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Co-Doped Nickel Oxide Technical Field The present invention
generally relates to a co-doped nickel oxide and to a dielectric material
comprising the co-doped nickel oxide The present invention also relates to

wihetasgiihe dielectric material in an electronic device. 10BEtRgroOeRA00026

Technologicaladvancementsinthefieldof microelectronics have led to a
burgeoning interest in the dlavetepment-aksmalt stked electronic
components with better processing efficiency than their larger counter 15
parts The abundance of prospective applications that exist when

electronic components are oF tatiucetrdizE4mbaalso fuelled a continuous
push far,the miniaturizatin of electronics. A typical elactionic,system qopeq
contains passive 20 components (passives), like resistors, inductors and
ehphBitors %At adtivé infegratdt EfEGits fiE st e ridmb&iBthidcrete  the
passivesounumbersdesday. severakiiraes and peeupiesdnorgithan 7% tes
of the area of the |C s bstrgte.lDing:re.te passives hilvelalready become .
tHe mafor ¥5Barfier to the fifiatdrization %?Elérc%%nic%rﬁlstgnms.ﬁl‘?ﬁé: ronLe
dgategration of passives is an emerging development theme in the
development of the next generation of electronic systems. Due to the

large quantity of capacitors in ICs, the 30 integration of smaller sized
capacitors is of much importancé 2t ¥re$afhe time, the development of
microelectrerics sequires decepplingreapagcitors;with higher capacifance of

and shorter distance from its fervin% . . , o
microelectronics nave led T a burgecning interest in the

development of small sized electronic components with
better processing efficiency than their larger counter
parts. The abundance of prospective applications that
exist when electreonic components are of reduced size has
alsc fuelled a continuous push for the minlaturization of
electronics.

E typical electronic system contains passive
components {passives), like resistors, inductors and
capacitors, and active integrated circuits (ICs)}. The
number of discrete passives outnumbers ICs by several
times and occupies more than 70% of the area of the IC
substrate. Discrete passives have already become the major
parrier to the miniaturization of electronic systems. The
integration of passives is an emerging development theme
in the development of the next generation of electronic
systems.

Due to the large guantity of capacitors in ICs, the
integration of smaller sized capacitors 1is of much
importance. At  the same time, the development of
microelectronics reguires decoupling capacitors with

higher capacitance and shorter distance from its serving
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WO 2008/091226PCT/SG2008/000026 components. All of these require
new dielectric materials with relatively high dielectric constant. In the
miniaturization of electronic circuitry components, transistor size, which is

wokeysagmigonductor component in electronic circuitry, has tgbesegddesthozs
In order to do this, while still maintaining a desirable value of capacitance,

the thickness of he gate oxide diglectric has fg,be deqreased to gfisetthe, .
“HEErREEE 1Y transitor area, 8o that the nét gate capacifance is 10 Sutficient
wbtSustaihahecetrent floly ihithéhicoitsy. Hoveevertt is known that when

the thicknessof the,gate.diglectric degreases, legkage CUENts inCrEases ry
resulting in electrical and power inefficiency and subsequently poor device

CHEMRGIRAYCe. ALSGIBAGH 6 this IS refiiatethe 15 LorfantioSificau o~
Jipyide-gate dielectie-witha bigh:k material whigh allowsincreasedgate Tn
ca}ipacitance While“ngi,nimizing_, ndesiral I(i current leakage. Mgt%rialsbl
Witk highK vaTlies 876 knotn AFound the yéar-2000: A 1ead-free” ="+ 727+
vpenovskiié-likeepride CaCe3Ti4QE2 20: {COT)wasreported witheka oxide

~diglectiic constant of about 105. Mare recently, ithium- and  qocrease in

titanium-doped nickel oxide (LTNO) have received a considerable amount
tePatterition for 5 gigehtic didlectric*Gon&t@nt tHad i€ beftl8PiHANEETO *5
s thatdas ignited fuether studies on-22-atuminum (LAN)and silicen: ry.

doplnr%]i(LSNO)_. Ho_wever,tht ret(:eg gigcotvﬁry gafghegglggowg magerials e
Hay ot be suffitiePaUE to-the'incteating demandTor Riaterials with high”
ddieleetric tonstant-ealues forivaricuszapplicatons. As:thesesresemthpulting
iffisequered 30, materials may.nat be-ideally, comnatible fardise jn.cerain, .-

microelectronic applications, alternative materials with high-K values are
dretiared Pe T EPHERRTS theréfof® Alidet to Provifé hewsmateridIRRwitie highe
diglasctric sanstant; RET/SG2008/000026 dielectric with a high-x
material which allows increased gate capacitance whilse
minimizing undesirable current leakage.

Materials with high-w wvalues are known. Arcund the
year 2000, a lead-free perovskite~like oxide CaCu3Tis0y
(CCTOY was reported with a dielectric constant of about
10°. More recently, lithium- and <Titanium-doped nickel
oxide (LTNC) have received a considerable amount of
attention for thelr gigantic dielectric constant that is
bhetter than CCTO and that has ignited further studies on
aluminom {LANO) and silicon doping (LSNO).

However, the recent discovery of these known
materials may not be sufficient due to the increasing
demand for materials with high dielectric constant values
for waricus applications. As these recently discovered
materials may not be ideally compatible for use in certain
microelectronic applications, alternative materials with
high-x values are reguired.

