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Novel Glass Ceramics for Electronic Applications

Roland Langfeld, Miriam Kunze, Martin Letz
(SCHOTT AG, Hattenbergstrasse 10, D-55122 Mainz, Germany)

Abstract; Glass-ceramic materials based on lithium aluminium silicate found widespread applications as a zero-expan-
sion material in optics or as a temperature resistant material for fireplaces and oven cook stoves. We will present recent
developments of two new types of glass-ceramics based on Li;La;Zr,0,, (LLZO) and within the LiSICon structure, pro-
duced by a melting and ceramization route, which reveal promising Li-ion conductivities in the range of 10 ~* S/cm at room
temperature. Additionally glass-ceramics with nano-grain ferroelectric or para-electric crystalline phases are presented as a
new dielectric material for high-performance electrical capacitors.
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1 Introduction

Bulk glass-ceramics which are obtained from a melt via a
true amorphous glassy phase are partially crystallized glasses.
Such glass-ceramics are usually highly homogeneous since
they obtain their material homogeneity from a glass production
which for example for optical glasses are known to be very u-
niform and free of pores over large production volumes. The
growth of particular crystalline phases is initialized via a con-
trolled nucleation mechanism and guided via control of a time
temperature profile to ensure proper crystal growth. In this
way depending on the application sizes of crystallites from 10
nanometer to several micrometer with relatively sharp size dis-
tributions can be obtained. The crystal volume in such glass-
ceramic materials can range from 30 vol% up to 98 vol% .

It is possible to tailor material properties by using mate-

rial properties of one or more crystalline phases and combi-
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ning it with the material properties of the residual glassy
phase. In this way a composite material is obtained which is
homogeneous on macroscopic length scales.

The most common types of such bulk glass-ceramic materi-
als are the lithium aluminium silicate glass-ceramics. In these
systems the physical property of the crystalline phase is deter-
mined by the negative thermal expansion of some high quartz
solid solution crystalline phases and other silicate phases in a
particular temperature range. In combination with the positive
thermal expansion of the residual glass phase this can be bal-
anced out to materials with a thermal expansion which is very
close to zero. These glass-ceramics are known under the brand
names Ceran™ for cook stoves, Robax™ for transparent fire
place windows and Zerodur™. The latter one is used as a sub-
strate for astronomic mirrors and finds nowadays increasing use
in high precision applications like metrology and microlithogra-
phy. In Zerodur™ the coefficient of thermal expansion can be
optimized down to a level of a few ppb/K ( =10 °K™").

More recent material development is trying to synthesize
crystal phases with particular electronic properties in glass-ce-
ramics. One possibility which is described in more detail in

section 1 is the growth of highly alkaliion conducting crystals
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in a glass-ceramic. In this way materials are developed which
can find applications in e. g. Li ion batteries. When semi-
conducting crystalline phases are grown electronic conductivity
can be achieved. Such materials can find applications as high
temperature stable oxide thermoelectric materials'' > and are
stable under normal atmosphere to multiple thermal cycling up
to temperatures of 700 °C and more.

On the side of highly insulating electronic materials also a
number of developments are present. By crystallizing polar
crystal phases like fresnoite (Ba,TiSi,0y) or Li,Si, 0, in an
oriented way one can obtain glass-ceramics with piezoelectric

“=] Some of these phases have superior properties

properties
at high temperatures above 500 °C over existing ceramic and
single crystalline material solutions and can find applications
e. g. as high temperature pressure sensors.

Recently SCHOTT has commercialized three new glass-
ceramic materials as dielectrics for electronic applications.
These are Poweramic™ _P2200 which is based on a nanocrys-
talline ferroelectric crystalline phase and Poweramic™ _N150
and Poweramic™ _GHz_33 which are both based on a para-
electric titanate based crystalline phase. These dielectrics for
high power applications and for mobile applications are de-

scribed in more detail in section 2.

