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Electro-Optic Ceramic Materials
Technical Field

>The' present . invention geherallyv telates to a ceramic
material with electroéoptic properties. The present invention
also relates to a method of fabricating such a ceramic material.
The present invention also relates to‘ an electro-optic device
comprising the ceramic material and a method for_fabrication of

such a device.
Background

Transparent ceramics have recently acquired a high level of

interest. In. particular, electro-optic ceramics, where the

-property of the ceramic material can be tuned by an externally

applied electric field, have_'found extensive applications in
devices  such as optical fibres for - guided 1light & wave
transmission, optical switches} variable 'optical attenuators,
polarization controllers, tuneable optical filters, optical
shutters and night vision goggies,. ‘

Electro-optic ceramics can be made of a single crystal or

be polycrystallihe. Single-crystal electro- optlc ceramics may be

largely defect-free  and- dlsplay better electro optic

performance. However, ‘the processing of a"single crystal ~_is'

\extremely expensive. In contrast, polycrystalline materials are

low cost and display good electro-optic effects and ceramic
ruggedness. However, the optical transparency of polycrystalline
materials is limited»_by light scattering caused by their
mlcrostructural features. "Since the extent of llght scatterlng
depends on the wavelength of . the 1nc1dent radiation. or light,
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. polycrystalline électrofoptic ~ceramics that have stattering

centres on a similar spatial scale to the anelengths of visible
1ight, that 1is, oh the order of hundreds of nanometres, display
the most light scattering and therefore the ieast transparency.
Among the polycrystalline electro-optic ceramics, the most
widely used are based on the PbTi0;~PbZr0; (PZT) solid solution.
Although PZT ceramics éhow good electro-optical propefties, good
transparency, ceramic ruggedness and a low cost. of production,
most of the ceramic materials within the PzT family are composed
of about 60 wt% of lead, which raises ecological concerns. Some
countries have legislated to replace PZT with lead-free ceramics,

since lead is a toxic element that may affect the human health

“and the environment. Due to this, recent research on electro-

optic ceramics has focused on the development of lead-free
electro-optic ceramics. _

Among the lead free oeramics developed so far, the
Ko.s5Nag sNbO; (KNN) solid solution has received particular interest
as it has displayed. the most promising results. However, KNN
ceramic materials suffer major drawbacks in its processing steps.
For example, the alkaline elements undergo sublimation at the

high temperatures required to achieve adequate densification,

~changing the initial stoichiometry considerably. Since the

properties of . the materials are highly éensitive to
stoichiometry, it is difficult to contrel the fabrication
process to achieve precise compositions of the materials.

- Densification 1is a c¢rucial step in obtaining highly
transparent and 'efficient electro—optical ceramic materials,

hence there have been many attempts to improve this property.

One way to improve densification is to reduce the particle sgize

.of the synthesised powders. Conventional solid-state ceramic

SYnthesis methods do not achieve considerable reduction of
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particle‘size,'hence KNN-based compOsitiéns have 'been obtained
through various soft chemistry routes. However, these methods
are often costly, time-consuming, require strict control of the
reaction conditions and aré_generally inefficient.

There ié‘ therefore a need to provide an electro—bptic
material that overcomes, or at least ameliorates, one or more of
thé disadvantages described abo&e. Further, there is a need to
provide an electro-optical device that comprises the ‘electro-
optical materlal, that is ecologically safe, has | high
transparency, displays high and fast electro-optical effects, a
wide wlndow'of transparency, is operable at room temperature and
is cost-efficient. There is also_a'need to provide a method for
fabricating such an electro-optic material and device that
overcomes, or at least ameliorates, one or more vof the

disadvantages described above.

Summary

In the first aspect, there is provided a ceramic material

having the composition: (A" (1-y»)A"y) (1-x)LNxM(1-2x/5)03 wherein 0 < X <

"0.1; 0 <y < 1; A and A" are independently, alkali metals; ILn

is a lanthanide metal; and‘M is a transition metal.

Advantageously, the disclosed ceramic material may be
polycrystalline. This vmay"allow the ceramic,_material to be a
rugged ' ceramic, _WEile'- maintaining goéd ”electfo—optical
properties. Further advantageously, the cost of production of
the disclosed ceramic material may be‘significantly reduced, as
polycrystalline méterials "are more facile to process than
single-crystal materials.

Further advantageously, .the disclosed ceramic material méy

be lead free. This may overcome the use of ecologically. unsafe
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lead in traditional eléctroéoptical‘devices. This may circumvent
having to use lead which is toxic to humans and the environment.
Further advantageously, the disclosed lead free ceramic material
méy be wused to replace éonveﬁtional lead-containing electro-

optical materials in countries where legislation requires the

. replacement of lead-containing électro—optical materials with

non-lead materials.

- In a second éspect,/there is also disclosed a method for

fabricating a ceramic material comprising the step of contadting

alkali metal starting materials, a lanthanide metal starting
material, a transition metal starting material and oxygen
according to the.composiﬁion: (A’(lﬁwA”Q)Lanﬂwu,quO3 wherein 0
< X < 0.1; 0 < y < 1; &' and A” are independently, élkali
metals; Ln is a lanthanide metal; and M isAa transition metal.

In one embodiment, - the disclosed method may ~ further
comprise a step forming a solid solution. In another embodiment,
the disclosed method may further comprise a step of calcining
the solid solution. In another embodiment[ the disclosed method
may further comprise a step of compacting the éblid solution. In
yet aﬁother embodiment, thé disclosed wmethod may further
comprise a step of sintering the solid solution.

Advantageously, the disclosed method may allow the material

- to be fabricated in a manner in which the densification of the

material is improved. The densification may be improved during
the.formation of the solid solution,'calcination, compacting or
sintering steps. The. improvement may be a result of addingiLn

and decreasing M in thea‘compositidh relative to conventional

lead free electro-optic ceramic materials. The addition of Ln

~and decreasing of M may allow an increase in chemical potential

through the material, resulting in a more efficient diffusion of



10

15

20

25

30

atoms and molecules through the microstructure, improving the
conseguent densification.

Further advantageously, the disclosed method may allow the
material to be fabricated at temperatures which do not alter the
stoichiometry of the material. This method may therefore allow
the fabrication of the material in a wmore predictable and
consistent manner. This may in turn result in materials with a
more precise composition. Further, the introduction of Ln in the
digclosed method may alter the temperature in which
densification occurs, further improving the densification of the
material.

In the present disclosure, there 1is alsc disclesed a
ceramic material fabricated as defined above.

In a third aspect, there is also disclosed an electro-
optical device comprising the ceramic material as defined above
or fabricated as defined above.

Advantageously, the dizsclosad electro-optic device
comprising the disclosed ceramic material may have electro-optic
properties whereby the cransparency and the radiatcion
transmission properties of the material may be efficiently
changed by applying an external electric field. The change in
electro-optic pro@erties may be large and rapid. This may allow
the fine-tuning of the optical properties of the material
depending on its applicdation. More advantagecusly, the disclosed

ceramic material having this composition may absorb radiatieon in
the UV-Vis range and the far IR range. but not in the near IR

range, allowing the ceramic matexial to be transparent in the
near IR range. Advantageously, the disclosed electro-optical

device may therefore have useful applications in IR thermography.



10

15

20

25

30

WO 2014/123488 PCT/SG2014/000050

Further = advantageously, = the disclosed  device _may':»be'
operable at room temperature. In conventional devices, the’
ceramic material ‘may' have required heating to ,dispiay' optimal
electré-optic.properties.'Circumventing this may allow the use
of the device in a variety of'épplications wherevheatingvof the
material comprised in the device may not be possible. Further
advantageously, the optica1‘ properties of the device may be
tuned by applying an external field. This may allow the use of

an external electric field to alter the optical properties of

~the device to suit a particular application.

In a fifth aspect, there is also disclosed a method for
fabricating an electro-optical deviée comprising the 'ceramic.
material disclosed according to the first or third aspect or
fabricated accdrding to the disclosed second aspect, by
providiﬁg electrodes to the cerémic material to form an

electrical coupling.

Definitions

The following words and terms used herein shall have the
meaning indicated: |

The term “electro-optic”. refers to. the property. of a
material where the optical property changes as a‘result of an
application of an'eléctric field, sudh'as.a‘difect current or

low-frequency electric field. This may be caused by forces that

distort the position, orientation or shape of the molecules

constituting the  material. The terms “electro-optical”,
“electro-Optic' effect” and “electro-optic. property” should be

construed accordingly. [S&F comment: Kindly be advised that the
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word ‘construed’ is a phrase commonly used in patents .to mean

‘interpret’] _ ’
' The term Moptical property” refers to the affect on a
material as a result of exposure to electromagnetic radlatlon
such as UV, visible, near IR and ‘far IR radiation. The affect
may’ include, but are not limited to changes in absorptivity,
reflectivity, refractivity, scattering, transparency,
polarisation, interference and diffraction. ' AY

The terms “transparent" and “optically transparent” can be
used interchangeably to refer to the ability of a material to
transmit light, allowing objects behind it to be distinctly
seen. - |

The term “solid solution” refers to a solid-state mixture
containing a minor component, or .solute, uniformly dlstrlbuted
within the crystal lattlce of the major component, or solvent. A
solid solution is considered a solution rather than a compound
when the crystal structure of the solvent remains unchanged by
addition of the solutes, and When the mixture remains in a
single homogeneous phase.

