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A novel low-temperature fired BaMnV,0; ceramic was fabricated with solid-state reaction. Rietveld refinements
based on X-ray diffraction data and TEM analysis indicated that BaMnV,07 exhibited a monoclinic structure with
a P21/n space group. The dense microstructure of the BaMnV307 ceramic obtained at 850 °C was examined by
scanning electron microscopy. The increasing content of V** affected the quality factor, which was confirmed by

X-ray photoelectron spectroscopy. The intrinsic dielectric properties were obtained from far infrared reflectivity
spectra. Additionally, the BaMnV,07 ceramic showed good chemical stability with a Ag electrode and desirable
microwave dielectric performance at 850 °C: ¢; = 11.7, Q x f =20040 GHz and t¢ = —48.2 ppm/°C, which can
potentially be applied in LTCC technology.

1. Introduction

W ith the recent revolution in wireless communication, 5th-genera-
tion communication technology has been widely applied in different
fields. Microwave dielectric ceramics play a significant role in terms of
improving the transmission efficiency of communication systems [1-4].
For industrial applications, microwave dielectric ceramics need to
possess an appropriate permittivity (e,), a high quality factor (Q x f) and
a near-zero temperature coefficient (t¢) [5-7]. Low-temperature co-fired
ceramic (LTCC) is becoming the current research hotspot due to the
development of advanced passive integrated and hybrid circuit pack-
aging technology [8-10]. In addition, LTCC requires dielectric ceramics
to have no chemical reaction with inner electrodes during the co-fired
process and possess a low sintering temperature.

To date, there have been a considerable number of low-firing ce-
ramics with excellent dielectric properties, such as vanadates, tung-
states, molybdates, tellurates and borates [11]. Among them, vanadates
have been widely investigated for LTCC applications because V205
possesses a low melting point (690 °C), such as BiVO4 [12], SrZnV50;
[13], 0.45BiV0O4-0.55TiOy [14], BaTaaV201; [15], and LiCazZnV30ia
[16]. Joung et al. reported the dielectric performances of RoV,07 (R =
Ba, Sr and Ca) ceramics sintered at 950 °C: ¢, = 10.1-12.1, Q x f =
15200-51630 GHz and tf = —26.5 ~ +34.8 ppm/°C [17]. In addition,
BaMV507 (M = Mg, Zn and Ca) ceramics were found to possess prom-
ising microwave dielectric performances: ¢, = 8.2-10.7, Q x f =
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31000-37600 GHz and tf = —35.2 ~ +64.4 ppm/°C with low sintering
temperatures (<960 °C) [18,19]. Considering that the BaZnV,0;
ceramic possesses good dielectric properties and that the radius of Mn?*
(r =0.75 A) is close to that of Zn®" (r = 0.68 A), it is worthwhile to
explore the dielectronic properties of BaMnV,0; ceramics.

In this paper, the synthesis technology, crystal structure and micro-
wave dielectric performances of BaMnV,0; ceramic were investigated
systematically. The far infrared spectrum was applied to identify
intrinsic dielectric loss of samples. In addition, BaMnV50; ceramic co-
fired with silver for LTCC application was studied in detail.

2. Experimental procedure

The BaMnV,0; ceramic was prepared via a traditional solid-state
reaction, in which high purity BaCO3 (99.8%, Aladdin, China), MnCO3
(99.95%, Aladdin, China) and NH4VO3 (99%, Aladdin, China) were first
weighed according to stoichiometry. The preparative powders were
mixed with zirconia balls and an alcohol mill for 6 h, and the mass ratio
of different zirconium balls is 1:1. And then the mixtures were calcined
at 750 °C for 4 h, re-milled, and dried. Afterwards, 10 wt% polyvinyl
alcohol binder was mixed with the powders and ground until the pow-
ders were granulated. After the powders were pressed in the grinding
tool at 20 MPa, the cylinder was sintered at 810-870 °C for 4 h.

The Archimedes method was applied to measure the density of the
ceramics. Room temperature X-ray diffraction (XRD) was applied to
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Fig. 1. (a) The XRD patterns of BaMnV,0; ce-
ramics sintered at 810-870 °C.

(b) The refined pattern of BaMnV;0O; ceramic
sintered at 850 °C.

(c) The SAED patterns of BaMnV50;.
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(d) The HRTEM image of BaMnV,0, along [913]

zone axis.

