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A B S T R A C T   

A variety of studies have been performed on WGM microresonators made of different materials and exploiting 
very high quality factors. This feature has allowed their use in a broad variety of applications including micro- 
lasers, optical filtering and switching, frequency conversion through non-linear effects, RF photonics and sensing. 
The easiest way to shape a glass spheroid with high quality factor is to use the surface tension during the thermal 
reflow of a highly transparent amorphous dielectric. Depending on the application, alternatives shapes like 
micro-bubbles or micro-bottles can be implemented in order to obtain specific performances. This manuscript 
reports the results we obtained on micro-laser sources in erbium doped microspheres, parametric frequency 
conversion in silica microspheres, stimulated Brillouin scattering in silica microbubbles, and non-linear effects in 
polymer coated or fluorophore filled glass microcavities.   

1. Introduction 

Since the first demonstration of high Q factor (Q ≥ 108) fused quartz 
WGM micro-resonator [1] a large number of studies have been per-
formed on glass based resonators in many fields including micro-lasers 
[2,3], non-linear optics [4], optomechanics [5], sensing [6–8] and RF 
photonics [9]. The narrow resonant-wavelength lines and high energy 
density [10] are attractive characteristics that make these miniaturized 
resonators suitable not only for practical applications but also for the 
investigation of fundamental processes [11,12]. Solid and hollow reso-
nators, such as microspheres [13], microbubbles [14] and microbottles 
[15,16] have been extensively used with excellent application perfor-
mances. WGM microresonators can be made by means of surface tension 
during the thermal reflow of a low loss amorphous glassy dielectric, 
which allows shaping high-surface-quality spheroids. The glass melting 
temperature is reached by using CO2 lasers, a flame, micro-heaters, or 
electric arcs [17]. These heating source can be applied to the tip of a 
fiber or of a glass stem and also to the powder obtained by crushing the 
glass [13] in order to obtain spherical shapes. Microbubble resonators 
can be fabricated from glass capillaries with a similar melting process 
and at the same time applying an internal pressure to isotropically 
expand them [18]. Various glasses, beside silica or silicate, can be used 

to fabricate resonators with enhanced properties in terms of non-linear 
effects [19], transparency windows [20,21] and ability to host rare 
earths [22]. In this paper we review the main results we have obtained 
studying lasing and non-linear effects in glass microresonator, exploiting 
micro-laser sources in erbium doped glass microspheres, and parametric 
and non-parametric effects in silica microspheres and microbubbles. 
Indeed, hollow WGM resonators proved to be efficient phoxonic cav-
ities, meaning that they can sustain both photons and phonons, either 
optical or acoustic [23]. Finally, either polymer coated silica micro-
spheres or fluorophore filled microbubbles have been studied in order to 
add specific functionalities to the resonator. 

2. Erbium doped microSPHERES as laser sources 

Two different approaches have been exploited for microspheres 
fabrication from three different types of Er3+doped, Yb3+-codoped 
glasses: a potassium-barium-alumino phosphate glass (Schott IOG2) 
with 2 wt% of Er2O3 and 3 wt% of Yb2O3, a sodium-alumino-phosphate 
glass (Schott IOG1) with contains 1.5 wt% of Er2O3 and 3 wt% of Yb2O3, 
and a silicate glass (Schott IOG10), with 1 wt% of Er2O3 and 8 wt% of 
Yb2O3. In the first fabrication method a plasma torch, generated using a 
microwave supply, melts the pieces of each bulk glass which were 
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ground first and then injected axially through the plasma, while the 
surface tension gives them their spherical shape [24]. The microsphere 
diameters, which depend mainly on the powder size, were selected in 
the range between 50 μm and 100 μm. As shown in Fig. 1a, the spheres 
are then glued to the cleaved tip of a tapered optical fiber for easy 
handling. In the second approach, IOG1 wafers were cut in 5 cm long 
rods of 1.5 mm square cross section which were then drawn in a 
home-made pulling system. A glass thread with a diameter in the range 
10 μm–30 μm and a length of 2 cm is obtained. An oxygen-butane torch 
was slowly approached to the tip of the thread in order to form the 
microsphere. This fabrication system was encased in a nitrogen satu-
rated atmosphere. Spheres with diameters in the range between 60 μm 
and 120 μm are obtained depending on the glass thread diameter and the 
exposition time [25]. Fig. 1b shows a microsphere with a diameter of 
100 μm attached to the fiber stem from which it is made. 

