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ABSTRACT

Colossal permittivity of CaCu3Ti4O;, (CCTO) makes it a very interesting candidate for capacitor applications. To improve its properties, an
innovative physical method based on a pulsed non-thermal micro-plasma treatment was set up to realize the coating of CCTO’s grains
(core) with silicon oxide (shell). This method is adapted to control the thickness and homogeneity of the shell, which will allow a better
control of grain-grain boundary interfaces and improve the properties of this material. Best result is obtained for the set of gas mixture:
Ar/O,/hexamethyldisiloxane (HMDSO) = 2028 N cm® min~"/7.84 N cm® min~"/523 mg h™", respectively, in plasma with a shell thickness of
50 nm. This study offers a new opportunity to quickly synthetize core-shell materials with a dry technique and without almost no secondary
product resulting from the chemical reaction because it is in the gaseous state. A complete analysis of the plasma by optical emission spec-
troscopy in the UV-visible range shows that HMDSO molecules are totally dissociated in atomic (Si, C, and O) or simple radical species
(C, and CH) in the plasma phase. In addition, several thermometer species (OH®, CH, CN, N,, and N3) are used to estimate excitation tem-
peratures of the plasma (Trot, Tvib, and Te =300 K, 2400-3700 K, and 5.3 eV, respectively) that clearly shows the non-equilibrium character

and the efficiency of this plasma.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0061180

1. INTRODUCTION

In recent years, capacitors have invaded the electronics market
through their use in all technological fields, such as automotive,
home appliance, and aeronautical. It provides filtering or energy
storage functions in electronic circuits. This strong demand has led
to a great interest in dielectric materials with a high energy density.
The expected characteristics for dielectrics-based solid-state capaci-
tors are high permittivity (e.> 10°) and low dielectric loss
(tand < 107Y)." In traditional ferroelectric (FE) oxides, high per-
mittivity is achieved due to their large dielectric response at the
paraelectric (PE)-FE transition temperature.”’ The strong tem-
perature dependence of the FE materials limits their applications.
In order to achieve high performance for practical applications,
an intensive research was focused on the dielectric materials that
have nearly temperature and frequency-independent dielectric
constants and small dielectric loss.”” Since the beginning of this
century, a new material with colossal permittivity was discovered,
the perovskite-type material CaCu;3Ti4O;, (CCTO). CCTO exhibits
a colossal dielectric constant €,~10* at low frequency, which

remains almost constant between 100 and 600 K and slightly depen-
dent on a large frequency in the 10°-10° Hz range.”™

Numerous investigations have revealed that the dielectric prop-
erties of CCTO strongly depend on the processing conditions
during preparation, the type of external contacts, and the measuring
frequency.”'’ Many investigations have been performed to explain
the origin of the giant dielectric constant for CCTO, which has
been ambiguous until now.'"'* It seems to be accepted that the
giant dielectric constant is due to external effects, like the Internal
Barrier Layer Capacitance (IBLC) model. This model is associated
with an electrically heterogeneous microstructure consisting of
semi-conducting grains and insulating grain boundaries.'™'* It
has been proved that the grain boundaries play an important role
in the dielectric behavior."”"°

Unfortunately, this material exhibits a high dielectric loss
(tand > 0.05 at 1kHz) and conductivity despite its high dielectric
constant. The dissipation factor is one important parameter for the
application of a dielectric. Indeed, a material that has a high dielec-
tric constant and a low loss factor is desirable in use as a capacitor
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component. Then, the high loss tangent is still the most serious
problem for applications based on capacitive components. To solve
this problem and improve the CCTO properties, core-shell micro-
structure is one of the proposed solutions in the literature. The
core-shell method consists of coating the grains with insulant
materials like SiO,, TiO,, and Al,Os to control the microstructure
of the grain boundaries. It attempts normally to increase the resis-
tivity and reduce the dielectric losses while keeping a high permit-
tivity.'” After sintering of the powder, the dielectric properties of
the core-shell materials show promising results when compared to
the CCTO ceramics but also to Grain Boundary Barrier Layer
(GBBL) SrTiO3-based capaci'[or.ls’19

