*;e3el] 1Z|( 6~ T =AB 1 A magnetic material, and a MEMS devi ce using the

magnetic material Field of the invention The present invi@tion relates to a

magnetic material, and to MEMS (micro el ectronechani cal) Mwmﬂmmﬂmumr"

enpl oy the magnetic material. 5 Background of I|nvention
t echnol ogy advances, nmany el ectronic conponents and devi ces hasesbeen
scaled down to the mcro regime aimng ffor faster and nore portable
operation. This has given rise to the energence of mcro-electronechanical
10 systens (MEMB)AONSYG natedal.ansta MEMS davioer usingithe maanetic matedbct ur i ng
technol ogy for the fabrication of mcro- and nano-devices. In line with the

trend of Fl@(pbﬁﬁgqmén}mere is a need to devel op cost-effective processes

that can HBe rntegra asily in batch processi ng. Many nodern magnetic
MEMS devices (such as including mcro-actuators, sensors, and frictionless
m cro- geaflg ,preaent invertion neigtest ta 4 i magnétic matenahr addce MBMS) (rérol cal

magneti c [, I 1.5 known to use electroplating to deposit various thin
magnet i ¢ %lfe&rtr@“FS&aWﬁaﬁgﬂ’@e?MF@ﬁfﬂﬁ%i"}%@'@@f‘e i maiafialast to many ot her
thin-filmdeposition nethods such as sputtering and evaporati on,

el ect opl Backigodhd f lvenfigh faster and cost-effective 20 nethod of
deposi ting t%l ck (--100un filnms with easy control of process paraneters
for achieving specific filmcharacteristics. Inline with the rising demand
for mcro .:ftf'e? l.at ] has_bee ctively explored, in recent years
as a favo'ggme n%ttﬁéﬁélégy(?g%@%%%ﬂa'& e%%ﬁ“!fs Popgft"isc?’?ﬁ devices haver es
in the faeercachled dbwiHEND tHeviiad Edgidk aimpg Fr Fast £ bitpiEeny
ot her mcrofapri ca'\_Ei on 25 proce.sses.ég'CobaI t- bgseJ aﬁ %@s%ﬂ\?\n Pﬂ%rtshébgé%llg?i on
of Ni, PORatay TRis has givenviisepto dhe cemergandseefi microieleqttarhechartcali t her

bi narqy or r ri e [ 4- 8. er. .there are not, nman
studiﬁgs osr};S ﬁ]rgév@/r“?imc I{egﬁpémog@atoﬁj%t é’lr;“g\zggyss;?m"é%é%% éﬂ?'i“éféﬁ@(ﬁn\i@y

el ect r opltachmgjogBéorf the, fabeitatiorabf mirbe BRd T1Hd-ASviEEN IR 1l witiCond 'ﬁ*eh&loclzf’
CoNi M\hP [edl%og CoPt WP é{éﬂ%and Copt q512, 13] has been an attractive

candi dat FYSiRAMeRt, dh £ B8ed tpadeveler mast-effeative inbdcadses thagrcarebei cal
magnet i Cc A 0N ai v ek hel :hesg . repaor ave been . limted to
magnet i o Mot el Y SRt S CessitE e Bichp A e MEfst Souieds: ne
r equi r ene(StchasincydimggmitrocadEABrs] essnsers, drit fctiBhldss @Rﬂ?@fg%ta?sréﬂéfqmr@i ent
forcq§ for 5 m'{:rﬁ@ﬁt at i on?rguré)oses . substantial material volure i's

necesgar P TEHEEYG M@tﬁn FaRPrRAYGs a highoyerticalmagnetiafielgh el ect r opl at ed
CoNi MiP in the formof thick array (40um height) [14) has been reported to
exhi bit high vertical anisotropy by virtue of their magnetic array

geo Imet r é,lt Bakrowmito wgt@iaetr?lﬂaﬁmg rh? liegioeit \ﬁaﬁ?ug ﬂﬁi:ncnia@ﬂ?gé }fiirﬁﬁ &R m&f@teﬁe
utilize [ e the performance of .devices. 10 In view o e
above con@?c()fgjﬁqaé ﬁg@e hé? 8°Pt§a§ tﬁe@any@%ﬁ%rvm'%ﬂ"ﬂéiﬁmétt@ni methgdsssgeh asent
verti cal tterihd Carid @vapbiation. |8t ' bl.e_.0 i ck
film deposgfm| iong.] 15 Sun?rary of tlﬁ%trc?ﬂﬁ%n Eag@i %Zr‘?)@(gérﬁef%@gnhggﬁéfg#cﬁ’ggto
providde dNPERAHARRRSIING Hiigh ér1Q0ura} Bimawithhéasy contrdieof procees marameters

el ect roplgat i JohianJit  f ' t ravi. de m cro-deyi ces which enploy the

o oot oplat hietiho AU ATl BERUA IR S Sl e, Sk et o

sensors) ricradevivdsgseletiroplatin§ B&E" Be@i Cactively explored in recent years as a
favorable method for deposition of high aspect ratio microstructures in the fabrication

of MEMS devices [1-3] since it is compatible with many other microfabrication
25 processes.

