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Abstract: ZnAl,O, and ZnAl,O4-based ceramics have attracted much attention from researchers due to their good
microwave dielectric, thermal and mechanical properties. In this work, the influence of 5% (in mass) CuO-TiO,-Nb,Os
(CTN) ternary composite oxide additives with different composition ratios on sintering behavior and properties of
ZnAl,O4 microwave dielectric ceramics was investigated. When the molar fraction ranges of Cu, Ti and Nb elements
in 5% CTN additives are 0.625-0.875, 0-0.250 and 0.125-0.625, respectively, sintering temperature of ZnAl,O,
ceramics can be reduced from above 1400 C to below 1000 ‘C. The sintering additives CN (Cu : Nb=1 : 1, molar

ratio) and CTN (Cu : Ti : Nb=4 : 1 : 3, molar ratio) can reduce sintering temperature of ZnAl,O, ceramics to 975 and
1000 C, respectively, while maintaining good dielectric properties (dielectric constant ¢=11.36, quality factor
Oxf=8245 GHz and ¢=9.52, Oxf=22249 GHz) and flexural strengths (200 and 161 MPa), which are expected to be
applied in preparation of low temperature co-fired ceramic (LTCC) materials with copper electrodes. Low-temperature
sintering of the ZnAl,O,+CTN system is characterized as activated sintering. Nanometer-level amorphous interfacial
films containing Cu, Ti, and Nb elements are observed at the grain boundaries, which may provide fast diffusion
pathways for mass transportation during the sintering process. Valence changes of Ti and Cu ions, along with changes
of oxygen vacancies, are confirmed, which provides a potential mechanism for reduced sintering temperature of
ZnAl,O4 ceramics. In addition, a series of reactions occurring at the grain boundaries can activate these boundaries and
further promote the sintering densification process. These results suggest a promising way to design a novel LTCC
material with excellent properties based on the low temperature sintering of ceramics with the sintering aid of
CuO-Ti0,-Nb,05 composite oxide.
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Multilayer co-fired ceramic substrates have extensive

application in  various electronic devices for
miniaturization, high density, multi-function and high
reliability. Based on the sintering temperature, these
substrates can be divided into high temperature co-fired
ceramic (HTCC) substrate and LTCC substrate. Alumina
dielectrics combined with Mo and W conductors are
typically selected for the HTCC material system, which
are co-fired at temperatures exceeding 1500 ‘C. HTCC
substrate materials exhibit superior mechanical strength,

high thermal conductivity and stable chemical

performance. However, they also face challenges such as
lower conductivity in Mo and W conductors and higher
manufacturing costs. The conductors (Au, Ag, Cu, and
alloys) with lower melting points and higher conductivity
can be used in LTCC process (below 950 °C), and thus
LTCC has garnered significant scientific and commercial
interest in recent years for the widespread applications in
radio frequency components, integrated modules,
packaging substrates and ceramic microsystems for
high-speed and high-frequency communication''™!. To

accommodate the low co-firing temperature of Au, Ag or
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Cu conductors, various glass phases are commonly used to
reduce the sintering temperature of LTCC materials*”".
However, the degradation of LTCC material properties
due to the glass phase is inevitable!®. For example, the
thermal conductivity of commercial LTCC materials is
constrained to 2-4 W/(m'K) due to the low thermal
conductivity of the glass phase. Moreover, the brittle
fracture of the glass phase leads to significantly reduced
flexural strength compared to conventional ceramics,
such as alumina and zirconia. Thus, there has been a
sustained interest in developing high-performance LTCC
materials without glass phase.

