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Abstract

Ba,ZnS1O; ceramic was prepared by conventional solid-state method and sintering
under four different atmospheres (air, Ql, and N—1 vol% H). The BaZnSiO;
ceramic exhibited a single phase under ajt,ddd, N, whereas two phases (including
BaSiQ; impurity) were observed under the~M vol% H, atmosphere due to Zh
evaporation. Dielectric loss was proportional to oxygen partial pressure due to the
conduction mechanism of dominant holes. TheZB&,0; ceramic exhibited good
microwave dielectric properties; £ 8.3, Qxf = 27200 GHzz= —-41.5 ppm/°C) under
the N—1 vol% H atmosphere, making it a novel candidate with good anti-reductive

characteristics for base metal electrode—multilayer ceramic capacitor applications.
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1. Introduction

Microwave dielectric ceramics are widely used as dielectric resonators (DR),
antennas, filters, Multilayer ceramic capacitors (MLCCs), low temperature co-fired
ceramics (LTCC) devices because of the excellent characteristics of high frequency,
high speed transmission and wide passband [1,2,3]. MLCCs are important electronic
components for the miniaturization of communication systems. The layers of MLCCs
must increase to meet the technical parameters for high frequency, capacity, and
precision. With the rapid pace of 5G development, the performance of ceramics and
devices with microwave or millimeter-wave bands has attracted increasing research
attention [4,5,6,7]. Low-permittivity ¢(<15) microwave dielectric ceramics are
generally used as dielectric layers [8]. However, the increase in the number of layers
may promote the amount of internal electrodes, which is detrimental to industrial
production. One of the main methods used to lower cost is the replacement of precious
metals (Pt and Ag) with cheap base metal electrodes (BMEs; Cu and.NHpj@éver,
this measure encounters difficulties for base ceramics, including the following: (1) the
sintering temperature must be lower than the melting point of BME (Ni: 1453 °C), (2)
the base metals are sensitive to oxidation, and (3) the cofiring ceramics must be sintered

in a reducing atmosphere [10].

Perovskite (Ba, Ca)(Zr, Ti¥oceramics have been widely investigated as key
materials for BME-MLCCs due to their high permittivity and low loss [9,11]. However,

BaTiOs-based ceramics contain various additives to enhance their anti-reductive



characteristics [12,13] and possess poor quality fa@sf) (in microwave frequency;
these qualities are unsuitable for high-frequency and high-precision BME—-MLCCs [14].
The complex perovskite-type ceramics Ba(d¥b,3)Oszand Ba(Mg;sNb,/3)Os possess
interesting microwave dielectric properties £ 33-39,Qxf = 63700-76700 GHz; =

+30 to +33 ppm/°C), which are widely used to manufacture BME—-MLCCs [15].
However, under the same capacitance, high-permittivity ceramics need fewer layers
than low-permittivity ceramics. Decreased layer number may enhance errors in each
layer, which can decrease precision. Meanwhile, low permittivity can reduce the
reflection at the interface between air and dielectrics, minimize cross-coupling, and
shorten the time for electronic signal transition [16]. Given that anti-reductive
characteristics have not been extensively studied in low-permittivity microwave
dielectric ceramics, novel materials should be developed for high-frequency and
high-precision BME—-MLCCs.

Low-permittivity (e, < 15) barium zinc silicate ceramics exhibit many interesting
and attractive properties, such as the coexistence of weak ferroelectricity and
low-permittivity microwave dielectric properties in £a1.xShO(7+x ceramics [17,18].

The relative permittivity and stability against temperature can be improved by
controlling the amount of Zfi ions and Ba/Si ratios for the barium zinc silicate ceramic
system [18,19]. Unfortunately, the anti-reductive characteristics for barium zinc silicate
ceramics sintered under a reducing atmosphere have not been investigated. Furthermore,
the internal dielectric loss mechanism and the electrochemical properties remain
unknown for barium zinc silicate ceramics. Therefore, we investigated the phase
compositions, electrochemical performance, microwave dielectric properties, and

anti-reductive characteristics of EamSbO; ceramic.