Cobalt-based alloys with the addition of Ni, P, As, Sb, Bi, W, Cr, Mo, Pt or Cu have
been electroplated as either binary or ternary material systems [4-8]. However,
there are not many studies on the vertical anisotropy of material systems
30 fabricated by electroplating. So far, material systems such as CoNiP [9], CoMnP
[10], CoNiMnP [10], CoPtWP [11] and CoPt [12,13] has been an attractive
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* The invention proposes that a magnetic material conprises 50-80 w % of

Cobalt (Co)) 9-15 wt% of Nickel (N ), 10-25 wt % of Rhenium (Re), 0.1 to 2.0
wt % of Phosphorus (P), and 5-10wt % of Tungsten (W or Platinum (Pt). The
magnetic material may be forned as a layer, and it has been found that such
conposi tions 25 may have good vertical nagnetic properties (e.g. when
magneti sed can provide a high nagnetic pield strength in the direction

per pendi cul aj ,to th ’pl ane of the layer). The layer preferably has a

t hi ckness® '%8v€”§?udﬁ¥€@lﬁ’mqfﬁp@%aﬁ |hardomegnatie: rastenial 3ithu high testica

normal |y : isod I t rding to .t he,inventi.on,
the | ayerﬂnggﬁﬁﬁaggg{ i C ﬁgt g?relvg hngGSSb?hme %&%ﬁg@ reobﬁg?il'ﬁa¥ecftﬂ’ magnelice
onto a niffmothicknesarod stew atitnsqx10ai) ivtith efighf noR@Ret e FAcftfi@niEhti ges
such as actuators. Fheﬁﬁgosqed, magnetic material based on Co-N -Re-P-Wor
Co- Ni - Re-PERY MAGHSUS ctaayicesankh aeer ftor geaevatensufiiciantdforces for

m cr osdeVinieSactSh idrp¥&ed d | i hii vertical magnetic

per f or mance an% egtgfg ﬂo rpproﬁe?%ﬁﬁgﬁr@l%%@'p%é%' SI%Q‘e ﬁﬁ?@ysbe@?ﬁgﬁﬁe

devi ces arﬁeumemggté%rr thmbfimﬂsioéwmtfﬂﬁsémgﬂgpfaté@@dmm iPthe Rmelof thick
Description.o e Dr.aw referre eatures of the invention w now
be descri P&, E"fodimt'}?éga’&ig‘ﬁo*?aﬁ PEaeRETteH taexhibithnigh vestiealeanjsotrepy by

f ol | oW ngiftii@ of BSeil hadNetib:ark e iy a ] ef f .of. Ni -Co
nole ratio on the Iver%qﬁcal_ér;aéﬁg?%bp bgﬁ%@sﬁgﬁggfwcﬁ'gﬁ%"'f(%g"%fcgr aph
showi ng tepertiesshould be dilizesbse astto anaximizef theperfatmsincerof Hevides. verti cal
magnqbic properties of a film Fig. 3 is a graph showng the effect of Re
concentration on the vertical magnetic properties of a film Fig. 4 is a

graph shdwivigwtdfethef dissile t firald - -
properties of a film 20 g‘?’éﬁdgqﬁgﬁg gﬁ%ﬂgﬁgﬁgﬁgﬁﬁk@fégmﬁ?%ﬁ&fi on

pH on t hesufficientcvartisalgnagnetip prgpartyl by acsuitablé proceSisghabis sapatle aphhiskow ng
the effeg 3fep%léftfo‘?\nt density on the vertical magnetic properties of a
film Fig. I's a gfaph showi ng the hysteresis |oop of the magnetization of
an 25 optimsed Co-N -Re-WP filmversus applied nmagnetic field; Fig. 8

iIIu% rates a mcrostructure view of the cross section of the filmof Fig.
7; Fi 5 &Mﬂéﬁ%ﬂﬂﬁ% the effect of doping concentration on the
vertical remant magnetisation of a film 30 Fig. 10 is a graph show ng the

effect ofTHEpledEnt RVERNLA HinBNoProbid® & Rl §84 useful magnetic material which

may be formed by electroplating.

It further aims to provide micro-devices which employ the magnetic material.

Examples of micro-devices include micro-actuators, sensors, frictionless micro-
20 gears etc.

The invention proposes that a magnetic material comprises 50-80 wt % of Cobalt
(Co), 9-15 wt% of Nickel (Ni), 10-25 wt% of Rhenium (Re), 0.1 to 2.0 wt% of
Phosphorus (P), and 5-10wt % of Tungsten (W) or Platinum (Pt). The magnetic
material may be formed as a layer, and it has been found that such compositions
25 may have good vertical magnetic properties (e.g. when magnetised can provide a
high magnetic field strength in the direction perpendicular to the plane of the
layer). The layer preferably has a thickness of above 14m (and typically more

than about 50 4 m, though normally less than 200 um).



‘coercivity of a film 4 Fig. 11 is a graph showi ng the 2"d quadrant of
the hysteresis |loop of the magnetisation of optimsed Co-N -Re-P and

Co-Ni -Re-WP filns versus applied magnetic field; Fig. 12 is a graph

showi ng the hysteresis | oop of the magnetisation of a film5 of about 50pm
t hi ckness versus applied magnetic field; Fig. 13 is a schematic di agram of
the top view of a mcroshutter which isgan enbodi nent of the present
invention;, Fig. 14 is a schematic diagramof the side view of a

ni cr oshut/f & mgthashageprdingdesbaiimantionf thenlayer ekmagnetiv eratenal; is domnead bii g.

