SUBSTRATE STRUCTURE AND METHOD FOR W DEBAND POWER
DECOUPLI NG FI ELD OF I NVENTI ON The present invention
woebeeesbr oadly to a substrate structure and ReTiSGA006/000258
for wi deband power decoupling. BACKGROUND A typi cal
power distribution network for power decoupling in
el ectroni c appliances and systens conprises of three
core power decoupling conmptnents: |ow frequency bul k
decoupling (nF to nF), md frequency decoupling (nF)
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capacitor(s). The mid frequency decoupling is
typically inplenented as enbedded capacitor(s) or in
t jscrete capacitor(s). The | ow frequency
F'E%ﬂﬁgwpﬁg is typically inplenented in the form
of discrete capacitor(s). Different techni ques have
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widebandpohendecaupih@ct r oni ¢ appl i ances and systens. These
conventional approaches have limtations, including:
i) Inte ﬁratl on wth power distribution net wor ks not

BAGKGREY i mised for performance such as decoupling
bandwi dth, ii) The lack of consideration of
integration with discrete passive and active
cofip showar Jlistribyfient nefwsrkofornapiuerasieapimiggt i electronic
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utilization. It is therefore desirable to provi
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freqd@rfd?%cbﬁﬂlﬁgr(ﬁ?) OYRE ‘anﬁ?ﬁe_cﬁkn&@éé&f ﬁﬁ&% Qﬁﬁaﬂv iméRented
he above nentionedlimtations i S

e'th%regn-P%vm @ut §mied\vaehia areeherd aafemkﬁq#ﬁgcweﬁorés) The mid
freqeeityt detioQplfiy IsCtypically implemented as embedded capacitor(s) or in the

form of discrete capacitor(s). The low frequency bulk decoupling is typically
implemented in the form of discrete capacitor(s).

Different techniques have been proposed for the implementation of
substrate structures with embedded 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,

i) The lack of consideration of integration with discrete passive and active
components,
iii) Limitations on manufacturing to specific process technologies,

iv) 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



SUMVARY | n accordance with a first aspect of the
present invention there is provided a substrate
weoerouraswse f or wi deband power decoupling conpr PETISG2@6000258
or nore enbedded capacitors each conprising a
ferroelectric material. Each capacitor may conprise an
ultra-thin filmof the ferroelectric material of a
t hi ckness of |ess than abodt 1nm Properties of the
limit&tRABECHt iid/ QurfheF Idesitdfd td prdWiices i AstRodTRY ffmikE E@éht §&ubstrate
uch that said respective ferroelectric materials
StruclWRi it desired rel axation frequencies. Respective
capacitors nmay each conprise one or nore el ectrodes of
bsfive material. The materials of the el ectrodes
Suwﬁgihgg sel ected such that the substrate structure
exhibits a desired power decoupling resonance danpi ng
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embedderd P@@cqiﬁ@ esch wompriging @rfetreeleaipaa:matema The
substrate structure may further conprise one or nore
active devices and one or nore interconnects to the
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a thibkifesS ¥p Rk kidrSaBBY 1@ el ectrical ly connected to a
. power plane of the substrate structure.One or nore
el ectrodes of the capacitors nmay be electrically
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struct.ur accordance with a second aspect
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structure for mndeband power decoupling conpr|5|ng one
pIDr & enb capacitors each conprisin groun
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resistise endatariall ayer bet ween t he ground and power
el ectrodes. In accordance with a third aspect of the
present invention there is provided a
The materials of the electrodes may be selected such that the substrate

structure exhibits a desired power decoupling resonance damping property.

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

The substrate structure may further comprise one or more discrete
capacitors.

The substrate structure may further comprise one or more active devices and
one or more interconnects to the respective active devices.

