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Co- Doped Ni ckel Oxide Technical Field The present
invention generally relates to a co-doped ni ckel oxide

wa@pasoei226 di el ectric material conprising the cPeToEBES/000026

ni ckel oxide. The present invention also relates to

the use of the die&%g%ﬁ%%?”ﬁigi%f;%%fdén el ectronic

devi ce. Background ogl ca ancenents in the
field of mcroelectronics have led to a burgeoni ng

interest in the develg nt o l, sized electronic
conponents with bettengﬁﬁt%§£iﬁgg£?ficiency t han

t hei phbapgekes@UnheknRalbhS gehreaaRYNdRNGR &f to a co-doped
prospective applications that exist when electronic

ng ghponetisicarandf tpeducdie k¢ gler rasmarssiplelqoaprd sing the
c%gﬁgbg p?ﬁfﬁyﬁh f§¥déheTﬁéné§ggéhFa'h@%n%&o%l%ﬁ&&pnf&fates
. ypi cal”el’ect’ronic system contai ns passive
teonpronents (pASshees)ielddtkeid emhstaial induanhorslemdronic
capacitors, and active integrated circuits (1Cs) . The
deUABEr of discrete passives outnunmbers |ICs by severa
times and occupies nore than 70% of the area of the IC
substrate. Discrete passives have already becone the

maj or barrier to the mi Magkatonmd on of el ectronic

systens, The integratipn of passives,is ap,energi.
deve&8§ﬁ88?°9ﬁg in Gﬁ’e&m éevglngcﬁsnentl%f tﬁggnex%l%d ot

mgereedtteroaficel eeloniad syst &nburgbufihg tiheerasge in the
quantity of capacitors in ICs, the integration of )
dewgllrerestzedfcapieitor 8178 of SR Phbor t GHRRONRLE hevith

b%%%@rtig?océQéiﬁ§VQifEHE¥gné§ MrGhoekget KONk §8ger counter
requi res decoupling capacitors with

parts. The abundance of prospective applications that
exist when electronic components are of reduced size has
also fuelled a continuous push for the miniaturization of
electronics.

A typiqal electronic system contains vpassive
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
barrier 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 quantity of capacitors in ICs,vthe
integration of smaller sized capacitors is of much
importance. At the same time, the development of
microelectronics requires decoupling capacitors with

higher capacitance and shorter distance from its serving
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hi gher capacitance and shorter distance fromits

servi ngconponents. All of these require new dielectric
wodosndebe with relatively high dielectric conBtB8G2008/M00026

the mniaturization of electronic circuitry

conponents, ansi stor size, which is a ke . .
BTt B CBRpSRERE 17 Bt roRY coRPFEUrFAS, TREgTials
wilth beraduced; Higrordesl dex i tdbsstadi ) e stil |

mai ntai ni ng a desirabl e val ue of capacitance, the, _

t hi dkhes§hef e it & 2@ P ™i ePdct r £ REEOREFC be CLrCULLLY

cé&?ﬁﬁ%ﬁfa,t r§%%§§{o£h§i989f%%%%ﬂf%§F§U§E Ol5cHi8dndS@ tor
a € 'nef gate capacitance is sufficient to sustain
cdniporoant ehh Ellewtivontice circwuitry, hkesever bed rsdkpedn In

t hat when the thickness of th ate.djelectric .
oRfstk ohGostol ke ULt S5l CUSHRCTLaLRY | y (lpsiraple
vl Rt ircakbaphdipanet, | nedd i cirendheand subsegeenddte oxide

poor device perfornmance. A solution to this is to ,
dirediicfosi @ heagofivertd odesreasen 8roafdecfatidiqli epeEepfe 1N

trvgr{shita(%]pi %}:—evéfr “Bstoe.r itﬁ‘latvmit% aléle%wsgib'%%r ey %cgﬁta%ce is
capaci tance ile mnmzi ng undesir al e current
su femikaigm t Mab esiualta ini tthdi ghrrkntalfles aire kneweircuitry.

Around the year 2000, a |ead-free perqvskite-I|ike
HoyaWR: ChEu 13Ti W9 FE@’?O)W%\&YS F%%o?%‘é&iﬁnetsﬁ aog( the gate
il Rl actyd cgEonsi 884, ofcakoyt &Q2rendBr ¢nceegBbky resulting
[1Tthium and titani umdoped ni ckel oxide (LTNO have

in exletoeni ea komsd deeebt elamblihcioncyt peAt SoRsFEuenkdyr Poor
aigantie, di el seLli cpoonstant | hat ifsletier s han,OCI0 che

s_|gn|te§ fu st udi es on al um nu
cddAMDiandssiicean dexing (48NO) diellewever, witth racédigh-«

di scovery of these known materials may not be .
ma ik oo PO 1OHE | ABFERSFRG CRHERd FG1A GHeIq S &hile

mi"}‘iﬁ{ﬂiﬁrﬂj‘ el oot e canstant Madwese for vari ous
appl 1 cations. As these recently discovered materials

may Mute b isleality dohgatk bivelues useei fneeint-aj round the
year 2000, a lead-free perovskite-like oxide CaCu3Ti40;;
(CCTO) was reported with a dielectric constant of about
10%. More recently, lithium- and titanium-doped nickel
oxide (LTNO) have received a considerable amount of
attention for their gigantic dielectric constant that is
better than CCTO and that has ignited further studies on
aluminum (LANO) and silicon doping (LSNO).