The laser characterization was performed at pumping wavelength of 
1480 nm for exciting Er3+ ions so that the best mode and phase matching 
condition, at both the pump and the laser wavelengths, can be fulfilled 
for the WGMs [26]. A fiber stabilized laser (Corning Lasertron) or a 
narrow-line tunable laser diode (TLD; Anritsu Tunics) are injected in a 
home-made biconical tapered fiber to excite microsphere WGMs and, at 
the same time, to couple the fluorescence or laser light out of the reso-
nator. Finally, the co-propagating signal and the fluorescence were sent 
to an optical spectrum analyzer (OSA, Ando AQ6317B). We demonstrate 
lasing action with pump threshold in the mW range for all types of mi-
crospheres. The pump power has been considered as the difference be-
tween the launched one and the one collected at the taper output after 
the resonator. Microspheres fabricated from glass powder of IOG1 glass 
[25] present the best performances. Fig. 2a shows the typical Q factor 
(close to 106) measured outside the Er3+ absorption band. Lasing 
occurred both in single mode and multimode conditions by increasing 
the pump power above a minimum threshold of about 1 mW. The 
maximum output power of 90 μW at 1568.3 nm, with a pump power of 

6.1 mW at 1480 nm, is shown in Fig. 2b. The variation of relative po-
sition between the taper and the sphere, and the increase of pump power 
can affect the lasing spectrum which will move towards lasing modes at 
shorter wavelength. This effect allows wavelength tunability in excess of 
30 nm (Fig. 2b), and relates to the shift in the Er3+ gain spectrum that 
occurs when the inversion rate increases [24]. 

3. Parametric and non-parametric oscillations in silica WGMR 

High Q WGM resonators are a unique platform for nonlinear wave 
generation at low power continuous wave, which represent one of the 
biggest challenges in nonlinear optics. Parametrical processes −

including harmonic generation, third-order sum-frequency generation 
(TSFG), four wave mixing (FWM) and coherent anti-Stokes Raman 
spectroscopy (CARS) − are predominant for non or near resonant in-
teractions, where the initial and final quantum states are the same, 
which means that there is no real material absorption of photons. Their 
process lifetimes are extremely short (less than a femtosecond) because 
they involve only virtual energy levels. On the other hand, non- 
parametric processes − including Stimulated Raman Scattering (SRS) 
and Stimulated Brilluoin Scattering (SBS) − involve real energy levels 
with different initial and final quantum states. The energy transfer from 
the photons to the host medium has a longer lifetime and it is pre-
dominant for resonant interactions. Silica glass is a centrosymmetric 
material; therefore, second order nonlinear interactions are forbidden 
but third order parametric and non-parametric oscillations can be easily 
exploited in WGM microcavities. Previous works have been focused on 
toroidal WGMRs, where most of the excitable modes are constrained to 
be the equatorial ones [27], or on highly nonlinear materials [28,29]. 
We have explored efficient generation of visible light via third-harmonic 
generation (THG) and TSFG in silica microspherical WGMR. 

Fig. 1. a) Image of an IOG-1 microsphere glued to the tip of a fiber. b) Image of a microsphere fabricated by directly melting the tip of an IOG-1 glass stem.  

Fig. 2. a) WGM undercoupled resonance around 1600 nm corresponding to a Q factor of 0.8 × 106 for a 75 μm microsphere in IOG1 glass, b) WGMs laser spectra 
from the same sphere. At 1568.3 nm (red line) a peak power of 90 μW obtained using a pump power of 6.1 mW and at 1534.7 (blue line) a peak of about 5 μW. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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3.1. Third harmonic and sum frequency generation in silica microspheres 

Phase and mode matching, energy conservation and high circulating 
intensities inside the resonator are the main ingredients for an efficient 
generation of visible light via third harmonic generation (THG) [30]. 
The frequency of the TH and of the pump are related by the energy 
conservation rule, i.e. ωTHG = 3ωP, and can be fulfilled only if both ones 
fall within the WGM position with a tolerance of the order of the reso-
nance linewidth. We demonstrated that the proper sphere diameter al-
lows to satisfy this requirement [31]. Instead, phase matching condition, 
i.e. n(ωTHG)=n(3ωP), can be fulfilled thanks to the compensation of 
linear and non-linear dispersion by degenerate WGMs dense distribution 
with different polar number m and decreasing effective index, inversely 
proportional to sphere radius R, neff=m/kR [13]. Microspheres in the 25 
÷ 40 μm diameter range, with controlled size down to about 1%, and 
typical Q factors of the order of 107 were fabricated starting by a 
half-tapered fiber. This latter is obtained by heating and stretching an 
optical fiber and then, once it breaks, the tip is melted using the arc 
discharge of a commercial fusion splicer [17]. 