One or more electrodes of the capacitors may be electrically connected to a
power plane of the substrate structure.



nmet hod of formng a substrate structure for w deband

power decoupling, the nethod may conprise form ng one
wonroemmsesenbedded capacitors in the substrate PCT/SG2006/000258

structure, wherein each capacitor conprises a

ferroelectric material. Each capacitor may be forned

wWth an ultra-thin filmof the respective

ferroelectric materials of3a thickness |ess than 1nm
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respect ive ferroelectric materials may be sel ected
h that said respective ferroelectric materials
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capacitors may be fornmed utilising thin-film

processes. A first electrode of the respective
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said prspeciiieadferroelectric 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.



a method of formng a substrate structure for w deband
power decoupling, the nethod conprising formng a
woiowto3aisect r ode; formng a ferroel ectric mat ePCaISG2006/000258

| ayer on the first electrode; and form ng a second

el ectrode on the ferroelectric |layer; wherein the

first electrode, the second el ectrode and the

ferroelectric material |ay#r form an enbedded

capacitor in the substrate structure. BRI EF

DESCRI PTI ON OF THE DRAW NGS Enbodi ments of the
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apparent to one of ordinary skill in the art fron1the

followng witten description, by way of exanple on
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| | lustr rformance conpari son of conventi onal
8EV?€F@ gﬂ@“@% URiPffesSeRkcor di ng to enbodi nments of

the present invention. Figure 2 shows a schematic
R& Zj\to{igrrl]‘%x éﬁﬁgrd ﬂ@ﬁ{lss%fgsipaoaéegﬁétggﬁﬁ})u{o? increasing the
robustnees of the. ds-igimed Bersdetastricanatedal. val ent circuit for
conventional power decoupling. Figure 4 shows an
equi valent circuit for power decoupling according to
anTex praseesiagistam mey comprisehpogiidepesition plasmeai pyocesSinguthick-
film Proc8sfing OR@BRL | C cross sectional view of a substrate
structure according to an exanpl e enbodi ment of the
present invention. Figure 6 shows a flow chart
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structure in accordance with an exanpl e enbodi nment
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|s defined by the equation

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will be better understood and readily apparent
to one of ordinary skill in the art from the following written description, by way of
example only, and in conjunction with the drawings, in which:

Figure 1 shows plots of impedance versus frequency, illustrating a
performance comparison of conventional capacitors and capacitors according to
embodiments of the present invention.

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



J Cwhere Q0 is the nomnal dielectric constant and w
is the frequency. Equation (1) is, however, only valid
waod7maodst equenci es bel ow sel f-resonance. The PCT/SG2006/000258
sel f-resonant frequency in conventional power
di stribution systens with parael ectric capacitors,
i.e. frequency stable capacitors, is determ ned by the
parasitic inductance. The 8elf-resonant frequency mo
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DEf@LEEQ?E%RWBNWnon has been attributed to
pi ezoel ectric resonance of grains and donains, inertia
to domain wall novenent, and the em ssion of GHz shear
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constant for a ferroelectric material varies inversel
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phase, resulting in a varying capacitance C. An

exanple of a first-ord ap i mation during

Pl B, aPeresiajed, by tone Skiedol ing Eeudie dpwee distribution
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th sel F resonant frequency wes is actually increased, as
CHEPIHLd in the foll ow ng equati on:
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where C, is the nominal dielectric constant and @ is the frequency.

Equation (1) is, however, only valid at low frequencies below self-resonance. The
self-resonant frequency in conventional power distribution systems with paraelectric
capacitors, i.e. frequency stable capacitors, is determined by the parasitic inductance.
The self-resonant frequency wy is defined by the equation:

1
P =\1c
0~0

()

where L, is the effective nominal parasitic inductance.

