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*159159* 1 Magnetic structures, nethods of fabricating

magneti c structures and m cro- devices incor
such magnetic structures Field of the invent qmmﬂlm"”mm ‘m
present invention relates to magnetic structu
nmet hods of fabricating 5 the structures, and t
devi ces incorporating such structures. Background of
| nvention The micro-nagnets cofnonly used in
m cro-magnetic devices are bulk rare earth nmagnets,
i ncludi ng el ements of N obiumlron Boron (Nd-Fe-B) and
10 Samarium Cobalt (SnCo) individually m cro-nmachined

usMagnetic struetures r niitiseda bf) éabriceitingi maghélic stlvRNEes .and micro-
thlsfabrlcatlon msthodls not conpat e Wwth full

: aung 8 : e iSYHcHireg e t he magnets
have to be rmnual Iy asserrbl ed. 15 El ectrochem cal
Pr PeRPSEhel iRtertng el ectropl ating and el ectrol ysis
deml | -suited to fulfill the

uirements of high yield and cost effective
'E ke present inventine reletes ta megneligetructupes te matheds bf fabricating

eI t much
el SRS, R Bk R IngkPlgTpliBl 3ufh Sulplutedto
reason for this is the difficulty in effecting
el Batkgrbuhd of tivesitipnsi ti on of rare 20 earth netals in
pure netallic states fromthe electrolyte, due to the
low equilibriumpotential of the rare earth elenents
[ [
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coenkEnRy EaBan fSmeal oiyiduS i BRaring indirena
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its inherent perpendi cul ar magneti c ani sotropy
( Feapatihle cnnth full mtggratnoatcardoam fabiricatieasinvg theintéagreats have to

[ e meMudNy Bs8eMBley., dr awback for the

’*lS 1 9"'

Electrochemical processes including electroplating and electrolysis deposition
are well-suited to fulfill the requirements of high yield and cost effective
processes, but the resulting magnetic properties of electroplated rare earth
materials are very much inferior to their bulk counterparts [2, 3]. The main
reason for this is the difficulty in effecting electrolytic co-deposition of rare
earth metals in pure metallic states from the electrolyte, due to the low
equilibrium potential of the rare earth elements [3].

Cobalt platinum (CoPt) is a class of promising hard magnetic films which can
be electroplated with relatively good magnetic properties. Theoretically,
ordered phases of CosoPtso could show a very high coercivity of >10kOe [4].
However, it is known that when the thickness of a CoPt film exceeds ~ 1 um,

its inherently high perpendicular magnetic anisotropy (PMA) rapidly
deteriorates with increasing thickness [5]. This is a major drawback for the
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*@00002* 2 application of this material in

m cro-devices since thick filnms or mcrostructures
are often required for generation of a sufficiently
hi gh absolute magnetic field for mcro-actuation
purposes. 5 In a previous patent application

(Si ngapore patent application 200504005-5, filed 24
June 2005, claiming priority f2om Si ngapore patent
application no. 200503561-3 filed 3 June 2005,

nei ther of which applications had been published by
the priority date of the present application) two of

t happlicatienof tHigwenenslsn phierndevdces 8Pied thickdiims or
materials, a magnetic structure for use in a 10 MEMS

déV"%@tW“'Wrﬁd’fm Reqpired doregenesption efia safficienttyrhigh absolute
gﬁ Etic NGB %f\l&t) éc!?f? Hh\’&%bogg The present
i VRt 0 pro £

I on alnms gneétic structure
SU|tabIe for use in a m cro- magneti c device, as well

Cr o- hnagnet | devi ncorporating the 15
P&P{ﬁVéOU%gﬁatPUF@mca Pﬁéétr@aﬁgfﬁlPa@“gépﬁbﬁﬁloﬂo?00504005 5,

pfﬁ]@@QHQﬂm‘é@GE rc%h‘rﬂgfpnéﬂg@ﬁﬂﬁrs% apdr a&é}ﬁa Jication no.

i nvention proposes tha net i c Lructure iy med
by20Q5803661 s fileds3 durm 2665me¢tlrts$taf athichoépplicatiBhs Ihaylebe,en

acn B LY e P SBesirane préin) BRI o W he Brosent

CaRp@stotd pll‘bp@)Fséd4§m8ﬁgflliﬂ5)é7|1 aterkda Magﬂeﬁc §9ué\h9é‘\‘d7r use ina

%platlnum 0.5-20 atom c %tungsten .

FMS depise asioharing muliple mmlaieddwera O(ﬂélOaPt-P
cert ai n enbodi nents of the invention are 25 magnetic
films having high magnetization and coercivity.
S®winmarglof the lventignet i c fil m of CoPt WP has been
successf ully fabricated by an el ectroplating process

er selegted ﬁrocess condi.tions. 3 .]n one enbodi nent

of 1 ieHRraSRPLIRVEBHON 2% (9 Pravide AaReanetis S TciurecTHiablS fog use in
thy fhicro-magnetic device, as well as micro-magnetic devices incorporating the
structure. It further aims to provide methods for producing the structure.

