1 ’ Process for nmaking a crystalline seﬁmﬂ3§06ution
ppwder with low el ectrical @9§istance
Backgr ound The invention relates to a process for making a trystalline
solid-solution powder with a low electrical resistance by reacting at

| east two reactants at high tenperatures and then rapidly cooling the
reaction product- in a high speed gas stream The reaction is acconplished
in a plasma arc of a plasnma chanber provided with an inlet opening for the
reactants and an outlet opening wth al gas-supply unit to obtain a nolten
material, wherein a nolten netal or alloy is wused as the first reactant
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crystalline solid-solution pomder nade t her eby, especially an

i ndi umtin-oxide crystalline g{j%‘%ga%%gr and the use thereof,
especially as an | TO sputteri ng or va etarget for preparing | ow
electrical resistance thin filns. Several processes for making
crystalline solid-solution powders are known. |In numerous publications,
special interest is focussed on indiumin-oxide (1 TO powders, which are

used for Bhdkdrepr#it ering targets, and on the production thereof. In this
connection, high electrical conductivity of the target is regarded as a
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Several processes for making crystalline solid-golution powders are known. In numerous
publications, special interest is focussed on indium-tin-axide (ITO) powders, which are used for
ITO sputtering targets, and on the production thereof, In this connection, high electricél
conductivity of the target is regarded as a desirable feature because it allows achieving high
sputtering rates with TO targets. The high electrical conductivity of the target is substantially

.4 determined by the electrical resistivity of the ITO powder used for making the target by means
of sintering. Similarly, a highly conductive coating farmed using an ITO paste needs an ITO
powder with correspondingly low electrical resistance.

EP 386 932 A1 discloses a process for making an ITO powder by thermal decomposition of
concentrated mixed salts of indium and tin acetates. By means of this complex process, ITO
powders having special properties relative to their particle characteristics are obtained. Such
powders are further processed to targets with which ITO films can be obtained in
vacuum-coating {sputtering) systems. EP 386 932 also pravides data on the electrical
conductivity of these ITO films, but not on the electrical conductivity or electrical resistance of
the ITO powder or on the process parameters which influence this property.



2 -Substitute sheet - 23 Novenber 1999 Anot her chem cal process for
maki ng | TO powders is by precipitating and then cal cining I ndi um
hydroxide froman indiumnitrate solution and tin hydroxide or hydrated tin
oxi de froman Sn chloride soluton. Hov®ver, quantitative data on the
elctrical restivity of these or the above-nentioned | TO powders are
general ly not available. The resistivity of powders 5 produced by
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ool i ng rat%"—'—?—MQe of I0[err]K/is to 10[err]K/s to a

The inventive powder is achievad in that the molten materizal, reacted in a plasma arcina
plasma chamber, is blaat-caoled at the outlet opening of the plasma chamber by a gas stream
which cools the material at a cooling rate in the range of 10¢ K/s (Kelvin per second) to 10° K/s
(Kelvin per second) to a temperature of between 50°C and 400°C, producing a crystalline
solid-solution powder in which electron conductive oxygen vacancies add to the electrical
conductivity of the powder to praducs a particularly low electrical resistivity (high conductivity)
powder.

Brief Description of the Drawings
Fig. 1 illustrates a device for measuring electrical resistance of the inventive powder.

Fig. 2 shows a comparision of the electrical resistivity of the invention powder with the
expectations of the art as reflected in a commercially available product.
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- 2A - tenperature of between 50[err]C and 400[err]C, to produce a
crystalline solid-solution powder containing at |east 90 vol % of

i ndiumtin-oxide crystalline solid-solutign phase in the crystal

| attice of indium oxide. 5 According Yo anot her aspect of the present
I nvention there is provided a crystalline solid- sol ution powder of

i ndiumtin-oxide containing at |east 90 vol % of indiumtin-oxide

cryst al | i fataitdd Qeserigtionon phase in the cystal lattice of indium oxide
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conprising a sintered body of a_crystal I|ne solid solu i on powder
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i nvention powder with the 20 expectati o of the aat as reflected in a

commerci al |y gqqagbpigmﬁplﬁah@tco tribute to mobzlaty of the charge carriers.
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Further powder metaliurgy processing is easily achieved with ITO-powders of high density.
Compacts of these powders show alsc high density and relative low electrical resistivity.