15 i i i ] jch i di t of t
oresent Aoaiatiaind! &, BRefin S, AThRlostickihel SuBRRENIS” tabRGRs A, cont
i nvent or smagnetigraidroidevibashrichald suiarexperi ments in which | ayers of

magnetic materials (sone being enbodi nents of the invention) were produced

by el ect rﬁ_%leati n and tested. Firstly, circular géass substrat es g_12nm

di anet er) P@ngﬁ t'BRGREYG Material Rased[n Coyi-Re-RiWrasr CeNNistenky- PAig 200nm)

or Crg20 &2 f A - L LNQ: 3. at at i '

ol cot Copl s Sie BEHARE FOF PP EEGreER dhlch ARylyEh Riod, 8L MRS rRbe 111

) cryst alpatentafly ahigbrvertieal magnetiefparfaxmanee ame mbaotpl’?‘érgl)obonﬁbt bgal

magnetic properties of a filmto be subsequently, deposited. The sputtered

subst r at O%Sep@rqmﬁ i gé‘lcﬂlydewgﬁﬁe@feuﬁr sedi imothereexprassionsnaf éhaanol .

A 25 congydritiog. Sil ver paste was applied onto the back-side and side-wall

of the glass substrates at two opposite points so that an el ectrode of the

el ectropl ating systemis connected electrically to the copper seed | ayer on

t he subs@@ﬁﬂﬂm&mﬂ_@g{m&e surface of copper seed |layer was

activated using sul phuric acid. The substrates were fixed to a cathode of a

kno el J S i hol der, 30 coverjng.th i mof sybstrates.

Pl awgumﬁhfeg%v?gtsfé%@é%ya@eﬁ% @K%'&‘Emf d’?"ntﬂgweg cOe8 I'%ﬁcfngorsm e$ﬁli‘eAr?f _

Agl AgCl  rilfstration @ny, evithr ederanee tdsﬁdfmwﬁrhtfffigﬁif&riﬁr\}ﬂﬁc@ ectrode which was

connect ed tomgjge ?l ating solution via a salt bridge. The 5 exposed area
0V

for plating df @ Faph rehowing dheeffegteef Bi-Coomalairatieten the vertical
El ect rochﬁé@ﬁﬁk d}gpgﬁje%i&\%nﬁmﬁ carried out at roomtenperature (about 20C)
ect c I'C

by an el I cal rcurt applies a suitable current density (in the

range of 10 t Fi®® isacgrapheshameng the effectief tngl carideptiativhafaCdanwanpshat (a
devi qg whi ch ?inLow deﬁpa con tan} current). For different ones of the
tra

substPat &€ Vg Magnels PERRYIEES.0f AdilMat h conpositions were sel ected, in

t he range of Lt i o ) i rept.ese eni al
Syst em conat st oS ap . gran'stiing @ fect of R EeRfRNGH W pdelHic *'
CoNi ReP/ \magneticqanppertieBtofdefilot;e CoNi ReP doped with M, My, Wand Pt

respectively. e,pH of each bath spl utions s adj usted using sul phuric
acid and sodi EH‘h?/dPOQig@pﬁosw%'ngaﬁl?eehﬁcbp goncgnisation é’fb%%ﬁi\ﬁ?@t.lcator

good uni heddAdtt progeftieRSTHMRPI [1ty, el ectro-deposition was carried out
under agitation at a rotation speed of 500 rpm 15 Table 1: Bath

conp88i ti on ofigI%is a gsaph ishgwing the effiattiof Gohation pHtathe vertical magnetic
(mV) Chem BWQQE%P Ni ReP/ MnCoNi ReP/ MoCoNi ReP/ WCoNi ReP/ Pt Bori ¢
Aci d40046) § I um Chl ori de400400400400400Cobalt (11) Chloride

Hexahydr at e25Fid)085is180gfpHSREWHO BS: ik e ) iR ke i
Hexahydr at e253c11%025- 100%5- 10025~ 10025- 100Amcé§n%'(ﬁ$'l't dbRsy 't the vertical

Per r henat@2Qnedig properies of afilmpvanganese (11) Sul fate -
Pent ahydr at e- -7 =D i I e (M) Dihydrate--1-3- Sodium Tungstate
(V) Dihydrat ﬁé-ﬁ-'g-%g@%@%%nwﬁ@ﬁ%T‘g?'tSé?sé? 98 2 the magnsiization of 2
25 optimised Co-Ni-Re-W-P film versus applied magnetic field;
Fig. 8 illustrates a microstructure view of the cross section of the film of Fig.
7;

Fig. 9 is a graph showing the effect of doping concentration on the vertical
remnant magnetisation of a film;

30 Fig. 10 is a graph showing the effect of doping concentration on the vertical
coercivity of a film;



"~ (1'V)----1-3Sodi um Hydr ogenphosphite 2. 5wat er 7-207-207-207-207- 20Dodecyl

Sul fate (Sodi um Sal t)0.0350. 0350. 0350. 0350. 035Sacchari n (Sodi um based) 44444
6 Subsequently, the nmagnetic performance of the filns produced was assessed
by a vibrating sanple nagnetonetry (VSM. It was found that the film
conposition was very nuch dependent on process paraneters, such as
concentration of the bath 5 solutions, g@nd plating conditions such as pH
and current densit¥., As a result, the r’r%gnetic properties of film which
are very deperfdénfds & graph shewing: then?™veuadrant of then biysievesis doopefaheve