2. Experimental procedures



The solid-state method was used to prepare th&nEaO; ceramic by usin
analytical-grade BaC$£(99.8%, Shandong Boshan Chemical Reagent, China)
(99.5%, Shanghai Shiyi Chemical Reagent, China), and, $89.5%, Shangha
Hengxin Chemical Reagent, China) powders as raw materials. The raw materi
desirable stoichiometry were weighed and ball milled in a polyethylene jar for
using ZrQ balls with deionized water. The mixtures were calcined in air at 1100
3 h with a heating rate of 5 °C/min. The powders were then uniaxially pressed
MPa, followed by sintering at a densification temperature between 1125 °

1200 °C for 3 h at a heating rate of 5 °C/min in air, oxygen, nitrogen, and re

atmospheres (N-1 vol% H).

X-ray diffraction (XRD) data were obtained using afiray diffractometer
(XRD-7000, Shimadzu, Kyoto, Japan) with Gukadiation. The microstructures of the
BaZnS1LO; samples were observed by scanning electron microscopy (SEM; Sirion 200,
the Netherlands). High-temperature impedance spectroscopy was employed using an
Agilent 4294A impedance analyzer (Agilent, Santa Clara, USA) and VDMS-2000
measuring system (Partulab, Wuhan, China). The content of oxygen vacancies was
identified by X-ray photoelectron spectroscopy (AXIS-ULTRA DLD-600W, Shimadzu,
Kyoto, Japan)e; and the unloadedXp value were measured at approximately 12.5 GHz
in the Tk, mode via the Hakki and Coleman method [20] by using a network analyzer
(Agilent E8362B, Agilent Technologies, Santa Clara, USA) and parallel silver beards.

in the temperature range of 25 °C-80 °C was calculated using Eq. (1):

1 [f(T1) —f(To)]
= 1
s f(To) T, —To ( )



wheref(T;) and {To) represent the resonant frequencylTat(80°C) and T, (25°C),

respectively.

3. Results and discussion

The XRD patterns of the B&nSLO; ceramic sintered at 1200 °C under ay, &d
N, and 1125 °C under the,NL vol% H atmosphere are shown in Fig. 1. The
Ba,ZnSLO; ceramic maintained a stable single-phase composition underaan®N
atmospheres. However, under the-N vol% H atmosphere, the BanSiO; ceramic
had a two-phase composition with Bag#nd BaZnSiO;.

Notably, BaZnSyO; had a higher Zi content than BaSiQ Therefore, the
transformation of phase compositions could be explained By &raporation. The
Ba,ZnSiO; ceramic lost Zfi” under the M1 vol% H, atmosphere and then converted
to BaSiQ. lon vacancies were generated fronf'Zevaporation, thereby influencing the
phase structure and microwave dielectric properties, which are similar to the

La(Zmy2Ti12)03[21] and Ba(ZrsTap3)O3 ceramics [8].

The SEM images of the thermally etchedB&1L0; ceramic sintered under air
and N—1 vol% H atmosphere are presented in Fig. 2. A dense microstructure was
observed in the BZnSkO; ceramic sintered under both atmospheres. Notably, the
densification temperature of the ZaS,LO;ceramic sintered under the-N vol% H
atmosphere was 75 °C lower than that of the specimen sintered in air. The high ion
vacancy in the M{-1 vol% H atmosphere promoted the migration of substances, thereby
lowering the densification temperature [22].

Impedance spectroscopy is an important method for analyzing electrochemical



properties and dielectric loss from conduction. Fig. 3(a) shows the impedance complex
plane plots of B&ZnSLO; ceramics at 600 °C—-700 °C. Interceptive and suppressed arcs
are presented for different testing temperatures. The arc or aiguille behind the semicircle
in the low frequency remarkably determines whether the conduction is dominated by
oxide ion [23]. However, an arc at low frequency cannot be determined due to the
truncation of the arc. To further determine the type of conduction mechanisms, we
showed the Zplots at 650 °C under different atmospheres (aira®d N) in Fig. 3(b).

