
1 SUBSTRATE STRUCTURE AND METHOD FOR WIDEBAND POWER DECOUPLING FIELD OF
INVENTION       The present invention relates broadly to a substrate
structure and method for wideband power decoupling. BACKGROUND        A
typical power distribution network for power decoupling in electronic
appliances and systems comprises of three core power decoupling components:
low frequency bulk decoupling (F to mF), mid frequency decoupling (gF) and
high frequency decoupling (nF). The high frequency decoupling is typically
implemented either on-chip (but limited by chip area) or as embedded
capacitor(s). The mid frequency decoupling is typically 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:               Integration with
power distribution networks not being optimised for performance such as
decoupling bandwidth, ii) 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  2       limitations. It is further desirable to provide a
method of forming such a substrate structure. SUMMARY       In accordance
with a first aspect of the present invention there is provided a substrate
structure for wideband power decoupling comprising one or more embedded
capacitors each comprising a ferroelectric material; wherein a relaxation
frequency of the ferroelectric material is chosen such that a
self-resonance frequency of the one or more capacitors is increased
compared to a paraelectric material capacitor.       Each capacitor may
comprise an ultra-thin film of the ferroelectric material of a thickness of
less than about 1pm.       Properties of the respective ferroelectric
materials may be selected such that said respective ferroelectric materials
exhibit desired relaxation frequencies.        Respective capacitors may
each comprise one or more electrodes of resistive material.        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.  3         One or more electrodes of the
capacitors may be electrically connected to a ground plane of the substrate
structure.         In accordance with a second aspect of the present
invention there is provided a substrate structure for wideband power
decoupling comprising one or more embedded capacitors each comprising: a
ground electrode; a power electrode; and a ferroelectric material layer
between the ground and power electrodes; wherein a relaxation frequency of
the ferroelectric material is chosen such that a self-resonance frequency
of the one or more capacitors is increased compared to a paraelectric
material capacitor.        In accordance with a third aspect of the present
invention there is provided a method of forming a substrate structure for
wideband power decoupling, the method comprising forming one or more
embedded capacitors in the substrate structure, 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 compared to a paraelectric
material capacitor.        Each capacitor may be formed with an ultra-thin
film of the respective ferroelectric materials of a thickness less than 1m.
Alternatively, each capacitor may also be formed with thick-film material
processing or laminates typically with thickness of 1m to 20m.
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.  4 Electrodes of the capacitors may be formed utilising
thin-film processes.       A first electrode of the respective capacitors
may be formed utilising, but not limited to, thin-film processes, and a
second electrode of the respective capacitors may be formed utilising
thick-film processes.       The method may further comprise a processing
step for increasing the robustness of the as-formed ferroelectric material.
The processing step may comprise post deposition plasma processing,
thick-film processing, or both.       In accordance with a fourth aspect of
the present invention there is provided 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; and
wherein a relaxation frequency of the ferroelectric material is chosen such
that a self-resonance frequency of the embedded capacitor is increased
compared to a paraelectric material capacitor. 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. 



5     Figure 3 shows an equivalent circuit for conventional power
decoupling. Figure 4 shows an equivalent circuit for power decoupling
according to an example embodiment of the present invention.       Figure 5
is a schematic cross sectional view of a substrate structure according to
an example embodiment of the present invention.        Figure 6 shows a
flow chart illustrating a method of fabricating a substrate structure in
accordance with an example embodiment of the present invention. DETAILED
DESCRIPTION        Embodiments of the invention described herein provide a
substrate structure for wideband power decoupling using ultra-thin
ferroelectric capacitor dielectric materials.       As will be appreciated
by those skilled in the art, the power distribution impedance, Z, for power
decoupling in electronic appliances and systems is defined by the equation
Z - jcoCo 1(1) where Cc, is the nominal dielectric constant and co 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 wo is defined by the equation: L0 C0 where La 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  6 capacitor
with a relatively higher capacitance value reduces low frequency impedance
but also results in a lower self-resonant frequency. The conventional
approach is to use a large number of capacitors each having a small
capacitance value to increase the self-resonant frequency whilst reducing
the effective inductance. Hence, conventional designs typically use a large
number of capacitors.       In a ferroelectric material, the dielectric
constant typically changes significantly at the relaxation frequency ah. As
will be appreciated by those skilled in the art, the high frequency
relaxation phenomenon has been attributed to piezoelectric resonance of
grains and domains, inertia to domain wall movement, and the emission of
GHz shear waves from fen-oelastic domain walls.       The dielectric
constant for a ferroelectric material varies inversely proportionally to
frequency or during the relaxation phase, resulting in a varying
capacitance C. An example of a first-order approximation during relaxation
is given by the following equation: co C C _o , valid for frequency co >
coi to        The resultant self-resonant frequency coms is actually
increased, as defined in the following equation: 