2 Li ion conducting glass-ceramics for
battery applications

2.1 Solid state batteries

Due to an increasing demand on energy and accordingly
energy storage devices during the last 50 years new battery
concepts were established. In the main focus are the lithium-
ion and lithium-metal battery concepts. Examples of these sys-
tems are besides the conventional lithium-ion battery, lithium-
sulfur, and lithium-air batteries'®™®'. These various battery
cell setups can be realized by either using a liquid or solid
electrolyte. However, the basic setup for an all solid state bat-

tery is similar to a liquid electrolyte battery (cf. Fig. 1) except

Fig. 1 ~ Schemes of lithium-ion battery with a liquid electrolyte
(a)and lithium-metal battery with solid electrolyte (b)
during discharge

for the electrolyte state of aggregate. The advantages using solid
electrolytes between the anode and the cathode in lithium-ion
and lithium-metal batteries instead of a liquid electrolyte are
manifold ; increasing safety by preventing leakage and flamma-
bility of the electrolyte, avoiding aging and gassing of the cell
due to dissolution and degradation of the electrolyte, lithium
dendrite formation, which result in short circuits and more se-
vere incidents, increase of cell operating temperatures, larger
electrochemical stability window, and increase of lifetime ™"
2.2 Electrolytes for solid state batteries

To realize a lithium ion charge transport based solid state
battery with the given advantages besides good electrode mate-
rials a well performing solid electrolyte or solid ion conductor
is necessary. The key features of a solid ion conductor in-
clude'” ™" ; @ a high ionic conductivity (o> 10™* S/cm)
with a high lithium ion transference number ¢, (¢, ~ 1);
) electrochemical stability between 0 ~ 6 V vs. Li*/Li°;
) chemical stability against the electrode materials and ambi-
ent atmosphere, and @) a negligible interface resistance be-
tween the solid electrolyte and the electrode materials.

Based on these properties a large number of solid ion con-
ductors were synthesized and investigated during the last 20 to
50 years, which can be divided into inorganic and organic lith-
ium ion conducting materials (Fig. 2). The organic materials

are the polymers within the field of polyelectrolytes™’ and
polymer electrolytes™" , while the inorganic solid ion conduc-

tors are either glasses, ceramics or glass-ceramics.
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Fig. 2 Classes of solid electrolytes for lithium ion conduction for various

lithium-(ion) battery applications

For all inorganic material classes oxides and sulfides are
intensively studied in terms of their lithium conductivity in de-
pendence on temperature as well as the electrochemical and

[7.22-26] Ty Fig. 3 conductivities of the vari-

chemical stability
ous lithium ion conductors are presented. Also pointed out is
the optimal region of conductivity for battery applications in a
temperature range between —40 ~ 80 °C. These criteria are
fulfilled by some ceramic and glass-ceramic materials based on
oxides like gamets, LiSICon ( Lithium Super Ton Conductor)
and NaSICon (Sodium (Na) Super Ion Conductor) , and sul-

fides, especially argyrodites and thio-LiSICon. Besides the in-
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tensive material development, which took place, there is a
need to produce these materials not only in laboratory scale but
also in industrial dimensions. Hence, the main aim for these
materials is not only fulfilling the above mentioned require-
ments according to their application, but an inexpensive and

stable material, which can be produced in industrial scale.
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Fig. 3 Comparison of lithium conductivity of various solid ion conducting
materials. The light gray area points out the necessary conductivi-
ty for industrial applications in a temperature range between
~40 °C up to 80  [24:28-29,36,39.47-50]

2.3 Sulfidic solid lithium ion conductors

The sulfidic solid lithium ion electrolytes are intensive-
ly studied during the last 20 years and are a new class of
lithium ion conductors compared to oxidic systems. Typical
examples of the lithium ion conductors based on sulfides are

[27-28] " Conduc-

x Li,S, _,, P,S; glasses and glass-ceramics
tivities of these materials are about 10 > ~ 10 * S/cm at
room temperature. Another material in the field of sulfides,
the thio-LiSICon material™’ like Li,, GeP,S,,, shows the
highest lithium ion conductivity measured at room tempera-
ture: 12 x 107 S/em 7,

does have a high germanium content, which results in a

Unfortunately, this material

costly electrolyte material unstable against lithium metal.
Besides these disadvantages the sulfidic systems are not sta-
ble against water and air and consequently they can only be
prepared under inert atmosphere. Preparation routes under
defined atmospheres, like e. g. argon, are milling proce-
dures in planetary mills and melting in quartz glass am-
poules. Hence, the raw materials are inexpensive but due
to controlled atmospheres requirements during syntheses
these materials are cost intensive and limited in production
yield. However, this limits the use of these materials for the
production of the various lithium-(ion) batteries.