Researchers have done much work to reduce the
sintering temperature of microwave dielectric ceramics
by the implementation of composite oxides as additives
instead of glass phases. Shigeno et al.”'” reported that
AlL,O3 ceramics can be sintered at 1000 C, achieving a
high 0% f value of up to 23000 GHz, with a high thermal
conductivity of 15 W/(m:K) and high mechanical
strength of 450 MPa by adding CTN ternary oxide
additives. Our previous work has further analyzed the
low temperature sintering mechanism within A,O;+CTN
system!'']. The results revealed that the nanometer-thick
amorphous films containing Cu, Ti and Nb formed on the
grain boundaries, and the changes in the valence states of
Cu and Ti ions were important for the low-temperature
sintering of Al,O; ceramics. In addition, the migration of
Cu ions and associated reactions at the grain boundaries
of Al,O; ceramics could activate the grain boundaries
and further promote the densification of Al,O; ceramics.
Based on these findings, the CTN could be expected to
serve as the sintering aid to other oxide ceramic materials.

The ZnALO, ceramics have excellent microwave dielectric
properties (¢=8.5, 0xf=56300 GHz, 7=79x10° ‘C™), good
thermal conductivity of 20-25 W/(m-K), and a high flexural
modulus of 242 GPa. However, the sintering temperature of
ZnALO, ceramics is typically above 1400 ‘CI'*'. Some
efforts have been made to reduce the sintering
temperature of ZnAl,O4 ceramics for LTCC application.
Qin et al™ reported that the ZnAl,O, ceramics could be
sintered at 930 C by adding Li-Mg-Zn-B-Si glass,
yielding good microwave dielectric properties (g~7.4,
0xf~34100 GHz). Similarly, Thomas et al!'"! reported
that the addition of 27B,0;-35Bi,05-6S10,-32Zn0O glass
could reduce the sintering temperature  of
0.83ZnAl1,04-0.17TiO, ceramics to 950 ‘C, achieving
0% f>10000 GHz, £~10, and 7~-23 X 10° ‘C".

The feasibility of reducing the sintering temperature
of ZnAl,0O, ceramic by adding CTN ternary oxide
additives has been confirmed in our preliminary work!'®l.
Nevertheless, the optimal ratio of CuO/TiO,/Nb,Os, as

well as the sintering mechanism and resultant properties
of ZnAl,O4 ceramics, are still unclear. To clarify the
relationships among processing, microstructure, and
property in the ZnAl,04+CTN ceramics, the sintering
behavior, microstructure, dielectric, thermal and mechanical
properties of ZnAl,O, ceramics were investigated
systematically by adding CTN sintering aids with different
CuO/TiO,/Nb,Os ratios in this work.

1 Experimental

The ZnAlL,O,4 ceramics with CTN sintering additives
were prepared by conventional solid-state process. High
purity (>99.99%) alumina powder (Shandong Sinocera
Functional Material Co., Ltd., China), high purity
(>99.9%) ZnO powder (Shanghai Macklin Biochemical
Technology Co., Ltd., China), CuO, TiO, and Nb,Os
(Sinopharm Chemical Reagent Co., Ltd., China) were
utilized as the starting materials. Stoichiometric amounts
of ZnO and Al,O; were mixed and ball-milled in ethanol
for 6 h. The resulting slurry was then dried and calcined
at 1150 C for 4 h to form ZnAl,O,4 phase. The obtained
ZnAl,O, powder was mixed with 5% (in mass) CTN
additives with different composition ratios, followed by
ball milling for 6 h in ethanol. The mixtures were dried,
and subsequently mixed with 6% (in mass) polyvinyl
alcohol (PVA) water solution as a binder. Cylinder, pellet,
and long-bar shaped samples were fabricated using a
compression machine for measurements of dielectric,
thermal, and mechanical properties, respectively. The
ceramic samples were obtained by sintering the green
bodies in air at temperatures ranging from 900 C to
1200 'C for 4 h, with a heating rate of 5 ‘C/min. The
sintered samples with different compositions of CTN
additives were presented in supporting materials Fig. S1.