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

There is therefore a need to provide new materials

with high dielectric constant.
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m croel ectronic applications, alternative materials

with high- k values are required. There is therefore a
wmemd/ova2@r ovi de new materials with high diel ee¢T/862008/000026

constant. There is a need to provi de new high-k ceramc

rrat ials that gve Sy st | i,or gt s, .
PGS e & BERNT sets PRbu B DA amic
mzACé}@Iajlsﬂgth@taoﬁllelr&bn@Spe(dr dtheleass pmelidedtas, one or

ni ckel oxi de co-doped with a fjrs | kal i nmetal dopant
MY %fs’étb%rﬁil?l%‘i“é?’?%%%ﬁtd%%@éﬁ% #P8KFt he group P
consisting of at |east one of tin, antinony, indium
tungsten, iridium scandium gallium vanadi um
chroni um goI d yttrium Swmmamshum rut heni um

rho%gc 3%?2“ enum an niohi u ﬁdv%qltar%g %I erlbr(t) fded a

e
nic cihefl asp /as a h ig

nLoKSt adtkidd h@odd@ﬂ:@@tmehcanﬁa@t afl kahe mietdedl dbpaiﬁ: and
may be at | east about 103, at |east about 104 or at
a| é8§Pngb61?ttaﬂ05d°9?fétn?@%@FtSSiil dcéf%y Rgygrup consisting

o£ONpPOsifd repiesedt ed y thegensiwl fad® (Iungsten,
RvXyNi ZO (1) wherein Ris the first alkali net al

idopam, Xs¢andhemsecgadlismal depadiumy , ghrewdumar ggold,

st oi chionetri.c rati os d wherein., sabo 01<v
855 R ol Tk o el  one
nZoki @ 998; and wherein v + vy . In one

enbodi nent, v is about 0.03 £ v £ ,O. 07 and y .

Advantageously, the nickel oxide of the first aspect
has a high dielectric constant. The dielectric constant
of the nickel oxide may be at least about 10°, at least
about 10* or at least about 10°.

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

RyXyNi,0  (I)

wherein

R is the first alkali metal dopant;

X 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 < y £ 0.05;

z is about 0.60 £ z £ 0.998; and
wherein v + y + z = 1.

In one embodiment, v is about 0.03 < v £ 0.07 and'y
is about 0.01 £ y < 0.04. In another embodiment, v is
about 0.05 and y is about 0.02.

According to a second aspect, there 1is provided 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
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is about 0.01 £y £ 0.04. In another enbodinent, v is
about 0.05 and y is about 0.02. According to a second
w@s@end122¢ here is provided a dielectric nmateriedT/SG2008/000026
conprising a nickel oxide base codoped with a first
oflkéQé,'ngﬁﬂim. ”tiﬂﬁguﬁ,SGEQHQ E@Lal PPP m§e|§3§ﬁﬁﬁum,
rom t’he group cdnsisting’of at Peast oneo tin,
gahtiumny, vamad iy, t uigséreiym, righloy sdandiwmy lanthanum,
[1ium vanadium chyaomum gold, yttrium | anthanum
r‘?ﬁ?%ﬁ‘i"_ﬁm %?‘Pfgh‘i“ﬁmm Q?‘B%I%W&rﬁ%%d”#%b’i”ﬂm Accor di ng
to aptbbrdiRgprad . at hererds psvdded theaapagit Oprovided a
conprising a pair of electrodes and a |ayer of
CapatEee¥ i COMRLEFIAD di Spubedoberkestrosics ettt rodéyer of
| n. sai ' trijc i a I Ses, :a; ni
oBRFEEEELEC HaPhEL2E' | T RBRRED, CheERRRR “RY "silirgrodess
wlaeite Bn Seadad diefl el tddpantateatiect ecofipohséheagmdufkel oxide

consi sting of at |east one of tin, .antinony, .indium
bRhgSEIRORT dMAP seanti b o 1ikim MoAAdd) GRpent and a

sé%%@@iﬂgtagobgpaﬁkt@éﬂ@cﬂéﬁufEHﬁ”&héUgE@GbU@onsisting of
rhodi um nol ybdenum and ni obi um According to a fourth

ataspesst vher @f stiprovedetmanyseipfliomdi éuagstiesn, iridium,

material in .| east _on f_an Loni c ice, .

S%aer?r?%%%ﬁuc?%?ija% ! anvgﬂgggﬁmét or%t'}i%éh gl\gll'ce%%&hqgr eilﬁ:trlum’

1&@tgathie) echthen b o iladbd Danp rimsegbde i kehd oxi diei base
co-doped with a first alkali netal dopant, and a second

met ACEHIPEAHRY skP ekt EAUFFBNPERECHr 0GPSEENSSs LAY Iste 2 use

of €3shienecel it RatdRtiiAoNY, ANdi Mttt YAgSHeNan dIdMBonic
scandium gallium vanadium chromum gold, yttrium
dé¢aichanian sertimemduantorhodindm anol gheeavm skeragobidgiice,

Definitiong The.faollow ng . wor.ds and r used . in. .
W%%%‘H“h%@éat O A g R
b&o@statdopgessd t @ib@ | At efpret echlkali 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, yttrium,

lanthanum, ruthenium, rhodium, molybdenum and niobium.

Definitions

The following words and terms 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 vacuum
(or air).

The term “substantially” does not exclude
“completely” e.g. a composition which is “substantially
free” from Y may be completely free from Y. Where
necessary, the word “substantially” may be omitted from

the definition of the invention.

4
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broadly to refer to the ratio of capacitance provided

by a specified dielectric material to the capacitance
\V@ﬁmmmmumn1(or air) . The term "substanti al | y"PciDe62008000026

excl ude "conpletely" e.g. a conposition which is

"SUb%bﬁgg a'E eEi8¢e dfrggﬂgﬁﬁ?yebe1ﬁﬁﬁpk%&ﬂﬁy ﬁESﬁpﬁéilng

necessary e word "substantial ['y"
abe oﬁbbmedlﬁedn1tbeddebkammaomcaﬂ theruaMEatlbhethbéss are