The term “densification” refers to the act of reduc1ng the
por051ty of a material thereby increasing its den51ty ‘

The term “grain-growth” refers to the increase in size of
crystal grains (crystallites) in a material at high temperature.

The term'“compaction”:ln reference to “the fabrlcatlon of
the electro-optical dev1ce, refers to the process in which fine
powders of the ceramic solid solutions are made cohesive through
mechanical densification under pressure with heating or without
heating. . | _

The term “caicination” in the context of the specification

and in reference to the fabrication of the electro-optical -

~device, refers to a thermal treatment prooess in the presence of
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air.‘orfﬂogygenv to bring about a thermal decomposition, phase
transition, drvremdvél of a volatile fraction from a material.
Calcination_réactions usually take place at or abqvé the thermal
decomposition temperature (for decomposition and volatilization
reactions) or the transitioﬁ tempefature (for phase transitions)
but at temperatures below the melting point of the product
materials.

The term “sintering” in reference to the fabrication of the
electfo—optical device, refers to the process where powders are
fused together at temperatures that afé high but below the
mélting point of the material in the powder. The process is

characterized by atoms or molecules in the powder particles

- diffusing across the boundaries of the particles, fusing ‘the

‘particles together and creating one solid piece. Sintering

controls the densification and grain growth of a material.
The term “ABO3;” in reference to the crystal structure of the
transparent ceramic material, refers  to the perovskite-like"

composition of the transparent ceramic material, wherein ‘A’ and

‘B’ are two cations of very different sizes. The ‘24’ atoms are

larger than the ‘B’ atoms. The ideal cubic-symmetry structure
has the ‘B’ cation in 6-fold coordination, surrounded by an
octahedron ‘of oxygen, and the a cation in 12-fold

cuboctahedral coordination with oxygen. The ‘A’ site is at the

corner of the cube of the crystal structure cube, while the ‘B

site is at'the.centré, and there is an-oxygen at the middle of
each face.

The term “ferroelectric” refers to the property of a

material where the polarization by an electric field can be

reoriented. Ferroelectric materials = are a subclass of

pyroelectric materials. They have the ability to switch the .
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direétion and- magﬁitude‘ of their spontaneous polarization by
reveréing‘the extérnal electric field. _

‘TheAWQrd'“éubstantially”.doesunpt%excluder“complétély”'e{g.
a composition which is “substantiélly‘,free" from Y. méy be’
completely free from Y. Where necessary, the word
“substahtially” may be omitted from the definition of thé
invention.

. Unless specified otherwise, the terms’ "comprisiﬁg" énd
"comprise", and grammatical wvariants therle, are intended to
represent "open" or "inclusive" language such that they include
reciﬁed elements but also permit inclusion of additional,
unrecited elements.

‘AS'used herein, the terms "about" and “approximately”, in
the context of concehtrationé of coﬁponents of the formulations,

or where applicable, typically means +/- 5% of the stated valué,

more typically +/- 4% of the stated value, more typically +/- 3%

of the stated value, more typically, +/- 2% of the stated value,
even more typically +/- 1% of the stated value, and even more
typically +/- 0.5% of the stated value.

Throughout this disclosure, certain embodiments may be
disclosed 'in a range format. It should be understood that the
déscfiption in range format 1s merely for convenience and
brevity and should not be construed as au inflexible limitation
on the scope of the disclosed ranges. Accordingly, the
déSéription'ofua'range‘should be cbnsidéred to have specifically
disélosed all the possible sub-ranges as well as individual
numerical values.within that range. For examplé, aescription of
a range such as from 1 to 6 shbuld be considered to have
specifically disclosed sub-ranges such as from 1 to.3, from 1 to
4, from T tgh5,.frbm 2-to 4,-f£om 2 to 6, from 3 to 6 etcﬂ, as
well as individual numbgrs uithiuﬂthat”range, for éxample, 1, 2,
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3, 4, 5, and’6. This épplies regardless of the breadth of the

range.
‘Disclosure of Optional Embodiments

illustrative, non-limiting embodiments of a vceramicv
material in accordance with the first aspect will now be’
disclosed.

A ceramic material may have the composition: (A’ (;.)A”y) 1.
«LnM(12x/5)05 wherein 0 < x < 0.1; 0 <y < 1; A’ and A” are
independentiy, alkali metals; Ln is a lanthanide metal; and M is
a transition metal.

The alkali metals &' and A” may be the same alkali metal or
two different alkali metals. The alkali metals A’ and A” may be
independently sélected from the group consisting of lithium (Li),
sodium (Na), potassium (K), rubidium (Rb), cesium (Cs), francium
(Fr) and any combination thereof. The alkali metals A’ and A”
may be independently selected from the group consisting of Li‘Y,
Na*, K', Rb", Cs*, Fr' and any combination thereof. In a preferred
embodiment, A’ 1is sodium (Na) and A” is potassium (K). In a
preferred embodiment, A’ is Na® and A” is K*. | ‘

The lanthanide .metal In may be selected from the group

cdnsisting of ‘lanthanum (La), cerium (Ce), praseodymium (Pr),
neodymium .(Nd), promethium (Pm), samarium (Sm), europium (Eu),
éadoliniﬂm (Gd), terbium (Tb), . dyéprosium (Dy), holmium (Ho),
erbium (Er), thulium (Tm), ytterbium (Yb) and any combination

thereof. The lanthanide metal Ln may bevdivalent,-trivalent'or
tetravalent. In a preferréd embodiment, the lanthanide metal ILn
is trivalent. The lanthanide metai In may be selected from the
group consisting of La(III), Ce(III[(_Pr(III), Nd (III), Pm(IIIj,
Sm(III)., ‘Bu(III), Gd(_III),.Tb(III), Dy (III), HO(III), Er(IIi).,.
10
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Tm(ITII), Yb(III) ‘and any combination thereof. In a preferréd
embodiment, Ln is La. In a preferred embodiment, Lé is La(III).

— The transition metal M may be selected from _any élement
whose.atom hés/ah incdmbletédd sub;Shell, or which'may give rise
to cations with an iﬁcomplete'& sub-shell. The transition metal
M may be - monovalent, divalent, trivalent, tetravalent,
pentavalent, hexavalent, heptavalent - or octavalent. In a
preferred embodiment, the transition metal M is pentavalent. The
transition metal M may be selected from the group conéisting of
vanadium (V), chromium (Cr), manganese (Mn), iron (Fe), cobait.
(Co), niobium (Nb), molybdenum (Mo), technetium (Tc), ruthenium

(Ru) , rhodium (Rh), tantalum (Ta), tungsten (W), rhenium (Re),

~osmium (Os), iridium (Ir), platinum (Pt), gold (Au) and any

combination thereof. The transition metal M may be selected from
thevgroup consisting of V(V), Cr(V), Mn(V)( Fe(V), Co(V), Nb (V) ,
Mo(V), Tc(V), Ru(V), Rh(V), Ta(V), W(V), Re(V), 0s(V), Ir(v),
Pt(V), Au(V) and any combiﬁation thereof. In a preferred
embodiment, M is Nb. In a preferred embodiment, M is Nb (V).

The.values for x and y may be in mol%.

In

The range of x may be selected from 0 <« X < 0.1, 0 < x
0.01, 0 < x £0.02,.0 < x <0.03 0<x<0.04 0<x < 0.05 0
<x£0.06 0<xS0.07 0<x<0.08 0<x<0.09 0.0l <x <
0.02, 0.01 € x < 0.03, 0.01 € x < 0.04, 0.01 < x < 0.05, 0.01 <

€ 0.06,-0.01 < x < 0.07, 0.01 < x < 0.08, 0.01 € x < 0.09,
01 <'x < 0.1, 0.02 € x € 0.03, 0.02 < x < 0.04, 0,02 < x <
.05, 0.02 £ x £ 0.06, 0.02 < x < 0.07, 0.02 < x < 0.08, 0.02 <
'€0.09, 0.02 € x< 0.1, 0.03 < x £ 0.04, 0.03 < x < 0.05, 0.03

x £ 0.06, 0.03 £ x £ 0.07, 0.03 € x < 0.08, 0.03 < x < 0.09,
.03 < x < 0.1, 0.04 £ x < 0.05, 0.04 < x £0.06, 0.04 < x <
.07, 0.04 < x £ 0.08, 0.04 < x < 0.09, 0.04 € x < 0.1, 0.05 < x
0.06, 0.05 < x < 0.07, 0.05 £ x < 0.08, 0.05 < x < 0.09, 0.05

AN

n o o
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< x < 0.1, 0.06 <-x £ 0.07, 0.06 < x < 0.08, 0.06 < x < 0.09,
0.06 < x < 0.1, 0.07 < x £ 0.08, 0.07 < x < 0.09, 0.07 < x < 0.1,
0

.08 £ x £ 0,09, 0.08 £ x < 0.1 or 0.09 £ x < 0.1. In a

 preferred embodiment, 0.04 < x < 0.07.