There 1is therefore a need to provide new materials

with high dielectric constant.
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Received 21 November 2008 Clear: copy There is a need to provide

new high-k ceramic materials that overcomes, or at least ameliorates, one

or more of the disadvantases described above, aratmarte According PCE/SG2068/680026
to5irst aspect, there is orovided a nickel oxide co-dopeda first afi@sifretdll November 2008
dorant and a second metal do,ant, the nickel oxide having @.eempaosition

represented by the general formula(, 10:T.R, X00|,P(Y) whemein p.is the

first alkali metal dopant: X Is the second metal go'pani“"éelleéteg from tee

HoEp ‘Corsistig of SHtastafie of tin, aniindorv, itffunt, W5thRgstet -~

iiceliuat, seanditm; galliumg vanadium;. chrorkiams .9ald3 yttrium,

lanthan.um, ruthenium, rhodium, MO andniobium; y and z are

stc-ichiometric ratios and wherein is about 0.0011 0.35; 20v is about 0.001

I y0-05; z is about 0.60 5; z = O;W%d

According to a first sspect, there is provided a
nickel oxide co-doped with & first alkall metal dopant

and & second metal dopant, the nickel oxide having a

compeosition represented by the general formula(l):
" RyEpNL0 (I

whereln
B ois the Firat alkslii metal dopant;
¥ is the second metal deopant selected from the group

cohsisﬁing of at Llesst one of tin, antimery, indium,

tungsten, iridium, scandium, gallium, wvanadium, chromium,

S gold, vitrium, lanthanum, ruthenium, rhodium, molybdenum

v, v and z are stolchlometric ratlos and wherein
v iz about 0.00L £ v 5 4.

vy is absut 0.001 5 y & 0

. is .about 0.60 % z = 0.998; and

wherein v + y + 2 = 1.

Advantageously, the nickesl oxide of the first aspect
nas a high dielectric constant The dislectric constant
of +the nickse) oxide may bs at least about 164, at least
abbut 10% or at least about 10°

In one embodiment, v is about (.03 = v 2 0.07 and y
is about 0.01 £ vy % 0.04. In another embodiment, v is

about 0.03 and y is about 0.02.

socording to & =ecoend aspect, there IS providsd a
dielectric material comprising a nickel oxide wmase oco-

doped with a first alkall metal dopant and a seconc metal

dopant selected from the group consisting of at least one

I

Amended Sheet
IPEA/AT
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wherein v Advantageously, the nickel oxide of the first aspect has a
high dielectric constant. The dielectric constant 25 of the nickel oxide may
.be at least aboUt 1C, at least about 104 or at least about 10'. In one

WEHIBE R, v is about 0.03 a: v 1.0 07 and is about 0_01 P{l/B42(§8/000026
another embodiment, v is about 0.05 and y is about 0_02. 30According to

04 selcbnd agpdctiangre isiprbvitied aldigtestriermateril Eomiprising andium,
ghickelaxidehasedoped with-a firstalkalymeted dopanriand a seeQhfanum,

metal decant selected from the group consisting r at least one Amended
T SHRETPEAIAY G, é?ffiﬁi’c?%%ﬁ?uﬁﬁl%ﬁdﬁ@ﬁ,%dium, scandium,
galliuny vanadium, chromiuat gotd, \iiwaslantharum, rutheniudyided a
c{odium, molyhdenum and nioblum.- . Aceording g a third aspec, there
|sppr6V|(fbed a capacitor cgomprismg“"a pair o electrodes and a layer of == ©F
dgivlecttic hrateriaFdispased betwesrtdaidigiéotrades, whereinsafbtrodes,

wislectic matarial comprises.a pickel.oxide bage co-doped with-g fiFst 5.5 qe
alkali metal dopant and a second metal dopant selected from the group

b 6fsistifg G- at 1855t orfe of tirf “antimong Lindithat thgter 3Rtiumnrd 2

s seandiume galliuan panadisum cchremium ogold ntrighs,dantbandis t ing of

2 [uttilerligm, r?}odigm, molybdaerp%u]m ggd niqk%igrp. éccorgintgptc aﬁ,fgyrtp
Aspect, thefe 1 provided'a Gse of a diglectiic materialih &t Teast oné of an"”

s elstrowic devieé,'a semicordustoriand arenergy storagesdevice, whereim,

1 said dislactric material gomprises adickel oxide-base co-dopedywith a first

alkali metal dopant and a second metal dopant selected from the group
consi&fifg bf ab-feast ofe T HR-ANGFBRT Cindiutf SIngSteRE Rigifceg use
oscandim] gallivm, ianadiur. chramitm igeld: ytium danthanyect ronic

ruthenium, rhodium molxbgenum and niobium. Definitions o
evice, a semicdonductor and an  energy storage device,

d
wherein said dielectric material comprises a nickel oxide
base co-doped with a first alkalli metal dopant and a
second metal dopant selected from the group consisting of
at least one of tin, antimony, indium, tungsten, iridium,
scandium, gallium, vanadium, chromium, gold, yitrium,

lanthanum, ruthenium, rnedium, molvbdenum and niobium.

Definitions

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

The term “dielectric constant” is to be interpreted
broadly to refer to the ratio of capacitance provided by a
specified dielectric material to the capacitance of wvacuum
{or air).

The term “substantially® dees not exclude
“completely” e.g. a composition which 1s “substantially
free” from Y may be completely Zfree from Y. Where
neceassary, the word “substantially” may be omitted from

the definition of the invention.



The following words and terms used herein shall have 25 the meaning
indicated: The term "dielectric constant"” is to be interpreted broadly to
refer to the ratio of capacitance provided by a specified dielectric material
WEHE Eapicitance of vacuum (or air). PCT/SG2008/000026
30Theterm"substantially"doesnotexclude "completely” e.g. a composition
whichUs'gglsstapmafy: freedfrovi e miaydse cofipletehpirae frémorpwheied”
Arcessapnthe yyord "syhstantiallymay he omitled figm.the dgfinition of .o
the invention. Unless specified otherwise, the terms "comprising” and
LRbRBIRG" Snd-granTmatical Vanahts thereof Hré htehtied (G repidgantsuch
tlopen” endnclusive’l lahguage siichdhatdheyinctude regited elesaentsdutit
2ls0 permit 5 ncusion of additional, ures fed clements.  As used
“herein, the térm “about”, in thé context of concentrations of components of
the fofmulatiens, typically means ££:5% Oktheustitedivalug; moretypisallyo
cHa A of the siated value, mojefypically +/- 3% of the 10 stated.value; ;¢

more typically, +/- 2% of the stated value, even more typically +/- 1% of
tifeiStatedvaIGi&PEnd &Ver indie typiallF £ er59670riRe STites vaigically
+Throughatut thisedisclesuse, certain emiodimentsmay be disclosed ina the
Jange foggja_%&lt sk;rclnoul[ga be unglggst od 15 that the description in range .

