;e3ezz, Fr (6°T{sr WD 00/ 03444 PCTN899101254 ELETRODE MATERI AL AND
COVPOSI TI'ON I NCLUDI NG SAME This invention relates to el ectrode mater gl g 2002
useful in secondary lithiumbatteries. Two classes of materials have been
proposed as anodes for secondary 5 lithiumbatteries. One class includes
material s sucMO&¥¥Maphite and carbon which are capabl e of PEHYEERP4L i ng
lithium Wiile the intercal ation anodes generally exhibit good cycle life
and coul ombic efficiency, their capacity is relatively low. A second class
anodes gener al Ty RATAEHMATERIAL ARDCOUBOSIORS eLOB G SARIE" . P YD
anodes generally | ation-type
10 anodes, they suf f efhif ingentioe relatéswe Eipctinde matssialh usefyl freseaprdlarydithiembi ¢
efficiency. Theggde Qgsent i on provides electrode materials, and el ectrode
conposi tions based on these materi al s, that are swtabl e for use in
secondary |ithium bat Tepiclasses matatvé&:havgbeenrmmsvtdatssane&wfm secondai initial
speci fic ang t.ai rliaﬂ:fo epeat ed
cycling) as vveﬁ '{1'!8& Sgﬁl%gg ﬁauaég?ﬁaée?%ﬁé{@sﬁ%qﬁ e E’r%{guﬁ
mat eri al s) and atsaqapdalq e% intesendntipg rlishivmg Whide ¢heninteeqalatips; anedes ganeradlyr eadi | y
manuf act ur ed. Vi S 1 in a

@fguo@ gﬂé NfSind WBhiSHbit ‘é?ﬁ:en&;{"ﬁt&éllﬁ%g%tg‘?@reﬁa‘%%lg Idii

first aspect, e conposition ect mat eri al
consi sting essén!ep‘mdl G,lasefm%udpt metalsi thet alloy ewithc lithiveh metal a | Althought these et al

el ements. The W if f @ddich il al s such
as car bon, grag It gégcﬂ%a ;l{x?\tgﬁsh:@herg&#t%%@tm %é@%&a erial has a
m crost r uct!fr eagadas themuftmégmtrﬂ@wetyaeowelnbfﬂa@émlglmab;@pﬁw’elemt aI el ements in
the formof a m xturethd@bentisn BeM dilrbde &5l hnd Q8R0S coRSHsdsNg 9T eat er
t han about 1000 angstrons ( enr;r e?rgr af)béy r{%‘ye retat er tfgn agﬁfjt 5%0 angstrons,
nore pref er abl Passd op these matesigly thas g uitabirofos wepsinyseepndary dighivrm dbatteties.c 25

preferably no gheakafodt HafdrialextivietlgRhtinl SRERL and (ALAEAD bipacifls thast 50%
(nmore preferably at | east 80% by volune of the el ectrode material is in

the form of thP&® Tepiped FYen &ﬂﬁrereﬁ?aiadtfryehruoe%wﬂbtas Bighiosplpmbic gfliciesciss bl e

el ectron dijkfr gaé ieRBirdde PﬁatEﬁaYs Chinfl f yaREriels QHcd?ﬁJrit%nthEJ%aﬁnﬁ‘@ﬁﬂ F 7 'a!‘soOf a
crystalline materjal. An "electrochenmically active netal el'ement” is an

el enent that r&48H%MaWfagUFS. | i t hi um under conditions typically encountered

during charging and dirgegéheveiHes: wbcavéslzttémwaﬂdaatféaarrys mTahﬁrsfr&b@d: aﬂ' ement is
preferably in the form of an elerrental metal. 3 D E.C 200

WO
00/ 03444 PCTI US§Y7a9¢ sesmposifjaq that léthét%meleﬁtfgdw@aﬂtl ﬁ?‘t?l}@%“tﬂ‘e“f‘ﬂlys"f&ppl i cati on

to refer to boplurdig étlefec@dtflerhiGallyRicie hdidl Slefidfts. @ﬁe é‘drﬁﬂoﬁ%h ARdfugREMaNI UM A
"domain" is_a re hat consi sts, essenti al |

el ect roche cal"tcg“dﬁé fqitjonal,materialg, puch-as carbar, gr H%u‘?? E’gé"‘t‘,’? yRereof | i ne

(i.e., it 5 giTas clettfode rintdtial h&CL fiérbdtRctatehid REludys the kmmr&hérﬁlbﬂgt i on
pattern characteristi ine material) I|ne The

I
D oo Thar G aiive e glRmests 8 kit s Bemivetre toreas basersiely Mee Bl fnusain

measuring greater than about 1000 angstroms (preferably no greater than about 500

angstroms, more preferably no greater than about 100 angstroms, and even more

25  preferably no greater than about 20 angstroms). Preferably, at least 50% (more

preferably at least 80%) by volume of the electrode material is in the form of this

mixture. The mixture does not exhibit a discernible electron diffraction or x-ray
diffraction pattern characteristic of a crystalline material.

An "electrochemically active metal element" is an element that reacts

30 with lithium under conditions typically encountered during charging and

discharging in a lithium battery. The metal element is preferably in the form of an

elemental metal.
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Wien incorporated in a lithiumbattery, the electrode conposition
preferably exhibits (i) a specific capacity of at feast about 100 mfhf @EL 9f)
30 full 10 charge-discharge cycles and (ii) a coul ombic efficiency of at

| east 99% (preferably at least 99.5% nore preferably at |east 99 9% for
30 full char Q¥Oe¥®3¥Marge cycl es when cycled to realize abdRfff %°1mh/g of
the conposition. Preferably, this level of performance is realized for 500
cycles, nore preferably for 1000 cycles. In another preferred enbodi nent,
the el ectrode conposi n i ery,
exhibits (i) a speci f?"é&@é’éﬁ%ﬁ? '}%Féd mu s?tﬂg lﬂcg'&% tbhhiygq(’]?gértﬂ 30 full
char ge- di schargetaleyndtesnwdldgsuc}faasxbmmmrmamm ci ency of at | east 99%
(preferably at |east 29:duinToie® JPLEld ik Vedilish CaSbnigll, ) f953!§0 full
char ge- dlschar%e cycles when cycledto realize about of the
conposi ti on. Peletoghertically aetive mwe:lemnt p&he domaim may jbg cn@ailinz étaF fibr 200

cycles, nore 2@.nrakes aklisterhi8le e‘ﬁ&ﬂo&me@ d:ﬂfﬁcﬁ(ﬁtpaﬁ&ﬁtchﬁﬁct&fsﬁé 8f 5 ed
enbodi ment, theé el ectrode conposition, when mcorg orated in a lithium
a

battery) exhi bfysaline matesghor mpe-crysiplling. ¢ yThe fsizgrof | the domaip sefers @o'ae mAh/ g for
30 full chargepdiCliRé@dRnoyYthe@8manRd (i) a coulombic efficieney of at |east
99% (preferably at |east 9915% nore preferably at |east 99/9% for 30 full
25 char ge- di scharge cYétredncatmeritedyia| adithiyn rhatiery. theaglesirode goopaitipn g of the

conposi tion, Pﬁn@tfe%@tﬂx){rbnl h} § sﬁe%i‘f’%'caﬁhfmt})@f 41 QL IPIbR Rt 10‘6 h&RY ifged fupr 100
cycles, nore preferably f cles.” The_el ectrode coqrg)osmlon may be in

the formof®a ﬁamérscbﬂrseacysim H‘df(ll woumhﬂﬁqu‘é@ew opptlpast $9e| (preferably

el ectrochem caazlwaszagbtsqudr@b@%erﬁlyeﬂm;mlmIfm faocﬁalr ,@H e &iclek con, tin,
antinony, |ead) gernmani um u zi nc, and i ndi um
Particul arly pMBfedfledtosraize ?mél%%wg of ?hﬁﬁgm?%é'f’&r B’%F’@&hﬁl'ﬂ&ﬁl on of (a)
al um num and spf gefBimafée if lé&hieurﬂorasodcyi‘déslxﬁ&epre&rablﬁoEuﬁo%Q&@s -2 3 1DEC
2002 WD 001 03444 PCTNS99/ %254 In a second $ the inyentiqn features a
met hod of preparing tReQBEy @redkeeed rsmhodimente 2 GB@’@Gni?B?Pi"i"B‘n"f Bt i ncl udes

sequenti al hy Sﬁ%rb&ﬁtd@i}pﬁhﬂﬁdﬁgbai@b}f Qﬂﬁbl@f(l)Q|596&ffd) P@dﬂyQﬁf'a{ JeasdGhduye net al
el enents to formt egggectrode conposi tign of _a thltnaffl Im 5

Ot her features’ kchage- dtsﬁ}@rgerW@F&Q" ﬁ")\/ﬁ q°F'°B‘€‘°zf§H’éﬁ"é¥1? romthe

flol | ow nlg: desgrehdlﬁFD%r(pﬁferibheﬁﬂéz@fQ?S%dm&l&tp@d'f ¢ramylh51ea§ﬁepem))foramcmmrom t hgl
clainms. Fig illustrates the cycling. performance, terms reversible
speci fic capacP{BeriSSPRTgs L¥E§S c‘&'ﬁgﬁn'ﬂl £ea °f|a{’:‘?“én$:® tgﬂ?aph) of
the sputter10 elﬁmﬁtx&recbraéemmwnuumwel dfpeifortlafcetis @aikzed €500 bﬁﬂ:sltﬁbrExaﬁm e 1.
Fig. 2ill trat§ I Ing performance) in terms of reversible specific
capacity ( p BF B‘H;’ ccéﬂ?onbl c efficiency (bottom graph), of a full

cell featuring the splintyteeﬁnodeppﬁfehede:abadmmmrtheselbatmdélc@ﬁ@@mlbmd&edescr| bed
in Example 1, and a aj nin tes the
oyl 1 ng” per f or REdTRdsted U EPAET bePL SRV ERLD & Bt rpety g ableed 34,5, 2ot
and coul onbi ¢ wobmm}eg\ﬁ:y 30lﬁﬂt¢1ﬂfgeglﬁsawge, cyoles aruid(iip p vl enitde gffisiefios df

al um numsilico 0 es ates the
cycling perforﬂg 9999}{? E?lﬂ% at Fas} gﬁ%{"’s'f’?ﬂ’@pgeﬁ%& ¥ I?Stgga%ga/&)tjﬂljb(é’@p gr aph)
and coul on$c etfafgealmmye (chalés oviegrosllg ,to OﬁealtzbEab‘prtlUﬁU HNAIde pufsthe ed

al um numsilicon el.ectr ’S ﬂ\?@rl]be n Exanpl.e 3. Fif‘%' g ickl ustrates the
cycling perf or fiFposition. Pretera js Igvel of perfpmance s replized for 109 ey § T¥p graph)
and coul onbi ¢ ﬁnfeferdblye‘ocwo(cbﬂést om graph) of a full cell featuri ng t he
sputter-deposited al dgm si,licon .electr 3, and a

