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Abstract

In the present work, heterogeneous multilayer ceramics based on two representative
dielectrics, low-K LiMoO4 (LM) and high-K [(LigsBips)xBi1x][MoxVix]Os (LBMV), are
successfully acquired using a convenient approach of self-constrained sintering at an ultralow
temperature of 600 °C. These two materials with proximate but distinct sintering temperature
ranges mutually act as constrained layers to each other in the process of densification,
yielding significantly suppressed in-plane shrinkage of the LM/LBMV heterogeneous
multilayer ceramics. Moreover, the dense heterostructures are endowed with decent
mechanical and microwave dielectric properties. This work offers a new paradigm for facilely
integrating heterogeneous dielectric materials for ULTCC (ultralow temperature co-fired

ceramics) applications.

Keywords: Microwave dielectric materials, Heterogeneous multilayer ceramics, ULTCC

technology, Self-constrained sintering

1. Introduction

Microwave dielectric ceramics are ubiquitous in modern information or communication
industries, such as the satellite communication systems, mobile handheld devices, and
avionics including civil and military radar systems, etc., since they are indispensable
ingredients for the key electronic components of resistors, capacitors, and inductors, etc."” To
meet the increasing demand for high performance multifunctional communication systems
with minimized volume and light weight, integration of various passive components through

a low temperature co-fired ceramic (LTCC) technology has attracted tremendous attentions
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from both the academic and industrial players.'*"

However, the potential issues of
mismatched shrinkage, delamination, warpage, and undesired intermediate phase in the
dielectric heterostructures post enormous challenges for the miniaturization of microwave

devices via a facile LTCC approach.”™"’

To resolve them, four strategies are generally
adopted, namely, adding glass phase, constrained sintering, cold sintering, and
self-constrained sintering. The first one is mainly achieved through adding glass phase to the
heterogeneous materials to tune their physical and chemical properties to be compatible.
Korea Institute of Science and Technology and Murata Manufacturing have successfully
applied this method to co-fire certain heterostructures, such as Al,O3/(ZnNb,Os-TiOy),
Mg,Si04/BaTisO9, Mg,Si04/BaNb,Ti4012(Nd,Ti,O7) and so on. !¢ However, addition of
glass phase would inevitably sacrifice a great portion of electrical properties of the
heterostructures, which limits the application of this method to certain microwave dielectrics.
The second one is applying a uniaxial pressure to the rigid substrates attached to the top and
bottom surfaces of the heterogeneous samples to inhibit the in-plane shrinkage during

: : 20-23
sitering process.

Unfortunately, applying external pressure and additional machining
procedures including addition and removal of rigid substrates significantly increase the
processing costs, rendering this approach disadvantageous for mass production. The third
approach of cold sintering makes the sample to reach a densified state by a
dissolution-precipitation process, and now it has been employed in various materials, such as

2425 . . . 2627
MLCC,”™" microwave dielectric devices,””

thermoelectric materials,28 solid electrolytes,29
etc. However, the requirement of enormous external pressure is a major disadvantage for

practical implements of this method. The recently developed self-constrained sintering takes
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advantage of the appropriate but distinct densification temperature ranges of two microwave
dielectric materials, which densify and constrain mutually during sintering to form a
multilayer heterostructure with alternatively laminated lower-temperature sintering layers and

higher-temperature ~sintering layers.”*

Compared with the above three maneuvers,
self-constrained sintering without compromising the microwave dielectric properties and
needing no additional processing seems more promising. Up to now, only certain efforts have
been devoted to developing glass-ceramic/glass or glass/alumina laminates using

self-constrained sintering, leaving plenty of room for developing high-end multifunctional

ceramic/ceramic heterostructures for LTCC applications based on this sintering method.