Density of the ceramic samples was determined by
using Archimedes method. The microwave dielectric
behaviors were measured at a frequency around 10 GHz
by a network analyzer (E8363A, Agilent Technologies,
USA). The dielectric constants (g;) and Q% f value were
tested and calculated by Hakki-Coleman dielectric resonator
method!"*?"!. The coefficient of thermal expansion (CTE)
was measured by a dilatometer (L75, Linseis, Germany)
in the temperature range from 25 ‘C to 300 C. At least
three samples were measured to determine the densities
as well as dielectric and thermal properties, and the average
data were taken as their corresponding properties. The
flexural strength was evaluated using a three-point bending
method in a universal testing machine (CTM2500, Xieqiang
Instrument Manufacturing Co., Ltd., China).

Crystal phase identification was conducted via X-ray
diffraction analysis (XRD, D8 Discover Davinci, Bruker
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Axs Gmbh, Germany) in the 26 range of 10°-80°.
Microstructural images of the fracture surface of samples
were obtained using a scanning electron microscope
(SEM, SU8220, Hitachi, Japan). X-ray photoelectron
spectroscopy (XPS, ESCALAB 250, Thermo Fisher
Scientific, UK) was applied to analyze the valence
states of elements. The grain boundary microstructures
and elemental distribution analysis were observed by a
transmission electron microscope (TEM, EM-2100F, JEOL,
Japan) equipped with energy dispersion spectroscopy (EDS).

2 Resultsand discussion

The influence of CTN composition on the sintering
behavior of alumina system has been reported”.
However, the role of CTN additives in ZnAl,O4 system
may not correspondingly align with that in Al,O; system.
The different compositions of CTN additives for
ZnAl,0,, which were prepared in this work, are depicted
in Fig. 1(a). The nephogram of sintering temperature for
ZnAl,O4 ceramics with 5% CTN additives with different
compositions is shown in Fig. 1(b). The data indicate that
the sintering temperature of ZnAl,O4 ceramics could be
tuned by altering the composition of CTN additives.
Eight formulas of additives for ZnAl,O4 ceramics exhibit
relatively low sintering temperatures below 1000 C, as
highlighted in the blue region in Fig. 1(b). The
of CTN additives within this area
corresponding to molar fraction ranges of Cu, Ti and Nb
are 0.625-0.875, 0-0.250, and 0.125-0.625, respectively,
while the sum of CuO, TiO, and NbO, s molar fraction is
1. Notably, ZnAl,O,4 ceramics demonstrate good densification
at 1000 ‘C when the molar fractions of Cu, Ti and Nb
are 0.500, 0.125 and 0.375, respectively. And the
sintering temperature of ZnAl,O4 ceramics with the other

compositions

seven additive formulas can be reduced to 975 C. When

0 0.25 0.50 0.75 1.00
NbO, 5

the composition of additives falls within the blue region,
the well-sintered ZnAl,O, ceramics show much darker
colors than those outside this region, as shown in Fig. S1,
which may be due to the significant presence of Cu element.

In order to clarify the role of Cu, Ti and Nb elements
during the low temperature sintering process of ZnAl,O4
ceramics, nine formulas with different ratios of Cu : Ti : Nb
and different sintering temperatures were selected as
designated as the black points in Fig. 1(b). The molar
fraction and corresponding sintering temperature are
summarized in Table 1. Fig. 2 shows the XRD patterns of
the sintered ZnAl,O, ceramics with selected formulas of
CTN additives. The main diffraction peaks are identified
to be ZnAl,04 (JCPDS: 05-0669). Notably, accompanied
peaks of unknown new phases were observed in all
samples except sample S4. It can’t be concluded that
there are no new phases formed in sample S4 due to the
lower sensitivity of XRD for trace compounds. The
chemical compositions of the unknown new phases are
further discussed in the following EDS analysis. The new
phases may play some beneficial roles in reducing the
sintering temperature of ceramic matrix, as previously
reported"''!. However, it is impossible to reduce the
sintering temperature of ZnAl,O, below 1000 ‘C with
such minimal amounts of secondary phases, according to
the conventional sintering mechanism.

