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Abstract We review the works performed on whispering gallery mode (WGM) micro-optical resonators made in rare-earth (RE)
doped glasses for implementing low threshold and narrow line coherent sources. These types of micro-lasers, because of their small
size and ease of fabrication can be a useful tool for the characterization of laser glasses and have several applications, especially as
Sensors.

1 Introduction

Whispering gallery mode (WGM) micro-optical resonators are dielectric structures with cylindrical symmetry, like spheroids or
toroids, having diameters below a millimeter, and in which light can be resonantly guided inside the dielectric material by total
internal reflection [1, 2]. When properly activated, they represent an ideal resonant cavity to exploit lasing action as demonstrated in
the pioneering work on Sm?*:CaF, crystal spheres by Garret [3], which was followed many years later by those on micro-droplets
of ethanol containing Rhodamine 6G [4], and in dye-doped polystyrene microspheres [5].

The first demonstration of high Q factor (Q >10%) glass WGM micro-resonators was done in fused quartz microspheres [6],
and since then, WGM resonators made in highly transparent glasses have gained a great interest because they can be rather easily
fabricated using melting and/or reflowing processes [7, 8], and they can be used for both the investigation of fundamental processes
[9, 10] and for several applications in photonics [11-14]. Specifically, high-Q WGM resonators made in rare earth (RE) doped
glasses represent an ideal and simple platform to implement narrow line, compact, and low threshold laser sources [15, 16]. Because
of their small size and ease of fabrication, they can be a useful tool for the characterization of laser glasses [17] and represent an ideal
platform for several sensing applications [18, 19]. Indeed, we focus our review on WGM micro-lasers made in RE doped glasses,
we describe their fabrication processes and their characterization including lasing threshold, RE dopant, emission wavelength. Since
the first demonstration, which was done in neodymium-doped silica microspheres [20, 21], the vast literature that followed includes
resonators with different shapes (microspheres [20], microdisks [22], microtoroids [23], microbottles [24], etc.), RE dopants (Er3*
[25], Er3*:Yb3* [26], Nd** [20], Tm3* [27], etc.), and glass matrices (silica [21], tellurite [28], phosphate [26], fluoride [29], etc.).
This work ends presenting the unique advantages of active glass WGM resonators for applications in sensing.

2 Fabrication

The techniques to fabricate WGM micro-resonators in RE doped glass are similar to those used for undoped glass and are based on
melting and/or reflowing submillimeter glass powders or tips. Depending on the glass type (silicate, phosphate, germanate, tellurite,
chalcogenide, etc.), the right temperature has to be selected above the glass transition temperature but still keeping high viscosity
so that surface tension can provide a spheroidal shape [7]. Additionally, the resulting ‘fire polished’ surface typically has very low
roughness (RMS <50 nm [6]), thus avoiding complex mechanical polishing, which are required for crystals [30], or semiconductors
[31]. In fact, the total intrinsic Q of a WGM resonator is determined by contributions from curvature losses (O~ !1,q), material
losses (O~ ') and surface scattering losses (0 Yecat) according to the equation: 0 ' =0lad + O Lecat + O Linar [11. O Liad
vanishes exponentially with resonator size (for instance, for a sphere of diameter d, if d/A > 15 than Qp,q > 10 while Q_lmat
is inversely proportional to the absorption coefficient o, and Q™' is inversely proportional to the square of roughness RMS
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Fig. 1 Images of microspheres fabricated in Er3+—d0ped glass. a Phosphate glass sphere fabricated by melting the tip of a glass wire to which it is kept
attached; b phosphate glass sphere fabricated by melting glass powder; ¢ silica sphere produced by the sol—gel route. Spheres b and ¢ are both glued to the
tip of a fiber for handling

{a)

Fig. 2 Images of Er3*/Yb3* codoped glass micro-resonators. a Tellurite glass microbubble (from [42]); b SEM image of a silica spheroid fabricated on a
silicon chip (from [65]); ¢ phosphate glass microbottle made on a silica glass wire (from [24])

[1]. Therefore, WGM resonators with extremely high optical Q factors (Q > 10%) can be easily obtained in low loss glasses, and
outside the absorption band of the RE (where the so-called ‘cold” Q factor is measured). It is worth pointing out that, for the lasing
performances, the chosen type of glass matrix (silica, tellurite, phosphate, fluoride, etc.), strongly affect the RE solubility and phonon
energy [21, 26, 28, 29].