The experimental setup is based on a TDL (Photonetics Tunics, 
centered at 1570 nm) amplified by an EDFA (erbium-doped fiber 
amplifier, IPG Photonics EAD-2K–C), which passes through a polariza-
tion controller before it is coupled to the WGMR via a tapered fiber. The 
thermal self-locking of the WGM to the pump laser is obtained by tuning 
the laser into a resonance from high to low frequencies [32]. The light 
scattered from the microsphere surface is collected with a multimode 
fiber (MMF, 50 μm core, 0.2 NA) and the THG signals were detected on 
the OSA, as shown in Fig. 3a. A small portion of the TH signal was also 
coupled to the taper output even though the taper is not mode matched 
in the visible [33]. In Fig. 3b, a typical TH signal emission at 519.6 nm in 
a microsphere of 57 μm in diameter, pumped at the resonant wavelength 
of 1557 nm is shown. The expected cubic dependence of scattered visible 

light on the lunched pump power is plotted in the inset of Fig. 3b. A 
maximum THG signal (PTH) of about 1 μW for scattered light and about 
0.1 μW for fiber guided was obtained with a maximum launched pump 
power (Pp) of about 80 mW. Thus, a record maximum conversion effi-
ciency η (PTH/Pp) was in excess of 10-5 (10-6 in fiber signal). 

In the most general case of TSFG, where input frequencies are not 
degenerate, three different waves interact with a nonlinear medium to 
generate a fourth wave of different frequency (ωTSFG = ω1 + ω2 + ω3). 
On the other hand, contrary to parametric effects, Raman scattering is a 
pure gain process and intrinsically phase-matched over the energy levels 
of the molecule. The Raman emission can be seen as a down-conversion 
of a pump photon and phonon associated with the vibrational mode of 
the molecule. In WGM silica microspheres, also cascaded Raman laser 
have been demonstrated [34]. In these oscillations, the Raman signals 
serve to secondary pump field and generate higher-order Raman waves. 
Increasing the pump power, the first Stokes line extracts power from the 
pump until it becomes strong enough to seed the next Stokes line gen-
eration. In the infrared region the cascaded SRS, as SRS, occurs as 
standing wave because the Raman gain is the same either for the forward 
or the backward traveling waves. In the presence of these phenomena, 
TSFG allows multicolor visible emissions (red, orange, yellow, and 
green) by tuning the pump wavelength. The spectra measured for each 
different color and the corresponding microsphere pictures are shown in 
Fig. 4. 

3.2. Stimulated Brillouin scattering in silica microbubbles 

Stimulated Brillouin Scattering (SBS) is a pure gain inelastic scat-
tering process automatically phase-matched, resulting from the 
coherent interaction of acoustic phonons and light photons, which can 
be strongly enhanced by the WGMs. The WGM resonator acts as a dual 
photonic-phononic cavity due to the overlap of both waves inside it. The 

Fig. 3. a) Picture of a 57 μm in diameter micro-
phere emitting two lobes in the green (TH) corre-
sponding to a higher order polar WGM 
codirectional with the pump (white arrow). On the 
left side the MMF can be seen out of focus. b) 
Emission spectrum of TH at 519.6 nm when 
pumping at 1557 nm. The inset plots the TH power 
vs the launched pump power, with a linear fit 
having slope equal to 3.1 ± 0.1 (red line). (For 
interpretation of the references to color in this 
figure legend, the reader is referred to the Web 
version of this article.)   

Fig. 4. Emission spectra indicating standing waves by the third order sum frequency generation among the pump wavelength and the cascaded Raman lines. (a) Left: 
at 1568.4 nm pump wavelength, emission at 537.24 nm; right: at 1567 nm pump wavelength, with emission at 578.76 nm; (b) Left: at 1553 nm pump wavelength, 
emitting at 592 nm; right: at 1568.4 nm pump wavelength, with emission at 625 nm [31]. 