The range of y may be selected from 0 < y <.i, 0 < y < 0;2,
0<y<0.4, 0<y<0.6 0<vy<0.8 0.2<y<c<0.4, 0.2<y<
0.6, 0.2 €y < 0.8, 0.2 <y<1, 0.4 <y £0.6, 0.4 <y <o0.8,
0.4 <y<1, 0.6 <y<0.8 0.6¢5yc< lor 0.8 <y< 1. In a
preferred embbaiment, 0.4 £ y £ 0.6. In a preferred embodiment,
y = 0.5. i | '

The ceramic material may have a perovskite—type ABO; crystal

structure. A perovskite is a calcium titanium oxide mineral

species composed of calcium titanate, with the chemical formula

CaTiOs;. It lends its name to the class of compounds which have

- the same type of crystal structure as CaTiO; (*IA2*VIR**X27) known

as the perovskite structure. The general chemical formula for
perovskite compounds may bebABX3, where ‘A’ and ‘B’ may be two
cations of very different sizes, and X is an anion that bonds to
both. The ‘A’ atoms may be larger than the ‘B’ atoms. The ideal
cubic-symmetry structure may have the ‘B catidn in 6-fold
coordination, surrounded'by an octahedron‘of anions, and the ‘A
cation in 12-fold cuboctahedral coordination. The relative -ion
size fequirements for stability of the cubic structure may be

quite stringent, so slight buckling and distortion may produce

. several: lower—symmetry distorted vergions,. “in which the

-coordination numbers of ‘A’ cations, ‘B’ cations or both :may be

reduced. The perovskite étructure'may be adopted by many oxides
that have the chemical formula ABRO,.

In the idealized cubic unit cell of such é compound, the
type ‘A’ atom may sit ét~cube cérner positions (0, O, Olf the
tYpe 'B' atom’may'sit étbbddy‘centfe positiohs (1/2, 1/2; 1/2)

12
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and oxygen atoms may sit at face centéred positions- (1/2, 1/2,
0) . Tilting of the BOg octahedra may reduce thé coordination of
an undersized ‘A’ cation from 12 tx:vas low as 8. Conversely,
off-centering of an undersized ‘B’ cation within its octahedron
may allow it to.attain a stable bonding pattérn. The resulting
electric dipole may bé responsible for the property’_of
ferroelectricity that are shown by perovskite structures such as
that of the disclosed ceraﬁic material that may.distort in this
fashion. Complex.perovskite structures may contain two different
B-site cations. This may result in the possibility of ordered
and disordered variants.

In the disclosed ceramic material, the A sites are occupied -
by the alkali metals A’ and A” and the B sites are océupiedvby
the lanthanide métal Ln and transition metal M.

The = ceramic = material may be polycrystalline.
Polycrystalline materials may be solids that are composed of
many crystallites of varying size and orientation. The variation
ini direction may be random or directed. The variation in
direction may be a result of growth;and_processing conditions.
Polycrystalline may be a structure of a solid material that,
when cooled, may form crystallite grains at different points
within it. The.areas whére these crystallite grains meet may be
known as grain boundaries.

The ceramic -material -~ may be transparent. Optical
transpafency~in polycrystéiline.materials‘may be limited by the
amount‘ of radiation which may be = scattered by their
microstructural features. Radiation scattering may depend on the
wavelength of the radiation. Limits to spatial scales of
transmission may therefore arise, depending oh:the frequency of
the wavelength of the radiation and the physical dimension of
the- scattering center.. Primary. uscattering centers in

13
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polycrystaliine materials include microstructural defecté éuch
as pores and grain boundaries. In addition to pores, most of the
interfaces in a typical metal or ceramic object are in the form .
of grain boundaries which‘separate tiny regions of crystalline
order. When the size of ‘the scattering center (or grain
boundary) is reduced below the size of the wavelength of the
radiation being scattered, the scattering no longer occurs to
any significant extent. Therefore, the observed transparency of
the ceramic material may be due to the scéttering center or
grain boundary being reduced below the size of the wavelength of
the radiation being scattered. _

The material may have the highest‘transparency when x=0.05,
that'is‘fdr the 5 mol% La-doped KNN ceramic material with the
formula (Ko.5Nao.s)o.95La@0.05Nbo. 9803 . , | |

The ceramic material, due to its composition and structure,
may be  ferroelectric. The aistinguishing feature of
ferroelectricity is that the spontaneous'vpolarization may be
reversed by an applied electric field. The polarization may be-
dependent not only on the current electric field but also on its
history, yielding ‘a hystéresis loop: The hyéteresis effect may
be used as a memory function. Ferroelectric materials, due to
symnetry considerations, may also be‘ piezoelectric and
pyroelectric. Due to the ferroelectric nature of the material,
the ceramic material may also have electro-optic properties.

In one embbdimentr the‘n@tetial may.have the cdmposition
(Nao.sKo.s5) (1-x)LaxNb (1-2x/5)03 wherein 0 < x < 0.1. v

Illustrative, non-limiting embodiments of a method for .
fabricating a ceramic material in accordance with the second
aspect will ﬁow be disclosed. v

A method for fabticatihg' a ceramic material may' Cgmprise
the step of contacting alkali metai starting materials, a
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Il

lanthanide metal starting material, a transition metal starting

material and oxygen according to the composition: (A" (1-9A"y) 1-

xLn:M(1-2x/5)03 ‘wherein 0 < x < 0.1; 0 < y < 1; A and A” are

independently, alkali metals; Ln is a lanthanide metal} and M is

a transition metal.

The alkaii metal A’ and A” may be the same.élkali metal or
different alkali metals. The alkali metals A’ and A” may be
independently selected from,the group consisting of Li, Na, K,
Rb, Cs, Fr and any Combinétion thereof; The alkali metals A’ and
A” may be independently selected from the group consisting of LiF,
Na*, K', Rb*, Cs*, Fr’ and any combination thereof. In é preferred
embodiment, A" ‘is- sodium (Na) and A” is potassium (K). In a
preferredvembodimeht, A’ is Na* and A” is K'.

The alkali metal starting materials may be elemental alkali
metals or salts of alkali metals. The salts of alkali metals may '
be oxide, carbonate, oxalate, sulfide, sulphite, sulfate,
nitrate, fluoride, chloride, bromide or iodide salts of alkali
metals, or any combination thereof. The alkali metal starting
materials may be selected from the group coﬁsisting of Li, Na, K,
Rb, Cs, Fr, Li,0, Na,0, 'K20, szO, Cs20, Fr,0, Li,CO3, Na,COs,
KyCO3, RDbyCO3, Cs2C03, FrpCos, Li2C§O4, Na,C204, KzC204, RbyC50,; Cs,C20,
Fr,C,04, LiHCQ3, NaHCO_;,, KHCO;, RDHCO,, CSHCOg,‘FrHCO3, .Lizs, Na,5,
K>S, Rb,S, CSZS’, Fr,S, , LipSO;, NayS80;3;, K3S0;, Rb,S0;, Cs,80;, Fr,S0;,
Li,S0,, Na2SO4, K280,, Rb2804,; Cs,S0,4, Fr,S80,, LiNO;3, NaNO;, KNOs;,
RbNO,, CsNO;, FrNO,, LiF, NaF, KF, RbF, “CsF, FrF, LiCl, NaCl, ~
KCl, RbC1, CsCl, FrCl, LiBr, NaBr, KBr; RbBr, CsBr, FrBr, LiI,
NaI, KI, RbI, CsI, Frl and any combination thereof. One or two
different _aikali‘ metal .starting materials may be selected for
fabrication.of the ceramic material..

 The lanthanide metal Ln may be selected from the 'gfoup |
conéisting of La, Ce, Pf,;Nd, ém, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,
| 15 |
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Yb and any combination thereof. The  lanthanide metal Ln may be

divalent, trivalent or tetravalent. In a preferred embodiment,

the lanthanide metal ILn is trivalent. The lanthanide metal Ln

may be selected from the group consisting of La(III), Ce(III),

CPr(III), NA(III), Pm(III), Sm(III), Eu(III), Gd(III), Tb(III),

Dy(III); Ho (III), Er(III), Tm(III), Yb (IIT) and'any combination
thereof. In a preferred embodiment, In is La. In a preferréd
embodiment, La isnLa(III); ;

- The lanthanide' metal starting material méy be elemental
lanthanide metals or salts of lanthanide metals. Thé salts of
lanthanide metals may be oxide, ethoxide, isopropgxide, acetate,
nitrate, sﬁlfate, chloride, bromide or '_iodide salté of
lanthanides. The lénthanide metal starting material may be
selected from the group consisting of La, Ce, Pr, Nd, Pm, Sm, Eu,
Gd, Tb, Dy, Ho, Er, Tm, Y¥b, La;O;, Ce0s, Pr;0;, Nd0s, Pm0;, Sms0s,
Euy0;, Gdx03, Tb,03;, Dy,03, Ho,0;, Er,0;, Tm,05, | Yb,03, La (0OCyHs)s,
Ce (OCzHs)3, Pr(OC:;Hs)s, NdA(OCyHs);, Pm(OCpHs);, Sm(OC;Hs)s, Eu (OCzHs) 3,
Gd(OC2H5_)3, Tb (OC,Hs) 5, Dy(OCsz);, Ho (OC;Hs)3, Er (OC,Hs)s;, Tm(OCyHs),,

