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Abstract

This work presents experimental and numerical investigations of the microwave dielectric properties of the ceramic matrix
CaMoO, (CMO) with the addition of 8, 12, and 20 wt% TiO,, obtained through the solid-state reaction method. X-ray dif-
fraction and Rietveld’s refinement revealed no evidence of secondary phases, indicating no reaction between the CMO and
TiO, phases. The dielectric properties presented an improvement with the addition of TiO,, with the CMOS8 sample present-
inge! =12.8,tan 5 ="7.8 x 10, and 7; = — 6 ppm°C~!, demonstrating that this material has thermal stability (z; < 0). The
ceramic was tested as a dielectric resonator antenna (DRA) and numerical simulation results showed that the materials have
arealized gain of 4.40-4.92 dBi, a bandwidth of 741—1079 MHz, and a radiation efficiency above 86%. The results indicate
that CMO—TiO, systems could be employed in devices operating in the S-band.
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Introduction

Mobile communications, satellite communications, the
global positioning system, and other communication tech-
nologies have made great advances in the field of telecom-
munications, and microwave dielectric materials have been
widely used in microwave components such as substrates,
resonators, and filters.'™ Ceramic materials tend to be
widely used in electronic devices due to their ability to
modify their structure and adjust their dielectric properties.
In general, there is a high demand for microwave dielectric
ceramics with appropriate permittivity (e,), temperature
coefficients of resonant frequency close to zero (z;), and
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high-quality factors (Q X f) or low dielectric loss (tan ).~

The ceramic matrix CaMoO, (CMO) is a molybdate
with a scheelite-type structure with space group I41/a.!%!!
In CMO, molybdenum forms a tetrahedron, and calcium is
coordinated by eight oxygen atoms.'? This structure gives
the CMO excellent dielectric and luminescent properties,
having great potential in applications such as solid-state
lasers, white-light emitting diodes, optical fibers, and humid-
ity and microwave sensors. !¢
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Titanium dioxide (TiO,) is widely used in materials sci-
ence because it has good characteristics such as low die-
lectric loss and high dielectric permittivity.!” This oxide
presents an extremely high positive temperature coeffi-
cient of resonant frequency (r; = + 450 ppm°C~Y), so the
addition of this material in matrix ceramics with a nega-
tive 7; could result in composites that are thermally stable
(r;> =+ 10 ppm°C~1).18-20

In this work, the effect of TiO, addition on the structure
of CMO was analyzed by means of x-ray diffraction (XRD).
Furthermore, the dielectric properties of the composites in
the microwave region were analyzed, as well as the behavior
of these materials acting as dielectric resonator antennae
(DRA).

Experimental

Calcium molybdate (CaMoQO,) was synthesized by the solid-
state reaction method through the stoichiometric mixture of
calcium carbonate (CaCOj;; Vetec 99%) and molybdenum
oxide (MoOj5; Sigma 99.5%). The precursor reagents were
milled for 4 h at 360 rpm in a planetary mill (Fritsch Pulveri-
sette 5) and the resulting powder was calcined in a resistive
oven at 900°C for 4 h. The chemical reaction that describes
the formation of CaMoQ, is given by:

A
CaCOs () + M0O5(, — CaMoOy(, + COy, (D

The powder was then mixed with commercial titanium
oxide (TiO,; Dynamica 99%) to obtain CaM0O,;_,,—TiO,,
composites. The mixture was prepared in compositions of
0%, 8%, 12%, and 20% by mass of TiO, , and were called
CMO, CMO8, CMO12, and CMO20, respectively. Then,
the composites were molded in cylindrical ceramic cylinders
with a uniaxial pressure of 98 MPa. Next, the green bodies
were sintered in a resistive furnace at 1200°C for 4 h.

The crystalline structure analysis of the materials was
performed by XRD measurements employing a diffractom-
eter model (Rigaku D/max-B). The diffraction patterns were
obtained in a range of 20°-80° with an incident wavelength
(Cu-Kal) of 1.5443 A, working at 40 kV and 40 mA, with a
scan step of 0.013°. The surface morphology of the samples
was investigated employing scanning electron microscopy
(SEM) in a Quanta 450 FEG instrument.

The Hakki—Coleman technique was employed in the
measurements of the dielectric properties of the CMO—TiO,
composites in the microwave range, where the ceramic cyl-
inders were manufactured following the diameter and height
ratio of 2:1, which is a requirement for the Hakki—Coleman
methodology.

The evaluation of the thermal stability was
carried out through the method described by
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Silva-Fernandes—Sombra,* using an Agilent N5230A
network analyzer. The temperature coefficients of the reso-
nant frequency (z;) were calculated by shifting the reso-
nant frequency with increasing temperature according to:

A
= ——— % 106(ppm°C_l) 2)

where f, is the resonant frequency of the HE;; ;s mode meas-
ured at 30°C, and Af and AT are the variations in resonant
frequency and temperature (30-80°C), respectively.

