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An ultralow-firing microwave dielectric ceramic CusMo,Og with orthorhombic
structure has been fabricated via a solid-state reaction method. X-ray
diffraction analysis, Rietveld refinement, Raman spectroscopy, energy-dis-
persive spectrometry, and scanning electron microscopy were employed to
explore the phase purity, crystal structure, and microstructure. Pure and
dense CusMoyOg ceramics could be obtained in the sintering temperature
range from 580°C to 680°C. The sample sintered at 660°C for 4 h exhibited the
highest relative density (~ 97.2%) and best microwave dielectric properties
with &, = 7.2, @ x f= 19,300 GHz, and tr = — 7.8 ppm/°C. Chemical compati-
bility with aluminum electrodes was also confirmed. All the results suggest
that CuzMos0Og ceramic is a promising candidate for use in ultralow-temper-
ature cofired ceramic applications.
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INTRODUCTION

Nowadays, low-temperature cofired ceramic
(LTCC) technology attracts wide attention due to
its enormous contribution to miniaturization and
cost reduction of modern wireless communication
systems.'™ For practical applications, low-temper-
ature cofired ceramics (LTCCs) must fulfill the
requirements of appropriate relative permittivity
(¢r), high quality factor (@ x f), extremely low
temperature coefficient of resonant frequency (ty),
and low sintering temperatures to enable cofiring
with metal electrodes (such as Ag, Cu, and Al).*® In
addition, chemical compatibility, thermal conduc-
tivity, and thermal expansion are of practical
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interest. To date, several attempts to lower the
sintering temperature of such ceramics have been
made, including addition of sintering aids, soft
chemical synthesis, use of nanosized particles, etc.
More recently, use of glass-free low-firing ceramics
has been accepted as a desirable approach for
development of low-temperature cofired ceramics,
because of the simple synthesis process and high
dielectric performance.

In recent years, numerous low-firing ceramics
have been reported, most being based on BiyOgs-,
TeOs-, V505-, WO3, and MoOs-rich systems, for
example, S-BisMo0y0y,° MgTes05,° BaMg,Vy0g,®
Li;WO5,” and CaMo00,.'° Besides, various Cu-con-
taining ceramics have also been reported to offer the
combination of low sintering temperatures and good
microwave dielectric properties'''?; For example,
Joseph et al.’! recently reported an ultralow-firing-
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Fig. 1. XRD patterns of CuzMo,Og ceramic sintered at different
temperatures.

Fig. 2. Rietveld refinement patterns and crystal structure of
CU3M0209.

temperature ceramic CuMoO, with ¢.=7.9,
@ x f=53,000 GHz, and 7= — 36 ppm/°C when
sintered at 650°C. In our previous work, BiCuyVOg
with ¢. of 22.7, @ x f of 11,960 GHz, and 7t of
- 172 2pp111/°C was obtained after sintering at
740°C.'? Thus, it is reasonable to predict that a
compound simultaneously containing Cu and Mo
would exhibit low sintering temperature and
promising microwave dielectric performance. This
motivated us to search for low-temperature cofired
ceramics in the CuO-MoQO3 binary system.
CuszMo,0g compound in the CuO-MoOj3 system
was synthesized by Hamasaki et al.'® in 2009, and
its orthorhombic crystal structure also reported.
However, to the best of the authors’ knowledge, the
microwave dielectric properties of CusMosOg cera-
mic have not been investigated. In this work,
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Fig. 3. Room-temperature Raman spectra of CuzMo,Og ceramic
sintered at temperatures in the range from 580°C to 680°C for 4 h.

CusMo,0g ceramic was prepared, and its sintering
behavior and microwave dielectric properties
studied.

EXPERIMENTAL PROCEDURES

Cu3Mo,0g ceramic was prepared by solid-state
reaction of high-purity oxides CuO (99.99%, Guo-
Yao Co. Ltd., Shanghai, China) and MoO3 (99.99%,
Guo-Yao Co. Ltd., Shanghai, China). The mixed
oxides were ball-milled for 4 h using alcohol as
medium. The wet mixture was dried and calcined at
580°C for 4 h, then ball-milled again for 4 h. The
resulting slurries were dried and reground with
poly(vinyl alcohol) (PVA) as binder. Then, the
granulated powders were pressed into 10-mm-di-
ameter 6-mm-height cylinders under uniaxial pres-
sure of 200 MPa. The samples were first heated at
550°C for 4 h for degumming, then sintered at
various temperatures (from 580°C to 680°C) in air.
To evaluate the chemical compatibility of CuzsMos0g
with Al electrodes, 20 wt.% Al was added to
CusMo50g and cofired at 660°C for 4 h.