The aforesaid mechanisms with respect to concentration and mobility of charge carriers that
influence electrical resistivity are explained in more detail in US 5,580,641, especially for
indium-tin-cxide. Therein it is explained among other facts that the charge carriers include both
the dopant Sn atoms and the oxygen vacancies. Since Sn is an element of Group IV and In an
element of Group Il of the pericdic table, both Sn atoms and oxygen vacancies increase the
concentration of excess electrons in the 1n,0, crystal lattice. Since In,0, has partly ionic and
partly covalent bonding properties (whereas Si or Ge ¢an be regarded as "classical”
semicanductors with covalent {V-IV bending), the excess electrons have high maobility. it is
further shown in US 5,580,641 that, by implantation of oxygen iocns in ITQO coatings, both the
oxygen vacancies and the electron donors can be eliminated as charge carriers and the
coatings converted largely to insulators.

The relationship between electrical resistivity and the concentration or mability of charge
cartiers in undoped and tin-doped indium oxide single crystals is discussed by S. J. Wen et al.,
Journai of Solid State Chemistry 101, 203-210 (1992), "Electrical Properties of Pure in,0, and
Sn-Daped In,0; Single Crystais and Ceramics”. It is noted therein that the mobility of charge
carriers in undoped single crystals decreases with increasing concentration. Upon doping with
tin, both the concentration and mobility of the charge carriers increase, which leads to the
knewn minimum of electrical resistance at a tin content corresponding to 10 mol% SnQ,. The



vacancies that exist in equilibriumat nmelting tenperature. Uni f orm
and conplete distribution, in the crystalline solid-solution lattice, of
the atons of dopant elenents that contribute to nobility of the
charge carriers. Hi gh density of Ere crystalline solid-solution
particles produced by crystallization of the fused oxide. Further
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undoped i pgliym oxi de single crystals described therein are grown at
tenperatures of between 1250[err]C and 1300[err] C, and have | ow

charge-cagrier concentrations, disclosed at.abaut 1.8.x.10[.er .
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powder with [ow eiectrical resistance wherein an appropriately doped metallic melt is produced
by the reaction at high temperatures (e. g. a plasma arc) and then the reaction product is
rapidly cocled to form a crystaliine solid-solution powder which powder is characterized by both
low specific resistance and commensurately high thermal conductivity. The powder has aiso
been found to have high bulk and pressed density. The process is based on the process known
from DE 195 40 379, wherein it was shown that the molten material reacted in the plasma are
at about 2000°C to 3000°C must be cocled at a cooling rate of greater than 10° K/s upon
discharge from the plasma chamber, in oder to obtain 3 crystalline solid-solution powder with
low electrical resistance, lower than 100 Q cm.

Advantagecusly, the rate of caoling of the crystalline sclid-sclution powder is in the range
between 10% K/s and 107 K/s. At extremely high cooling rates greater than 10 K/s, however, the



el ectrons) based on 2 carriers fromeach oxygen vacancy and about 1

el ectron for each 10 tin atons, as described in detail in the patent). On
fhe basis of these publications, it is clear that high concentrations of
oxygen vacanci es and el ectron donors in the indium oxide crystalline
solid-solution lattice |lead to high electrical conductivities and | ow
specific resistance. The present invention is based on the fact that the
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In the indium-tin-oxide (ITO) crystalline salid-sclution powder, rapid cooling from the tin-doped
indium oxide meit leads to optimum random distribution of the tin atoms at indium lattice sites in
the indium oxide crystal iaitice, and this, as explained hereinabove, resuits in jow electrical
resistivity of the ITO crystalline solid-solution powder.