Table 1

Structure parameter of BaMnV,0; ceramics with different sintering temperatures.
S.T.CC) a(k) b(d) cd) a() 1) r () Rp (%) Rwp (%) 72
810 5.6209 15.2694 7.3959 90 95.591 90 4.56 5.98 1.713
830 5.6190 15.2657 7.3940 90 95.586 90 4.18 5.39 1.449
850 5.6181 15.2661 7.3926 90 95.587 920 4.15 5.39 1.503
870 5.6190 15.2669 7.3927 90 95.591 90 4.17 5.39 1.507

Fig. 2. The SEM micrographs of BaMnV;0; ceramics sintered at different temperature, where parts (a-d) are 810, 830, 850 and 870 °C, respectively.
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Fig. 3. The variation of (a) bulk density, (b) & and (c) Q x f of
BaMnV,0; ceramics.

determine the crystalline phase. Rietveld refinement was used to
calculate the lattice parameters by GSAS-EXPGUI software [20]. To
further confirm the structure of the sintered samples, high-resolution
transmission electron microscopy (HRTEM) and selected area electron
diffraction (SAED) were conducted. The microstructure of BaMnV,0;
ceramics at different temperatures was observed by scanning electron
microscopy. The valence of sintered samples was measured with X-ray
photoelectron spectroscopy (XPS). The tf value was determined by
resonant frequencies as follows:

f85 _.f25 6 °
T = ————— % 10 m/ C (@D)]
f fz 5 (85 — 25) (pp / )
where resonant frequencies fgs and fy5 were measured at 85 °C and
25 °C, respectively.

3. Results and discussion

Fig. 1(a) exhibits the XRD patterns of BaMnV,0; ceramics sintered at
810-870 °C for 4 h. The observed peaks were indexed to the phase
BaMnV;0; (PDF#44-0245) with the P21/n space group, but few un-
known second phases existed. Fig. 1(b) shows the Rietveld refinement
pattern of the BaMnV0; ceramic sintered at 850 °C. The lattice pa-
rameters from refinement were a = 5.6181 A, b = 15.2661 A, c =
7.3926 A, a = y = 90° and p = 95.587°. The values of Ry, Ryp and 2 at
different temperatures are summarized in Table 1, which verified the
validity of the refinement results. In addition, the crystal structure of
BaMnV,0y is exhibited in the inset of Fig. 1(b). BaMnV,07 contains two
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Table 2
Bulk density and relative density of BaMnV,0; ceramics with different sintering
temperatures.

S.T.(°C) Bulk Density(g/cm3) Relative Density(%)
810 3.5922 89.81
830 3.6338 90.85
850 3.6644 91.61
870 3.5988 89.97

V atoms, featuring corner-shared VO, tetrahedra. Ba%* and Mn?* show
eight coordinations and five coordinations with oxygen, respectively.

Fig. 1(c),(d) represents the SAED and HRTEM images based on
transmission electron microscopy analysis, which further confirms the
structure of BaMnV,05. The SAED pattern of BaMnV,07 along the [913]
zone axis and the corresponding HRTEM image are displayed. The
HRTEM image exhibited interplanar spacings of 0.5295 nm and 0.4161
nm, which were consistent with the (101) and (031) lattice planes of the
BaMnV20y ceramic. Thus, the TEM analysis corresponded to the XRD
data, which indicated that the BaMnV50; ceramic crystallized in the
monoclinic space group P21/n.

Fig. 2(a)-(d) show the SEM images of the BaMnV,0; ceramic sintered
at 810°C-870 °C for 4 h. As observed from Fig. 2(a), small grains and
pores existed. With the increase in sintering temperature to 850 °C
(Fig. 2(c)), pores gradually decreased, and the grain size became uni-
form, presenting a dense microstructure. However, excessive tempera-
ture caused the microstructure to exhibit abnormal grain growth and an
uneven grain size (Fig. 2(d)), which generated negative impacts on the
dielectric properties.

Fig. 3(a) reveals the relationship between the bulk density and
permittivity of the BaMnV30; ceramic and the relative density of
BaMnV;0; were showed in Table 2. The density increased with tem-
perature throughout the sintering process and reached a maximum at
850 °C. However, once the sintering temperature reached 870 °C, the
bulk density began to decline slightly, which was consistent with the
change in microstructure. Meanwhile, both dielectric constant and bulk
density possessed a similar trend and the highest dielectric constant of
11.17 was obtained when the ceramics were the densest(Fig. 3(b)),
which indicated that the density was a significant factor affecting the
dielectric constant.