2.4 Oxidic solid lithium ion conductors.

In the last 40 to 50 years lithium based solids came into
the focus as materials for solid electrolytes. Typical oxidic sol-
id electrolytes for this task are garnet, LiSICon, and NaSICon
structured materials. The garnets have a molecular formula
Li,,, MM M;" M;_0,, where M" is Mg, Ca, Sr, Ba,
Zn; M™is La, Al, Ga, In; M" is Zr, Hf, Ti, Sn; M" is
Nb, Ta, Zr, Hf, Sn, (Ti). The first lithium filled garnet ma-

terials, Li;La;Nb,O,, and LijLa;Ta,0,,, were reported by
Thangadurai and co-workers with a lithium ion conductivity of
~107° S/em™.
tery applications and the main focus for garnet structured mate-
rial lies on Li,La,Zr,0,, (LLZO) """, Li,La,Zr,0,,has a con-

ductivity o in the low temperature modification ( tetragonal

This material was further optimized for bat-

phase) in the range of o =6 x 107 S/cm, which can be in-
creased up to o =4 x 10 7*S/cm using different dopants like
e. g. Al, Ta or Nb stabilizing the high temperature modifica-
tion (cubic phase) (2=

Classical syntheses of this material are carried out by sol-
id state reaction, sol-gel and Pechini-method, co-precipitation
and hot pressing. For all these methods at least one high tem-
perature treatment between 900 °C and 1150 °C is necessary to
achieve the correct crystalline structure with a high ionic con-

ductivity 7,

Disadvantages of Li,La,Zr,0,, material
produced by the given syntheses are low yields combined
with a high expenditure of time and sometimes not 100%
pure cubic phase. Furthermore, only powder material with
a small particle size and consequently a small crystal size
can be achieved.

However, Li,La,Zr,0,, material additionally can be pro-
duced via a melting and crystallization route using SCHOTT
Skull melting technology. The resulting material is white to
slightly yellow colored and has a highly ordered crystalline
phase with 100 % cubic garnet modification. This material is
a glass-ceramic with about 10% glassy phase and 90% crys-
talline phase(Fig. 4a) and shows a conductivity o of 3 ~5 x
10 * S/em (cf. Fig. 3 curve a). No impure phases can be de-
tected and powder samples in kg scale as well as dense bulk-
samples can be prepared via melting production route. Fur-
thermore SCHOTT garnet glass-ceramic is stable against lithi-
um metal and electrochemical stable up to 6 V vs. Li*/Li°.
With these properties the SCHOTT LLZO is an excellent mate-
rial suitable as electrolyte in solid lithium metal batteries.

Besides the garnet system, Li;La;Zr,0,,, solid lithium
ion conductors with NaSICon or LiSICon structure ( Li,, _,
M:'M?[M]z\v_t_),(PO«‘)3 , where M" is Al, Cr, Fe; M" is Ge,
Ti, Zr; M" is Nb, Ta) can reach conductivities in the range
of 10 7* S/cm at increased temperatures ( cf. Fig. 3). From the
crystallographic point of view LiSICon and NaSICon are iso-
structural with each other and below only the term “LiSICon”
will be used. This class of materials was introduced for energy

storage applications by Thangadurai and co-workers'™’. Since
42-44]

then the material was intensively studied and developed"
Typically, these materials have a high amount of germanium
and/ or titanium. Hence, solid ion conductors with a high
germanium and titanium content have high conductivities, up
to 6 x 107" S/cm, but are not chemically stable against lithi-
um metal. The Ge" and Ti" are reduced to Ge" and Ti" by
lithium metal, respectively, and the material discolors and
shows an increase of the internal resistance. Additionally the
germanium containing materials are expensive due to their high

raw material costs.
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Fig.4 XRD and SEM measurements of LLZO synthesized by skull
melting technology (a) and LiSICon prepared by classical
glass-ceramic route (b), Both synthesized at SCHOTT