To confirm the optimal formula, the density, dielectric,
thermal and mechanical properties of ZnAl,O, ceramics
with nine different additives were measured, as shown in
Table S1. The data in the table indicate that the dielectric
constants of all sintered samples are significantly higher
than those of pure ZnAl,O, (¢~8.5) ceramics” "), which
can be attributed to the presence of high dielectric
constant oxides, such as TiO, and Nb,Os, in the CTN
additives. And the samples S4 and S5 can strike a
balance between good properties and lower sintering

I 950
1000
1050

1100
1150

0
0 0.25 0.50 0.75 1.00

NbO;s

Fig. 1 (a) Compositions of CTN additives for ZnAl,O4; (b) Nephogram of sintering temperature
of ZnAl,0, ceramics with 5% CTN additives and different compositions
Colorful figures are available on website
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Tablel Sinteringtemperatures of ZnAl,O, ceramics
mixed 5% CTN additives with different formulas

Sample Sintering Molar fraction

1D temperature/ C Cu Ti Nb
S1 1150 0.500 0.500 0

S2 1150 0.500 0.375 0.125
S3 1100 0.500 0.250 0.250
S4 1000 0.500 0.125 0.375
S5 975 0.500 0 0.500
S6 1150 0.375 0.125 0.500
S7 1250 0.250 0.250 0.500
S8 1250 0.125 0.375 0.500
S9 1250 0 0.500 0.500

temperatures. Sample S4 can be sintered at 1000 C,
demonstrating a high Oxf value of 22249 GHz, and a
flexural strength of 161 MPa. For sample S5, the
sintering temperature can be further reduced to 975 C,
although its Ox f value decreases to 8245 GHz. However,
the flexural strength of sample S5 increases to 200 MPa.
The relatively lower flexural strength of sample S4,
compared to sample S5, may be due to the larger grain
size and the presence of more secondary phases, as
illustrated in Fig. 3 and Fig. S2. In addition, the flexural
strengths of the samples analyzed in this work surpass
those of the majority of ZnAl,O, microwave dielectric
ceramics with glass phase additives (~140 MPa)"*l, thereby
highlighting the advantages of the glass-free additives.
The CTE of the samples has no significant change,
indicating that the addition of CTN has a limited effect
on CTE.

Secondary electron SEM images of fracture surface of
samples S4 and S5 sintered at 1000 and 975 C,
respectively, were characterized as shown in Fig. 3. The
dense microstructure is evident, which reveals that both
samples are well sintered. The aggregation of the
secondary phase occurs at certain triangular grain
boundaries, as shown in Fig. S2. The average grain

O New phase 1 ¢ New phase 2
(220) (311)
o | (00) (331)422)(511¥440) (620 (533)
*
5| 87 o4 | N
g S6 o | X
2| S5 o | —
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S2 ’l k I\
ST o A
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20/ ()

Fig. 2 XRD patterns of the sintered ZnAl,O, ceramics mixed
with 5% CTN additives according to different formulas

Fig. 3 Secondary electron SEM images of fracture surface of
the sintered samples S4 (a) and S5 (b)

diameter, a characterization of grain size used in this
work, is determined by the quotient of the diagonal
length of sample and the number of grains in the
diagonal portion based on Fig. S2. The average grain
sizes of samples S4 and S5 are 0.5-0.6 and 0.4-0.5 pm,
respectively. Sample S4 exhibits a larger grain size than
sample S5, which may be due to the higher sintering
temperature. It is noteworthy that no liquid phase was
found in any of the samples. This is different from the
formation of the liquid phase induced by CuO doping
along the grain boundaries, which improves sinterability
and promotes grain growth!*'.

