
Technical Physics Letters, 2025, Vol. 51, No. 12

Theoretical and experimental study of fine erbium oxide powder

treatment in RF plasma jet to obtain light-emitting microspheres
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Mathematical modeling of processes in a RF inductively coupled plasma torch is described. The obtained

temperature and plasma velocity distributions were used as initial data for calculating the motion of erbium oxide

powder in a plasma jet. As a result, the technological process parameters were obtained that ensure effective

processing. The obtained operating parameters were used for experimental studies. The obtained erbium oxide

microspheres turned out to be an order of magnitude larger than the initial powder. The article presents hypotheses

explaining this result. Optical studies of the obtained microspheres showed intense photoluminescence in the visible

and near infrared spectral range.
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Rare earth metal oxides, of which erbium oxide (Er2O3)
is an example, attract attention due to such properties as

high transparency in a wide spectral region (from UV to

IR) and a fairly high refraction index. Materials based

on Er2O3 are used in optoelectronic devices as converters

of IR radiation into visible light (upconversion [1]), for

fabrication of color displays [2], etc. The properties

of such a material are closely related to its size and

shape.

Specifically, the spherical shape of Er2O3 particles helps

reduce radiation losses due to light scattering and allows

one to use them as an active core in spherical Bragg

reflectors [3,4]. Such structures may be used to control

spontaneous emission [5] and design low-threshold omni-

directional microlasers [6,7]. However, the production of

microspheres of the size suitable for lasing (on the order of

100 µm) is associated with technological difficulties. For

example, the microspheres obtained by chemical means

in [8] had a diameter of just 0.2−0.3 µm, and irregularly

shaped quasi-microspheres in [9] were no larger than

3µm. The typical surface quality of such microspheres

is very low, since their structure may be riddled with

holes and cavities and their surface is uneven. In

addition, microspheres may get stuck together and form

agglomerates.

Therefore, the task of synthesizing sufficiently large (up
to 100 µm) erbium oxide microspheres remains relevant.

The conditions necessary for obtaining such powders are

chemical purity and high temperature of the working

medium, since erbium oxide is a refractory material.

In the present study, we propose to synthesize Er2O3

microspheres in a plasma jet generated by a radio-frequency

inductively coupled (RFIC) plasma torch [10–12]. The

starting material in this case is fine Er2O3 powder of

particles with an average diameter on the order of 1µm,

which form large agglomerates up to 200 µm in size.

The following features of RF ICP torches make them

well suited for use as high-temperature jet sources: the

chemical purity of plasma due to a lack of electrodes;

the capacity to produce plasma from gas of any com-

position, which helps avoid unwanted chemical reactions;

and the large volume and low velocity of a plasma

jet, which have a positive effect on powder processing

performance.

Electromagnetic, thermal, and gasdynamic processes

proceed inside the RF ICPtorch. In much the same way

as in transformer operation and inductive heating of metals,

alternating current is passed through an inductor, which

produces an alternating magnetic field in the surrounding

space. This field induces ring current in the core of

plasma in the plasma torch tube, which leads to the release

of thermal power that is needed to maintain it. Cold

gas enters the plasma torch, is heated by the plasma

core and transitions to a plasma state, is accelerated,

and flows out through the outlet section of the plasma

torch, forming a plasma jet. All these processes are

characterized by the model detailed in [13–16]. The

problem was solved in a two-dimensional axisymmetric

formulation in COMSOL Multiphysics. The distributions

of temperature, velocity, pressure, electric and magnetic

field strength, and other electromagnetic quantities were

determined as a result of calculation. This allowed us

to evaluate the efficiency of the given operating mode

of the plasma torch. In addition, the obtained plasma

temperature and velocity distributions in the outlet section

of the plasma torch were used as initial data for calcu-

lating the motion of erbium oxide powder in the plasma

jet.
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Figure 1. Results of mathematical modeling of plasma processes in an RF ICP torch. a — plasma temperature distribution; b — plasma

axial velocity distribution.
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Figure 2. Results of calculation of motion of fine erbium oxide powder in a plasma jet.

The calculation of particle motion in a plasma jet was

described in detail in [13]. The problem was solved in a

three-dimensional non-stationary formulation in COMSOL

Multiphysics.