This ITO powder, when compacted to 35 to 50 % of its thearetical density, has an electrical
resistivity in the range of 0.01 Q em to 95 Q cm. The specific resistance is determined on the
ITO powder by filling it into a simple press mold and compacting it on an uniaxial press to more
than 356 %, preferably to 40 % of its theoretical density. During compaction, the voitage drop
across the campact is measured continously at constant current, and thereby the electrical
resistivity is calculatad, the top and bottom rams of the press mold being used as electrode and
counter-electrode. Repeated measurement on a piurality of production batches of ITO powder
has consistently confirmed the low electrical resistivity. Even as powder fill with a tap density of
2.7 g/em?, the ITO powder has a maximum electrical resistivity of 10 Q cm,



The velocity of the gas streamresponsible for cooling the material is
advant ageously in the range between 300 nis (neters per second) and 500 m's
(meters per second). Preferably a velocity of Mach 1 or better (supersonic)
is used. The rapid expansion of the gas %s it | eaves the nozzle provides
advant ageous rapid cooling properties. 0 achieve a blast-cooling effect
the tenperature of the gas streamis very low, i. e. in the range of 100 K
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concentration of the powder according to the invention can be estimted
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specific surface according to the )
For the process according to the invention, it is preferable to use a system (such as shown in

USP 5,723,027 at Figs. 4 or 7) having an elongated, approximately parabolid piasma chamber,
which is provided at one of its ends with an inlet opening for the indium-tin meit (80.4 wt% In/
9.6 wt% Sn) as the first reactant and for a gas stream comprising air enriched to 40 vol%
oxygen as the second reactant. The two reactants react in the plasma arc, which is stabilized at
the center of the tapering, paraboloid plasma chamber. The reacted material is discharged from
the plasma chamber via an outlet opening disposed oppasite the inlet cpening, and is
accelerated by means of a gas flowing in at the outlet opening via a gas-supply unit. The gas
flow acting here also consists of an air stream at ambient temperature, and has a velocity of
420 my/s. Over a travel distance of 30 cm, an ITO crystalline solid-solution powder with an end
temperature of about 350°C is obtained by the gas stream. This powder is characterized by the
following properties:



Brunauer- Emmett-Tell er (BET) nethod of at nost 3 nferr]/g with a nmean
primary particle size in the range of 0.03 pmto 0.2 pm In this connection
it is noted that the conbination of relatively snmall BET surface with
simlarly small primary particle size is.,possi ble only for pore-free,
approxi mately spherical particles. Experience wth the powder al so shows
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of about I%%[erﬁf%&ﬁﬁ%ﬁe!ﬁ?ned by the gas stream This powder is

characterjzed by the foll owi ng properties:
7 The yagagqn.ofsigciricalregistivity miﬁgenﬁ#mme ITOFomper aqeotsiing to the inveation

rimar ' AR ' ] ;

Bl ectr) cave 3 8 pidiein Pigles AFcoBamen i arth 3 O By Colrifbr) SASHERE)
shown i n e Farket icﬁﬂeﬁsl)u%@l@s of piectrical resistivity: arecpictteddogarnithmicailye Thd O powder
1 was fil | ' . j ] | ! | ower
ane 3, ATrce VLS VRS Sl rebiht) @R4n sl feliFed i st K BT A
during t [géemp’ Eesindiymplinoexidss thisTensresperidsde aboutigi3é thearaficalciensity (abautT,. 141 wer e
provi ded ghink3) THRFO BOREGChtoRing B tid inVHtidn exhibits an electrical resistivity of 2 Q cm, o

in other wards the specific resistance is about two orders of magnitude smaller than that of ITO

powder commonly available on the market.

For further use, the ITO crystailine solid-soiution powder according to the invention,
characterized as described above formed by a generally usual procedure into an ITO target.
More specifically, the powder was compacted under het isastatic conditions in an evacuated
stainless-steel capsule at a pressure of 50 MPa and a temperature of $70°C for 4 hours, The
“frozen” oxygen vacancies obtained as charge camiers in the ITO crystalline sclid-sclution
powder by the production process according to the invention surprisingly continued largely to
exist during this sintering pracess (in contrast to preésureless sintering under air atmosphere),
and thus ensured a high charge-carrier concentration in the target made from the powder, The
resuiting target was cut as a plate of 8 mm thickness) from the sintered block after hat isostatic



connected with a current sensor or neasuring transducer so that the voltage
drop (synbolized by Uin Figure 1) across the conpacted powder speci nen at
constant current, represented by the synmbol | in Figure 1, could be
measur ed continously during conpaction of g TO powder 1 in die 2. For
conparison wth the |1 TO powder according to the invention, made as in the
above-nenti oned exanple, the specific resistance of an | TO powder conmonly