Li CoO2- cont ai ni ng cat ectrgde F—‘?"b”os' of f"laﬁgf r"hﬂ’é?c't"hgfeﬁﬁgweﬁﬁr ggl?’?or nmance)
in terns of r efiknsiBxamplepe€ipkéfaredagetiothemidatly agm\apin):taaaldmemuhnmidec

ef ficiency,fbo r of t utterdeposited al umn | con
ol ectrode’ deackhRE AREd, of anfonERisd SERRET, Mabadl e iyt
performance, | hsmeth,rmndofndmvermrtiohlerlys [pexferfed cel &carpdec chrgpaositions GampEha and

coul onbic effi CI ébp‘é)eﬁ'ﬂ‘é‘ rap %‘@notgfi’i},%? ter30 deposi ted

al um numsil i cf’)‘?{n

2-



-3 WO 00/ 03444 PCTNS99/ O1Z54 Fi g, 8.illustrates the cycling perfornmance)
internms of reversible specific capacity (top graph) and coul onbic C 73002
ef ficiency (bottom graph), of the sputterdeposited tin-silicon elect rlo%
described in Exanple 6. Fig. 9 illustrates the cycling performance in
terms of reveV@iMPd4specific 5 capacity (top graph) and coff 1284
efficiency (bottom graph), of the sputterdeposited tin-silicon el ectrode
described in Exanple 7. Fig. 10illustrates the cycling performance, in

terms of reversible sgpgistdid § &Clhwmfeh% Qﬁﬁﬁb)a xﬁ&ﬁo&&ﬂ%@ﬁﬁghf yfe—Ci ency

(bottom graph), of the SJ)uter eposi t tin-silicon elec e described in
Exanpl e 8. 10 mbeye-describe Léqcrraﬂeescomeslwcnhqﬁgu}sbad%rméallm #PYter-ms  of

rever si bl e Spegildsfing BRAGS LIk Se Rl il e GUAIRIS ofh bieehgae (Dot tom

graph), of a ful aturing the sputter-deposited tin-silicon
el ectrode descrepipasition irethe fasmef 8thinfilin. a Li CoOz- cont ai ni ng cat hode. Fig. 12

i |l ustrates st he cycl i @ﬂhep@éams%afaevantagest&ﬂﬁ@.nq ntfoff Wafl b Abfareh® frpmeCi f 1 C
capacity (top gra nd coul ombi c eff cienc ottom grap t he

0
sput t er - deposi tt@dpoﬂlpwmsudeﬁqs’@ﬁorbpé&her H&@“%S@g?%@tﬁ thegeoh, rAgH cfram th=| gs.
13(a), 13(b)) IRfms . 13(d), and 13(e) are x-ray diffraction profiles for
the alum numsilicon filns described in Exanples |-5) respectively,
obtained prior to cycfFigngillugntesithpcyclingpasformangeyin teTH("E)"VC'&'ﬁH speetfle) are

x-ray di ffractigmciiy abp |gPsphi-and wﬁorﬁuxaemclehs,omo&w@ Sﬂ\?SGﬂh@%ﬁuﬂeﬂ Exanpl es
6-9, respectively, obtained prior to, c pcnp;}gl I's a charge/vol tage

curve and dlofféF@ﬁt‘?daﬁ'“’WB‘fT‘é‘g’jéoWﬁﬁcvédef “é‘:ﬁfﬁﬂ‘f érl deposi t ed
al um numsilicon el eCFl’godﬁluﬁ%&rthetl%ﬁlhdgrbem&eemjtenﬂilogrevér@nble%ge’%xﬁc

charge/ vol tage curve and differential voltage curve for
sput t er - deposi ©BRICHY ﬁtoguarilpébﬁn@ce@?m!emeef’%re%y. (britem graph)a o aefufl cetlhe

i nvention feat ygaainghRGhitRABe ¥Rt iudlifum-3chn@le8Fdde AR riBAITR BRAhHIONS T hat
include these materrals, that are particularly useful as anodes for

secondary | i t hih$ht bieParconianingpathadeect r ode materials feature two or nore

el ectrocheniscal |y act Fies ﬂﬁkt?dtes@llxeedmmg%)erf&ﬂﬁn&rﬁlt&hﬂroﬂfétv@’élbléﬁgecﬁ% a
m crostructure in Wmchthﬁse 30 ?Ierren arelnthe‘f@)&]& m xture. The
et 6 7P

m xture does n&EPAGHY, &0P gkaph} gnd; coplambie sifigiency, (hottom gra YeFf r act i on
pattern, and i SlepsBeiuntihby-siliceeei@trodedegribed ih BRaple 2002 -4 3 1 D E C Z002

V000105454 PCTNCSSL0}oF Jorelrs, (BB Oy ek BB o™
el ectrochemi calcagacity Ctoprarep) and thfoniBé @fficihcy (bottom graph), of the sputter-
20  deposited aluminum-silicon electrode described in Exampie 3.
Fig. 5 illustrates the cycling performance, in terms of reversible specific
capacity (top graph) and coulombic efficiency (bottom graph), of a full cell
featuring the sputter-deposited aluminum-silicon electrode described in Example 3,
and a LiCoO;-containing cathode.
25 Fig. 6 illustrates the cycling performance, in terms of reversible specific
capacity (top graph) and coulombic efficiency (bottom graph), of the sputter-
deposited aluminum-silicon electrode described in Example 4,
Fig. 7 illustrates the cycling performance, in terms of reversible specific
capacity (top graph) and coulombic efficiency (bottom graph), of the sputter-

30  deposited aluminum-silicon electrode described in Example 5.



Exanpl es of suitable electrochem cally active netal elenments are described
in the Summary of the Invention, above. Particularly preferred are 1 DEC 20m
conbi nati ons of (a) elenental alum numand elenental silicon) and (b

el emental tin_and elemental silicon. The preferred process f (; ring
the el ectrodeVHilVBM4a s sputtering in which the el ect r och® %’% ] g‘aacti ve
netal elenents are sequentially sputter coated onto a substrate (e.g., a
copper substrate) to formthe electrode material in 10 the formof a thin

film Preferably, thmekﬂragtmehddyslmg@eﬁmamﬁ&uwtaﬁrs@emaklb@qp&ml ayer of
one of the elenents and a sputter-d ited gverlayer of_ one of the

el ements. |n GERRSER(tOP (&FAD )SG'H’SF‘?‘%&‘@EC 5 'é‘eﬁ‘FYa@lQE}mﬁe%{i‘Ph? hef B8 geutsF- a

nom nal 'y 25 idesd3iteli imsnicah efeétfoat adbibedht ampRtet es continuously bel ow two 6
inch dianmeter magnetron s@utterl ng sour ces oper at edé)cg‘ontl huous| A | ayer

of one material is 1F§ A diyereatesdhe cyeling perfarmangey iyterms o8 eeuersig Wd@@'f{che first

source) ang a chpayiey (18p gkdpR) SALC BEUbnIBR Gﬁ‘icf%hcyl &oﬁ@rﬁoﬁhﬁl’?dotaﬁxetsbﬁiefﬂbsf ralte
S are particularly

passes under the second. source. ectrode materi

useful as ano@&ROsHEting 8‘5?‘5?‘1?;—%5?\‘?‘15%‘%‘;319{“@}9 Tes. The el ectrode materi al
may be used as is, OFlngU) mestﬁ&ehhmyblmgtﬁmamn&d OR ferni¥BbL Fdvarsible- J. )
carbon, graphite,,_ pol nitrides, to form

| ow vo]ta i des

an el ectrode cB¥it s?aP%/"btPi (t%ﬁrﬁ?ﬁéﬁﬁ? &oulomhy ‘%’?‘9‘“"%’ Kgm@f”e&’ial’@d@ erial or
conposi tion i spmmpaaddwhismcmmtre@ddesﬂn*ysmnmdmﬁe gat hode (the
count er el ggt rode) . E elletrol¥§ solid or Ilqudellglcjtrolyte.
Exanpl es of solid el &% rid| Ppawtes 18§ g '“ﬁ(ﬂ"%ﬁﬁ?“inﬁe dP dETSoPY, FYEsi8l§ch as
]pfl yet hyl ene apécifiz, cagﬁghy l(ﬁﬁ%r@x) g @ulgmwcﬁﬁcna%y Qﬁotfbﬁmhwmﬁé full | f

uori ne- cont ai ni.ng . 0 and.co npl es o
liquid electr SF'Q){%@"PM%P%%“%%E S’qu“"csé'l"’ﬁﬂr'f ‘Ie °é‘i"{lf§‘f g Wﬁgnat e,
propyl ene car bﬁd]ﬁLﬂoO&hﬁhtﬂﬁiﬁ@tammons t her eof . The electrolyte is provided
with a lithiumelect %e sal t t abl & sal {)s [ n@'ﬂude Li PFs,

Li BF4, and Li O 04. 'é‘“%?‘eédﬁxéﬁ‘égcpé%‘a’&écec Rrot§is; PlofverBle | i qui d
el ectrol ytls30 smh‘tcadapad‘tg (bt gre;m) adad iconlbribie dffidiacy (bdrto&‘ograﬁlh\jl of ¢fez, and

Li,.o~M,, 93 itions for solid

el ectrol yt e- cSﬁ%tFXﬁ?%ﬁﬂtegéP ts'é' F9e egecfr ‘iel ‘%ﬁé'%iqdvggfnaE?VZOS, Li V~0~3) and
LiMvhOz. -5 3 1 D EFigs2003, MO)00()314d), E}W3I(é)$9a9ﬁmlﬁmraaiiw profit@nt i on wi | |
now be descri rth of the. .foll ow ng, \WVELES
Sputtering Pr g%rg 11l emg‘uﬁl'sg?:/cf)bﬂ%ﬁgs ?’Féfréﬁj A x*}“}Pl?She ' S?r};g?"vflyt%@mf’l | ms were
prepared by sepqmemt:ycahgsputteri ng usi ng a nodified Perkin- EI mer Randex

Model 240 o8SA Sputt i nal di a rf sputter
sour ces wgzre repl aceg nl[qﬁa }(bﬁ,gﬁ(c @ a’&&‘"ﬁ%&‘ﬁfgﬁcp% hP'e foélﬂieng sour ces
comerci al |y awsilicabfilgsfdessribddHn Exar@ls @ramv@j oBmimedprigydo GhlingThe
SPuttering Sources uble IPRIIRINNA0 O VARG FISKEY Bl DX 10 do
sputtering power supp es oper A constant curren e turntabl e
drive unit of spmr—MndedalSy\smeWsms elegpidadexdribedimExangliecbper notor to

i nprove rotation spe h e h U W th an
untrapped oil di ffus?%nlﬁg}%b h%%g/v&%'ﬁ%cn?rge ?:rbn‘gg% |3ﬁg}1¥¥a ‘pwm\?;g‘ne punp. 15
Sputteri ng?Swaspl{t@r-ﬂmmdtia-tsﬂtamgthmrpdeai;sqmbetlnlﬁxampie7r ange of 3-30 niforr. The
pressure was mai nt ai I 0 tion with a
veneti an blind-styl qugn%né'?gz%éﬂ% éleqﬁ &O%Ttgia%d%%é?éﬂoﬁgcﬁg@tgﬁon punp. A
copper foil (that diclide shese at@dals, ithat laye pva@utadmdl@efultas gnhdes\fat sacerclenyl ed
substrate tur h d sive tape
(3020 Brand S Guish EnALBE: MUBKALIARH B BUR RLAGHAIET V5