" oL _ st bt ti ti
Pna pr ocdDagdhisalof . BpigeACChNiRRE R BRATEE g BT e, Erbis Bobhat e
10 Bei ng raagnetio fislgyponent system it is inportant to elucidate the effect

of bath conposition and concentration on the deposited film By separately
studyi ng the dfiget? iSon gsaphshewing thedlystasapisreon obthe magpetisatiorota fith t he

show Bg. (6P} B8fmtidnegs VBtehe oMbl BlIGHRIEN "ot ng' Bath on the
vertical remdiig. thinaischetmatio didgranmef thatteg visw idhie idresmiterWhith & an

| ef t - hand scal.e ngd vertical,K coercivity He (indicated by the triangles and
the ri ght‘a-rﬂ%‘?di“{e@gpgsheo?relsﬁmﬂnvﬁ@t'%n be seen fromthe graph, an optinum

performance ofgifi kanid j tead 1 | e. ia.in the .bath
ol Ut on. A niratier 1§ PTRERIR A BbraR M ;e Ve of B it B WheG 4R Ca
magnet i ¢ @0embodionentrof ¢heprésdntinventivh; afme Ni/ Co nole ratio kept at 1.0)

t ot al, .concent pr._gti,gg.of N}‘ﬁﬁ}}g' % ions is then varied to study their effect
on tH8 perfor &% 8186 icHagham Rf /i rgicromolpsgmaich ds parerabadimeantiof | ow
for fil I’r&h@:g?é@htfiﬁ@ﬁtﬂ.hl ute solution with 0.05Mtotal 25 concentration of.
Co and Ni. Performance of filns shows a marked inprovenent and remnains

rat her constant when total Co and Ni concentration is raised beyond 0. 08M
t hough tlﬁ:t i.cal is dat 0.1 M Fig. 3 shows the trend of
fil m per fFoffrafice—1r1e entration with total 30
concentration of Co and N maintained at 0.1 Mand with NN/Co nole ratio at
1.0. There is an opti num concentration of about 0.008M at which the

appr dpr i dihe pressehibeeniorsbave perforped the fallening ekperimeats in whichdayers ofof

film An i . nt. of Re,in.the bath solution |eads to a :
decr ease rﬁ%@ﬁ%@hﬁﬁégelf l"’\@%%ﬁ@ ?@bﬂﬂlf‘i’%“ta CI?&HP é’b‘f?d'@'ﬁf‘g yferePredueed by
produces dledtrophdtirtj ahd textédlual stress leading to peeling. 5 The effect of P

concentration is manifested in Fig. 4 which shows an opti num M and He at
about 17mM of P in the bath solution. This is achieved by keeping Co, N

2 _ n 1 ( > o X P!
oner | oISy, iR diass SORARALE 2 2 BRnSGRh Wiste Aifekels il sed tayer or
t he @8- Niof RethBr Gré2Gm)/Auk2a0mm) P O?(m»m)‘icaﬁbo@mw Beﬁg@éctﬁlaggaﬂtioge g

optim zation results giﬁlplg}ti ng conditions utilizing above ScCri
opti m zedSE¥t B QietiRg &iis cropldtinansystgm. oThe, sputteead Wu andcCuidayarewast her
const ant fadgikdi I ; ) .Lh te.of, current density
rel at es tf%wr?d]hgdlrhgy gl_gfﬁzg:g}(l)éstlélt ?%%nt%ﬁoéﬁ@atsgb@?f%[ci%foﬂitaﬁeqnh@ﬁlpﬁmﬁn? nsity
| eads t o VeRidehsagnetiegwoepeities afradfim tmbeesru@eequtg{ deposited. Thead suttdied

ffect of t densi | at i durati ¢ ; ted with diff t
current auEles] wefeSikgsotiodbndhanadaishminehipiaainyienn oard cethabolutA6. sum
Ceaul T s apHUGIY ST dte SR SomRbNBhE gtk S B Hle S0atBl Jng 88

i ncr easi sybeiiatesrat twereppositerpointsGontat B dlecteduribf & Gﬁ%trﬁﬁla@ih?%fys?é?n"‘hi ch
th is; further i i t density. As

mc tor of® FORTBLEY SRERAEIVIGTe Sonest soct aiBtan the shsERes: Betaresaing. i gh
. LTt : . . £ meEnal L. al | :
slol trJnt;SoLs and cor?;?)tf?g?lg%rr %%%P:as@r??e\gg:sn éﬁtgezwl?gbﬁé‘@’y”go@?ﬂ#giﬁé' "

pl ati ng EYRatrateskereotixaching-riheds pf Bekndven atextraptaiimgdsystomsiia 4 dofdarnol e

tigd.0 : : [ Ni d Co0..1 Mo trati f Re0. 008
VEongen: Paveting 486 3ot SABefoeh, AR Ao et Hash Ssci Aonopiier dhs o
M H hyst etextioplati AT j 5| BRRE ' '

Fig. %S I i'?ev?'ggsnﬁ?lﬂgt thg@%ﬁ&gﬁgﬁgl a veg;\ﬁ?r%?ﬁe(\é{?g o{r%err%tﬂ%agﬂgégxi s
S

(verti caljechiadeoWhisky Wase connectedsto dixe lating solwtion aid sotsaliphridgédli The
observation corresponds to columar grain mcrostructure as observed from
the scanning electron 5 mcroscopy (SEM picture of the cross-section of
the filmin Fig. 8 Conposition analysis by Inductivel y-Coupled Pl asna
(ICP) - Atom c Em ssion Spectroscopy (AES) shows the followi ng materi al
conposition for the optimzed film ~ 73.8 wt

Co, ~9. 7wt 9%Ni , ~15. 4wt Y%Reand~1. 1 wt %°.




