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1 SUBSTRATE STRUCTURE AND METHOD FOR W DEBAND POWER DECOUPLI NG FI ELD OF

| NVENTI ON The present invention relates broadly to a substrate
structure and nethod for w deband power decoupling. BACKGROUND A
typi cal p®KEINOHEBLI buti on network for power decoupl i R§TISG2MEEPLI80NI C
appl i ances and systens conprises of three core power decoupling conponents:
| ow frequency bul k decoupling (F to nF), md frequency decoupling (gF) and
hi gh frequency decoupling (nF). The high frequency decoupling is typically
i npl enented either on-chip (but linted by chip area) or as enbedded
capacitor(s). The md frequency decoupling is typically inplenented as
enmbedded caPHBITRAIE STRUCTUREAND METHOBIEORPHADEBAND. The | ow
frequency bul k decoupling js.typically inplemented in the formof discrete
capacitor(s). D'ffeP€HW¥§%Eﬁﬂ3éUé§Eﬂﬂ§% been proposed for the

i npl enentation of substrate structures with enbedded capacitors for power
decoupling in electronic appliances and systens. These conventi onal

appr oac hdELRDRINVENT@N ons, i ncl udi ng: Integration with
power distribution networks not being optimsed for perfornmance such as
decoupling bandwi dth, ii) The |lack of consideration of int egr ation with

di screte passigeressnt igvention relxpg Bivady do ajsupsirate sirveitresng rasthehient act uri ng

t 0 speciwidebgpripoessdéc@apiigl ogi es, iv) Non-optinal space utilization.

It is therefore desirable to provide a nethod and substrate structure for
wi deband power decoupling that overcones or aneliorates one or nore of the
above neﬁ‘r‘E?EﬁB@UNP limtations. It is further desirable to provide a
method of formng such a substrate structure. SUMVARY I n accordance
with a first ,aspect of th resent inyepntion there is provided a substrate
structure fof* QP8 &’ﬁﬂ'%dﬁﬁé&b@%dﬁ&?’?’ﬁgf%o‘?ﬁﬁﬁ’s SRUBRE B elsstrenienbedded
capaci t applimachambsystanss cognm@iséeof thekeots poweraieetugling colmebednts: dow el axat i on
frequen - I eri.al. i hosen ch at .a.

sl -1 ocsgdeney Wk SEESRNRTI o W oS e Bef G RBlL ] Hr s e

conpar edreayensysigeenliag (nf)c Tivathighi feiquengyadgcoupling is typicalfniipleragded t or  may
COMPri S@ither Sh-Lig-(bikl initcd 6] ehip i) £0 @RbELS RIABHG! e fid Ni ckness of
| ess th%_n about %;Em" . Properties of the respective ferroelectric

mat er i al"SIHERFY HecREing i bypicgly, mnigpenisd @s rorbseded ¢aPaPHE) dBthe ¢ materi al s
exhi bi t foles iof etscraté acaphiciton(s].r eThee ev dequency bulkReé&dpaplngy & oqsaty t ors may
each co L : r resistive material. The

mat er i a{ﬁgﬂ%@%?t%g%e@%g%%eﬁéc%%C%Dceé%goer?sfgbt ed such that the substrate
structure exhibits a desired power decoupling resonance danpi ng property.

The substr at pifetdnt CledhRqli®y Havét B&dn GROPSIeRE 1dflkihd - ipVeeridtioR gpnnect s for
si gnal angsél% Wg%'r“g‘lﬂsul' ution he substrate structure may further conprise

one or BB rgs W a%'?‘??ﬁ%’. capacitors for power decoupling in electronic
appliances and systems. These conventional approaches have limitations, including:

)

i) Integration with power distribution networks hot being optimised for
performance such as decoupling bandwidth,
ii) ~ The lack of consideration of integration with discrete passive and active
components,

iti) Limitations on manufacturing to specific process technologies,
v) Non-optimal space utilization.

It is therefore desirable to provide a method and substrate structure for wideband
power decoupling that overcomes or ameliorates one or more of the above mentioned



The substrate structure may further conprise one or nore active devices and
one or nore interconnects to the respective active devices. One or
nore el ectrodes of the capacitors may be el ectrically connected to a power
pl ane of the substrate structure. 3 One or nore el ectrodes of the
capacitors may be electrically connected to a ground plane of the substrate
structure. I n accordance with-a second aspect of the present
invention there is provided a substrate structure for w deband power
decoupl i ng conprising one or nore enbedded capacitors each conprising: a
ground el ectimitdiégnsa lipeetheeteitblede pravitd :améhbd obfoaaingisachimisabstalte | ayer

bet weengf hig,[ground and power el ectrodes; wherein a relaxation frequency of
the ferroelectric material is chosen such that a self-resonance frequency
of the one or nore capacitors is increased conpared to a paraelectric

mat er i aSUMMMERY t or . In accordance with a third aspect of the present
invention there is provided a nmethod of formng a substrate structure for

wi deband po LNQ, I t hod conprising f.orm ng one or e,
erbedaed calerBPDEP il ok et b OB iR BrE el £ LplBi s,
conpr i sgsicturé &rmdddbaod powenadgost plaig; coampisng @eneionmarg ethbeddedaapaditetusathy  of
the fer (g terial . is.chosen_such.that a self-resonance freqyency
of t he STEETorABoBbEhe Pty FRERITR RERb Bl F of ISR el

mat er i ab chegEcsuchrthat a self-resbaaritedegumendyoof theywnber honeedpaditbls iannadkdsed- t hi n