Considering the strong relevance between the observed dielectric
constant and the bulk density, it is necessary to discuss the dielectric
constant in terms of porosity [21]. Therefore, the influence of pores on &,
was described by spherical pore models as follows [22]:

3P(e. — 1)

2¢e,.+1 ) &)

e = &.(l—

where ¢, is the porosity corrected ¢, and P is the fractional porosity.The
values of &, are slightly higher than the values of ¢,, suggesting pores
existed as a negative factor causing a decrease variation of dielectric
constant in BaMnV;0; ceramic. Similar results were reported at
BaZnP,0; ceramic [23]. Generally, the factors affecting the Q x f value
are divided into two aspects: internal factors containing the interaction
with phonons and external factors such as dislocation, pores and grain
size [24]. As observed from Fig. 3(c), the variation in the Q x f value had
a similar trend with porosity during the process of sintering. Therefore,
the effect of density on the Q x f value is critical.

Moreover, the volatilization of V505 at high sintering temperatures
might result in a decrease in the Q x f value in vanadium ceramics.
Similar experimental results were reported in CasCo4(VO4)s and
BaMgV,0g ceramics [25,26]. Therefore, XPS analysis was implemented
to confirm the valence state of vanadium in the BaMnV,07 ceramic.
Fig. 4 shows the curves of the V 2p region of BaMnV;07 ceramic at
810°C-870 °C based on the fitting of Gaussian-Lorentzian curve. The
results suggested that the peak of V 2ps/» contained V** and V>*, The
positions of V 2ps/» with different temperatures were 516.4, 516.5,
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Fig. 4. The relationship between bond valence and temperature coefficient of resonant frequency.

Fig. 5. XPS spectra of V 2p region in BaMnV,0, sintered at (a) 850 °C and
(b) 870 °C.

515.2 and 516.9 eV, respectively, which were consistent with previous
research [27]. As shown in Fig. 4(b), the V** content was the lowest at
850 °C with a value of 1.09%. However, as the sintering temperature
increased to 870 °C (Fig. 4(d)), the V*t content increased to 1.88%.
Therefore, the content of V** in the whole sintering process is low and
the content variation is not obvious.

In addition, the thermal stability of ceramics is described by the
temperature coefficient. In the Lag(Zr; 4Tix)3(M0oOg4)g system, the in-
crease in bond energy indicated that the system tended to stabilize [28].
Lim et al. revealed a close relationship between octahedral distortion
and bond valence [29]. Considering the change in V ion bond valence
from the XPS analysis, it is necessary to evaluate the effect of V-O on 7.
The bond valences are calculated according to the following equations
[30,31]:

Vi=Y vy ©)
J

Rij—d,
Vij EXA

i

4

where Rjj represents the bond valence parameter, d;; represents the
length of the bond between the cation and anion, and b equals 0.37 A
[32]. As exhibited in Fig. 5, the bond valence gradually increases until
850 °C and begins to decrease at 870 °C, indicating that low bond
valence leads to a decrease in energy for recovering the structure. t¢ had
an opposite trend with the bond valence of V-O, suggesting that the
larger t¢ value of BaMnV,0; was associated with the smaller bond
valence, and the variation of the 7 value was affected by the bond
valence of V-O.

Dielectric loss is composed of intrinsic and extrinsic loss, lattice vi-
bration is the main influence factor on the variation of intrinsic loss,
which gives the lower limit of dielectric loss. In addition, As the fre-
quency exceeds 10'! Hz, the extrinsic polarization will disappear from
the response. Therefore, the mechanism of intrinsic loss can be explored
by infrared reflection spectrum [33-35]. At present, more and more
researchers use infrared reflectance spectroscopy to extrapolate the
intrinsic loss of the microwave frequency band. Based on the Fresnel
formula, the correlation between the reflectivity and the complex
dielectric constant obeys [36]:

Rw) = L VE@ ®)

1+ /(o)
The Drude-Lorentz harmonic oscillator model is used to fit the FIR
reflectivity spectrum, which is described by the following formula [37]:

n 2

’ w:.
e* =¢(w)—ie' (W) =€+ Y — 2L —— 6)
J.Zl 0% + @? + iwy;

€ (w) and tan 6 are also obtained by extrapolating the frequency to the
microwave range, and the formulas are as follows [38]:

n n 2
. w2
e (W)=¢€x + E Ag; = €0 + E W—'z' 7
=

j=1 "oj
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Fig. 6. (a) Experimental and fit infrared reflectivity spectra of BaMnV,0; ce-
ramics; (b) The real parts £’ () and (c) the imaginary parts ¢’ () of relative
permittivity after fitting.