¥Yb (OC,Hs) 3, La (OCH (CHs) 2) 3., Ce (OCH (CH3) 2) 3, Pr (OCH (CH;)2) 3,
Nd (OCH (CHs)2)s, ~ Pm(OCH(CHs;)»)s,  Sm(OCH(CHs)a)s,  Eu(OCH(CHs),)s,
GA(OCH(CH3)2)s, .- Tb(OCH(CHs)2)3;, Dy (OCH(CHs)z)s, . Ho(OCH(CH;),)s,
'_Er(OCH(-CH3)2)3, Tm (OCH (CH3)2)3,  Yb(OCH(CHs)s)s, La (CH;COy) 3,

Ce (CH3CO,)3,  Pr(CH;CO,)s, Nd (CH5CO3) 3, Pm (CH3CO3) 3, Sm(CH;3;COz) 1,

Eu (CH3C02> 3 Gd (CH3C02) 3, Tb (CH3C02) 3, DY(CH3CO2) 3, Ho (CH3C02> 3, . ‘
Er (CH;CO3)3, Tm(CH;COp)s, Yb(CH;CO2)s, La(NOs);, Ce(NO3)s, Pr(NOs)s,

Nd (NO3)3, Pm(NO3);, Sm(NO3);, Eu(NO3);, Gd(NO3)s, Tb(NOs3)s, Dy (NOs)s,
Ho (NO3) 3, Er (NOs)s, . Tm(NOs3)i, Yb (NO3) 3, La, (S04) 3, Ce; (804) 3,

Pr;(S04)s, Nd,(S04)3, Pm; (SOs)s, Smy(SO4)3, Eup(S04)s, Gd;(S0s)s,

Tb, (S04)3, Dy2(S04)3, Hoa(S04)3, Erz(SO0s)s, Tmy(SO4)s, Yb2(504)3, LacCls;,
CeCl;, PrCl;, NdCl;, PmCls, SmCl;, EuCly, GACls, TbCly, DyCls, HoCls,
ErCl;, TmCl;, YbCl;, LaBrs, CeBr;, PrBr,, NdBr;, PmBr;, SmBr;, EuBr;,
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GdBrj3, TbBr;, DyBr;, HoBr;, ErBr;, TmBrg; YbBr;, Lal;, Cels, Pri,,
NdI;, PmI;, SmlIs;, Eul,, GdI;, TbI,, Dyls;, HoI;, ErI;, TmI;, YbIs,
and any combination thereof.

The transition metal M may be selected from any element
whose atom.-has an incomplete. d sub-shell, or which may give rise
to cations with an incomplete d sub-shell. The transition metal
M may be monovalent, divalent, trivalent, tetravalent,
pentavalent, hexavalent, heptavalent or = octavalent. In a
preferred embodimeht the transition metal M is pentavalent. The
tran51tlon metal M may be selected from the group consisting of
V, Cr, Mn, Fe, Co, Nb, Mo, Tc, Ru, Rh, Ta, W, Re, Os, Ir, Pt, Au

and any combination 'thereof The tran51tlon metal M may be

'.selected from the group con81st1ng of vI(V), Cr(V), Mn(V), Fe(V),

Co(V), Nb(V), Mo(V), Tc(V), Ru(V), Rh(V), Ta(Vv), W(V), Re (V) ,
Os (V) , ir(V), PL(V), Au(V) and any combination thereof. In a
preferred embodiment, M is Nb. In a preferred embodiment, M is
Nb (V) .

| -The transition metal startlng' materlal may be ‘elemental
transition metals or salts of tran51tlon metals. The salts of
tran51tlon-metals may be ox1de, ethoxide, isopropoxide, acetate,
nitrate, sulphate, chloride, bromide or iodide salts of
transition metels. The salts of transition metals may Dbe
pentavelent oxide salts of transiﬁion metals. The lanthanide.
metal starting material may be selected from the group
consisting of vV, Cr, Mn, Fe, Co, Nb, Mo, Tc, Ru, Rh, Ta, W, ﬁe,
Os, Ir, Pt, Au, V,0s5, Cr,0s, Mn;;OS, Fez05, C005, Nb,Os5, Mo,0s5, Tc,0s,
Ru;05, Rh;0s, ~Tago>5,>W205, Rez0s5, 08205, Ir;0s, Pt;0s, Auy0s, V(OCyHs)s,

r (OCyHs) 5, Mn (OC,Hs) 5, Fe(OCsz)V5, CO(OCsz) 5, Nb(OCyHs)s, Mo (OC,Hs) ¢
c (OCyHs) 5, Ru(OCsz5)‘5,v Rh (OCyHs) 5, (OC2H5)5, W{(OC,Hs) 5, Re (OC,Hs) 5,
Os (OCzHs)s,  Ir(OC.Hs)s,  Pt(OC,Hs)s, ~ Au(OCHs)s, ~ V(OCH(CHs)2) s
Cr(OCH(CHy)z)s,  Mn(OCH(CHy)s)s,  Fe(OCH(CHs)a)s,  Co(OCH (CHa)a)s,
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. Nb.(OCH(CH3) ») 5, Mo (OCH (CHs) 2) 5, Tc (OCH (CH;3) ) s, "Ru(OCH(CHs)2) s,

‘Rh.(OCH(CH;)z)s, Ta_(OCH(CHg)z)g, o W(O’CH(CH3)2')-5,. Re (OCH (CH3) 3) 5,

OS (QCH(CH})z)s,.' E Ir(OCH(CHﬂz)‘s/ Pt (AOCH(CH3)2)5, Au-(OCH(CH3),2)5:'

V(CH,COz)s,  Cr(CHsCOz)s,  Mn(CH;COp)s,  Fe (CH;COs)s, Co (CH3CO,) 5,
Nb'(CH3C02) 5, Mo (CH3CO,) 5, Tc (CH3CO,) 5, Ru (CH3CO3) 5, Rh (CH;CO;) '5,
Ta (CHjCOZ) 5, W (CH3CO,) 5, Re (CH3CO,) 5, Os (CH3CO3) 5, Ir (CH3CO;) s,
Pt (CHyCO;)s, Au(CH;CO;)s, V(NOy)s, Cr(NOs)s, Mn(NOs)s, Fe(NOs)s,
Co(NOs)s, Nb(NOs)s, Mo(NO3)s, Tc(NO3)s, Ru(NOs)s, Rh(NO3)s, Ta(NOs)s,
W(NOs)s, Re(NOs)s, Os(NO3)s, Ir(NOy)s, Pt(NO;)s, Au(NO3)s, V2(SOs)s,

Crz(804)s, Mny(SO4)s, Fez(SO4)s, C02(S04)s, Nby(SOs)s, Mos(S0.4)s,
Tcy (SO04) 5, Ru, (S04) s, Rhy(804)s, Ta, (S04) 5, W2 (804) s, Re; (S04) s,
082 (S04)s, Ir;(SOs)s, Pts(80s)s, Aup(SOs)s, VCls, CrCls, MnCls, FeCls,
CoCls, NbCls, MoCls, TcCls, RuCls, RhCls;, TaCls, WCls, ReCls, OsC1ls,
IrCls, PtCls, AuCls, VBrs, CrBrs, MnBrs, FeBrs, CoBrs, NbBrs, MoBrs,
TcBrs, RﬁBrs, RhBrs[ TaBrs, WBr5; ReBrsg, OsBr5, IrBrs, PtBrs, AuBrs,

VIs, Crls, MnIs, Fels, COIs, Nbls, MoIs, TCIs, Ruls, RhIs, Tals, WIls,

.ReIs, 0sIs, IrIs, PtIs, Auls and any combination thereof.

The oxygen may be in the form of a gas or an oxide of a
metal. .
| The range of x may be selected from d < X < 0.1, 0 <« x <
0.01, 0 < x £ 0.02, 0 < x £ 0.03, O < x £0.04, 0 < x £ 0.05, 0
< x $0.06 0<x<0.07, 0<x<0.08 0<x<0.09, 0.0l <x <
0.02, 0.01 < x < 0.03, 0.01 £ x £0.04, 0.01 £ x £ 0.05, 0.01 <
£ 0.06, 0.01 = x £ 0.07, 0.01 < x < 0.08, 0.01 € x < 0.09,
.Oi < x.< 0.1, -0.02 < x < 0.03,r0.02 < x £0.04, 0.02 £ x < -
.05, 0.02 $ x £ 0.06, 0.02 £ x £ 0.07, 0.02 £ x < 0.08, 0.02 <
£ 0.09, 0.02 £ x < 0.1, 0.03 < x £ 0.04, 0.03 € x < 0.05, 0.03
x £ 0.06, 0.03 € x £ 0.07, 0.03°< x < 0.08, 0.03 < x < 0.09,
.03 x < 0.1, 0.04 £ x £ 0.05, 0.04 < x £ 0.06, 0.04 < x
| x < 0.08, 0.04 < x <0.09, 0.04 €x< 0.1, 0.05 < x
0.06, 0.05 < x £ 0.07, 0.05 £ x < 0.08, 0.05 < x ﬁ Oﬁ09, 0.05

FANI

<

.07, 0.04 <
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< 0.09,

£ x < 0.1, 0.06 € x £ 0.07, 0.06 < x < 0.08, 0.06 < x
.06 < x < 0.1, 0.07 € x € 0.08, 0.07 < x < 0.09, 0.07 < x < 0.1,
0.08 < x £ 0.09, 0.08 £ x < 0.1 or 0.09 € x < 0.1. In a

preferred embodiment, 0.04 < x < 0.07. »

Thevfange of y may be selected from 0 <<y < 1, 0 <y £ 0.2,
0<y<0.4, 0<y<20.6, 0<y<0.8 0.2<y¢<0.4, 0.2 <y <
0.6, 0.2 <y <0.8 0.2 <y<1 0.4<7y<0.6 0.4<yZ<o0.8,
< 0.8, 0.6 < y< 1or 0.8< yv< 1. In a
preferred embodiment, 0.4 < y < 0.6. In a preferred embodiment,
y = 0.5. ‘

The values for x and y may be in mol%.