It is important to note that the effective parasitic inductance value cannot be
infinitely small but would typically be in the order of greater than 100 pH. Therefore, a



wn (r)res =">0 - (4) G x when the relaxation
frequency is bel ow the otherwi se nom nal self-resonant
wobnreapuaosy. An exanpl e of the perfornmance conmplCTsSGR006/000258

conventional capacitors and ferroelectric capacitors

i n exanpl e enbodi nents of the invention is shown in

Fig. 1. Inthis exanple, the | ow frequency capacitance

is about 1 nF, parasitic i®ductance is about 500 pH

[
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desiy ty6i6alRGe8adira8 nuMbENEr daphatdrenshi p defined in
equation (4), the self-resonant frequency is increased
to about 0.53 GHz for the sane | ow frequency
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present invention. In the exanple enbodi nents, the
rel axation frequency is controlled to achi eve power
di $be dislecirioroniantdor @ frrfatlechidc watdsipl varies imlersshgprobetionally
) icl ' f L sgd
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eqwﬁB trolled through process or synthesis tenperature
appl i ed pressure In the case of matrix conposite

wat riveCs, artlcle si ze of powders prior to
fgngapr B?ﬂ@bﬁﬁ é 9. ®be controlled through G
action techniques. Fig. 2 illustrates an exanple
ng@nreﬁeﬁantoselfamsm@pt freauensy arhds @challyincreasedi as defined in
PR O is fabricated using a ferroelectric
.mefgielec%g%%gﬁaterial usi ng wel |l established processing
techm_awe@o In this enbodi nent, a selective 4
hy reof é’r&;al synthesis process is (4)

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 capacitor |
(curve 102) where the relaxation 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



used to forman ultra-thin ferroelectric film 202. The

top or power electrode 204 can be fornmed using, but
waabo7toseist ed to, el ectroplating and printing, BAWSGa006/000258

consi st of highly conductive or lossy naterials,

dependi ng on specific systemrequirements. Wth this

approach, a controll abl e equival ent series resistance

for the enbedded capacitor ‘can be achi eved. The ground

to usk acmudﬁlergfé@ Gapagitacs @f BBEUTENS HIS llrﬂﬁrroélléétrl@ @épécltcfﬁ If @drve 104)

w555 ARLMS, A% BB KRGl o s
resenaatiteguerdyodi aeatt. 0.3 eGiz. o[lThebeeleE@hpléﬂ&ler&abeﬂﬁedor%Bpt of

exOoOIHg Bhep ROScHRF paltihBl SecBlite B 9PBrgGRLE o pesent
'annl'ﬂgIMr ) tﬂe gkample smbpdimgntsctheirelakation frehterslh daitahtrbiedrtotaebieve
poweP &fistiititibh giéEl 20 tl%%ﬂémtbg ?ﬂg%‘ﬁ%@% B?al %.ﬁﬂggeogf the

or power el ec
ferrpglediric matarial um ag [aadliplegtricy tn Uoral ¢aSbe0fd]ypr0efmnaabsVrmeS|s the

r I
graihipartieRr sigNcske bl s cc')riki)reo‘ilgtgE ftl'g!él{tg(?t H%Eesrr?umr;e gtli}gmi temperature and

t
apolsk AR i RIEES SITBFORICATIPOPE. PeiogGolearanGaEci size of

powidbrsqitightd MRINPCPLiAGIRy canPé. gt dt@lle ShRMBH c¥hpactién iecﬂfaﬁues.
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devi ces (not shown) to the ground plane 205. Figures 3
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Dot 5P F BBl B ot R e G S LA 208, IhRreio s Bberd are
deswibed bbicimgfteroi se. By using ferroelectric dielectric
materials, Cl can

It should be noted that in Figure 2, the interconnection between the top or power
electrode 204 and the power plane 203 has been omitted 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 (not 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.



al so be made frequency dependent according to equation

(3). In the exanpl e enbodi nent, the resonant frequency
woam7todes1 be extended to i nprove the bandw dt hPot/SGh@6/000258

power decoupling circuit. Returning now to the exanple

enbodi nent of Figure 2, the substrate structure 207

for power decoupling is designed and fabricated using

hydrot hermal | y synt hesi zed capacitor filns to form

capacitors, and integrated with discrete capacitors,

active devices and nulti-layer signal and power
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| omt enperature fabrication conpati b| lity typically