D. Farnesi et al.                                                                                                                                                                                                                                 



Optical Materials: X 12 (2021) 100120

4

SBS has a large gain coefficients and very narrow gain bandwidth [30]. 
In silica, this bandwidth is of the order of a few tens of MHz at 10 GHz 
from the pump. Optimal criteria for SBS include that the free spectral 
range (FSR) of the resonator should exactly match the Brillouin fre-
quency shift. This severe constraint on the cavity size [35–38], and 
consequently on the fabrication procedure, can be bypassed thanks to 
the strong eccentricity of microbubble resonator (MBR), which presents 
dense spectra of high order polar modes with a FSR smaller than that of 
the fundamental one [39]. MBRs with highly controllable sizes, like the 
one shown in Fig. 5a, were fabricated from pressurized silica capillaries 
(Postnova Z-FSS-200280) using two parallel arc discharges generated by 
a homemade four electrodes control system, which allows to uniformly 
melt their wall so that inner pressure can inflate the microbubble. The 
diameters range from a minimum of about 470 μm up to a maximum of 
about 700 μm, with 2 ÷ 3 μm wall thickness range and corresponding 
quality factors Q of about 3.5 x 107. Fig. 5b shows the results achieved 
using an experimental setup similar to that presented in the previous 
section, and launching a pump power up to 200 mW in a MBR of about 
675 μm diameter and 2 μm wall thickness. We have experimentally 
shown that MBRs of large diameters and thin walls can enhance the 
Brillouin lasing efficiency, both in forward and backward directions, 
with a cascade up to the 4th order. 

Even and odd orders are observed in both directions, showing even 
(odd) orders more lasing efficient in forward (backward) direction [23, 
40]. The related Stokes lines are shifted by 90, 180, 260 and 350 p.m. for 
a 1544,614 nm pump wavelength. Similarly to microbubbles resonators 
[41,42], SBS has been also demonstrated in silica microbottles [35] and 
in silica [43,44] and tellurite [45] microspheres. 

4. Two-photon fluorescence in microbubble resonators 

Two-Photon Fluorescence (TPF) is a validated technique for imaging 
and detection of labeled biological material [46–48], which has 
numerous advantages over conventional one photon fluorescence (OPF), 
but requires high photon density flux, reached by tightly focusing the 

laser light. In many cases, resonators are used to avoid tight focusing and 
achieve the needed intensities [49]. MBR filled with appropriate liquids 
are the most suitable WGMR for TPF. In Ref. [50], we demonstrated TPF 
filling MBR with a 10-3 and 10-4 fluorescein and 10-6 Rhodamine 6G 
solutions. We used a modified confocal microscope − pumped by a 
Coherent Mira 900- Ti:Sapphire (with a repetition rate 76 MHz and 150 
fs pulse duration) − for coupling the light into the microbubble reso-
nator [51]. The laser has an average power of 1.2 W and the wavelength 
was set to 800 nm. The two-photon absorption spectra of many fluo-
rophores [52] falls within the tunable range of Ti:Sapphire laser 
(690–950 nm). The laser beam was coupled into the MBR by focusing it 
tangential to the resonator wall through two different dry objectives, 
namely 4X and 10X and 0.5 NA. The excitation light was filtered by a 
dichroic mirror Semrock FF720-SDi01 and a filter Schott BG39. Fig. 6a 
shows the TPF emission of the MBR filled with 10-3 solution of fluo-
rescein, on a band around the equatorial plane, partially coupled back to 
the bubble walls. TPF signal from a Rhodamine 6G filled microbubble, 
for an incident power of about 190 mW at 800 nm, and its logarithmic 
representation versus incident laser power, are shown in Fig. 6b and c, 
respectively. The two-photon signal was validated by checking its 
quadratic dependence on the excitation laser power. 

5. Non-linear Kerr switching microdevices 

All-optical switching at low powers in high Q-factor silica micro-
spheres coated by a Kerr material was theoretically proposed in 
Ref. [53], while switching with conjugated polymer was provided in 
Ref. [54], but by means of thermo-optic effect. Large refractive index 
changes can be easily obtained on picosecond time scales, thanks to the 
electronic Kerr effect in WGMRs, using intensities well below the dam-
age thresholds of the polymers [55,56]. A strong third order optical 
nonlinearity is required for optically induced refractive index (RI) 
changes. The material refractive index n and the absorption coefficient 
α, depend on the light intensity I as n = n0 + n2I + n4I2 + …, where n2 and 
n4 are the nonlinear RIs (related respectively to χ(3) and χ(5), the third 

Fig. 5. a) Optical microscope image of a silica microbubble resonators obtained from commercial Postnova Z-FSS-200280 capillary. b) Fourth order cascaded SBS in 
forward direction for a MBR of diameter about 675 μm and wall thickness of about 2 μm, with λp = 1544,614. 