Preparation routes of LiSICon materials are the classi-

cal glass-ceramic route, sol-gel procedures and milling

45 -46
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. The latter are, like for the garnet ion con-
ductor, expensive and not efficient. For the classical glass-
ceramic processing the oxidic raw materials are melted and
afterwards the glass is placed in a furnace for the ceramiza-

The ion
conducting LiSICon glass-ceramic by SCHOTT has a quite

tion according to an optimized temperature profile.

high grain core lithium ion conductivity of about 1 x 10 S/
cm at room temperature ( cf. Fig. 3 curve d). The XRD data
show a pure crystalline phase of the material and the crystal-
lites themselves are homogeneous ( Fig. 4b). Therefore it is
an outstanding electrolyte candidate for solid state lithium
ion batteries used at ambient temperatures. This material
can be handled at ambient atmosphere and is as well as
Li,La,Zr,0,,-glass-ceramic electrochemically stable up to 6
V vs. Li"/Li°. SCHOTT lithium ion conductor with LiSI-
Con structure can be manufactured in kg amounts, which is

up-scalable, and inexpensive.

3 Glass-ceramic with nano-grain ferroe-
lectric crystalline phases

Crystal systems with ferroelectric crystalline phases are
well known as dielectrics. Ceramic BaTiO, plays a major

role as a dielectric in capacitors. It has a large dielectric

constant and is used frequently in consumer applications in
multilayer capacitors with low voltages and high capacities.
However the saturation polarization together with the hyster-
esis loop of a ferroelectric usually do not allow to apply such
ferroelectric ceramic material in high power applications.
The reason is the dielectric loss mechanism which occurs
when ferroelectric domain walls are moved within crystalline
grains. The situation changes when nanocrystalline materi-
als are used with crystalline grains which are of order of the
size of the ferroelectric domains. In this case the material
response to large field strength changes towards a para-elec-
tric behavior and the area of the hysteresis loop becomes
very small. Obtaining nano-grain ceramics is very difficult
since sintering is often accompanied by grain growth which
leads to crystalline grains of several micrometer diameter
even when nano-grain powder are used to start the ceramiza-
An ideal way to obtain nano-grain structures

Glass-

ceramics with BaTiO, as a main crystalline phase are well
[51]

tion process.
are glass-ceramics obtained via a true glassy phase.
known since many years . In recent years there was a lot
of activity in this field. In the group of Yong Zhang a num-
ber of very systematic investigations have been made which
deal with the glass stability, the oxidation state and also the
dielectric breakdown strength as a function of material com-

[32-3) " The barium strontium titanate glass-ceramic

position
system is investigated in detail by a group from the US who
find very high values of dielectric constants which are how-
ever always accompanied by high dielectric loss"™®’ .

At SCHOTT we improved the glass stability of the system
for large scale economic production and obtained a glass-ceram-
ic with a true nano-grain structure. The result of this nano-grain
structure on the hysteresis loop is shown in Fig. 5. At identical
field strength a ceramic BaTiO, shows a large hysteresis, while

the nano-grain glass-ceramic material only has a very small in

15[ Ceramic BaTiO, 1 kV/mm 1
Poweramic P2200 1 kV/mm 2
Ceramic BaTiO, 2kV/mm ——3
10F Poweramic P2200 2kV/mm 4
Ceramic BaTiO, 3 kV/mm 5
Poweramic P2200 3 kV/mm ——
Poweramic P2200 20 kV/mm

P/108C - cm=2
[=]
T

E/KkV - mm™'

Fig. 5 The Polarization is plotted as a function of applied electric field.
A comparison of the hysteresis of ceramic BaTiO; with the hyster-
esis of the Poweramic™ P2200 glass-ceramic containing nano-

grain BaTiOj is shown
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barely visible, hysteresis. Only at a field strength of 20 kV/
mm which cannot be reached in the ceramic material, a small
hysteresis loop becomes observable. The polarization is still far
from saturation. In a glass-ceramic the starting point is a truly
amorphous material, a transparent glass. A controlled nuclea-
tion and crystal growth leads to a nano-grain structure.

