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Optical high-quality-factor microresonators with whispering gallery modes are extremely promising for various

photonic devices, including for the mid-infrared range applications. This range is of great interest for both

fundamental and applied problems due to the presence of the fundamental absorption bands of various molecules —
the ”fingerprint region”. The most promising materials for IR photonics based on optical microresonators are various

amorphous materials suitable for mass production of microresonators with high-quality-factor in this range. The

paper describes a technique for manufacturing high-quality-factor microresonators from arsenic sulfide (As2S3)
and fluoride glass (ZBLAN) by melting optical fibers, and also examines various defects that arise during the

manufacturing process and suggests methods for eliminating them. It is shown that the presented technique makes

it possible to achieve a level of quality factor for microresonators limited by fundamental optical losses in the

materials used.
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Introduction

Optical microresonators with whispering gallery modes

(WGMs) attract particular attention due to a combination of

small geometric dimensions and low optical losses within a

wide spectral range [1–3]. WGM microresonators with high-

quality-factor are of great interest for spectroscopy [4,5],
optical sensorics [6,7], observations and studies of var-

ious nonlinear effects [8–10], production of new laser

sources [11–13], and stabilization of laser radiation [14–16].
These microresonators open up enormous prospects for the

development of photonic components for biosensing [6,17],
precision spectroscopic measurements, and monitoring of

various gases [4,18] and the production of stable radiation

sources [19,20] operating in the mid-infrared (IR) range.

Since the fundamental absorption bands of most molecules

are found in this range, it is of particular interest for

analytical spectroscopy. Radiation sources with a narrow

and stable generation line in this range are extremely scarce

at present, which is a limiting factor for the development

of mid-IR photonics. One way to solve this problem is to

design optical components based on WGM microresonators

with a high-quality-factor in the discussed range. The first-

priority objective of development of mid-IR photonics is the

search for suitable materials with low optical losses in the

2µm range. Various crystalline and amorphous materials

(silicon [21,22], germanium [23–26], fluorides [27–31],

chalcogenides [32,33], tellurites [34,35], etc.) are used for

the fabrication of WGM microresonators suited for different

tasks and areas of application.

The manufacture of WGM microresonators with a high-

quality-factor imposes certain requirements as to the surface

quality of resonators; therefore, additional mechanical pol-

ishing of the surface is needed in the case of crystalline res-

onators to minimize losses associated with roughness [36–
38]. With amorphous materials, the main fabrication method

is melting: glass is heated to a temperature above the

glass transition one, and it acquires a spherical shape under

the influence of surface tension forces [1,39]. Mechanical

polishing of the surface is then not required, which is an

advantage over crystalline resonators. To produce resonators

with minimum surface roughness from amorphous materi-

als, one needs to choose the optimum process conditions

with account for the chemical and physical properties of the

glasses used. The choice of a heating element is important

for the production of WGM microspheres by melting. A

fabrication method with a flow of hot inert gas in a vertical

tube used as a heating element was presented in [40,41].
This method helps prevent oxidation. Glass is ground into

powder with particles up to 200µm in size and introduced

into a tube. Lifted by the gas flow and heated to the

required temperature, these particles melt and acquire a

spherical shape. Another option was discussed in [42],
where powdered glass was introduced into high-purity oil
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that had a high boiling point (higher than the melting point

of the glass used) and a high thermal conductivity coefficient

and was heated to the glass transition temperature. These

fabrication procedures are specific in being suitable for

mass production of amorphous resonators with dimensions

up to 200µm; however, both options require a complex

experimental setup and non-trivial technological procedures

for cleaning the resonator surface.

CO2 lasers are used widely to produce amorphous WGM

microresonators. It is worth noting that the potential

of this method in manufacture of WGM microresonators

is virtually limitless, since it allows for the production

of microresonators of almost any shape and with high

precision. For example, CO2 laser radiation has been

used successfully to fabricate bottle microresonators based

on optical fibers [43,44]. A CO2 laser may also be

used efficiently for the manufacture of microrod resonators

(made, e.g., from fused quartz [45,46]). A whole class of

bottle WGM microresonators touted as the key elements of

surface nanoscale axial photonics (SNAP) [48] is also worth

noting. These microresonators are fabricated on the surface

of optical fibers by modulating their effective radius with

sub-angstrom accuracy [47–49]. A specific feature of this

method is its suitability for production of a large number

of coupled WGM microresonators with high accuracy and

predefined spectral parameters. This opens up enormous

opportunities for examination of nonlinear effects [50], but
one still needs a highly sophisticated experimental setup.