film of pective.ferroel ectric materials of a thickness |less than 1m
Al ter na%oltn{i}]:ar%ﬁet%eaa%ﬁé%gﬁé%magernaﬁ%a\?agfogb be formed with thick-filmmateri al
processing or lamnates typically with thickness of 1mto 20m

hat sai o r Eepbagpdor BV, Euefel &7 WL EPET b HeCIRRAr P S RURECe  on

f r equentbicksess of less thdkesipeit tipme capacitors may be each forned with one or
nore resistive material el ectrodes. Mat erials of the el ectrodes may
be sel ected such that the substrate structure exhibits a desired power

decoupl i ng Propares &Y tikaraRbagtvEFeREsIEdtric materials rhBf bEBIRQEEITRYCH HEL S84
conpri se faar m.n cong%ﬁt s of the substrate structure for

mul ti-layer inter
si gnal "aRE“Y5 eéﬁcb'fcrrp?}a%f?lgﬁ)_(hlbl?deswe 2Xafign fIEeHSPEPSt ur t her conpri se
provi ding one or nore discrete capacitors as part of the substrate
structure. R4 ORGSR e i Y, 0 I L SiAg:
thin-filmpr oscpgjgg\gets .CQ of¥ Arﬁ#l ?@Ogﬁg@ﬁ% g@oofrbhf[ﬁﬁée %ggg%%gﬁ \b]:a%csrz;%'z\ﬁ%i tors
may beMe&REd utilisi ng, but not limted to, thin-film processes, and a
second el ectrode of the respective capacitors may be formed utilising

thick-filmpgro es. he et hqad furthe [is rogcessi ng
step for | nFRaIng S e sisrPet s FB¥ied Pudhingt P Fiafef HeERRt er Pa
The protélsiardpsisedpowenyecouping sesoparae drsmuirg propertypl asma pr ocessi ng,
thick-fil mprocessing, or both. I n accordance with a fourth aspect of
the present_invention there is provided a nethod of form ng a, substrate
structure foF Wt?fi{ﬁt&anﬁtr W@rmaégﬁg ri‘f?(ﬁ'?p“tsﬁén'nﬂ'ﬁjeﬁ’@ﬂ IRtBIeRRREStS for $973ki ng a
first adpdwerdistridutipni ng a ferroelectric material |ayer on the first

el ectrode; and formng a second el ectrode on the ferroelectric |ayer;
wherein the first electrode, the second electrode and the ferroelectric

mat eri al | ahfersubsirae shuethtemae firthepsemnpdse ¢ene arieors gissrata cepasitersct ur e; and
wherein a relaxation frequency of the ferroelectric material is chosen such
that a self-resonance, freguenc f the enbedded capagitor. is increased
conpared t 01 F2F GAF SUGHIE TaY byihar RIS 916,0r e BRMGGUSER ANERNERT THE
DRAW N@Sre interconketis b thenespautive bdiverdesices.on wi || be better understood and
readily apparent to one of ordinary skill in the art fromthe follow ng
witten description, by way of exanple only, and in conjunction with the
drawi ngs, QNG BAFe electrodefs;qf thecapasheraanay be slestricalimeanareted je pdigwer

f r equaiane ofithé Bstdtatd gttucurper f or mance conpari son of conventional capacitors
and capacitors according to enbodi nents of the present invention.

Figure 2 shows a schematic cross-sectional view of a substrate structure
according to an enbodi nent of the present invention.



5 Figure 3 shows an equivalent circuit for conventional power
decoupling. Figure 4 shows an equivalent circuit for power decoupling

according to an exanpl e enbodi nent of the present invention. Figure 5
is a schematic cross sectional view of a substrate structure according to
an exanpl e enbodi nrent of the present i,nvention Figure 6 shows a
flow chart illustrating a nethod of fgbrlcatlng a substrate structure in

accordance with an exanpl e enbodi nent of the present invention. DETAILED
DESCRI PTI ONOne or mor&gfaettbdasdfshedapdeors ivatid S8ctHefIg coResktéeiond %ol]ﬁ@V' de a

substrate ucture fo deband power decoupling using ultra-t
ferroeP g@?rotfg" c%%ﬁ%?t?éfr”#f‘@l ectric materials. As will be appreciated
by those-skilled in the art, the povver di stribution inpedance, Z, for power
decoupling i r ste S i,ned by the equation
7o Roco M pCFEhEs it £38 RN ESR AR 5 BT et L ¢ BB F's  he
f requeﬂtﬂ;strate structue Ufat Mm:feb(aﬁd pow;er htemmmmg conlpyisitgldné at niom!veirrkﬁsqﬂ@cﬂm es
bel ow S n e n uenc n, convent
i sor§ Bk SR aemnt: 35 Gl E B Rbe g SN0 Beck o e B el b o
capaci trefesial lagerdetvean the@rdmmdtdmel mmeaelebir@dasndherbmrmmlax'ﬁhm fredifencg spnant
freque eeileld ricdr%Lfe glq gp{oé[ep]esugrgﬂﬁa ' 0sréf €50 V\‘h e ohe elhective
ic P *i R B F%Y Jt'e °Mhat MPre

nom nal “parasitic 1n ance.
ef f ect capacipars Eshtreasedrmdmpbedde apatrastect@mnnaterid) eapanftomi t el y smal | but woul d
typically be in the order of greater than 100 pH Therefore, a 6 capacitor
with a relatively higher capacitance val ue reduces | ow frequency i npedance
but al so rebubt®rdamca withwar thge | dspeets ofn et ptfelsaqumvmyzon'ﬁherecanmﬂﬁb@rﬁil

appr oa a, I of ca rs each having.a s
capaci @%%Hgg E&ﬁ@ﬂ'ﬁ?’ Po |%€rgtg%{c qaﬁéu dP¥ "‘5 grﬁov‘ferre%ﬁ?g'd@? Infs é‘i‘n%%um ng
the ef éwoprising foring toanae. mebﬂermﬂ)eddedl\oepamtorsa:h tdesugsimté gpuctadel wheseh a | arge
nunber naferroletrlc rrat t he di el ric