In Fig. 6 we compare the structure of the SCHOTT Pow-
eramic P2200 glass-ceramic to the structure of a ceramic
(Fig. 6a) from a commercial 20 kV high power capacitor. In
the ceramic a large number of pores is clearly visible with di-
ameters of several micrometer. In contrast to that the Pow-
eramic P2200 glass-ceramic ( Fig. 6b) is free of pores and
shows in the inset a structure only when magnified to the nano-
meter scale. The final crystallites have diameters in the order
of 30 nm. This nanocrystalline structure in the ferroelectric
material BaTiO, leads to a close to para-electric behavior' ™’
which means that the material is still far from saturation when
a field strength of 20 kV/mm is applied (Fig.5). The resul-
ting dielectric constant is around & =220 and shows a positive
temperature coefficient. With increasing temperature the ca-
pacity of such a capacitor increases with 2200 ppm/K and the
dielectric loss decreases well below 1% when the temperature
increases. The maximum operating temperature of such a ca-
pacitor is around 200 °C since above 200 °C the permittivity of
the P2200 material decreases strongly with increasing tempera-
ture. The temperature dependence of the dielectric properties

is shown in Fig. 7.
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Fig. 6 SEM images of a ceramic from a commercial 20 kV capacitor (a)
in comparison to a Poweramic™ glass-ceramic (b). The pore
free nature of the glass-ceramic can clearly be seen. The inset of
(b) shows the nanometer scale where a first structure becomes

visible with individual crystallites of the order of 30 nm
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Fig. 7 Comparison of the dielectric properties of the SCHOTT glass-ce-
ramic materials. In (a) the dielectric constant measured at
1 kHz is shown as a function of temperature. While the para-e-
lectric material ( curve 1, Poweramic™ N150) is practically tem-
perature independent, the BaTiOj glass-ceramic ( curve 2, Pow-
eramic™ P2200) shows a maximum around 150 °C. In (b) the
dielectric loss is shown. For the BaTiO; glass-ceramic system the

loss decreases with increasing temperature

4 Glass-ceramic with a paraelectric crys-
talline phase

Similarly, we can create glass-ceramics with a para-elec-
tric phase. Glass-ceramics with para-electric phases were first
[58-59

considered for GHz applications " using BiNbO, as a crys-

[58-59] . .
we use para-electric phases in

talline phase. Contrary to
the Ba-Ti-Al-system which also allow adjustment of the tem-
perature coefficient of the dielectric constant to exactly zero.
In this way a glass-ceramic with a para-electric phase can
come close to an ideal dielectric. The dielectric loss is nearly
two orders of magnitude lower than the one of the BaTiO, glass-
ceramic and a balancing between two different crystalline pha-
ses allows an adjustment of the temperature coefficient of the
dielectric constant close to zero. In Fig. 7 we show the temper-
ature dependence of the dielectric properties of such a materi-
al. The pore free micro-structure leads to a very high break-
down strength of 85 kV/mm measured on 200 pwm thick discs.

The low dielectric loss of such paraelectric glass-ceramics
ranges well into the GHz frequency range were a number of
microwave electronic applications are present. Together with
the excellent material homogeneity of glass-ceramics which is

derived from optical glass production, now a material is availa-
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ble which allows accurate design of filters and antenna ele-
ments with MHz accuracy for GHz applications. SCHOTT is
currently commercializing such a glass-ceramic system under
the brand name Poweramic™ GHz_ 33.

5 Conclusion

SCHOTT developed LLZO and LiSICon-type glass-ceram-
ics with promising properties as solid state electrolytes for Li-
ion batteries, which can be produced by a melt and ceramiza-
tion route without using expensive raw materials like germani-
um.

Poweramic™ glass-ceramics with either para-electric or fer-
roelectric properties, offer solutions in high power electronics
where large thermal loads are also affecting passive components
like capacitors. The high dielectric breakdown strength of a
pore free material obtained via a glass production process can
lead to capacitors which have an energy storage density excee-
ding the one of current capacitor solutions by a factor of 10.
Acknowledgements The authors thank the German federal
ministry of education and research (BMBF) for funding within
the project GLANZ, promotion sign 03X4623A.
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