It, therefore, seems interesting to explore a new approach to
coat CCTO grains with silicon oxides by cold plasma treatments.
Cold plasmas, also named non-thermal plasmas, have shown their
high efficiency in many industrial fields, including the abatement
of gaseous and liquid hazardous species,”’™* inactivation of
micro-organisms in biomedical applications, food industry,”*™*’
and surface interactions.’’™"”

During the last 20 years, new promising processes based on
various micro-plasma configurations were investigated.”*™*
Micro-plasmas are characterized by a reduced size. One of the dis-
charge dimensions must be sub-millimeter, corresponding to a
value of pxd (pressure x discharge gap) between 1 and 13 Pam
close to those of low-pressure plasmas, but with pressures that can
reach atmospheric pressure. Consequently, current and energy den-
sities are much higher for conventional low-pressure plasmas. This
leads to greater efficiency in the production of chemically active
species in such plasmas.’® These processes with small reaction
volumes translate directly into very short processing times.

Plasma Enhanced Chemical Vapor Deposition (PECVD) tech-
nique was successfully used since many years for plasmas deposition
processes. Classically, the plasma was generated by RF-excitation (at
13.56 MHz).””~*' However, the coupling of a micro-plasma reactor
with a nanosecond-pulsed electric generator can present many
advantages: on one hand, this allows to benefit from the intrinsic
properties of micro-plasmas and, on the other hand, the pulsed
plasmas result in a very efficient energy transfer, i.e., input energy is
mainly used to produce active species (hot electrons, free radicals,
and ionic species) leading to chemical reactions but not to gas
heating. Excitation temperature, i.e., rotational, vibrational, and elec-
tronic temperatures (Trot, Tvib, and Te), estimations are therefore
very important to characterize the plasma reactivity. These parame-
ters provide information notably on the input energy distribution
and contribute to identify the main mechanisms responsible for
chemical transformations into the plasma.

It could be interesting to prepare core—shell materials without
wet surface treatment. We tried to set up a new physical method to
realize the coating in order to control the thickness and homogene-
ity of the coating and with it the microstructure of the grain bound-
aries. Transmission electron microscopy (TEM) results confirm this
“core-shell” microstructure for CCTO grains. The CCTO grains
were covered with a SiO, shell which was produced by the decom-
position of hexamethyldisiloxane (HMDSO) by an Ar/O, pulsed
non-thermal plasma. HMDSO is a precursor frequently used in
PECVD processes to enrich the plasma with SiO, and promote
the coating. Hence, it relates to numerous applications.”” A low
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HMDSO proportion in the Ar/O,/HMDSO mixture is required to
obtain a higher quality SiO, film, typically a few 100 ppm of
HMDSO."’ The method used in this work has the advantage of
being able to produce a core shell in record time and had almost
no secondary product resulting from chemical reaction because it
is in the gaseous phase compared to chemical techniques like
sol-gel, Stober, and hetero-coagulation, with maximum 1h vs 1-3
days, respectively."*"** Another important advantage is the fact of
being able to work on all surfaces and particles with different
chemical compositions of deposition compared to the
layer-by-layer deposition method."”

Il. EXPERIMENTAL
A. Experimental setup

The different compartments of the experimental device, used to
realize plasma treatments, are illustrated in Fig. 1. Optical emission
measurements were performed with a 750 mm imaging spectrometer
(Acton SP750i) equipped with an intensified charge-coupled device
(ICCD) camera (Princeton Instruments, PIMAX2, 1024 x 1024 pixels
with 12.8 um pixel size). Spectra were recorded with a 2400 lines mm™"
grating blazed at 240 nm. The spectral resolution defined by the
full width at half maximum (FWHM) was 22 pm at 309 nm, with
an entrance slit of 20 um.