Const A2t GRAEY bOhdees suemerBiifl MG 8 e Bur aidloh SPaRe BRI, ah. s
wi | | bfereglpetac instierd hwcrndsesesuskltlhéteaj selfiresbearaet fredubrcyhoinef sreqoremere

rel axa has_been attrl buted to piezoel ectric resonance of

ct,al %gﬁ&@%qgg}g&%ﬂ aredtetg a (f)gﬁ%ﬁ‘?"? r\/ﬁa'f’?teﬂﬁl\?é’%%t?

grains dorral Ne o ier Pig and the em ssion of
GHz shear waves from fen-oel astic domain walls. The dielectric
constant for a ferroelectric material varies inversely proportionally to
frequency draduraragitarieay e farmer ovithpamsltra-thisdimof ty iespectivarfyiroriectric

capaci imamefigls Gf aAa.cﬁa@ggné@ k. Uﬂferr%ftid@lg: @mr%‘g%' rﬁ%&; Ql's',lrs 'eblaqg{]ngéy@é gt '>0n

coi Ot 6o (e el BocHsgi B iaton e BBy St HTLtocbBl | y

i ncreased, as defl ned in the foll ow ng equation:
Properties of the respective ferroelectric materials may be selected such that said
respective ferroelectric materials exhibit desired relaxation frequencies.

Respective capacitors may be each formed with one or more resistive material
electrodes.

Materials of the electrodes may be selected such that the substrate structure exhibits
a desired power decoupling frequency damping property.

The method may further comprise forming multi-layer interconnects of the substrate
structure for signal and power distribution.

The method may further comprise providing one or more discrete capacitors as part
of the substrate structure.

The ferroelectric material may be deposited utilising hydrothermal synthesis.



tio (4) when the rel axation frequency is bel ow the otherw se nom nal
sel f-resonant frequency. An exanpl e of the performance conparison of
conventional capacitors and ferroelectric capacitors in exanple enbodi nents
of the invention is shown in Fig. 1. In this exanple, the |ow frequency
capacitance is about 1 nF, parasitic inductance is about 500 pH and

equi val ent resistance is about 14€. Wth a conventional capacitor (curve
100) e.g. where the capacitance is relatively unchanged, the self-resonant
frequency due to parasitic inductance is about 0.23 GHz. Wth the

f er r oel ect Elestredgsat thesapacitpsunapeberioppeditipiag fieindresesssson frequency is
about 0.1 GHz and varies according to the relationship defined in equation

(4), the self-resonant frequency is increased to ut 0.53 for the
Sate | ow 1 ARIERETOE FAHEaLs crradtg S agpdetitihg dutot el &

2007/ GRbahh RCIeSERS) GHiH 00 625Bid 7eléarods eof dhennesipetive gmpadiwpm oiay drec forofd about
0. 8 nF .i; ¥ oo |GeLapacitor 11 (curve 104) with a relaxation
frequeuﬁhé§n%ﬁ{'%l§@h$&%§égge% whil st still achieving an inproved self-
resonant frequency of about 0.36 GHz. These exanples illustrate the concept
of ext endi Mhe hiwthdqbmay fuleeoephiprige hancwdsding stegcior dicrgpsing tbebadulistress s of t he
_prese inventign. | | e enbodi nents, the relaxation frequency is
cont roch}tréeda? gr'ggﬁi?eer(/og%ﬁér&g?&éﬁé?ri bution design optim zation by controlling
the grain/particle size of the ferroelectric material used as a dielectric.
I'n the casgn@fprdiedsing RespThlaySoomighiesi sost deodiioni plagras toredeesiad, ztrickdime. g.  be
controll ed .throt*%[t process or synthesis tenperature and applied pressure.

I n t h"eES8M3f 't i x conposite materials, the grain/particle size of
powders prior to mxing-or binding can e.g. be controlled through

ti t echni . . _Fig. il . i t of
o ool | canBHORRGF A fr iRt oas RS E A RSBl F b B R R R, ©
f er r oaf doing ad$udistreter $touctue det widehene power [deediping.i it adetpd corwTiping:

; eChnifc%Hﬁﬁg fal fitst Qlieétnf‘dg?qgrinﬂﬁ@ta fefroSRLAE h¥RriAYIEy&H & tiEtirst BRIchesd; Sarfr ocess
is used to forman ultra-thin ferrocglj.eftrl_chfl I.n%‘ZQfZ. ‘,’h? topt or %)orwer

el ect rIAUNDAzeca YectiodeRang ferrepiedliis 1axgk WheiRn b Ty e'esade 8P PaYYy and
pri nt iehgiroda dnd ahne tanelestricomatairighiayerciond uart eémbkedsied| @pagitorin & subsirate

depe“%;rpgtgfeg aﬁgﬁﬂ;c/sg%iﬁa%/@%ﬁgh rf%aué@r@%é fe{eégiréiepgzé méaﬁ%rgag gggxag& sih that

contrd equi ent “series resistance i , capacl tor can be
achi eve@elf-Terongnesu fgauensyt pbdbe ¢mbeddes) s8PFHPMIR INLEPFRG B?.ﬁnpg(&f’ 9 /ited
to, elpafddicupicahbi@alrdagaditornting, and consists of highly conductive
materials, e g. Titanium (Ti) in the exanpl e enbodi nent. The ground

el ectrode is formed on the ground plane 205. Details of the fabrication

pr oceERIEF DERE BPHON Ot FHEIDROIINGS 207 illustrated in Figure 2 are

descri bed hereinafter. It should be noted that in Figure 2, the

i nt erconnection between the top or power electrode 204 and the power plane
203 has beEmbodiirtetaschf thar inedraion Wil bd better uhddéretoag pnak tsiadivezppatent keeonsedfson
skill | . ¢S : IOF rous
novn Oty SRF I a1l 8 By R B A By o b
208. Femjuagionid thg deawiepsyinashion1 are forned for ground interconnection of
surface nounted devices (not shown) to the ground plane 205. Fi gures

3 and 4 show equival ent circuits for conventional . d | and
power decoE'BPfeng S&'@E’:"ﬁr%‘?tﬁg‘)ft ;@pgﬁaléggaxﬁsgs :ﬂf?ﬁ(lﬂ%é]cﬁferlllt& g@%{qghgcp%ﬁg@#e
i nventobmparisvasqfecdrivertional cABCROS 74roBCABLHTT/ RCATUDE/ ©0onE&®ents of thel n t he
convent.i rguit 300, the resistance (Ro), inductance (Lo) and
capacpltiéas%@gh\(%lg;)ﬁ'val ues are relatively constant, that is, these elenents
are intentionally designed to be constant with respect to frequency. The
bandwi dt h piuR DPen&ls & eeiesrbtiogoss-sadiiohal vt wha eabditatd tracterd doyortiing sel f
resonant fr;gélenc%/ f% t he power .dﬁcoupl ing circuit in accordance with

i of the present invention.

equat O gFycdImen



erepositgé using %hln-fllnltechn%%ues, in the e e qent. Thi s
met hod FEGERIEEt TRMERe It FRNVFEEPNGE Py dstiibHion | SyRIPIS W ERBP$I% to achi eve
- a desi r espagiidrsid.eofreqegucy sthblpticapadiioesisrdetdrsiined g the phrasitic hxdasante.ng

In the circuit 400 according to the exanple enbodi nent, both the resistance
(R1) and capacitance (Cl) values are variable. The Rl value can be chosen
to provi de power decoupling resonance danping. This danping can help to
suppress Wie¥p®dance peak magni tude or the result anPCEEG2006000258N0i se. By
using ferroelectic dielectric materials, Cl can also be nade frequency

dependent according to equation (3). In the exanpl e enbodi nent, the
resonant frequency can thus be extended to i nprove the bandw dth of the
power decoupling circuit. Returning now to the exanpl e enbodi nent of

Figure 2, th&ighmE3sioseansdquinedamt eircifd forfoahvantiveat pdeeodgdoupifngl S desi gned and
fabricated using hydrothermally synthesized capacitor filns to form
capacitors, and integrated with discrete capacitors, active devices and
mul ti-1ayer §Siggreaf shews govrauivglest eiresiit fioo Rowert @acedpimgcacsording fo anA | ayer of
titani unax2ield smsbapfsmt bRl Pres@niihldiigsl circuit board (PCB) 208 using known
nmet hods, including, but not limted to, sputtering. Alternatively, a
titaniumfoil may, for exanple, be |lam nated onto the PCB 208. The
hydr ot her mal Figyret feisi 8 prheoedis ¢rpps cetiopalsew ah aagubsirse atrustatey ent
sol ut! OThdobialngGOERLEMIY o BBGHRnYbfb bEeltiBRidaN cOAting to form -
crystalline bariumtitanate filns. An exanple of the agueous solution is
Ba(OH)2. Wth inproved chem cal reaction, e.g. by increasing the processing
5 errpe][ at ur e, FlguRCS RGNS se‘!oﬂﬁblﬁa‘ﬂl’limﬁtraﬂhgramed @8 fapiceghd eebmytagtes, the film
ensifi ] . .ODk.OV ith r rajn size. By using
L 8o o AR S S B F B Bl B v

a selectivée area cess, film 202

'”;can be grown to forman ultrathin capacitor filmlayer 202. To ensure | ow

9 t enperptTAIEED DEsCRMdTON conpatibility typically bel ow 300C with an
i nherently organic materi al conposition of the PCB 208, thin-filmporosity

is prevalent in the hydrothermally synthesized dielectric film 202.
Typi cal |y, t Bmabsdiechts aftae iriveotionsdeemibed heieirt frevidad soistrayvetitictatedot r ode 204 i s

o ect r odtiBRfd paY deoolfy bethdtbih EHecRAAR A engh BEILE rilerBRI o 11

present invention avoid such shorting as a result of using the

hydr ot her mal hy vy behgsrdcsted ity Bobd iskinéd ikt hRd RwRl Risirbufidh N-fi 1 m

por osi ti. le a first eigan})lef rret_hod,l, t he t?p Qr EOV% e] ectrode 204
i s depodPP¥E St REPMRISGEPIRGI qcinic aRPigRdes e YIRS 19 JRiResdini ques,

i ncl udi Mg edqoationnot |imted to, printing, jetting, etc. Since thick-film

t echni ques such ap printing involve the deposition of |arger sized
particles, sHortH of the top or power el ectrode 204 and t{he ground pl ane