To further investigate the low temperature sintering
behavior of the ZnAl,O, ceramics with CTN, XPS
characterizations of samples S4 and S5 were carried out.
Fig. 4 shows the XPS spectra of sample S4. The fine
scanning of each peak was performed to analyze the
valence state of each element, with the results depicted in
Fig. 4(b-e). The peak fitting curves of Cu2p;, shown in
Fig. 4(b) reveal two peaks with maximum binding
energies at 932.6 and 933.7 eV, respectively, indicating
the co-existence of Cu” and Cu®" ions'****!, The content
ratio of Cu®" to Cu" is 0.7, as estimated from the integral
peak areas of Cu”" and Cu’, respectively. In Fig. 4(c), the
peaks with binding energies of 459.2 and 458.1 eV
correspond to Ti*"2ps, and Ti**2ps,, respectively®7.
The content ratio of Ti*" to Ti®" is 1.8, based on the
integral peak areas of these ions. These findings reveal
that Cu®’, Cu’, Ti*" and Ti*" ions coexist in sample S4.
During the process of high temperature sintering of the
ZnAlLO, ceramics, Cu®" and Ti*" ions can be partially
reduced to Cu” and Ti*"1*2%. The valence changes of the
active elements in the CTN additive may play an
important role in the densification of ZnAl,O,4 ceramics.
The peaks with binding energy of 207.3 and 210.0 eV
shown in Fig. 4(d) should correspond to Nb3ds, and
Nb3dy, peaks of Nb™', respectively””. The peaks with
binding energy of 530.0, 531.1 and 531.9 eV, as shown in
Fig. 4(e), are identified as O1, O2 and O3, representing
the lattice oxygen, defective oxygen and surface-adsorbed
oxygen species, respectively™>>*].

The XPS spectra of sample S5 are shown in Fig. S3.
Compared with Fig. 4(b), the relative content of Cu®" in
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Fig. 4 XPS spectra of sample S4 sintered at 1000 ‘C for 2 h (a) and (b-¢) detailed XPS spectra of Cu ion (b), Ti ion (c),
Nb ion (d) and Ols ()

Colorful figures are available on website

sample S5 is significantly higher than that in sample S4.
This discrepancy is attributed to the limited oxygen on
the sample surface being taken up by parts of Ti*" to
transform to Ti*" during the cooling process of ceramic
sintering, resulting in fewer available oxygen atoms for
Cu’ to reform Cu®’. In comparison with Fig. 4(e), the
relative content of O2 in sample S5 is markedly higher
than that in S4, indicating that the addition of Ti ions
may introduce some oxygen and reduce the oxygen

vacancy in ZnAl,Oy lattice[3”,

so that the extrinsic
dielectric loss of sample S4 is diminished””. The
promoting effect of defects on sintering is weakened with
the reduction of oxygen vacancy, leading to a relatively
higher sintering temperature.

In order to further understand the relationship between
microstructures and properties of ZnAl,O4 ceramics with
CTN additives, high resolution TEM (HRTEM) analysis
was conducted to obtain a clearer image of the grain
boundary. Fig. 5 shows the typical HRTEM images
around the grain boundary of samples S4 and S5. An
amorphous interfacial film with the thickness of about
2 nm is observed at the grain interface, which can be
considered as a type of grain boundary complexion and
promote rapid mass transport*®).

In order to analyze the element distribution, the
corresponding EDS mappings of samples S4 and S5 were
performed as shown in Fig. 6 and Fig. S4, respectively.
The distribution of Ti element in sample S4 is not
distinctly observable, which may be due to its low
content. In contrast, Nb and Cu elements exhibit a

preferential distribution at the grain boundaries of
ZnAl,O,4 ceramics, with an accumulation of Cu elements
in the triangular grain boundary. It can be inferred that
Cu elements could migrate from grain boundary to
triangular grain boundary during the sintering process.
This migration is related to the valence change of Cu
between Cu®' and Cu', which has been confirmed by
XPS analysis.

The amorphous films and the defects formed during
valence changing of Cu and Ti ions in the grain
boundaries adversely affect the dielectric and mechanical
properties of ZnAl,O4 ceramics, leading to reduced Q% f
values and flexural strengths of samples S4 and S5.
Nevertheless, the properties of the ceramics in this work

Fig. 5 HRTEM images of grain boundary complexion of
sample S4 sintered at 1000 ‘C for 2 h (a, b) and sample S5
sintered at 975 'C for 2 h (¢, d)
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Fig. 6 EDS element mappings of sample S4 sintered at 1000 C
for2h

remain favorable for LTCC application, since the
traditional LTCC materials with the addition of many
glass phases exhibit lower Ox f values (<3000 GHz) and
flexural strengths (<150 MPa).

