 6 lowest radial order WGMs for /=m
where the order of / is chosen so the resonant wavelength is ~1550 nm. The refractive
index of the tapered fiber was taken to be 1.444 while the refractive index of the
microsphere was taken to be 2.01. The higher order (high n) radial modes (and also
higher order Hermite-Gaussian modes with m</) have an neff closer to that of the
mode propagating in the fiber taper than the fundamental WGM mode (n=1), thus
they can be excited more efficiently than the fundamental WGM. In fact, coupling
efficiency is strongly related to the phase mismatch, thus modes which have smaller

phase mismatch experience stronger coupling.

In the simulations carried out to evaluate neff of the bismuth silicate microsphere
WGMs, the values of / (such that /=m) for each point were chosen to keep the
resonant wavelength close to 1550 nm. The higher order modes (»>>2) have a lower /
and m values, hence a lower n.; Furthermore the resonance spectrum is likely to be
complicated by the non-degeneracy of the aforementioned Hermite-Gaussian modes

with a different order m, due to the ellipticity observed in fabricated microspheres.
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Figure 1. Effective index at A = 1550 nm for the fundamental mode of a silica fibre taper with
diameter d in the range 1-4 pm (red dashed line) and whispering gallery modes in a bismuth
silicate microsphere for different sphere sizes (blue solid lines). The latter are calculated for
radial mode numbers 1<n<6 and m = [, where [ is the azimuthal mode number and m is the

polar mode number, / is chosen to provide resonances at ~1550 nm.

To better illustrate the whispering-gallery modes propagating within the
bismuth silicate microsphere, the electric field of the high order WGMs are
calculated and plotted in Fig. 2 (a) and (b) for a microsphere with the same
properties as those used in the experiments (Section 3), using the theory presented
in Ref. [15]. The field near the surface is weak since the mode resides up to 5 pm
beneath the interface, due to the strong modal confinement arising from the high
index contrast. It is therefore important to optimise the distance between the taper

and the sphere to maximise coupling.
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Figure 2. A higher order WGM for a bismuth silicate microsphere in air, showing the electric field
profile in (a) the -6 plane (cross-section view) and (b) the -¢ plane (equatorial-section view) at
the equator where 7, ¢ and 6 are the radial, azimuthal, and polar spherical axes. Parameters: mode
order numbers are /=m=673 and n=5, TE mode, the operating wavelength is 1550 nm and the

microsphere diameter D = 179 um.

To date, thermal effects in highly integrated photonic circuits are one of the major
issues contributing to their high energy consumption and introducing unwanted
thermal nonlinearities. Also, such temperature fluctuations are transformed into
wideband noise in output channels because of the temperature dependence of device
parameters, especially for a photonic device with a small volume such as
microresonator. Therefore, it is necessary to investigate such thermal effects induced
by absorption for future research in the area. Figure 3 shows the temperature
dependence of the resonance wavelengths Az for a 179 um diameter microsphere. The
red shifting of Az with higher 7 is mediated by an increase in both the microsphere
size and refractive index - the two contributions being additive - and since the thermal
expansion coefficient (¢ ~1x10™/ °C) and the thermo-optic coefficient (dn/dt =
2.2x10° /°C) [16] of bismuth silicate are similar in magnitude, it is necessary to
incorporate both effects when solving the WGM eigenvalue equation. Despite the
difference between the modes' field distributions, their resonance shift gradients are

almost the same at dix/dT = 32 pm/°C and close to the linearised approximation



M/AT= & + (dnydt)/ng [17].
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Figure 3. Theoretical thermally-induced resonance wavelength shift of 6 WGMs, with radial

orders n=1~6 and / = m chosen such that the resonance wavelengths are near 1550 nm. Sphere

diameter is 179 pm.

3. Fabrication of bismuth silicate microsphere

The microsphere was fabricated from a highly nonlinear fiber manufactured by
Asahi Glass Ltd (Japan), which had core and cladding diameters of 6.9 um and 125.6
um, and core and cladding refractive indices (at A~1550 nm) of 2.02 and 2.01,
respectively. The fiber had a nonlinear refractive index of n,=3.2x10"" m*W [11],

which is ~17 times larger than that of silica.

To fabricate small bismuth-silicate microspheres, the bismuth-silicate fiber was
first tapered using the modified “flame brushing technique” [18]. This technique
involves scanning a microheater over a fiber being stretched. As shown in Fig. 4b, a
small region of the fiber is heated by the resistive microheater with a “Q)” shape at a
temperature of ~500 °C. The resulting tapers had a uniform waist diameter of d<5 pum.