2.1 Bulk glass resonators

In the seminal paper by Braginsky et al. [6], silica spheres with diameters in the range 40—400 wm were fabricated on the top of short
fused quartz stems of different diameters. Upon heating the glass tip above the transition temperature, the glass reflows forming
a spherical shape under the influence of surface tension and, if the glass viscosity is kept high, the reflowed structure is highly
spherical with eccentricities e of the order of 1-2% [1]. Several heat sources can be used for heating the glass including gas torches
[32], high power lasers (like CO» for silica) [33], electric arcs [34], and resistive microheaters [35]. Indeed, this simple method can
be applied to any type of RE glass rod or wire or to a fiber and allows a good control of the microsphere diameter. If only the fiber
core is doped, the cladding has to be removed prior to heating, at least partially, and this process typically requires a combination of
mechanical machining and chemical etching [36, 37]. The sphere is left attached to the glass stem (see Fig. 1a), which can be used
for easy handling. A drawback of this method is that only one resonator at a time can be fabricated.

Similarly, high Q WGM microbubble and microbottle resonators can be fabricated from RE-doped silica glass fibers or wires.
Microbubble lasers [38] were made on active fibers using the so-called “soften and compress” method [39, 40]. This shape allows
unique potentials for implementing low threshold, and high efficiency micro-lasers, as modeled in Ref. [41]. Microbubble lasers
fabricated from RE doped capillaries made in tellurite glass have been demonstrated (see Fig. 2a) [42].

Glass microspheres or microtoroids can be fabricated on a chip, typically using silica on silicon wafers. Sol-gel technology
is mainly used to deposit RE-doped silica glass thin films on the wafer. Indeed, sol-gel chemistry is a well-known, flexible, and
convenient method for producing optical materials with enhanced performances, and moreover it allows precise control of the RE
dopant concentration [43]. Films are deposited by spin coating and then disks are patterned by standard lithography and buffered
oxide wet etching. The underlying silicon is then chemically etched using XeF,, leaving RE doped silica disks supported by silicon
pillars. Finally, a CO, laser is used to reflow the silica micro-disk to form a smooth microtoroid [44] or microsphere [45], with
diameters of few tens of microns (see Fig. 2b for an on chip microsphere). Alternatively, direct femtosecond laser micromachining
of RE doped glass substrates allows the formation of 3D structures like microdisks supported by thin pillar, which are then shaped
into spheroids by using again a CO; laser reflow step [46]. In this review, we consider on chip 3D micro-optical resonators whose
level of integration does not include coupling to an planar waveguide [47, 48].

A different approach to fabricate many microspheres at the same time is based on crushing a piece of (RE doped) glass in powder
of submillimeter grains and then dropping them through a microwave plasma torch [49]. The glass grains are melted and they acquire
spherical shape by surface tension before being collected a few tens of centimeters below the torch. By adjusting the microwave
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power and the noble gas flow, it is possible to reach the desired temperature within a wide range up to 2000 °C and to produce
spheres of different sizes (from 10 to 200 wm in diameter depending on the powder size), with a very low eccentricity e (¢ <107).
A similar approach uses an electric tube furnace, which operates at a lower temperature of up to 900 °C [50]. A third approach to
fabricate free spheres consists of melting the oxide components in a furnace and dropping the viscous glass on a spinning plate
[51]. The melted glass is spun out by centrifugal force and cooled down quickly, forming microspheres with a diameter ranging
from several micrometers to several hundred micrometers. A disadvantage of these techniques is the large size distribution of the
microspheres, which are difficult to manipulate and need to be picked up properly one by one, typically gluing them on the tapered
tip of a fiber (see Fig. 1b, c).