The alkali metal starting materials, the lanthanide metal

-starting material, - the transition metal starting material and

the oxygen may be contacted in the form of a powder. The step of
contacting the starting materials may comprise’weighing‘dut the
starting material powders accordingvto the formula (A& (1.)A"y)1-
xLNxM(1-2x/5)03 wherein 0 < x < 0.1; 0 < y < 1; A and A” are
independently, alkéli métals; In is a lanthanide metal; and M is
a transition metal. The stép of contacting may further comprise
physical mixing of the appropriately weighed starting material
bowdefs. It is to‘be noted that any othergcontacﬁing methods
known to the skilled.persOn may be used as long as it fulfils
the function of contacting the starting materials together in
the appropriate proportions. | '

Iﬁ',one ‘embodiment, - the method for fabricating a ceramic
material may comprise the step'of’éontacting the alkali metal
starting materials, a lanthanide metal starting material, a
transition metal starting material and oxygen according to the
composition: (Nag.sKo.s) (1-x)LaxlNb (1-2x/5)03 wherein 0 < x < 0.1.

TheAméthod for fabricating fhe%Ceramic material may further
comprise.é‘step ofmformingﬁa solid solution. A solid solution
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may be formed. by taking the mixture of contacted powders of

alkali metal starting materials,

a lanthanide metal starting

material, a transition metal starting material and oxygen and

mechanically milling the miXture. fThé'metth1of forming a solid

solution may further comprise wet chemistry methods. The wet

chemistry methods may comprise sol-gel processes, the Pechini

method or co-precipitation  processes. The milling may grind the

powders into a very fine powder.

The milling may result in the

formation of a solid solution, as -the Starting' materials may

become single phase. The solute may be incorporated into the

solvent crystal lattice substitutionally, by replacing a solvent

particle in the lattice, or interstitially, by fitting into the

space between solvent particles. By milling for a long period of

time such as 48 to 96 hours, the starting precursors may undergo

localised solid state reactions.

The mechanical milling may be performed using a ball mill.

The ball mill may comprise zirconia balls, silicon carbide balls,

silicon nitride Dballs, aluminium oxide balls or any mixture

thereof may be used as the milling medium. The diameter of the

balls may be in the range of 2 mm to 15 mm. A mixture of balls

with different diameters in the range of 2 mm to 15 mm may be

used as the milling medium.

The mechanical miiling may be

pefformed dry or in the presenée of a liquid medium. The liquid

medium may be water, alcohol or acetone. The alcohol may be

methanol; ‘ethanol or.propanol. The milling may‘be performedifor“

a duration of 1 hour to 72 hours. The milling'méy be performed

at room temperature or at elevated temperatures. The milling may

be performed at atmospheric pressures or elevated pressures. The

milling may be performed at high or low'speedé in the range of

50-to 400 rpm.
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It is to be noted that. any other methods for forming a

solid solution known to'the skilled person may be used as long

The method for fabrlcatlng the ceramic material may: further
comprise a step of calcining the solid solution. Calcining may
be a thermal treatment process for materials carried out in the
presence of ‘air or oxygen to . bring about a thermal
decomposition, phase transitién, or removal of a volatile
fraction. The calcination process may cause the solid solution
to adopt ‘a perovskite-type  ABO; crystal structure. The
ealcination. process may take place at temperatures below the
melting péiﬁt of the product materials or above the thermel
decomposition temperature or the transition temperature. This
temperature may be defined as  the temperatufe at which the
standard Gibbs free energy for a particular calcination reaction
is equal to zero. '

The calcining step may be carried out in a furnace or a

‘reactor. The solid solution may be dried prior to calcining. The

~

eas it fulflls the functlon of forming the ceramlc solid solutlon.’

drying may be performed at room temperature or ‘elevatedi

temperatures in a conventional or vacuum oven. The . calcination

‘may be perfdrmed in the temperature range of about 750 °C to

about 900 °C, about 750 °C to about 800 °C, about 750 °C to
about 850 °C, about 800 °C to about 850 °C, about 800 °C to

about 900 °C or about 850 °C to about 900 °C. The calcination
may- be performed for»a,duratibn of  about 1.5 hours to about 10

hours, about 1.5 hours to about .2 hours, about 1.5 hours to

about 3 hours, about 1.5 hours to about 4 hours, about 1.5 hours
to about 5 hours, about 1.5 hours to 6 hours, about 1.5 hours to
about 7 hours, about 1.5 hours to about 8 hours, about 1.5 hours
to aboﬁt 9 hours, about 2 hours ﬁo about 3 hours, about_2 hours
to about 4 hours, about 2 hours to about 5.hours,”about 2 hburs
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‘tQ,about 6 hours, about 2 hours.to about 7 hours, about 2 hours

to about 8 hours, about 2 hours to about 9 hours, about 2 hours
to about 10 hours, about 3 hours to about 4 hours, about
/hoﬁrs to about 5 hours, abbut 3 hours to abbut 6»hdurs;.about
hours to about 7 hours, about 3 hours to aboutvé-hoﬁrsj_about
hours to about hours, about 3 hoﬁrs to about 10 hours, about
hours to about hours, about 4 hours to about 8 hours, about

hours to about

"
9

hours to about 5 hours, about'4 hours to about 6.-hours, about
7
9 hours, about 4 hours to about 10 hours, about
6

hoﬁrs to about hburs, about 5 hours to about 7 hours, about
houré to about 8 hours, aboutis hours to about 9 hours, about
hours to about 10 hours, about 6 hours té about'7ﬂﬂours, about
hours to about 8 hours, about 6 hours to about 9 hours, about

hours td“about 10 hours, about 7 hours to about 8 hours, about

© N Wl s W W N

hours to about 9 hours, about 7 hours to about 10 hours, about
hours to about 9 hours, about 8 hours to about 10 hours of about
9 hours to about 10 houré. The calcination may be performed at
atmospheric pressures.

It is tb _be noted that any other methods for calcining
known to the skilled person may be used as long as it fulfills
the function of calcining the ceramic solid solution.

The method for fabricating’the ceramic material.may'further
comprise a step  of éompacting the solid solution.. Powder
compaction may be a process of compacting a powdé_r in a die
through the application of high pressures. fhe.compacting of the
solid solution may comprise mechanical compaction. Mechanical
coﬁpaction may comprise application of a uniaxial pressure. The
density of the compacted powder may be directly proportional to

the amount of pressure applied. The ~compaction step - may

determine ther:final shape of the ceramic material. The final

shape of the ceramic material may be a disc.
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The compacting step may be performed in a compactor.

Mechanical compaction may be performed dry or in the presence of

‘a liquid medium: The liguid medium may be a binder. The binder

méy.cdﬁprise polyvinylalcohol (PVA)[ polyvinyl butyral,(PVB)_or
any_combination thereof. The compacting may be performed using
cold or hot isostatic press method; Thekcompaétihg step may . be
performed at room temperature or at elevated températures. The
compacting step may ‘be performed by applying a force to the
calcined solid solution in the range froh about 1 MPa to about
800 MPa, about 1 MPa to about 100 MPa, about 1 MPa to about 200
MPa,iabout 1 MPa to about 300 MPa; about 1 MPa to about 400 MPa,.
about i,MPa to about 500 MPa, about 1 MPa to about 600 MPa,
about_l MPa.to about 700 MPa, about 100 MPa to about 200 MPa,
about 100 MPa to about 300 MPa, about 100 MPa to about 400 MPa,
about 100 MPa to about 500 MPa, about 100 MPa tovabout 600 MPa,
about 100 MPa to about 700 Mpa, about 100 MPa to about 800 Mpa,
about 200 MPa to about 300 MPa, about 200 MPa to about 400 MPa,
about 200 MPa to about 500 MPa, about 200 MPa to about 600 MPa,
about‘zdo MPa to about 700 MPaf about 200 MPa to about 800 Mpa,
abouﬁ 360 MPa to about 400 MPa, about 300 MPa to about 500 MPa,
about 300 MPa to about 600 MPa, about 300 Mpa to about 700 Mpa,

" about 300 MPa to about 800 MPa, about 400 MPa to about 500 MPa,

about 400 MPa to'about 600 MPa, about 400 MPa to about 700 MPa,
about 400 MPa to about 800 Mpa, about 500 MPa to about 600 MPa,

. about 500 MPa to about 700 MPa,habout_SOO MPa to about 800 MPa, -

about 600 MPa to about 700 MPa, about 600 MPa to about 800 Mpa
or about 700 MPa to about 800 MPa.‘The resulting compacted solid,
before sintering, may be referred to as the ‘green body’ .