In this work, heterogeneous multilayer ceramics based on two representative ULTCC
microwave dielectric materials, low-K Li;MoOy4 (LM) and high-K
[(Lig5Bio.5)xBiix][M0xV1x]04(x=0.098) (LBMV) (more details shown in Table 1), were

prepared by the self-constrained sintering technique.’*

When heated at a relatively low
temperature, the high-K non-shrinking LBMV with a higher sintering temperature acts as a
constrained layer to the low-K LM with a lower sintering temperature, and their roles reverse
at a relatively high temperature, yielding significantly suppressed in-plane shrinkage in the
LM/LBMYV heterogeneous multilayer ceramics. Moreover, the heterostructures sintered at an
ultralow temperature of 600 °C are endowed with decent mechanical and microwave

dielectric properties, demonstrating the great potential of self-constrained sintering for

ULTCC applications.
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2. Experimental

Preparation of LM and LBMV Ceramics. The LM and LBMV ceramics were
prepared by a conventional solid-state reaction route. Raw materials Li>CO3 (>98%, Sino
pharm Chemical Reagent, Shanghai, China), MoO; (>99.5%, Yu tong Chemical Reagents,
Tianjin, China), Bi,03; (>99%, Sino pharm Chemical Reagent, Shanghai, China) and V,0s (>
99.6%, Macklin Chemical Reagent, Shanghai, China) were weighed according to the
stoichiometry of LixMoO4 and [(LigsBigs)xBii«x][M0oxVix]Os (x=0.098). The weighed
powders were ball milled in alcohol for 4 h using a planetary mill (Nanjing Machine Factory,
Nanjing, China). After drying, these powders were then calcined at 500-600 °C for 4 h at
ambient condition. Then the calcined powders were re-milled again for 4 h and pressed into
cylinders (10 mm in diameter and 4-5 mm in height) at 200 MPa. The green pellets were

sintered at 500-680 °C for 2 h.

Preparation of LM/LBMV heterogeneous multilayer Ceramics. The LM/LBMV
heterogeneous multilayer ceramics were fabricated by following the tape-casting and
lamination procedures, as sketched in Figure 1, which mainly consist of four steps, i.c.,
tape-casting, cutting, lamination and densification. Prior to those, LM and LBMYV slurries
were prepared. The as-received LM and LBMV powders from the aforementioned process
were mixed with a solution of ethyl alcohol, methyl ethyl ketone and glycerol trioleate as the
dispersant for 8 h to form the uniform slurries. Then the slurries were subjected to another
ball-milling for 8 h, while adding polyvinyl butyral (PVB) as the binder and polyethylene

glycol (200) (PEG200) and dibutyl phthalate (DBP) as the plasticizer. Afterward, the LM and
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LBMV slurries were successively cast to form a monolayered LM/LBMYV green sheet with a
thickness of 40-50 um. The green sheets were cut and laminated to form cylindrical pellets
(10 mm in diameter and 5 mm in thickness) under 30 MPa at 70 °C for 20 min, followed by a
cold isostatic pressing at 200 MPa for 5 min. Finally, the laminated samples were heated at
350 °C for 12 h with a slow heating rate of 0.2 °C/min to remove all the organic additives.
And then, the multilayered LM/LBMYV samples were treated at 540 °C for 1 h and 600 °C for

2 h successively with a heating rate of 3 °C/min.\

Characterizations. The phase structures of the LM and LBMV powders were investigated
using X-ray diffraction (XRD) with Cu-Ka radiation (SHIMADZU XRD-7000, Tokyo,
Japan). The cross sectional microstructures of the samples were examined by a scanning
electron microscope (SEM, Quanta F250, FEI, USA). Nano measure software was used to
analyze the grain size distribution of LM and LBMV ceramics sintered at different
temperatures. Vickers Hardness (Hy) was obtained by the indentation technique on polished
ceramic surfaces with a nanoindenter and a mechanical load of 0.098 N at room temperature.
H, can be expressed by the formula: H, = 0.0018544 (P/d?), where P is the applied force, and
d is the average diagonal length of the indentation pyramid. The sintering temperature
dependent shrinkage of samples was collected using a vernier caliper. Microwave dielectric
properties were measured using the TEg;s shielded cavity method with a network analyzer
(8720ES, Agilent, Palo Alto, CA) and a thermal chamber. The temperature coefficient of
resonant frequency TCF (t¢) of the samples can be calculated by the following formula:

TCF= (fss-f25)/ (f25%60) x10° (ppm/°C) 1)
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Where fgs and f,s are the TE(5 resonant frequencies at 85 °C and 25 °C, respectively.