aval | abl & SdmédeRior B Ghed RS MAGHATER SBLEAG dydthrh o 1ol AT LaBY! Syl " ©

1, and represents the eﬁgectatlon I'n T tor suc
vari ati on #fenviitihesputtering progesy,ithe charge cartiersongentrationscappedraddede maintained

accor di Ng & &MPra &g haVing § dhiife-Lhie? cpHdbhiriiiln Mekdili & o %&u? %eTng:'_h& The

with that of4an | TO powder commonly ava > e mar curv
val ues of @Tewsp depesited on siglassisybstrate by meansiusingtheitarget The thargdcarmieef er ence

dansi ty of “SEeEREn o 1R TOTeRR cookodriclt il it o FORRHAR RelPosiinhL. "o

% t heor et | Rewdes anedrding tathe invertiond Thus; iitfappedns tHet the Figh panaielivity o resisgyity)o

wor st ho. S SReR Hhblrst d he Bt b Boeci plesoail sobatifhd suriiRa dletetife A Y o
t hat of | Tiergebladiorm @dangehdfipattictialiy bigh conductivityramdlatzo. sunfines sputtédrey (oriescuuinhe

char act or | S s lR P i Uh EIIRAY (6 Soblbetthui 1) Llal procedure into

an | TO target. Mre specifically, the powder was conpacted under hot
i sost at i c 'Ewiderappraciated that the instant spe tiorl is set-forth by wew ptililstration angnetssur e

of - 50 MPa - The “fr tooxygen
Vacanci oo oo, oSS Yathud ecibaterd dniferles i e lagel gk 686 BB o
powder by Spivd apd seopstof the present iwentionor ding to the invention surprisingly
continued largely to exist during this sintering process (in contrast to
pressurel ess sintering under air atnosphere), and thus ensured a high

charge-carrier concentration in the target nade fromthe powder. The
resulting target was cut as a plate of 8 mmthickness) fromthe sintered

bl ock after hot isostatic -9 THE CLAI M5 DEFI NI NG
THE | NVENTI ON ARE AS FOLLOWE: 1. In a proess for making a crystalline
solid-solution powder by reacting at |east two reactants in a plana

are of a plasma chanber provided wth an inlet opening for the

reactants and an outlet opening wth a gas-supply unit to obtain a nolten
mat eri al , wherein a nolten netal alloy is used as the first reactant
and a gas as the second reactant, the inprovenent wherein



indiumtin alloy is used as the first reactant and oxygen as the second

react ant, and the crystalline solid solution powder has an
el'ectrical resistance of |ess than 100[err] cm conprising

bl ast-cooling the material reacted in the plasma, are at the outlet
openi ng of the pl asma chanber with a gas stream which has a velocity
between 300 m's and 500m's and which cools the material at a cool ng
rate in the of 10[err]K/s to IO[err]K/s9to a temperature of between

50[err]C and 400[err]C, to produce a crystalline solid
powder contai nin | east 90 vol % of i ndiumtin-oxi demﬂ um%‘gm”m
solid-solwm in the crystal lattice of IR to) s %2

A process for making a crystalline solid-solution powder according to claim

1, wherein the gas streamfor cooling the material has a velocity of
Mach 1 or better ocess, for making a cr}/stal | i ne solid-solution
powder acéordl%"‘?&eﬁﬂfaf ﬁ‘F‘i’“gacmﬂ‘W‘é‘F?‘”?W% RY PRagling #rleat B9 ng t he

material has reacRmRanalgkisind drclofg pla%aﬁebnainbw&nwded with 4n Infet 6g6¥ing fordhe A

process for makl n cryst Illne so d-sol uti owder, according to claim
4 rRaFHR A AR 3 G FHPPI AR Bftainy BPiadratarisl,