In general terms the invention proposes that a magnetic structure is formed by
electrodeposition onto substrate of a CoPt layer, with additive tungsten W and
phosphorus P (hereafter denoted as CoPtWP).

Preferred values for the composition are 45-95 atomic % cobalt, 0.5-50 atomic
% platinum, 0.5-20 atomic % tungsten, and 0.5-10 atomic % phosphorus.

As discussed below in detail, certain embodiments of the invention are
magnetic films having high magnetization and coercivity. Specifically, a
magnetic film of CoPtWP has been successfully fabricated by an
electroplating process under selected process conditions.
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i ndi vi dual CoPt WP | ayers spaced by non-nmagnetic

el ectrically-conducting |ayers was fabricated. This
makes it possible to achieve higher renmmant

magneti zation, and further makes it possible to avoid
the degradation in He 5 after annealing which is
observed for the case of a thick single layer film
Hence, the enbodi nent nmakes poSsible the use of a
thick CoPtWP film (in the formof a nulti-Iayered
structure) to generate a sufficiently high absolute
magneti zation field with high coercivity properties

f oin aeémbatineentiof thednveintion, anwilt-aleired efructPe comprising thin
Pr ef er abl t@ep%hi ckness of each CoPt\WP | ayer is kept.

t dndiv 'ﬁﬂlﬁt Y8rs spacafby NpReRagnalicelaelrigalieceonducting

1 ' (' : i it

o s 1A ofRafRl ThishRies & podtiflh o SbhfEke g B

wi nagnetizationd and furtieet, makes it ippssiblestoodvoid theisegrddation in He

bl A8 TS b BB B S over

hyRERESIhE epttiodimeht Afaked HRR8IRAL B use of a thick CoPtWP film (in
Cobal t - Pl ati num Phosphorus (CoPtP) structure (curve

1)thedarm mﬁannukirlemer@dmtmtwgo mz;gecn?a(c@ ara#ﬁic:!?ntahrdghrabsolute
bt e oo B2 ab e aleBldbyBh i maonete

ounigpb-delvivae. coercivity He with filmthickness for
CoPt P and CoPtWP filns. Fig. 2b is a graph show ng the
vari ation of out-of-plane absolute nmagnetization M

Wi ik ' for : j

B RS8R 008 S Kol B ot 1.5
ouu-of mptepeefempby eo axre $hamil thmf ahttypitallyt dvekres g m,.

for CoPtP and CoPtWP filns. Fig. 3 is a graph show ng

t he dependence of magnetic properties of a CoPtWP

fi ' i Fig. 4a is a graph show ng
t é%ﬂﬂeé rf h eﬁ L% ane coercivity He

Preferred features of the invention will now be described, for the sake of
illustration only, with reference to the following figures in which:

Fig 1 is a graph showing the out-of-plane hysteresis curve of an
unannealed Cobalt-Platinum-Phosphorus (CoPtP) structure (curve 1), an
unannealed CoPtWP structure (curve 2) and an annealed CoPtWP film (at
320°C for 2 hrs in air) (curve 3).

Fig. 2a is a graph showing the variation of out-of-plane coercivity Hc
with film thickness for CoPtP and CoPtWP films.

Fig. 2b is a graph showing the variation of out-of-plane absolute
magnetization Mr with film thickness for CoPtP and CoPtWP films.

Fig. 2c is a graph showing the variation of out-of-plane squareness S
with film film thickness for CoPtP and CoPtWP films.

Fig. 3 is a graph showing the dependence of magnetic properties of a
CoPtWP film on film thickness.



10

15

20

25

with filmthickness before and after annealing in air
at 3200C for 2 hrs for a CoPtWP film Fig. 4b is a
graph showi ng the variation of out-of-plane absolute 5
magnetization M with filmthickness before and after
annealing in air at 320C for 2 hrs for a CoPtW film
Fig. 4c is a graph showi ng the variation of

out - of - pl ane squareness S witH4 filmthickness before
and after annealing in air at 320C for 2 hrs for a
CoPtWP film 10 Fig. 5a is a graph show ng the

vari ation of out-of-plane coercivity He wth

anneal i Rig. uaﬂsa@raﬁﬁ@ﬁ‘owmgﬂthl‘e \farrrat|5n$ﬁlaim-©ﬁplafne%%‘ré¢ﬁty He

filps_ _eac about 0.5 mthickness. t:é;z is a

gryish f'Eﬂ &k}\lph@eﬁsn*éef%& apg @Bﬁf anNeRItngoN-ai a Qﬂ&sfﬂn& lars for a
megppiWPMIIeN M with annealing time at 320C in air

for g sanpl es of CoPtWP 15 filns each with about 0.5y

m t hi ckifigs4b is-agraple shewingtheplariationiofigut-beplaniei gisolute

a7aanefeaRr W riE Tiaihicsaess belsee apdrIcRaNAsE NG A at 320°C

ab@HQ rQSSO,rré@quWFEﬁ Fig. 6 is a schematic diagram
showi ng_a CoPt WP/ Au nultllayered 20 structure which