-

210 due to the pdtwesity of the thin-film202 can be avoided. In addition to
creating a £a £O ﬁﬂﬁ " . Jugt e of thick-film

t echni ques moeeﬁggfée% t ég(a'{?iéea{r'g%'ﬁmt eg{lcg gsqﬁ%ﬁ%éol%r?]%he top or power

el ectrode 204 that are different fromthose used to formthe ground pl ane

210, i.e. metQiaticd @) ENRIweIEE ofly LEIRIL iy ﬁéqﬁéﬂc%tb%fob\féeﬁ-r%ngﬁbeﬂmé be
exa e oal

addi ti O&ﬂéSM%%@&%WW%’%%E@%‘W&? be required for e.g. surface

nount ed screte resrsto 0 may al so nmai ntain the requirenent
of low tenperatufel processing when using |owtenperature thick-film

t echni ques s@cﬁggggzﬁut not limted to, printing. Fida}e 5 shows the
i ntegration of dubstrate structure 500 of the type of substrate stucture
200 (Fi gur e ijera\d fiditheeliedtive ay@inalpagieiit indadteiceonnect s, e. g. signal |ayer
502, power distribution interconnects, e.g. solder ball connections 506,
508, as well as interconnects to an active device in the formof an |IC 510,
e.g. sol der lbi impodanide triodm thab tik effective pagiin indéctarivovsiug ¢anoal kehar t

i1 ustr gfhiesy s?ndﬂﬁ{uhﬂgul@ftyﬁdéﬁﬁbé‘ fhe AR (oF BBt HAACIOA" 1. FRbrergi@Dand powver
decoupl i ng according to an exanpl e enbodi nent. At step 600, a first
electrode is formed. At step 602, a ferroelectric material layer is 10
formed on the first electrode. At step 604, a second electrode is formed on
the fen-oelectric material layer; wherein the first el ectrode, the second
el ectrode and the ferroelectric material |ayer forman enbedded capacitor
in the substrate structure. Advant ages of exanpl e enbodi nents

descri bed herein before over existing techni ques and designs nmay i nclude:
Uilization of ferroelectric characteristics to extend the operating
bandw dt h of power decoupling Inproved utilization of controllable

rel axation frequency Low inpedance is maintained at |ow frequencies whil st
reduci ng effective inductance at higher frequencies Higher self-resonant

o, o o o N N



| mproved manufacturing yield |nproved power decoupling performance

| nproved power decoupling systemdesign flexibility |nproved power
decoupling systemintegration with active and passive devices I t

will be apprmci/@ved by a person skilled in the art thacTrsames/ewsssvari ati ons
and/ or nodifications may be made to the present invention as shown in the
speci fic enbodi nents wi thout departing fromthe spirit or scope of the
invention as broadly described. The present enbodi nents are, therefore, to
be considered in all respects to béillustrative and not restrictive.

Al t er natdapgitbegthn :qrdmlyn@he& @gédut%e valde rédiRedIBly f}eiqﬂéﬁc?ﬁnpéﬂbdbetb@t thick-film
and | am rllsatr%S roce? ?I tJf862006/ gg 258 I?,%‘ | ﬁ #‘J? e 2007 11

CLAI V5 R 'STDS T A{HeE ?U(???ﬂaﬂ FSre%d %ﬁ(ﬂwﬁﬂ P %Pé’(t,%aﬁ 5 S(‘?o"’hprl si ng one
or nore lmwme@r of earmcidroeachdaving e smatlicepanijarcef aiuede instsass memlferi al ;

wher ei n r@sdn‘ﬁhiaﬁ@&deﬂ& whﬁsqta%a&xngoihet Qﬁe&.eé iRRIERbS, AotBa! @bivahidra chosen such

5 that a, self-resonance frequency of the one or nore capacitors is

[ ncreaséj&s'SBWB'P@H ”F%"‘&“Q%'?%eb‘&ftcﬁi’@'tﬁﬁt erial capacitor. 2.The substrate
structure as clainmed in claim1, wherein each capacitor conprises an
ultra-thin f f 10 | ess

t han about ﬂdg}g&i‘%&’?"é‘%& a‘?e(tneeg’éltﬁlr:t:ﬁj%{}@r‘s‘?arn'tgrhgﬁig&a@é&%@ﬁ?ﬁn&l e of the
precedi e telaxpiing fraghenceicn Ae yilidest appeeciadgrhby those sidiiedhin Bermk thechighe or nore

el ectr an%guéﬂccy @ taRbi ﬁﬁeﬂ@ﬁ{eﬁéﬂ Bhs bden attrlbuted to mzoeTJ&ﬁlcsdéQﬁ'Iaﬁ@é grStructure
as claineq inclaim3, wherein_the naterial ? he el ectrodes are sel ected

such t h&2HSRN Nsaingria o B‘Erf‘fﬂ'? E’GEWBF"F@ Q"Qjﬁ‘El‘?‘TB?f'Wzo%'@Bﬁpl i ng

“§ esonancavesinga fegogagip dorhyin walBS. The substrate structure as clained in any
one of the preceding clains, further conprising nulti-layer interconnects
for signal and power distri but| on. 6. The substrate structure
as cl ai med i hhaxdglegriecastaphier pfasioelgrig mEeral ypies, invasehhrepaséamgly si ng one or

nore di $¢{e4Rn&PRITHA dd)fhﬁ relaxation phas?e radUlingUR St ¥biRg ShpdeRireeas.ag cl aimed in
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equation:
c=4 % , valid for frequency @ > o4 (3)

@
The resultant self-resonant frequency ar.s is actually increased, as defined in

the following equation:
co, 2 )

) when the relaxation frequency is below the otherwise nominal self-resonant
! frequency.