3. Results and discussion

Figure 2a presents the XRD patterns of the LM and LBMV ceramics sintered at their
optimal temperatures. For LM, all the diffraction peaks matched well with those of the
standard samples (JCPD card No. 12-0763), and no secondary phase was observed, indicating
the perfect crystallization of the as-sintered LM ceramics. As a solid solution between BiVO,
and (LigsBips5)MoOQs, the crystal structure of LBMV gradually evolves from a tetragonal
scheelite structure of BiVO, to a monoclinic structure of (Lig sBigs)MoQO4 with increasing the
content of (Lip sBigps)MoOy4 (around 10mol%).35’3 % It can be observed from Figure 2a that the
as-received LBMV polycrystals exhibit the identical tetragonal scheelite structure with
pristine BiVO, ceramics, evidenced by the presence of characteristic peaks of (011) and (020)
for tetragonal scheelite structure, as shown in Figure 2b and c, respectively. It suggests that
(LipsBip5)M0O4 and BiVO,4 have formed a solid solution with a tetragonal scheelite structure
as BiVOy, and the LBMV powders have been successfully prepared.

Generally, for ceramic sintering, pinning down the optimized sintering temperature is
crucial and any deviation from the optimal heat treatment temperature will result in the
variation of microstructure and negatively affect the properties of ceramics. However, for
self-constrained sintering derived heterogeneous multilayer ceramics, a wide sintering
temperature range overweighs an optimal sintering temperature of specific material of choice
for practical implements. Therefore, the sintering temperature dependence of average grain

size and microwave dielectric properties of LM and LBMV were investigated, as shown in

This article is protected by copyright. All rights reserved.



Figure 2d and Figures S1-3. It can be found that LBMV materials possess a wide sintering
temperature window from 550 °C to 680 °C, within which the grain size slightly changes
(refer to Figure 2d and Figure S2) and the decent microwave dielectric properties have been
obtained (Figure S3). The sintering temperature window for LM ceramics is relatively
narrow, hence their grain size grows sharply (Figure 2d and Figure S1) and their microwave
dielectric properties get deteriorated (Figure S3) when the sintering temperature goes beyond
the optimal sintering temperature around 540 °C. Despite that, LM ceramics fired at high
temperatures can still deliver satisfying microwave dielectric properties. Accordingly, to
obtain high performance LM/LBMV heterogeneous multilayer ceramics using the
self-constrained sintering approach, the sintering temperature of LBMV should be
compromised marginally to reach the optimal sintering range of LM.

To unveil the sintering behavior of LM/LBMYV heterogeneous multilayer ceramics, the
evolution of their microstructure with sintering temperature within the range from 500 to
600 °C was studied, as displayed in Figure 2e. The LM layers gradually get densified with
the temperature going up to 540 °C. Beyond this point, the grain size of LM phase grows
dramatically, whereas no distinguished change of grain size can be observed in the LBMV
counterparts. In the meantime, LBMV layer acts as a rigid substrate for LM to suppress its
in-plane shrinkage during the densification process. The LM sandwiched between rigid
LBMV layers is subjected to in-plane stress merely, and the stresses applied to both surfaces
of LM layers are identical. Therefore, the absence of out-plane component of stress prevents
the occurrence of warpage, delamination, or crack in the multilayers. When the temperature

rises to around 600 °C, LM phase has come to fully densification and LBMV also begins its
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densifying procedure, although the change of grain size in LBMV is inconspicuous. At this
stage, the rigid LM layer plays a reversed role as the constrained layer to the LBMV for the
same purpose as aforementioned.