is a selcignfc d_ﬂ‘ra@ﬂamimhowmgtthe vianiatian iob nut-6f-plan@squareness S

bt 40 BiER s Sho R ERRPIOTSN i rttd PRy 4 s for o

atCoPfWPffiim.3 hrs. Fig. 7b is the hysteresis curve of
t he enbodi nent of Fig. 6 before &gurve 1) and after
(curve PP Badealdragh showmgtﬁte\@ze nof out-pf-plespanaerevily He

f(\Knth %ﬁnégl tlrﬁg%t\éa Y& of-fof 5% PCRPRAP fl%s each with
0ENy ettt A %anhips g oRE

craixnﬁ%pmlthloknesss I ayered CoPt WP/ Au mul til ayered
structure as shown schematically in Fig. 6. 5
Fig. 5b is a graph showing the variation of out-of-plane absolute

magnetization Mr with annealing time at 320°C in air for 5 samples of CoPtWP
films each with about 0.5 £ m thickness.

Fig. 5¢ is a graph showing the variation of out-of-plane squareness S
with annealing time at 3200C in air for 5 samples of CoPtWP films each with
about 0.5 4 m thickness.

Fig. 6 is a schematic diagram showing a CoPtWP/Au multilayered
structure which is a second embodiment of the invention.

Fig. 7a is the hysteresis curve of the embodiment of Fig. 6 before
(curve 1) and after (curve 2) annealing in air at 320°C for 3 hrs.

Fig. 7b is the hysteresis curve of the embodiment of Fig. 6 before
(curve 1) and after (curve 2) annealing in air at 320°C for 1 hr separately for
the 3 CoPtWP layers.

Fig. 8 is a scanning electron microscopy (SEM) image showing the
cross-section of a 3-layered CoPtWP/Au multilayered structure as shown
schematically in Fig. 6.



10

15

20

25

Det ai | ed Description of the enbodi nents A nethod of
fabricating a nmagnetic structure which is an

enbodi nent of the invention will now be described. 5
In a first step, seedlayers of C/Au (20/200nm were
formed by sputtering on a glass substrate. After
activation of the seedlayer with concentrated H2SO4
(for about 3 minutes), el ectr®deposition was carried
using a rotating disk electrode (RDE) systemvia a
gal vanost at/ potentiostat. Ag/KCl was used as the 10
reference el ectrode while pure platinumw re was used
asDetadled ridebeription op thedembodinsémtgl e | ayer of nagnetic
material. In the case of the enbodi nent, the

el ctr?Jyte cont aj ned tungsten (W. However, a _

c ontmeihogyQfcfepreatindasmagretis aistciuge whieh ispanambediment of the
ex j [ tly the sanme process was
céﬁ??@gﬁbhﬁlﬁgyﬁgcg%cgpggtroIyte conposi tion not
contai ni ng tungsten, thereby producing a | ayer of

of Pt 35t SEEHAYPER O Cbii2BBNTY AT PRLRuIigfing on a
g::gaﬁ’é 90Bsthates ARkr E\Bﬁva‘ﬁot‘ﬁﬁcgrtﬁ%?é%%dtag?l‘ mhcﬁ?ﬁgf@%{"@zsm (for

odi nent are given in um o
( "ahoutt3 minutes), eladiredepositien pvaspeartied sisofg & metating disk electrode

el I in the conparatiye . .example ar hown in
th@fﬁ%&%’ﬁﬁeww @ -%Sﬁiyﬁqteﬁ%ﬁabfﬁgﬁ%é'swﬁﬁi% as the
Vereferefic sélectrode awiild @ure - platinlih N@irdlawhk aigbd480he anode, to
The el ectroplating conditions of current density and

agfrogiire R sipgledaygrofsnagneticatarial.Tabl e 1. 25 Table 1:
Bat h Conposition and Process Conditions Bath
Conposi tionConcentrati onConcentration

( Go- Bie RasEooPtthe- &%deﬁ'lﬁﬁiO.tﬁeﬂéle/ct@%ée nEdrithinddClithgdten (W).
[,/ L0.4 nol/ Cl 2. 6H200.01 nmpl /L0, 01 nol /L ] _

R&j@y@yﬁ. @Mrtgogmpylm_%ymgmormed, as a comparative example, in
which exactly the same process was carried out using an electrolyte

composition not containing tungsten, thereby producing a layer of Cobalt-
Platinum-Phosphorus ("CoPtP"). The composition of the two electrolyte
solutions is shown in Table 1. The properties of the electrolyte in the case of
the embodiment are given in the third column of the table ("Co-Pt-P-W"), while
the properties of the electrolyte in the comparative example are shown in the
second column ("Co-Pt-P"). Each of the solutions were adjusted to a pH of 4.5
using NaOH and H2SO,. The electroplating conditions of current density and
agitation speed are summarized in Table 1.