An example of the performance comparison of conventional capacitors and
ferroelectric capacitors in example embodiments of the invention is shown in Fig. 1. In
this example, the low frequency capacitance is about 1 nF, parasitic inductance is
about 500 pH and equivalent resistance is about 1 Q. With a conventional capacitor
{curve 100) e.g. where the capacitance is relatively unchanged, the self-resonant
frequency due to parasitic inductance is about 0.23 GHz. With the ferroelectric capacifor ]
(curve 102) where the reiaxation frequency is about 0.1 GHz and varies
according to the relationship defined in equation (4), the self-resonant frequency is
increased to about 0.53 GHz for the same low frequency capacitances. It is also possible
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8. The substrate structure as clained in any one of the preceding clains,
wherein one or nore el ectrodes of the capacitors are electrically connected
to a power plane of the substrate struclure. PCVSGL99 6700925 Recei ved
29 June 26@r2o0df38sThe substrate structure as cl ai ned inCTaGRiGoE2ss t he
precedi ng cl ai ns, wherein one or nore el ectrodes of the capacitors are
electrically connected to a ground plane of the substrate structure. 510. A
substrate structure for w deband power decoupfing conprising one or nore
enbedded capacitors each conprising:” a ground el ectrode; a power el ectrode;
and a f efT ¢ 2oueh leropmteeaditahcd ofyabputided uémemegmpah:fanm(qummpl ectrodes;

10 wher eigtha ;@%kamtﬂeeﬁbnw BAGAEY. @fGHQ‘%vhhﬁrs'hﬂ)%lﬁ&Md &n M6 Velies! S Chosen
such that a self-resonance guenc he one or nore capacl tors is

i ncr easelPSREIS dFEAHECS % %’Si‘”a@i c@F"FCTH%%eePi‘aé'I'p@aﬁ'am%ﬁhe concept of 11, A
met hod ofxtbudiing thg weubaibupling tehtwidthuadsofdirg waﬁhﬂmﬁbnm)memelgﬁeséﬁpoum i ng,
the neth r edde canagltors In the

subst r at o 2RI B BB R AR, Bl R o RS R s SRR BB B 11

mat er i al PO distiibution designpriimization We?‘mt@ﬂflnenthﬁrwqm@m‘n}cl@fswiehef fher r oel ectric

mat eri al felnse!s&tmsaﬁteﬁmﬁea hata dickRbk: resRNARE o hiGoHenRY s?i ési%etr%“e or nore
araelectric materj a capaC| tor.

capacito = creased 2 (ililto a

12. The gﬂsf 55 ss'z(‘?lczgf'r?@d ﬁog@ie& [Ruahpraress A° aYtestsdpReselre 3¢ f or med
with an apriiedpehsune.f inl i ohse bbmatizpeotpbsite haterize |tive trairdpantitiecsiteabis of a

t hi cknesgouddfsprioP@ ikt or SRiding can e.g. ﬂémnmﬁed%%pc ﬂ@a&#?ﬂ'téﬁﬁg{é& any one of

clains 11 to 12, wherelin respective capacitors for th one or
re resistive naterlal el ectrodes. 3014. The nmethod as clained in claim

3, wherein thie Mitsttiealan exbmplecerbirbdmdean &bﬂ:c&ﬁﬁrﬁﬁﬁ@é aAURR-thiRat the
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formed using, but not limited fo, electroplating and printing, and can consist of highly

conductive or lossy materials, depending on specific system requirements. With this
approach, a controflable equivalent series resistance for the embedded capacitor can be
achieved. The ground electrode 206 is also formed using, but not limited to,
electroplating and printing, and consists of highly conductive materials, e.g. Titanium ()
in the example embodiment. The ground electrode is formed on the ground plane 205.
Details of the fabrication process of the substrate structure 207 illustrated in Figure 2 are
described hereinafter.

it should be noted that in Figure 2, the interconnection between the top or power
electrode 204 and the power plane 203.h_as been omitied for clarity. It will be appreciated
by the person skilled in the art that this interconnection may be effected by numerous
known design techniques, including via-interconnections through the PCB 208. For
example, ground vias 211 are formed for ground interconnection of surface mounted
devices (nhot shown) to the ground plane 205.