After tapering, the uniform waist region (~5 mm long) was then cut in the center (Fig.



4¢). The tip of the taper was then heated to about 900 °C, which is significantly higher
than the softening point (510 °C) of the bismuth silicate glass, and the surface tension

of the softened bismuth-silicate glass molded the tip into a spherical shape.
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Figure 4. Schematic diagram illustrating the fabrication of microspheres from bismuth-silicate
fibers: (a) a bismuth-silicate glass fiber (NA~0.2, V~2.81) (b) the bismuth-silicate fiber is tapered
to a waist diameter d<5 um over a length of ~5 mm by using a resistive microheater at a
temperature of ~500 °C; (c) the taper is cut in the middle; (d) 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 bismuth-silicate glass (~510 °C).

4. Measurement of the bismuth silicate glass microsphere

The experimental apparatus used for optical characterization of the bismuth
silicate microsphere is shown in Fig. 5. Light from a narrow-line tunable laser source
(Agilent 81600B, Wavelength resolution: 0.1 pm, Relative wavelength accuracy: typ.
+2 pm, Agilent, Santa Clara, CA, USA) emitting a power range from 0.1 mW (-10
dBm) to 6.31 mW (8 dBm) over the wavelength range 1540 nm to 1560 nm was
launched into a tapered silica fiber and coupled to the bismuth silicate microsphere.
The throughput signal was collected using an InGaAs photodetector. 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. 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. In the experiments, we set the separation to zero between the microsphere and
taper so they touched to maximize the resonance intensity over the entire wavelength

range and, above all to ensure mechanical stability over the whole measurement

duration.
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Figure 5. Experimental apparatus used for microsphere resonance characterization.

Fig. 6(a) shows the top view of the bismuth-silicate glass microsphere resonator
with a diameter of 179 um, in close proximity to a tapered silica fiber with a waist
diameter d ~ 2 pm. Fig. 6(b) and (c) show CCD images when the input light is off and
on, respectively. The CCD camera is sensitive to the 1550 nm radiation and Fig 6(c)
clearly shows scattered light from a WGM. There is also some evidence of leakage
into the stem, possibly due to the wide-spread higher-order angular modes associated
with the ellipticity in the microsphere. At resonant wavelengths up to about 94% of
the light in the fiber taper was coupled into the microsphere. The power transmitted

through the excitation fiber taper was recorded as a function of wavelength at input



powers ranging from 0.1 mW to 6.3 mW.

Figure 6. Microscope images of bismuth-silicate microspheres with a diameter (a) 179 um
showing its fiber stem and the tapered coupling fiber. (b) and (c) show the infrared CCD images of

the microsphere when the input laser light is turned off and on, respectively.

5. Experimental results and discussion

Dips in power transmission through the tapered coupling fiber are observed by
the InGaAs detector as a function of wavelength when good coupling to the
microsphere is achieved. Figure 7 shows resonance spectra of the microsphere with a
diameter of 179 um, over wavelength ranges of (a) 20 nm and (b) 3 pm, with an input
power of -10 dBm (0.1 mW). It is evident from the figure that the tapered fiber
excitation produces dense spectral features as experienced in other high index glass
microspheres [3,5]. This is due to the excitation of many higher-order radial modes by
the low effective index fiber taper and many non-degenerate higher-order angular
modes associated with microsphere ellipticity [19]. As shown in Fig. 1, the first 6
radial modes (n=1~6) for a bismuth-silicate microsphere of about 180 pum diameter at
a wavelength of 1550 nm have effective indices varying from 1.97 to 1.84, while the
effective index of the fundamental mode in a 2 um tapered fiber at the same
wavelength is approximately 1.35. For this reason, the taper will not excite
prevalently a single mode in the microsphere, but will excite a wealth of modes, as
shown in Fig. 7(a). In this study, a tapered silica fiber (instead of a phase-matched
tapered high index fiber) was used to excite WGMSs, mainly to minimize any

nonlinear effects from the delivery fiber.