M ~. The syst estiveaneta |ebsredtsaard qvei ahreaitediosdnby aylpcroatdcgpretm \blaslethpseessur es

bel ow 1 X 350° Siehidhs ("W} BESEPLPISHKE: deO“T‘BE nx.ﬂuge@o%'ns{ Bl IR M0l CT1LIcal).
In sone cases, e sanples were etc rior to de on using

"Sputter Etch' dlSMdbledf-raNWe eRamdteffWB@remtm fand & &@m&lﬁy fewef laaaspl i ed to
the substrate turntable and an 25 argon pressure of 8 mlorr in the
sputtering chanber. This procedure caused the copper foil surface to be
bonmbarded wi th noderate energy argon ions ( 100-1 SO eV} to further clean
the copper and insure good adhesion of jthe sputtered filmto the copper
surface. A typical cleaning cycle was 150Wfor 30 minutes, with the
substrate table rotating during the cycle. 30 Foll ow ng et chi ng, the
sputtering sources were started up using a nechanical shutter between the
sources and the copper substrate. This renoved contam nants fromthe source
surface wi thout depositing themon the substrate




-6 31 DE C 2002 WO 00103444 PCT/fJS99/ OLZ54 surface. Next, a

"pre-layer" nmade of a single material of known identity was deposi te% PUEPZOOZ
the substrate. The purpose of the pre-layer was to i nsure good adhesi‘on

bet ween the substrate and the sputter deposited film Next, both sources
were started WQOM344dr e- det ermi ned current |evels and deposPETBHIPRM | at ed.
After a 5 suitable deposition tine, one or both sources were turned off. A
"post-layer"” of a single nmaterial of known identity was then deposited,

after which the system was vente d t he sanmpl epoved.. Nine filns

(cor r espondi ngg?'B "E)ﬁﬁplc’ggwlo-r%ef° PP 8'58?%??‘0 Wﬂerf“hg‘eéﬂﬂlifé- descri bed
procedure. Sputhedbmaig sieq ik Hettarnbe dé¢cerochgmiical perfofinance ofale matér)al. 10 bel ow. I n
Table I, "current" re ersltofthe @urrlent Ievel’| ip agrggab f the individual
sputtering source. "Prilllfscol pliaRle selecrophemically Aty reEmy Hirorr, in

t he sputteri ngdabstedan .theé Bunmartynsf’ the dhvehtion, @bdvee Paricubdrly ofrefefredeare equi r ed
for deposition xcl.usive of th re- and post - ers. 7 00 . TABLE |
Exanpl eMat e#i a% atng?ﬁ%fe(mé “.‘”Ebﬁ)ﬁ?‘g‘é‘gh‘f“& Ml (ae y'ﬁ“ﬁ e @ slerea ayer Ti e

M nPost Layer Ttimend\lantenzhsilicon.

Ti melAl 1. 53815100A) 13QSi 1. 55 2. 52A1 1 . L 39 13 Al 0. 530Si 2
. 5Si 1. 54Al 33815S0Al 0. g@o@?@frﬁé”g?ﬁ %gngﬁt% “g%?é%’? é@éﬁ@ .‘%%’%‘31‘%3 381580None
30Si 1Si S7Sn0. 438¥bich Nomn el8Sicictnially active metal elements are sequentially sputter-

coated onto a substrate (e.g., a copper substrate) to form the electrode material in

10 the form of a thin film. Preferably, the electrode includes a sputter-deposited
prelayer of one of the elements and a sputter-deposited overlayer of one of the
elements. In general, the substrates are placed near the edge of a nominally 25
inch diameter turntable which rotates continuously below two 6 inch diameter
magnetron sputtering sources operated continuously. A layer of one material is

15  deposited as the substrate passes under the first source, and a layer of the second
material is deposited as the substrate passes under the second source.

The electrode materials are particularty useful as anodes for secondary
lithium batteries. The electrode material may be used as is, or may be combined
with additional material, e.g., carbon, graphite, polymer binder, low voltage

20 oxides, nitrides, to form an electrode composition. To prepare a battery, the
electrode material or composition is combined with an electrolyte and a cathode
(the counterelectrode). The electrolyte may be a solid or liquid electrolyte.
Examples of solid electrolytes include polymeric electrolytes such as polyethylene
oxide, ethylene oxide-propylene oxide copolymers, fluorine-containing

25  copolymers, and combinations thereof. Examples of liquid electrolytes include
ethylene carbonate, diethylene carbonate, propylene carbonate, and combinations
thereof. The electrolyte is provided with a lithium electrolyte salt. Examples of
suitable salts include LiPFs, LiBF,, and LiClOs4.

Examples of suitable cathode compositions for liquid electrolyte-

30 containing batteries include LiCoQ;, LiCo¢2Nigs0;, and Lij 07Mny9304. Examples
of suitable cathode compositions for solid electrolyte-containing batteries include
LiV30s, LiV70s, LiV30y3, and LiMnO,.

.5.
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The invention will now be described further by way of the following
examples.
EXAMPLES
Sputtering Procedure
5 Electrode materials in the form of thin films were prepared by
sequential sputtering using a modified Perkin-Elmer Randex Model 2400-8SA
Sputtering System. The original 8 inch diameter rf sputter sources were replaced
with 6 inch diameter dc magnetron sputtering sources commercially available from
Materials Science of San Diego CA. The sputtering sources were powered using

10  Advanced Energy Model MDX-10 dc sputtering power supplies operating in
constant current mode. The turntable drive unit of the Randex System was
replaced with a stepper motor to improve rotation speed range and control. The
System was pumped with an untrapped oil diffusion pump backed by a
conventional rotary vane pump.

15 Sputtering was performed at argon pressures in the range of 3-30
mTorr. The pressure was maintained by controlling the argon flow in combination
with a venetian blind-style conductance limiter placed over the diffusion pump.

A copper foil (thickness = 0.001 inch) was bonded to the water-cooled
substrate turntable of the Randex System using double sided adhesive tape (3M

20 Brand Y9415, commercially available from 3M Company of St. Paul, MN). The
system was closed and pumped down, typically to base pressures below 1 x 10”
Torr (the base pressure prior to deposition is not critical). In some cases, the
samples were etched prior to deposition using the "Sputter Etch" mode of the
Randex System with 13.56 MHz power applied to the substrate turntable and an

25  argon pressure of 8 mTorr in the sputtering chamber. This procedure caused the
copper foil surface to be bombarded with moderate energy argon ions (100-150
eV) to further clean the copper and insure good adhesion of the sputtered film to
the copper surface. A typical cleaning cycle was 150W for 30 minutes, with the
substrate table rotating during the cycle.

30 Following etching, the sputtering sources were started up using a
mechanical shutter between the sources and the copper substrate. This removed

contaminants from the source surface without depositing them on the substrate
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3 1 DEC 2002 WO 00/ 03444 PCTNS99I 01254 The conposition, mcrostructure, and
cycling behavior of these filns are described in furt her detail) below 5
Chem cal Conposition The chem cal conposition, in wt. %and vol. % vk DEC 2002
determ ned using a series of calibration experi ments in which a single
source was op¥Qe¥®#4at a fixed current for a fixed period RETYPHY254The

t hi ckness of the resulting sanple was then determ ned using a profiloneter.
The vol. % of the sanple was predicted based 10 upon the calibration
experiments a Hﬁ@e“gNwaﬁ "é]rp‘?a £OURdde tdp aCH é%aa%iialaé‘b/ D& BkES Wl vas

l'i nearly proportional eposition current edep05|t|ont|rre
The wt. % val udeposited enteahq:enbatrzée The purpese of ghe pr%lawar mtmmng ghethdbook

val ues of et eighalondRiieh theeubsﬂréegana@ ggu%é; Bodkel find. CRal! (HPSERRY

Transm ssi on ectron m croscopy was used to exam ne

m crostructur eWQ5¢ stpfiest upoal tprecqataimined ewrreptilevels pndsdepeditinndnitigted.i Aer arhi s

techni que By 0GR 4dgBash Bhe, biCorto %ﬁﬁk&é‘&&%ﬁné&%ﬂ“%sﬁﬁ{ g yegiations in
transmtted intensity associ ated atral variations 1n" the structure,
cheni stry, andsingle @Ue‘tﬁ’fﬂloéklﬁé‘s’sld@ﬂ“)t Wes @MQS“C‘B@&U‘S@CIIWG sysief ¥83 on used to
formthese 'Wﬁédﬁ%é%&@l&@mmegh energy el ectrons of very short

wavel ength, it 1Is possi to obtain information at the atonic scal e under
hi gh resolution el ectN‘Bﬁﬂmscﬁc%@BWl%HPt@WPlPhh‘Q? wgrecryersred; fgllawing\or eover ,
the interacti ofe ov- Gé‘s’éﬁbe‘é'p‘?&&ﬁxﬁ@s SﬁMt&nng; &ﬂd:ﬁ@xﬁﬂr@sxﬁﬂxﬂﬂﬁ@@ﬁ TaBfeQr Mati on
about the crystal structure ectron diffraction) and |ocal 25 chenmistry
(x-ray m chbarkloysi s Tapleds "°P§°'t§ ofefsrsctaehs eurrgnt lgve], Heampﬁ, of thatindiidusbnt aj ned i n
the image. Prighudig QbGick NOPr3RAP! RferdB] thePigRA blessufd AN neRud, LigThd Til s Dby
cutting the filmin either the radial directron (i.e., slicés were t aken

al ong the radiReieging shpmbas. of RymEme| refjrs gp the camountpeh fime Lregiired foct i on of
the film (i.e.depsdiicnCskclBivEodfe ralml padpyerst he tangential direction of the
film. The cut sanples were then enbedded in 3M Scotchcast T~~ El ectri cal
Resin #5 (commercially avail able from 3M Conpany of St. Paul, M) and
ultram crotoned to obtain slices thin enough for TEM exam nation. Slice

t hi ckness was nomnally 24 nm -10 31 DEC 2002 W 00103444

PCTI US99101754 The TEM instrumentati on used to obtain mcrostructural data
was a H TACH H9000- NAR transm ssion el ectron m croscope which operates at
an accel erating voltage of 300 kV. It is capable of a point-to-point
resolution of 1.75 angstrons and a m croprobe resolution of 16 angstrons
for x-ray microanalysis. 5 The m croanal ysis instrunmentation consisted of a
NORAN VOYAGER I11. Directto-digital image acquisition and quantitative

| engt h neasurenents were perforned by a GATAN sl ow scan CCD (charged-coupl e
devi ce) canera. Z-contrast inmages were generated using a JEOL 2010-F field
em ssion TEM STEM having a resolution Iimt for both imgi ng and

m croanal ysis of 1.4 angstrons. 10




Cycling Behavior Electrodes were cut fromthe sputtered films with a die
measuring either 7.1 mm( 1225 coin cel |) or 16 mm (23Z5 coin cell), ]
dianeter. Two types of cells for testing were then prepared. In thez’f“ng“ooz
type (half cell), the sputtered film 15 forned the cathode and a |ithium
foil (about 3®0omi4doneters thick, available from Al drich PEWHSNAIZSCo. of

M | waukee, W) forned the anode of a 1225 coin cell. In the second type (a
full cell), the sputtered filmforned the anode and a Li CoO contai ning
conposi tion formed the cathode of a 2325 coin cell. The LiCo02 containing