A specific protocol has been developed by the authors to directly fabricate sol-gel silica spheres incorporating rare earths into
the glass. By using acid catalysts, silica microspheres are fabricated with different diameters, ranging from a hundred nanometer to
approximately 150 pm, always with a very high surface quality (see Fig. 1c) [52].

2.2 Glass coating-based resonators

A different approach to implement WGM micro-lasers is that of depositing an active layer on a high-Q passive resonator, i.e., a
microsphere [53], a microtoroid [54], a microbubble [55] or a microbottle [56], typically made in silica. In this configuration, the
RE ions are only inside the layer, whose thickness can vary from few hundreds of nanometer up to few microns. Sol-gel technology
allows making very high quality glass films by the dip-coating method using several steps in order to obtain the desired thickness
of the film [57]. Another method consists of depositing a thin layer of melted RE doped glass-like Er3*/Yb3* codoped phosphate
glass-on a silica microsphere [58]. The much lower melting temperature of the phosphate glass compared to silica easily allows
using this procedure. Similarly, microbottle shaped lasers can be made by using a CO laser to melt Er3*/Yb3* codoped phosphate
glass directly onto silica microcapillaries or wires, as shown in Fig. 2c [24]. Finally, a special case is that of a thin layer of RE
doped glass formed by high-energy ion implantation. Er ions have been implanted on high-Q silica on silicon microtoroids [23, 59]
and microdisks [22], and on silica microspheres [60], using different energies and fluencies. Very recently, integrated white-light
lasers have been demonstrated in high-Q silica microtoroids coated with silica sol—gel containing CaF;:Yb3zsTm 5Erg s nanocrystals
[61]. Multiple lasing bands have been also obtained with PMMA assisted Er3*/Yb3* co-doped ultra-high Q silica microspheres [62].
Similarly, liquid-based surface doping technology [63] has been recently implemented on silica microspheres to uniformly introduce
Er3* ions while keeping ultra-high quality factor [64].

3 Characterization
3.1 Coupling

In order to characterize active RE-doped WGM resonators, the best approach to efficiently couple pump light as well as to collect the
output signal is based on phase-matched evanescent coupling and requires some overlap of the field of the WGM with the field of the
coupler. The main coupling tools are waveguides such as tapered optical fibers [66] or integrated waveguides [67], or prisms [6] if
free space optics is used. Two different fiber couplers for pump and signal can be used to optimize the coupling at both wavelengths
[68], as sketched in Fig. 3 for an Er3* doped microsphere. A half taper is used to couple the pump, while a second taper collects the
signal (both the co-propagating and counter propagating one), with an output coupling efficiency that can be varied by changing the
taper-resonator distance (as an output mirror with variable transmission). Figure 3 also shows the pump source operating either at
980 nm or at 1480 nm for the case of Er** ions. By using a finely tunable narrow line source, resonant pumping can be implement
to improve the efficiency of the process and further lower the lasing threshold [23, 59]. The fiber-coupled signal spectrum around
1550 nm is collected using an optical spectrum analyzer (OSA). Different coupling regimes can be observed in active resonators
by increasing the pump coupling rate from undercoupling to selective amplification, before lasing action takes place, as it has been
done for Nd3* [69] and Er3* doped [70] glass microspheres.

In a different approach, a special hybrid taper can be designed to optimize both pump and signal coupling [71]. Finally, a single
half taper can be used to couple the pump and at the same time collect the counter propagating signal [72], and this approach has been
exploited to implement miniaturized optical microwave sources using a dual-wavelength microlaser [73]. A similar architecture can
be implemented using an optical nanoantenna made on the tip of a fiber, which is able to couple the pump and at the same collect
the counter propagating signal from the resonator [74].