" 10 After process optimsation of the Co-N -Re-P system doping effects of

Mh, Mb) Pt and Wis investigated. Figs. 9 and 10 show the effect of doping

CoNi ReP with Mh, Md, Pt and Wunder optim zed bath and plating conditions

as given in Table 2. A drastic drop in both 15 vertical

M and

He of

CoN ReP i s observed upon doping with trace amount of M and Mo, while

performance is either slightly enhancedsor
Pt and W _Tabl e 3 bel ow shows the VSM neasur enent
and He fo‘?XQHS@Se?@ﬁ %"aﬁfﬂ

filmthi ckRegschm
hyst eresi s | oops o

M

mai ntai ned with trace anount of
results of vertical

ting WﬁS(BWrR@FCQiﬁﬁaioblmular ateaof \Omint dizanetaver age

caﬁ3 déPPQQB
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Sl S Tobi il

of Re andamelastricaicirauit avhich aplpaebatéuumlwbunent a8nsityPi

opti m ze S RITREGeeR i Aagd

Co, ~59. dprevid¥s constart (?urY\éntYO Re, ~
Table 3: Vertical magnetic properties of CoN ReP without doping and with Pt

and Wdoping plated under the optimzed conditions given in Table 2.
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e views of a

2 and a pi n-hol e 3 through
4 upstanding from

the stbstrate support§ bignl: & %ﬁ@sﬁpﬂl%e@cﬁmlamge&atbmds strai ght and
hori zont H-—A—a-l-e-ng-(-he-J—eagg; ShmimgCl oo of _fhe
substratffje 1. The strip 5 is cpnnected to thRAHEREPAtion (oMY a f1 exi bl e
st ruct urféhemigalsi ng |i ke a spr | AgNiReFN C@tuFRdPIZMrB OasRePMcA CERIREFAW /] BeIaReFVAL [t h€
end of UNEGSEGGP tU artowthe Aot ﬁ@-IJ Fhe—siriin S inclijdes
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9 f or meq SOfiUR G¥RRSi ti on accpr diofg t O t40@ priesemooi nvent 1400 T0 400
Appl i calficebalqil) @hiéidel €Nt 1O TN&5C@HT | 2 285gges[ ot | rFact—wi-th a
per manent, Q%}‘%lr |c fiel d generated by the magnetic el ener%?ﬂog an3 é%ses
i n-pl ang¢_no A to the strip b, and | n this enbodinent, the strfip 51is
;:ﬁgsg?“ g::kng)\(g Gﬁtlnfudednxawmteshmoby tize-1gorovwf fs mwﬁnfﬁ% 19@er|L:JZ _16’0 o
i RERRER I th—therpin vol-e—3—on—the-substrate 1

t hr ough |t he dp\hﬂ! ce TOO- and vi ce4v1e2rs HE miler o*Rut tler fdy be uséﬁZas an
optical |MEneawsed) §HF§GQ al 1ight modu] at dr3 Anot her app| 1 cati on [examplre Tls
shown i rllLPEhtghyd%e the det ai I s of which are described ijn application
SG200304386=-9—= £ s—of which are 10 incorporated herlein by
referen ﬁ%\dqﬁmﬂo\%gﬁfé\pgs 10 and 20 with-etched Hol eﬁz 22 on [the surfgces
are usedlDihydretendwi ch separat €] shafts| 30 with leach shafft 30 received in
cor r espoBaif ™ s+ade—of—the-—substrate is |subsequent!|y
et ched 1@, eroduce circul ar trenches 40 formng a fotor| THeke tlrenches 40
are fil E"Hﬁemagnetlc el enents 50 flormed of ja conposijti on and jby a

Potassium Hexachloroplatinate - - - 13

(V)

Sodium Hydrogenphosphite 7-20 7-20 7-20 7-20 7-20

2.5water

Dodecyl Sulfate (Sodium Salt) 0.035 0.035 0.035 0.035 0.035

Saccharin (Sodium based) 4 4 4 4 4




15 nmet hod according to the present invention. Another substrate 60 having
an array of stator 70 and coil 80 is bonded to the sandw ched substrates
10,20 form ng a conpl ete assenbly of notors. |ndividual mcronotors

90a, 90b, 90c are obtained by cutting circularly through the whol e assenbly.
The el enents 50 are arranged as a ring of permanent nmagnets, having
multiple alternating north poles (N) ang south 20 poles (S). Wen external
current is passed through the coils 80, nmagnetic torque will be generated
in a direction in and out of the pl ane of the drawing to generate

i Lodivi | . Oa, 90b, 90
ol Ty cocoubpea Ry otidraefifd peRBintaftior i hrofuced wesdssessed R 0
pr oposed whgatingi Sampbeﬂaghemwwy VS Ip- INwaBsatndtRst the-fib &ﬁnﬁoﬂloh %f%n

attractive candi d many i ntegrated m cro-devices, since
provi de p¥&¥ATHER %i‘?pﬁﬂaﬁn(/@t‘tﬁ@ﬁ?sﬁragmﬁ%t@f%eaucbra@moecemtdatmsef tife pathperty

cont 1 oS S PRRATE BT o bEsATELIER] ERREFACESEEK o

extended to patterned el ectr odeposi

advanat ag@@gnem pp@mrtldemﬁsf il eicD aes obiyngepéndantitn ﬁﬁﬁ%n%d%da@%@rral |
and hi h aspect ratio are essentlial.