Figures 3 and 4 show equivalent circuits for conventional power decoupling and
power decoupling according to an example embodiment of the present invention,
respectively.
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13 16.The nethod as clainmed in any one of clainms 11 to 15, further
conprising providing one-or nore discrete capacitors as part of the
substrate structure. 5 17. The nethod as clainmed in any one of clainms 11 to
16, wher eiWp edd@goXoesir oel ectric material is deposited utbCTiSGRHG/OEH ot her ma
synthesis. 18.The nethod as clainmed in any one of clains 11 to 17, wherein
10 el ectrodes of the capacitors are forned utilising thin-film processes.
19. The method as clained in any one of clains 11 to 18, wherein el ectrodes
of the capacitors are forned utiIis?ng thick-filmprocesses. 1520. The
method as clained in any one of claim 19, wherein a first electrode of the

respective cq,patgétég,h@enh&af QOB a8, kS é%%ta;nglal 35@ UH&LI%{EEI ngﬁrt%hl n nd a second

el ectrode of the respective capaci'tors is -film
pr ocesse¥Padigaep @ﬁb\’%ﬁsm refalively goistagt that i yhesp eleptents| as¢ intentianally 20,

further tﬂ:asigpe;d mumg;oﬁstammmpmt@ﬁ@ﬂeﬁ@rmmnmmﬂ afboﬁl@rhié'éé ag of the
tho as clained in

as-for

claim r2n13&|r t@%ﬁﬁfkﬂeg bg?heessse ’f F&7OR"E Fegen ey ofdbs gcgger ﬂ%‘?f‘p Be B on pl asma
proceSS|%@C’mﬂﬁ?ufithfﬁqulaﬁ'ﬂﬂ@)oces& ng, or both. 23. The met hod as
claimed in claim17, wherein the processing tenperature is bel ow 300C.
3024. A net hod, of fLﬁrA@b@g a substrate structure for w deband Povver

decoupl i ng, ThE&ess FAFingsieibe examnlg sybodinsri, hothdhe masistsies Rebr mi ng a

f er r oel et chracitEtce (Challiesyme variabtehérhfelms.taluelcaﬁbds QiBen Bifovidel gowag a second
el ectroqg r | &.d ir sk el ectrode, the
second el g&?!r"{g(rj}gsc;gn Qﬁhﬁﬁért%e{jmﬁrgl e{c’f‘sa %% 5 8?%03 %edded
Fapaci t dPagniide peth §[?5§'¥aﬁfa‘i"‘ét°@"ﬂgrfi9@ﬁtﬁ3é“5'f@rfwoe‘ecw d!ﬂegq@meteﬁmazm Recei ved
-29- Ji lalsb-be #2Ad frequency dependent according to equation (3).

In the example embodiment, the resonant frequency can thus be extended to
improve the bandwidth of the power decoupling circuit. '

Reluning now fo the example embodiment of Figure 2, the substrate sfructure
207 for power decoupling is designed and fabricated using hydrothermally synthesized
capacitor fims fo form capacitors, and integrated with discrete capacitors, aciive devices
and multi-layer signal and power distribution interconnects.

A layer of titanium 206 is deposited on a printed circuit board (PCB) 208 using
known methods, including, but not limited to, sputtering. Alternatively, a titanium foil

) may, for example, be laminated onto the PCB 208.

The hydrothermal synthesis process typically uses an aqueous or solvent
solution that chemically reacts with the titanium coating to form crystalline barium
fitanate films. An example of the agueous solution is Ba(OH),. With improved
chemical reaction, e.g. by increasing the processing temperature, precursor selection
or microwave assisted techniqués, the film densification can be improved along with
reduced grain size.

By using a selective area hydrothermal synthesis process, the hydrothermal film
202 can be grown to form an ultrathin capacitor film layer 202. To ensure low
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temperature fabrication compatibility typically below 300°C with an inherently organic
material composition of the PCB 208, thinfilm porosity is prevalent in the hydrothermally
synthesized dielectric film 202.

Typically, the seed layer (not shown) for the.top or power electrode 204 is
sputtered and, due to the thin-film 202 porosity, the top or power electrode 204 may be
shoried fo the ground plane 210. Embodiments of the present invention avoid such
shorting as a result of using the hydrothermally synthesized dielectric film 202 that exhibits
thin-film porosity.

In a first example method, the top or power electrode 204 is deposited on the
hydrothermal film 202 using thick-film techniques, including, but not limited to, printing,
jetting, etc. Since thick-film techniques such as printing involve the deposition of larger
sized particles, shorting of the top or power electrode 204 and the ground plane 210
due to the porosity of the thin-film 202 can be avoided. In addition fo creating a more
robust capacitor structure 200, the use of thick-film techniques also enables the use of
materials to form the top or power electrode 204 that are different from those used to form
the ground plane 210, i.e. materials that are different from materials which may be
deposited using thin-film techniques, in the example embodiment. This method may
also include the use of resistive electrode materials fo achieve a desired value of
equivalent -series resistance without consuming additional surface area, which may
otherwise be required for e.g. surface mounted discrete resistors. This approach may
also maintain the requirement of low femperature processing when using low-
temperature thick-film techniques such as, but nof limited to, printing.

Figure 5-shows the integration of a subsirate structure 500 of the fype of
substrate stucture 200 (Figure 2) with multi-layer signal interconnects, e.g. signal layer
502, power distribution interconnects, e.g. solder ball connections 508, 508, as well as
interconnects to an active device in the form of an IC 510, e.g. solder ball connections
512.

Figure 6 shows a flow chart illustrating a method of forming a substrate
structure for wideband power decoupling according to an example embodiment. At
step 600, a first electrode is formed. At step 602, a ferroelectric material layer is
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formed on the first electrode. At step 604, a second electrode is formed on the
ferroelectric material layer; wherein the first electrode, the second electrode and the
ferroelectric material layer form an embedded capacitor in the substrate structure.