Prism-based coupling (see Fig. 4a) is quite robust and conveniently allows phase matching, but for efficient coupling it also
requires mode matching of the far field free space pump beam with the WGM [75], which can be rather critical. Free-space coupling
of a tangential beam into WGMs (see Fig. 4b) by using a microscope system is a robust and convenient approach, but it is extremely
inefficient because of the large phase and mode mismatches, which can be quantitatively predicted [76]. The coupling efficiency to
a high refractive index microsphere can be improved by using a ‘terrace’ structure made with a lower refractive index sol-gel [77,
78], as sketched in Fig. 4b. The beam is focused on different positions of the terrace to maximize the fluorescence/lasing emission
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Er’* doped
microsphere

WGMs

signal at
1550 nm

Fig. 3 Setup for Er** doped glass WGM micro-resonator characterization. A half taper is used for pumping the WGM microsphere by using a fiber pigtailed
laser operating either at 980 nm or at 1480 nm. A second fiber taper collects both co-propagating and counter propagating signals around 1550 nm [68],
which are then sent to an optical spectrum analyzer (OSA)

(a) (b)
. mirror
signal at
1550 nm
signal at 1550 nm
dicroic
mirror
objective
silica
glass
terrace holder
- - — WGMs

Fig. 4 Setup for active (Er* doped) WGM resonator characterization based on a prism evanescent coupling and b free space coupling using a microscope.
Collimated or focused beams from the pump lasers are used, while output signal beams from the microspheres are sent and analyzed with a spectrometer. In
b the counter propagating emission spectrum is collected with the same objective used for the excitation. A ‘terrace’ structure made of a sol-gel with lower
refractive index compared to the glass can be attached to the sphere and used to improve pump coupling and to enhance the emission as compared to the
uncoated sphere [77]

from the counter propagating microsphere WGMs. In both the approaches of Fig. 4a, b, free space signal beams are collected and
analyzed with a spectrometer.

3.2 Spectroscopy and lasing

Cold-cavity Q factors, which are measured outside the absorption band of the RE ions, are typically in the range between 10 and
107 [32], but values up to 108 have been also measured [62, 79, 80]. An example of a ‘cold’ resonance measured in a microsphere
of 75 pwm in diameter made in a sodium—alumino—phosphate glass doped with 1.5 wt% of Er,O3 and 3 wt% of Yb,O3 is shown in
Fig. 5a. The fine wavelength scan is performed around 1.6 pm, which is at the edge of the absorption band of the T3 level (0 aps
= 0.35 x 102! cm?). The corresponding resonance Q value of 0.8 x 10° is in agreement with that calculated taking into account
only the residual material absorption at that wavelength [32].
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Fig. 5 a WGM resonance measured around 1600 nm of a 75 pum microsphere made in an Er3*/yb3* codoped phosphate glass and b WGM emission spectra
including fluorescence spectrum below lasing threshold (black line), and lasing spectra corresponding to the maximum (blue line) and the minimum (red
line) wavelength peak values; ¢ image of an Er* doped phosphate microsphere with a diameter of 150 wm, and d—f of the green upconversion appearing
after pumping at 980 nm, and mapping several different WGMs, depending on the excitation taper position (barely visible in the back, see also text)

RE doped spectroscopic properties are typically assessed on the bulk glass before the second melting occurs to shape the WGM
micro-resonator. We have performed characterization of the spectroscopic properties of Er>* ions after microsphere fabrication and
compared these properties with those of bulk glass We found that photoluminescence spectra of the *Ij3, — *I155 transition of
Er3* ions after pumping at 980 nm, as well as the corresponding experimental lifetimes measured in the precursor glasses and in
the corresponding microspheres can be dissimilar. Up to a doubling of the effective bandwidth and almost a halving of the lifetime
was measured on the microsphere as compared to the bulk glass. Site-to-site inhomogeneities, most probably due to the fabrication
process, can modify the local environment of the Er** ions in the microsphere, resulting in significant modification of the transition
probability among the Starks levels. The experimental setup used for measuring the radiative lifetime of Er** ions in microspheres
is the same typically used for the precursor bulk glass [81].