To verify the quality of self-constrained sintered LM/LBMV heterogeneous multilayer
ceramics, in-depth studies were conducted to preclude the existence of undesired flaws, such
as warpage, delamination, intermediate phases, etc., which are detrimental to the properties of
these materials. Figure 3a provides the photograph of as-prepared LM/LBMYV heterogeneous
multilayer ceramics, where no warpage or fracture is observable. Further cross-sectional
microstructure studies reveal that the profile of each individual layer of the sample is distinct,
and no delamination is found, despite some minor pores are inevitably traced, particularly in
the LM layers (see Figures 3b-d). The EDX elemental analyses are shown in Figures 3e-j.
The sharp contrast tells that the elements Mo and V mainly reside in the LM and LBMV
layers, respectively, and no element migration or secondary phase occurs at the interfaces,
implying no side reaction between the two active layers. It should be noted that the
emergence of element Bi in LM is mainly ascribed to the overlapped energy spectra of Mo
and Bi elements (refer to Figure S4).

For the practical applications of heterogeneous multilayer ceramics, not only the
microstructure mentioned above but also the mechanical properties of individual layers and
the interfaces are of paramount importance. Hardness characterizes the material's local
resistance to external force and strain. It is closely related with the material's elastic stiffness,
strength, toughness and so on. For ceramics, density has a direct bearing on the hardness.

Herein, the hardness of LM and LBMYV individual polycrystals and LM/LBMV
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heterogeneous multilayer ceramics were collected, as illustrated in Figure 4a and Figure S5.
Both LM and LBMV pristine ceramics sintered at 600 °C have a lower hardness than those
sintered at the optimal temperatures of 540 °C and 650 °C, respectively, due to the lower
density induced by the deviation from the optimal sintering temperature. It is interesting to
note that the LM/LBMYV heterogeneous multilayer ceramics have slightly superior hardness
than those of LM and LBMYV individual samples sintered at the same temperature of 600 °C.
And more importantly, the interface region of the LM/LBMYV heterostructures is endowed
with a surprisingly high hardness, sandwiched by the values for the LM and LBMV
individual phases, demonstrating the feasibility of using self-constrained sintering approach
to realize solid bonding between heterogeneous materials.

As demonstrated above, self-constrained sintering is a feasible approach to co-fire
LM/LBMYV heterogeneous multilayer ceramics. And beyond that, self-constrained sintering
has the merit of restraining the in-plane shrinkage effectively. It is of great importance to
accurately control the in-plane shrinkage of LTCC tapes to guarantee the reliability of final
LTCC devices with high integration, considering the relatively large in-plane shrinkage
ranging from 12% to 16% of LTCC tapes after normal sintering. The in-plane and out-plane
shrinkages of LM and LBMV ceramics, and LM/LBMV heterogeneous multilayer ceramics
during co-firing have been also studied, as plotted in Figures 4b and c, respectively. For pure
LM and LBMYV samples prepared by the same tape casting method, the isotropic shrinkage is
observed, namely, nearly equal shrinkage along the in-plane and out-plane directions within
the range from 12% to 17% at the final sintering stage (see Figure 4b). However, in the case

of LM/LBMYV heterogeneous multilayer ceramics, a different scenario from those of LM and
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LBMV emerges. It is intriguing to note that the LM/LBMV heterostructures present
anisotropic shrinkage during sintering process. More specifically, the out-plane shrinkage far
exceeds the in-plane one (~24% vs 10%, refer to Figure 4c), or the in-plane shrinkage of the
heterogeneous multilayer ceramics is greatly suppressed by the self-constrained sintering,
which is beneficial for practical implements. In order to elaborate the shrinkage process, a
parameter of out-plane/in-plane shrinkage ratio, i.e., the out-plane shrinkage divided by the
in-plane shrinkage, is introduced. Figure 4d provides the temperature-dependent
out-plane/in-plane shrinkage ratios of LM and LBMV ceramics, and LM/LBMV
heterogeneous multilayer ceramics. It is found that the shrinkage ratios of LM and LBMV
ceramics both approach one unit in the sintering temperature range, further confirming the
isotropic shrinkage in these two pristine materials, which are free of external strain during the
densification process. However, the corresponding value of LM/LBMV heterostructures
varies between 2.2 to 3.0, mainly attributed to the variant shrinkage mechanisms at different
temperature ranges. At the first sintering stage (approximately lower than 540 °C), the LM
layers gradually get densified, yet the LBMV layers nearly remain unchanged. Thus, the
LBMYV layer acts as a rigid substrate, which exerts a tangential force on LM to suppress its
in-plane shrinkage during the densification process; while the out-plane shrinkage of LM is
almost unconstrained, resembling to the model a sketched in Figure 4d. Thus, the shrinkage
ratio of LM/LBMV heterogeneous multilayer ceramics is large at this stage. As the
temperature rises, the LBMV layers begin to densify around 540 °C, and LM still has
marginal shrinkage, which can be confirmed by LM and LMBYV shrinkage curves in Figure