The micro-torch was driven by a pulsed generator (2 kV, 2 kHz)
controlled by an arbitrary function generator (Tektronix AFG3101)
set in the pulse mode. Discharge voltage and current were measured
with a high voltage probe (Tektronix P6015A) and a calibrated resis-
tor, respectively, and recorded by means of a transient digitizer
(Tektronix TDS3052B, 500 MHz). In this study, the frequency of the
pulse mode was fixed at 200 Hz with a pulse duration of 1000 us
(duty cycle of 20%). The discharge worked in the “auto-burst” mode
at a frequency of about 0.2 MHz, as it can be seen in Fig. 2. A record
of both voltage and current of a single discharge is displayed in the
inset of Fig. 2; for a 630V applied voltage, maximum current was
achieved in a short time of about 40 ns.

The micro-torch was a wire/cylinder configuration with an
annular discharge gap of 250 um and a length of 2 mm. The gas
mixture flowed on the axis of the reactor and the plasma appeared as
a needle going out of the reactor on about 12 mm length. At the
outlet of the micro-torch, the gas undergoes a strong expansion into
the vacuum chamber and the pressure falls from 2.2x10* to
2.9 x 10° Pa. The CCTO support was placed on a translational motor-
ized XY stage, which allows to treat a surface of 15x 15 mm?. The
gap between the micro-torch and the sample was set at 2.5 mm, and
an example of the micro-torch plasma behavior is given in Fig. 3.

B. Experimental procedures

CCTO particles were prepared by the standard solid-state
reaction starting from a stoichiometric mixture of CaCOs, CuO,
and TiO,. The reagents were first placed in isopropanol and
grinded by ball milling for 6 h in a three-dimensional stirrer. After
drying at 80 °C, the resulting powder was heated at 950 °C for 24 h.

The dispersion of the CCTO particles was evaluated by a
Malvern zetasizer using dynamic light scattering technology. They
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FIG. 1. Experimental setup of the plasma generator system and spectroscopic acquisition.

present a unimodal distribution with an average size of 1 um and a 211 vacuum chamber. To realize the shell of SiO,, the first step was

dispersion of 0.5 um.

The CCTO fine powder was used as the “core material” for
plasma “core-shell” treatment. An ink was prepared with 60% Ink
Vehicle (Fuel Cells Materials) and 40% pure CCTO powder. The
resulting ink was applied by screen printing on a glass substrate for
all samples and then a heat treatment is realized at 90 °C for 24 h
to evaporate the ink. The plasma treatments were performed into a
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FIG. 2. (a) Details of the auto-burst mode and (b) typical time evolution of
voltage and current of a single pulsed discharge for 630 V applied voltage.

the plasma cleaning of the CCTO in the reaction chamber for
15 min, with 2000 N cm® min™" of pure argon. The second step is
the deposition of SiO, on the grains of CCTO by dissociation of
HMDSO vapor introduced in the plasma using an argon/oxygen
mixture. This step is done for 30 min. During experiments, the
chamber was filled with a gas mixture of argon, oxygen, and

FIG. 3. Profile of the micro-torch plasma.
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TABLE |. Experimental conditions of SiO, deposition on the CCTO grains.

O, flow rate HMDSO flow rate
Ar flow rate (N em®min™) (mg h™h) 0,
(Ncm?min™) [mol. fraction (ppm)] [mol. fraction (ppm)] HMDSO
Sample 1 2028 £12 3.00 £0.03 200+ 10 13
(2954 + 57)° (227 + 24)°
Sample 2 2028 £ 12 5.42+0.04 362+ 11 13
(5324 +93)° (409 +25)°
Sample 3 2028 £12 7.84 £ 0.05 52311 13
(7681 + 129)" (589 +26)"

*With a 95% confidence level.

HMDSO vapor controlled by gas and liquid mass flow controllers at
a pressure of 2.9 x 10° Pa. Resulting gas compositions used in this
study were in range of 2028 N cm® min™" argon/3-7.84 N cm’® min™"
oxygen/200-523 mgh™" HMDSO. Three samples (noted samples
1-3) were selected as low, intermediate, and high HMDSO concen-
trations. These experimental conditions are resumed in Table I
for the three samples; in addition, molecular fractions of O,
and HMDSO were specified (mol. fraction in ppm). Spectroscopic
investigations were carried out with the set of compositions:
Ar/O,/HMDSO = 2028 N cm® min~'/7.84 N cm® min™'/523 mgh ™",
respectively. Optionally, nitrogen was introduced in very weak
quantities (4N cm®min™" or 0.2%) in the mixture for spectro-
scopic investigations in order to estimate the vibrational and elec-
tronic temperatures of the plasma from N,* and N emissions.