format is fierely for convenfence and brevity and Should hot bé constried
casaninflexitle fifitation onthe séopefofthe distlosed ramges:, and sven
mdecordingly..the,deseripgor of arange should he.congidered to have |

specifically disclosed all the possible 20 sub-ranges as well as individual

numeficaPYAINEE withit'tRat farge CEGFExantpie, [delseriptiorcstd farige may
psuchias-freac’ toi6 shouldhbg eorsidered. to havesspecifically diselesedt ood
(Sub-ranges such as from 1 to 3, from 1 to 4, from 1 to 5, from 2 to 4, from__

515 6, from 316 6 6tt%, 2545 well as’AdNiduat Rifibers Withinthat range, 7
clorexamplesl #8218, dySyandg 6aFhisdpplied regardless obthe: brestltk: of an
s theyrange, Disclogure,of Qptiong) Embodiments, S0OEXemplary, s cc165e4

non-limiting embodiments of nickel oxide co-doped with a first alkali metal
rA5F&Rt arftFa SEEoRE Wetaldbpartt Sefettied iBmthe YroliEsnswtrigler oo
cahleagtena of innartimeny dadiusa, tungstepcirisium, scandium, galliva,1e

vgnadium, chromium gold, yttriu
sub-rangds as well ak’ in

g}vidual numerical values within
that range. For example, description of & range such as
from 1 to & should be considered to have specifically
disclosed sub-ranges such zs from 1 to 3, from 1 to ¢4,
from 1 to 5, from 2 to 4, from Z to ©, from 3 to & etc.,
as well as iﬁdividual numbers within that rangs, for
example, 1, 2, 3, 4, 5, and &. This applies regardless of

the breadth of the range.

Disclosure of Optional Embodiments
Exemplary, non-limiting embodiments of nickel oxide
co-doped with & first alkall metal dopant and a second
metal depant selected from the group consisting of at
least one of tin, antimony, indium, tungsten, iridium,

scandiuam, gallium, vanadium, chromium, gold, yiorium,

5
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lanthanum, ruthenium, rhodium, molybdenum and niobium will now be
disclosed. The inventors have found that the above second metal
dopants, when co-doped with a first alkali metal dopant as 5 disclosed

Wiezedsvininickel oxide systems, may result in a dielectric mategalywithaRighose
dielectric constant. The dielectric constant of the dielectric material

Taay beriteast abosth 108, at-least ahgutdddoralleastabout 105; 10The 13
secogd rréetal gogagt may be selected from the group consisting of tin,

T1OW. e 15 Q N T . . .

antimony, mcﬁum,?ungsten, iridium, scandium, gallium, vanadium,
chromium, dgaldeyttdum, laattrantiowrrdthenium, rhedishyraolykdemsmmesal
andiobium, 15The; nigkel.oxide may.be co:doped with a first alkali metal
dopant selected from the group consisting o lithium, sodium, potassium,
FuBfcHiG S Cediftand frandidmifl ofg eRfboditeRt the aikali rfstalt in 2

«dogpat ts-lithiugm: kranather embogdiment, dhe alkalianetgl dopant is
sodium, In 20.a LLrtq:eVr‘ehmbodiment, the alkali metal dolf]ant is potassium.
The nickel oXide My compri8s Ti6Te that oné ¥ecohP st doparitae rial
rnthg cbedopant. 4p onedmbodifteht, the seeend metal.dopart ray be alsast
£ombinatien of tin and 25 antimony. The combination of tin and antimony
may be co-doped with lithium into nickel oxide. The doped nickel oxide
may halvé a EoRTHusitis Fépresered by the yerderal forhsulagh): R, XyNi3®ne

30 WhereR ds thesfirst alkali metal @%@%o%ﬁ? the second metal, sten,
are stoichiometric ratios and wherein v is about 0.001 v

.dapant; v,y and z
G AR IS abSTEGEOTT S (68 2 sbout TS T 0. G HhtThereod -
yEyrizn, 1. WO2G08/091226RC4/SG2008000826:N OG&QW@QHHQDL And

d%&?ﬁ%?-ow =0.07o0rvis

The nickel oxide may be co-doped with a first alkali
metal dopant selected from the group consisting of
lithium, sodium, potassium, rubidium, cesium and francium.
In one embodiment, the alkali metazl dopant is lithiom. 1In
another embodiment, the alkali metal dopant is sodium. In
a further embodiment, the alkali metal dopant is
potassium.

The nickel oxide may comprise more than one second
metal dopant as the co-dopant. In one embodiment, the
second metal dopant may be a combination of tin  and
antimony. The combination of tin and antimony may be co-
doped with lithium into nickel oxide.