.specified otherwise, thet GO. ng",

SREGRAFFEES BN Gt PEAR VEFi antE Lenor L dpguage such
thatended 0 18P €8Nt reEPERd OklemeltdSi it | aDs®gepermit
such that they include recited el enents but al so

lﬁ@ﬁ#ﬁﬂ°ﬁn@ﬁu§ﬁ§ﬁtépnédd|PPéﬁ&Pt?@nﬁé@m@@@Selenents As
used QeM%éh ﬁQ? iﬁrnk @b%g *%?é@f“cog e&he context of

concentratlons 0 conponents o or nul ati ons,
coyipeaalrby ioBans bE- S%bmbohhetstated vakhe, nﬁoemulations,

typi call +/- 4@6 tated valu re typicall
RSl meRB s e d Ui o YR KPS, WPEEbydically
+i/he 43¢ aéedtMel lé%at%\deniarmfee try@ﬂ‘@a*:%iﬁlééil %0t t3we of the
stated val ue, and even nore typically +/- 5% of the

s¢paedd Wadluge. W@u@h@y@aiws #7 scPGs@ofe, thershaped value,
<SaRog ”%”ttf%[g’f f C' q9sed, ¢ “tﬁ‘efé@g%eho'fm%e Itand even
JRould B ers o%d

hat 't he déscription in ran
mbeemaypisaieyeky -f or. 5eovfenhenceazed bréwviet.y and
shoul d not be construed as an inflexible I|n1t(}|on on

the SBEREIBPULHELI S cII3SEd PR kGas. CRAEEDIRI RRRPAimERES may

peesefd Pid QY ofi na 4 apgrgehaudhake considened i haM8erstood
specifically dlsclosed all the possible sub-ranges as

theltl &dei ndiesatuglt immerircalrardaiestoWnat n iphatmerpge. for
R PR e HAPLAPTo Spb B0 BRI oo o
istibekanges SueH tas ifonomch tahz , §dae 1 ¢ 4the disclosed
ranges. Accordingly, the description of a range should be
considered to have specifically disclosed all the possible
sub-ranges as well as individual numerical wvalues within
that range. For example, description of a range such as
from 1 to 6 should be considered to have specifically
disclosed sub-ranges such as from 1 to 3, from 1 to 4,
from 1 to 5, from 2 to 4, from 2 to 6, from 3 to 6 etc.,
as well as individual numbers within that range, for

example, 1, 2, 3, 4, 5, and 6. This applies regardless of
the breadth of the range.

Disclosure of Optional Embodiments
Exemplary, non-limiting embodiments of nickel oxide
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,

scandium, gallium, vanadium, chromium, gold, vyttrium,

5
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fromlto5, from2to 4, from2to 6, from3 to 6
etc., as well as individual nunbers within that range,

wo ooosexaeple, 1, 2, 3, 4, 5, and 6 . Thi spappt2008000026
regardl ess of the breadth of the range. D sclosure of

1Sﬁ%hgﬂéh,5¥99ﬁéﬂﬁﬂ S EXBERLAL Y md9Bdenthd id34 niobium will
enbodi nents of nickel oxide co-doped wth a first
nawkhki diretabseddpant and a second netal dopant sel ected

fromthe . group consisting of at, |ea one of tin

anti nofiy - iVﬁBi%_Sﬁfs gstemnd r?}&?ﬁm%gcgr%&ivﬁmsedond metal
d8phhtYM w¥anadbulbpehr @RitUMa gal@t Witkdlumnledlhafupant as

ruthenium rhodium nol ybdenum and ni obiumw || now be
dipsépasddheTréni Avermisie haveldoundst#Be, t RaYaBGwalt in a

d§$E8Pgr§§tﬁ%t%??@ft@itﬂhﬁf%ﬁoaggfﬁgt¥ﬁ5hc§n§£5§£.
al'kal neta opant as discl osed herein 1 n nickel
oxi dehsystievigsctrmyc r esustant aofli élhect dielgateicalmaterial

with high dielectric copstant.. The diel ectri G consta

n8Y ' Bho o eIty I AP o i al Ty BASE PERE Mhodt F0g, feast
aBbulteasgt about 104 or at |east about 105. The second

net al dopant may be selected fromthe group consisting

of tThe asre¢orrhymeitadi upPeDAgstan, be i gedRctecanbram the

| Liu Lum _¢hrQm.um I tri;ums: nth@mﬁ%%
g?%?ﬁen%rr#%rgﬁgégumc’%mfgy denl?%%alﬁrg i’obilﬁl‘#ﬁ’e nic ten,
iexddempay sbandbunppedanitinma f iviasiaddhkgl i ahetaliwgpangold,
sel ected fromthe group consisting of lithiu sodi um
VREESEE; url o R TR D EOCR e Whel (ATl I bysSena and
n€Bbodiyrent, the alkali metal dopant is [ithium In

anot her enbodi ment, the al kali netal dopant is sodium _
I n aTher nhekeémogdideemay thre apkdPpPederathdepdritrsts alkali

mBQE?SSh%gEnt selected from the group consisting of
lithium, sodium, potassium, rubidium, cesium and francium.
In one embodiment, the alkali metal dopant is lithium. 1In
another embodiment, the alkali metal dopant is sodium. 1In
a further embodiment, thé 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):

RyX,Ni O (I),
where R is the first alkali metal dopant; X 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 < y
< 0.05; z is about 0.60 £ z £ 0.998; and wherein v + y + z

= 1.
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The ni ckel oxide may conprise nore than one second

nmet al dopant as the co-dopant. In one enbodi nent, the
waeemengizeet al dopant nay be a conbi nati on of tPEIT/8GZHOS/000026

anti nony. The conbination of tin and antinony may be

codopec, i thubd d THlR | 1} 0 D G5l 01 6. < The<dppgd or v is
ni ckel oxide nmay have a conposition represented by the
ak?ﬁrter(moﬁor nohaahbkheRvXphozd@nehy, wherse ddawt thell < y <
irst alkali netal dopant; X is the secqnd t al .
0 b ¥ viS PaNG - Ge STRF CHEBILERIE PAPPUSNARlel oxide
meLAId) thd SEHBRMa @.Q0LXE WK, B35 Y i's about 0.001
<y <0.05 zis about 0.60 <z < 0.998; and wherein v

+ y They zesphhtane elmsdl nBackey iaxigouhay. 03 £mgdeg by a
0.07 or.v is Ldn h ' Y LS
i % il PO Sy a1 Lo QREAETo BEPOGTRL o CBp-oer
metoper], ndickehs o der oeys haaed t henf omplibatbhitdon05Xchniques.
02Ni 0. 930 . The result%nt doped ni ckel q;%?e.