The choice of the experimental conditions is based on, first,
keeping the stoichiometric molecular ratio of O,/HMDSO at 13, in
order to have a complete oxidation of HMDSO to SiO,, CO,, and
water vapor.® Second, the silicon dioxide concentration in the plasma
increases when HMDSO and O, amounts are increased together."’

C. Characterizations after plasma treatment

The CCTO and CCTO@SiO, samples were characterized by
room-temperature X-ray diffraction using a Bruker D8 Advance
diffractometer (6-6) with Cu K, radiation (A=1.5418 A). The
powder patterns were measured in the angular range of
20° <26 < 80° by step of 0.02°. The morphology and the size of
CCTO@SiO, particles were acquired by transmission electron
microscopy (JEOL 2100F) operated at 200kV and equipped with
an energy dispersive spectroscopy analyzer and with scanning
transmission electron microscopy (STEM). Samples for TEM, EDS,
and EDS mapping measurements were prepared by crushing the
crystallites in ethanol. The small flakes were deposited on a holey
carbon film supported by a nickel grid. The microstructure of all

the ro-vibrational bands of SiO (A'TI-X'Z*) Av=v —v'=0, -1
from 234 to 250 nm. These emissions are very well identified by the
position of their band heads calculated in Table IT and presented in
the spectrum of Fig. 4. In addition, OH® (A’X*-X°IT) (0,0) at
309 nm, CH (B’Z-X"TI) (0,0) at 390 nm and CH (A*A-X’TI) (0,0) at
430 nm and the C, Swan band (d3Hg-a3Hu) (0,0) at 516.5 nm were
also observed. With N, addition in the mixture, the N, second posi-
tive (C’I1,-B’T1,) Av=—2 from 365 to 385nm and CN (B’Z"-X’L")
Av=0 at 388 nm and the N; second negative (BZZG-XZ):;) (0,0) at
391.4 nm were detected. The presence of atomic and diatomic species
derived from the HMDSO molecules demonstrates the strong dissoci-
ation power of this type of plasma.

The three ro-vibrational bands OH® (A*£"-X°TT;) (0,0) at 309 nm,
CH (B%Z-XI0) (0,0) at 390 nm, and CH (A%A-X2TT) (0,0) at 430 nm
were used as thermometer species, in order to estimate the rota-
tional temperature of the plasma. The rotational temperature was
estimated individually for the three thermometers from adjust-
ments of synthetic spectra, built from the LIFBASE code,”’ on
experimental one integrated on the whole discharge. The best
adjustment was Trot =300 + 10 K. This result shows that this micro-
plasma produces very non-Local Thermodynamic Equilibrium
(non-LTE) or cold plasmas. The rotational temperature was estimated
for different applied voltages. No change in rotational tempera-
ture was detected in the explored range voltage, i.e., 600-1800 V.
An example is shown in Fig. 5.

Vibrational temperature was estimated from nitrogen mole-
cules, which were introduced in very week quantities
(4N cm®min™! or 0.2%) by means of a mass flow controller in
Ar/O,/HMDSO mixtures. The vibrational temperature of molecular

TABLE II. Calculated vibrational band heads of the first vibrational states of SiO
(A1H-X1E+).51

' - - - - - -
samples was investigated also by MESU 1644—HR JEOL scanning v V=0 V=1 V=2 v=3 V=4 V=5
electron microscopy equipped with an EDS detector. 0 234.47% 22994 22565  221.60 217.71  214.04
1 24143"  236.63"  232.09 227.79 223.70 219.83

Ill. RESULTS AND DISCUSSION 2 248.74"  243.65" 238.84" 234.28" 229.97 225.87
A. Spectroscopic investigations 3 256.43 251.03 245.92° 241.101 236.53; 232.20
4 264.53 258.78 253.36 248.24°  243.40° 238.82