The doped nickel oxide may have a composition
represented by the general formula (I):

ReXyNi:0 (I},
where R is the first alkali metal dopant; ¥ is the second
metal dopant; v, y and z are stoichiometric ratios and
wherein v is about 0.001 £ v £ 0.35; y is about 0.001 £ vy
£ 0.05; z is about 0.60 £ z £ 0.998; and wherein v + y + z

= 1.
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about 0.05. In another embodiment, y is about 0,01 =y =0.04 ory is

about 0.02. The resultant doped nickel oxide may have the formula

Li0,05X3,02Ni0,930. The resultant doped nickel oxide may be made
WE\2ePROThEer of processes such as solid state synthesis, solgetseihatosozs

diffusion process and ion implantation technidues. It is to be noted that if

the salrgelmeetbards Lised: therseconskmetal dopankmaybejintroduged 1 s

s a saluble salt,.10 or as.a slightly insoluble salt. The second metal salt

a?noéd?/tbg élgllg;ble, %?sl?&%ﬁ/hiﬁéogﬁj%%?%vlﬁmeenm%ixe\ﬂ with ﬁs%ol}‘éhc@;’n{is% uSed *
0 i thecso-gelmetHoe AsliskhowrT toea persohtskilfediirethe art,thel oxide

migacianis used indhg.solgel;method, irjgfmgm)f_%gglprise nickel nitrate or soluble
eli

nickel 15 salts, lithium nitrate or solu thium salts, citric acid and water.
Accordifigly: $R&-anfit of tRE e cohidhgtal S4ft Afay Belseletteddém the 2
n@iau cartsigting-ef bus netlimited tecacetate: ghloridenflueride; bramideye
LJitrate, c@gnazt%,ag%rghlorrateé sglpahnaée, ,sulphite?and 20 tert-butoxide., .
TtiS %6 be dppreciated that the coRcentration SFEHE SEE6HE Thetal Lait t665E -
Tuséd ir-theldoping processtwaould beeobvicusiela personcskilledindhie atthe
sdvithout yadue experimentation By wopking within the solubjlity limit. 23 ;
The dielectric material comprising the doped nickel oxide may be used to
“Forfirarfeléctidhic deviessa serieontfitior or dfene&gystcrage devicealt
mae-Lleetronie deyicermay camprise; & component selesteg: from the group..
Hggp@s}tjigg of a transistor, a gate3 ipsulgtor,ﬁq_n 30 integrated circuit, a _
FRICTOWaVe resonator. a plezoslactiic tralSautsr, an amplifier-'dite t© 2
peapaciterisuchsas & ceramicaxapacitore The enesgy: storage deévice maysae -
srcanaciiye epety sipiage devige gran ebedded gnergy SIpiage : oo

device. ~ The capacitor may comprise a pair Qfelectrodes and a layer
S %of felectric-matErialédmpFiging theStoptd rickel biidedisposed betigent ¢
adhe elegtrodes.cEhe dielegitis ragtesialmay-gamprisedhe eg-daped nickel o
og(ige as T:_e 5 main compaonent. In qﬁneﬁembodiment, the co-doped nickel
TSxide May be'at lealt 9596 By Welght bfthe didleSirid HateRBF Thetn? ©f
bico-doped nickel axidecmay comprise uptbc2S molar@oyup iaS80 melan e
nrURL0 35 molar %.of the first alkali metal dapant, The co-doped nickel .
oxide may 10 comprise up to 3 molar %, up to 4'molar % or Upto’5 molar
C R T5TRHE S8E615d metal dopant. The co-doped nickel oxde may comprise
up tore0 melarYonLup 49:656% naelas Ye: niprtordQmedar%rer-up 10,45 molak, -
- é)/é’ocﬁ éh?ﬂ gi{;lﬁl oxéq% 1§Brigf DQscr(ijptipn Of Drawings  The
Aceompanyity drawings lludtrate 8 distlosed entboiRnEant §8ed 16 ¢
beexplain thesprinciptesiof therdiselosedsembodiment. i is tove-biaderstoodye
o hweyer,that the, drawings,arg designed far purposes 0h 20 gl'vfgfrﬁ%gt‘

only, and not as a definition of the limits of the invention. Fig. I shows
34 P i =] PP e ol

the 198§ taffgéntaiid the diéleBfriccdonSeimk Withiityifg freqaarrey fovi ckel
oxitasiunsard lithium ce-doped nickel-exidgr25kige=2showsthedass ce, -
tangent and the dielectric _ .
semiconductor OX an energy storage device. The electronic
device may comprise & component selected from the group
consisting of a tLransistor, a gate insulator, an
integrated circuit, a microwave resonator, a plezoelectric
transducer, an amplifier and a capacitor such as a ceramic
capacitor. The energy storage device may be a capacitive

energy storage device or an embsdded energy storage

device.
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constant with varying frequency for indium and lithium co-doped nickel
oxide. Fig. 3 shows the loss tangent and the dielectric constant with
varying frequency for antimony and lithium 30 co-doped nickel oxide.

WBigta/stiows the loss tangent and the dielectric constant withMasyiR@s/sonozs

frequency for tin and lithium co-doped nickel oxide. - Fig. 5is an X-Ray
Diffraction (XRiy)patternsef fitaniuprandlithium co-dopeshnigkelxide . ana a
lFai , ?: IS an X'Bai/@D@aCtiOI? (g(gr%) attern of indium and lithium -
ccldoped nicker oxide. BFigh7 is an X-R&Y TiffractiBl (XRD) pak&i diickel
anddithivhcordepednickatoxidehe Eige8isaneé-Ray Diffeactiore (éRDY 1c

n of antimon ithium,co-doped i oxide. L, 9isan
%%15%()%&520”%” peicgtr%cj)sci,:g%y ()?gsﬁ%%%f tﬁla'dir%&r%l and ﬁt?ﬁ"umaS the
RotdopedHeké oxide. +1 FRYPA0 B8 XRaY) ‘Photdetechondoped nickel
ofﬂ%@romgy I%Fr)]%m] ingliun Sa@@ dithiggn que%%!;gd ;Bfikelt%)é{.dﬁielg&:ric

is an X-Ra otoelectron, Spectroscopy. of tin and lithium _

mc%t-agplg hick)é Sxide. T5ER AN Fé‘aiiPﬁgfo%?e h SPBETISEOpYIXES)=>
roflantinfonyuand tithidmicoidoped nickekoxide.35 migal3 shewWwsthe first

ning on Microscopy (S images of titanium and lithium )
a?c?%%pfed%?l%?ox%%%%ﬁgfma is%t%{g SEgl\é;:IJ o%cﬁgﬁﬁmgf an Ti(jtlhiur%mdé3 may
SCHEBPEG nitkel 20 oxielatra raghificktiof or2DBOX%arrd: Fige 18b i§ thelar
:SEM of Hitanisurand lithiur co-dgped:nickehoxide-at a smagnification of ,;qe
5000X. Fig. 13c and Fig. 13d are the SEM of titanium and lithium _
m@&’-dSS&‘é’%ﬁ% BRidzt & m&gnfication 8P 16600K 5284214 Shottis =0 70
nSdarmifg EtectroreMicroseopy (SEM) £ the nickel oxide.