Advantages of example embodiments described herein before over existing
techniques and designs may include:
. Utilization of ferroelectric characteristics to extend the operating bandwidth
of power decoupling '
. improved utilization of controllable relaxation frequency
. Low impedance is maintained at low frequencies whilst reducing effective

inductance at higher frequencies

. Higher self-resonant frequency

. Integration with damping electrode

. High-density embedded capacitor integration

. Manufacturing compatibility with existing PCB fabrication processes

. Improved manufacturing vield '

. improved power decoupling performance

. Improved power decoupling system design flexibility

. Improved power decoupling system integration with active and passive
devices '

It will be appreciated by a person skilled in the art that numerous variations
and/or modifications may be made to the present invention as shown in the specific
embodiments without departing from the spirit or scope of the invention as broadly
described. The present embodiments are, therefore, to be considered in all respects to
be iliustrative and not restrictive.

Alternative fechniques may include, but are not limited only to, thick-film and

laminate processing.
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CLAIMS
1.~ ‘A substrate structure for wideband power decoupling comprising

“one or more embedded capacitors each comprising a ferroelectric material; -
‘wherein a refaxation frequency of the ferrcelectric material is chosen such
] that a self-resonance frequency of the one or more capacitors is increased

- compared {o a paraelectric material capacitor.

2. ‘The substrate structure as claimed in dlaim 1, wherein each
- capacitor comprises an ultra-thin film of the ferroelectric material of a thickness of

- 10  less than about Tpm.

3.° ~ The substrafe sfructure as claimed in any one of the preceding
. claims, wherein respective capacitors each comprise one or more electrodes of '
resistive material.
15’ ' |
' 4, The substrate structure as claimed in claim 3, wherein the
:matenals of the electrodes are selected such that the substrate structure exhibits
-a.desired power decoupling resonance damping properiy.

|20 5. The substrate structure as claimed in any one of the preceding
claims, -further comprising mutii- tayer inferconnects for signal and power -

disfribution.

. 6. The substrate strucfure as claimed in any one of the preceding
25 - claims, further comprising one or more discrefe capacitors.

7. The substrate structure as claimed in any one of the preceding
“claims, further - comprising one or rﬁore active devices and one or more
interconnects to the respective active devices.

30 _ A
| 8. The substrate structure. as claimed in any one of the preceding
“claims, wherein one or more electrodes of the capacitors are electrically
connected to a péwer plane of the substrate structure. . '

Amended Sheet
IPEA/AU
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9. The substrate structure as claimed in any one of the preceding
claims, wherein one or more electrodes of the capacitors are electrically

connected to a ground plane of the substrate structure.

5 ' 10. A substrate structure for wideband power decoupling comprising
one or.more embedded capacitors each cor;zprising:
' a ground electrode;
a power electrode; and
a femroelectric material layer between the ground and power elecirodes;
10 wherein a relaxation frequency of the-ferrcelectric material is chosen such
that a seli-resonance frequency of the one or more capacitors is increased

. ‘compared to a paraelectric material capacitor.

_ 11. A method "of forming a-subsirate structure for wideband power -
15 decoupling; the mefhod comprising forming one or more embedded capacitors in
the substrate structure, l
wherein each. capacitor comprises a ferroelectric material; and
wherein a relaxation frequency of the ferroelectric material is chosen such
that a self-resonance frequency of the one or more capacitors is increased

20 compared to a paraelectric material capacitor.

- 12.  The method 2s claimed in claim 11 , wherein each capacitor is
formed with an ultra-thin film of the respective ferroelectric materials of a

‘thickness less than 1pm.

25 ,

-13. The method as claimed in any one of claims 11 to 12, wherein
respective capacitors are each formed with one or more resistive material
elecirodes.

30 14.  The method as claimed in claim 13, wherein the materials of the

- electrodes are selected such that the subsirate structure exhibits a desired power

decoupiing frequency damping property.

15.  The method as ciaimed in apy one of claims 11 to 14, further
35 + comprising forming multilayer interconnecis of the substrate structure for signal

and power distribution.

Amended Sheet
IPEA/AU
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16. The method as ciaimed in any one of datms 11 to 15, further
comprising providing one or more discrete capacitors as part of the substrate

structure.

17.  The method as claimed in any ane of claims 11 to 16, wherein the

ferroelectric material is deposited utilising hydrothermal synthesis.

18. The method as claimed in any one of claims 11 fo 17 wherelin
10 electrodes of the capamtors are formed udilising thin-film processes

18.-  The method as claimed in any one of claims 11 to 18, wherein
electrodes of the capacitors are formed utifising thick-film processes,

S 15 - 20 The method as‘ claimed in any one of claim 19, wherein a first
-electrode of the respective capacitors is formed ufilising thin-film processes, and
~a second electrode of the respective capacitors is formed utilising thick-film

processes.

20 21.  The method as ciaimed in any one of ciaims 11 to 20, further
- comprising a processing step for increasing a robustness of the -as-formed

- ferroelectric material.

22.  The method as claimed in claim 21, wherein the processing steb

25 comprises post deposition plasma processing, thick-film processing, or both.

23. The method as claimed in claim 17, wherein the processing

temperature is below 300°C.

30 24. A method of forming a substrate structure for wideband power
decoupiing, the method comprising:
' formihg a first electrode,
forming a ferroelectric material fayer on the first electrode; and
' forming a second elecirode on the ferroelectris layer;
35 . wherein the first electrode, the second electrode and the ferroelectric
material layer form an embedded capacitor in the substrate structure; and

Amended Shect
IPEA/AU
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wherein a relaxation frequency of the ferroelectric material is chosen such

that a selfresonance frequency of .the embedded capacitor is increased

compared to a paraelectric material capacifor.
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