tio (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 2. 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 I (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  WO
2007/030081PCT/SG2006/000258 7 to use a much larger capacitance of about
0.8 nF in ferroelectric capacitor II (curve 104) with a relaxation
frequency of about 0.02 GHz whilst still achieving an improved self-
resonant frequency of about 0.36 GHz. These examples illustrate the concept
of extending the power decoupling bandwidth according to embodiments of the
_present invention. In the example embodiments, the relaxation frequency is
controlled to achieve power distribution design optimization by controlling
the grain/particle size of the ferroelectric material used as a dielectric.
In the case of hydrothermal synthesis, the grain/particle size can e.g. be
controlled through process or synthesis temperature and applied pressure.
In the case of matrix composite materials, the grain/particle size of
powders prior to mixing or binding can e.g. be controlled through
compaction techniques.        Fig. 2 illustrates an example embodiment of
an application where an ultra-thin capacitor 200 is fabricated using a
ferroelectric dielectric material using well established processing
techniques. In this embodiment, a selective hydrothermal synthesis process
is used to form an ultra-thin ferroelectric film 202. The top or power
electrode 204 can be formed using, but not limited to, electroplating and
printing, and can consist of highly conductive or lossy materials,
depending on specific system requirements. With this approach, a
controllable 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 (Ti) 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 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.  WO 2007/030081PCT/SG2006/000258 8        In the
conventional circuit 300, the resistance (Ro), inductance (Lo) and
capacitance (Co) values are relatively constant, that is, these elements
are intentionally designed to be constant with respect to frequency. The
bandwidth of a power decoupling circuit is typically limited by the self
resonant frequency of the power decoupling circuit in accordance with
equation (2) 



In the circuit 400 according to the example embodiment, both the resistance
(R1) and capacitance (C1) values are variable. The R1 value can be chosen
to provide power decoupling resonance damping. This damping can help to
suppress the impedance peak magnitude or the resultant switching noise. By
using ferroelectic dielectric materials, C1 can also be made 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.        Returning now to the example embodiment of
Figure 2, the substrate structure 207 for power decoupling is designed and
fabricated using hydrothermally synthesized capacitor films to form
capacitors, and integrated with discrete capacitors, active 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 titanate films. An example of the aqueous solution is
Ba(OH)2. 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
9 temperature fabrication compatibility typically below 300C with an
inherently organic material composition of the PCB 208, thin-film 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 shorted to 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 to
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 to 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 temperature processing when using low-temperature thick-film
techniques such as, but not limited to, printing.       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  10
formed on the first electrode. At step 604, a second electrode is formed on
the fen-oelectric 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 yield  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 illustrative and not restrictive.
Alternative techniques may include, but are not limited only to, thick-film
and laminate processing.   PCI1S62006/000258 Received 29 June 2007 11
CLAIMS 1.A substrate structure for wideband power decoupling comprising one
or more embedded capacitors each comprising a ferroelectric material;
wherein a relaxation frequency of the ferroelectric material is chosen such
5 that a self-resonance frequency of the one or more capacitors is
increased compared to a paraelectric material capacitor.  2.The substrate
structure as claimed in claim 1, wherein each capacitor comprises an
ultra-thin film of the ferroelectric material of a thickness of 10 less
than about 1m.  3.The substrate structure as claimed in any one of the
preceding claims, wherein respective capacitors each comprise one or more
electrodes of resistive material. 15              The substrate structure
as claimed in claim 3, wherein the materials of the electrodes are selected
such that the substrate structure exhibits a desired power decoupling
resonance damping property. 205.The substrate structure as claimed in any
one of the preceding  claims, further comprising multi-layer interconnects
for signal and power distribution.              6. The substrate structure
as claimed in any one of the preceding 25 claims, further comprising one or
more discrete capacitors.         7. The substrate structure as claimed in
any one of the preceding claims, further comprising one or more active
devices and one or more interconnects to the respective active devices. 30 



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 power plane of the substrate struclure.   PCVSG199_6Z00925_ Received
29 June 2007 12 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. 510. A
substrate structure for wideband power decoupfing comprising one or more
embedded capacitors each comprising: a ground electrode; a power electrode;
and a ferroelectric material layer between the ground and power electrodes;
10 wherein a relaxation frequency of the ferroelectric material is chosen
such that a self-resonance frequency of the one or more capacitors is
increased compared to a paraelectric material capacitor.            11. A
method of forming a substrate structure for wideband power 15 decoupling,
the method comprising forming one or more embedded capacitors in the
substrate structure, 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 as claimed in claim 11, wherein each capacitor is formed
with an ultra-thin film of the respective ferroelectric materials of a
thickness less than 1m. 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 electrodes. 3014. The method as claimed in claim
13, wherein the materials of the electrodes are selected such that the
substrate structure exhibits a desired power decoupling frequency dampirig
property. 15.The method as claimed in any one of claims 11 to 14, further
35 comprising forming multi-layer interconnects of the substrate structure
for signal and power distribution.   .11!CT/SG2006/000258 Received 29 June
2007 



13  16.The method as claimed in any one of claims 11 to 15, further
comprising providing one or more discrete capacitors as part of the
substrate structure. 5 17.The method as claimed in any one 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 to 17, wherein
10 electrodes of the capacitors are formed utilising thin-film processes.
19. The method as claimed in any one of claims 11 to 18, wherein electrodes
of the capacitors are formed utilising thick-film processes. 1520. The
method as claimed in any one of claim 19, 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. 2021.The method as claimed in any one of claims 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 step 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 300C.
3024. 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: 35wherein the first electrode, the
second electrode and the ferroelectric material layer form an embedded
capacitor in the substrate structure; and    PICT/Sq2006/0602581 Received
-29- Jilin- 2007 



14       wherein a relaxation frequency of the ferroelectric material is
chosen such that a self-resonance frequency of the embedded capacitor is
increased compared to a paraelectric material capacitor.  100 1fl102 DO
All         
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WO 2007/030081PCT1SG20061000258 2/3      202 Hydrothermal Film 200
Capacitor c_A_n 204 Power Electrode 211 Ground Vias     Power
PlanePCBGround Plane 203208205 Figure 2    Figure 3Figure 4  WO
2007/030081PCT/SG2006/000258 



3/3 510 IC Figure 5 forming a first electrode; forming a ferroelectric
material layer on the first electrode 6 02  forming a second electrode on
the ferroelectric layer  Figure 6 