Thebe BY BenbrbEF &Pafr ddeddss SUCTISS ROt s%g? 588, the

sl et a1 SAbpaak MRk dhffygheaaprecesssandoi®nsalt,
I mpl antation techniques. It is to be noted that if the

orsohsgel sketdlodly sinsediubide seddond Fhealsaspghtmeksyl pealt

i nt.r oduc S a_soluble salt a ightl
mashal A RETy Ton et PPl tagdfulled SheAlkied with the
redictddtght iyedinsal ullee, syhege i wedhwidt h the deadrawrs to a
used in the sol-gel nethod. A s is known tqﬂg gerson

Pasigan etk i hledhelar Ehet REty edbfamt@ UsEE S s B hBf sol-
gé;'ﬂ’j\} rﬁggh??%/ ﬁ‘%wd"&?rﬂé: kgl cipdir atie rQkeSUubsEr Mbrkehickel

_ dmnitrate or soluble lithiumsalts,
saditts,i clathduanchidetare Accodivigle, likbiami ohpbfst heitric

oSSRk 3oLt TR PR L ES b LSS 9O gocona
mdddiorsgder Ba@migde, selected from the group consisting of,
but not limited to, acetate, chloride, fluoride, bromide,
nitrate, chlorate, perchlorate, sulphate, sulphite and
tert-butoxide. |

It is to be appreciated that the concentration of the
second metal salt to be used in the doping process would
be obvious to a person skilled in the art without undue
experimentation by working within the solubility limit.

The dielectric material comprising the doped nickel
oxide may be used to form an electronic device, a
semiconductor or an energy storage device. The electronic
device may comprise a component selected from the group
consisting of a transistor, a gate insulator, an
integrated circuit, a microwave resonator, a piezoelectric
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.
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nitrate, chlorate, perchlorate, sul phate, sulphite and
tert-butoxide. It is to be appreciated that the

weonseyie@t i on of the second netal salt to be PSESG2008/000026
t he dopi ng process woul d be obvious to a person

ski | i I ' | i hen j
oer L e B e SYRELL SETLLECRM: and
lageer icf doapecsrihg et edopdd oomkelsbng déheayddredisadckel

tQ forman el ectroni c device, sem gonduct or .an .
o¥nEPgyILTRPaEY QST THE! BLEFbRPSdevi cd My diclectric
me@BRAh3e Ra¢oRRAMIIssSeLfet esbfdeped haigkeup oxide as the

consisting of a transistor, a gate insulator, an _
mpAPe R RGN cui tIN aomiecr Refsonatbe, g-doped nickel
RBECSE! e LEANMUAET 953N PLILIHE a0fl 4 fAPAELIBELric
Such as a ceram c ‘capaci for. e energy storage device
maByrhala capeacidd\doperkngicldbragedeevagecampaise up to 25

enbedded energy storage device. The pacjtor_ ma :
medAEr ifze WB &l Pt des Rt agga%}% apf e 5% the first

adikgh8ct i€ aMBt @bbahtconpr irpienNg cbhacdenedninkkel exide may
di sposed between the el ectrodes. The dielectric
compeiisal upayocSmpdlsy the Wo-dopbdielaket okide b3 Pheolar

mai npenent .. In L.ment he, _co- ed, ni I

°ox0|%e%}?reay e O&d Iné%s‘?fQ%;xg ggltv'vei gﬁ?éof% Kl %é)%%?eﬁ]e{c}%%(% oxde

mggrt eb}r@r.isEhexpCO:-diC&EBdnd’ﬂia:&(e%, oxp dieo N&YS conpa i s¥, uppt bo 70
o nmolar %, up to 30 nmolar %or up.t 5 mol ar % of

mER@ Tt 3y OF FPkAL 'mefRiladofat. t”]“ﬁe%&&?‘t? p&&ifickel

oxi de may conprise up to 3 nolar %, up to 4 nolar %

or up to 5 nolar % of the second netal dopant. The

co- doped ni ckeBragrfieDgsgrip¥pons@fuprayisgsnol ar %,

up tg.65%nolar %.,. up to 70. nol ar. % o 75
% of %Pﬁe rﬁc&?éqpaélﬁléleq? riett Sscr}lp%ls)%trfy%é Dr%vvi ﬁg%éiosed
ehbedaaearpamyd NGedvasd Ngs idpbiimt eha dbsthosgtles of the
disclosed embodiment. It is to be understood, however,
that the drawings are designed for purposes of

illustration only, and not as a definition of the limits

of the invention.

Fig. 1 shows the loss tangent and the dielectric
constant with varying frequency for titanium and lithium

co-doped nickel oxide.

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

doped nickel oxide.

Fig. 3 shows the 1loss tangent and the dielectric
constant with varying frequency for antimony and lithium

co-doped nickel oxide.