CO2 laser radiation is also used efficiently for the

fabrication of microtoroids [51,52]. It was demonstrated

in [53] that a high-energy focused CO2 laser beam pro-

vides an opportunity to combine volumetric and integrated

technologies for manufacture of optical elements on a chip.

The disadvantage of this method is the evaporation of

material from the surface with subsequent deposition of

vapor on the workpiece, which has a negative effect on the

surface quality. The simplest and most accessible variants

of the melting method may be implemented with the use of

electric heaters [54,55].

Arsenic sulfide (As2S3) and ZBLAN glass based on

heavy metal fluorides (ZBLAN glasses have the ZrF4-

BaF2-LaF3-AlF3-NaF composition [56]) are those materials

that hold promise for mass production of mid-IR mi-

croresonators with high-quality-factor, but are still rarely

used at present. They have two advantages: commercial

availability in the form of optical fibers and suitable optical

parameters in the middle IR range. Arsenic sulfide remains

transparent up to ∼ 11µm and has a high refraction index

(n ≈ 2.4 at a wavelength of 2µm) and a large nonlinear

coefficient (2 · 10−18m2/W) [57,58]. Owing to the large

nonlinear coefficient, such microresonators may be used

to implement nonlinear effects [33,35,52]. ZBLAN fiber

remains transparent up to ∼ 4.5µm and has refraction

index n ≈ 1.5 within the wavelength range from 1.5

to 2.7µm [59] and a relatively small nonlinear coefficient

(∼ 1.2 · 10−20 m2/W [60]). ZBLAN is readily doped with

various rare earth elements and may be used to develop

high-efficiency compact lasers and optical amplifiers [11,61].
In the present study, a method for production of mi-

croresonators with high-quality-factors from glasses with a

relatively low (below 500◦C) glass transition temperature

by melting is proposed and implemented. The optimum

temperature regimes for resonators made of arsenic sulfide

and ZBLAN fluoride glass were determined, the causes

of surface defects were investigated, and ways to prevent

their formation were found. The WGM microresonator

quality-factor was measured at a wavelength of 1.55µm and

found to be close to the value specified by fundamental

losses in these materials. The discussed method allows

one to fabricate low-loss microspheres of a given size from

the above-mentioned materials quickly and reproducibly,

opening up opportunities for production of microsphere-

based elements for, e.g., optical sensors and microlasers.

Method of fabrication of microspherical
resonators

Since the glass transition and melting temperatures of

most chalcogenide and fluoride glasses vary within the

200−500◦C range, the primary method for fabrication

of microspherical WGM resonators from such glasses is

melting. The relatively low melting point makes it somewhat

easier to choose a suitable heating element. In the present

study, an electric heater of a soldering station and a custom

spiral heating element made of nichrome wire were used as

heating elements for chalcogenide glasses based on arsenic

sulfide and for fluoride glass, respectively. Figure 1 presents

the overall schematic diagram of microsphere fabrication.

The entire fabrication process may be divided into three

key stages: fiber pre-treatment, melting, and surface quality

control. The stages of fiber preparation and surface quality

control of finished microspheres are the same for both

materials. When preparing fiber, one needs to remove the

protective polymer coating from a piece of fiber 2−3 cm in

length using acetone and clean the fiber surface with lint-

free wipes soaked in isopropyl alcohol to remove coating

residue and other contaminants. Cleaned fiber is secured in

the ferrule of a fiber connector with universal UV-curable

adhesive in such a way that a fiber section 1−1.5 cm in

length remains protruding. The ferrule with fiber is then

placed under the heating element of the experimental setup.

The heating element is lowered to the fiber workpiece

and positioned at a certain distance from it; when the

temperature required for melting is reached, the upper part

of the fiber begins to melt, acquiring a spherical shape.