structure al ,sidewal |
The descrY%& {5 r&@n#@e ﬁ?‘@xrﬁ’@r""f“ﬁﬁtﬁ% é'hoﬂi!'ﬁj stady, béh%olntardepmm'my

ol ect ?ZLX?#?EP O proper i B PRI RSN 3 M (PNFRPY rafia’ "
envi sageoﬁysﬁﬁm iy investigated. bel ow 30C. Al so, al though the descri bed

enbo grent describes 5 the magnetic material having a suitable proportion
of either Wor Pt, it is envisaged that the magnetic material can

el o Beingta MU ABONEHRSE, STBHE' i R Pnbridhe W bARIdRtnd® Grei 3 bath

material. Further, the enbodi nents SCri a mcro-
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WBe cke el M crosyst em Technol

'%Haﬂﬁrpf thewiating bathver toe ivedicabnerhant megnsyizatios Mridndidateds- 84,

2002. 3 | 8 307-316, 1998. 20
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N V. My undriamgles Farrd<thd\/lr|§hhhahd Zscalfe)NoP film.HAY &t bE- é‘eeY?fﬁ%m jh%gf/ra@gsfﬁpr oc.

| nt er nati gnal rf05| um on Magnetic Materials, Processes an
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Magnet | 55 9 1 T. Csak | ect h
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U S. ﬂaternerfoueaoeeoﬁﬁml 2001. 9. D.Y.Park, N.Y.Mung, M Schwartz, K. Nobe,
El ectrochi m ca Acta, 47, 2893-2900, 2002. 10. J. Horkans, D.J. Seagl e,
. C. H Chang, J. E ectrochem Soc., 137, 7, 2056-2061, 1990 30 11. S.
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W Zhasg, cOntertration BEEoTaAE MIC PeffofmaRcdRAMME SShowd a Marked S improvement
and remains rather constant when total Co and Ni concentration is raised beyond
0.08M, though the best vertical Hc is achieved at 0.1M.

Fig. 3 shows the trend of film performance in relation to Re concentration with total
30  concentration of Co and Ni maintained at 0.1M and with Ni/Co mole ratio at 1.0.
There is an optimum concentration of about 0.008M at which the appropriate

presence of Re maximizes the vertical magnetic properties of film. An excessive



13 dainms 1. A layer of magnetic material including 50-80 wt % of Cobalt,

9-15 wt % of Nickel, 10-25 wt % of Rhenium 0.1 to 2.0 wt % of Phosphorus, and
5-10 wt of Tungsten or Platinum 5 2. A structure including a substrate and
| ayer of magnetic material according to claim1 on the substrate, the | ayer
having a thickness of at least 1 ,u m 3. A nethod of form ng a |ayer of a
magnetic material according to claim1l, yconprising electroplating the

magneti c teria nto,a substrate jn an electrochemcal bath. 10 4. A
met hod ac%ﬁmphgﬂ% ) thenbath; splylinn: leadsdoe decieasadnihath vedidal iMr and #ic

t enper at uphil@fa Ry @ON3E ' . od according to,clajm3
or claim4 in which Phenfggﬁ%rgg?tﬁh%¥ tﬁ?lg@ﬂﬁ@cﬂ%ﬁﬁﬁlsqwgrle?ﬂ@gu@es
Co2+ i onsPe@linthe range 0.025-0.100 nolllitre, N2+ ions in the range

0.025-0.100 nol/litre, Re04 ions in the range 0.004 15 0.012 nol/litre)
W)42- ions in the range 0.001-0.003 nol/litre and HPHO3 ions in the range

0. 007-9). OPRe et bf P p : ' £ 0 A of clai 3 5in
whi ch the pH of t bt PerorfentraliBh 19 fheffifefed %0 430icR hots 4 Anlifude M ng
to clai m&nd ot apoutt’rpM of Ptihdhelbath solutieni This ibaidhicledi sy kéeéiaﬁ c@nge
2.5 to 4.§; 0 ar.ding t ny ong of clainse 3 to 7 in which the
current dghgﬁg)ﬁ% o&{*{%ﬁ@ﬂﬁ%ﬁp&ﬂ”&?ﬂﬁ@ﬁ?%% lesiyeddramdhe earlias expesmariteh i s
el ectropl dence &h oVerall lupingige@r sHtAY n i i ich
the ratio Ni/Co of oral plinfiace! ShtIcs Ap8Sitio 6 %fﬁ"stﬁ{?@r B e, BN

el ect r och®AIRBIIS KAPWNi s in 25 range 0. 5<Ni | Co<2. 0. 14 10. A net hod

accor@gj ng to any one of clains 3 to 9 in which the substrate carries a seed
| ayer of either gold or copper with a (111 ) crystallisation orientation.

a5 1o A NN e e e Cp Az oSS o Plethl EonBRRES Hhfink? .
mat er al 18 iR HRRFTIRSOMD G5 dath St Asoshain try Fig CHVEAINg: and
oL o B RGP Een Bh A R 5 SRS, B A B et o
. T Rl b f G e s s PR ol Bt
. ect of current density,
plating duration was adjusted with different current density in trying to achieve the
same film thickness at about 6.5um since magnetic properties could be affected
by thickness as well. The results are shown in Fig. 6. Both vertical Mr and Hc
increase with increasing current density from 10 mA/cm? to about 20 mA/cm? after
20 which there is not much change upon further increase in current density. As a
matter of fact, higher current density at about 30 mA/cm? resulted in high film
stress causing slight peeling of film. Finally all optimized plating solutions and
conditions are presented in Table 2.