10[err] K/ S wherem a molten metal alloy is used as the first reactant and a gas asthbosecond S. A
cystalline solid-solution powder of indiumtin-oxide containing at |east 90

vol % of reaciaft thimArevsmantwheieiist al | i ne sol i d-sol ution phase in the
crystal lattice of indium oxide having an electrical resistivity in

the ralnlge of 0I Oémaiamlrmbws %dw [®thé ﬂﬂmemmdédﬁxywsw atthe s(;e/oor}d rekc@nto¥ndle
crystalline soli ut i owder acted to oto 0 0f its

t heoreti cal g‘ °ﬁ$§$’ %‘fé&ﬁﬁn@"‘ﬁ'@% ﬁﬁ?’?’ﬁ’et g’BrthLﬁ\'h QEfret -
Tel | er (BET) @ﬁﬂ.@;},gof at nost 3nferr]/g with a rrean primary particle size
in the range of 0.03[err]mto O0.2[err]m : A crystalline

esi Stivity i | noaeguae aieara macfedh He “&pa{ﬂw siiptaparing of e
i ndi um ti n- oXpig@mé ehidrmhbér withea gas stream which has a veldcity between 300 m/s and 500 m/s
' and which cools the material at a coofing rate in the range of 10° K/s to 10°K/s to a
temperature of between 50 "C and 400 *C, to produce a crystalline salid-sclution powder
containing at least 90 voi% of indium-tin-oxide crystalline solid-solution phase in the
crystal lattice of indium oxide.

2. A process for making a crystalline solid-soiution powder according to claim 1 wherein the
gas stream for cociing the material has a velocity of Mach 1 or better.

3. A process for making a crystalline sclid-solution powder accarding te claim 1 wherein the
gas stream for cooling the material has a temperature in the range of 100 K to 220 K.

4, A process for making a crystalline solid-solution powder accarding to claim 1, wherein the
cooling rate is in the range of 10° K/s to 10° K/s.

5. A crystalline salid-solution powder of indium-tin-oxide cantaining at least 90 vol% of
indium-tin-oxide crystalline solid-solution phase in the crystal lattice of indium oxide,
having an electrical resistivity in the range of 0.01 2 em to 85 Q cm when the
indium-tin-oxide crystalline solid-solution powder is compacted to 35% to §0% of its
thagretical density.
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sol i d-solution powder is conpacted to 40% of its theoretical densi ty
A crystalline solid-solution powder according to claim 5, having a~
concentration of el ectical charge carriers in tm

10[err]Jcmerr] to 30 x 10[err] cnferr] 8. A cryst nﬂmqm [ﬂﬂﬂ%tlon
powder according to claim?7, having a specific surface * L aecos

the Brumauer-Tell er (BET) nethod of at {%st 3nferr]/g with a rrean
primary particle size in the range of 0.03[err]mto 0.2[err]m

tall | t

50 vorop or e Okcfyshiling'soRfediah HowBlr AROHHE b\l %, FiurcRd by 5‘3’# de

formed by the Fcortingtodhe Brunayer-Emmett-Teller (BET) methad pfi® mmﬁtm’i!g with Ba!lv\eﬂmt
| |

conprising a ?ﬁ%&%ﬁnﬁ@%@ﬁﬂﬁrﬁﬁ%ﬁ%.%ﬁﬁ%ﬁdﬁso ution powder

according to ing forned by sputtering

usmgtheITO rget of claim10. An | TO coating fornmed by
sput t eri ng’-usi Eygﬁ’ @ﬂda?‘!j'é{"“é’e!’éﬂo?ﬁﬁfdﬂ‘ﬂ te (el B avingoan electrical Iﬁﬁﬁfﬂ@“&

charge carri ertheeamgnsfioai1 @8mab 20204 when the iRt th-Gadecr/dtalline salid-eoiution
powder is compacted to 40% of its theorectical density.

8. A crystalline solid-solution powder according to claim 5, having a concentration of
electrical charge carriers in the range of 5 x 10 em® to 30 x 10® ecm.

8. A crystalline sofid-solution powder according to cfaim 8, having a specific surface
according to the Brunauer-Emmett-Teller (BET) method of at most 3 m3/g with 2 mean
primary particle size in the range of 0.03 ym to 0.2 ym.

10. A crystalline solid-soiution powder of indium-tin-oxide containing at least 90 vol% of
indium-tin-oxide in a crystal lattice of indium axide formed by the procsss of claim 1.

11.  An ITO sputtering target comprising a sintered body of a crystalfine solid-solution powder
accoerding to claim 10.

12.  An ITO coating formed by sputtering using the ITO target of claim 11.

13.  An|TO coating formed by sputtering using an ITO target according to claim 11 and
having a charge carrier concentration of about 10 x 10% em?,
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