}1\/ canhini

conposition was
Chem cal Cell seed under he| dels

from N ppon
| ymer

bi nder (avail abl e {f Lo E} f 461"), 7.5
W . % KS-6 carbon (ja%aEl aples on
(available from CAr bpn) a 50

m cronmeter thick dol yethyle al | cells
was 1 nola) LiPF6)iga 1j1 d di et hyl
carbonate. Spacerq @Eege jse voi d areas

in the cells. Cop hal f
cell's) while al umnumgsphce
el ectrocheni cal pdrBogmah

cycler. The cyclirg™cend tcf

charge and di schar|ge at fpp

Vv
tihe{full cel(l s.| Jhe
S m@aijredalsir §a 30 MACCOR
\L<e f of “clondtant pcurrent
rate 0.p MW gm th typical
n

cutoff voltages of gg\/ and qnotle las allithiumfoil, the
coul onbic 3 1 DHGSZB02| WO /Q ZB4; pf fli gilenty, was
determ ned as t he lehargelretover HHy—af—dle-hRi-att-eih—di vi ded by
the capacity of lifthi atl an. Wad the gputtered fjIm the
coui onbic efficierjcg pas de atijo of fhe difscharge capacity
to the charge capdckty. b Xt DRfif r a&t ) on P4t t evhs were
col | ected using a [Sreneng D er [and a| Srlengns | Mbdel
| Cristalloflex 80 go= di f ecPui |gped ith a copper target
X-ray tube and a di e_g_d or. :'_1 quoxi r@tely 2 cn
sanpl es of the =hip—+ we Eé_sitqa e ded.—Datp was
col | ect ed bet wddn [scatte ing grees|and 80 degrees. Al the
sput t er - deposi t3d |s@npl ep werel or| a|coppef substrate| which gives rise to a
series of identl-i-fiaglg diffractign peaks fjat |panti ¢ul pr scﬁttebri hg angl es.
Specifically, the jc gger sAIpstr atje gpi\,\(es I i~e tlas peaks jat ss,éptteri ng angl es
of 43.30 15 degreqd gas, |dn 13 _degtees ~ lcorir®@spondi ng to
Cu(111)) Cu(200), fand Cuf?22p), respefct vely,| W& now deslcrilbelt he
preparation and chauagte i zatijon [of |specifid sputfered |el gctrode filnms. 20
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le 1 Afilmcontaining 64 wt.% alum numand 36 w.%silicon was prepared by
sputter deposition under the conditions shown in Table |I. The al um ayrppgagy
sputter deposited at a rate of 320 angstrons/m nute, while the silicon was
sputter 25 deposited at a rate of 210 angstrons/ m nute. The fil m contai ned
60 vol . % al uWo3#Ad 40 vul . % silicon, calcul ated based URSIHSPHYIY sputter
rates. The filmthickness was 4.7 mcroneters and the filmdensity was
approximately 2.5 g/cm. The filmhad a pre-layer of pure silicon neasuring
approxi mately 530 angstroms thick and a post-layer of pure al um num
measuring app F=YRY 2l_angstroms thick. The x-ray diffraction
pattern of th sputtered 1|Im rior to cycling is shown in Fig. 13(a). The
pattern showsjno «sidnall for crystalline silicon and a -12 3 1 DEC 2002 WO
00/ 03444 PCT 9:9§31%54 br pad| sijgnal for crystalline alumnumat 38.5

degrees. The agd Allum 1 ain size is approxi mtely 80 angstrons,
calculated frpmthe jw dthjof;t peak at 38.5 degrees. There are no peaks
correspondi ngf t® eal ymi num apd §si | i con cont ai ni ng conpounds. 5 TEM and

el ectron difffaxis ol anal ysip the filmprior to cycling reveal ed that

t he m crostr upture—tmectuded—tt % by vol une of crystalline al um num
particl es and} 88.80%[by, |vol uie a mxture of alum num and silicon atons.
The average s}7Z& @f tEé talf ine alum num particles was 14.0 nmby 9.6

c
nm wth an ayér e a%ﬂeci% tijo of 1.42. The crystalline al um num
particles werg 10 prieferentipllly oriented normal to the plane of the film
El ectron diff ag‘,tgi oy patterns ijndi cated the presence of a two phase
m crostructur b i 8he [phdsg|congjisted of crystalline alunminum as evidenced
by sharp spot p——ajr+peg—pattern whi ch i ndex to al um num spaci ngs of 2. 34,
2.02, 1.43, apd L 2] Hgsiroms) which) in turn, correspond, respectively,
to the (111),} (@)} 19 .QZZO ,_fand (311 ) lattice spacings of the face
center cubic frystal| stracturef or al umi num The second phase was a m xture

of very smal | [al'um fumjand sjTrijcon domai ns characterized by a broad diffuse
ring pattern)jfsuagadting {he| asence of ordered crystalline material. The
domai n size wa =dr eat et « han 20 angstrons. The cycling behavior of the

el ectrode fil nwas—tleStled!3s! dascri bed 20 above usi ng a 1225 coin cell
featuring a |}thi umifoijl anode jand the sputtered filmas the cathode (half
cel | arrangem,rﬂ:)‘_. The [fifst| digscharge of the cell was a constant current
di scharge at 5.%% cn? downjtq 5 nV, and then a constant voltage (5 nV)
di scharge unt | rentnfelj to 50 m croanps/cnR2. The initial discharge
(1ithiation) rﬁ?z filc"dapacity Mas approxi mately 2100 mAh/g. For 25
conpari son pugposes,i the ihepr ical specific capacity of the cell,
cal cul at ed ba;egj pgn tthe{wt| %jfof the filmand the assunption that al um num
reacts with 1f 1% 2l aﬁq\marﬁi sifficon reacts with 4.4 Li/Si atom) is 2160
mAh/ g. The ceft—wasrtgm ptaced under charge and di scharge cycling
condi tions us rﬁ; a #urﬂeni of g5 mVcnez and cutoff voltages of 5 nV and

=
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30 reversible specific capacity and coul onbic efficiency of the cell are
shown in Fig. 1. The results denonstrate that the electrode filmwl 1 2000
reversibly cycle at greater -13 ~ 1 DEC 2002 WD 001 03444 PCT/ US99/ 12'152
than 700 mAh/g for at Least 150 cycles with a coul ombic eE~iciency that is
greater than WOMH44The charge/ di scharge vol tage curve andP¢HES¥PI254r enti al
vol tage curve fromcycle 5 to cycle 75 are shown in Fig. 15. The data show
that there are no 5 significant changes in the el ectrochem cal behavi or
during cycling, and that the capacity is realized over a broad voltage

range. Full cells ver gheoatiicd, SHcRRnIRRE ahd SLIAPBURavid? P thelt i  eF o

filmas an anode and a Li Cogg-con al ning conposition as the cathode. The
sputtered fil mewegscribedhn furtier deteik bedowsput t ered fil m descri bed above except
that sputtering was 10 conducted for a total of 225 mnutes to yield a 10.7
m cronmeter thick film The mass bal ance of the full cell) cal cul ated based
upon the wePght of th€&hpmicalQompnsitioan of the cathode and the wei ght of the

sputtered film was 7Tﬂ%3éh35mi5czg]%/@%ili%ﬁ’,"?§wﬁ%%Mﬁ'%%&@d&%ﬂn@q@ﬁ\gam charge

and di scharge current of 0O [ bétween 1.8 and 4.2 1 specific
capacity and c@uatrisaBf ealibmtioroexperimentsin ihich @singleisgurehwasrppeistediags fied The fir st
charge capaci t)éuﬁﬁ?folﬂ@ixf@%ﬂrﬁ?%?fim&' @99%_'9&1‘%;5 gf]tﬂprm%amrc waddhen

In

al um numsilicon materi a e anode. e irreversible capacity in the

first cycle wadetompedmsivgapuefipmeter afieciol- %o of therfample vy piadictsd | 2#8n anode i s
sim | ar to jphalpsPhe QafisthtiAdexpBrichdits EQUMing Thdt Shél fodl thiPEflss?bOM iRl NI

lithiumfoil as the anode. 20 The specific capacity of the Li CoO was
mai nt ai ned at MBEriAnwpglinearly Preppgiopal rta the depepition: syskest agd therdepegitionmt eri al .

The resul ts degpRStrhatR %haked RereRhidiTaBs Fomi thd FAN%CAITRPElind RIAIERR Pe used
in an el ectrochenm cal cell as an anode in conbination with a cathode

material (Li Co®piyesiof piteriplidpnsitiesd in |ithiumion batteries. The coul onmbic
efficiency of the 25 cell remained about 99.0% for at |east 120 cycles with
very small capacity fade (about 0.1%cycle). Exanple 2 A filmcontaining 64
Wt . % al umi ddm and 36 Wransgissiop Elgctrpn Migwoge9BY ed 30 by sputter deposition

under the conditions shayisdich diédiof nhicrodddfy RITENM"NWak 1R 16 RiEntiRe thdeposi ted
at a rate of 640 an stro&/m nut e, con, was_sputter deposited

at a rate of 4J¥CreiysTey S“ﬁisﬂ‘ﬁ{eéﬁd er\*I?h‘Flé'L‘i'e‘i %‘\r‘}iescl?ﬁlffltré\ic%‘éi&gGOﬂ\}gFe.c'%‘q“f4 31D
E C 2002 WO OUpfbad<ed images of the microstructure using spatial variations in transmitted
intensity associated with spatial variations in the structure, chemistry, and/or
20 thickness of the sample. Because the radiation used to form these images consists
of high energy electrons of very short wavelength, it is possible to obtain
information at the atomic scale under high resolution electron microscopy (HREM)
imaging conditions. Moreover, the interaction of these electrons with the sample
produces information about the crystal structure (electron diffraction) and local
25 chemistry (x-ray microanalysis) that is complementary to the information
contained in the image.