Table 1: Bath Composition and Process Conditions
Concentration Concentration

Bath Composition

(Co-Pt-P) (Co-Pt-P-W)
B(OH); 0.4 mol/L 0.4 mol/L
NaCl 0.4 mol/L 0.4 mol/L
CoCl..6H,0 0.01 mol/L 0.01 mol/L
NazPtClg.6H-0 0.02mol/L 0.02 mol/L
Na;W04.2H,0 - 0.003 mol/L

NaH,P03.2.5H,0 2.5 g/L 2.5g/L




10

15

20

Na2WH4. 2H20- 0. 003 nol /L NaH2PGB. 2. 5H202.5 g/ L2.5 g/L 6
Sodi um Dodecyl Sul fate Saccharin (Sodi um based)
Current Density Agitation (Rotation) Speed Bath
Tenperature Bath pH 0.0096 g/ L0.0096 g/L 1.0 g/L1.0
g/L 25 mA/ cnR25 mA/ cn? 250 rpnR50 r pm RoonmRoom

Tenper at ureTenperature 4.54.5 An out - of - pl ane
hysteresis curve of the conpar 8tive exanple, using
CoPtP electroplated for 3 min, is shown as the solid
curve | in Fig. 1. It shows a hi gh 5 coercivity He of
- 3043 Ce with absolute remanent magneti zati on M of -

5.8  nmenu syiud DedEbyEness 0page gl 4- Byo%%rg?t
typi cal hygfifatesi s clirve of the enbodl ment of

|nvent|ong chﬁﬁﬁ’\(‘@o rnthe 15 H_e 21in Fllg

descri bed

tungst en \?(awas : ectropl at S|1tu Wi t P oby

i ncl udi ng %ﬁtyL gg ﬂ‘( PEEQ bl yte
sol uti on. PR &0 9

of CoPtP-\ﬁ:Rﬁe%1 observed with He in the range (anong 5

e enbod nent non gnetlc

aligPdve

t"PI™h rragne? "Poperties

Bath Temperature Room Room
Temperature Temperature
Bath pH 4.5 4.5

An out-of-plane hysteresis curve of the comparative example, using CoPtP
electroplated for 3 min, is shown as the solid curve 1 in Fig. 1. It shows a high
coercivity Hc of ~ 3043 Oe with absolute remanent magnetization Mr of ~ 5.8
memu and a squareness S of ~0.4.

By contrast, a typical hysteresis curve of the embodiment of the invention is
shown by the curve 2 in Fig. 1. As described above, in the embodiment non-
magnetic tungsten W was electroplated in-situ with CoPtP by including 0.003
mol/L of W in the CoPtP electrolyte solution. A marked improvement in
magnetic properties of CoPtP-W was observed with Hc in the range (among 5
samples) of about 3664 — 3784 Oe, absolute Mr 7.8 — 8.4 memu, and S of
about 0.53 — 0.55, for films of 0.5um thickness. A broadening in the

hysteresis curve is caused by the addition of W, hence leading to higher Hc
and Mr. The mechanism of Hc enhancement by additive W is believed to be
caused by the precipitation of W at the grain boundaries, building on the grain
decoupling effect contributed by precipitation of P also at the grain
boundaries. Thus, the resulting structure consists of isolated magnetic CoPt
grains surrounded by non-magnetic or weakly magnetic boundaries made up
mostly by W and P. Such microstructural formations increase the energy
barrier for magnetic realignment of the domains and thereby increase the
overall coercivity He of the films, making them magnetically hard. Although Pt
is also present in the system, it should be noted that it behaves differently
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sanpl es) of about 3664 - 3784 Ce, absolute M 7.8 -
8.4 memu, and S of about 0.53 - 0.55, for filnms of

0. 5m t hi ckness. A broadening in the 15 hysteresis
curve is caused by the addition of W hence leading to
hi gher He and M. The nechani sm of He enhancenent by
additive Wis believed to be caused by the
precipitation of Wat the grai f boundaries, building
on the grain decoupling effect contrlbuted by
precipitation of P also at the grain boundari es.

Thus, the resulting structure consists of isolated

rm‘gmrathn(t‘bé’tt th%(fggne:j issatsignto woyledswvmlrcag@n\e/\t/e iférndihg a CoPt
neti c boundari es nmost |y by
SRIoV IR Qs A VAT Ul ihaT ks ab orURATd @ e Egggenerally Ho

baétSdLRrSGCPrOéBHQ-‘i@'?deC tHeé %'nhgri?&%nf)fof e if aeﬁg'oé}%tsﬁgfj system (as

t hereby increase th overa coercivity _
f i ¢argpanedkitng rnmemGna)gns:t twadfolg, hand. atistigouigbmPtthei sncreased

o RRoBECRTRs soRop) Fiiaad B dhe alltving tect AL P the other

albtémt ghel %ﬁé\f n €@8¢duplingt ckvBaN GG fwr 'Ebﬂgelﬂr% at_ the grain

al l oy which has a very much hi gher as conpared
plraindarie§eneral |y He about 500 CE) Hence t he
enhancenent of He in the present system (as conpared
to pure Co) is two-fold, one arising fromthe