The RF ICP torch with an internal tube diameter of

54mm operating at a frequency of 5.28MHz was used for

studies. The power input into plasma may vary within the

range of 20−40 kW; in calculations and experiments, the

plasma power was 30 kW. The inductor had four turns, an

internal diameter of 92mm, and a height of 70mm. The

geometry is detailed in [17]. Air was the plasma-forming

gas; its flow rate was 60 l/min. The plasma torch had an

angle of inclination to the horizon of 20◦ (this was not

taken into account in calculations).
A feeder tube was positioned at a distance of 30mm from

the outlet section of the plasma torch. Erbium oxide powder

was fed through it from top to bottom at a rate of 0.1 kg/h.

The above-described RF ICP torch was used in experi-

ments. The device itself and its power supply are located in

the Laboratory of Radio-Frequency Plasma Technology at

Peter the Great St. Petersburg Polytechnic University.

Experiments were aimed at investigating the possibility

of production of light-emitting erbium oxide microspheres

from the initial fine powder.

Video recording with an EVERCAM 2000-16-C high-

speed camera [18] was performed additionally to examine

the details of processing visually.

Figure 1 shows the distributions of temperature and

plasma velocity inside the RF ICP torch obtained in

calculations.

The maximum plasma temperature is 7606 K. It can

be seen that the region of maximum temperature is

shifted away from the axis, which is typical of induction

heating devices. The maximum axial plasma velocity is
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Figure 3. Experimental studies of erbium oxide powder processing in a plasma jet. a, b — high-speed video frames illustrating erbium

oxide powder processing in an RF plasma jet. 1 — plasma jet, 2 — quartz tube for powder feeding, 3 — powder particles, and 4 —
erbium oxide vapor. c, d — erbium oxide powder imaged with a microscope before and after processing, respectively.

26.3m/s. Since the velocity is this low (compared to arc

plasma, where typical velocities are at least an order of

magnitude higher), the residence time of the powder fed

into the plasma jet is quite long (tens of milliseconds).
This, in turn, leads to more efficient heating of the

powder.

Figure 2 shows the trajectories of motion of erbium

oxide powder particles in the plasma jet. Efficient

processing requires that powder particles (in the calcu-

lation, the average powder diameter was set to 80 µm)
be moving in the axial region of the plasma jet, where

temperature is the highest. A corresponding mode was

found; it is established at an initial particle velocity

of 5m/s.

Figures 3, a, b show high-speed video frames illustrating

erbium oxide powder processing in the RF plasma jet. The

operating mode is as follows: plasma power, 30 kW, plasma-

forming gas flow rate, 60 l/min; powder consumption,

0.1 kg/h; transport gas flow rate, 5 l/min. High-speed

video recording mode: 4000 fps; exposure time, 1/4000 s.

The presented images were recorded through a K&F

Concept Variable MC ND8-ND2000 neutral density filter

at maximum attenuation (2000). Plasma jet 1 and quartz

tube 2 for powder feeding are seen in the bottom right and

top right corners, respectively. Since particles heated to a

high temperature glow brighter than plasma, bright dots 3

seen in the high-speed video frames are the particles being

processed. If particles are exposed to high temperatures

for a sufficiently long time, a brightly glowing cloud (4)
forms around them and is carried away by the plasma

jet. This is erbium oxide vapor (particles evaporate in

part).

Figures 3, c, d present optical photographs of erbium

oxide powder. The average particle diameter is 1µm

Technical Physics Letters, 2025, Vol. 51, No. 12



International Conference PhysicA.SPb, October 20–24, 2025 9

Wavelength, nm

600 1700800500 1400700 16001500

P
L

, 
a
. 
u
.

in
te

n
si

ty

1
2

3

4

5

Figure 4. PL spectra of erbium oxide powder after processing. The dashed and solid curves represent the PL spectra of an individual

erbium oxide particle and a microsphere. Numbers denote transitions: 1 and 2 — 2H11/2 → 4I15/2 and 4S3/2 → 4I15/2 (530, 550 nm), 3 —
4F9/2 →

4I15/2 (660 nm), 4 — 4I9/2 →
4I15/2 (800 nm), 5 — 4I13/2 →

4I15/2 (1540 nm).

(particle agglomerates are as large as 200 µm) prior to

processing and 20−80µm after processing (particle-size
distribution: 20−80 µm — 60%, smaller than 20µm —
25%, larger than 80 µm — 15%; no hollow micro-

spheres are seen; the photograph also reveals an in-

significant (in mass) fraction of original particles with

a diameter of ∼ 1µm). Thus, the obtained erbium

oxide microspheres turned out to be an order of mag-

nitude larger than the original powder particles. The

reason for this is not entirely clear. Let us list feasible

hypotheses.