4b and microstructure evolution in Figure 2e. The tangential force between LM and LBMV
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phases decreases, and no external force is applied along the out-plane direction, resulting in
reduced shrinkage ratio of LM/LBMYV heterostructures (corresponding to model b). Finally,
when the temperature is higher than 560 °C, LM has become fully densified, and it can serve
as a constrained layer to the LBMV. At this time, the LM layer would exert an in-plane
tangential force on LBMV to suppress its in-plane shrinkage, while LBMYV is nearly free of
strain along the out-plane direction (see model c). Thus, the shrinkage ratio of LM/LBMV
heterostructures slightly rises above 560 °C. Overall, LM/LBMV heterogeneous multilayer
ceramics prepared by self-constrained sintering show significantly restrained in-plane
shrinkage.

Microwave dielectric properties of LM and LBMV ceramics and LM/LBMV
heterogeneous multilayer ceramics sintered at 600 °C are presented in Figure 5a. It can be
found that both LM and LBMV pristine ceramics possess fine microwave dielectric
properties. The as-received LM polycrystals bear a permittivity of 4.9, a Qxf value of 18000
GHz, and a TCF value of -180 at a frequency of 12.3 GHz, despite the properties are slightly
compromised as they were not sintered at the optimal temperature (540 °C), which could
yield an optimal permittivity of 5.5, a Qxf value of 43000 GHz, and a TCF value of -160 at a
frequency of 12.0 GHz (refer to Figure S3). This is mainly ascribed to the narrow sintering
temperature window of LM materials. When the sintering temperature is higher than the
optimal temperature, abnormal grain growth occurs (see Figure S1), which leads to
decreased density and deteriorated microwave dielectric properties. In the case of LBMV
ceramics sintered at 600 °C, a permittivity of 73, a Qxf value of 6600 GHz, and a TCF value

of +19 at a frequency of 4.0 GHz can be obtained. And these parameters are comparable to
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those of LBMV heated at the optimal temperature of 650 °C (permittivity &:: 81, Qxf: 8000
GHz, TCF: +10 at a frequency of 4.2 GHz, see Figure S3), benefiting from the wide sintering
temperature range of LBMV. Both LM and LBMV polycrystals sintered at 600 °C are
qualified for practical applications. And fortunately, the LM/LBMYV heterogeneous multilayer
ceramics prepared at 600 °C by the self-constrained sintering are also endued with decent
microwave dielectric properties with a permittivity of 9.5, a Qxf value of 15300 GHz, and a
TCF value of 13.4 at a frequency of 9.1 GHz. Generally, the properties of composite
materials are predictable and can be determined by the individual properties, the volume
fractions and the spatial distribution of each component. It is known that dielectric
permittivity is an important parameter for the microwave dielectric materials and many
models have been proposed to predict the average permittivity of two-phase composites. For
instance, for the 2-2 type composite materials, i.e., a diphasic composite with
self-connectivity of 2 dimensions connecting with each other, there are two known models to
predict the average permittivity. One is that the composite materials are aligned parallel to the
electric field (Equation (2)), the other is that the composite materials are aligned
perpendicular (series module) to the electric field (Equation (3)).
e=V1€1tV1& (2)
1/6=V/g1+V2/€, ©)
Where €, and €, are the permittivity of phase 1 and phase 2, respectively; V| and V,(V; +V;
= 1) are the volume fractions of these two phases. Here, the LM/LBMV heterogeneous
multilayer ceramics can be treated with a series module, and the permittivity thereof were