During melting, the fiber shortens and shifts away from

the heating element. The process of sphere formation is

monitored with a microscope. Once the desired sphere

diameter is reached, the heating element is pulled away

from the fiber, and cooling begins. The surface of a cooled

microsphere is examined with a microscope under high

magnification to determine the surface quality.
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Heating element

Fiber preparation Melting Control

Cleaning a piece of
optical fiber (~2–3 cm)

from the protective
polymer coating and

various inhomogeneities
on its surface

Prepared fiber

UV
glue

Surface quality control
using a microscope

Figure 1. Diagram of fabrication of amorphous resonators from optical fiber.

a b
d = 100 µm d = 370 µm d = 440 µm

100 µm 100 µm50 µm

Figure 2. (a) Diagram of the experimental setup for fabrication of microresonators from arsenic sulfide. A soldering iron tip mounted

on stage (for vertical displacement and precise alignment relative to the sphere) is used as a heating element. (b) Photographic image of

produced arsenic sulfide microspheres with diameters of 100, 370, and 440 µm.

Commercial single-mode (6/125µm) and multimode

(12/250µm) fibers made of arsenic sulfide (As2S3), which

were produced at the Institute of Chemistry of High-Purity

Substances of the Russian Academy of Sciences, and single-

mode (9/125µm) ZBLAN fibers based on heavy metal

fluorides (with the ZrF4-BaF2-LaF3-AlF3-NaF composition),
which were produced by Thorlabs, were used as the

initial materials for microsphere fabrication. Their glass

transition temperatures are as follows: As2S3 ∼ 190◦C [57],
ZBLAN ∼ 265◦C [62].

Arsenic sulfide microresonators

Figure 2, a shows the experimental setup for production

of microspheres from As2S3, where a Lukey 852D+
soldering station was used as a heating element. With

the operating temperature of the heater being 230◦C, the

copper tip of the soldering iron is lowered using a high-

precision positioner to a distance of approximately 300µm

from the fiber. Since the fiber gets shorter in the process

of melting and sphere formation, one needs to lower

the heating element smoothly to increase the microsphere

diameter. The end diameter is monitored with a microscope

during melting. This setup provides an opportunity to

produce microspheres with diameters ranging from 50 to

500µm.

Multimode As2S3 fiber was used to fabricate micro-

spheres with diameters larger than 250µm, and single-mode

As2S3 fiber was used for microspheres with diameters of

150–250µm.

Fiber tapering

To obtain microspheres with a diameter below 150µm,

one needs first to taper single-mode fiber until it reaches

a thickness that is 20−30µm smaller than the desired

end sphere diameter. The melting method was also used

to produce tapered arsenic sulfide fiber. The procedure

involved heating to a temperature slightly above the glass

transition temperature of the fiber with simultaneous pulling

in opposite directions. Figures 3, a and b present the
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125 µm

20 µm

a

b

c

Figure 3. (a) Photographic image of a heating element with

fiber. (b) Schematic diagram of the experimental setup for tapering

arsenic sulfide fiber. (c) Photographic images of fibers before and

after tapering.

photographic image and the diagram of the fiber tapering

setup. In preparation for tapering, one also needs first to

remove the polymer coating from a fiber section ∼ 5−6 cm

in length and clean the surface with alcohol. The prepared

workpiece is then secured on two motorized stages with

fiber holders, and the cleaned fiber section is positioned

inside the heating element. A split copper cylinder 1 cm in

length with an outer diameter of 2 cm and a hole with a

diameter of 6mm was used as a heating element to obtain

a uniform temperature distribution in the internal cavity. A

constant temperature of ∼ 305◦C was maintained at the

center of the cylinder.

The heating element on a motorized stage performs

oscillatory motion along the fiber with an amplitude of

5mm and a speed of 15µm/s, while the ends of fibers,

which are also secured to motorized stages, shift in opposite

directions at a speed of 10µm/s. The fiber profile and

thickness are monitored with a microscope. Once the

required fiber thickness is reached, the heater is turned off,

the motorized stages are stopped, and the heating element

continues to oscillate along the fiber until the element

cools completely. Figure 3, c shows photographic images

taken before and after tapering a single-mode fiber with a

thickness of 125µm to a thickness of 20µm. Following

cooling of the heating element, the tapered fiber is divided

into two at its thinnest point. Each of these two parts may

be used to make microspheres.