Prior to cycling, samples were prepared from sputtered films by cutting
the film in either the radial direction (i.e., slices were taken along the radial
direction of the film) or the perpendicular direction of the film (i.e., slices were

30 taken along the tangential direction of the film). The cut samples were then
embedded in 3M Scotchcast™ Electrical Resin #5 (commercially available from
3M Company of St. Paul, MN) and ultramicrotomed to obtain slices thin enough

for TEM examination. Slice thickness was nominally 24 nm.
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PCTNS99/ 01254 al um num and 40 vol . % silicon, cal cul ated based upon these
sputter rates. The filmthickness was 5.2 mcroneters and the film gﬂrlﬁiﬁtz}foz
was approximately 2.6 g/cmi. The filmhad a pre-layer of pure silic

measuri ng approxi mately 420 angstrons thick and a post-|ayer of pure

al um num nmeasvo oam344appr oxi mately 320 5 angstrons thick. ThBCTMUSIGI254
diffraction pattern of the sputtered filmprior to cycling is show in Fig.
13(b). The pattern shows no signal for crystalline silicon and a broad
signal for crystalling alum numat 38.5 degrees. The average al um num grain
size is approxi natel y$%ﬁ01rgwg'§ftf‘m?§t,““l"a1‘% Itgpgﬁ"‘f MiSFAStrHRurg) g‘t"n“’&? 8t he peak
at 10 38.5 degH¥BACHITHOOMD-MAR tFisrifiSsidaS elédioh GRiBOBbpE Which Gferbfdsih and

si | i concont ai ni%g‘écor&o(gnds. ln 6dgi,ti on, t{uere wer e, noétai ni fiﬁ nt
differences bePStElEHting,ytageofi300 KV lijs £apable gt ¢ poipt-tarpoint prsQiutfogof 43 i | m
descridbed Ln Exsfpsiod s dres%ndaTh&r@y@leiréb%xtzighaﬁ/i@ang@tfrclnﬁmbr&Lxey_ahﬁ@d@alyiidh m wafs .
tested as sc ed above .using a, , CQi r J thium foi
anode and tﬁe ibﬁ?‘lcéqaﬁﬁysﬁ‘f‘sr'ﬁuf‘g“‘é‘é““tcﬂ%s‘sé@tqgB@Méﬁgw@ééwgfr sment ). The
first di scharge-gigitadl liRagé atduishids afd GRttatve lepth meddhrethefits RafedRrfaimed. 5 MAJCNZ
down to 5 nV, and tpﬁ:'en g const ant #)fltage §5 % di schgr e until the
current fell tB8Y8GATALY HamseanGhD (charged-gouple devies) emets g ‘g‘?‘f"t""l‘ﬂ“&ﬁson}

speci fic capacies peasrafedPisingi SAESILY 261000 figldh @issibd TEMYSTBM H#ingdWl poses,

t he theoreti cal slgecifi_cf cgﬁg&mit of the ceil ., cal cul ated based 20 upon the
Wt. % of the fi FFPIERR limitforRath imaging and microanglysis of I 4m8SHoMS: with 1 Li/ A atom
and siliconoreacts with 4.4 Li/Si atom is 2160 mAh/g. The cell was then

pl aced under charge apd  di cgan e cycling conditions using a current of 0.5
mV cnZ and cutoff' vo Yﬂ'@‘éi’e " mv and 1.0 V. The reversible specific
capacity and coul onbi Ele&tfddecwera eyt fiom thdputtered filak avithR@igmeasuring@ithe?S 3.
hxanple 33 AfiLlmc i ning,68 wt.%al um num.and 32 . % sili.con was
prepar ed by spZtlt"g??lgggB%?ﬁq%ﬂr {Prm@r&ﬁﬁéo’&‘iﬁm'? B’&Wgte‘sm%tyf’?‘? °f‘§l‘gllse |. The
al um num was 3foraptihg everedthpo picpared. alln eher firktetypd (HalfQcell))ghé sputeredifimmt e, whil e
the silicon.,wag. s ter, deposited Ja. rate of 350 angstrons/ninute. The
1 cont e sae b Sndde B fbnTHa B obo Sarppred MEC ARTRISEER' baseq
upon t hese sputAldeich Ca¢nsisal Cbhef Mibkaukee3 WIT¥okméd tROAHDIMGT D126 8did 4ell. In

PCT/ US99/ 01254 fi | i ckness 5.1 1] ter fil. ensity was
approxi matel y E‘.eé"%g}’ %?Hp.%lfarﬁ@l ?%?ﬁ’%?ﬂn%lﬁéwoﬁeed?thg% %‘te:]a z’ds?i ‘r‘?}(’:‘gﬁ measuri ng
approxi mat el y B@®aizing sommswion Hierokd aledcathode of al 2398 rcoinfceflurBredliGo®@aum
measuri ng appr Qxi I ) t thigk. 5ok AL i . ion
pattern of the%ﬁ@{'éf elag(%?'lo?nq’%?i%a(ragfog %&‘%h‘“ﬁgs%él%g%mlh%?% {ﬁt"{g‘ﬁ&%B(c). The
pattern sh@®s fromsiNippah ClemicalySelskddi medesi thiec designatibna "Gr108d Biwwbal f or

crystalline al ym Y&k ] el n size is
approxi mat el y g@’gﬁﬂﬁﬁ%ﬁ@gﬁﬁ@ﬁ‘ﬁg’t%é“dg‘??éﬁﬁ i 12’%\?@%5@3&{%‘% g ak at 38.5
degrees. Ther e46k's THomPb &6 cuborepalable digmt Bimghl) raind 3rp¥ Super 8iCarboon10

contai ning co aQrk’iﬂﬂE'me%%’J@ObEhaVi or of the electrode filmwas tested

as descri bed above usi in cell featuring a lithiumfoil anode
and the sputtered fi | Bothsypehef el Werd eadhwitli a 6@ micremetenthickpolysthylenhe fi r st

di schar ge t I t [ : : cn2 down
to 5 nv) a(r%g t ﬁﬁg)t"cg}rqggl gﬁioﬁ?gﬁ‘vagll °2§§5% Emrsr){?? tﬁi‘ﬂg%gﬁg@/ﬁ?l?‘?%e current
fell to 50 m credylepesdachonate Fidedi¢thyl wcarhbnath. S\pacergwer¢ usedras gorrenh pollsgiensi f i ¢
capacity was a i I j he

Thoor et cal - spanl GElIVBSks RAREIE, el Y aiRIP AL BB U ek T,
of the film andalf ¢ells, adhileplyminym spacers veeresedimthe illeells. with 1 Lil Al at om and
silicon reacts wth 4 bdi : i / : s then
pl aced under charcqe aﬁﬂe Fé@h%%%%%‘?rﬁ%%gogﬁﬁ?ﬁ%n‘g&u@%ﬁgh%n rent of 0.5
mA cn? and 38ut MACGQR cyaless The cxling/ conditions weng. typieably rset for constant eymenti f i c
capacity and c H G el : r j 0 El . The
results are si %ﬁh}r%?ﬂ%i glsta{?téée(r:d?as F%&éﬁgg%?g\//ﬁﬁwl ﬁ?gtlﬁgégl?é@tﬂo l'ltc: ﬂgut]g ?I m
described in Vvoltages of 5 mV and 1.4 V. Where the anode was a lithium foil, the coulombic
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Example 1. 25 Full cells were constructed as descri bed above using a
sputtered filmas an anode and a Li CoQ -containing conposition as the
cathode. The sputtered filmwas identical to the sputtered film descrdbd&C 200
above except that sputtering was conducted for a total of 90 m nutes to
yield a 9.6 nWor0@Peer thick film The nmass bal ance of the PCTAUBIIOSH )

cal cul at ed based upon the weight of the Li CoQZ portion of 30 the cathode

and the weight of the sputtered film was 7.1:1. The cell was then cycled

W th a constantch di.schar urrent of 0. N C t.ween 1.8 and
4.2 V. -16 3°§Lﬁ%\5§{¥g§'ﬁggg‘\$@"§%l %3%%4‘: Hﬁlrf@%lﬂl%%hg?g%@%f'c capacity
and coul onbi ¢ divided by theycaprcity btlithielidn. | Whesé thenanode wsdgbe dputteFérkfil thet char ge
capacity was 160 h/ gfor Li Co and, 1200 h for. the alum numsilicon
ot ol 1t noune Emeihoy e ilrity 4 MCEIRA feidpi iR &
20% The speci thargexapmity.ty of the al uminumsilicon anode is simlar to 5
what was obtained in the coin cells described above using lithiumfoil as

t he anode. The specific capacity of the Li CoOz was mnai ntai ned at

approxi mately 110 mAhXeRayWiffeartios a r easonabl e capacity for this material.
The results dermnstrabﬁﬁHg%;‘ %E&‘?en?sl L{N'rgug&lﬁ&lﬁ%cgg cogrpgﬁi teLsoan(?,E be used
in an el ectrochem cal ce as Pan anode” i RO Conbi natl oh wth a cathode

mat eri al 10 ( Ldidb@metey pnd alSiemens Mbdel Kristailbflexn805dnS00diffiectometer, Both coul onbi c

efficiency of PR =T ey 0 : f es with
very small cap%@‘i"gwé‘é’e“ @E%E%g%%'&éyglag%% @3‘%‘1 é&?&g&%ﬁ%ﬁﬁ%com ai ni ng
73 Wt . % al URi nédpprakichaly embeamiples ofthe thirsfilprvwegse mountér orsthel sample hdddsnsi t i on
under the condig i . Ilug;@ ter deposited
at a rate of 6%{%‘?}3@ trlgaérrggértn&%étﬁﬁ g%"%rv‘\éﬁ T‘gﬂ%‘%@om i%orgﬁ‘%v\ggégg%%tter deposi ted
at a rate of 280 angsfHohs smittaudepositfth samplesywersnanad weppel7 ubsste dghichum num and
30 vol . %silic >al : : : s 20 film

t hi ckness was gﬂss zﬁ%@éc?%héé{ei?fg@%ﬁﬁ%lﬁ@ﬂ%cfnﬁ&%?? %/&"\;\q[/ellasr sgépgtgﬁ%(éﬂglg%el y 2.6

g/ cnB. The fi | Spesifitally, pheccoppey substytte giyewrisei t ipeaka ahssasenng noslesoafr43¥0mat el y 560
angstrons tkic -1V f al. . i mxirrately
320 angst rolgs ?ﬁ?%g %Tﬁgéég-réredyﬁgi?](‘ai‘lggyééri%%shc%gats%?}ﬁgg?%tﬁggquutteﬁed film
prior to cycli aefd €220 respestivelyn Fig. 13(d). The pattern shows no signal for
crystalline silicon and two broad signals for crystalline alumnumat 38.5
degrees (correspondi n%@to Al(111)) and 44.7 degrees (porresgondj ng to
A1(200)). The aver ageW# 09w rigsarige ghe) pedparations Wgﬁhﬁkqtm@nyo @peciligst r ons,
cal cul ated frogybRdWedidde Afmst he peak at 38.5 degrees. There are no peaks
corresponding to alum num and silicon-containing 30 conpounds. The cycling
behavi or of20the el ectrode filmwas tested as described above using a 1225
coin cell featgikifed lithiumfoil anode and the sputtered film-17 31

DEC 2~~~ WO 00/ 03444 .. . -
A film containing 64 wt.% aluminum and 36 wt.% silicon was prepared

by sputter deposition under the conditions shown in Table I. The aluminum was
sputter deposited at a rate of 320 angstroms/minute, while the silicon was sputter
25 deposited at a rate of 210 angstroms/minute. The film contained 60 vol%
aluminum and 40 vol.% silicon, calculated based upon these sputter rates. The
film thickness was 4.7 micrometers and the film density was approximately 2.5
g/em®, The film had a pre-layer of pure silicon measuring approximately 530
angstroms thick and a post-layer of pure aluminum measuring approximately 310