Emission of plasma was investigated in the UV-visible range. 5 273.07  266.95 261.18 25575  250.61  245.76

The main atomic species observed in Ar/O,/HMDSO mixtures
were Si I, C I, Ar [, and O I. The molecular species identified were

“Observed bands in the 234-250 nm spectral range.
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FIG. 4. Experimental spectrum of vibrational bands of SiO (A'TI-X'="), for a
mixture (Ar/O,/HMDSO) = (sample 3), with 1000 V applied voltage. The Si | line
observed at 243.515 nm corresponds to the transition 3d' D°-3p? 'D.*

nitrogen can be estimated from the shape of the second positive
system of the nitrogen emission spectrum that corresponds to N,
(C3Hu—B3Hg) (v, v"") vibrational transitions.”” In order to avoid an
intensity correction of experimental spectra, we restricted the spectral
range at Av=v —v” =-2 between 365 and 382 nm, including the
(3,5), (2,4), (1,3), and (0,2) vibrational bands. The vibrational

1 O,Tmt =300K (a) Simulation Trot =300 K (C) Simulation |
0.8 OH (A% - X11) CH (A% - X'mm)
__ 0.64
= 04 CH (B°z-X'm)
L 02 M
P T A . T T 1110
2 1 O_(X1) (b) Experiment xa1) Sil (d) Experiment |
2 .
£ 08
0.6
44
0 CH (C’x'- X'11)
0.24
0 oy

04
306 307 308 309 310 311 388 390 392 428 430 432
Wavelength (nm)

FIG. 5. Spectra of OH° (A%="-X2IT)), CH (B?s-XI), and CH (A%A-X?11), (a)
and (c) LIFBASE simulated spectra, and (b) and (d) experimental spectra
(Ahgpp =22 pm, entrance slit =20 um), for a mixture (Ar/O/HMDSO) = (sample
3), with 1000V applied voltage. The Si | line observed at 390.552 nm corre-
sponds to the transition 3p4s 1P°-3p? 'S.%
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temperature was estimated using the Boltzmann plot method
described by Britun et al., based on the ratio of the band heads.™

The vibrational excitation presents a great importance in
plasma chemistry because it represents an energy storage available
to initiate the chemical reaction in plasma.”> We observe a strong
enhancement of vibrational temperature with applied voltage as
seen in Fig. 6, which suggests a good capacity of this plasma to gen-
erate chemical active species.

In addition, CN (B*Z*-X*Z*) (0,0) and (1,1) molecular emis-
sions were observed at about 388 nm in Ar/O,/HMDSO/N, mix-
tures. This type of spectra was interesting because it allows us to
determine both Trot and Tvib on the same record. Spectra were
well fitted by values of Trot and Tvib estimated above, as it can be
seen in Fig. 7 for two applied voltages, which confirm these values.

Electronic temperature can be estimated from a method
described by Britun et al, based on the spectral band head ratio
between the band head of Nj second negative (BZZ}XZZ;) (0,0) at
3914 nm and the band head of N, second positive (C HU-B3Hg)
(2,5) at 394.3 nm.”* An imperative condition to be respected is that
the concerned radiative species must be directly excited by electronic
collisions from the ground state of N,. This condition is not satisfied
in the case of plasmas based on Ar/N, mixtures because of the very
efficient resonant excitation transfer of N, from Ar metastable, which
represents a non-negligible indirect channel of N, (C’I1,) production.
Therefore, we have estimated the electronic temperature from a pure
N, plasma at a flow rate of 2000 N cm®min~". Any variation of the
electronic temperature as a function of the applied voltage was
observed. The mean estimated value was Te=5.3 £0.2eV.

B. Structure and microstructure analysis

The X-ray diffraction of the CCTO powder calcined at 950 °C
during 24 h and CCTO coated by SiO, (sample 3), are illustrated in

4000

3500 V I
X 3000
0
2 /
|_

2000 ;

500 1000 1500 2000
Voltage (V)

FIG. 6. Estimated vibrational temperature as a function of the applied voltage
for (Ar/Oo/HMDSO/N,) = (sample 3) +4 N cm®min~" of N,
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FIG. 7. Spectra of CN (B?=*-X?2") (a) and (c) LIFBASE simulated spectra and
(b) and (d) experimental spectra (Akgpp=22pm), for (Ar/O/HMDSO/
N,) = (sample 3)+4 Ncm®min~" of N, for 1000 and 1800V applied voltage,
respectively.