Microspherical arsenic sulfide resonators with diameters

ranging from 50 to 500µm were obtained as a result.

Figure 2, b shows the obtained microspheres with diameters

of 100, 370, and 440µm. To assess the quality of

microspheres, one needs to determine the quality factor of

manufactured resonators. The experimental setup presented
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Figure 4. (a) Experimental setup for excitation of WGMs.

(b) Transmission spectrum for a microsphere with a diameter

of 200 µm. The resonance curve approximated by a Lorentzian

function with a width of 24MHz, which corresponds to loaded

quality factor Q = 5.1 · 106, is shown in the inset.

in Fig. 4, a was used for this purpose. A tunable diode

laser with a radiation wavelength of 1.55µm was used to

excite whispering gallery modes. The polarization state of

laser radiation was adjusted with a polarization controller.

Tapered silica fiber with a thickness up to ∼ 1µm at the

waist was used as a coupling element. Tapered fiber was

also used to couple radiation to a photodetector. The

microsphere was positioned on a precision stage with a

piezo controller. The full width at half maximum (FWHM)
of the resonance curve in the transmission spectrum was

measured in order to calculate the quality factor. A Mach–
Zehnder interferometer with a 102MHz free spectral range

was used for frequency calibration. Due to the influence

of static electricity, this coupling element is susceptible

to sticking to the resonator; therefore, it does not allow

one to evaluate the quality factor in the critical coupling

regime, where coupling losses are equal to losses within

the resonator. Figure 4, b shows the transmission spectrum

for a microsphere with a diameter of 200µm. The loaded

resonance quality factor was 5.1 · 106, which is comparable

to record-high values for this material [32].

ZBLAN fluoride glass microresonators

The procedure of preparation of ZBLAN fluoride fiber is

virtually the same as the one described above for As2S3

Optics and Spectroscopy, 2024, Vol. 132, No. 3
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a b
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Figure 5. (a) Diagram of the experimental setup for fabrication of microresonators from ZBLAN fluoride glass. A nichrome wire spiral

is used as a heating element. (b) Photographic image of produced microspheres with diameters of 300 and 335 µm.

fiber, except that the fluoride fiber has a dual layer of

polymer coating, which needs to be soaked for 5min in

an acetone solution. The setup was also altered: the heating

element was replaced with a nichrome wire spiral with a

diameter of 2mm and a height of 3mm (the wire diameter

was 0.16mm) powered by a direct current source. The

heating element needed to be replaced due to the fact that

ZBLAN requires a more uniform temperature distribution

at an optimum heating rate. Microspherical ZBLAN WGM

resonators were fabricated under rapid (within 2 s) heating

of the fiber to a maximum temperature of 500◦C inside the

heating element. A Keithley series 2220 current source with

V = 6.9V and I = 1.4A was used to power the heating

element. Two microscopes placed above and in front of the

fiber workpiece and a precision three-axis stage were used

to position the prepared fiber in the center of the spiral

heating element at certain height H (Fig. 5, a).
The end diameter of microspheres depends in this case

on initial height H of fiber placement inside the heating

element and the initial fiber diameter. With H varying

from 0.2 to 0.4mm, one may fabricate microspheres from

the used ZBLAN fiber with a thickness of 125µm that

vary in size within the range of 2−3 diameters of the fiber

cladding (from 250 to 400µm). The microsphere surface

quality was inspected after cooling. Figure 5, b presents

the photographic images of fabricated microspheres with

diameters of 300 and 335µm.

The experimental setup shown in Fig. 6, a was used

to excite WGMs. A tunable 1.55 µm continuous wave

laser diode pig-tailed with optical fiber was used as a

radiation source. Having passed through the polarization

controller, radiation enters free space and proceeds into

the microresonator through a zinc selenide (ZnSe) prism,

which served as a coupling element. The microresonator is

mounted on a three-axis stage with a piezo controller. The

transmitted light is collected by a photodetector. A silica

ZnSe
prism
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Figure 6. (a) Experimental setup for excitation of WGMs.