According to the above analyses, there are some
similar phenomena in low temperature sintered samples
S4 and S5: (1) amorphous films with nanometer thickness
were formed at grain boundaries of ZnAl,O, ceramics;
(2) Cu ions were likely to be enriched at triangular grain
boundaries; (3) valence changes of Cu ions were observed
during the sintering process. These phenomena might
constitute key aspects of the low temperature sintering
mechanism of ZnAl,O, ceramics with CTN additives.

Surface diffusion, grain boundary diffusion, volume
diffusion and evaporative condensation are considered
the important mass transport mechanisms in ceramic
sintering process, with grain boundary diffusion and
volume diffusion predominating during the middle and
final stages of sintering”’!. Given that the densification
of samples S4 or S5 ceramic systems occurs at relatively
low sintering temperatures, grain boundary transport is
likely involved. Our previous work has demonstrated that
the nanometer-thickness amorphous film at the grain
boundary is considered as an interfacial complexion,
which could be in a kind of quasi-liquid state under
sintering conditions, thus serving as a short-circuit
diffusion path for rapid mass transport'". The enhanced

sintering facilitated by grain boundary complexion represents
a form of activation sintering, wherein discrete nanoscale
complexions act as activators®*>? In this work, the
discrete nanoscale interfacial phase exists
amorphous state and does not appear in bulk phase
diagrams. And no liquid phase was detected in the SEM
and TEM images. The amorphous films play an
important role in reducing the sintering temperatures of
samples S4 and S5 by providing the short-circuit
diffusion path for rapid mass transport.

In addition, the valence changes of Cu ions could
induce defects during their migration along the grain
boundaries. The defects at grain boundaries, alongside
the migration of Cu ions, would also contribute to the
activation of grain boundaries and promote densification
during the sintering process, resulting in the low sintering
temperature of 1000 and 975 ‘C for samples S4 and S5,
respectively. Furthermore, the addition of Ti ions may
introduce some oxygen elements, thus reducing the
oxygen vacancy in ZnAl,Oy lattice. The reduced defects
would weaken the activated sintering of ZnAl,O4
ceramics, which makes the sample S4 have relatively
higher sintering temperature.

in an

3 Conclusions

The effects of CTN addition on sintering behavior and
properties of ZnAl,O, ceramics were studied systematically.
The sintering temperature of ZnAl,O4 ceramics could be
reduced to 975 C by the addition of CTN, resulting in
favorable dielectric properties (¢,=11.36, Oxf=8245 GHz)
and a high flexural strength of 200 MPa. The amorphous
film in the grain boundaries plays an important role in
reducing the sintering temperature of ZnAl,O, ceramics.
However, the amorphous films, along with defects
formed during valence changing of Cu and Ti ions within
the grain boundaries, negatively impact the dielectric and
mechanical properties of ZnAl,O, ceramics. Nevertheless,
the properties of the ZnAl,O,+CTN systems in this work
are relatively improved compared with the previously
reported works by the addition of glass phases to
ZnAl,O, ceramics. This work provides a feasible way for
designing new LTCC materials without glass addition.

Supporting Materials

Supporting materials related to this article can be found
at https://doi.org/10.15541/jim20240517.
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S1 Camera images of the sintered
samples with different compositions of
CTN additives

The well densified ZnAl,O4 ceramics with 5% (in mass)
CTN additives of different compositions show dark
colors when the molar fraction ranges of Cu, Ti, Nb are
0.625-0.875, 0-0.250, and 0.125-0.625, respectively. It
may be contributed to the large amount of Cu element,
which is sensitive to oxygen partial pressure and could
improve the sintering process of ZnAl,O, ceramics as
discussed in Fig. 3-Fig. 6.