30  angstroms thick.
The x-ray diffraction pattern of the sputtered film prior to cycling is

shown in Fig. 13(a). The pattern shows no signal for crystalline silicon and a
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PCTNS99101254 as the cathode (hall' cell arrangenment). The first discharge
of the cell was a constant current discharge at 0.5 mA/em~ down to 3‘5 mz/
and then a constant voltage (5 nV) discharge until the current fell g@)OUZ
m croanps/en2. The initial discharge (lithiation) specific capacity was
appr oxi mat el yWQ@B44dAh| g. For 5 conpari son purposes) the tHNIHSSVIZH|
specific capacity of the cell) cal cul ated based upon the wt.% of the film
and the assunption that alum numreacts with 1 Li/Al atomand silicon
reacts with 4. T I ed under
charge and di s%ﬁgdr %gﬁa(l:?%:rl tdlﬁneﬁjﬁﬁngﬁy tﬁiglsn&%eggulrrr hgﬁ?ﬂ%eﬁ"gh% n2 and
cutof f vol t agesrainfsiz8 lWPm’idnaoel)@SQ/angitmnSl@lW@nbthe wigth of the peakagbaci ty and
coul onbi c effi f gl I e
denonstrate thg&'?t %re il rrggﬁfag%nnagﬂcfggoo é)lﬁg'g ttg arhte?rtmé':lrll;{?l (%Jnaean%ncoul onbi c
ef ficiency up canta?@lwome@dSafter whi ch the capacity began to fade and the
coulonblc etficiency £ aining 78
. % al um n%m and 22 g\ﬂéﬁﬁ‘ I%?Sﬁwmgéﬁﬁpﬁglségrygﬁ es?ﬁ??gy i'icmcg i i on under
t he condi t i onsres¢aigtn thah tﬂbabmerostmcfﬂhve indluded nUM %y yplymeepf ctafmﬂm ed at a

rate of 640 an ited at a
rate of 210 an%lt;'{ngﬁé{ cmtdﬁd Sqlﬁ% lgll Mﬁ‘é";#t%. necf%g %@f%d@&gﬁ' num and
25 vol . % sili catm)ns cﬁhecqybxaseaﬂzetﬁsl@cbrymdimetahmmmswthl@rquew@ym k6 fi | m

t hi ckness was g,ggga ely 2.6
g/cm . The fi I?nm'h l %sﬁee(? mgtolpﬁr“g gﬁ% n'"{rfééaédg@@i“ﬁ Hgggdr‘g% mately 550
angstrons #@i ckre&mtldlym@nted W@Fl tgihewlﬁmeoahmﬁinnum measuring approxi mately
i o1 To cyeling | s S aakah gl iRltea B2 rliede | Mo BRE L or
crystal | i ne si micEestiugvrg. Onghihags gqnglﬁta otucerstaﬂmvelumuphés evidensed Ppr the film
described in Emmx l; r €8S
(corresponding to Al (ingn&ﬂatt%ﬁll.@ lgdggfoeggﬁ%gﬁgagg%%ﬁgzl %‘8(2?% 1241% (200)). The
average al um n#h ’g¥7a¥‘I35‘5qnlseWh§h dp peraxsorrgsrends resgectigdy.aadha (1dhs (208l cul at ed
corr espondi ng (2 a b e SPevipus BOE T cERE Bl SIS MR BT 51 b ec
ZOp7 WO 00/ 034aIl4m1n@m Udbg gpqond shpse Brs arﬁuneqeecétvmwmﬂfahmm o dlisanysi s of

the filmprior déxﬁ’au?sY&:Lr'a&Gn{e@W%' t76hdt diﬁfﬁsetrh@ ﬂﬁlt&ﬁ,os%%dd&h%@aﬁs%klb@'ed 17. 8%
by vol une of crystalllne al um num particles and vol une of a

m xture of al upidprEdFrRiling materiph Theglomainsize wag ae srgaterdhan209nssiA®s.cr yst al | i ne

al um num particl es wephel§ching) B2HaViod bf %éelw%dwlﬂm WHY (8YQ A0Bes@iilR@Ct ratio
of 1.64. The crystalline alumnumparticles were preferenti al lﬁI%I oriented

with the | dhg #BOVEUTRE Hht2>rcgin Gel teausing adithipmdol prode apd e sPATeA P r act i on
patterns indi cad a4 damed@(la&ed%naar@ﬁgemewo THeafE: dlbchaigs tof URd béllewadOne phase
consi sted of crystalline ‘ﬁﬁlﬁm nu (cglsnced b'}; sgl%ra‘ spots in a ring
pattern which f fugeah dirntEgmes éc’f‘ wp tg 4 mY N AFonstt and 1. 22
angstrons) Whi ¢dltagé (5 V) ﬂssclﬁﬁﬁeﬁﬁﬁﬂ@é‘durrdnﬁfdﬂ&@tSU\ﬁﬁlzrbSamﬂsQnIzhﬂ‘hé inkdat, (200))
(220), and (311, Iat |ce spaci ggs of ,the face er cub cry t al

structure for &T'H%) el cFaB"r?ﬁ}éeW‘IR/a@PEP" 5°le I

al um num ansl scdmpaﬂgbnqﬂrﬁakeasmshﬁé@ﬁ&aﬂfﬂeziﬂdc&wc@ drrtw&uohafcﬁu&e bisedg pattern,
suggesting the abs gnce, of. or ere% g stal |inge terial. The g mn size was
no greater thaHP°2(5 SWHE & st pdd ?éﬂ?"’ﬂ‘?t?ﬂé?”él minUm.tepcty, B7th, 3‘ veal ed

i nhonogenei ty aBmandsiicoaGedcs uhmwed LitSiaemgRQuéo mAargf i | m The cycling

havi or of th I fil r
behavior of the e eCt’E‘I%dc%II was mel\{va]sce%eu%éeer%haargsegx Sd%cha?gedcyclmg conditions

using a current of 0.5 mA/cm’ and cutoff voltages of 5 mV and 0.9 V. The
30 reversible specific capacity and coulombic efficiency of the cell are shown in Fig.

1. The results demonstrate that the electrode film will reversibly cycle at greater
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above using a 1225 coin cell featuring a lithiumfoil anode and the
sputtered filmas the cathode (half cell arrangenent). The first di sgﬁgrg@
of the cell was a 20 constant current discharge at 0.5 mAlcnz down t DEA/2002
and then a constant voltage (5 nV) discharge until the current fell to 50
m croanps/ cnWVO W44 ni ti al di scharge (lithiation) specifi cPGIASAYIRSS was
approxi mately 1700 mAwg. For conpari son purposes, the theoretical specific
capacity of the cell, calcul ated based upon the wt.% of the filmand the
assunption th / reacts
with 4,4 Lllsﬁhg\?ﬂgran%?g Oéggﬁ%ihw éyle"f‘%‘ev“(’:el u‘@bs‘@te %}d%‘?éél er charge
and di scharge thanA%0%g condi ti ons using a current of 0 5 mAl cne and cutof f
vol tages of 5 nV and f coul onbi ¢
efficiency of the ceITI:keg}r]ae Sﬁ&‘ﬁar&@‘é&&?& Qll]rge §€cﬁ&brde§eﬁﬁﬁgpgdel%n§ﬁkate t hat
the films proviaeeydfobtp @yaﬁsatéuatg/shpwnemﬁgohs afbe goa show thatothereafd noci ency up

to 65 cycl h onbi ¢

ef fici ency%Zr ongB’Ee Erg‘él%ﬂg@@sgg/oﬁe %Eg@&hé,ﬁ{,iﬁ%gﬁcﬁ ‘g’“;‘%&é&? gSJEEjh%%b#NSQQI 012.i4
>ax, 8npl e 66 A8PAcityriscentiees aVPricPraad valtagerange and 28 wt. % silicon was prepared
by sputter depositi omg,RggH eFJ%n&R.@Q&E&&HQ&b% Mehan Wﬁdu?teljed g tin was
sputter deposited at a rate of 140 angstrons/ m nut e silicon was
sputter S depddianeds aa@aélq%eomﬁlnlmagomgpm othe thFeThelmﬁWd fimcont ai ned
45 vol . % tin I & utter
rates. The fil %t‘ﬁ%@gﬁégs{ﬂe\?\ggh%&ﬂw ?%%#hﬁ?%vgﬁg&? ?1 ?%Mﬁ@ﬁsﬁ)y was

appr oxi mat ¥ y cenducied dorm totphef 325 minktegitozyighd a-104ymicrasfetes tiriek im.j Tem neasuri ng
appr oxi mat el y nta'épbamtorf%smtumeﬁkcan gnggdebatesuﬂtq RO )#hf)f@{he tiodhe x-1ay

diffraction pattern of the tere rior i shown in Fi g.
14(a). The patRogion of Hw;gthﬁéﬁ e\dgtpawenshslof Wtssmrqduﬂte, pahy. 1& y Jheakeli ne

silicon, or copRaHRdsycrRNtik mlcaetatnheﬁﬁgeemnamh&geEleexﬁy&'o5\%@&#’%' or of
the el ectrode film was tested as descri bed above using a 1225 coin cell

featuring a | ibehyegtd #8442 Node and the sputtered film 15 as the cathode

(half cel lsrr angem?"lth}. spe-mi‘é‘ cﬁ;&af:x?} nﬁ' c%GlBﬁ‘:BEeefﬁ’&enE?%f %lcbll YWghodn GONSt ant
current di scharge at hen a constant voltage

(5 mV) di scharid® Zurfe Iﬂrsf ﬁl@’&?lflaﬁ’aé’r‘ﬂt “’P-“el“l8 ”B‘b“’&@’rﬁ‘@?%ﬂs‘ﬂ%ﬂ%ﬁ%’ initial

di scharge (i tthé Abmoh-sHREE inhiefialGRBRCnbde. VWi ifrbNRF$ibie BRadityyin kigbfrsymn/ g. For
conpari son purposesz the_theoretical s eC|f|c capacity of the cell,

cal cul at ed bas¥tie %8S #17an Thwpecitic oapagityt @erqu'aha' 'fwbanae%mfmllabw that tin

reacts with 4va1aLwts$ttaate@mtaasb.§bduh B6ABrile8 @6dve ulthg hithfhnfioliiak e anddem 1s | 900
mAhl g. The_ cel | cgtt?:ten pl aced under charge and di scharge cycling

condi t i ons®QsiH SBeHtf FatftY SF tp. BisoRpPeRPagiined i IO MAVEaHEE B2 5 niv and

1.4 V. The revfegssﬁabieea@a@woﬂhcgm@apl ty and coul onbic efficiency of the
cell are shown in Fi enpnstrate that, the félmvvill

cycle with high speci Féestilésp%FEPi’%}m%fg“ t‘eg’ﬂ“'ﬂ'(?ﬂt“o‘ﬂﬁf’% CUPRASioR GG or at
| east 70 cycl afied imsneRttiochenficdl célnas@n Bhdtie i mb&ﬁuw whith & cfth@i@GnalefialMt .
30 sputter depositio t.he condltlons shomn in

silicon was pr red b p r
Tanl o1 The tERBOSVEND et B vekpaeres Thp ST mbia STGRESH $U4ML i not o,
whi | e the 25 | iceldRervdised apolit o0 I0%IRP @S iekst d 2@ tyctesvittevedy shdlD capagfit fagersl m nut e.