It is to be noted that any other{ methods for compacting
known to the skilled person may be used ‘as long as'it fulfills
the function of compacting the ceramic solid solutibn.
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The method for fabricating the ceramic material may further
cbmprise a step of sintering the solid solution. The process of
sintering may be based on atomic diffusion. Diffusion may occur
in any material aboye;-abéolutel.zero, but it may occur 5mu¢h
faster at higher temperatures. In mosf sintering procesées, the
powderéd material may bé held in a mould and then heated to a
temperature below the melting point. The atoms in the powder
particles may diffuse across the boundaries of the.particles,
fusing the particles together and creating one solid-piece.‘

Prior to sintering, the green body may be heated at low
temperatures to burn off any binders that may have been used
during compactiné} The sintering may be = performed .in a
conventional furnace or a furnace with a controlled atmosphere.
A furnacé with a controlled atmosphere may have an atmosphere of
air, nitrogen, argon or any combination thereof. Sintering may
be performed by spark plasma sintering, microwave sintering,

laser sintering or by wusing a TUV-assisted rapid thermal

~annealing system. Sintering may be performed in the temperature

range of about 1000 °C to about 1350 °C, about 1000 °C to about
1050 °C, about 1000 °C to about 1100 °C, about 1000 °C to about
1150 °C, about 1000 °C to about 1200 °C, about 1000 °C to about
1250 °C, about 1000 °C to about;léoo °C, about 1050 °C to about
1100 °C, about 1050 °C to about 1150 °C, about 1050 °C to about
1200 °C, about 1050 °C to"about 1250 °C, about 1050 °C to about

©1300. °C, about: 1050 °C to'about 1350 °C, about 1100 °C to about

1150 °C, about 1100 °C to. about 1200 °C, about 1100 °C to about
1250 °C, about 1100 °C to about 1300 °C, about 1100 °C to about

1350 °C, about 1150 °C to about 1200 °C, about 1150 °C to about

1250 °C, about 1150 °C to about 1300 °C, about 1150 °C to about

1350 °C,‘about 1200 °C to about 1250 °C, about 1200 °C to &bout

1300 °C, about 1200 °C to about 1350 °C, about 1250 °C to about
24
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‘1300 °C, about 1250 °C to about 1350 -°C or abdutilBOO °C to

about 1350 °C. The sintering may be performed for a duration of

about 2 hours to ébout 12 hours, about 2 hours to about 4 Hours,
about 2 houré to about‘6 hburs,.about 2 hours to. about 8 hours,
about 2 hours to about 10 hours,.about 4 houré to about 6 hours,
about 4 hours to about 8 hours, about 4 hours to‘about 10 hours,
about 4 hours to about 10 hours, about 4 hours to about 12 hours
about 6 hours to about 8 hours, about 6 hours to about 10 hours,
- about 6 hours to about 12 hours, about 8 hours to‘aboﬁt 10 hours
about 8 hours to about 12 hours or about 10 to abodt 12 hours.

The Sintéring may be pérfgrmed at atmospheric pressures or at
elevated pressures. | ' '

. It is‘ to be noted that any other methods_ for sintering
known to the skilled person may be used as long‘és it fulfils
the function of sintering the ceramic solid solution.

The La-doping may. cause an improvement in densification of
the transparent ceramic material. The .La-doping may result in
the rearrahgement of the ceramic material such that the pores
become filled. The La—doping may result in actually causing the
pores to shrink. Sintering may occur by the diffusion of atoms
or molecules through the microstructure. This diffusion may
occur due to the existence of a chemical potential gradient,
allowing atoms or molecules to move from an area of higher

chemical potential to an area of lower chemical potential. La-

doping may increase charge at the A site while decreasing charge

at the B site. This may increase the chemical potential, causing

a more efficient diffusion of the atoms and molecules through

the microstructure.

Further, La-doping may affect the densification process by
altering the temperature at which sintering 0ccu?s} La has a
étable valency state, which”may'hélp the overall stoichiometry
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~of the components of the ceramic materlal to remain 1ntact at

elevated temperatures In the La-doped KNN ceramic material,
sintering may be controlled through liquid—phase materials. This
may .involve a flnely ground solid phase with an approprlate

diameter and a ligquid phase with an approprlate concentratlon to

-obtain the correct capillary pressure. If the correct conditions

are not met, the densification  process may cease, and the
material will not be transparent. The rate of transformation of

transparentdceramics during sintering may depend upon the pore

slze, viscosity and amount of liguid phase present and surface

tension. Densification may be temperature—dependent because at

higher temperatures, viscosity may decrease and liquid content

.may increase. The change in composition of the ceramic material

by La-doping may significantly affect the entire transformation .
processr The @ presence of La may help to. maintain the
stoichiometry of the components in the ceramic material during.
sintering, allowing the final sintered ceramic to be transparent.
The performance of a ceramic component may critically
depend on the manufacturing process. 1In particular, initial
powder characteristics and processing, including cold forming
and sintering, may have a strong impact on the mechanical
properties of the components as they may' generate a defect
population of microcracks, density gradients; pores and

agglomerates within the green body and sintered compounds. In

~ particular, the -mechanical characteristics of the green body may

'Vstrongly' affect the subsequent ‘sintering'_process and thus the

mechanical properties of the final piece.

The method for fabrication of the ceramic material is well

‘suited for mass productlon of the material due ‘to its 51mp11c1ty,

cost effectlveness, and eco-friendliness.
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Illustrative, - non—limiting embodiments of. a ceramic
material in accordance with the third aspect will now be
disclosed. |

A ceramic‘ material may 'be fabricated according to - the
methods of the second aspect. The ceramic material- may be
fabricated by a method comprising the step of contacting alkali

metal starting materials, a lanthanide metal starting material;

a transition metal starting material and oxygén according to the

composition: (A’(Lyﬂvgalangw@_n,mog wherein 0 < x < 0.1; 0 < y

< 1; & and A” are independently, alkali metals; In is a

lanthanide metal; and M is a transition metal. The method may

further comprise the steps of forming a solid solution,
calcining,'compacting and sintering of the soclid solution.

- Illustrative, non-limiting embodiments .of an electro-
optical.device in accordance with the fourth aspect will now be
disclosed. ’ ' L

An electro-optical device may comprise the ceramic material
as disclosed in the first or third aspects or may be fabricated
according to the second aspect. | |

The device may comprise the ceramic material having the

.composition: (A" {1-9A"y) (1-%LnxM(1-2x/5)03 wherein 0 < x < 0.1; 0 < y

. < 1; A" and A” are independently, alkali metals; In is a

lanthanide metal; and M i1s a transition metal and two electrodes

on either side. The electrodes may be an anode and a cathode.

" The electrodes may 'comprise a - conducting material. The

conducting material may be.opaqué or transparent. The conducting
material may comprise _metals, metal oxides, carbon-based
materials or organic polymers. The conducting material may
comprise silver, graphene, indium zinc oxide, aluminium zinc

oxide,-gallium zinc oxide, lanthanum strontium manganite (LSM or

‘LSMO) , _SnOZ:F"or indium tin oxide (ITO) .The electrodes may
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comprise a transparent substrate with a patterned ttansparent
conducting material. The electrodes. may comprise a transparent
substrate with patterned ITO. ITO may be a heavily- doped n-type
semlconductor with a large bandgap of around 4 eV. Because of
the bandgap, it may be mostly transparent in the visible part of
the spectrum. ' |

It is to be noted that any other conducting material known

"to the skilled person may be used as long as it fulfills the

function of being electrodes for the material.
The electro-optic properties of the device may be tuned by
applying anvexternal electric field to the ceramic material. The

electroloptic effect relates to a change in the optical

‘properties of the medium which usually is a change in the

birefringence and not simply'the“refractive index. In a Pockels
cell, the change in birefringence may vary linearly with the
electric field, and the matefial is a crystal. Electro-optic
devices are devices in which a signal-controlled element

exhibiting the electro-optic effect is used to modulate a beam

" of lightlror radiation. The modulation may be imposed on the

phase, frequency, amplitude, or polarization of the beam. The
electro-optic effect may bé the change in the optical properties
of ‘a nmterlal resultlng from the application of a DC or low-
frequency electric field. This may be caused by forces that
distort the position,'orientation,;or shape of the unitzcell and
additional geometrical bondihg afrangements of the molecules
constituting the material.

| The transparency of the device may be modulated by
application of . an external electric " field. The radiation
transmission properttes of the device may be modulated by

applicationc of an electric field. The device: may absorb all

radlatlon in the UV-Vis region in ‘the presence or absence of an
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externally épplied electric field. The UV-Vis region may be

wavelengths shorter than about 750 nm. The device may- absorb all
radiation in the far IR region in the presence or absence of an
externally  applied electric field. The far IR region may be
wavelengths loﬂger‘ than about 2750 nm. The dévice may be’
transparent at Wavelengths in the range of about 750 nm to about
2800 nm, about 750 nm to about 1250 nm, ébout 750 nm to about
1750 nm, about 750 nm to about 2250 nm, about 1250 nm to about
1750 nm, about 1250 nm to about 2250 nm, about 1750 nm to about
2250 nm, about 1750 nm to about 2800 nm or about 2250 nm to
about 2800 rimf The transparency of the device between about 750
nm and about 2800 nm may bé modulated when an external electric
field is applied. The transparency of the device between about
750 nm and about 2800 nm méy' be increased when an external
electric field is applied. The radiation: transmission
characteristicé of the device between 750 nm and 2800 nm may be
modulated when an external electric field is applied.