Table 2: Optimized plating conditions for Co-Ni-Re-P system

Parameters Conditions
Ni to Co mole ratio 1.0
Total concentration of Ni and Co 0.1 M
Concentration of Re 0.008 M
Concentration of P 0.017 M
Current Density 25 mA/cm?
Bath solution pH 4.5

25
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10  After process optimisation of the Co-Ni-Re-P system, doping effects of Mn, Mo, Pt
and W is investigated.

Figs. 9 and 10 show the effect of doping CoNiReP with Mn, Mo, Pt and W under
optimized bath and plating conditions as given in Table 2. A drastic drop in both
15 vertical Mr and Hc of CoNiReP is observed upon doping with trace amount of Mn
and Mo, while performance is either slightly enhanced or maintained with trace
amount of Pt and W. Table 3 below shows the VSM measurement results of

vertical Mr and Hc for different samples of CoNiReP doped with Pt and W with an
average film thickness of ~ 6.5 um.
20

Fig. 11 shows the second quadrant of the M-H hysteresis loops of CoNiReP with
and without W doping. By fine adjustment of Re and W concentration in the bath
solution, an improved vertical magnetic performance has been achieved at
0.007M Re and 0.001M W. The optimized Co-Ni-Re-W-P film has the following

25 composition: ~ 70.6 wt % Co, ~ 9.4 wt % Ni, ~12.2 wt % Re, ~ 6.7 wt % W and ~
11wt%P

30
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(oaERetis film fermloswameaynetic actuation.

10 Afirst such device is shown in Figs. 13 and 14 depicting respectively top and side
views of a micro-actuator 100 functioning as a microshutter. The micro-actuator
100 includes a substrate 1 which includes a coil 2 and a pin-hole 3 through which
light signal is able to pass through. A pedestal 4 upstanding from the substrate 1
supports an elongate strip 5 which extends straight and horizontal from the
16

pedestal 4 along the length direction of the substrate 1. The strip 5 is connected to
the pedestal 3 via a flexible structure 6 acting like a spring. The strip 5 has an
aperture 7 near to the end of the strip to allow the passing of light beam 8. The
strip 5 includes on its bottom surface facing the substrate 1 an array of magnetic
elements 9 formed of a composition according to the present invention.
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to the strip 5, and in this embodiment, the strip 5 is caused to move horizontally
shown by the arrow X. When the aperture 7 on the strip is aligned with the pin-
hole 3 on the substrate 1, light passes through the device 100 and vice versa. The
micro-shutter may be used as an optical switch or spatial light modulator.

Another application example is shown in Fig. 15, the details of which are
described in application SG200304380-9 and the contents of which are
incorporated herein by reference. Two substrates 10 and 20 with etched holes
12,22 on the surfaces are used to sandwich separate shafts 30 with each shaft 30
received in corresponding etched holes 12,22. One side of the substrate is
subsequently etched to produce circular trenches 40 forming a rotor. These
trenches 40 are filled by magnetic elements 50 formed of a composition and by a
method according to the present invention. Another substrate 60 having an array |
of stator 70 and coil 80 is bonded to the sandwiched substrates 10,20 forming a
complete assembly of motors. Individual micromotors 90a,90b,90¢ are obtain‘ed by
cutting circularly through the whole assembly. The elements 50 are arranged as a
ring of permanent magnets, having multiple alternating north poles (N) and south
poles (S). When external current is passed through the coils 80, magnetic torque
will be generated in a direction in and out of the plane of the drawing to generate
rotational motion to turn each individual micromotdr 90a,90b,90c.

Having fully described the present invention,, it can be appreciated that the
proposed magnetic material based on Co-Ni-Re-P-W or Co-Ni-Re-P-Pt is an
attractive candidate for many integrated micro-devices, since it would provide |
potentially'high vertical magnetic performance and ease of property control by
process parameters. Further, its application can be easily extended to patterned
electrodeposition and hence it offers great advanatages over post-deposition

etching of films especially when small structure with vertical sidewall and high
aspect ratio are essential.
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The described embodiments and experiments should not be construed as
limitative. For example, although the experiments describe conducting the
electrochemical deposition at about 20°C, other temperatures are also envisaged,
but preferably below 30°C. Also, although the described embodiment describes
5 the magnetic material having a suitable proportion (Wt %) of either W or Pt, it is

envisaged that the magnetic material can include a combination of these materials
with suitable wt % of each material.

Further, the embodiments describe a micro-shutter and micro-motors as
10 application examples, but it would be apparent that the present invention is also

useful to be included in other micro-devices such as sensors, frictionless micro-
gears etc.

15 References

1. M.Becker, D.L.Notarp, J.Vogel, E.Kieselstein, J.P.Sommer, K.Bramer, V.GroBer,
W.Benecke, B.Michel, Microsystem Technologies, 7, 196-202, 2001.

2. H.J.Cho, C.H.Ahn, Journal of Microelectromechanical Systems, 11, 1, 78-84, 2002,
3. J.P.Park, M.G.Allen, J. Micromech. Microeng, 8, 307-316, 1998.
20 4. F.E.Luborsky, IEEE Transactions on Magnetics, 6, 3, 502-508, 1970.