) A |
The fil m cont k&e‘% ?‘%/c\){&la)i %tin and -20

Example 2
A film containing 64 wt.% aluminum and 36 wt.% silicon was prepared

30 by sputter deposition under the conditions shown in Table I. The aluminum was
sputter deposited at a rate of 640 angstroms/minute, while the silicon was sputter

deposited at a rate of 420 angstroms/minute. The film contained 60 vol.%
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31 DEC 2002 WD 00l 03444 PCT/ US99/ 01754 38 vol . % silicon, cal cul ated based
upon these sputter rates. The filmthickness was 1.9 mcroneters and tﬂ&rc
filmdensity was approximtely 5.4 g/cmi. The filmhad a pre-|ayer 013 2002
silicon neasuring approxi mately 150 angstrons thick. There was no

post -l ayer. Wwoloessd ray difif'raction pattern of the sput tPET&ENHISM pri or
to cycling is shown in Fig. 14(b). The pattern shows no signal for
crystalline tin, crystalline silicon) or conpounds contai ni ng these

el ements. TEM dj t o reyor to
cycling reveal W?@‘ ?&{ %\@0%%rcl)'§ rﬁ%’?@?‘g@%\%? go Ihe}e%?“&tﬂrrge%%fh\%ery smal |
tin and sili cdimlbickesavass.2 Tiigometersand thecfilor demsigys whsiapphaximattipéct eri zed by
{he absence, ol BRISHRSRL NGt £ PG Mo iR il o ©
nanoscal e conpogstiometittk andra ust-layer o€ pyre aiiminunemedsuritghappfoximahy 33%e. The
cycling behavi éstr%InsH?c el ectrode filmwas tested as descri bed 15 above
using a 1225 corn ce eaturing a lithiumfoil anode and the sputtered
filmas the cathode (Thalxfray diffraction aattpemefithy spafteesdffilmspriodits cyrdingé of t he
cell was a cony g 405 , and then
a constant vol %‘8‘2% gigmﬁg)t ﬂigﬂ% %ﬁf@% an %n%fr ﬂgm#‘%r‘flgotnoa“gg

m cr oanps/ cne .brodesignal for aiysdllive hhmgmm( B( 86 alegress) Bpevyefage alvmpwni ty was

approxi mat el y K i cal
specific capac#% 1592{?“%6()%:6?@ caﬁﬁgﬁag‘t e%ﬁglgg gg ﬁ'ﬁgﬁ%{ %m&tw)?g* QI{ he film
and the aslsiljrrr%?lSodeg!%at There pegana peakis tdorraspanding &abmmrmdsmlicpmon reacts
with 4.4 LilSi er charge
and di scharge cg‘% CBI%BJ@a%I@?EhlEgI} Eﬁﬁa&éhbogﬁaﬂg%?gf@ewge %nd cut of f
vol t ages of 5thm/pamm @dzﬂhe\pattqfhebtzlﬁect@r/étpﬁlnbd@crdpémExampl%ipam ty and

coul onbi c efficiency C r g r

denonstrate that t he &na%g tfelh!m%l (Zf l\?‘mp%}?@tnéd?ghfﬁgnpvevglgﬁs%pgépag%%{/dsand hi gh
coul onbi ¢ eff |abi>‘€nt§y\8faolr22at‘-olh eeléfeafeong:ybthw\ offrraoderand dhe sphsserefilpe vol t age
curve and tshe di [ ve |G Go are shown
in Fig. 16f5 Thag té%@agﬁ‘&% @élf Egl Bﬁﬂ@erﬁ%) Tﬁ%(ﬁg%%%ﬁ ?S?icglﬁf& gnganges in the
el ect r ocheni cefongiRah SYirent dée‘?am?galdili:mﬁaiw éaven tohhmY, Had dbgnat cengtants real i zed
over & broad \Rld@As @ WRg2ini (% Tl SORiYRAOLRS ke L/ U599/ 01254
Xx mle 8 Afilmcontainin tin and % silicon was _prepared by
sputter depos|dclﬁcbiﬁgtuHdb‘#“qnhépe%fmlc‘ma@ﬁ’s wah BprToximattiyph2 00| mAge Fom was
sputter deposidofifarfibn furhdeg tefm.?&élmaragamcoamc@ BpinE el Rhibfaddiased | | CON VS

sputter 5 deposited a a rate of 140 angstro m nut e. | m cont ai ned
69 vol . % t3h awen the widh of die|film ond ﬂ@a‘ls%lmpat”e&‘ab‘ﬁ‘é@d“'ﬂﬁEﬁ‘r‘tstW‘Iﬁ'sbLéfbhtter

rates. The filggnk ﬁHd“sKi&Sﬁﬁsa&@ﬁnt1243Ui}’SFa&&Hﬂi 2168 nidg. t he filmdensity was
approxi mately 5.8 g/¢n8. e filmhad a pre-layer of pure siljcon nmeasuring

approxi mately 150 angTé‘FF?JWastth‘f"dﬂace %‘*\ﬂ&g disghange Fyclipg condionshe x-r ay

di ffraction pajstng@rancuplent &0 S RNALRF @t EitbMvBlideRd of & MV GhiiNG VS BIROWN i n Fi g.
14(c). The pattern shows no signal far cr&_stal line silicon and_a broad

signal for cryg‘feéﬂ'q]? specific ﬁaP&F‘tYSal‘d(fé‘dP'éE'ée Wé?YeoféPfeche%eawg intFjBr espondi ng
to tin- amgh sij icon-containing conpounds. The cycling behavior of the

el ectrode filmwas tested as described 15 above using a 1225 coin cell
featuring a lithiumfoil anode and the sputtered filmas the cathode (half
cel | arrangemeggyample8he first di scharge of the cell was a constant current
di scharge at 0.5 mAl cm;, down ¢ and then_a constant vol tage (5 nV)

di scharge until the @ﬁ%ﬂ\tﬁ%ﬂaﬁﬁw%e‘umemﬂﬁé%m IopR &3 PRERA',  gi schar ge

(lithiation) Sﬂ%ﬁﬁtfdr@e;ﬁﬁiﬂaﬁhﬁdér vxas;oﬁdmrmhdm 181 1abid 20 CrheRidt@nuntwis 20

conpari son oses, t heorefical specjfic capacity, of the cell,
cal cul at edBas weas‘a?s‘meﬂt 09 of ﬂwsmom#name oriue Aesyligh MR SRUBSR ti n

reacts wth 4.4epdsitédSat at@@ of 350 angstroms/minute. The film contained 65 vol.%

aluminum and 35 vol.% silicon, calculated based upon these sputter rates. The
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and silicon reacts with 4.4 Li/Si atom) is 1400 mAh/g. The cell was then

pl aced under charge and di scharge cycling conditions using a curreng qucom@
mA/ cn2 and cutoff voltages of 5 nv and 1.4 V. The 25 reversible speC|f|c
capacity and coul onbic efficiency of the cell are shown in Fig. 10) The
resul ts denorwoowsadt hat the filmwll cycle with high spepdnissyeiaggaci ty
and hi gh coul onbic efficiency for at |east 70 cycles. Full cells were
constructed as descri bed above using a sputtered fi I m as an anode and a

Li CoOx- cont ai ni Si at hod er ed fil 30 was

identical to tI@ Eglf%er%%f ?I " (c’Imggrl;laB%} @ov%ens' cep ptpﬁ%fmaé%%?t ering was
conduct ed for eg/dnﬂt alheoffilml A4a arpredh;&s of purgi silicdn andﬁsu%mmappmmmmly $Wick film
The mass bal ance f t full ce IcuI at ed based ht of the
L ao0s S 250 5 haspemb e e sBfaies S b G R SRR Probael AN ot hone

and the wei ght aogstrbinetmqkutter ed film was 6.5:1. The cell was then cycled
with a constant charg nd. di r urr f fivween 1.8 and
4.2 V. The sspeC| fic cg}})‘gc r?%/dl ”ﬁ?o'g ‘ItPe |cthee uuglregﬁ'émnron%%gy "éq f*is shown
in5 Fig. 1 |. sidéven ini Figt 1Xt)ar Ge mastpacshows msngﬂﬂﬁ'omlyttghﬁomhmanm and 1000
mAhl g for the tin-silican e (s ErS capacity
in the first c;}mfrld s\ﬁé‘hl %%cr@%@né%’m ﬁ"igtc%%ggg ?/esof ehaé"':t nal§| P‘"@on anode
is simlar to \gnaa siveis apiyoximately SOmngskrems,@Blnulctedl fremd@mdtlbﬁ'dhea;hmlva usi ng
lithiumfoil asyth d he spe Lty 0
mai nt ai ned at %é(? %ﬁé}? ervbr%;lé Er o géaﬁéeag%%g%fdg}glff Ej‘a’t&'gﬁ 9? et |
materi R . Ti9e rcestmhmscelamndst rate that the tin-silicon corrp05| tion can be
used in an el ectroche I ' ' j cat hode
material (Li CoQ) typ:iqggl%}'dﬁgsﬂee na{fl ?ﬂ?@%édgnﬂ@g?gr&ygg%llﬂh&:nbé%ul onbi c
e~ci ency of theabexs|using @rid2neain aﬂbmtum Dhithiuoy foil tanpdecand tigospueredefmni t h very
small capacity ahde ah i0 e) I # ini ng 90
.%tin and 1(?];%1@%@1 gﬁc@ﬁ%vag éﬁ"%@be T yﬁg%gﬁc’gdrrg%dépg\g:c'?ﬁt%gunder t he
condl ti ons shownnstant mnédlscha@qeattQh"w&“ sgavint tor 5 Y, d@ﬁdhﬁnt@dowma rate of

420 angstr / 1 @ rate of
140 angst rglﬁl m"ﬁ{#’% %dsf%h%rﬁ%@rlﬂ“gﬁggﬁ@ W%ﬁtl nsgag gﬂng a% silicon,
cal cul at ed basalischasgsn (lithiaténs) spesificeraprcityewas Fppsoximatelyt hiOGkmab/g. wEer 2. 1

m croneters ang,fBeishi m&@@%ettﬂeo%n?al@&fo&%ﬁ%&fh%h@ cdl, QidTted dab@ fi1m had

a pre-layer of pure SI{)I con neasuring approxi na 50 angstrons thick.
There was 25 noppbthe W&y ek the filma and thgssymplignatha Wlp‘ﬁt‘t@ﬁﬁ voth k hiéAlsput t er ed
filmoprior to Cay&Imaglncénr%MW.mmEvgat&.él(.sdiosomgoattern shows no si gnal
for crystalline silicon and nals for crystalline tin at 30.6 degrees
(correspond®g to Sn( Jbeysil thz q pipsest ender gharge prdsgischense eycling smditions1 ) 43. 9
degrees (corresgRpl QrehtOofWE 2m? ch&éh‘%l?h@esdEQSQWa(\&Qrd ¢spprdi ng to

Sn(211)). There are no peaks correspondl ng to tin- ilicon- cont ai ni ng
conpounds. - 23 Tevessiblagpecific sapagity,ayd e@é@n@aeﬁewn@mfdhezgeﬂ are shown in Fig.

4. The results are similar to the results achieved in the case of the film described in

Example 1.