With the increase in oxygen partial pressure, the conductivity increased gradually. This
phenomenon indicated that the,BaS,LO; ceramic exhibited high-temperature p-type
behavior.

Schottky-type defects, such as ion vacancies, mphaiexthe p-type behavior [24].

The oxygen vacancies reacted with molecular oxygen to form holes in high oxygen
partial pressure through the following equation [25]:
~0, +V§' > 05 + 2h° )

The XRD results (Fig. 1) revealed that?Zevaporation was accompanied with the
formation of oxygen vacancies. Irreparable’Zresulted in the formation of holes at
high oxygen partial pressure, which led to the high-temperature p-type behavior. Thus,
the Zrf* vacancies played a major role in the p-type conduction oZrE&L0;
ceramics.

The electric modulusM’, admittanceY’, and impedanceZ* are alternative
parameters to analyze electrochemical performance from the impedance data [26,27].

These variables represent the electrochemical properties from different physical



perspectives. In the electrically homogeneous phase, the imaginary part of impgdance

and electric modulus Mfan be described by the following equations [27,28]:

7' =R [%] (3)
s @

In theZ” andM” plots, Debye-type peaks are caused by the response of different
components, such as grain and grain boundary [25]. Maximixis generated at the
Debye-type peak, and follows wm,,RC=1. Hence, at the Debye-type peakt’, = ZC—Z
reflects the minimum capacitance, aﬁﬂzg represents the maximum resistance of
components. Th&” and M” plots of the B&ZnSpO; ceramic at 650 °C under air
atmosphere are shown in Fig. 4. In general, the peak$ afdM™ are located at the
same frequency in the electrically homogeneous system [29]. HoweveY, dmelM”
peaks of the B&ZnSiO; ceramic correspond to different frequencies, and the magnitude
of different frequencies is less than two orders, explaining the two electrical responses
caused by the inter-grains and intra-grains [25]. The slight difference was insufficient to
separate the arc in tZe plots completely, so deeply suppressed arcs are presented (Fig.
3).

Fig. 5(a) shows O-1s spectra and fitted Gaussian sub-peaks of {HeSB@;
ceramic sintered under airpand N atmospheres. The peaks at approximately 529.7,
530.8, and 531.7 eV are attributed to the oxygen in lattigg,(@ygen vacancy (&),
and absorption of oxygen {6) on the surface of the ceramics in the form @OH
and/or Q[30,31,32]. The peak area ratios of oxygen vacangy(@ total oxygen

(Oratr+OvactOap9 under Q, air, and N sintering under atmospheres were 28.7%, 37.0%,



and 45.7%, respectively, for the EaSpO; ceramic, which were consistent with the
impedance spectra. The oxygen vacancies combined with oxygen to form holes and
were converted to the oxygen in lattice (Fig. 5(a)), illuminating that the content of
oxygen vacancies and holes are directly related to oxygen partial pressure. Hence, the
generation of holes by the combination of oxygen vacancies and oxygen was the main
mechanism of high-temperature p-type conduction. In addition, oxygen vacancies
bonded with silicon are subject to occur in silicates [33], which results in the reduction
of the St* valence state [34]. The Si-2p spectra and the fitted Gaussian sub-peaks of the
BaZnSLO; ceramic sintered under airp,Gand N atmospheres in Fig. 5(b) confirmed

the change of the Sivalence state. The peak area ratio 8f Sere 20%, 34.9%, and
18.3% under air, @ and N atmosphere, respectively, indicating that the valence
changes of silicon compensated the valence state balance with the holes created from
oxygen vacancies [35]. In addition, oxygen vacancies led to the increase in the tilting
(and/or distortion) of tetrahedrons and structural instability, which resulted in

incommensurate structures and ferroelectricity [32,36,37].