behane %Qgﬂge%ﬁlboo@rﬂehtnh\%r r%@&rlnéht %g&%}lc? IRLRGd Bele%(tended to

m porosity

on of the PCB 2
'mpr%"legB%B%’HJt Width of i RyaF S?QQEP'WI‘}"?U%ynt hesi zed d| electric
f| I m202. Typicall y t he seed I ayer (not shown) for
r r elec ode IS uttered and, due
Fethhormol 11 Fia, So5mis, Fotedipent a5 2 thassirate Stucturs
207 fer eoWerodt&:oﬂﬂ#lgn‘a)deklgnah@id Roritted D€ing h?&}rﬁg\eﬁhﬁ@e&yﬂﬁgsmed
on avoi d _su
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thin-filmporosity. In a first exanple nmethod, the top
or Pomer el ectrode 204 is deposited on the
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 agueous or solvent
solution that chemically reacts with the titanium coating to form crystalline barium
titanate films. An example of the aqueous solution is Ba(OH);. With improved
chemical reaction, e.g. by increasing the processing temperature, precursor selection
or microwave assisted techniques, 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



hydrot hermal film 202 using thick-filmtechniques,

i ncluding, but not limted to, printing, jetting, etc.
waizor@3edsi ck-fi |l mtechni ques such as printing PaVSGI@6/000258

the deposition of larger sized particles, shorting of

the top or power el ectrode 204 and the ground pl ane

210 due to the porosity of the thin-film 202 can be

avoided. In addition to cr&ating a nore robust
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Figure 5-shows the integration of a substrate structure 500 of the type of
substrate stucture 200 (Figure 2) with multi-layer signal interconnects, e.g. signal layer
502, power distribution interconnects, e.g. solder ball connections 506, 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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. Improved manufacturing yield

o Improved power decoupling performance

) Improved power decoupling system design flexibility

e 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 illustrative and not restrictive.

Alternative techniques may include, but are not limited only to, thick-film and
laminate processing.
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power decoupling resonance damping property.

6. The substrate structure as claimed in any one of the preceding claim
1, further comprising multi-layer interconnects for signal and power distribution.

7. The substrate structure as claimed in any one of the preceding claim
1, further comprising one or more discrete capacitors.

8. The substrate structure as claimed in any one of the preceding claim1,
further comprising one or more active devices and one or more interconnects to the
respective active devices.

9. The substrate structure as claimed in any one of the preceding claim
1, wherein one or more electrodes of the capacitors are electrically connected to a
power plane of the substrate structure.
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14, The method as claimed in claims 12 or 13, wherein properties of the
respective ferroelectric materials are selected such that said respective ferroelectric
materials exhibit desired relaxation frequencies.

15. The method as claimed in any one of claims 12 to 14, wherein
respective capacitors are each formed with one or more resistive material
electrodes.

16. The method as claimed in claim 15, wherein the materials of the
electrodes are selected such that the substrate structure exhibits a desired power
decoupling frequency damping property.

17.  The method as claimed in any one of claims 12 to 16, further
comprising forming multi-layer interconnects of the substrate structure for signal and
power distribution.
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thick-filmprocesses. 23. The nethod as clainmed in any
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as-formed ferroelectric material. 24. The nethod as
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electrodes of the capacitors are formed utilising thin-film processes.

21.  The method as claimed in any one of claims 12 to 20, wherein
electrodes of the capacitors are formed utilising thick-film processes.

22. The method as claimed in any one of claim 21, wherein a first
electrode of the respective capacitors is formed utilising thin-film processes, and a
second electrode of the respective capacitors is formed utilising thick-film processes.

23. The method as claimed in any one of claims 12 to 22, further
comprising a processing step for increasing a robustness of the as-formed
ferroelectric material.

24. The method as claimed in claim 23, wherein the processing step
comprises post deposition plasma processing, thick-film processing, or both.

25. A method of forming a substrate structure for wideband power
decoupling, the method comprising:

forming a first electrode;

forming a ferroelectric material layer on the first electrode; and

forming a second electrode on the ferroelectric layer,

wherein the first electrode, the second electrode and the ferroelectric material
layer form an embedded capacitor in the substrate structure.