i Mifieatfect of aaditive A insthal CoPEP JYEh fv@él;’ftﬁfﬂi@rqﬁ%*st@éted as a
al. | oy Bf'gBeffeCt of Pt, the other fromthe

dBHBE%?W Rf ik Ahickress 3s \AhowmcBnk g8t (). 2(b) aArd @) rQUt of-plane
bqyadand oS- b mfcr@éé%e%'ﬂ@ ghl:graé%kﬁ &P Tidih CoPtP and

f
syst em was ?urt §é I nvest | nction o
f iCoPtWPC Nweethahesshat/\all rfltm Rhigknes¥es) CoRtl) P axtibitsca higher He

i RBaRrGoP e, (Y edptsiod,abseibta M (BRAVAI ehdskiacreses with
a'fllmf tﬁlﬂkﬁé%'scglﬂﬁést‘h%re Q?BW\B gﬁé hétft: QbHQEr thﬁ%@r films.

han CoPtP. As expected, as wel
i ri'dwag@s the ingredsq Imabacxttlktad\ésssemséotramreaaﬂateaurbeyond a film

hickerfil
ARShbSs BESERLE! 31 4 SRR bl SBinel8 PELRERted Bt are
b I
eé%b%?‘mfbrftéglr Ié@st tg %ﬁéat"g S%}‘Igﬁ{né go@ti@ﬁssﬁ%\gﬂcé@ using them)
most probably due to decreasing S with increasing thickness since Mr is

related to S by Mr = S x Ms.

Figs. 4(a), 4(b) and 4(c) show the thermal stability of CoPtWP as a function of
film thickness upon annealing at 320°C for 2 hrs in air atmosphere. The
results shown in Fig 4 indicate that there is a range of film thickness in which
annealing provides further improvement of the magnetic properties. It is noted
that when the thickness is in the range of about 0.2 to 0.6 u m (and particularly

0.3 to 0.6 um), Hc and S improve while a slight drop in absolute Mr was

observed. As can be seen from the hysteresis curve 3 in Fig. 1 (shown dotted)
for a sample of thickness about 0.5 um after plating for 3 min, there is a

sharp drop in absolute Ms indicating the formation of non-magnetic metallic
oxides such as cobalt oxides. At the same time, there is a broadening of the
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experinmental results and the lines are interpolations
produced using then) nost probably due to decreasing
S with increasing thickness since M is related to S
by M =S x Ms. 20 Figs. 4(a), 4(b) and 4(c) show the
thermal stability of CoPtWP as a function of film

t hi ckness upon annealing at 320C for 2 hrs in air

at nosphere. The results shown8 n Fig 4 indicate that
there is a range of filmthickness in which annealing
provi des further inprovenment of the magnetic
properties. It is noted 25 that when the thickness is

|o nhysherelsmngefIeabmgttgqgghéroH@ tﬁémwl(m@@?nwwegbha 0.6. The
an i nprove while a sli ro
i nﬁg%gbpuﬁen&mmgm Hséwr ng%anm@almlswl@y@ﬁqprbﬁwawd by the
hyﬁ)hﬁ"aﬁé of Thét4ficdoxi ch s (A d&&& ttﬂé) rf}n oundaries
h| C a Q) g P er ?

sanp eo ness |ng
m Inadlngetna ssmlar eﬁmt pf grmp dermoaph;mg Uﬁend@ i smbmattlhartgformahon

thefforrratlo dn H%Ret crretaﬂJ I ¢ 30 oxides su

ST TSl BuidER e bt el it gtrepfis Gl dgeoupiing agent
broadeni ng of the 8 hysteresis curve | eading to higher

He beyond 4 kCe and S beyond 0.6. The further

enhie e&ashef pmlmesyap@galmm@aeu aicthiesséae itemperaturebis shown in

t L d
K38 5B 4 005 TP M oo B84 B B Brahown
snmblemafrfd@cctth@fsmalcfbrﬂmmwlena |uﬂﬁgeumetofsserﬁﬁ1 For each
that formati on 5 of non-nmagnetic OXI des can act as

notaMBle; @xpelmental poigtsc 8t 1aivan sofe sach wfea giyraber @f annealing
o ShSR08H TSGR, 40 b Bcd ITRLASAIES HUSE s Furver

pricgeesedent irhHpaared St esrgirtieotonbé mbs@&kﬂdeuﬁtllmﬁg&mdt alsout 6 hrs
sams (of0) dltlon i.e. plating tinme of 3 mn. For each

h 3 pRetrEase aln peagnelicaPEoRalien Were @hgervad.aDue to
nLiH’@@iEab?é o&fd“a@i%h' EHlseld %%nn@ﬁﬁhgﬁwf Sﬁg EHﬁ’tine’%eto' drop as the
provided interpolating those ts