Fig. 4 shows the 1loss tangent and the dielectric
constant with varying frequency for tin and lithium co-

doped nickel oxide.
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enbodi nent and serves to explain the principles of the
di scl osed enbodinent. It is to be understood, however,
wo bas/ovfzes dr awi ngs are desi gned for purposes 0PCT/SG2008/000026
illustration only, and not as a definition of the
"mk;gof £ he; & nugnt ixika Fi @1 £k r8RQUS Nt NexkeSS baBeerh of
and t dielectric constant with varying frequency f
titannimnaaddlithhimnrcooddppddnackkel ogtdde. Fig. 2
shows the | oss tangent and the dielectric constant
mntthgrylag isequen@ymay' Didifurencancnl i t(KRDN cpdbpedn of
ni.ckel o the | ss t angent and the
igférBcerfic &BH%Pgn?Omﬁ?ﬂ aPyFKG fPéﬁasncy for

ant i nony and l'ithium co-doped nickel oxide. Fi
showEi@he /| ds3 RRAngeReYarkt tiHe it £RR) c§ﬁ§g§ﬁp of tin

aHﬁtE HiMh”QOLHSSéénﬁicRQE Bkﬂdénd |'i thi um codoped
ni ckel oxi de. 51s an X-Ray Diffraction (XRD)

pattﬁgg ofgtif n'a D?c;‘?z a;ct i ¢ gz%%aed (Rkekel pextden of

Fig s an tion pat tern’ of P¥hdi um
aanﬂmbnyhaud1mmtumpmdcnrdkpédouidkelFogldé is an X-Ray
Diffraction (XRD) pattern of tin and |ithium co-doped
ni ckefgoxiodeis Fag. ¥B-Rey aPhstHayebt tbnadpeat {fosRidpy  (XPS)
gattern of antlnDnX and |ithium co- do&ed ni ckel oxi de.
gitaniumaAng- Ry PHBt 68reePPEnnSHEELr 8%¢TFy (XPS) of
titaniumand |ithium co-doped nickel oxide. Fig. 10 is
an XFRay PRotidel ¥t KoRaBpEROLESeEHF FCRPSPIILTIRFUN  (XPS)

gﬂgnbiﬁH'HHbCQ grpaf BBQESL?QXh?Sk?E'leéé I's an X-Ray

ot oel ectron pectroscopy tin and Iithium
Co'dPng qlcﬁs IgeRay Photoelectron Spectroscopy (XPS)

of tin and lithium co-doped nickel oxide.

Fig. 12 is an X-Ray Photoelectron Spectroscopy (XPS)

of antimony and lithium co-doped nickel oxide.

Fig. 13 shows Scanning Electron Microscopy (SEM)

images of titanium and lithium co-doped nickel oxide. Fig.

"13a is the SEM of titanium and lithium co-doped nickel

oxide at a magnification of 2000X and Fig. 13b is the SEM
of titanium and lithium co-doped nickel oxide at a
magnification of 5000X. Fig. 13c and Fig. 13d are the SEM
of titanium and 1lithium co-doped nickel oxide at a

magnification of 10000X.

Fig. 14 shows Scanning Electron Microscopy (SEM)
images of indium and lithium co-doped nickel oxides. Fig.
l4a and Fig. 14d are the SEM of indium and 1lithium co-
doped nickel oxide at a magnification of 2000X and Fig.
14b is the SEM of indium and lithium co-doped nickel oxide
at a magnification of 5000X. Fig. 1l4c is the SEM of indium
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Fig. 12 is an X-Ray Photoel ectron Spectroscopy (XPS)

of antinony and |ithium co-doped nickel oxide. Fig. 13
w6 bmsmsB3e@nni ng El ectron M croscopy (SEM i magestT/e62008/000026

titaniumand |ithium co-doped nickel oxide. Fig. 13a

j of Ly u li dop of
a%éldgﬁggﬁglﬁgan| ?%%t?%%ﬁ%?'z%%%gggﬁg ﬁ?g%gf%ﬂﬁ%?iFﬂgn
1GEMBE titaniumand |ithium co-doped nickel oxide at a

magni fi cati on of 5000X. Fig. 13c and Fig. 13d are the

SEM pigti t abi ushamsl I$¢mmmnmgo Hb@@dr@mcMEicna$depﬁt 6SEM)

magni fi cati.on of 000X. F| S annln
SBREE B W8 Gtbpy (SR FHaaaEedt P ARt hiaa | (i Lm 152

akQ- deped ﬁB%ke£r8XH§ﬁ§ SEWQ o$4a:ﬁ9da5b9 114H1ame ¢bedoped
SEM of " i ndi um and I'ithi um codoped ni ckel oxide at a

nhekeal f pgatdeoratofa 2m@gv(1§mdar:ngn P4b a%OQmeasEMFég 15¢c is

CRCAR o0, L340, Ut FoBedn kelo s, oice ot

magai ahasdibnt hJIfUFISQO(-)IdOp@dgnI Ck@di dxi dehat S&M of tin and
magni ficatign of 10000X. Fi 15 shows Scannin
LEFRERONCRI EPBEEop P LESEN) O%&&?s Gt tith éﬁ%ﬂq%éaﬁ?ﬁﬁon of
1@@Oggped ni ckel oxide. Fig. 15a and Fig. 15b are the
SEM of tin and I|th|un1co doped ni ckel oxide at a

nagnrgécat §%%€ﬁ15%9 EfeCt +6n t N8 SEM &b N(sEM)

and hlun1co doped ni de at a magni fication
i08g8800K. akkgmoh§daing ﬂh&hSEM(mbﬂdqpaﬁuhﬂQMQﬂanlde Fig.

0- doped ni c ide.at a m nIfIC on of 1 000 .
1%‘?9.1£6t§ﬁ0\/é§%ﬂscgﬁn|aﬂbtlﬁ‘e%¥r RdM F Jc‘g?)yCPS% nickel
okiBgest0h aRlgnTE:aanGdH idhi20060- degediplcCheb @ dthe SEM

Fig. 16a is the SEM of antinony and |ithium co-do

ofi cReFiBgnde anda AAGRILC atGOoRoBrR R 000X kd m@léjqebat a

méin%?fc?gyggfcﬁﬁtﬁﬁy@f.a@ﬁg&'tf@&nlgotﬁﬂpegEﬂ'Qﬁ?lantlmony
OoXl ge at a

and lithium co-doped nickel oxide at a magnification of

10000X.