5. N.V.Myung, D.Y.Park, M.Schwartz, K.Nobe, H.Yang, C.K.Yang, J.W.Judy, 6"
International  Symposium on Magnetic Materials, Processes and Devices, Proc.
Electrochem. Soc.,PV2000-29, 2000.

T.S.Chin, Journal of Magnetism and Magnetic Materials, Vol.209, p.75-79, 2000.
25 T.Osaka, Electrochimica Acta, 45, 331 1-3321, 2000.

K.Nobe, M.Schwartz, L.Chen, N.S.Myung, U.S.Patent, US006306276B1,2001.
D.Y.Park, N.Y.Myung, M.Schwartz, K.Nobe, Electrochimica Acta, 47, 2893-2900,
2002.

-10. J.Horkans, D.J.Seagle, I.C.H.Chang, J. Electrochem, Soc., 137, 7, 2056-2061, 1990.

30 11.8S. Franz, M.Bestetti, M.Consonni, P.L.Cavallotti, Microelectronic Engineering, 64,
487-494, 2002,

© ® N o

12. P.L.Cavallotti, N. Fauser, A.Zielonka, J.P. Celis, G.Wouters, J.M. Da Silva,
J.M.B.Oliveira, M.A. Sa, Surface and Coatings Technology, 105, 232-239, 1998.



Cr+ 1006 4& () -+ 1096 4& () -+ 109! 4& ()-+ 109! 4&' () -+

10%4! 4&' () - (>)>>>>>>dev: / §<)F r+ 10% 48" ()-+ 10%H 4& ()-+ 10%! 4& ()-+
1094 4& ()-+ 109! 4& () -+ 109! 4& ()->>>>>>>t TAvV: [/ + 1094 4& () - + |
10961 4&' () -+ 109! 4& () -+ 109! 4& () -+ 10%4! 4& ()- /KF. r>>>>>>>sS3vV:/ +
1094 4& ()-+ 10%H 4& ()-+ 10%H 4& ()-+ 10%H 4& ()-/KF. r+

1006 4& () - >>>>>>>sS3vV: [ + 109 4& () - +ol0%! 4&' () - +

13. |.Zana, G.Zangari, IEEE Transactions on Magnetics, 38, 5, 2544-2546, 2002.
14. T.M.Liakopoulos, W.Zhang, C.H.Ahn, IEEE Transactions on Magnetics, 32, 5, 1996.



10%4! 4&' () -/ r+ 10%! 4& () -+ 10%4! 4& () ->>>>>>>0S3vV:/+ 10%! 4& () -+
109! 4&' () -/ r+ 10%t! 4& () -+ 10%t! 4& () -+ 10%l! 4& () ->>??2?2?2?24vV: | +
109! 4&' () - /KF r+ 109%4! 4& () -+ 10%4! 4& () -+ 10%4!14& () -+ .

10%4! 4&' () - ??@.BCCCCC| obU4/  yL10%&' ()- 101 $1 101 $1 101 $1 i~ ,9%40% $l & (?- |
, 0N $\ & ()- " "SPI0Y& ()- "s$10%& () - CEMEEGFFQG [ : bu4/ 3%10%%a& () -
FI $109%8$& () - 3"109%$& ()- sS10%& ()- 13 $LOWBE& () - .

T$109%$& () -Gel MIJ! LuLLL|[:-410% 8 10%& ()- 9- %4 0%B& () -

9-%40%$ y 9-%409%& ()- | 3%310% $\ & () - 3$10%a$a& () - LLLM\H+OF OObA410%
1098& () - Y$10%J$U& ()- KY$1098& ()- .9s$10%& (

s b BRI hdefFnabing S mmm B Wit

10% : & () - 103Nickel0d 0-28@a%béf Rhenium, 0.1 to 2.0 wt% of Phosphorus, and 5-10 wit
% of Tungsten or Platinum.

5 2. A structure including a substrate and layer of magnetic material according
to claim 1 on the substrate, the layer having a thickness of at least 1 um,

3. A method of forming a layer of a magnetic material according to claim 1,

comprising electroplating the magnetic material onto a substrate in an
electrochemical bath.

10 4. A method according to claim 3 in which the electrochemical bath is at a
temperature of below 30 degrees Celsius.

5. A method according to claim 3 or claim 4 in which the composition of the
electrochemical bath includes Co®" ions in the range 0.025-0.100 mol/litre,
Ni%* ions in the range 0.025-0.100 mol/litre, ReO4 ions in the range 0.004-

18 0.012 mol/litre, WO,* ions in the range 0.001-0.003 mol/litre and HPHO3
ions in the range 0.007-0.020 mol/litre.

6. A method according to any one of claims 3 to 5 in which the pH of the
electrochemical bath is below 5.

7. A method according to claim 6 in which the pH of the electrochemical bath
20 is in the range 2.5 to 4.5.
8. A method according to any one of claims 3 to 7 in which the current density

of the electroplating is 10-30 mA/cm? in the area which is electroplated.

9. A method according to any one of claims 3 to 8 in which the ratio Ni/Co of

number of Ni?* ions to Co?* ions per litre of the electrochemical bath is in
25 range 0.5<Ni/Co<2.0.
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12. A MEMS device according to claim 11 in which the magnetic material is
provided on a movable member supported by a connecting structure, the

member being arranged to be moved with respect to the connecting
structure.

10 13. A MEMS device according to claim 11 in which the magnetic material is
provided in a rotational element.