i naneading iime queamaju&IMn NMOpp:ed)betmsme/eﬂgmat uhannealed

ot kel B8Yond which MY IR Bre il eSS ot Big. cBR iskers that Mr

Cﬁﬂslédstb#ffééteaahhéﬂ the fal thidkhesanisi AR 08 ¢MP T fluctuation
t he

between the 5 samples of Fig. 5, especially after 6 hrs of annealing, is most
probably due to the fluctuation in the film thickness which could affect the
magnetic properties as exemplified in Fig. 3. The reproducibility of film
thickness is often complicated by the evolution of hydrogen bubbles on the
substrate surface during the plating process since cathodic reduction of metal
ions to metals is competitive with the reduction of hydrogen ions to hydrogen
gas. If the bubbles could not be eliminated fast enough from the substrate
surface, it could easily prevent the subsequent effective deposition of metallic
materials. Generally this problem could be alleviated by using a higher
agitation speed during plating.

To summarize, it was possible to produce a single layer of CoPtWP, due to
grain decoupling caused by the formation of non-magnetic metallic oxides at
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15 annealing time increases until when it dropped

bel ow the original unannealed M |evel beyond which

M is greatly affected. FromFig. 4(b), it seens that

M is |least affected when the filmthickness is about

0.5y m The fluctuation between the 5 sanples of

Fig. 5, especially after 6 hrs of annealing, is nost

probably due to the fluctuatio® in the filmthickness

whi ch could affect the 20 nmagnetic properties as

exenplified in Fig. 3. The reproducibility of film

thickness is often conplicated by the evol ution of

h?@mﬂgebowuhhbss exhibitirey aﬁlulgﬁi Ilmbgav%'tdr E@Gefmlﬂit ng4a1® Oe with
[ ocess_since, cat hodi c ,reduction of ne

" AsaldeUr o s 79 c8rthEFPHY BN R 1@ 6Bl &5, aﬁtebfannealmg at

n ions to hydrogen gas. |If the bubbles could
not(gg?elln1nated fast enough fromthe substrate 25
surface, it could easily prevent the subsequent

¢ rnGoniaft igHRE Sirsatle Yarireut madnas S - A e e Schieved
agWItIfﬂtthv@Relﬁﬂlfh‘i’eﬁlI é“ﬂﬁlbﬁQCcBPWVPer dGrf rEﬂ‘f%hé‘?ma%’(etiﬁ’a&egradatlon

possible to produce a single layer o
30aftpraannestion i 3205Cc Hesed, whtt e aios mftinereasing Mr and avoiding

ealeo Rt e, BBBR By dhe [rétts 21 Pdhdteey sifigelfo auring the

abfeaatien Mf ahe - mlitilayerS sfrubRife, wasdsfididd e)Q)e@lSnentally For a
0. 85, after annealing at 320C. 5 Al though higher

auy@imr&a%ﬁ’m%t 2 rhigierac mulilayeredestruatyréc with A énterlayers was
S‘J?P%&l‘é %lffcgllflﬁﬁra Eé%c’iﬁdr ﬂd?flrﬁgnp?ffh\épln(/bhﬂ}rll ﬁgflrst layer

ers S nmagneti ¢ at Ion annea
toBQOBtWHelsocmpomteU_bwmeasmpsodesmlbedeabdv@ iNt refatidn to the first

St g, G, i deafot b corr
”%b?héﬁ(@faxéf' rlH‘?tﬁl'sl cBA éxPHHin%ﬂt & WI@ éﬁé’) w8 pldted over
elimnary study, a 3-layered nmu

stthacmag@em kayern A nnnfaylaayieréu wmtrdlyib isottdioadyvas used for plating
entjon

n a second enbodi

"ie v Repdier 8 8 GBERb GeBSHE gb 2ot oA hid 4% @ &N agitation
deﬁiﬁé&@ﬂS@@l@h@ Uﬁdéﬁtl'fésleo;ﬁlahﬁg tdbﬁdftioh§t thé?ﬂh‘i’@hﬁl?rﬁléss of each

of the invention, but follow ngi dep osition of
\derlayer was about 200 nm. As in the case of the sputtered Au seed|ayer
each plated Au interlayer was activated by concentrated H,SO, (for about 3
minutes) before plating onto it of an additional magnetic CoPtWP layer (or, in
the case of the comparative example, a CoPtP magnetic layer). This process
was repeated, to form a multi-layered structure comprising three layers of
magnetic CoPtWP interleaved by two layers of plated gold (Au). This structure

is as shown schematically in Fig. 6.