Table 3

Phonon parameters of BaMnV,0; ceramic after fitting.
Mode 2] @p; iz Agj Aé;j /£j(%)
1 66.39 100.33 13.91 2.28 16.94
2 80.29 71.65 10.81 0.80 5.91
3 95.41 68.77 11.08 0.52 3.85
4 109.76 90.08 11.14 0.67 5.00
5 122.43 90.39 18.43 0.55 4.04
6 150.42 235.52 34.75 2.45 18.18
7 170.56 96.57 14.91 0.32 2.38
8 197.82 110.52 22.60 0.31 2.32
9 231.11 111.31 21.02 0.23 1.72
10 256.33 182.31 38.32 0.51 3.75
11 307.36 132.56 37.48 0.19 1.38
12 337.64 148.74 38.40 0.19 1.44
13 371.65 175.77 38.72 0.22 1.66
14 395.28 154.43 25.02 0.15 1.13
15 430.01 172.02 41.06 0.16 1.19
16 487.01 241.70 73.48 0.25 1.83
17 542.99 246.05 70.58 0.21 1.52
18 600.82 324.43 72.74 0.29 2.16
19 606.40 40.03 5.28 0.00 0.03
20 673.39 403.17 47.16 0.36 2.66
21 734.88 137.92 17.66 0.04 0.26
22 759.63 51.07 10.82 0.00 0.03
23 800.11 326.41 47.57 0.17 1.23
24 842.35 192.17 38.55 0.05 0.39
25 878.03 146.06 28.53 0.03 0.21
26 901.94 115.10 24.64 0.02 0.12
27 940.62 123.76 19.75 0.02 0.13

(eco = 2.5, tand = 3.8671 x 10™4).

n y_wZ_
&' (w)= Z ;)4’.’" ® 8
j=1 Yoj
g n "
tan&(w):s,(w):wZZAg—ﬂ/jn ©)
&(w) sy woj(‘gw + Zj:lAgj)

where € (w) is the real part and ¢’(w) is the imaginary part of the
complex relative permittivity. e, is the dielectric constant caused by the
interaction of electron polarization at optical frequencies. w,wp and y;
are the three dispersion parameters of the jth Lorentz oscillator: the
plasma frequency, the transverse frequency and the damping factor. n is
the number of polar phonon modes.

Fig. 6(a) shows the measured spectrum and the fitted curve with 27
models, and the phonon parameters of each model from the fitted curve
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Fig. 7. SEM-EDS images and EDS analysis of cross section of BaMnV,0;
ceramic pellets co-fired with silver electrode at 830 °C/2h in air.

are listed in Table 3. Fig. 6(b)(c) exhibit the real and imaginary parts of
the complex permittivity. As seen from Table 3, the permittivity at the
optical frequency is 2.5, and the permittivity extrapolated to the mi-
crowave frequency band through fitting is 13.48. The vibration modes
below 400 cm ™! made major contributions to the relative permittivity
(69.7%). The dielectric loss after fitting is almost the same as the
measured value, so the fitted value is slightly higher than the measured
dielectric constant, which may because of the existence of pores. And the
dielectric loss is not much different from the measured value, it is
concluded that the polarization of BaMnV20; ceramics in the micro-
wave region is due to the influence of phonon absorption.

To verify the chemical compatibility between the BaMnV307 ceramic
and Ag electrode, BaMnV30; brushed with Ag slurry was co-fired at
800 °C. Fig. 7 shows the SEM-EDS pattern of the BaMnV50; ceramic
with silver. There was an obvious boundary between the BaMnV20;
ceramic and silver electrode, which illustrated that it was stable between
the BaMnV,0; ceramic and silver during the sintering process. More-
over, according to the SEM-EDS analysis, silver was not detected in the
interior of the ceramic. Thus, the SEM-EDS analysis suggested that
BaMnV207 possessed good chemical compatibility with silver.

4. Conclusions

A BaMnV;0; ceramic was synthetized by a solid-state reaction
technique as a novel low-fired ceramic. XRD and TEM analyses
confirmed that BaMnV,0y crystallized in a monoclinic structure with a
P21/n space group. SEM micrographs showed the surface morphology at
different sintering temperatures, and a high density was obtained at
850 °C. In addition, the variation in the t¢ value was affected by the bond
valence of V-O. Furthermore, fitting analysis of the infrared reflectivity
spectra was conducted to investigate the major contributions to the
intrinsic dielectric properties. The BaMnV,07 ceramic sintered at 850 °C
exhibited the optimum dielectric properties: e, = 11.17, Q x f = 20040
GHz and t¢ = —48.2 ppm/°C, and pores played a significant role in the
dielectric performance of the samples. The SEM-EDS images exhibited
good chemical stability of the BaMnV,0; ceramic with a silver
electrode.
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