Fig. 8. Corresponding to the PDF number of ICDD 04-010-5727,
the XRD analysis confirms that all peaks match with those of the
CCTO pure phase, and no supplementary peaks are observed. SiO,
peaks do not appear probably because the shell is amorphous. The
CCTO compound crystallizes in a cubic structure with a cell
parameter a =7.393 A and space group Im-3m.

According to the EDS analysis of the three samples, shown in
Fig. 9, the presence of Si element is observed. In the table of Fig 9,
the weight percentage of the Si element increases from 9.28% to
17.96% when the O, and HMDSO concentrations increase.

SiO, shell formed by plasma deposition on the CCTO grains
was analyzed by TEM and EDS mapping. As can be seen in Fig. 10,

ARTICLE scitation.org/journalljap

—— CCTO coated by SiO, (Sample 3)

=)
g L L
A )} R N
P N B
= 3 ——CCTO
C 8
()
[
= ]
— N
g < gﬁESCaA s <Sss
g & _r‘%“%liggté Byss
T T T T T T T T T T T
20 30 40 50 60 70 80

20

FIG. 8. X-ray diffraction patterns of the CCTO powder calcined at 950 °C during
24 h and CCTO coated by SiO, (sample 3).

the SiO, shell and the CCTO core are distinguishable as bright and
dark regions, respectively, due to the differences in density between
the two phases. Figure 10(a) corresponds to sample 1 and Fig. 10(b)
to sample 2. For both samples, the CCTO grains are not well coated.
So, the shell is not homogenous when we use these chemical condi-
tions. As we can see in Fig. 10(a), there are only some areas coated
with SiO, (white circles). In these two cases, it is probably due to the
quantity of SiO, resulting from the dissociation of HMDSO, which
is insufficient for coating all the grains of CCTO and forms a homo-
geneous shell. In Fig. 10(b), CCTO is well crystallized, as it is shown
in the white square; the atomic arrangement can be clearly observed
with white and dark dots; and this crystallization was determined

Element Weight % o

Element Weight % o

Element Weight % o©

Si 9,28 0,09 si

13,06

0,09 si 17,96 0,2 |

FIG. 9. EDS analysis in the white circle area of CCTO@SIO, for (a) sample 1, (b) sample 2, and (c) sample 3.
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COTO eore i according to the diffraction spots as shown in Fig. 10(d). The first

e Si(jz. : measured inter-reticular distance was 3.69 A that corresponds to
IS ', the (200) diffraction plane (3.6899 A as it is shown in the PDF

E \ number of ICDD 04-010-5727) and gives a lattice parameter of
7.37 A that coincides with the theoretical lattice parameter of this

material. The SiO, shell do not show any orientation, so it is

amorphous. Figure 10(c) corresponding to sample 3 shows that

the increase in the concentration of oxygen and HMDSO makes

the shell of SiO, homogenous. The whole grain of CCTO is

200 o coated. The average thickness of this shell is about 50 nm, deter-
— mined with several particles based on the TEM image scale. The

mapping data of principal elements present in the designated car-

tography zone [Fig. 10(c)] are analyzed.
: The mapping of O, Si, Cu, and Ti and the superposition of
ot these elements are shown in Fig. 11(a) and confirmed that CCTO
[010]° bt grains are coated with Si. Figure 11(b) shows the combination of
o 40> Si with a blue color and O with red one, which gives a purple
., i G color when they are overlaid. This means that there is an associa-
0 : tion between Si and O to give SiO (SiO,), which confirms the

SO core-shell structure.

CCTO core Figure 12 shows the evolution of the shell thickness that

Si0, shell rises with the increase in the HMDSO’s amount for the same
treatment time.