Brief Description Of Drawings

The accompanying drawings illustrate a disclosed
embodiment and serves to explain the principles of the
disclosed embodiment. It 1s to be understcod, however,
that the drawings are designed for DUrpOses of
illustration only, and not as za definition of the limits
of the invention.

Fig. 1 shows the loss tangent and the dielectric
constant with varying freguency for titanium and lithium
co~-doped nickel oxide.

Fig. 2 shows the loss tangent and the dielectric
constant with varving freguency for indium and lithium co-

doped nickel oxide.

Fig. 3 shows the less tangent and the dielectric
constant with varying freguency for antimony and lithium
co-~doped nickel oxide.

Fig. 4 shows the loss tangent and the dielectric
constant with varying Ifrequency for tin and lithium co-

doped nickel oxide.
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images of indium and lithium co-doped nickel oxides. Fig. 14a and Fig.
14d are the SEM of indium and lithium co-doped nickel oxide at a
magnification of 2000X and Fig. 14b is the SEM of indium and lithium
wap-gapedpickel oxide 30 at a magnification of 5000X. Fig. 14ctisdhendiMie
of indium and lithium co-doped nickel oxide at a magnification of 120000X.
Fig. 15showssScarning:FlegtraaMigioseopy-(SEM) images ofgi-ardn  of
lithium, co-doped nickel oxide. Fig, 15a 5.and Fig. 15h are the SEM of tin
SRR COHOped HitRel CXEE AT & MAGhEalEH OF 2000X and Fig,

15c is the SEM of.tin and lithium co- ickel oxid magnification -
of 500%%({.; "Fig.blsd %s tf?'eg SEQMU%%%n %ﬁ“%%w%frﬁ%%%dogﬁ %ckaellg%(i{ e gt aQf
agnificatich of 1610000X, dOorEg. 16 BFRWwsSdalthing Electron
Microscopy (SEM) images of antimony and lithium co-doped nickel oxide.
Fig. 164 % thé SEM BFantiméry &id itfeh ' dopetPhickét oxidé af’s  ©+7
aaagnificatiom ot 200Q% @ndokigkd 6bds thie SEM 15 of antimony and
lithium co-doped nickel oxide at a magnification of 5000X. Fig. 16c is the
SEM dfiantim8ny ‘ahd kthiuri-ddasopld hicket bxide atERiagnifiedtiorrof of
40000, 20Examples ; um Non-ipiting exameles of the invention, including
the best mode, and a comparative example will be further described in
greater detaildoyirefesence-ta spedcific Exaraples onhich sbeulssrethe (xps)
cgngryed,a;sjn %Q%’ ‘4"9){1123_5 Iimiéigg dtgee%cogg cg é@e Ci)r;},v_;e ition Example 1
‘Charactérization of titanitm,tin,ndium and anﬁmony co-doped lithium N O
Fig. 10 is an X-Ray Photoelectron Spectroscopy (XPS)

of indium and lithium co-doped nickel oxide.

Fig. 11 1s an X-Ray Photoelectron Spectroscopy (XP3)

of tin and lithium co-doped nickel oxide.

Foed

Fig. 12 1is an X-Rayv Photoelectron Spectroscopy {(¥P3)

of antimony and lithium co-—doped nickel oxide.

Fig. 13 shows BScanning Electron Microscopy (SEM)
images of titanium and lithium co-doped nickel oxide. Fig.
"1%a is the B8EM of titanium and lithium co-doped nickel
oxide at a magnification of 2000X and Fig. 13k is the SEM
of titanium and lithium co-doped nickel oxide at s
magnification of 5000¥. Fig. 13c and Fig. 13d are the SEM

of titanium and iithium co-doped nickel oxide at a

magnification of 1000CX.

Fig. 14 shows Scanning Electron Microscopy (SEM)
images of indium and lithium co-doped nickel oxides. Fig.
1da and Fig. 14d are the SEM of indium and lithium co-
doped nickel oxide at a magnification of 2000¥ and Fig.
14b is the SEM of indium and lithium co-doped nickel oxide

at a magnification of 5000X. Fig. 14c is the 8EM of indium



1¢

20

The lithium co-doped NiO was prepared via the 5 following typical
procedures. Firstly, 1 g citric acid (to achieve a pH value of about 2),

11388 g LINO3 and 11115195 g Ni(NO3)26H20 were mixed together in
wikpehmledigtitled (DI) water. The mixture was magnetically stinseg/te:all@wosozs
the precursors to completely dissolve in the DI water as 10 evidenced by a
Llear selutiony The appepiiate;dorant salisief tikanium, dingindium=andn of
%1 imﬁny (for example, 2.7228 g tetrabutyl titanate HCP3(CH2)30)4Ti))