The annealing study was carried out in air at 320°C via two different
approaches. One of the approaches was a one-time annealing of the 3-
layered structure at 320°C for 3 hrs, while the other approach was to anneal
separately the individual CoPtWP film at 320°C for 1 hr after each was plated
on and before the subsequent plating of the next layer.
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25

magnetic |ayer, in this second experinent a |ayer of
gold (Au) was plated over 15 the magnetic |ayer. A
non- cyani de Au el ectrol yte solution was used for
plating the Au interlayer at a current density of 25
mA/ cn2, pH 4.5 and an agitation speed of 500r pm
Under these plating conditions, the filmthickness of
each Au interlayer was about 0 nm As in the case
of the sputtered Au seedl ayer, each plated Au
interlayer was activated by concentrated H2SO4 (for
about 3 20. mnutes) before plating onto it of an
addi tional magnetic CoPt WP Iayer (or, in the case of
Pt P. magnetic | ayer).

t he, rative exanp

O e AR o 8 SR L2 ol S
t I

S érgﬁéh"nge\gé’W%va% QFpl‘d%\rcﬁﬁs A % lrégﬂ{bz sﬁo%%g\%ropemes

i nt ayers of p
st beforeiaanealinga swhileoourve chehows ¢IadarinyafteTwlé|r@;s As cah bEhebserved

DGR LS S WP T Bt Rt hed e 2ok St binéalig of an

ONgbduite Samﬁ&hicRQantHéﬁé?e@‘ﬂlﬂﬁWﬁ @oﬁ-éé@ﬂdﬁa‘? v?éw #0&hown in
for 3 hrs, while the ot'her approach was to anneal

se$EMatpﬂad:tyrd of Flgdl8/l Both dooidaWy finkthads 3ABented t!hehmagnetlc
after each 3 30 on .and befare the subseq

o) BIOPRE S of MUIRARTSH SRIUTGH PmS BT A8 15 ih e change in
hy@ﬁsﬁﬂ@t%‘ ‘MrC“HESW%vQF # EQHeBEdOBEé%E“‘Hﬁt Qgég&ﬁe aquneallng of

after annealing via th
cundiyiduad GoRIW P ayers m{h.taedsa sllgirftkyrhaghemera*harr@mewtl |h eHc from ~

romh ea 5 K 5 nialednin oisi Rda Bbd0e ahtme annealing

af pretcesa\nSYdoifitafly, & 1.8004in lihfckd Indyeirék CoPtWP/Au structure
mul tilayered fil mwith cross-sectional’ view as shown

i nexfiiddcbhighlatsohfte Migof 814 Bomenanwithld highriit bbd 8927 Oe and S
STT QLS agler e Ees ot 3226 Eniored e HollpWinpeare ravgaling sequence
S e opal 1tBhes, s 664 08 RSP b ePRletefor. we
sl hayer u;zdensgbuﬁ frerh threc eadier ihveStI@ahonmfaa lsPrglé CEPOVP film that
k%rm%ﬁoﬁ: 8FRéh ?ﬁjagtr%)et% n%e{(aﬂec O)Y des at 81e gram o&rqdnary IS rgsponsmle
for the improvement in Hc. Hence, the difference in the annealing effect may
be attributed to the lack of grain boundary oxidation for the two buried layers
of CoPtWP in the case of one-time annealing. Table 2 shows a comparison of
the effect of annealing on the magnetic properties of single and multilayered

films.

Table 2: Effect of annealing on magnetic properties of single and multilayered

films
Films Thickness Annealing Hc (Oe) Abs. Mr S
(pm) Condition (memu)
Single 1.2 Un-annealed 2569 14.89 0.31
Layer
Single 1.2 320°C x 2 hrs 1002 4.90 0.10
Layer

3-Layered 1.5 320°C x 3 hrs x 3553 12.26 0.50
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process. Specifically, a 1.5y mthick 3-layered
CoPt WP/ Au structure exhibited high absolute M of -
14.9 menu with a high He of - 3927 CGe and S 0.58 after
anneal ing at 320C for 3 hrs follow ng an annealing
sequence 15 with three separate stages just after the
formation of the respective |ayers. W have
understood fromthe earlier inVkstigation of a single
CoPtWP filmthat formation of non-magnetic netallic
oxi des at the grain boundary is responsible for the

i nprovenent in Hc. Hence, the difference in the

anneal ing effect may be atftimeuted to the |ack of

gr 3-nayepeddary oxg dati og20w@ xtihe % 30 bggared | ayeq 9220
of CoPtW in the case of ongmpgne annealing. Table 2

0.58

sfiows—a conpar rsomof — theefrfect—of—armeatrmg—om—tie
magneti c properties of single and multilayered filns.
Table 2. Effect of annealing on nmagnetic properties of

Si e and nultilayered 25 filns
Fiﬂ%@@%essAnneal ingHe (Ce)Abs. MS (

m Condi tion(nmenmu) Single 1.2Un-anneal ed256914. 890. 31
Laler Sen¥ae, X. 2820 xDingy G Zba@pg, a0d Bl Caiaedal flux