The Q of a microsphere resonator can be easily estimated from its WGM
spectrum through the relation, Q=4/44, where 44 is the full width at half maximum
(FWHM) and 4 is the central wavelength of the resonance. Fig. 7(b) presents the
spectrum over a short wavelength range, showing the high O nature of the observed
resonance dips. Resonances with FWHM in the region of 0.26 pm (50 MHz) have
been observed, resulting in a Q factor of 0.6x10’. This measured Q factor is close to
the theoretical limit (1.77x10" at A~1550 nm) predicted using the equations reported
in Ref. [2] for a pure bismuth silicate glass using an optical attenuation of 4.6x107
cm’! (~2 dB/m) and a refractive index of n;ss0=2.01. The difference is mainly due to
the scattering loss from surface roughness. Both the absorption and scattering loss of

bismuth silicate microsphere are much higher than those for pure silica [2].
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Figure 7. (a) Experimental resonance spectra for wavelengths between 1540 nm and 1560 nm
for the microsphere with diameter 179 um; (b) Close-up spectrum in the region 1548.846 -
1548.849 nm: the high-Q resonance (circles) is approximated by a Lorentzian fit to accurately

determine the bandwidth.

Here, the dependence of the microsphere WGMs spectrum on the input power was

investigated. Fig. 8 shows the transmission spectra obtained between 1547.1 nm and
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1548.3 nm for input power levels between 0.1 mW and 6.3 mW. In experiments,
increasing the input CW power from 0.1 mW (-10 dBm) to 6.31 mW (8 dBm) shifted
the resonance wavelength by 627 pm and 633 pm respectively for peaks 1 and 2
(identified in Fig. 8). In Fig. 9, these resonance wavelengths are also plotted as a
function of the input power. The tunable laser used in the tests had a wavelength
positioning accuracy of about £1 pm, which is indicated as error bars in Fig. 9; each
experimental point has been measured with the same accuracy.

While at lower powers WGM peaks are easily resolved in Fig. 8, at higher powers
strong attenuation over broad wavelength regions is observed. It is reasonable to
assume that the temperature increases with circulating power due to residual absorption,
while the circulating power increases with increasing input power when the wavelength
is close to a resonance. The coefficient of thermal expansion and the thermal coefficient
of refractive index are both positive in bismuthate glasses [15] so a temperature
increase should cause a red-shift in WGM resonance wavelengths. Indeed, shifts in the
resonant wavelengths with increasing circulating power due to thermal effects have
been investigated previously [17, 20, 21]. The broad attenuation is probably due to the
contribution of several effects, which might include optical nonlinearities (Kerr effect),
thermal shift and temperature oscillations during the measurement. Multiple scanning
through all the resonances which are situated within the whole scanned wavelength
region, increase the microsphere temperature because of absorption which changes
both the microsphere refractive index and geometry. As shown in the Fig. 8, small
oscillations attributed to the Andronov-Hopf bifurcation can be clearly seen on the
spectral responses when the input power is 6.3 mW and 3.16 mW. The experimentally
observed resonance shift of ~630 pm at 6.3 mW input power implies that the
microsphere temperature increases by approximately 47~20°C near resonance. This
value is considered as an upper limit since the Kerr nonlinearity may also red shift the
resonance, especially given the high Q factor. It is also interesting to note
experimentally, as shown in Fig. 8, the difference between AAr for peaks 1 and 2
varies up to 7 pm. This may be due to different circulating cavity power and hence
temperature between the two peaks resonances, owing, for example, to surface

11



scattering or external coupling effects which would affect higher order modes more
noticeably.

However, Fig. 9 also shows the resonance wavelength shift is only significant for
powers exceeding 0.8 mW; below this value the thermally induced redshift due to
absorption is negligible which makes it possible to apply fairly high powers without
adverse thermally-induced refractive index changes in the bismuth silicate
microsphere. This is particularly beneficial for nonlinear optical applications in which
performance is often subject to thermal limitations, with the potential to implement

robustly assembled fully integrated all-optical switching devices [22].
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Figure 8. Experimental transmission spectra obtained with the input power varying from 8 dBm to

-10 dBm: Peak 1@ 1547.5937 nm and Peak 2@1547.3514 nm are marked by blue and red arrow,

respectively.
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Figure 9. Thermal shift of the high-Q resonances (Aresonance = 1547.5937 nm and 1547.3513 nm for

peak 1 and peak 2 at 0.1mW, respectively) depending on coupling power.

6. Conclusion

In conclusion, the fabrication of bismuth-silicate glass microspheres has been
demonstrated. Whispering gallery mode resonances excited by evanescent coupling
from a silica fiber taper with a diameter d ~ 2 um have been observed and a high O
factor up to 0.6x10" was recorded at A~1550 nm. Thermal effects have been
investigated both theoretically and experimentally. It is anticipated that such a
bismuth silicate microsphere can provide an ideal building-block for several
applications including highly integrated optical switches, modulators, ultrasmall
optical filters, microlasers, and optical biosensors. Work is underway to realize
nonlinear optical performances involving this nonlinear microsphere with a

low-threshold, such as Raman scattering and four-wave mixing.
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