Table 1 shows the phase compositions, sintering atmosphere, relative density and
microwave dielectric properties of E#nSLO;ceramic sintered at 1125-1200 °C for 3
h. The high relative density proves that ceramics can maintain dense structure under
four atmospheres, which is consistent with the SEM results.&Tloé BaZnSL0;
ceramic was approximately 8 under four atmospheres. According to the impedance
spectrum analysis, the p-type behavior of theZB&,0; ceramic generated more holes
under Q atmosphere. The increased hole migration enhanced the loss, resulting in the

reduction ofQxf value. Therefore, the variation trend@#f value was opposite to that



of oxygen partial pressure in the ZaSkO; ceramic. However, theXpvalue under the
N.-1 vol% H, atmosphere was reduced slightly compared with that under the N
atmosphere due to the negative effect of Ba&i€rond phase with low&)xf value

(6600 GHz) in the former [38].

The zrf* content may remarkably deteriorate thevalue in BaZni)SixO7+x)
ceramic systems [18]. High oxygen partial pressure prevent&dfidm evaporation.
Hence, ther; value increased along the negative direction. The second phase;BaSiO
(er=11.1,Q%f=6600 GHz:=—35.4 ppm/°C) appeared in the BaS,O; ceramic under
the N—1 vol% H atmosphere, which improved thevalue to—-41.5 ppm/°C. This
phenomenon could be explained by thevalue of the following mixing rule of

multi-phase ceramics:
k
T = Zvifﬁ (5)
i=1

wherev; and z; are the volume fraction and temperature coefficient of the resonant

frequency of théth phase, respectively.

4. Conclusions

Low-permittivity BaZnSpO; microwave dielectric ceramic was prepared via the
conventional solid-state method. The,BaSi,O; ceramic presented a stable phase
structure under air, and N atmospheres. However, Zrevaporation in the N-1 vol%
H, atmosphere may remarkably increase ion vacancies and deteriorate the stability of
the phase structure, resulting in the coexistence of Ba&@ BaZnSpO; in two
phases. The volatilization of Zhfacilitated the appearance of Schottky-type defects

accompanied with the formation of oxygen vacancies. TheZrg,0; ceramic



presented high-temperature p-type conduction becauSecZuld not be compensated
during cooling. Holes appeared from the occupation of oxygen vacancies by oxygen at
high oxygen partial pressure. On the basis of the p-type conduction characteristic of the
Ba,ZnS1O; ceramic, the dielectric loss was directly proportional to the oxygen partial
pressure. Given the dominance of hole conduction, th&rsaO; ceramic presented

good microwave dielectric properties £ 8.3, Qxf = 27200 GHzz;= —41.5 ppm/°C)

under the N-1 vol% H atmosphere. Therefore, the ;BaShO; ceramic possessed
good anti-reductive characteristics for high-frequency and high-precision BME-

MLCCs.
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Figure Captions

Fig. 1. The XRD patterns of B&ZnSO; ceramic sintered at (a)1200 °C, air; (b)
1200 °C, Q; (c) 1200 °C, Nand (d) 1125 °C, N1 vol%H; sintering atmospheres.

Fig. 2. SEM images of the thermally etched,BaSi,O; ceramic sintered in different
atmosphere: (a) air, 1200 °C; (b)-N vol%H,, 1125 °C.

Fig. 3. (a) Impedance complex plane plots of,AzSLO; ceramic at 600-700 °C, (b)
Comparison of Z plots for BaznSiO; ceramics at 650 °C under air, oxygen and
nitrogenatmospheres.

Fig. 4. The Z” and M” plots of BZnSiO; ceramic at 650 °C under air atmosphere.

Fig. 5. (a)O-1s (b)Si-2p spectra and fitted Gaussian sub-peaks of #@EBHD,

ceramic under air, £and N atmospheres.
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Table

Table 1 The sintering atmosphere, phase compositions, relative density and microwave

dielectric properties of BAnSkO; ceramic

Sintering atmospheres, Qxf (GHz) =z (ppm/°C)  pr (%) Phase compositions
Air 8.09 26600 -51.4 96.4 BaZnSiL0O,

O, 8.30 23200 —60.1 95.7 BaZnSiLO,

N2 8.59 28300 -52.4 95.2 BaZnSiLO;

N2-1 vol%H, 8.30 27200 -41.5 95.6 BaZnSLO+BaSiQ
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