Numerical simulations were performed using Ansoft
HFSS® software to obtain the far-field parameters for all
the samples. Figure 1 shows the experimental configu-
ration used in the tests, where a ceramic cylinder is fed
laterally by the coaxial cable. In this configuration, it is
possible to visualize the HE,,; mode whose resonant fre-
quency equation is:

6.324¢

2
[0.27 + 0.36(i>] + 0.02(1)
2rar/€ + 2

fHE115 = 2h 2h

3)
where a is the radius and # is the height of the cylinder
ceramic, ¢ refers to the speed of light in a vacuum and ¢
refers to the dielectric permittivity of the cylinder ceramic.
From this configuration, it is possible to find a better imped-
ance matching to obtain the far-field parameters, such as
gain, efficiency, the radiation diagram, and the radiation
coefficient of the DRA. In addition, the configuration in
Fig. 1 shows the air gaps between the DRA and the probe
and between the DRA and the ground plane, where these
air gaps are inserted in the simulation to adjust and improve
the impedance matching in the theoretical model in order
to approximate the simulated results with those obtained
experimentally.

SMA Probe
» F—2a—

—‘7 1l DRA h
1 ’

Ground Plane

Air Gaps

Coaxial Cable

Fig.1 Setup employed in the measurements of CMO and composites
as DRA.
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Results and Discussion

The comparative diffraction patterns of the CMO sample
synthesized with ICSD No. 060552 (space group 1 41/a) and
with Rietveld refinement are presented in Fig. 2a, b. It can
be observed that all the peaks of the CMO sample coincide
well with the ICSD standard, whereas no additional peaks
from other crystalline phases are observed. In addition, low
residual values between the observed and the calculated dif-
fraction patterns were obtained, confirming the formation of
the single-phase CMO. The statistical parameters obtained
by Rietveld refinement are y* = 2.23, Ry (%) = 6.45, and Ry,
(%) = 4.81. These values are acceptable and indicate that the
realized refinement is reliable.

Rietveld refinement was used to determine the percentage
of phases present in the CMO, _,,—~(TiO,), composites, and
the refined diffractograms are shown in Fig. 3. Through the
analysis of the refined diffractograms, we can confirm the
presence of CaMoO, (ICSD No. 060552) and TiO, (ICSD
No. 024277—space group P 42/m n m) phases in all the
composites, demonstrating that there was no chemical reac-
tion between these phases. Statistical parameters from the
Rietveld refinement and the mass fraction values of the com-
posites are shown in Table I.

For all the samples, the experimental density was
obtained through pycnometry, and the theoretical densi-
ties of the CMO and TiO, were obtained through Rietveld
refinement, where CMO presents p = 4.254 g cm™ and TiO,

X Observered
——— Calculated
—— Difference

Intensity (a.u)

1CSD 060552

I 2 1 " l
25 30 35 40 45 S50 55 60
20 (degree)

Fig.2 (a) Rietveld refinement of CMO sample, (b) XRD comparative
between CMO and ICSD pattern.

has p = 4.252 g cm™>. The results of absolute density (o)
and relative density (o,) can be seen in Table II and Fig. 4,
where the relative density is obtained by the ratio between
the experimental and theoretical densities.

It can be seen that the addition of TiO, provided an
improvement in the relative density of the composites, reach-
ing 91% for the CMO20. It is known from the literature that
the oxide TiO, is employed as a sintering aid, being able to
improve the relative density of ceramic materials.>!"*

Figure 5a—d shows SEM micrographs of the surface
microstructures of the CMO-TiO, composites with a mag-
nification of X1000. The morphology of the CMO presents a
microstructure with grains of various shapes and sizes with
well-defined boundaries, demonstrating the polycrystalline
nature of this material. The increase of the TiO, addition
resulted in a more irregular morphology of the composites,
where an increase in the number of rod-like grains can be
observed. In addition, no significant variation in the poros-
ity of the materials after TiO, addition can be seen, which
is in agreement with the densification results presented in
Table II.
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Fig.3 Rietveld refinement of the CMO-TiO, composites.