Examples
Non-limiting examples of the invention, including the
best mode, and a comparative example will be further

described in greater detail by reference to specific

- Examples, which should not be construed as 1in any way

limiting the scope of the invention.
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magni ficati on of 5000X. Fig. 16¢c is the SEM of
antinony and |ithium co-doped nickel oxide at a

woragsiodizeat i on of 10000X. Exanpl es Non-1i m ti NECT/SG2008/000026

exanpl es of the invention, including the best node,
and a conparative exanpl g rdide further described in
greater detail by reference to specific Exanples,
whi chClsdioad e nibtathkorwonstfr uediseninomany way, | imMndhgn and
anpl e 1 Characterization
hidh ¥ antimony co-doped |ithium

N|O The I|th|unrco doped Ni O was prepared via the

fol | omeg typhcah proceadpeds. NGO stwys lpgephtedic adhbd the
to achieve a pH value of about 2), 1.388 g LiNQ 3 and
ghlenigny ot YP1 ¢ NOBP RBFEEEN 1T e ﬁ%?%ElYogétﬁeFltﬁlfOGQ%d (to
dcil S3d 'Aeﬁa(%iu@%@r abblle )xt qresréaa ROst 6l liM1.5195
stirred to allow the precursors to co etely dissolve
g N1 eODI 6Hed evens BYkdentedebiern cheéﬂosmﬂuﬁhﬁtllimg (DI)

%%pr%g:&%g oOIO i 5’21' S “%gz‘%étt a?'ﬂ%bat yir ‘?td *éﬁ;ntaéﬂgw the
pI&EBr{&3HL) I | 45-Bm)pl)et\&a5§/ t H&Bs&'lw ylﬁddﬁﬂet ol hevater as

sol ution and heated to 80 OC . The sol uti on was
erideneedt Rhi @ teﬂrﬁérat BPEULAPT} tTRE eX@RROR e dopant

$%9@9r§ eglﬁgglhﬂe lﬂ'fHHﬁﬁ&Qﬂ§§ 9k 1m%H208?%ﬂM¥%ample,

en cal ci ned at 8000C for approxi mate
2es208i ng tatrhbutgilneatiotmafe ul tiCisCHe) dwled 3. was then

ubsequ ra fjne. omde 0 res
5% %eﬁ4§%§ |nggEﬁEﬁﬁﬁE1 I¥§dp§ﬁ @'HF%SS The
soer i P02 PSktfiekeabaut ﬁhﬂﬂrﬁ@ﬂﬁéﬁﬁ@hf@eﬁnﬁhmtQh@dexcess
at 1280°C for 4 hours. The Eellets wer e then

wharact erpoeeted ardnshef spheFioni BREeREFc I8dnsTast gel was
&ﬁgﬁ &Qfgfﬁéd éfr§ﬁOQﬁf%5§CEbBPoximately 1 hour, resulting

in the formation of ultra fine powders. Subsequently, the

ultra fine powders were compressed into pellets using
ENERPAC manual Hydraulic press under 1500 PSI for about 5
minutes and then sintered at 1280°C for 4 hours. The
pellets were then characterized in terms of their
dielectric constant, loss tangent, x-ray diffraction
(XRD), x-ray photoelectron spectroscopy (XPS) and scanning
electron microscopy (SEM).

The dielectric responses of the pellets were then
measured using an impedance analyzer (Hewlett-Packard
4194A) in the frequency range of O.i to 1000 kHz at room
temperature. Fig 1. to Fig. 4 shows the variation of & and
Tan & against frequency for Ti, In, Sn and Sb co-doped
LiNiO. From these results, it was observed that the NiO
co-doped with Li and Sn showed better properties by less
variation in both Tan & and & in the measured frequency

range.
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(XRD) , x-ray photoel ectron spectroscopy (XPS) and
scanni ng el ectron mcroscopy (SEM . The dielectric
wo empoyes of the pellets were then nmeasured UBCTISGZENNS/000026
i npedance anal yzer (Hewl ett-Packard 4194A) in the
freq cy . Qf t t
e uPBITEES1 "ato BTG RO arbeter the
pelaed sTasclli @gad nstref r equeinoyl  ophdse lof SdCabadsshl solid
cQ-dagped Li N Fromthese results, .it was obs

@) )
SOt 1PRe S AXPioe) BRI ATod A ST R IRT s Tlets in

tRORRY ti B35 Vr s S yrardAtd 59N sy Betdh1kaN Lrdnsh@®h Nin Fig.
the measured frequency range. XRD anal ysi s was enpl oyed
5t dcwohRfgr mBuheihler fone anpdes deddevéniaps Pafitpjins with

phase of N_O base i | ution. T kgfgg S
pﬁ@%fgorcrcr)er eggotnﬁéngi ﬁ‘f”e?@é}sg& Iﬂek}é; Hll%il“qu]e C}I\?aﬂ%%g?r%}r%cept
£2%° 4nx185°imtnshgiasyl tsraseishoynindiEaging ttheFighsdéhce of

Al'l four sanples had simlar patterns with peaks
ac5ECOSFoRAPRG -t 0o NNO in the measured 2Q range except

for gpmkk iknbensikiyaNar imdinsiedidLat $ia-£ Ass @hSENCexes)
of a second phase. |ndividual X-Ray Photoel ectron
wspectrasticpy ¢XPS)owdidenddrini edheueleventenpirepeniie in the

el eqent s esent in_the.saml.e n hi f.ql | :
B BT ehoaThet R el Soay A0 EHe THogt oS Far Soyranss o 2t
tGe, rNigaBnet ©f inkke@es?® t(0,FCg. N12Pdepert sSFiie XPSosEag. 12
results for the four different pellets, SEMwas use(tj
depighser tBet h&P8er 8APE nfePBstPucfaFe bPethECRpyrdifferent
p%Ermltg.pel lets. The detailed pictures obtained from

Mare shown in Fig. 13 to Fig. 16. Applications It
Wi || SBY avepr ecieal ¢ tdime e e ctoswul eraneeiassructure of

?(;Elsgéttlr hlsggpqleelggi{égs Fo%teanéétéo‘gfggt %Q%%%Sz’fle%’ obtained

from SEM are shown in Fig. 13 to Fig. 1l6.