Fig. 6. a) Fluorescence image of the MBR filled with 10-3 fluorescein solution. b) Fluorescence image of the MBR filled with 10-6 solution of Rhodamine 6G. c) TPF 
signal versus the pump laser power in log-log scale with linear fit (slope close to 2) [50]. 
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and fifth order nonlinear optical susceptibility) and α = α0 + βІ, where β 
is the nonlinear absorption coefficient. If the χ(3) and χ(5) are due to the 
fast electronic Kerr nonlinearity, then the switching has a picosecond 
time scale, which represents the most desirable working condition. Two 
different types of switching for the observed signal can be achieved: only 
one light beam, which undergoes self-switching between high and low 
intensity levels [57,58] or two light beams of different wavelengths with 
intensities Iprobe and Ipump. In this last case, the resonant conditions for 
the probe beam depends on the pump beam [54]. 

We demonstrated, in silica microspheres, the first evidence for all 
optical switching of WGMs based on third order Kerr non-linearity in a 
thin polymer layer [59,60]. We have chosen as material a polyfluorene 
derivative, PF(o)n, functionalised at the C9 position of the fluorine ring 
with two pendant octyl chains [59]. The linear absorption has a peak 
around 379 nm [59]. PF(o) layer of about 100 nm thickness were ob-
tained by means of the dip coating technique. In the experimental setup, 
shown in Fig. 7, the light Iprobe is coupled to the Kerr-polymer coated 
WGMR by a tapered fibre and, at the same time, the WGMR is illumi-
nated by a pump light Ipump. Both light beams, Iprobe and Ipump, interact 
with the resonator and the WGM, excited by the probe beam, is detuned 
by the pump beam. The transmission spectrum of the WGMR micro-
resonator was observed using, as a probe, a tunable external-cavity laser 
(Tunics Plus) at 1500–1670 nm wavelength range, with 300 kHz line-
width. The PF(o)n-coated spheres were then illuminated by Ipump, from 
an ultrafast Ti:Sapphire laser (Mira 900F, Coherent). The ultrafast ra-
diation was coupled to a single mode fiber (SM800, Fibercore) with a 
lensed distal end, which was placed at about 1 mm from the micro-
resonator surface. 

A quadratic dependency (due to two-photon absorption, TPA) of the 
frequency shift versus pump power was observed for lprobe = 1558 nm 
and lpump = 775 nm, as shown in Fig. 8a. A maximum detuning of 3 GHz 
was obtained with an average pump power of 25 mW. In order to better 
discriminate the role of the thermal shift from the Kerr shift, we per-
formed pump and probe measurements both in the CW and pulsed re-
gimes for the same range of the average pump power. We obtained a 
much lower spectral shift in the CW regime as compared to the pulsed 
one. Fig. 8a also shows a frequency shift of up to 0.5 GHz obtained in the 
mode-locked regime at 825 nm, which is far from the second harmonic 
of the probe beam and allows avoiding TPA [59]. At lpump = 825 nm the 
dependency is linear and the detuning is the same of the CW regime, 
indicating that in the absence of TPA, the pump acts as a thermal source. 
We also tested microspheres coated with a layer of inert polymer, i.e. 
Eudragit ®L100 [61]. The WGM detuning as a function of the pump 
power was nearly the same for mode-locked pump laser regime and for 
CW one, with an almost null red-shift up to 20 mW of pump power. 

6. Conclusions 

We reviewed several significant results we obtained on lasing and 
non-linear effects in WGM glass microresonators. We have exploited 
Er3+-doped silica and phosphate glass microspheres as micro-laser 
sources with a tunability in excess of 30 nm around 1550 nm. Effi-
cient THG in silica microspheres was demonstrated by properly 
choosing the resonator size and the excited WGMs for fulfilling energy 
conservation and phase matching conditions. Fourth order cascaded SBS 
was observed in silica microbubbles exploiting their dense resonance 
spectra, which allow to efficiently match the narrow Brillouin band-
width. Two-photon fluorescence in hollow WGMR filled with fluorescein 
or Rhodamine was demonstrated, showing quadratic dependence on the 
excitation laser power. Finally, we demonstrated all-optical switching 
on a WGMR coated by a polyfluorene thin layer. Resonant frequency 
shifts of 3 GHz were observed under pulsed optical pumping showing 
great potential of conjugated polymers for realizing nonlinear switching. 
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