0 1.00
{ N\~

0 0.25 0.50 0.75 1.00
Nb02_5

Fig. S1 Camera images of the sintered samples with different
compositions of CTN additives

S2 Properties of ZnAl,O, ceramics
with different formulasof CTN additives

To confirm the optimal formula, the density, dielectric,
thermal and mechanical properties of ZnAl,O, ceramics
with nine different additives were measured, as shown in
Table S1. The dielectric constants of all sintered samples
are higher than that of pure ZnAl,0O4 (&~8.5) ceramics,
because there are oxides like TiO, and Nb,Os with high
dielectric constant in the CTN additives. Since samples
S7, S8 and S9 present low density at the sintering
temperature of 1250 C, the dielectric properties of them
cannot be obtained by the Hakki-Coleman measurement
method. Sample S4 can be sintered at 1000 C and
possesses a high Oxf value of 22249 GHz and a high
density of 4.54 g/cm’. For sample S5, the sintering
temperature can be further reduced to 975 C, but the
Oxf value reduced to 8245 GHz. While, the flexural
strength of sample S5 increased to 200 MPa. The higher
flexural strength of above 230 MPa can also be obtained
from samples S1, S2 and S3, but the corresponding
sintering temperature of them is above 1100 C. It suggests
that samples S4 and S5 can strike a balance between good
properties and lower sintering temperatures. Sample S4 has
a lower flexural strength than that of sample S5, which may
be due to the influence of larger grain and more secondary
phases (as shown in Fig. 3). The coefficient of thermal
expansion (CTE) of the samples has no significant

TableS1 Properties of ZnAl,O, ceramics with different formulas of CTN additives

s 6 om-l
Sample ID terf;g::g?f/ac Density/(g-em™)  &(@10 GHz)  Oxf/GHz CT(EZ/ 5(;120’@(; ) Strg}gﬁfﬁm
sl 1150 4.46+0.17 10.18 17811 7.66 246+34
s2 1150 4.4940.02 9.00 41673 7.34 230410
$3 1100 4.4940.01 10.10 17150 7.65 233410
s4 1000 4.54+0.03 9.52 22249 7.49 161425
S5 975 4.50+0.04 11.36 8245 7.56 200414
$6 1150 4.54+0.01 9.67 30021 7.45 186+10
s7 1250 4.1740.02 - - 7.47 215420
S8 1250 4.19+0.02 - - 7.53 1998
$9 1250 3.5140.03 - - 7.29 195417
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change, indicating that the addition of CTN has limited
effect on CTE.

S3 Backscattered eectron SEM images
of the fracture surface of the sntered
samples

Dense microstructure and regular crystallographic
plane of grains could be observed, which reveals that
these two samples have been well sintered. The
aggregation of the second phase occurs at some
triangular grain boundaries. Very thin grain boundary
layer between grains can be seen from the backscattered
electron SEM images shown in Fig. S2. Relatively weak
grain boundary layers resulted in the intergranular
fracture of the ceramics (as shown in Fig. 3 in the
manuscript). The very bright contrast at the triple
junctions of grains should be caused by the accumulation
of CTN or CN, which is confirmed by the following
TEM and EDS analysis. There is no liquid found in

Cu:Ti:Nb=4:1:3 j(®)

Fig. S2 Backscattered electron SEM images of the fracture
surface of samples S4 and S5

both samples. The average grain sizes of sample S4 and
S5 are about 0.5-0.6 pm and 0.4-0.5 pum, respectively.
Sample S4 shows larger grain size than that of sample S5
because of the higher sintering temperature of S4.