The phase composition of the sintered sample was
confirmed by x-ray diffraction (XRD) analysis
(X’Pert PRO, PANalytical, Almelo, The Nether-
lands) and Raman spectrometry (DXR; Thermo
Fisher Scientific, USA). The bulk density of the
specimens was measured using Archimedes’
method. Scanning electron microscopy (SEM,
JSM6380-LV; JEOL, Tokyo, Japan) was used to
observe grain morphology. Microwave dielectric
properties of the sintered ceramics were measured
using a network analyzer (N5230A, Agilent Co.,
Palo Alto, CA) and a temperature chamber (Delta
9039; Delta Design, San Diego, CA). 7; values were
calculated using the formula

fo—hf

fi(Te —T1)’ )

T =
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Fig. 4. SEM micrographs of CuzMo,0Og ceramics sintered at temperature of (a) 580°C, (b) 600°C, (c) 620°C, (d) 640°C, (e) 660°C, and (f) 680°C.

where f1 and f5 represent the resonant frequency at
T: and T, respectively.

RESULTS AND DISCUSSION

Figure 1 shows the room-temperature XRD pat-
terns of CusMosOg samples sintered at 580°C and
680°C. The observed main peaks are consistent with
the standard Joint Committee on Powder Diffrac-
tion Standards (JCPDS) file no. 01-087-0455 for
CusMo,0g, without extra peaks detected. To further
confirm the phase purity and exactly determine the
lattice parameters, Rietveld refinement was per-
formed based on the XRD data. As shown in Fig. 2,
the good agreement between the observed and
calculated XRD patterns and the low residual
factors of Ry, =2.48%, Reyp=1.52%, and
R, = 1.86% suggest phase purity. The refined lattice
parameters were a = 7.6762(1) A, b = 6.8661(1) A,

c=14.62792) A, «=f=7=90° and V=771A3
(Z = 2). The crystal structure of CusMos0Og is shown
in the inset of Fig. 2, with Cu atoms located in
octahedra coordinated with six oxygen atoms while
Mo atoms are bonded to four oxygen atoms to form a
tetrahedron. Neighboring octahedra and tetrahedra
share corners to form a three-dimensional (3D)
network.

Figure 3 shows the Raman spectra of CuzMoy0g
samples sintered at different temperatures (from
580°C to 680°C). The Raman spectra show 11
main peaks in the wavenumber range from
100 cm ! to 1000 cm !, similar to previous reports
by Moiseenko* and Sato et al.'®> Obviously, over
the sintering temperature range, all the samples
exhibited similar Raman spectra in spite of slight
difference in Raman shift. Combined with the x-
ray diffraction analysis, it can be concluded that
single-phase CuzMo,0g in space group Pnma was
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Fig. 5. Relative density and microwave dielectric properties (¢, Q x f, and 1) of CuzM0,Og ceramic as functions of sintering temperature.

Fig. 6. XRD pattern of cofired CusMo,Og ceramic with 20 wt.%
aluminum.

obtained, remaining stable when sintered at tem-
peratures from 580°C to 680°C.

Figure 4 shows SEM images recorded from pol-
ished and thermally etched surfaces of CusMoyOg
ceramic sintered at various temperatures. Obvi-
ously, all the samples exhibited uniform and dense
microstructure with closely packed grain morphol-
ogy and low degree of porosity. This result is in
accordance with the high relative density of the
sintered ceramics. Moreover, as the sintering tem-
perature was increased beyond 640°C, the grain size
increased significantly and abnormal grain growth
and grain melting appeared.

Figure 5 shows the variation in the relative
density and microwave dielectric properties (e,
Q x f, and 1¢) of the CuzMo50g ceramic as functions
of sintering temperature. As shown in Fig. 5, the
relative density showed a slight increase as the
sintering temperature was increased from 580°C to
640°C, reaching a maximum value of ~ 97.2% at
660°C. The variation in the relative permittivity
and quality factor exhibited a trend similar to that
of density with relative maximum values (¢, ~ 7.2,
@ x f=~ 19,300 GHz) obtained after sintering at
660°C. It is well known that microwave dielectric
properties can be affected by many factors including
intrinsic and the extrinsic factors such as densifi-
cation, impurity, second phases, and crystal struc-
ture.lé’17 Thus, the decrease in relative permittivity
(¢r) and quality factor (@ x f) can be attributed to
porosity due to abnormal grain growth at elevated
temperatures. On the other hand, the temperature
coefficient of resonance frequency (ty) showed weak
dependence on sintering temperature and fluctu-
ated in the range from — 4.5 ppm/°C to — 9.1 ppm/
°C. Note that the ¢ values are close to zero, which is
beneficial for temperature stability. Generally, the
sample sintered at 660°C exhibited the best micro-
wave dielectric properties of & = 1.2,
Q x f=19,300 GHz, and tr = —7.8 ppm/°C.