1. Original particles enter plasma in an agglomerated

form, melt, and merge in the liquid phase under the

action of surface tension forces into a larger particle,

which then solidifies into a microsphere upon leaving the

plasma jet. It is known that under certain conditions,

hollow microspheres with characteristic small wall thick-

nesses (compared to the particle diameter) are produced

during plasma treatment of agglomerated particles [19,20],
and the product also contains a certain number of bro-

ken shells. Since this is not seen in Fig. 3, d, it

can be concluded that the produced microspheres are

solid.

2. Original particles enter plasma and are evaporated

due to their small size. Erbium oxide vapor then moves

in the plasma jet and cools after leaving it. In this

case, spherical microspheres are formed by condensation

of erbium oxide vapor. This process is somewhat similar

to the synthesis of nanopowders by condensation from

the gas phase [21], which is characterized by a reduced

synthesis pressure and quenching (rapid cooling) of the

plasma jet. These features are aimed at limiting the particle

size of synthesized nanopowder. The reduced pressure

translates into reduced vapor concentrations, and quenching

leads to rapid cooling and solidification of condensed

particles, thereby preventing their excessive growth. The

process considered in the present study is different in that

the plasma jet enters open air at atmospheric pressure

(therefore, the vapor concentration is higher) and quenching

is lacking. These features contribute to an increase in size of

synthesized particles (relative to the sizes typical of synthesis

of nanopowders).
These hypotheses require further study.

Optical studies of the obtained microspheres were also

carried out. Photoluminescence (PL) of erbium Er3+

ions in microspheres was excited through a microlens

with a focal distance of 5mm by a diode infrared laser

with a wavelength of 980 nm and a power density up

to 100 kW/cm2. Microspheres featured intense PL in the

visible and near infrared spectral regions. The equipment

for PL spectra measurement was described in [3,4]. The

obtained PL spectra are presented in Fig. 4. They

contain lines around 530−550, 660, 800, and 1540 nm

induced by intracenter transitions in the 4 f 11- shell of Er3

ions. The dotted curve represents the PL spectrum of

an individual erbium oxide particle normalized to the PL
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spectrum of a microsphere. The fine structure of these

lines is associated with transitions between the sublevels

of Stark multiplets, which may indicate the presence of

crystalline erbium oxide in both individual particles and

microspheres [22]. The lines around 530, 550, 660,

and 800 nm form via upconversion [1], which results in

sequential absorption of two photons at a wavelength of

980 nm with subsequent radiative transition from levels
2H11/2,

4S3/2,
4F9/2, and 4I9/2 to level 4I15/2. Resonant

energy transfer to an excited center from another radiative

center is also possible if their concentration is high [23].
This illustrates the applicability of microspheres as a source

of visible light. The broad emission band at 1455−1585 nm

(corresponding to fundamental transition 4I13/2 →
4I15/2)

falls within the wavelength range used in fiber communi-

cation lines [24].

The lack of cavities in microspheres is an advantage of

the process under consideration. Cavities in microspheres

exert a profound negative influence on their optical prop-

erties, since they will induce additional uncontrolled light

scattering. In addition, the volume of emitting erbium oxide

will decrease. This will have a particularly negative impact

if a cavity forms in the very center of a microsphere, since

our next goal is to obtain radial emission from their centers,

where the bulk of energy of the electromagnetic field of the

spherical Bragg microresonator is concentrated.

The produced microspheres may serve as a basis for

microscopic point sources of noncoherent and coherent

radiation in the visible and near IR ranges, including the

wavelength of fiber communication lines (1.5 µm), and

may also be used as converters of thermal energy into

narrow-band selective radiation in the visible and IR spectral

regions.

Thus, a theoretical and experimental study of processing

of fine erbium oxide powder in a radio-frequency plasma jet

with the aim of producing light-emitting microspheres was

carried out.

Plasma processes inside an RF ICP torch and the motion

of erbium oxide powder in the plasma jet were calculated.

The technological process parameters ensuring efficient

powder processing were determined as a result.

Experimental data demonstrated that the resulting erbium

oxide microspheres are an order of magnitude larger than

the original powder particles. The reason for this is not

entirely clear; further research is needed.

Optical studies of the obtained microspheres revealed

intense photoluminescence in the visible and near infrared

spectral regions.
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