SA  XPS gpectra of S5 ceramic
sintered at 1000 C for 2h

The XPS spectra of sample S5 are shown in Fig. S3.
Full spectrum shown in Fig. S3(a) present the peaks of
Al2s, Nb3d, Zn2p, Ols, Cu2p and Cls. The peak fitting
curve of Cu2ps;, shown in Fig. S3(b) has two peaks with
maximums at 932.9 and 934.4 eV, respectively, which
indicates the coexistence of Cu’ and Cu®". As discussed
in the manuscript, Cu®" ions could be partially reduced to
Cu' during the sintering process. Compared with Fig.
4(b), the relative contents of Cu*" in sample S5 is much
higher than that in sample S4, because parts of the
limited oxygen on the sample surface is taken up by parts
of Ti** to transform to Ti*" during the cooling process of
ceramic sintering, and thus causing less oxygen for Cu”
to reform Cu®'.The peaks for the Nb*>*, O1 and O3 are
shown in Fig. S3(c, d). Compared with Fig. 4(e), the
relative content of O2 in sample S5 is significantly
higher than that of in S4, indicating that the addition of
Ti ions may introduce some oxygen and reduce the
oxygen vacancy in ZnAl,O, lattice, so that the extrinsic
dielectric loss of sample S4 decreased. The promoting
effect of defects on sintering is weakened with the

(2) Cuzp (b) Raw data
— Fitting results
— Background fitting
- — Cu*2p;3,
3 r; — Cu*2ps;,
Z S
2 5
g z
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—Nb*3d,, —02
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Fig. S3  XPS spectra of sample S5 sintered at 1000 ‘C for 2 h (a) and detailed XPS spectra of Cu ion (b), Nb ion (¢) and Ols (d)
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reduction of oxygen vacancy, which makes it have
relatively higher sintering temperature.

S5 Valence change of Cu®* and Ti*
ions during the high temperature
sintering process of the ZnAl,O,4
ceramics

Cu’" and Ti*" ions are considered to be very sensitive
to oxygen partial pressure at high temperatures. Cu®*" and
Ti*" ions can be partially reduced to Cu” and Ti’" by the
following reactions in an anoxic environment, during the
process of high temperature sintering of the ZnAl,O,4

ceramics:
Oé:%Oz + Vg +2¢' (S1H)
Ti* +¢e' = Ti* (S2)
Cu?* +¢' = Cu* (S3)

S6 EDS element mappings of sample
S5 sintered at 975 C for 2h and EDS

spectra of grain phase and the
adjacent second phase

There was also an accumulation of Cu elements in the
grain boundary triple junction as shown in Fig. S4(a).
And the second phase was found where Cu and Nb
elements were mainly distributed. The EDS analysis was
carried out to get the element contents of the grain
(marked as Area 1 in Fig. S4(a)) and second phase
(marked as Area 2), and the results were shown in Fig.
S4(b) and Table S2. Zn and Al elements were mainly
distributed in the grains with little Cu elements. The
molar ratio of Zn : Al is close to 1 : 2, which revealed
that the main phase of Area 1 should be ZnAl,O,4. Zn, Al,
Cu and Nb elements were all found in Area 2. It suggests
that there may be the crystallized ZnAl,O, and some
other oxides containing Zn-Nb-Cu-O elements.

(b) 600 500
Al Area 1 Area 2
" 400
400 -
. ., 300
E g
8 3 200
200 - Zn Zn
n 100 L Nbﬂ
Cu| 7
Cu|| Zn n
0 —— 0 A
0 5 10 15 20 5 10 15 20
Energy / keV Energy / keV

Fig. S4 EDS element mappings of sample S5 sintered at 975 °‘C for 2 h (a) and EDS spectra of the grain phase (Area 1)
and the adjacent second phase (Area 2) (b)

Table S2 EDSanalysisresultsfor the grain (Area 1) and the adjacent second phase (Area 2)

Element AL(K) Zn(K) 0 (K) Nb (K) Cu (K)
oo/ % Arca | 28.63 13.50 57.47 0.00 038
° Area 2 1.44 443 88.90 4.04 1.17
. Area 1 031 0.42 0.49 100.00 0.05
0
Uncertainty/% Area 2 0.11 0.43 1.14 0.78 0.19