The externally applied electric field may be ‘in the range
of about -25 kv/em to about +25 kV/cm, ébout -25 kV/cm to abbut
-20 kV/cm, about -25 kV/cm to about -15 kV/cm, about -25 kV/cm
to about-—lo kv/cm, “about -25 kv/cm to about -5 ‘kV/cm, about -25
kv/cm to about +5 kV/cm, about -25'kV/cm to about +10 kV/cm,
about -25 kV to about +15 kV/cm, about -25 kV/cm to about +20
kV/cm,Aabout -20 kV/cm to about -15 kV/cm, about -20 kV/cm to

'abqut -10- kv/cm, about -20 "kv/ecm to about-;S kV/ém, about -20

~ kV/cm to-about +5 kV/cm, about --20 kV/cm to about +10 kV/cm,

30

about -20 kV to about +15 kV/cm, about -20 kV/cm to about +20

kv/em, about -20 kV to about +25 kV/cm, about -15 kV/cm to about

-10 kV/cm, about -15 kv/cm to about -5 kV/cm, about -15 kV/cm to

about +5 kV/cm, about -15 kV/cm to about +10 kV/cm, about -15 kV

to about +15 kV/cm, about —15 kV/cm to about +20 kV/cm, about -
| | | 29
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15 kV to about +25 kV/cm, about -10 kv/cm to about -5 kV/em, 
about -10 kV/cm to about.+5'kV/cm, about -10 kV/cm to about +10
kV/cm, about -10 kV to about +15 kV/cm, about -10 kV/cm to about‘
+20 kV/cm, about -10 kV to about +25 kV/cm, abQut -5 kV/cm to

‘about - +5 kV/cm, about -5 kV/cm' to about +10 kV/cm, about -5 kV.

to about +15 kV/cm, about -5 kV/cm to about +20 kV/cm, about -5
kv to -about +25.kV/cm, about +5 kV/ém to about +10 kV/cm, about
+5 kV to about +15 kV/cm, about +5 kV/ecm to about +20 kV/cm,
about +5 kV to about +25 kV/cm, +10 kV to about +15 kV/cm, about
+10 kV/cm to about +20 kV/cm, about ;10 kv to abouﬁ +25 kV/cm,
+15 kV/cm to about +20 kV/cm, about +15 kV to about +25 kV/cm or
about +20 kV to about +25 kV/cm. |

» The device may be operable-at room-temperature. The device.
may be.operable at a temperature range of,about 10 °C to about
40 °C, about 10 °C to about 20 °C, about 10 °C to about. 30 °C,
about 20 °C to about 30 °C, about 20 °C to about 40 °C or about
30 °C to about 40 °C.

‘ Due to its electro-optical properties, the transparency of

the disclosed ceramic material may be electrically ‘shut-off’

‘'when the application of the external electric field is removed.

The electro-optical device may therefore act as an electrical
switch. | |
Illustrative, non-limiting embodiments of the . methods for
fabricating an electro—optical device in accordance with the
fiftﬁ aspect;will‘now be disclosed. h
| A method for fabricating an electro-optical device
comprising the ceramic material as disclosed in the 'first or
third aspects or fabricated according to the second aspect, by
providing electfodes to thé ceramic material to form an

électrical coupling, is discussed.
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The - method. for fabricating . the; electro-optical = device
comprising the ceramic ' material may comprise the direct
deposition ~of the electrodes onto the ceramic material. The
deposition may be carried out by thin film depositioﬁ éfrthé
electrodes. This thin film deposition' method may comprise
thermal evaporatibn or solution processes. The thin film
deposition may comprise thermal evaporation, spin coatihg,kspray
coating, dip cbating, ~screen printing, inkjet printing, blade

coating, magnetron-sputtering, atomic layer deposition (ALD) or

any of their combination thereof. The eiectrode.may be designed

by standard lithographic top-down or bottom-up approach or by
electron beam lithography. It ié to be noted that any other
deposition methods known to the skill_ed peison may be used as
long as it fulfills the function of depositing the electrode on
the traﬂsparent ceramic material. ’

. The formation of the electrical coupling will enable an

external electric field to be applied to the device such that

electro-optic properties of the ceramic material may be observed.

- Brief Description Of Drawings

The accompanying drawings illustrate a disclosed embodiment
and serves to explain the principles of . the disclosed
embodiment. It is to be undergtood;_however, that the drawings
are designed for purpoées of il}usﬁration.'only, and not as  a
definition of the limits of the invention. o

Fig. 1 is an optical photogréph taken with a disc of‘thé

(Ko.sNag.s) 0.95La0.05Nbo. 0603 (5 mol% La-doped KNN) ceramic material

overlayed on top of a representative picture.

‘Fig. 2 is a grabh‘showing the X-ray diffraction spectra of

the (K03Namg)uﬂﬂLa@ﬂmlﬁx5ﬁh'ceramic material when 0 < x < 0.1.
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~Fig. 3. is a schematic diagram showing the’set-up used. to
evaluate the electro-optical property of. the Velectro—optical
device comprising 5 mol% La-doped KNN ceramic material. , _
Fig. 4 is a graph shoWing the IR properties of the electfo—
optic device comprising_the 5 mol% La-doped KNN ceramic material
at different voltages. | |
Fig. 5 shows scanning electron microscopy (SEM) micrographs
cbmparing the surface morphology of (a) un-doped KNN and (b) 5
mols Lafdoped KNN ceramic materials. ‘
Fig.™-6 is a graph comparing the IR properties of the 5 mols

La-doped KNN ceramic material, 2ZnO and natural solar radiation.

.Detailed Description Of Drawings
. )

Fig. 1 is an opﬁical photogréph taken with a disc of the

(Ko.sNag.5) 0.95Ldg.05Nbg 0603 (5 mol$ La-doped KNN) ceramic material

(101) overlayed on top of a representative picture. This

photograph shows that the 5 mol% La-doped KNN ceramic material

‘ is transparent, as it transmits light in order for the object

behind it to be distinctly seen. The density of this ceramic
material was measured to be 99 percent of the theoretical
density. The transparency remained unaffected by extreme
environments such as highvor low temperatures and high or low

pressures.

Examples

Non-limiting examples of the invention will be further
described in greater detail by reference to specific Examples,

A
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which . should not -be construed as. in any way limiting the sdope

of the invention.
Example 1: Fabrication of the electro-optical -devices

The (KasNaoﬁ)oggLaoﬁsquggO3 (5 mol% La-doped KNN) ceramic
materiél was preparéd by conventional solid state ceramic
preparation techniques. The 5 mol% La-doped KNN ceramic méterial
waS'prepared by the mixed-oxide method. The starting materials
K,CO;3, ‘NaéCO3, La;0; and Nb,0Os5 were weighed according to the
chemical formula. The compounds were mixed and planetary milled
for 4 hours at 300 rpm using ethanol as solveht and a mixture of
5 mm and 10 mm diameter zirdonia balls The powder weight to ball
media ratio was kept at 1:3. as the milling media to form the
(Ko.5Nag.s) 0.950a0.05Nbo 9803 solid solution powder. The solid solution
powder was then calcined at 860 °C to 850 °C for 4 hours to 6
hours in air to decompose the carbonates and form the perovskite
structufe, The hilling step was repeated to homogenise the
powder and also to reduce the average particlé size. The powdér
was dried in an oven at 120 °C for 2 hours then put inside a
custom made high carbon steel die punch and uniaxially pressed
for 2 min at 500 MPa‘to obtain pellets with appfbximafely 10.0
m diameter and 1.3 mm thickness. The removal of the binder was
carried out at 500 °C for 1 hour at a ramp rate of 2 °C per
minute‘from room temperature. Sintering.Was carried-Out'at 1170
°C for 3 hours to 10 hours in air at a ramp rate of 2 °C té 5 °oC
per minute. The température was then ramped down at a ramp rate
of 3 °C per minute. The formed 5 mol% La-doped KNN ceramic
material had a high density; that is, a density of about 99

percent of the theoretical density.
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"Example 2: Crystal structure'6fﬁtheﬁéiectrd¥opticaljdevices;

Fig. 2 is a graph showing the X-ray diffraction spectra of
the :(KQSNaoﬁ)(iqﬂLang(L4x5{O3 ceramic wheny 0 < X < 0.12. The
filled square boxes indicate where peaks of X-ray diffraction
spectrum appéar as a pérovskite phase. At all values of x
measured, that is, when x=0 (202), x=0.01 (204), x=0.02 (206),
x=0.04 (208), };_:0.0S (210), x=0.07 (212) and x=0.1 (214), the

compositions appear to be single phase. Only minor shifts are

observed in the peak positions indicating small changes in the
lattice parameters. Further, the similarity of the diffraction
spectrum to that of perovskite suggests that similarly to
perovskite, the 5 mol% La-doped KNN ceramic material also has én

ABO; type crystal structure.
Example 3: Evaluation of the electro-optical property

The set-up uséd.to evaluate the electro-optical property of
the 5 mol% La-doped ceramic material is depicted in.Fig. 3. The
wavelength of light employed in this experiment'ranged‘from'l90
nm to 3200 nm, covering the deep UV-region to the far IR region.
The experiméht was .carried out at room teﬁperature and the
incident iight was = non-polarized. An electrical, field was
applied across the 5 mol%- La-doped KNN ceramic material (404)
through indium tin okide eiectrodes (402)-ahd (406) deposited on
either side of the 5 mol% Lé—doped KNN ceramic material  (404) by
magnetron-sputtering at room temperéture}

The observed IR "properties of the 5 mol% La-doped KNN
ceramic  material 1is depicted in Fig. 4. Light with wavelengths

shorter than about 750 nm (in the UV-Vis range), was found to be

‘completely absorbed by the 5 mol% La-doped KNN ceramic.material.
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‘However, the  transmittance was observed to increase as the

wavelength of the light increased, until it was obéerved to
sharply decrease at about 2750 nm. Effectively, the 5 mol% La-

doped KNN ceramic material was found to have ‘a transparency
window in the near IR region. Furthermore, the transmittance of

Iight within the neér IR transparéncy' window was found to be

tuneable by an external electric field, while maintaining the

strong absorbance outside the transparency window. This could be
done by applying a bias on the indium tin oxide (ITO) electrode

pairs (402) and  (406). The tuneability of transparency by
applying an electric field or a bias across the electrodes is

due to the change in the bifringence in the ceramic material.