The influence of the porosity on the relative
permittivity (e,) could be eliminated by applying
Bosman and Having’s correction'®:

Ecorr = Sr(l + 1-5p),
where p is the fractional porosity, and ¢.orrectea and

& are the corrected and measured values of permit-
tivity, respectively. &correctea 1S about 7.5 for the
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Fig. 7. Backscattered electron image micrograph and EDS analysis of cofired CusMo,0g ceramic with 20 wt.% aluminum.

Table I. Comparison of microwave dielectric properties of some Mo-rich ceramics

Composition S.T. (°C) &

CaMoO,4 1100 10.8
BaNdy(MoOy)y 960 11.7
Basz(MOO4)4 960 11.8
BaCey(Mo0Oy)4 835 12.3
Nd2Mo30;2 945 8.2
LayMo3012 930 10.1
(Nag sLag.5)MoO4 740 11.0
(Nag 5Ndo 5)MoOy4 760 10.5
(Nag 5Ceo.5)MoO4 780 11.2
CusMoy0g 660 7.2

Q x f (GHz)

66,400
89,700
45,000
20,000
24,732
80,000
60,000
25,050
19,605
19,365
19,300

¢ (ppm/°C)

This work

CusMo,0g sample sintered at 660°C, slightly larger
than the measured value. Furthermore, the relative
permittivity (¢.) can be estimated as the sum of the
ionic polarizability of individual ions (o)) and molar

volume (V) according to the Clausius—Mossotti

equation®®*!:

& =

~ 142baf)/ Vi
1—bod/Vi



where b = 47/3. The sum polarizability of CusMosOg
can be calculated using the additive rule:

o = 3u (Cu2+) + 20(Mo®") + 9u (027).

The calculated theoretical permittivity of CusMosOg
is 7.05. The relative error is about 0.3% for the
measured value and 4.3% for the porosity-corrected
value, indicating that that there is no other polar-
ization mechanism operating in the CuzMosOg
ceramic in the microwave region beside ionic and
electronic displacement polarization.?%23

Figure 6 illustrates the XRD patterns of the cofired
Cu3Moy0g ceramic with 20 wt.% aluminum sintered
at 660°C for 4 h. The main peaks of CusMo,0g and the
characteristic peaks of Al (marked with dots) were
both observedin the XRD patterns. The SEM image in
Fig. 7 exhibits two kinds of grains with different
morphology and elemental contrast. Combined with
EDS analysis, thelarger dark grains were determined
to be aluminum element. These results confirm that
the CuzsMo,0g ceramic samples showed good chemical
compatibility with Al when sintered at 660°C for 4 h.

Table I presents the microwave dielectric proper-
ties of some molybdate ceramics, most of which
exhibit excellent microwave dielectric properties. By
comparison, in spite of its inferior quality factor in
contrast to LnsMo3O;5 (Ln = La, Nd) and CaMoOy,
CusMo,0g ceramic showed the lowest sintering
temperature (660°C), enabling its application in
ultralow-temperature cofired ceramic (ULTCC)
technology. Moreover, its near-zero temperature
coefficient of resonant frequency (— 7.8 ppm/°C)
guarantees the temperature stability of CusMo50g
ceramic, which is superior to other molybdates.

CONCLUSIONS

An ultralow-temperature cofired CusMo,Og cera-
mic in space group Pnma was prepared via a conven-
tional solid-state reaction method. The phase purity,
crystal structure, microstructure, and microwave
dielectric properties were investigated using x-ray
diffraction analysis, SEM, Raman spectroscopy,
energy-dispersive spectrometry, and dielectric mea-
surements. CusMoy,Og ceramic sintered at 660°C
exhibited the highest relative density (~ 97.2%) and
the best microwave dielectric properties with ¢, = 7.2,
@ x f=19,300 GHz, and 7y = —7.8 ppm/°C as well as
chemical compatibility with aluminum. All the results
suggest CusMosOg as a good candidate for use in
ultralow-temperature cofired ceramic technology.
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