ast

feh slowly added to the solution and heated to 80C, The solution

was stirred at fhys temperatuse Lpfil the excess. 15 water.evaporated andspy)
the solution becomes gel. The gel was then calcined at 800C for
Hppreximately 1 hoaR tesulfifid tthefoRPafien bt GiRlfirepoRdersie. 152
Subseguently,dpe ultra fing powgars were eompressediintopeletsisiagpea
ENEREAC manual Hydraulic press under 1500 E{%}Igor about 5 20 T
"Minbfes %ﬂ?enasﬁntéreraaéﬁ%@dﬁ forA hétirs “PHe pelfets wetd then”® *°
charastized intémmsaofthelridielectricconstantglossitahgéntpx-idy at a
iffraction (XRD), x;ray pngigelection speeloscopy. (XPS):and seanning 4,
electron microscopy (SEM). 25The dielectric responses of the pellets were
khéh wEasured Usiffan Tmpédance amdlyzefHevlettiPatkard 4194 in oF
ihe freguency range of 011 to 1000 kHz at room temperature. Fig 1. to
Fig. 4 shows the variation of z and Tan 5 against frequency for Ti, In, Sn
and Sl ce-doped 300, Froanthese resulistitwas observed:that the SEM)
NiIO co-doped with Li and Spn showed better rties. by less variation in _
e o S i e o ory oot i gh s e M.
Was erployed t6@bnfirn vitidthepthe paliets hehieVed afashmgie phasece
SfNiQ-based splid sotution: The XRD yasmperformetd gn thessinteredr,e seu
pellets in the 26 range from 25' to 85' and results are shown. in Fig, 5 5 to
Hg. BRARSGY sarfipfés hautSimifar pafteftid®ith peakE SormeSponGingts @
dighinttheaneasured 28 sange except far &malldntensity Vamiatiohsant imony
indicating the absence of a second phase. Individual X-Ray. . .. .
P eRro S aat iy PO catod oLt torshifr R ©F
HIeéfents present in the samples and this was followed by a more detailed
scan at the regions of interest (0, C, Ni2P etc). Fig. 9 to Fig. 12 depicts the
XPS scan results for the four diff%rentggllets. 15SEM was used to
observe the ceramic microstructufe orthe tour sample pellets. The
detailethpicitiresbtaineddngm SEM arée showmiprRig o13 ta kigl déing the

yarrlicafions 201t will be appigaiated that thg disglesed materials,  cyrener
described in greater detail by reference to specific
Examples, which should not be construed as in any way

limiting the scope of the invention.

10



10

15

20

25

30

exhibit high dielectric constant.Advantageously, these materials can be
utilized in the manufacture of electronic circuitry components such that
they are capable of being miniaturized without a loss in the desired
weapasitanes. 25 More advantageously, with the use of the digalegedos/sono2s
materials that have high dielectric constants, the thickness of the gate
dielectric in transistors does not hawexgike teduced drastically in order to
offset the decrease,in capacitance, which is caused bg the reduction 30
ofthes BEACTeLdZal LOB, %'.-g%pgg I o S0, -lgn}um and
leakagecurrentsidue do iurrelmg willdbe substantially minimized and the
complications of electrical and power inefficiency and subsequently poor
device pgHormaneg Gan beaveigad:  withe disclosed digleetic via the
materials may also act as alternatives to known high_dielectric material.
AGvatEgBEUSYPHE disE1b8EE B rials may aiso bé uSef i stbshituts ‘t°
knawire highediptectricl materials bpbapplicatiorsswhererthiecknewn hight . 5195
dielectric.materials are nof compatibl eint ecific.. .
gpéﬁégﬁgﬁmsfazﬂAXvegﬂ?aénegc%ues Y, tﬁ %%é]rjgselél h%?%i%ﬁiecércsr%lé%ér?a s (PP
niay e usethip dhigleerenitdevitegaserfirdbhtiuctol 67 af efergyt Lo the
sieeage-device. The elegironic O, devicedsnay Lompyise ALOMPONGALer  as
selected from the group consisting of a transistor, a gate insulator, an
iRTEGISREEirchY, a ficfovidve réSonktol s pieZdele AHE TRANSHRESr, gpPant
amptiieraendca capacitgr such asiameeramiecapacitormdhe energy siosage <,
devigs may be g capagltiye 19 enerqy storage devige opanempedded .,
énergy storage device. More agvantageousfy‘, the' disclosed high
dielesetic matedidls hray sérve as tudintentary: Statingpointstfor fifure. The
researches tg e fupthercarried out on these 20-disclased. high diglectiic e s <

materials, so that a material with an even higher dielectric constant ma

BE HRRvET HOTT BT&H. 279t WAPbE Apparént thatPafoussther The 98l was
rapdifications aad adaptativns gidthedpyenrtionwikhe apparent fo thesa3ting
person skilled in the art after reading.the foregojn disg&o ure without

et o e Ghricand soib o Te e Anc P Behmdoet that -7
alk sueh niddificatomsiang adeprationeepRewithin thetscope ofthes using
@%ﬁﬂﬁ%ﬁjgéﬁﬂ%fyhydraulic press under 1500 PSI for about 5

minutes and then sintered at 1280° for 4 hours. The

O 1

pellets were then characterized in terms of their
dielectric constant, loss tangent, x-ray diffraction
(¥XRD), =-ray photoelectron spectroscopy (XPS) and scanning
electron microscopy (SEM).

The dislectric responses of the pellets wers then
measured using an impedance analyzer (Hewlett-Packard
4194A) in the freguency range of 0.1 to 1000 kHz at room
temperature. Fig 1. to Fig. 4 shows the varistion of ¢ and
Tan & against freqguency for Ti, In, Sn and 8b co-doped
LiNi0O. From thess results, it was observed that the Ni0
co—doped with Li and Sn showed better properties by less
variation in both Tan & and = in the measured freguency

range.