Typical emission spectra around 1550 nm of an Er** doped phosphate glass microsphere (with a diameter of 75 jLm) are shown
in Fig. 5b. We used a setup similar to the one sketched in Fig. 3, with the signal output coupled to a tapered fiber, which is then
connected to an OSA. By switching the 980 nm or 1480 nm pump laser on, we first observed the typical Er**-ions fluorescence
spectrum with a series of peaks that can be assigned to several families of WGMs [82]. When increasing the pump intensity above
a certain threshold we obtained laser oscillation, which results in a sudden increase in the output in narrow peaks at just one or few
wavelengths. By varying the contact position of the tip of the half taper fiber coupler relative to the sphere and increasing the pump
power the lasing spectrum moved toward WGMs of shorter wavelength. In fact, when the pump power is increased, the blue shift,
which is due to the shift toward shorter wavelengths that occurs in the Er3* gain spectrum peak when the inversion rate increases
[83], effectively dominates on the thermal induced red shift. Figure 5b shows the two lasing spectra corresponding to the maximum
(1601.8 nm) and the minimum (1561.0 nm) wavelength peak values we were able to obtain in this microsphere. The covered range
is about 40 nm broad.

Figure 5¢ shows a collection of images on how an Er3*doped glass microsphere typically appears under an optical microscope,
when pumping it at 980 nm. In the first picture, behind the microsphere, which is about 150 pwm in diameter, we can spot the coupling
taper, slightly out of focus and not yet in contact with the resonator. In the other three pictures, depending on the taper position
different WGMs are excited, whose spatial distribution can be mapped thanks to the green upconversion [1, 84]. Interestingly,
in the last image several modes are simultaneously excited, including those with higher azimuthal mode number, resulting in the
appearance of an almost uniform distribution on the whole sphere.

Figure 6 shows two characteristic laser curves plotting continuous wave (CW) fiber coupled signal output power vs absorbed
pump power (i.e., the difference between the launched and the residual power in the fiber after coupling). Figure 6a plots the lasing
power at 1579 as a function of pump power at 980 nm for an Er3*/Yb3* doped tellurite glass bubble as the one shown in Fig. 2a.
The red line represents a linear fit to the experimental data, from which a lasing threshold of 1.66 mW can be calculated [42].
Remarkably, laser emission wavelength tuning can be obtained not only by increasing pump power (which also affects the cavity
temperature), but also changing the bubble internal pressure obtaining a tunability of — 6.6 GHz/bar. Figure 6b shows lasing power
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Fig. 6 a Characteristic curve showing lasing power at 1579 nm as a function of pump power at 980 nm for an Er3*/Yb3* doped tellurite glass bubble as the
one shown in Fig. 2a. The red line represents a linear fit to the experimental data, with a lasing threshold of 1.66 mW. The inset is the output laser spectrum
when the pump power is 1.71 mW (from [42]) and b characteristic curve showing lasing power at 1046 nm versus pump power at 973 nm for a Yb~" silica
microsphere fabricated on a silicon chip as the one shown in Fig. 2b (from [65]); a lasing threshold of around 5.2 wW is obtained through linear fitting (red
curve)

at 1046 nm versus pump power at 973 nm for a Yb>* silica microsphere on a chip as the one shown in Fig. 2b. The mechanism of
the 1040 nm lasers involves transition of Yb** ions from 2Fs, to 2F7, levels. Compared to the monolithic microbubble, the smaller
on chip microsphere has a much lower lasing threshold of 5.2 wW [65].

Table 1 presents an exhaustive list of relevant contributions in the literature on glass WGM lasers from the early works in
the mid-90’s till today. The table lists the most significant information available in each manuscript, including lasing wavelength,
peak power, pump wavelength and pump threshold (typically the ‘absorbed’ pump threshold rather than the launched one), WGM
resonator type and size (in brackets the size of the ‘demo’ resonator, on which the main tests were performed), and coupling tool. We
then indicate the RE dopant (and the possible co-doping), the glass type (typically a monolithic glass resonator, otherwise an active
coating deposited on a passive resonator and having a thickness from few hundreds nanometers to few microns) and its composition,
and finally the measured cold cavity Q factor.