(b) Transmission spectrum for a microsphere with a diameter of

310 µm in the critical coupling mode. The FWHM is 710 kHz,

which corresponds to an unloaded quality factor of 5.4 · 108 .

Fabry–Pérot etalon with a 1.5 GHz free spectral range was

used for frequency calibration. The coupling element used

allows one to adjust the loading of the microresonator by

altering the distance between the resonator and the coupling

element. Of particular note is the critical coupling regime

established when losses due to the leakage of mode energy
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into the coupling element are equal to intrinsic losses of the

resonator. This mode corresponds to the deepest resonance

curve in the transmission spectrum. The loaded quality

factor measured in this regime provides an opportunity to

estimate the intrinsic quality factor of the resonator, which

is two times higher than the loaded one.

Figure 6, b presents the transmission spectrum for the

resonator with a diameter of 310µm. The resonance curve

measured in the critical coupling regime and approximated

by a Lorentzian function with a width of 710 kHz is shown

in the inset. The loaded quality factor was 2.7 · 108.

This corresponds to intrisic quality factor Q = 5.4 · 108 and

is a record-high level for this material. The resonance

curve has the same width under forward and backward

scanning of the laser radiation frequency, which is indicative

of zero nonlinearity. Resonance curves of this kind are

approximated by a Lorentzian function. A slight difference

between the experimental resonance curve and the fitting

function is the result of laser power fluctuations and

spurious Fabry–Pérot resonances induced by reflection from

optical elements in the experimental setup.

Specific features of fabrication of
microresonators from amorphous
materials

The quality factor is one of the most important parameters

of WGM microresonators; therefore, the optimum fabrica-

tion method needs to be chosen to obtain microresonators

with high-quality-factors. The quality factor budget generally

includes material losses, radiative losses, losses associated

with scattering and absorption by inhomogeneities inside

and on the surface of a resonator, and coupling losses.

Controlled among these are the coupling quality factor,

the quality factor associated with radiative losses, and the

quality factor associated with scattering on the surface.

Radiative losses depend on the resonator size and are

negligible for resonators with dimensions exceeding several

tens of a wavelength. The coupling quality factor may

be adjusted by varying the distance between the resonator

and the coupling element. The surface roughness should

be reduced in order to suppress losses associated with

scattering on the resonator surface. To achieve this, one

needs to identify all potential factors affecting negatively the

surface quality in the process of fabrication and eliminate

them. In the present study, the conditions of emergence

of various defects on the resonator surface (associated
both with the properties of the materials used and with

the manufacturing process specifics) were determined in

the course of fabrication. Figure 7, a illustrates the case

of improper preparation of the fiber workpiece wherein

dust particles or protective polymer coating residues get

fused into the surface. This problem is easy to eliminate

by cleaning the fiber surface more thoroughly with high-

purity isopropyl alcohol before the melting procedure.

The cases presented in Figs. 7, b and c correspond to

defects forming when a proper temperature regime is not

maintained during melting and cooling. An asymmetrical

temperature distribution around the fiber workpiece induces

deviations of the resonator shape from a spherical one and

fiber bending (Fig. 7, b) [30,54]. Bends also form if the

fiber is positioned non-vertically in the ferrule of an optical

connector. Ferrules with aperture diameters of 125 and

250µm are used for single-mode and multimode optical

fibers, respectively. When the fiber is thinned, one needs

to ensure that it is secured strictly vertically with universal

adhesive.

Defects associated with crystallization on the resonator

surface were the hardest to eliminate. The multicomponent

composition of the used ZBLAN fluoride fiber aggravates

the situation further. A more pronounced tendency to

crystallization of a material may have a profound negative

effect on the surface quality of a cooling sphere (Fig. 7, c).
The glass-forming ability of a material depends on the

resistance of glass to crystallization upon cooling within

the range between the melting point and the crystallization

temperature. The difference between these temperature

values for the fibers used here is relatively small: the

crystallization temperature varies within the 350−400◦C

(ZBLAN) range, and the melting temperature is ∼ 450◦C

(ZBLAN). It was demonstrated experimentally in [63] that
the temperature of the onset of crystallization depends on

the rates of heating and cooling of glass, allowing one to

choose the optimum rate to suppress crystallization.