11
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PC17862008/000026 Received 21 November 2008 Claims . 1.A nickel
oxide co-doped with a first alkali metal dopant and a second metal
dopant, the nickel oxide 5 having a composition represented by the

waepaabdormula (1): R,XyNi3O(I) 10wherein R is the first alkal-metabosneo026
dopant; X is the second metal dopant selected from the group consisting

of at leggbOng-gf tny;antimony, E»Jﬁtgﬁé‘?éifidi%hs%%}@%%a%%‘ﬁmr the
Vanadium, 15chromium, gold, yttrium, lanthanum ruthenium, rhodium, -

RiolysehuMcatE Hishiursy, Ky ahth s afe o Honfdtridtstiosased solid
andwherain visd.Q81v sz O-3ory 00 1y0. 05207 15+ 6020.9981 ard in

pherel Ve y bzl o, ocoThe rickeloxide of daim 1, wherein said alkgll
meétal opan is selecfléa”f?om the group conS|sSt|ng 25 of fithitind, sodium,
potassidmgrubidiurh] tesigmrangdfranicigmhad similar patterns with
peaks corresponding to NiC in the measured 20 range except
for small intensity varilations, indicating the absence of
a second phase.

Individual ¥-Ray Photoelectron Spectroscopy (XPS)
were carried out to ldentify the elements present in the
samples and this was followed by a more detalled scan at
the regions of interest (0, C, NiP etc). Fig. % to Fig. 12
depicts the KPS scan results for the four different
pellets. '

S3EM was used to observe the ceramic microstructure of

the four sample pellets. The detailed pictures obtained

from SEM are shewn in Fig. 13 to Fig. 16.

Applications

It will be appreciated that the disclosed materials
exhibit high dielectric constant. Advantageously, these
materials can be utilized in the manufacture of electronic
circultry components such that they are capable of being
miniaturized without a loss in the desired capacitance.

More advantageously, with the use of the disclosed
materials that  have high dielectric constants, The
thickness of the gate dielectric in transistors does not
have to be reduced drastically in order to offset the
decrease in capacitance, which 1s caused by the reduction
of the surface area of the transistors during
miniaturization. As a result, leakage currents due to
tunneling will be substantially minimized and the
complications of elesctrical and powsr inefficiency and

subseqguently poor device performance can be avoided.

12
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3. The nickel oxide of claim 1, having a dielectric constant of at least 103.
30 4. The nickel oxide of claim 3,having a dielectric constant of at
least 10. 19 Amended Sheet IPEAJAU PC'T/SG2008/000026

wReseived-24 November 2008 5. The nickel oxide of claigr4,5a¥ipg@ea2s
dielectric constant of at least 105. 6. The nickel oxide of claim 1,

wherei is Q3 B¥sea ildhespickeloxide-bfclaim 1 uhergingsis 941 5
y 5 0.04, 108.The nickel OXIde of clalm 1, Whereln v.is about 0.5. ,

dlternatives to known nhigh dielectric material.
Advantageously, the disclosed materials may also be used
to substitute known high dielectric materials in
applications where the known high dielectric materials are

not compatible for use in these specific applications.

Advantageously, the disclosed high dielectric
materlials may be used in an electronic devigce, a
semiconductor or an ensrgy storagese device. The electronic

oy

device may comprise a component selected from the group
consisting of a transistor, a gate insulator, an
integrated circult, a microwave resonalor, & pilezoelectric
transducer, an amplifier and a capacitor such as a ceramic
capacitor. The energy storage device may be a capacitive
energy storage device or an embedded energy storage
device.

More advantageously, the disclosed high dielectric
materials may serve as rudimentary starting poiﬂis for
future researches to be further carried out on these
disclosed high dielectric materials, so that a material
with an -even higher dielectric constant may be derived
from them.

It will be apparent that various other modifications
and adaptations of the invention will be apparent to the
person skilled in the art after reading the foregoing
disclosure witheut departing from the spirit and scope of
the invention and it i1s intended that all such
modifications and adaptations come within the scope of the

appended claims.

13



A dielectric material comprising a. nickel oxide 'base co-doped with a first

alkali metal dopant and a second metal dopant selected from the group

consisting of at least one of tin, -antimony, indium, tungsten, iridium, 2BCE/SG2808/000026
scandium,-gallium, vanadium; chromium, gold, yttrium, lanthanuf¢eeived 21 November 2068
ruthenium, rhodium, molSrOdenuM and niobium. ~ 11. The dielectric

material of claim 10, wherein said alkali metal dopant is selected from the

- group 25 consisting of lithium, sooﬁum, potassium, rubidium, cesium and

francium. 12. The dielectric material of claim 10, having a dielectric

constant of at leastt03. 3Ride I3-Foewielectriv matetiat of clairk=10,

faying a4 'Q@@tgﬁ&ogsw&t@tmgﬂ%p&ém%@eqﬂ]@et IPEAJAU
PCT/SC2008/000026 Received 21 No grqbber 008 14 Th glecgj{gh
FRX{dHA Bf GRIRC0; Haling FFdiefedtnc condtant of St f&: eas

dielectric material, of claim 10, having a
RoXyNi.0 (1)

wherein

R is the first alkali metal dopant:

X is thé second metal dopant selected from the group
con515t1ng of -at -least one of tin, ahtimgﬁy, indiﬁm(-
tungsten,'_.1r1d;um,_'_scandlum : gallium;: - vanadium,

'ichromlum, gﬁld‘ yctrium, lanthanum, ‘rutheniuvm, rhodium,
;»molybdenum and nloblum. ‘ _ '
SV, Y and z are st01chlometrlc rar@os and wherein
,Vls 001 £ v £ 0.35; | '

0.
‘y is 0,0Dl $'y £ 0.05; -
O

2z is 0.60 £ z £ 0.998; and
wheréin'v # y + z = 1.
2. The nickel oxide of claim 1,. wherein said

‘alkali metal dopant is selected from the group consisting
of lithium, sodium, potassium, rubidigm,_ cesium  and

francium.

3. The nickel - oxide of claim 1,  having a

‘dielectric coﬁstant of at least 107,

4. The nickel oxide of c¢laim 3, having a

dielectric constant of at least 10°.