Applications

It will be appreciéted that the disclosed materials
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 capacitance.

More advantageously, with the use of fhe 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 1is caused by_the reduction
of the surface area of the transistors during
miniaturization. As a result, leakage currents due to
tunneling will  Dbe substantially minimized and the
complications of electrical and power inefficiency and

subsequently poor device performance can be avoided.

12
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materials can be utilized in the manufacture of

el ectronic circuitry conponents such that they are
weapabde20f being mniaturized without a | oss POT/SGE08/000026

desi red capacitance. Mre advantageously, with the use

of t di i a igh diel [

consE ot SRS T chaese oF T ha uare dhoel el r 104 Sot as
attansasives doés notkrrasre t ochbghreddéededtasdri calmatdgmial.

rder to offset the decrease in_gcapacitance ich is

A %%%%%9%9ufi%'réb&n %ﬁ?%ﬁs?$em§ﬁ??éé Saﬂ%¥cyf%%ebe used
td r ansisdorSuddIr | NG WM ahighzat H1081ebe8id rasatdrials  in

| eakage currents due to tunneling wll be .
appbstabions | yharai Ahgednang hRghc isiliccatiiondaderials are

. ) ed™art | _
| n§%g§5 §@LpP0deBOVELe | NET{RELENGYe ALEL SUDSEANER 1 dns

vice perfornmance can e osed
di el B@¢tantagatvesinl s mapeal sdiacfioasdal t éridt | vesialectric

known hi gh dielectric material. Advant ly, .th
n&t 3t %g ﬁﬁ%éri slﬁﬁggal%éabé”hsg%f?% E%%i??tﬂ?ggce’ a

s&RP¥BN A 8ho Hi 8Leghr EaeBleEBlrSgkn dapflcecat iToRs eIt&ronic
the known high dielectric materials _are not conpatible
d¢vicesmayn ¢rrereispea f¢@RPMitcaspdasted from the group

cc')o‘ V:?Q’Efﬁgtgousblfy’ ghe t .ashcgi%st%(},hi QQ d!gech%ﬁ _r;llﬁsulator, an
naterials may be used 1 n an el’ectroni™c device, a
isesgconddctOrcol t anaenecgywaer agesotaviosg. alheiezoelectric

el ectroni c device_may conpr.i se a conponent sel ecte
heFLeTngh ar

d .

EFRAIT AT gr 8lip2EB 8f 3aCEPaAS-SEor iR §qt & ceramic
cAPSUl BLPT . aRel RIRIAL ek Sidddli devAcdl REPWBYE a capacitive

resonator, a piezoeléctric transducer, an anplifier
er@don capacthger davhcas arcepran embgedeid oenerigy storage
qg&hergy storage device may be a capacitive energy
%Yorage devi ce or an enbedded energy storage device.

Mor eMagly arddganissdanudhe ditsiel osedchbghddilel get rdielectric

materials may serve as rudinentary starting points for
materials may serve as rudimentdry starting points 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 without departing from the spirit and scope of
the invention and it is intended that all such
modifications and adaptations come within the scope of the

appended claims.
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future researches to be further carried out on these
di scl osed high dielectric mterials, so that a

woreaosfveké wi th an even hi gher dielectric constBGI/SGEEPS/000026

be derived fromthem It will be apparent that various

ot her nodifications and @adgpisti ons of the invention

w Il be apparent to the person skilled in the art

after reading the foregoing disclosure w thout

de rt| fro he spirit an sc pe . fthe nyent i .
j i ed §Eg? af? 8 flrst (§¥kall

W
Ci' I Catl ons an

meﬁﬁmﬂmé@éﬂﬂsaﬁanﬁ Wéd@ﬂdtﬂét@LOQQp@ﬁttBelabﬁeﬂd€dom the
clainse.Cains 1 . A nickel oxide co- dotped wth a first

groikal okl intbpatt @fd detonPifet A1 ddpdnt SAtd@ay -
ind{ &M“t@ﬁnggﬁgﬁ cops §1iR9 %%éﬁdﬂf@St g20€i gk, tivknadium,
I'mony, I 'Gm “tungsten, iridium scandl um
chzgmh:luml,m gwddadi yint x tim onilamthgolugy, ytutheniuhantdiasimm,
ni u hodi.um nol ybdenum and ni obium 2 . The
mo;lr?f%‘%é? ;Hrbcg kl:]trud? , wherein said alkali netal
dopant is selected fromthe group consi sting of

l'ithium sodium potassj um rubi di um cesium and

frahci uBhe nittehi ckeldoxidfe dFladmi rhl Whekaisy #aid
a1§HfiEH% éf &gﬁ%@@ni ogeﬁéckgg. %QSth% fgﬁ 'ydagﬂstlng

oXl1 de cl ai Ravi ng a die ectrl c constant of at
oflehstthﬂﬁm 5sodflwe, ni phebhsexiuge ofrublidimmgd , deaviumg and

diel ectric constant of at |east 105. 6 . The nickel
frapGid®of claim 1 , having a conposition represented by

the general formula (I): RVXyN O (1)

3. The nickel oxide of claim 1, having a

- dielectric constant of at least 103.

4, The nickel oxide of claim 3, having a

dielectric constant of at least 10°%.

5. The nickel oxide of claim 4, having a

dielectric constant of at least 10°.