The shell attachment processes and the deposition mecha-
nism remain a questionable subject. We can issue several hypoth-
eses. Several research groups have explained that this deposition

200 nm

FIG. 10. TEM pictures of CCTO@SIO, (a) sample 1, (b) sample 2, and (c)
sample 3 and (d) diffraction spots of the crystalline CCTO of the white square.

FIG. 11. EDS-TEM mapping pictures
corresponding to sample 3 of elements
and their superposition: (a) O, Cu, Ti,
and Si; (b) Si and O.

Elements superposition
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FIG. 12. Shell thickness depending on the HMDSO molecular fraction.

mechanism depends on the way in which the HMDSO is frag-
mented. In fact depending on the used energy, there can be
several mechanisms of dissociation of the HMDSO molecule to
(CH3),—Si—0, (CH;);—Si—O0O, Si—0—Si, Si—0, CH,, Si, and
CH,—CH,—0,°" which will influence the quality and the
chemical composition of the deposit.”* The insertion of oxygen
into the plasma promotes the formation of volatile groups in the
gas phase, such as CO,, CO, and COH,. This allows a very good
quality deposit with less carbon groups. It could explain the high
quality of our shell, as we see in Fig. 10 of the TEM image.®”"’
During the plasma treatment, spectroscopic investigations prove
that the HMDSO molecule is completely dissociated (Si, C, CH,
O, and SiO). Experiments carried out without oxygen in the
mixture showed the absence of SiO emissions in the plasma phase
and the absence of deposit on the CCTO.

CHs Plasma
\Sl/ \S| dissociation ) )
HaC™ / \ eHy T Si, 0, Si0, H, C, OH
H3C CHj .,
HMDSO molecule CO,, CO, COH,
Si ..
/sl\ Si-O 0 SI(-)O
W Shell o s
/Si Sl formation Si o
c', _ o

Sl\o/Si

FIG. 13. Shell formation process on the CCTO grains.
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This confirms that the formation of SiOx is mainly due to the
oxygen atoms issued from oxygen molecules’ dissociation added
during experiments rather than oxygen atoms present in the
HMDSO molecules. Our hypothesis is that the oxygen, silicon, and
silicon oxide surround the CCTO’s grains. Their association allows
us to form silicon dioxide. As a result, the CCTO grains are found
trapped in a shell, as shown in Fig. 13. This process can explain the
formation of the shell in this experiment.

IV. CONCLUDING REMARKS

The non-equilibrium plasma deposition described in this
work is advantageous over other methods reported in the recent lit-
erature'”'” owing to its rapidness, its dry character, and the homo-
geneous shell. The present system for the CCTO@SiO, synthesis is
based on micro-plasma of an oxidizing gas mixture containing
HMDSO precursor vapor, which is introduced in the plasma using
a carrier gas flow. The metalorganic precursor (HMDSO) is disso-
ciated in the plasma and the resulting SiOx nucleates to the surface
of CCTO nparticles. This system facilitated the generation of
uniform “core-shell” grains CCTO@SiO, with the SiO, shell thick-
ness of 50 + 2 nm.

Results of temperature measurements presented in this study,
ie, Trot < Tvib <« Te, confirm the non-LTE character of this
micro-plasma. These types of plasmas are, therefore, well adapted
to chemical treatments by efficiently generating chemically active
species by electronic collisions without overheating the whole gas.
A proof of this is the dissociation of HMDSO molecules into
atomic and diatomic species.

The successful synthesis of the CCTO core and the SiO, shell
was demonstrated using SEM, EDS, and TEM. Whatever the con-
centration of HMDSO in the plasma, the TEM images confirm a
deposit of SiO, on the CCTO grain. The homogeneity was better
for the set of values: O,/HMDSO =7681/589 ppm, respectively,
with a shell thickness of 50 nm. According to the TEM images and
weight percentage given by the EDS analysis, we can conclude that
the increase in HMDSO quantity improves the quality and homo-
geneity of the coating. However, in this work, it was not possible to
realize electrical measurements in order to determine the permittiv-
ity and the dielectric losses because of the low quantity of the core-
shell powder obtained. In principle, the strategy and objective of
our study offer a new opportunity to quickly synthetize homoge-
nous core-shell materials with a plasma technique.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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