Table | Parameters from Rietveld refinement and densification for all
samples

Samples  Parameters Mass fraction (%) o
7 Ryp (%) Ry CMO  TiO,

CMO 2.23 6.45 4.81 100 0 0.88

CMO8 1.458 10.18 9.18 94.23 5.77 0.88

CMO12  1.807 5.55 8.12 89.65 10.35 0.89

CMO20  1.597 5.63 9.23 83.14 16.85 0.91
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Table Il Dielectric properties of
CMO-TiO, composites

DRA Radio (a) (mm)

Height (h) (mm)

Ratio (a/h) € tand

-~

oOxf Tp
(ppm°C™")

CMO
CMOS8
CMO12
CMO20

6.11
6.03
6.00
5.98

5.92
6.08
5.96
6.00

52x107*
7.8 %107
6.9 x 107
73 %107

1.03 9.3
0.99 12.8
1.00 13.4
0.99 19.0

21,604.60
12,484.03
13,510.91
11,003.83

-30
-6
+27
+ 166

0.91 CJ

0.90

0.89 1 o

Relative density

0.884 @

0.87 T T T T T T T T T T T
0 4 8 12 16 20

TiO, concentration (% wt)

Fig.4 Relative density variation as a function of TiO, addition in all
the samples.

The dielectric properties in the microwave range of the
CMO-Ti0O, systems were analyzed using the Hakki—Cole-
man technique. As observed in Fig. 6, the composites dem-
onstrate an increase in the dielectric permittivity with the
TiO, concentration, reaching a value of 52 = 19.0 for the
CMO20 composite. This can be explained by the fact that
TiO, presents a high dielectric permittivity (/. = 100)? com-
pared to the CMO phase (¢/. = 9.3). Regarding the dielectric
losses (tan 6), no significant variation was observed, with all
the materials showing tan & values in the order of 107, since
the CMO and TiO, phases have similar loss tangent values
(tan 6759, = 1.8.107).!

The measurement of the resonance frequency temperature
coefficient (z¢) was performed to verify the thermal stability
of the materials in the microwave region. It was observed that
the CMO ceramic matrix has 7;= — 30 ppm°C~!, proving to
be a thermally unstable material, as it is outside the accept-
able range of 7; (— 10 ppm°C~! to + 10 ppm°C~"). With the
addition of TiO,, which has positive 7; (+ 450 ppm°C~"),*
to the CMO ceramic matrix, it was possible to reach a ther-
mal stability with a value of 7; = — 6 ppm°C~! for the
CMO8 sample. Figure 7shows the variation of 7; with the
addition of TiO, in the composites investigated.

@ Springer

The manufactured ceramic cylinder was tested as a DRA,
while numerical simulations were performed to obtain the
far-field parameters of the CMO—TiO, composites.

The experimental and theoretical return loss (S;,) are
shown in Fig. 8, where it can be seen that the samples have
a reflection coefficient below — 10 dB, demonstrating that
they could operate as DRA.>*? It is noted that the frequency
of operation of the DRAs decreases with the increase of the
percentage of TiO,. This can be explained by the fact of the
high permittivity of TiO, causing an increase of ¢, of the
DRASs (as observed in Table II), consequently resulting in
the decrease of the frequency of the materials investigated.
The bandwidth calculated for the CMO at — 10 dB was equal
to 1079 MHz, while, for the composites studied, the band-
width value decreased, with a lower value being observed
of 741 MHz for the CMO20 system.

Figure 9 shows the components of the real and imagi-
nary impedances, where it can be seen that the differences
between the experimental and simulated curves are small,
indicating an excellent fit. In addition, a small shift in
the peak resonance frequency between the composites is
observed for the DRAs.

Table III shows the characteristics of the transmission
lines and the impedance lines obtained by the relationship
Z =R + jX. The results show that the impedance values are
close to the characteristic impedance value of 50 Q; that is, it
can be considered that, at the respective resonance frequen-
cies, all the antennae can achieve maximum power transfer.?®
The reflection coefficient (I") and the voltage standing wave
ratio (VSWR) locate the impedance for CMO at the resonant
frequency of 6.05 GHz, with Z (£2) = 50.5 — j0.37. The
CMO matrix has a low reflection coefficient of " = 0.003.
The angle was — 0.42°, indicating that the wave travels from
the source to the load, the calculated radiation efficiency was
99%, and the VSWR was 1.05, indicating that the power
transmitted by the antenna was satisfactory with little reflec-
tion. These results are important specifications for micro-
wave components.’

The CMO8 and CMO12 composites presented excel-
lent radiation efficiency results, both with 99% and with
VSWM = 1.02 and 1.01, respectively. Moreover, the
CMO, CMOS8, and CMO12 presented negative X(£2) val-
ues, which implies that the materials have a capacitive
reactance, and with negative angles, indicating that the
wave travels from the source to the load. The CMO12
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Fig.5 SEM micrographs at room temperature with a magnification factor of x1000 for: (a) CMO, (b) CMOS8, (c) CMO12, and (d) CMO20.