Two types of heating elements (a common soldering

station and a spiral heating element made of nichrome wire)
were used in the present study. In experiments with arsenic

sulfide fibers and the soldering station, the problem with

crystallization during cooling was solved easily by adjusting

the rate of shifting the heating element away from the

microsphere after melting. In the case of arsenic sulfide, the

problem with crystallization on the surface was manifested

only in the process of tapering the fibers (Fig. 7, c), which

became unusable as a preform for microspheres. One needs

to adjust the temperature smoothly as the fiber gets thinner

during melting. In the present case, this was done by

increasing the translational speed of the motorized stage

with the heating element from 15 to 30−40µm/s.

Having replaced the fiber with the fluoride one, we failed

to find the optimum temperature regime in experiments

with the soldering station. A spiral heating element was

fabricated from nichrome wire to obtain a symmetrical tem-

perature distribution inside the heating element and control

the heating and cooling rates. An additional microscope

installed above the heating element was also used for

convenience of positioning the fiber relative to the center

of the heating element. The optimum parameters, which

helped eliminate all the above-mentioned factors leading to

microsphere surface deformation, were then determined via

step-by-step experimental adjustment of temperature and

heating duration values. With these parameters set, this

method provides fine reproducibility with a high quality of

surfaces of the fabricated microspheres.
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Inhomogeneities fused into the surface associated with low
quality fiber preparation

Defects associated with asymmetry
of temperature distribution

Surface defects associated
with crystallization

a

b c

Figure 7. (a) Defects associated with inhomogeneities present on the fiber surface before melting. (b) Defects associated with the

asymmetry of temperature distribution. (c) Defects associated with crystallization.

Conclusion

The process of fabrication of microspherical WGM res-

onators with high-quality-factors from arsenic sulfide fibers

50–500µm in diameter and ZBLAN fluoride glass fibers

250–400µm in diameter was demonstrated. The factors

potentially inducing the formation of defects on the surface

of resonators in the course of fabrication and the ways to

minimize their influence were discussed. The presented

method ensures fine reproducibility of parameters of the

resulting microresonators combined with a high quality of

surfaces of the fabricated microspheres. It provides an

opportunity to reach a quality factor of microresonators

comparable to record-high values for the materials used.

The advantages of this method are its relative simplicity and

high production rate: the entire process of fabrication of

a single microsphere (from preliminary preparation of the

fiber to a finished microsphere) takes approximately 10min.
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[13] L. He, Ş.K. Özdemir, L. Yang, Laser & Photonics Reviews 7,

60–82 (2013). DOI: 10.1002/lpor.201100032
[14] R.R. Galiev, N.G. Pavlov, N.M. Kondratiev, S. Kop-

tyaev, V.E. Lobanov, A.S. Voloshin, A.S. Gorodnitskiy,

M.L. Gorodetsky. Opt. Express, OE 26, 30509–30522 (2018).
DOI: 10.1364/OE.26.030509

[15] W. Liang, V.S. Ilchenko, D. Eliyahu, A.A. Savchenkov,

A.B. Matsko, D. Seidel, L. Maleki. Nature Communications

6, 7371 (2015). DOI: 10.1038/ncomms8371

[16] A.E. Shitikov, I.I. Lykov, O.V. Benderov, D.A. Chermo-

shentsev, I.K. Gorelov, A.N. Danilin, R.R. Galiev, N.M. Kon-

dratiev, S.J. Cordette, A.V. Rodin, A.V. Masalov, V.E. Loba-

nov, I.A. Bilenko, Opt. Express, 31, 313–327 (2023).
DOI: 10.1364/OE.478009

[17] S. Arnold, D. Keng, S.I. Shopova, S. Holler, W. Zurawsky,

F. Vollmer. Opt. Express 17, 6230 (2009).
DOI: 10.1364/OE.17.006230

[18] W. von Klitzing, R. Long, V.S. Ilchenko, J. Hare, V. Lefèvre-
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