This in turn‘changes the unit cell structure and the geometriéal’
bonding arrangements of the atoms within the material, in a

reversible process called electrostriction. Beydnd a certain
threshold of electrostriction, the material may . undergo

electrical breakdown. In tuning the transmittance of the

transparency window, the transmittance was found to increase as

the externally applied voltage -was increased. Maximum
transmittance was observed when a voltage of +12.50 kV/cm,was

applied, where a 40 percent transmittance was observed at. a’
wavelength of approximately 2250 nm.

The inventive ceramic materiél is aniSotropic and
bifringent. Therefore, the polarization in such materials
depends on both -the direction and the magnitude of the
externally applied. electric field. The observed = maximum
transmittance is believed to be due to a change in ﬁhe
refractive index resulting -from the maximum polarization  in the

materials at a particular electric field that is applied.
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Comparative Example 1: Comparison between un-dopediKNN and

5 mol% La-doped KNN ceramic materials

Figure 5 (a) shows the SEM micrograph‘shOWing the surface
morphology of un-doped KNN ceramic material sintered at 1080 °C
for 2 hours. The cubical grain sizes are in the rangé of 10 to
20 miérons and are largé. In addition, isolated pores (301) are
observed which is the likely cause.of poor ceramic density.

~ Figure 5 (b) .in contrast shows .thewTS mol% La-doped KNN
ceramic material sintered at 1170 °C for 3 houfs. The high
transparency observed in the 5 mol% La-doped KNN ceramic
material may be attributéd to the removal of pores during the
sintering process. The presence of La may have contributed to
the acceleration of the grain growth. The grains ih the 5 mol%
La-doped KNN ceramic material was found to be uniformly
distributed and the grain boundaries were observed to be much
shorter than that observed in un-doped KNN ceramic material. The
average value of the grain boundaries in 5 mol% La-doped KNN
ceramic material was found to be about 30 to 50 nm while that of
the un-doped KNN ceramic material was found to be about 1
micron. _

Further, the density of the 5 mol% La-doped KNN ceramic
material was found to be higher than that of the un-doped KNN

ceramic material. 5 mol% La4doped KNN sintered for 3 hours and

,1Qﬂhours was found to densities of 97 percent and 99 percent of

the theorétical density, respectively. In contrast, the .un-doped
KNN was found to have a density between 70 percent to 89 percent
of the theoretical density. Since the transparency largely
depends on the presence of pores in the sintered body/'removal
of porés in the 5 mol%'La—doped KNN ceramic material caused the
increase in transpafency.
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It .should ‘be noted that the highest transparency was

observed when x=0.05, that is for the 5 mol% La—dbped " KNN

ceramic material with the formula (K,.5Nag.s)o.e5Lao.0sNDbg 9g0s.

Comparative Example 2: Compérison between natural solar

radiation, Zn0O semiconductor and 5 mol% La-doped KNN

The IR properties of Ehe 5 mol% La-doped KNN (602), ZnO
semiconductor (604) and natural solar radiation (606) in the
same wavelength range astxample'B are compared in Fig. 6. znO
was chosen as a reference as it is a commonly used transparent
semiconductor, which can easily be fabricated into a conductive

transparent ceramic or a conductive transparent film. Fig. 6

- shows that compared to the ZnO semiconductor, the 5% La-doped

KNN is more effective at absorbing wavelengths in the. UV-Vis
region while tfansmitting wavelengths in the near IR region of

natural solar radiation.
Applications

‘The disclosed ceramic material comprises -La which may
improve the densification' of_w£he, deﬁice, ieading to Dbetter
electro-optic properties.

The disclosed ceramic material comprises La in a specified
amount whiqh-may‘decreése the overall charge neutrality of the
final product. | | |

The disclosed ceramic material may have superior electro-
optic bropertieSWsuch as transparency,  large and rapid électro—
optic response and a wide window of transpérency.

' The disclosed ceramic material may 'have a ﬁranéparency
window‘in the near IR ranée. |
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The disclosed  ceramic material comprises La which may .
impfove'the,densificatiQn of the device, leading to more facile
fabrication of the material. ‘

The disclosed ceramic material may be fabrlcated using
conventlonal solid- state ceramic synthesis techniques which are
not suitable for fabricating conventional KNN-type ceramics.

The disclosed ceramic material may be fabricated at lower
temperatures than'conventibnal devices.

The transparency and light- transmittance propertles of the
dlsclosed. electro- optical device may be tuned by applying an
external electric field.

The disclosed electro-optical device may be électrically

turned on and off.

The disclosed electro-optical device may act as an
electrical switch.

The disclosed electro-optical device may be operable at
room-temperature. ‘

The disclosed electro-optic device may lead to cost-savings
as it is low-cost to both" operate and manufacture than
conventional KNN-devices. |

Accordingly; the disclosed electro-optic. device may be used
in numerous applicatibns, including but not limited to, infrared
inspection windows (viewports) for IR thermography, UV absorbing
materials, optical coating and filter for radiation in the UV to
mid- IR -rénge, tuneable optical’ filters, light‘ shutters, 1light
modifiers and in colour fendefing. |

Othéf épplications include the wuse of the disclosed
electro-optic device in green buildings, bio-medical
applications, food ?ackaging and as a moisture barrier. |
_ In green'buildiné.applications, the discloséd electro-optic
device may be!used to tune the inner'brightﬁess of a‘bUilding by
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-applying electric»bias~adross windows coated or- made with the

disclosed ceramic material.

In food packaging applications, the disclosed electro-optic

device may be used to package foods which are gensitive to light.

The disclosed ceramic material may be used -to limit the
transmitﬁance of light through the packagiﬁg and allow the food
to be stored longer. | |

| _It‘will be'appafent that wvarious other modifications and
adaptations of the invention will be apparentv to the pérson
skilled in the art after reading the @ foregoing disclosure
without departing from the spirit and scope of the invention andA
it is intended that all such modifications and adaptations come

within the écope of the appended claims.

39



Claims

1. A ceramic material having the composition:
(A (1A"y) 1L NM 1205/ O3
wherein
0<x<0.1;
O<y<T;
A’ and A” are independently, alkali metals;
Ln is a lanthanide metal; and

M is a transition metal.

2. The material according to claim 1, wherein Ln is a trivalent lanthanide metal.

3. The material according to claim 1, wherein M is a pentavalent transition metal.

4. The material according to claim 1, wherein 0.04 < x < 0.07.

5. The material according to claim 1, wherein 0.4 <y < 0.6.

6. The material according to claim 1, wherein the material has an ABO; type crystal
structure.

7. The material according to claim 1, wherein the material has the composition:

(Nap sKo 5)(1-9LaxND(1-2,5O3
wherein 0 < x < 0.1.

8. A method for fabricating a ceramic material comprising the step of contacting alkali metal
starting materials, a lanthanide metal starting material, a transition metal starting material and
oxygen according to the composition:
(A'(1-A"y)1xLNM (126503

wherein

0<x<0.1;

O<y<T;

A’ and A” are independently, alkali metals;
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Ln is a lanthanide metal; and
M is a transition metal.

9. The method according to claim 8, wherein Ln is a trivalent lanthanide metal.

10. The method according to claim 8, wherein M is a pentavalent transition metal.

11. The method according to claim 8, wherein 0.04 < x < 0.07.

12. The method according to claim 8, wherein 0.4 <y < 0.6.

13. The method according to claim 8, further comprising a step of forming a solid solution,
and calcining the solid solution at a temperature range of 750 °C to 900°C, wherein the
calcination is performed for a duration of 2 hours to 6 hours.

14. The method according to claim 8, further comprising a step of compacting of the solid
solution, and sintering the solid solution at a temperature range of 1000°C to 1350 °C, wherein

the sintering is performed for a duration of 2 hours to 12 hours.

15. An electro-optical device comprising the ceramic material as claimed in claim 1 or
fabricated according to claim 8.

16. The device according to claim 15, further comprising two electrodes on either side of the

ceramic material.
17. The device according to claim 15, wherein the optical properties are tunable by applying
an external electric field, wherein the tuning comprises increasing the transparency of the

material at wavelengths between 750 nm and 2800 nm.

18. The device according to claim 15, wherein the device is operable at room-temperature.
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