14
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5 composition represented by the general formula I1): R",XyNizO(1)

wherein. 10R is the first alkali metal dopant; X IS the second metal

dopant; stoichioMetric ratios and wherein 5-v 5 0.35; y0.05; 5 z 5- 0-998T/5G2008/600026
wherein'v+y+z=1.  16. The dielect c material of. claim i £t3644 November 2008
0.07.,5, whereinv 20 ~ 17. The dielettrie aterial of claim 15,ereiny is

0.015y'5 004, ;18 The dliglectfe matetial of claim 15, wherein v

25is about 0.05. 19. The dielectric material of claim 15, wherein'y about
piglectric constant of at least 10°. .

G. "The nickel oxide of claim 1, wherein v is 0.03

v £ 0.07.

1A

7. The nickel oxide I claim 1, wherein y is 0.0C1

=y £ 0.04.

8. The nickel oxide of claim 1, wherein v is about

0.05.

9. + The nickel ;Oxide of‘:claiﬂ;_lg wherein v iéu‘

“about 0.02.

Vna i0:'-A‘diéléétri§ mate{iai:qomprising é‘higkéi Gxidé
' base 'éo~doped .witﬁ Aa  fiist .élkaii'-ﬁetal ﬂdopant' aﬁd a
secénd metal aopani selectéd from the gfoﬁp Consiéting'of
at least Qﬂé of tin, antimory, dindium, tungéteﬁ, diridium,.
scandium, gailiﬁm, .v§nadium;- chromiﬁm, 'gol'cir cyttrium,

lanthanum, ruthenium, rhodium, molybdenum and niobium. -

11. The dielectric material of claim 10, wherein
said alkali metal dopant 1s selected from the  group
consisting of lithium, ~sodium, potassium, rubidium,

cesium and francium.

12. The dielectric material of claim 10, having a

dielectric constant of at least 10°.

12. . The dielectric material of claim 10, having a

dielectric constant of at least 10°.

15
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material disposed between said electrodes, wherein said dielectric

material comprises a nickel oxide base co-doped with a first alkali methc 1/SG2008/080026

doparit and ‘a second metal dopant selected from the group 16 ARTEREEF1 November 2608

Sheet [PEA/AU PCIUSG20081000026 Received 21 November 2008

consisting ofak tungsterstiridiumageld-tan amd pichikmi teast enenef tin,
Qtiﬂ%@,iéngig.rg,tsé%acndi m,.gallium, \i%ragdium, chromium, thanum,

rut emunnrhodﬁnn,qnéﬂ denum 21. The capacitor of dielectric

material comprises as the main component. claim 20, the co-doped

hereinithe nitkel oxieleed022: Theteapaditordf clainm20,0vhéreirithe a

corgened nickelkoxideds @t degst 950 by weightof-the:dielegtric material.

RyX,Ni,0 (1)

wherein ‘
R is the first alkali metal'dqyéﬁt;
¥ i% the second metal ddpant;r- .
‘v, v and z are‘Stoichiometriér:atios and wherein
| v is 0.001 v £ 0.35; o -
y is 0,001 Sy <008 .
C'is 0.60 € 2 $°0.998; and .

S wherein v + 'y + z = 1.

16. The dielectric material of claim 15, wherein v

is 0.03 £ v £ 0.07.°

17. The dielectri¢ material of claim 15, wherein y

is 0.01 £ y £ 0.84.

18. The diel@ctri¢ material of claim715, wherein v

is about 0.05.

19. The dielectric material of claim 15, wherein y

is about c.02.

‘ 20. A capacitor homprising a pair of electrodes and
a layer of . dielectric material disposed between said
electrodes, wherein said dielectric material comprisés a
nickel oxide base co~doped with a £irst alkali 3métal

dopant and a second metal dopant selected from the group

16
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23. Use of a dielectric material in at. least one of 15 an electronic device,
a .semiconductor | and an energy storage t device, Wherein said diele'ﬁ i
material doMprises a nickel oxide base Hco-doped with a first aggali.Me%t

. . . Uy
dopant and a second metal dopant selected from the group consisting o
at least one of -tin, 20 antimony, indium, tungsten, iridium, scandium,
gallum, yapadjgm chrainm, gqld, yitrum, Janthanum, fthenidgl
rhodium, molybdenum and néleum. 113 24. Theduse of claim 23,
WS 3aid BlsctBhic 257 devicd cHifprists a Eahisonatit selected ffom
tivd Grouys eohsistingeof-d aamsistor ihtsgratedoifceit am - gate insdiater, an
oMaveresonator,a piezoelectric transducer, an amplifier and a capagcitor.
17 Amended Sheet IPEA/AU S , ‘ -

SG2008/660028
MNMovember 2008

21. The capacitor of claim 20, wherein the
dielectric material comprises the co-doped nickel oxide

as the main component.

22. The capacitor of claim 20, wherein the co-~doped
nicke! oxide is at least 95% by weight of the dielectric

‘mabterial.

'_23ﬂ  Use of a dielectric material in étuleast'one of
C.an’ éléétronicl'dGVicé},.é ,semi;qndﬁétqi“ and'_an"eﬁergy
Vstérage’_ device, wﬁereiﬁ< :Said Jdiéléctfﬁé material
comprises a nickel oxide base co-doped with a fifst
alkali metal do?ént and a second meﬁal dopant selected
from 'tﬁe gfouﬁ, coﬁsistimg‘ of at least one df"tin;‘f
© antimony, Indium, ‘l:uncjstenF iridium, scahdiumq gallium;
'vanadium, chromium; gold,-yttrium, iantbanum, ruthenium,

rhodium, molybdenum and nicbium.

24. The use 6f claim 23, wherein said electronic
device comprises a component selected from ihe group
-consisting of =a transistor, a gate inéulatorr an
integrated clrcuit, a microwave resonator, a

piezoelectric transducer, an amplifier and a capacitor.

17

Amended Sheet
IPEA/AY