3- elagtsoragnetie oicrontor's) MdEsanackodicEoend., 111(20@1) 113-117.
3-2.ayerlddKard, K2B6ra ahdlY. Ya® BAerndddABatr8ctas the inZR8 Meeting
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Preparation of SmCo Thin Filns and their Mgnetic
Properties”, Plating and Surface Furnishing, (1993)
72-74. 4. K R Coffey, M A Parker, J. K Howard,

| EBimgsans. Magn., 31 (1995) 2737. 15 5. P. L.
Cavallotti, N Lecis, H Fauser, A Zelonka, J. P
Celis, G Wuters, J. Machado da Silva, J. M
Brbchadd MERgNAIG slrugireacorsprisiogr @ substiate ane @b leagizne layer of

(ﬁﬂggﬁeﬁzma@ifsﬂieﬁsﬂed AoRagiiet Elt?b&FaftHthﬁfee magnetic material

conpfising a substrate and at [east one 1ayer
megpmdaintgd-86i atbmile fosobalt] (05-50natomib $4 pltiaunt, lE5-20 atomic %

netic mater.,i cont ai ni ng ,45-95 atom c % cobal t,
gﬂgngﬁteﬁt aPﬁg’-éﬁbﬁ?WﬁJ pr@?%’-h@(ﬁu%tom c % 5 tungsten,
and 0.5-10 atom ¢ % phosphorus. 2. A magnetic

st2.uct us emaghefiéli steldtoreCladbdtdind toWBlafll 4 N SAHiLF tthee structure
conprises a plurality of |ayers of said nagnetic

nedasppriges & plusality f dayets of saidtmagnelicmaterial. t o cl ai m 2
in which the plurality of layers are interleaved wth

nof1- ma ' gpeti . SshHruct W ;
ag:]'or d%é’h? g”%ﬁ%%ﬁm@?lﬂg é ?dgﬂmgh{eb tg!aﬁrgaghﬁ z‘ﬁ%‘% the plurality of
cdayexisraragntedbaléd withatommagnetio ¢stees. and phosphor us
conprises crystal grains having a relatively | ow

| evel of tungsten i vided b ai n . boundar.i.es
et b e S dute, SESaRing I€ Bimot 8 SR dhe or eagh layer
mesddnesk f itn i NQ{ r u [
CISMReinilg (BRI DlATREN At Gateh’ HAl UPRSAHALS! Poimpfises crystal
or@Faingybaviag artejatiealy lomitlevelaof imgstenhaivided by grain boundaries

containing a relatively higher level of tungsten.

5. A method of forming a magnetic structure according to claim 1,
comprising electroplating the at least one layer of magnetic material onto the
substrate in an electrochemical bath.

6. A method according to claim 5 in which the composition of the
electrochemical bath includes 0.001 — 0.5 mol/liter of Co2+ ions, 0.001 - 0.5
mol/liter of PtCI62- ions, 0.001 — 0.5 mol/liter of WO42- ions, and 0.001 — 0.5
mol/liter of HPHOS- ions.

7. A method according to claim 5 or claim 6 in which the pH of the
chemical bath is between 4.0 and 5.0.

8. A method according to any of claims 5 to 7 in which the electroplating
is carried out at a current density of 20-30 mA/cm?2.
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substrate in an el ectrochem cal bath. 6. A nethod
according to claim5 in which the conposition of the
el ectrochem cal bath includes 0.001 - 0.5 nol/liter of
Co2+ ions, 0.001 - 0.5 nol/liter of PtCl62- ions,
0.001 - 0.5 nol/liter of W42- ions, and 0.001 - 0.5
20 nol/liter of HPHOB3- ions. 7. A nethod according to
claim5 or claim6 in which th8pH of the chenical
bath is between 4.0 and 5.0. 8. A nethod according to
any of clains 5to 7 in which the electroplating is
carried out at a current density of 20-30 mdcnR. 13 9

A gret hodl methorddaogordingaty amly @11 alairas 5 e & ih 'wiibh GRe substrate
t he substrate carries a seed |layer of gold with a

(1‘?Laf5'e§@y%qeé’| ayen rgold vath a (b1 1) Lrvataherierdalien.di ng to

any of clains 5 to 9 further including a step in

whgh t r t hals d-S

Azl | mano OB acordRgi6iady SRUBINS o MG DR a step i

11wh|AhrtbeHa>3ceraofcmagnet@ tatenigl i®fsubjested tbahnesling in the ambient
I‘ISI ngEE ﬁb(g%ph ne further step of

el% Q»S&B‘P f b rther |ayer of magnetic material on

said substrate. 12. A nmethod according to claim1l in

whith aArrasteet a&@:rai'hgptooénylﬂ ciaiRise6ttong ddmdprising at least one
structure to anneal performed after the

f JURAEr &Ehfofe%ﬂéﬁtroala e@séufvahewamwﬁ gyagnedic material on said
material. 13. A mcro-device incorporating a

magneti c structure according to any of clains 1 to 4.

14. A mcro-device according to claim13 which is a

MVENES deAi methdd according to claim 11 in which a respective step of

subjecting the structure to annealing is performed after the formation of each
successive further layer of magnetic material.

13. A micro-device incorporating a magnetic structure according to any of
claims 1 to 4.

14. A micro-device according to claim 13 which is a MEMS device.