20 9.0
5.5
-—8.0
75
14 1 -—7.0
-—6.5
-6.0

5.5

Relative Dieletric Permittivity (a.u.)
>
1
© /
Q
[ |
(V 1) SSOT L3RI

T d T d T T 5.0
4 8 12 16 20

TiO, concentration (% wt)

o1 me

Fig.6 Permittivity (¢,) and dielectric loss (tan §) values obtained for
CMO-TiO, system in the microwave range.

composite has a Z(£2) = 49.3 + jO.1, presenting an induc-
tive reactance, and with an angle of + 0.22°, indicating
that the wave is in the direction of the load. The calculated

200

150 +

100

-1

t¢ (ppm °C )

50

TiO, (% wi)

Fig.7 Temperature coefficient of resonant frequency of CMO-TiO,
composites.

radiation efficiency was 99% with a I = 0.007. Through
the results obtained and presented in Table III, it was
observed that the influence of TiO, in the CMO matrix

@ Springer
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Fig. 8 Experimental and theoretical return loss (S,;) for all samples: (a) CMO, (b) CMO8, (c) CMO12, and (d) CM020.

makes the composites leave a capacitive reactance and go
to inductive reactance.

With the good fit between the experimental and simu-
lated data shown in Figs. 8 and 9, the values of the far-
field parameters were obtained and the results are shown
in Table I'V. Addition of TiO, to the CMO ceramic matrix
provided improvements in the antenna parameters of the
realized gain and radiation efficiency, where the CMO20
presented the best results compared with the other materi-
als, presenting a gain of 3.11 dB and radiation efficiency
of 99.7%.

Table V presents far-field parameters of other thermally
stable systems used for the manufacture of DRAs, where
it is possible to observe that CMO20 has values near to or
greater than those presented by many materials reported in
the literature. These results demonstrate that CMO—TiO,
composites have potential application as DRAs and/or
other devices that operate in the S-band, such as commu-
nication satellites, Wi-Fi devices, and weather radar.>>?’

@ Springer

Conclusions

The dielectric properties of the CMO (CaMoO,) ceramic
matrix with the addition of TiO, have been analyzed.
X-ray diffraction and Rietveld’s refinement demonstrated
the presence of the CMO and TiO, phases in the system,
demonstrating that there was no formation of secondary
phases.

It was observed that, with the addition of TiO,, the
permittivity increased, while the tangent of loss hardly
changed. The increase of permittivity resulted in the
decrease of the operating frequency of DRAs from
6.05 GHz to 5.56 GHz. In addition, the addition caused an
increase in the 7; values of the samples, with CMOS8 dem-
onstrating the value closest to zero (7; = — 6 ppm°C™).

Numerical simulation was employed to obtain the far-
field parameters of the CMO—TiO, composites, where
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Fig.9 Real and imaginary impedances experimental and simulated for: (a) CMO, (b) CMO8, (c) CMO12, and (d) CMO20.
Table lll Far-field parameters obtained for all the samples
DRA CMO CMOS8 CMO12 CMO20
Frequency (GHz) 6.05 6.00 5.99 5.56
Realized gain (dBi) 4.40 4.77 4.82 4.92
Radiation efficiency (%) 86.1 99.5 99.5 99.7
Bandwidth (MHz) 1079 891 860 741
Bandwidth (%) 17.83 14.85 14.36 13.33
Table IV Par.ameters'obtained DRA R(Q) X (Q) VSWR Il T (%) Angle (%) Iy (%)
by the experimental impedance 4
of the samples CMO 50.5 -037 1.00 0.003 0.99 - 042 0.001
CMOS8 49 -0.22 1.02 0.010 0.99 -0.26 0.010
CMOI12 494 - 031 1.01 0.006 0.99 -0.36 0.004
CMO20 49.3 0.19 1.01 0.007 0.99 0.22 0.005
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TableV Values of far-field

. Material Reference Gain (dBi) Efficiency (%) BW (MHz)
parameters values of different
ceramics composites Ba(Zn,;Ta,;)0,_Cr,0, (BZTCR1) 25 6.40 80.00 290
YNbO, — CaYTiNbO, (YCT15%) 27 5.10 95.88 129
Y;Fes0,, _CaTiO; 28 3.91 96.24 103
(YIGy 25CTOy 75)
BiVO, _CaTiO; 29 5.93 91.44 130
(BV16)
LTCN,, + 3 wt% H;BO; 30 4.03 93.00 600
CaMoO, - TiO, Present work 4.92 99.7 741

(CMO020)

it was observed that the samples demonstrated a real-
ized gain above 2.70 dBi, a bandwidth between 741 and
1079 MHz, and a radiation efficiency ranging between
86.1 and 99.7%. The values presented here demonstrate
that the ceramic materials investigated could be employed
in devices operating in the S-band, such as in telecommu-
nications and in surface ship and weather radars.
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