25 Full cells were constructed as described above using a sputtered film as
an anode and a LiCoO;-containing composition as the cathode. The sputtered film
was identical to the sputtered film described above except that sputtering was
conducted for a total of 90 minutes to yield a 9.6 micrometer thick film. The mass
balance of the full cell, calculated based upon the weight of the LiCoO; portion of

30 the cathode and the weight of the sputtered film, was 7.1:1. The cell was then
cycled with a constant charge and discharge current of 0.5 mA/cm? between 1.8
and42 V.
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The cycling behavior of the electrode filmwas tested as described above
using a 1225 coin cell featuring a lithiumfoil anode and the sputtere&E
filmas the cathode (half cell arrangement). The first discharge of 3th&EC 2002
cell was a constant current discharge at 0.5 mA cm down to 5 nV, and then
a constant Swaondoeage (5 nV) discharge until the current f aldruses/GLs4

m croanps/cnez. The initial discharge (lithiation) specific capacity was
approxi mately 1150 mAh/g. For conparison purposes) the theoretical specific
capacity of the cell, cal cul at ed based ,upan e mM%of the filmand the
Geounpt}on that ¢ n FhEReEt Bicy 5 coyiehRg elHentt ok Pt pHlR shertbe W th a4
Li/Si atom i Figl30The13! chargt Gaphbiey wal 160 weth/g foe DiGu03 aedl 1200drAh/g far ge and

di scharge cycl, ng condit.ions using.a current .of 0.5 mA/cm;_ an ut oi f

Tol tages of & R sieqs maaA MLy st o ietemiete SR PR coul onbi c
efficiency of cydiewasdolo. aTie spévifidcapatiti-ofithe ARiminkinBsiliemianbde isl similastor at e t hat

the filmwlI cle wth high specific.capacit L high coul onbi c
efficiencyf Otw%gttqué’gn@f“eq%@ ﬂ%yct?l“g?ﬁs ‘ieé“@ﬁﬁ vgﬂ%?ﬁﬂﬂ'ﬂﬁ@p&‘rt ¢ H°Pfin t he
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30 compounds.
The cycling behavior of the electrode film was tested as described

above using a 1225 coin cell featuring a lithium foil anode and the sputtered film
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15 Example$

A film containing 78 wt.% aluminum and 22 wt.% silicon was prepared

O

by sputter deposition under the conditions shown in Table I. The aluminum was
sputter deposited at a rate of 640 angstroms/minute, while the silicon was sputter
deposited at a rate of 210 angstroms/minute. The film contained 75 vol.%

20 aluminum and 25 vol.% silicon, calculated based upon these sputter rates. The
film thickness was 3.9 micrometers and the film density was approximately 2.6
g/cm®. The film had a pre-layer of pure silicon measuring approximately 550
angstroms thick and a post-layer of pure aluminum measuring approximately 320
angstroms thick.

25 The x-ray diffraction pattern of the sputtered film prior to cycling is
shown in Fig. 13(e). The pattern shows no signal for crystalline silicon and a sharp
signal (relative to the signal for the film described in Example 1) for crystalline
aluminum at 38.5 degrees (corresponding to Al(111)) and 44.7 degrees
(corresponding to Al(200)). The average aluminum grain size is approximately

30 180 angstroms, calculated from the width of the peak at 38.5 degrees. There are no

peaks corresponding to aluminum- and silicon-containing compounds.
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;5 <<<aB7= aluminum particles and 82.2% by volume of a mixture of aluminum and silicon
atoms. The average size of the crystalline aluminum particles was 19.5 nm by 11.5
5  nm, with an average aspect ratio of 1.64. The crystalline aluminum particles were
preferentially oriented with the long axis normal to the plane of the film.
Electron diffraction patterns indicated the presence of a two phase
microstructure. One phase consisted of crystalline aluminum, as evidenced by
sharp spots in a ring pattern which index to aluminum spacings of 2.34, 2.02, 1.43,
10 and 1.22 angstroms, which, in turn, correspond, respectively, to the (111), (200),
(220), and (311) lattice spacings of the face center cubic crystal structure for
aluminum. The second phase was a mixture of very small aluminum and silicon
domains characterized by a broad diffuse ring pattern, suggesting the absence of
ordered crystalline material. The domain size was no greater than 20 angstroms.
15  X-ray dispersive spectroscopy revealed inhomogeneity on a nanoscale level
throughout the film.
The cycling behavior of the electrode film was tested as described
above using a 1225 coin cell featuring a lithium foil anode and the sputtered film
as the cathode (half cell arrangement). The first discharge of the cell was a
20  constant current discharge at 0.5 mA/cm’? down to 5 mV, and then a constant
voltage (5 mV) discharge until the current fell to 50 microamps/cm®. The initial
discharge (lithiation) specific capacity was approximately 1700 mAh/g. For
comparison purposes, the theoretical specific capacity of the celi, calculated based
upon the wt.% of the film and the assumption that aluminum reacts with 1 Li/Al
25  atom and silicon reacts with 4.4 Li/Si atom, is 1650 mAh/g.
The cell was then placed under charge and discharge cycling conditions
using a current of 0.5 mA/cm’ and cutoff voltages of S mV and 1.0 V. The
reversible specific capacity and coulombic efficiency of the cell are shown in Fig.
7. The results demonstrate that the films provided good capacity retention and
30 coulombic efficiency up to 65 cycles, after which the capacity began to fade and

the coulombic efficiency dropped below 99%.
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Example 7
A film containing 83 wt.% tin and 17 wt.% silicon was prepared by
30  sputter deposition under the conditions shown in Table I. The tin was sputter
deposited at a rate of 225 angstroms/minute, while the silicon was sputter

deposited at a rate of 140 angstroms/minute. The film contained 62 vol.% tin and
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1.9 micrometers and the film density was approximately 5.4 g/cm®. The film had a
pre-layer of pure silicon measuring approximately 150 angstroms thick. There was
no post-layer.

5 The x-ray diffraction pattern of the sputtered film prior to cycling is
shown in Fig. 14(b). The pattern shows no signal for crystalline tin, crystalline
silicon, or compounds containing these elements,

TEM and electron diffraction analysis of the film prior to cycling
revealed that the microstructure included a mixture of very small tin and silicon
10  domains. The microstructure was further characterized by the absence of ordered
crystalline material on a scale of 10 angstroms or less. Z-contrast images showed
variations in contrast indicative of a nanoscale compositional variation
perpendicular to the film plane.
The cycling behavior of the electrode film was tested as described
15  above using a 1225 coin cell featuring a lithium foil anode and the sputtered film
as the cathode (half cell arrangement). The first discharge of the cell was a
constant current discharge at 0.5 mA/cm® down to 5 mV, and then a constant
voltage (5 mV) discharge until the current fell to 50 microamps/cm® The initial
discharge (lithiation) specific capacity was approximately 1250 mAh/g. For
20  comparison purposes, the theoretical specific capacity of the cell, calculated based
upon the wt.% of the film and the assumption that tin reacts with 4.4 Li/Sn atom
and silicon reacts with 4.4 Li/Si atom, is 1525 mAh/g.
The cell was then placed under charge and discharge cycling conditions
using a current of 0.5 mA/cm? and cutoff voltages of 5 mV and 1.4 V. The
25  reversible specific capacity and coulombic efficiency of the cell are shown in Fig.
9. The results demonstrate that the film will cycle with high specific capacity and
high coulombic efficiency for at least 60 cycles.
The charge/discharge voltage curve and the differential voltage curve
from cycle 5 to cycle 75 are shown in Fig. 16, The data show that there are no
30 significant changes in the electrochemical behavior during cycling, and that the

capacity is realized over a broad voltage range.
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Example 8

A film containing 87 wt.% tin and 13 wt.% silicon was prepared by
sputter deposition under the conditions shown in Table 1. The tin was sputter
deposited at a rate of 310 angstroms/minute, while the silicon was sputter
deposited at a rate of 140 angstroms/minute. The film contained 69 vol.% tin and
31 vol.% silicon, calculated based upon these sputter rates. The film thickness was
2.3 micrometers and the film density was approximately 5.8 g/cm’. The film had a
pre-layer of pure silicon measuring approximately 150 angstroms thick. There was
no post-layer.

The x-ray diffraction pattern of the sputtered film prior to cycling is
shown in Fig. 14(c). The pattern shows no signal for crystalline silicon and a
broad signal for crystalline tin at 31 degrees. There are no peaks corresponding to
tin- and silicon-containing compounds.

The cycling behavior of the electrode film was tested as described
above using a 1225 coin cell featuring a lithium foil anode and the sputtered film
as the cathode (half cell arrangement). The first discharge of the cell was a
constant current discharge at 0.5 mA/cm® down to 5 mV, and then a constant
voltage (5 mV) discharge until the current fell to 50 microamps/cm®. The initial
discharge (lithiation) specific capacity was approximately 1200 mAh/g. For
comparison purposes, the theoretical specific capacity of the cell, calculated based
upon the wt.% of the film and the assumption that tin reacts with 4.4 Li/Sn atom
and silicon reacts with 4.4 Li/Si atom, is 1400 mAh/g.

The cell was then piaced under charge and discharge cycling conditions
using a current of 0.5 mA/cm® and cutoff voltages of 5 mV and 1.4 V. The
reversible specific capacity and coulombic efficiency of the cell are shown in Fig.
10. The results demonstrate that the film will cycle with high specific capacity and
high coulombic efficiency for at least 70 cycles.

Full cells were constructed as described above using a sputtered film as
an anode and a LiCoQ,-containing composition as the cathode. The sputtered film
was identical to the sputtered film described above except that sputtering was
conducted for a total of 110 minutes to yield a 5.3 micrometer thick film. The

mass balance of the full cell, calculated based upon the weight of the LiCoO;
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The specnﬁc capaclty and coulombic efficiency of the cell is shown in

5  Fig. 11. The first charge capacity was 150 mAh/g for LiCoO; and 1000 mAl/g for
the tin-silicon material in the anode. The irreversible capacity in the first cycle was
4%. The specific capacity of the tin-silicon anode is similar to what was obtained
in the coin cells described above using lithium foil as the anode. The specific
capacity of the LiCoO; was maintained at 130 mAh/g, which is a reasonable

10  capacity for this material.

The results demonstrate that the tin-silicon composition can be used in
an electrochemical cell as an anode in combination with a cathode material
(LiCo03) typically used in lithium-ion batteries. The coulombic efficiency of the
cell remained about 99.0% for at least 60 cycles with very small capacity fade

15  (about 0.1%/cycle).

Example 9

A film containing 90 wt.% tin and 10 wt.% silicon was prepared by

sputter deposition under the conditions shown in Table I. The tin was sputter
20 deposited at a rate of 420 angstroms/minute, while the silicon was sputter

deposited at a rate of 140 angstroms/minute. The film contained 75 vol.% tin and

25 vol.% silicon, calculated based upon these sputter rates. The film thickness was

2.1 micrometers and the film density was approximately 6.0 g/cm®. The film had a

pre-layer of pure silicon measuring approximately 150 angstroms thick. There was
25  no post-layer.

The x-ray diffraction pattern of the sputtered film prior to cycling is
shown in Fig. 14(d). The pattern shows no signal for crystalline silicon and signals
for crystalline tin at 30.6 degrees (corresponding to Sn(200)), 32.0 degrees
(corresponding to Sn(101), 43.9 degrees (corresponding to Sn(220), and 44.9

30  degrees (corresponding to Sn(211)). There are no peaks corresponding to tin- and

silicon-containing compounds.
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3. An electrode composition according to claim 1 wherein said

mixture is essentially free of domains measuring greater than about 100 angstroms.

4. An electrode composition according to claim 1 wherein said
composition, when incorporated in a lithium battery, exhibits (i) a specific capacity
of at least about 100 mAh/g for 30 full charge-discharge cycles and (i) a
coulombic efficiency of at least 99% for 30 full charge-discharge cyclies when

cycled to realize about 100 mAh/g of said composition.

5. An electrode composition according to claim 1 wherein said
electrochemically active metal elements are selected from the group consisting of
aluminum, silicon, tin, antimony, lead, germanium, magnesium, zinc, cadmium,

bismuth, and indium.
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