4 Applications in sensing

Sensing with optical WGM resonators is based on monitoring the change of their spectral characteristics induced by a perturbation
happening within the WGM spatial extension, including the resonator surface and the region immediately surrounding it, where the
WGM evanescent tail still extends. This change can be either the broadening of the resonances (with Q factor reduction) due to
additional losses, or, more typically, the shift of the resonance frequencies due a refractive index change [14, 133]. Considering that
the ability to detect a shift is directly proportional to the resonant linewidth, the strong narrowing (up to a few order of magnitude
[134]) of the laser line compared to the cold cavity resonance linewidth translates into a corresponding significant improvement of
the transducer sensitivity [18, 19]. More generally, the analysis of the relative intensity noise (RIN) level of the micro-laser source
becomes important as RIN may limit the sensor sensitivity. In Ref. [72] we presented an approach that could be extended to WGM
laser frequency noise and exploited in the analysis of the whole noise properties of micro-lasers used in sensor applications.

In case biosensing like DNA hybridization is performed on the resonator while it is lasing, care should be taken to avoid reaching
temperature that can destabilize DNA. Indeed, depending on the RE ions and the glass matrix, non-radiative transitions can be quite
effective [135] increasing the temperature up to melting the glass [84, 101].

Another sensing mechanism is based on mode splitting of a very high-Q resonance due to nanoparticles at the resonator surfaces
that couple the clockwise (CW) mode with the counterclockwise modes (CCW), thus lifting the degeneracy of the two modes [136].
The frequency splitting of an ultranarrow emission line of a WGM microlaser in two lines that move apart can be resolved and
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measured by recording their beat note. Indeed, this approach has been used with integrated Er3* doped silica toroids to demonstrate
single virus and nanoparticle detection [137]. Interestingly, we have shown that depending on the glass matrix the coupling between
clockwise and counterclockwise modes has not the same strength, which strongly impacts the WGM laser dynamics [138].

Finally, a crucial advantage of using active WGM resonators as sensors is the fact that a free space architecture with remote
excitation and readout can be implemented, as in the scheme sketched in Fig. 4b. After focusing the pump onto the resonator, the
emission spectrum is collected with the same objective used for the excitation pump (or with a second one placed orthogonally
[139]) and then sent to a spectrometer. This interrogation approach overcomes a critical restriction hindering the development of
practical devices based on passive resonators where the light coupling scheme typically requires physical contact with the fiber taper
or the prism (see Figs. 3 and 4a).

5 Conclusions

This work presents an extensive review of the literature on WGM micro-optical resonators made in rare-earth doped glasses. We
first describe the fabrication techniques for making different types of monolithic spheroidal glass cavities, including those made on
a chip, or those obtained depositing active glass layers on passive resonators. We then introduce the systems to couple the pump
light into the cavities and collect the output signal in order to characterize the laser performances. An exhaustive table, listing all the
relevant contributions in the literature on glass WGM lasers, represents the core of this work. From the early works in the mid-90’s
till today, more than 100 papers were reviewed and those presenting original contributions in any specification including pump
threshold, emitting wavelength, RE dopant, glass composition, etc., were all listed in the table. Lasing wavelengths range from the
visible (blue, 480 nm, and green, 540 nm) to the near infrared (from 800 nm up to 2300 nm), depending on the RE doping and the
host glass. Pump lasing threshold below or of the order of tens of nanowatt (almost thresholdless) were measured when the pump
was also resonant with a WGM. Because of their small size and ease of fabrication, these micro-laser sources can be a useful tool
for the characterization of RE doped glasses. We finally identify the main application of these active cavities, which is that of optical
transducer for sensing, listing their significant advantages compared to their passive counterparts.
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