6. The nickel oxide of claim 1, having a

composition represented by the general formula (I):

RyX,Ni,O (I)

wherein

R is the first alkali metal dopant;

X is the second metal dopant;

v, y and z are stoichiometric ratios and wherein
v is 0.001 £ v £ 0.35;
y is 0.001 £ y £ 0.05;

14
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wherein Ris the first alkali netal dopant; X is the
second netal dopant; v , y and z are stoichionetric

wo adogog122nd wherein v is 0.001 < v < 0.35; y iBCODSODDS/600026

y <0.05;z is 0.60 £ z < 0.998; and wherein v +y + z
= 1. 7, Theygnggkel ;oxigleg. chggym 6 , wherein v is
0.03 <v <0.07. 8. The nickel oxide of claimé6 ,

wher ei Iwyergil. 91+ <yyt<z0=04. 9 . The ni ckel oxide of
claim6 , wherein v is about 0.05. 10. The nicke

oxide of claim6 , whereiny is about 0.02. 11. A

digl ectrhe AatRelabxeaBpfSidigian N ckeheoxiide vbase 0.03
co-doped with a first alkali netal dopant and a second
v et & ‘Hopant selected fromthe group consisting of at

| east one of tin, antinony, indium tungsten, iridium

scandi um galliun1 vanadi um chrom um gold, yttrium

| aht harlling niutckehi omidehodi whaimw| §bdehameand yniishi Gl
%?. Wﬂ? dielectric material of claim1ll, wherein said

K1 9% et al dopant is selected fromthe group

consisting of lithium sodium potassium rubidium
cesiumand francium 13. The dielectric material of
cl%i m 18he s kgl acdide eefr FéadBndr amhcgreist v dastabout
03. 14. The dielectric material of claim11l, having a
dielectric constant of at |least 104.15. The dielectric
material of claim1l, having a dielectric constant of

atl&?asnﬂﬁgsnlckel oxide of claim 6, wherein y is

IN

IN

about 0.02.

11. 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,
scandium, gallium, vanadium, chromium, gold, yttrium,

lanthanum, ruthenium, rhodium, molybdenum and niobium.

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

cesium and francium.

13. The dielectric material of claim 11, having a

dielectric constant of at least 103.

14. The dielectric material of claim 11, having a

dielectric constant of at least 10°%.
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16. The dielectric material of claim1l, having a
conposition represented by the general formula (1)

woRgAb126% (1) wherein Ris the first al kali nep@l/SG2008/000026

dopant X is the second netal dopant; v , y and z are
hi r e@gr n [ <
Oisg of‘i?é BESQQEH’_9§§ 3[“% aqlso% é:iag Z%l Ma$1ng a

dleh@lctwhm ectasnS/tamty erf zat II.easti?lOsThe dielectric

material of claim116, wherein v is 0.03 < v < 0.07.

18. The dielectric material of claim116, whereiny is

0. Ollg < Yrife 069d128rithendicalieqt ré£ wakem al1,0f hekahe a

16, wherein v is about 0.05. 20. The dielectric
CompREF | B9 oferTesenusd Mihetke rosnem hpfrmple2(In1. A

capacitor conprising a pair of electrodes and a | ayer

of dielectric material disposed between said

el ectrodes, whereilXsBigdodi el ectr{T) material conprises

a ni ckel oxide base co-doped with a first alkali netal

dopant and a second netal dopant selected fromthe

groppeansh sting of at |east one of tin, antinony,

i ndium tungsten, iridium scandium gal [ium

var&dl@nﬁh%hfloIfﬁMrﬁl@@le ngkak jderantant hanum

rutheni um r yb and ni obium 5 22. The

cap)gcﬁ or %f§e$$#@%¥£ Cgcr?lgesz[athe dielectric materi al

conpy i pesnd he e dopedchi eket rioxitketios and wherein

v is 0.001 £ v £ 0.35;
y is 0.001 £ y £ 0.05;
z is 0.60 £ z £ 0.998; and

wherein v + y + z = 1.
17. The dielectric material of claim 16, wherein v
is 0.03 £ v £ 0.07.
18. The dielectric material of claim 16, wherein y
is 0.01 £ y £ 0.04.

19. The dielectric material of claim 16, wherein v

is about 0.05.

20. The dielectric material of claim 16, wherein y

is about 0.02.

21. A capacitor comprising a pair of electrodes and
a layer of dielectric material disposed between said
electrodes, wherein said dielectric material comprises a
nickel oxide base co-doped with a first alkali metal

dopant and a second metal dopant selected from the group
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as the main conmponent. 10 23. The capacitor of claim
21, wherein the co-doped nickel oxide is at |east 95%

whpoosedighe of the dielectric material . 24. UsSBCDHG2008/000026

dielectric material in at |east one of 15 an

el ectroni c _deyjce e conduyct ot _and_ an. LAY 5 nd4
Co%ﬁ%ﬁ%ﬁﬁQdéV?c%F %?%?nqégid%gfeﬁégfri%ﬁﬁgﬁnghllndlum’
t USRI Sebr Bd hinekekcand lempageltdudopednadifurmg fahrsimium,

al kali nmetal dopant and a second neta Qpant sel ect ed
go#¢on¥?ﬁé15Wou&Qﬂﬁ%ﬁQﬂﬂwmf%ﬁh%RlT%astS%ée tﬂéiy num

an&uﬁ%égquh_indiunl tungsten, iridium scandi um
gal I'Tum vanadi um chrom um gold, yttrium |anthanum
ruthenium rhodi um nolybdenum and ni obium 25. The

us f aim 24, wherein said electrongi,c 25 | ce
coﬁ%?nggui col gﬁgﬁprSel%gteé%fP%%1t %’groﬁ%egg¥h the

di&nnsi sid Nngadkraallr ansistides atpat ed-kipead onickal oxide
integrated circuit, a mcrowave resonator, a

as pile der Bet PP Nsducer, an anplifier and a

capacitor. 30

23. The capacitor of claim 21, wherein the co-doped
nickel oxide is at least 95% by weight of the dielectric

material.

24. Use of a dielectric material in at least one of
an electronic device, a semiconductor and an energy
storage device, wherein said dielectric material
comprises 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, scandium, gallium,
vanadium, chromium, gold, yttrium, lanthanum, ruthenium,

rhodium, molybdenum and niobium.

25. The use of claim 24, wherein said electronic
device comprises a componenﬁ selected from the group
consisting of a transistor, a gate insulator, an
integrated circuit, a microwave resonator, a

piezoelectric transducer, an amplifier and a capacitor.
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