calculated, as shown in Figure 5b and Table S1. It is found that the measured permittivity
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data of LM/LBMYV heterostructures are in accordance with the predicted ones by the series
module, indicating that the dielectric properties of LM and LBMV are uncompromised after
co-firing.

Figure 5c summarizes the microwave dielectric properties of recently developed
co-fired heterogeneous dielectric materials. Compared with the previous studies, the
LM/LBMYV heterogeneous multilayer ceramics derived from self-constrained sintering are
gifted with the virtues of much lower sintering temperature (~600 °C), free of glass phase,

and hence superior comprehensive microwave dielectric properties.

4. Conclusions.

In summary, heterogeneous multilayer ceramics based on two representative microwave
dielectric materials, low-K Li,MoOg4 (LM) and high-K
[(LipsBigs)xBi1x][M0oxVix]O4(x=0.098) (LBMV) were prepared by the self-constrained
sintering technique at an ultralow temperature of 600 °C. The high-K non-shrinking LBMV
with a higher sintering temperature acts as a constrained layer to the low-K LM with a lower
sintering temperature when densifying at low temperatures, and their roles reverse at high
temperatures, yielding significantly suppressed in-plane shrinkage in the LM/LBMV
heterogeneous multilayer ceramics. Moreover, the heterostructures are endowed with decent
mechanical and microwave dielectric properties, demonstrating the great potential of

self-constrained sintering for ULTCC applications.
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Figure and Table Caption List:

Figure 1. Schematic drawing of the fabrication process of the LM/LBMV heterogeneous

multilayer ceramics.

Figure 2 (a) XRD patterns of BiVO,4, LBMV and LM ceramics; the enlarged (b) (001) and (c)
(020) peaks of BiVO4 and LBMV ceramics. (d) Sintering temperature dependence of average

grain size of LM and LBMV ceramics. (¢) Evolution of microstructure of LM/LBMV

multilayer ceramics with sintering temperature from 500 °C to 600 °C.

Figure 3 (a) Photograph of the LM/LBMV multilayer ceramics. (b-d) Cross-section SEM

images of the LM/LBMV multilayer ceramics with different scales. EDX elemental maps of
(f) Mo, (g) Bi, (i) V, and (j) O for the LM/LBMV multilayer ceramics highlighted by a

yellow square in figure (e); (h) EDX line scan across the LM/LBMYV interfaces.

Figure 4 (a) Hardness of LM, LBMV and LM/LBMV heterogeneous multilayer samples.

Sintering temperature dependence of shrinkage along the in-plane and out-plane directions of
(b) pure LM and LBMV samples, and (¢) LM/LBMV multilayer ceramics. (d) Shrinkage

ratio out-plane/in-plane of LM, LBMV and LM/LBMYV multilayer ceramics.
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Figure 5 (a) Microwave dielectric properties of LM, LBMV ceramics and LM/LBMV
multilayer ceramics sintered at 600 °C. (b) The measured and calculated permittivity of
LM/LBMV multilayer ceramics as a function of sintering temperature. () Comparison of
microwave dielectric properties of LM/LBMV multilayer ceramics with other co-firing

hybrid dielectric materials.'® " '* 1

Table 1. Sintering and dielectric properties of the materials of choice

Sintering Properties Dielectric Properties

Optimal Qxf TCF (1)

Abbreviation Material Sintering temp[°C] Permittivity(e;) [GHz] [ppm/°C]  Reference

LM Li;MoOy 540 5.5 46000 -160 Ref. 28
LBMV  [(LiosBios)Biix][MoxVix]0s 650 81 8000 +10 Ref. 29
x=0.098
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